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.
About 50% of drugs
and nearly 40% of
potential new drugs
display low solubility
in water (lipophilic),
which greatly hinders
their oral
bioavailability and
clinical translations.

Biopharmaceutics classification system (BCS)

Tianjing Zhao, PhD thesis

Pharmacokinetics of Pills and Shots
vs. “Controlled” Drug Delivery
Toxicity possible above range

Drug wasted below range

(pills or injections)

Controlled release also results in better patient compliance!

Different controlled release routes
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DUROS® Osmotic Implant
Alza Corp.

Exit Port

Titanium
metal tube
Piston

Osmotic
Engine
H 2O

Drug solution

150 µL Drug
Reservoir

Semipermeable
Membrane

Dimensions: 44 mm L x 4 mm D

• Non-bioerodible dosage form
• Up to 1 year zero-order delivery of
therapeutic agents: Proteins, Peptides
(eg, LHRH), Other macromolecules,
Small molecule drugs
• Convenient administration
• First product launched in 2001
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Transplantation is the transfer (engraftment) of human cells, tissues or organs from a donor to a
recipient with the aim of restoring function(s) in the body. When transplantation is performed
between different species, e.g. animal to human, it is named xenotransplantation.
EARLY EXPERIMENTS- Kidney transplant
1902 - The first successful experimental kidney transplants were performed at the Vienna Medical
School in Austria with animals.
1909 - The first kidney transplant experiments were performed in humans in France using animal
kidneys.
A surgeon inserted slices of rabbit kidney into a child suffering from kidney failure. Although “the
immediate results were excellent” the child died about 2 weeks later.
While such transplants did successfully produce urine, they lasted only for about an hour before ceasing
to function.
Scientists of the time believed kidney transplants were possible, but their success was limited by
unknown “biochemical barriers,” which prevented long-term kidney survival.
1933 - The first human-to-human kidney transplant was performed - Unknown to doctors at the time,
there were mismatches in donor and recipient blood groups and the donor kidney never functioned.
1940’s - Sir Peter Medawar at the University of London experimented with the immunologic basis of
organ rejection.
Early 1950’s - Cortisone-like medications were used to suppress the human body’s self-defense system
(immune system), resulting in some kidney transplant success.
1961 - IMMUNOSUPPRESSION ADVANCEMENTS - Powerful immunosuppressive drugs became available
and, in combination, helped decrease the chance for kidney rejection

UNOS (United Network for Organ Sharing) data for USA

Transplants and waiting Lists in USA
A lung transplant from living donors
usually involves three operations.
The lower lobe of the right lung is
removed from one donor and the
lower lobe of the left lung is
removed from the other donor. Both
lungs are then removed from the
recipient and are replaced by the
lung implants from the donors in a
single operation.
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Artificial Organs
Life support to prevent imminent death while awaiting a transplant
(e.g. artificial heart).
•
•
•
•
•

Artificial Hearts
Artificial Lungs
Artificial Kidneys
Artificial Pancreas
Artificial (?) bladder

Artificial hearts developed by W. Kolff since 1960

1940

1990

courtesy of Allan Hoffman

Willem “Pim” Kolff Inventor of the
artificial kidney and a pioneer in
development of the artificial heart

“At 91, he was still working on ways to save
lives
Dr. Willem Kolff has helped save millions
of lives with his invention of the kidneydialysis machine more than 60 years ago.
But at 91, the recent winner of a
prestigious Lasker Award for medical research,
is pushing his most recent invention. This time
it’s a portable artificial lung.”
He died in 2009 at the age of 99
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The first
prosthesis (?)
The earliest example of a prosthesis ever discovered is a toe, a big
toe, belonging to a noblewoman, that was found in Egypt and dated
to between 950-710 B.C.E.
Worn nearly 3,000 years ago, this toe is a representation of the
history of prosthetics whose role is to restitute the damaged/missing
function but also in some cases just the physical integrity and
identity (e.g. breast prostheses). The prosthetic
toe helped
complete the woman, but it also completed her Egyptian character,
allowing her to wear the traditional thonged sandals.

The hard contact lens...PMMA.
A biomedical engineering success story!
The soft contact lens….PHEMA.
A biomedical polymer chemistry triumph!

Biomaterials market : 150 USD Billion in 2021

Applications in orthopedics
Fracture fixation devices:
– Spinal fixation
– Fracture plates/pins/wires/screws
– Artificial tendons/ligaments
Joint replacements
Hip arthroplasty
Knee arthroplasty
Spine arthroplasty
Ankle arthroplasty
Shoulder arthroplasty
Elbow arthroplasty
Wrist arthroplasty
Finger arthroplasty
Stabilization devices
External fixation
Spine stabilization

Estimated
more than 30
Billion in the
world

Failures

All prosthesis can fail due to interaction with the biological
environment (e.g., calcification in biological heart valves),
or fatigue (e.g. failure of artificial ligaments), wear
(particularly important for hip prostheses), degradation
(e.g. of vascular grafts), and so on.
Moreover the prosthesis can induce modifications in the
surrounding tissues (e.g., stress shielding for hip
prostheses), chronic inflammation, resorption, thrombus
formation, …
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Tissues and organs regeneration

MOVIE

In many animals (octopus, lisards,
salamanders) amputed parts of the
body, namely arts or tails,
spontaneously regrow in a short time.
This can also happen in mammalians
and namey humans, for tissues and
provided the the lesion is small, never
for organs or complex tissues
structures.
Exception is the liver that in a four
weeks can grow completely assuming
his original mass and volume even after
a surgery resection of 2/3 of his original
mass.
Figure from: Loss of Regenerative Capacity: A Trade-off for Immune Specificity?
A.L. Mescher & A.W. Neff, http://cellscience.com/reviews2/Organ_Regeneration_Immune_Involvement.html

Nature’s Paradigm for Tissue Regeneration
Spinal Cord

Retina and Lens

Tail

Upper and
Lower Jaw

Heart
The Newt
Limb

Time lapse
of 20 days

Adapted from Brockes

Not only salamanders
Stone crabs of Florida are famous because of their
claws.They are released again in the water after one
of the two claws is removed. The claw will regrowth
completely within 2 years.

Octopus arms, unlike
mammals arms,
spontaneously regrowth
after amputation

The tail of lisards spontaneously regenerates

Tissue Engineering: materials and
methods to grow tissues and organs

In-vitro culture
Bone, cartilage, nervous tissue,
muscle, liver and pancreatic islet cells

Carrier Matrix (Membrane, fiber,
particles, hydrogel etc.)

In-vivo applications

or

Scaffold: definitions
A temporary platform, either supported from below or suspended from
above, on which workers sit or stand when performing tasks at heights
above the ground.
http://www.thefreedictionary.com/scaffold
A material that can be formed in the shape of tissue that needs to be
replaced. The scaffold can be biologically derived or a synthesized
material. The scaffold material must be biologically compatible for
human implantation. The scaffold is typically impregnated (seeded)
with a patient’s cells before implantation. Finally the scaffold must be
designed to “dissolve” as the cells grow on the scaffold. Typically, in
several months, the scaffold has disappeared and has been replaced by
new tissue.
http://www.regenerativemedicine.net/

The scaffold has an active role:

An ideal scaffold should:
•fill the defect,
•bear loads or fulfill other physiological
requirements,
•“invite” cells to adhere and proliferate,
•enable delivery of nutrients to cells allowing
them to produce metabolities and extracellular
matrix,
•guide new-formed tissue spatial organization,
•p e r m i t , p o s s i b l y s t i m u l a t e a n d g u i d e
angiogenesys

Regenerative medicine: stem cells

Approved Stem Cell Products
•
•

In total 7 stem cell therapies have been approved in the world, 4 of which are in Korea
This is possible mainly because of strong regulatory support through favorable government policies
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Design of bioinspired scaffolds for tissue
engineering
Antonella Motta

Department of Industrial Engineering and Biotech Research Center,
University of Trento, Trento, Italy
European Institute of Excellence on Tissue Engineering and Regenerative Medicine,
Trento, Italy
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Tissue Engineering
Paradigma
Seed onto an
appropriate scaffold
with suitable growth
factors and cytokines

Expand number in culture

Biopsy
Recruit host cells

Re-implant
engineered tissue
in the damaged
site

Place into culture
Static/dynamic

Front. Bioeng. Biotechnol., 26 July 2017 DOI.org/10.3389/fbioe.2017.00040
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How to design an
instructive scaffold?
Interface Focus
http://doi.org/10.1098/rsfs.2018.0089

?

Working environment?
What should do?

material design
factors
influencing the
body response
to biomaterial
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Dynamic state
of multicellular tissues
Nature Biotechnology, 2005,23(1),47

enzymes

Insoluble hydrated macromol.
Physical signals
• Fibronectin
• Vitronectin
Tissue dynamics,
• Laminin
• Collagen
Its formation-function• Fibrillin
regeneration, results of
• GAGs, PGs
• …

temporal and spatial

coordination of cell
processes, induced by a
myriad of signals

✂

Proteins on the cell surf.

Water
Cell fate processes

apoptosis
migration

replication
differentiation

(included mechanical
stimuli) originating from
the ECM.

Soluble macromolecules
Soluble signals
• GF
• Cytokines
• Chemokines
• ….
Physical stimuli
Cell-cell
interactions
-Cadherins
-CAMs
-..

Changes
in cell
behavior

Tissue regeneration

Tissue formation

Tissue
Homeost

Cells are within the context of specific model microenvironments
Summer School 2019
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Natural microenvironment as regulatory cue
for stem cell fate determination
Stem cells are rare cells that are uniquely capable of both reproducing
NICHE
themselves (self-renewing)
and generating
the differentiated
- Signals cell types that
(Micro
environment)
- Spatial
organization/
are- Intrinsic
needed factors
to carry out specialized functions
in the body.

INPUT

polarization
- Cell-cell and cell/ECM
adhesion,

Self-renewed
Differentiation
Embryogenesis
Healing
Homeostasis
Etc.

Balanced
Controlled

Nature Reviews, 2008, 9, 11

De-regulation

Tumorigenesis
Degeneration
Pathology
Etc.
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Scheme of the
main players within ECM
Factors and ECM components that need to be captured in advanced biomaterial
design to reestablish ECM-stem cell interactions
Enzymatic
remodeling

ECM/Cells receptors binding regulating cell anchoring
and mediating diverse pathways involved in
mechanotransduction and intracellular signaling.

Functional fragments
released by enzymes

Soluble factors
presentation

ECM/cells dynamic reciprocity is relevant during tissue development, reparative
processes, pathogenesis, angiogenesis, embryogenesis, wound healing, cancer,
etc.
Progress in Polymer Science, 2016, 53, 86
Summer School 2019
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Environmental regulation
of cell function
Environmental signals
Cell response

S
C
A
F
F
O
L
D

To engineer a microenvironment that more accurately capture the in
vivo scenario, the main cues that can dictate cell function and
harness the cells for regenerative purposes
Perspect Med 2014;4:a014076
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Scheme of Stem cells niche
Tissue-specific (context)
Hematopoietic
stem cell
(HSC) niche

Hair follicle
stem cell niche

Neural stem
cell niche

Satellite cell
niche

Progress in Polymer Science, 2016, 53, 86
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Strategies designed by
Mother Nature: bone

BoneKEy Reports, 2015, 4,743

Tissue
Processing/
healing

materials
Architecture/
patterning
Summer School 2019

Inflammation in TE:
engraftment and rejection?
The immune system has an
important role in wound
healing and tissue repair,
and the use of biomaterial
scaffolds is an emerging
way to drive immunemediated tissue
regeneration

Functional
tissue
development

European Journal of Immunology, 45, 12, 3222-3236, 2015
Summer School 2019
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Macrophages:
From defense to regeneration
Kou and Babensee, J Biomed Mat Res, 2010,96:239

monocyte

macrophage

M1 classical M2a alternative M2b Type II M2c deactivated

pro-infl.
IL-1, TNF-a

anti.-infl.
cytokines
IL-1ra

Matrix destruction;
tissue re-organization;
killing pathogens;
prolonged M1 leads
to tissue damage

TNF-α
IL-10

IL-10
TGF-β

Generation of antiinflammatory cytokines; ECM
synthesis; cell survival;
angiogenesis; crucial in tissue
remodeling after inflammation
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Rethinking regeneration:
empowerment of stem cell by inflammation
Cell Death and Differentiation, 2015, 22, 1891–1892; doi:10.1038/cdd.2015.127

M1 classical

anti.-infl.
cytokines
IL-1ra

pro-infl.
IL-1, TNF-a
O2

M2a alternative

Regeneration
Immune cells at the site of tissue injury, including macrophages and T cells, secrete TNFα,
IFNγ, IL-1, IL-13 and other pro-inflammatory cytokines, which in turn can activate stem cells.
Once licensed by these cytokines, stem cells can facilitate tissue regeneration through cell
differentiation and the release of anti-inflammatory cytokines and growth factors
Summer School 2019
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foreign body response to a non-instructive
scaffold in the host body.

Summer School 2019

Evolving view of biomaterial interaction
with the immune system

Synthetic
biomaterials in
ophtalmology

1890 1949

Hydrogels for cells
encapsulation: tunable
Soft contact lenses
scaffold with controlled
properties
3D printed tissues
Wound healing
3 D p r i n t e r s ,
and immunity
programmed scaffold
(role of
Electrospun nano
morphology with
macrophages) (J.
and micro fibers for
patient-specific
Anderson)
tissue formation
features

1961 1980

Using immuno
system to fight
cancer
Synthetic
joint
replacement

1990

1997 2000 2002 2010

De-cellularized
ECM as a complex
biological scaffolds
Biodegradable
scaffolds for TE

2013

Immune cells and
development
Macrophages as
key components
in regeneration
M2 macrophages and
scaffold remodeling:
M2 are found to shape
the regenerative niche

Sadtler et al., Nature Reviews Materials, 2016, 1, 1
Summer School 2019
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Tissue Engineering Paradigma
Evolution
Adapted from. Nanotechnology and Tissue Engineering: The Scaffold, CRC Press; 1 edition (June 16, 2008)

Mixed Cells
population

ECM

Stem cell fate
ECM
Immune
response

Biosystems
n o t j u s t
biomaterials
Scaffolds
+/- Pre-loaded

Tissue
regeneration

Mechanical
stimuli
transduction

Nature, 2016, 540, 335

ECM

Signals

Biocompatibility
is a property of
the biosystem
not of the
biomaterials
Biomaterials, 2014, 35, 10009

ECM

Summer School 2019

Inflammation in TE:
Starting point for scaffold design
•

Growth factors
release
• Drug release
• Coating molecules
•
•
•
•
•
•
•

Porosity
Molecular composition
Mechanical properties
Biomimetism
Immunogenicity
Degradation rate
Suitability for SCs
growth and
differentiation
• Suitability for
angiogenesis control

• Drug-based
• Nutrition/diet-based
• Physical Exercise-based

European Journal of Immunology, 45, 12, 3222-3236, 2015
Summer School 2019
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Multiscale modeling of scaffold:
rethinking regeneration

Control surface topology and/or
ligand spatial patterning to
macrophage elongation and a more
M2-like phenotype

Engineered material/
device should be
inspired by native ECM
and must assume an
instructive role to
dictate cell behavior
following cell seeding,

Degradation
or diffusion,
controlled
release

by incorporating welldefined physical and
chemical properties.

Optimized pro-M2
mechanical prop.

Optimized proM2Summer
poreSchool
size
2019

Materials Today, 2015, 18, 313

Scaffold/FBRx/healing
process
B.D. Ratner, Polymer International, 2007, 56:1183

T0

ØCell, molecular, developmental
biology knowledge

Implantation

Protein adsorption

Mo adhesion-spread
and infiltration-interaction
Fo
enc reign
aps bod
ula y R
tion x

x weeks

Va
re scu
co la
ns riz
tru at
cti ion
on
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S. Ghanaati et al. TERM Journal, 2010, 4:464

Early Inflammatory Response:
role of pore size/distribution
ØInduced regeneration in critical size defect

Silk fibroin micro-nets formic acid treated: In vivo evaluations
high

low

samples

3 days

10 days

15days

Summer School 2019

Natural mechanisms of regeneration:
inspiration for instructive scaffolds design

Bone healing: a multistep process

Nature Reviews, 2015, 11

Summer School 2019
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Scaffold as a guide for physiological healing process:
Silk fibroin hydrogel

In vivo study in New Zealand rabbits, critical size defect in femour condyle,
Evaluations at 4 and 12 weeks after injection

repair

damage

Bone
parameter
s

Normal
bone

Fibrointreated at 4
weeks

Fibrointreated at 12
weeks

Bone
Volume
(BV/TV)

53.09±0.1

64.23±0.1

47.72±9.0

Trabecular
Number

5.92±1.3

17.35±1.2

2.73±0.06

Trabecular
Thickness

91.70±19.
3

37.12±3.0

174.7±36.9

Trabecular
Separation

123.9±30

20.6±0.9

190.5±28.5

remodelling

Healthy bone
Biomaterials, 2005, 26 (17), 3527
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3D environment and Cell
adhesion/migration/assembling
For cell anchorage-dependent, adhesive interactions with the surrounding ECM
(number of adhesive motifs, distribution, density) and neighboring cells define
cell shape and organization so controlling functionality

Regulate cell survival, differentiation, proliferation, and migration
Chondrocytes are exposed
to compressive forces,
i n t e r s t i t i a l f l u i d f l o w,
a d h e s i v e c u e s
(cytokines): cartilage
maintenance

Endos alter the polarity,
cell-cell contacts, and
degrade the surrounding
basement membrane and
stromal ECM in order to
migrate and form tubular
sprouts
Baker and Chen, J Cell Sci, 2012, 125, 3015

Summer School 2019
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Scratch Assay
Young,Migliaresi,Chen,Ganbat,Motta, Expr Pol Letter, 2019

Water soluble fragments extracted
from camel hair and cashmere
Range 1

Range 2

• Cell lines: NIH3T3 – normal murine
embryo fibroblasts
• Seeding density: 20,000 cells/well

Range 3

CA_K
Day0
CA_K
Day1
CS_K
Day0

Decreased Blank Area (%)

CS_K
Day1
Control
Day0
Control
Day1

50

48.5%
34.5%

40

22.7%

30
20
10
0

Camel hair

Cashmere

Control
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3D geometric cues:
influence on new tissue architecture-functionality

P1

Proliferation & Migration

M. Stoppato, E. Carletti, C. Migliaresi, A Motta, TE Part A, 2012,

ECM maturation

Summer School 2019

P2

ECM mineralization

12

Mineralization
Alizarin red staining: to identify
calcium in tissue.

Collagen
triple helix

Hydroxyapatite
crystals

Ca5(PO4)3(OH)

Adapted from:Nature 412, 491-492 (2 August 2001)
Nanotechnology: Boning up on biology
T. Andrew Taton

P2

5 days

TERM J 2013, 7(2),161

9 days

14 days

ECM maturation

Proliferation & Migration

28 days

ECM mineralization

time
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Physical properties
In-Vivo vascularization
sponge

PDLLA

Week3

Week6

PDLLA + Silk-Fibroin net

M. Stoppato, H. Y. Stevens, E. Carletti, C. Migliaresi, A. Motta, R. E. Guldberg. Biomaterials, 2013

Summer School 2019
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Substrate/Stem Cells cross-talk:
Biological cues
to improve biocompatibility
ECM

cell

Substrate stiffness impact on hMSCs
differentiation Vs vascular SMC
Calponin/DAPI MYH11/DAPI

Starting
fibroin %

e

SF CO
at 40°C
60 bar

6 kPa

1,5%

a

2%

( + ) T G F - b1
( - ) T G F - b1

*
15

10

5

#

#

#

‡

#

0

6 kPa 20 kPa 33 kPa
6 kPa

20 kPa

33 kPa

64 kPa
64 kPa

Plate
P la te

S ilk H y d r o g e l S t if f n e s s

h

64 kPa

d

4%

g

33 kPa

c

3%

f

20 kPa

b

F o ld In c r e a s e in M Y H 1 1

20

200 µm.

Silk hydrogel Stiffness
Immunostaining of hMSCs cultured with
TGF-β1 and reduced serum medium, on
SF hydrogels of different stiffness for 72 h
for select vascular SMC markers:
(early) calponin, (mature) MYH11
Floren, Bonani, Dharmarajan, Motta, Migliaresi, Tan. Acta Biomaterialia, 2016

Summer School 2019
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Fibroin/gelatin hydrogels:
Biological impact of genipin crosslinking
W Sun, et
al. J TERM,
2014

TCP

G100

GS95

Neural lineage gene markers

GS80

S100

##p<0.01, ###p<0.001 corresponds to ES

*p<0.05, **p<0.01, ***p<0.001 correspond to TCP, #p<0.05, ##p<0.01,
###p<0.001
Summer School
2019 corresponds to ES, $P<0.05, $$p<0.01 correspond to S100).

Neural differentiation of mouse ESC seeded on physical
silk fibroin/gelatin hydrogel
S100

GS95

W Sun, et
al. J TERM,
2014

GS80

Day 9
Day 15

Pluripotent gene
makers
Nestin
precursor
Bar=100um

BIII-Tublin
early

GFAP
glial

NCAM
late

êGlial cells

*p<0.05, **p<0.01, ***p<0.001 correspond to TCP, #p<0.05, ##p<0.01, ###p<0.001 correspond to ES
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Immunocytochemistry
after differentiation for 7 days
Human neural stem cells (H9-derived) in diff. medium

Sun,Incitti,Migliaresi,Quattrone,Casarosa,Motta.
TERM J, 2015

OEC + hMSC co-culture system

Fibroin water solution
Ultrasound treatment
Cell loading
Gelation
Cell entrapment

GYY-loaded
silk fibroin scaffolds
Raggio, Bonani, Grassi, Dire’,Callone, Motta.
ACS Biomaterial Science and Engineering, 2018

From
daily
injection
to preloaded
fibroin
porous
scaffold
Osteoblasts

Treatment with GYY normalizes serum H2S in
ovx mice, increases bone formation, and
completely prevents the loss of trabecular
bone induced by ovx.

Osteoclasts

Grassi et al. J Bone Miner Res. 2016 May;31(5):949-63
Summer School 2019
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5%

Cell activity
and mineral matrix deposition
VEGF
D7

Dynamic
condition
BM-hMSCs

ALP

Calcium
deposition

Phosphate/
Carbonate
deposition

Osteogenic
medium

21 days after
seeding

Gambari, ..Raggio,..Motta, Grassi.
ACS Mat Sci Eng, 2019
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Scaffold and therapy:
Black Allium Extract
Prof. Soninkhishig Tsolmon, MUST
Dr. Alessandra Bisio, CIBIO, Trento

HCT116 colon cancer

MCF7 breast cancer

A549 Lung cancer

Summer School 2019
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Tissue Engineering:
scaffold biodesign principles

Appropriate scaffold with eventually suitable growth factors, cytokines, cells able to interact
with life

Design a biocompatible biosystem
In vivo cells primarily exist
embedded within a complex

Body context
Cells’ needs

and information rich 3D
environment that contains:
-

Inflammatory system
Development aspects
Mechanical cues

M u l t i p l e

E C M

components,
-

mixed cell populations
that interact

Artificial microenvironment
Mechanical properties
Micro and nano topography
3D geometric cues
Surface chemistry/bio recognition

-

A medley of cell-

-

secreted factors
Stem cells

-

Immun system

-

Mechanical cues

Summer School 2019

Scaffold design: in summary

Ø Increased

understanding of the basic principles governing tissue

formation, function, and failure, including the assembly of multiple cell
types and biomaterials into multi-dimensional structures that mimic the
architecture and/or function of native tissue

Ø Novel

approaches to materials processing/functionalization (ECM

inspired)

Ø Development

of strategies to promote vascularization and/or innervation

within engineered tissues or in vivo.

Ø Model

systems to understand physical, chemical and biomechanical

aspects of cell signaling (physiological and pathological tissues/rgans)

Ø Consideration of multiple design and delivery approaches for in vitro tissue
preparations and in situ tissue regeneration.
Summer School 2019
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BIOtech Research Center
Thank you for your
kind attention
Summer School 2019
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Drug delivery fundamentals and
applications in tissue engineering
Alejandro Sosnik
Laboratory of Pharmaceutical Nanomaterials Science,
Department of Materials Science and Engineering,
Technion-Israel Institute of Technology, Haifa, Israel

SUMMER SCHOOL ON BIOMATERIALS AND
TISSUE ENGINEERING
Ulaanbaatar, September 10 2019
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Drug delivery
A method or process of administering a pharmaceutical
compound to achieve a therapeutic effect in humans or
animals
Dexedrine® Spansules®, extended
release of amphetamine
Smith Kline & French (today
GlaxoSmithKline), 1952

Oral
IV injection

AUC: area-under-the-curve
4

Sustained release
Pharmacokinetic (PK) curve

Therapeutic
window

Extended release: Release over at least 24 h for active compounds
with relatively short half-life
-Sustained: Without a defined release kinetics
5

-Controlled: With a defined release kinetics

Why, where and when?
The goal (why) is to accelerate some processes (e.g., cell
differentiation, tissue growth) or to minimize or prevent
others (e.g., inflammation, infection, tissue overgrowth)
Spatiotemporal control over the release of active compounds
that directly or indirectly affect cellular signaling and/or
tissue regeneration and prevent infection

Space (where): Localized delivery minimizes systemic sideeffects and achieves higher local doses
Time (when): Long-term release and synchronization of the
kinetics with the specific application

Rambhia & Ma, J Control Release, 2015.
Lee et al., J Royal Soc Interfaces, 2010.

6

Stents for atherosclerotic lesions

(within 6 months)

Simard et al., Can J Cardiol, 2014.
Schoen & Padera, In: Biomaterials Science, 3rd Ed.

7

Drug-eluting coronary stents (DES)
1st Generation DES
Taxus® Express: Paclitaxel (Taxol)
Cypher® (Sirolimus = rapamycin, until 2011)

Better deployability

SV, small vessel; WH, workhorse;
LV, large vessel.
2nd Generation DES
Thinner,
improved
flexibility/deliverability,
polymer biocompatibility/drug elution profiles,
and superior re-endothelialization kinetics.
In contemporary practice, second-generation
devices are now the predominant coronary
stents implanted worldwide
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From inorganic compounds and small-molecule
drugs to biologicals and cells

10
Fernandez-Yague et al., Adv Drug Deliv Rev, 2015.

Small-molecule drugs (˃900 g/mol and 1 nm)

60-70% of the
pharmaceutical market

-Physicochemical instability
-Inappropriate biodistribution
-Off-target toxicity
Pawar et al., J Control Release, 2014.
Lindenberg et al., Eur J Pharm Biopharm, 2004.

Small-molecule drugs in (bone) tissue
engineering

Laurencin et al.,
Drug Discov Today, 2014.

Antibiotics to prevent infections
Diameter = 20-50 mm
Pores = 0.5-5 mm

Polyglyconate
(GA/TMC,
Maxon®)

Without albumin

With albumin

Elsner & Zilberman, Acta Biomater (2009).
Zilberman & Elsner, J Control Release, 2008.

13

Proteins
Release of different growth factors and/or cytokines based
on the tissue of interest and trying to mimic nature. The integrity
and stability of the protein during the production process has to be
ensured.
Sequential release

Bayer et al., Tissue Eng A, 2017.

14
Whitaker et al., J Pharm Pharmacol, 2001.

Gene delivery

15
Vo et al., Adv Drug Deliv Rev, 2012.
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Mechanisms

-Diffusion: Mainly non-biodegradable polymers (also polymers with slow
degradation kinetics). For example, silicone rubber
-Swelling: For hydrophilic polymeric covalently crosslinked (waterinsoluble) networks
-Erosion/degradation: Hydrophobic polymers that undergo
degradation

-Swelling/dissolution: For hydrophilic non-crosslinked (water-soluble)
polymeric networks
Maderuelo et al., J Control Release, 2011.

Classification of drug delivery systems based
on release mechanisms

Maderuelo et al., J Control Release, 2011.

Zero-order kinetics
-The drug reservoir does not disintegrate (biostable) and
releases the drug steadily. In non-biodegradable implants.
The drug is dispersed in the matrix that always releases the
same amount of drug per time unit.

Q t = Q 0 + K0 x t
Qt: Amount of drug dissolved at time t
Q0: Initial amount of drug in solution
K0: Zero-order release constant

t: time

Costa & Sousa Lobo, Eur J Pharm Sci, 2001, 13, 123-133.

Zero-order kinetics

Viadur®

20
Vo et al., Adv Drug Deliv Rev, 2012.

First-order kinetics
-The amount of released drug is proportional to
the remaining amount and decreases over time
-Common for soluble drugs dispersed in porous
matrices. Pores control the release

log Qt = log Q0 + (K1 x t)/2.303
Q1: Amount of drug dissolved at time t
Q0: Initial amount of dissolved drug
K1: First-order kinetics constant

t: time
21
Costa & Sousa Lobo, Eur J Pharm Sci, 2001.

First-order kinetics

Burst
release

Complete matrix
erosion
Slow matrix erosion

Sood & Panchagnula, Int J Pharm, 1998.

First-order kinetics

If it is not linear,
it is a combined
kinetics

23
Sood & Panchagnula, Int J Pharm, 1998.

Higuchi model (pure diffusion)
-Model to study delivery of very poorly soluble drugs.
Thus, the limiting step is drug dissolution

-There are different models for different geometries.
Initially developed for planar systems and 1D release
-It is based on a fully diffusive mechanism described by
Fick's laws

Qt = KH x t1/2
Qt: Amount of drug dissolved at time t
KH: Higuchi constant
t: time
Costa & Sousa Lobo, Eur J Pharm Sci, 2001.

24

Higuchi model

-The drug content is much higher than the solubility
-No polymer swelling or degradation/dissolution.
Only diffusion
25
Onishi et al., Biol Pharm Bull, 2005.

Korsmeyer-Peppas model

Qt/Q∞= Kk x tn
Qt/Q∞ : drug fraction released at time t
Kk: Korsmeyer-Peppas release constant
-The constant includes geometric/structural parameters
of the dosage form. So, it can be applied to films, cylinders
and spheres (monodisperse)
-n is the release exponent and indicates the mechanism
and is calculated from the plot of log Qt/Q∞ versus time, that
is linear. Only release data of up to 60% can be used
26
Costa & Sousa Lobo, Eur J Pharm Sci, 2001.

Korsmeyer-Peppas model

Higuchi

Diffusion + erosion
Erosion

n is calculated in Qt/Q∞ <0.6

Siepmann & Siepmann, Int J Pharm, 2008.

Costa & Sousa Lobo, Eur J Pharm Sci, 2001.

27

Free software for the modeling of
dissolution/release data

28
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The structure of the skin and degrees of
burn wounds

30

Skin wounds – Some facts
-Burns, trauma, diabetes, pressure (long-term hospitalization)
-Infections affect the healing process and they might cause
widespread (systemic) infections
-Infections in burn wounds are responsible for 75% of deaths
-The release of antibacterials/antibiotics could prevent
infection and favor faster tissue repair/regeneration
-Bioresorbable release systems are advantageous because
they do not require removal

31

Properties of a wound
patch/dressing
-Hemostasis (prevent blood loss) and good adhesion

-Immediate adhesion to the edges of the wound. Complete coverage
to prevent access of pathogens and water and fluid loss.
Maintaining moisture is favorable for wound closure
-Good permeability to O2 and CO2
-No adverse reactions and reduction/elimination of pain
-Serve as matrix for granulation, cell proliferation, angiogenesis,
re-epithelialization. THE SOONER, THE BETTER
-Transparent and of easy handling
-Affordable and cost-accessible
Ruszczak, Adv Drug Deliv Rev, 2003.

Integra® Regeneration Template

It requires washes before use

33
Courtesy of Integra Lifesciences Corp.

Cell-containing systems: TransCyte® (Advanced
BioHealing)
-Nylon membrane coated with porcine collagen and
silicone
-Neonate fibroblasts (foreskin)

-Secretion of extracellular matrix and growth factors
-Freezing to remove cells

-Application

34
Courtesy of Advanced BioHealing

Products in the market

35
Boateng et al., J Pharm Sci, 2008.

Sustained and localized release in skin wounds
Growth factors (GFs): EGF, FGF, PDGF, TGF, etc. Some
scaffolds include non-anticoagulant heparin for anchorage of
the GF
-Other proteins
-Genes (free or within cells)

-Cells (cell therapy)
Choi et al., Sci Rep, 2017.

-Antimicrobials and antibiotics

-Other small-molecule drugs
36

Ag-loaded semi-occlusive dressings

Product

Company

Contreet® G-HV

Coloplast

Urgotul SSD®

Urgo

Silvercell®

J&J

Aquacel®

ConvaTec

Acticoat®

Smith & Nephew

Limitations:
-Possible Ag toxicity

Different Ag species and crystalline/
amorphous forms can govern the
release kinetics
37

AlphaSan® RC 2000 (silver sodium hydrogen
zirconium phosphate)

38
Resende Pires & Moraes, J Appl Polym Sci, 2015.

Collagen sponges loaded with
antibiotics (gentamicin)
-Release combining drug diffusion and enzymatic degradation
-In partial (dermis) and total (subcutaneous) thickness burns

-High local (9000 mg/mL) and low systemic concentration (12
mg/mL) of gentamicin over 72 h that prevents pathogen
colonization of the wound
Product

Company

CollaRx Gentamicin®
(Collatamp G®)

Innocoll

Collatamp® EG

Syntacoll® GmbH

Sulmycin® E Implant

EUSA Pharma

Septocoll® E

Biomet Merck

40

Curcumin release kinetics

Lysozyme

2:2 systems result in better
interaction and matrix formation

Denser matrix and slower release
Chitosan
Alginate
41
Dai et al., J Biomed Biotech, 2009.

Performance in vivo

Control

Chitosan/alginate

Chitosan/alginate/curcumin
Dai et al., J Biomed Biotech, 2009.

42

Histology

Day 8

Masson’s trichrome stain: Collagen

Day 12
Denser and more aligned fibers
Dai et al., J Biomed Biotech, 2009.

43

Microparticles loaded with bFGF
In vitro release

Zero order

Acid gelatin
(pKa = 5) crosslinked with
glycine and glutaraldehyde

Burst release

44
Huang et al., Acta Biomater, 2008.

Effect on the wound - Size

Empty particles

With cells and GF

GF-loaded particles With cells (no GFs)
Huang et al., Acta Biomater, 2008.

45

Effect on the wound - Contraction
Epidermis
P-0

P-GF

CP-0

With cells, less contraction
Dermis
Huang et al., Acta Biomater, 2008.

CP-GF

Control

Doxycycline in infected wounds
-Drug encapsulated within gelatin
microparticles

-Collagen matrix
-Full thickness wound model infected
with P aeruginosa

MPs

Collagen

Control

Treated

47
Adhirajan et al., J Pharm Pharmacol, 2009.
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Sterilizability
Sterile: Free of bacteria, fungi, protozoa and viruses
A condition for systems coming in contact with
blood, ocular mucosa, inhalatory devices, wounds
The biomaterial should be sterilizable without affecting
its shape, topography, composition, molecular weight,
physicochemical and mechanical properties or doing so
in a predictible and reproducible (validation) way that
does not affect the performance
Final sterilization is the most preferred though often it is
done at the beginning and then, the work is conducted under
aseptic (sterile) conditions. Especially in systems containing
living cells or sensitive molecules (drugs)

Most common methods
-Gamma radiation
-Electron beam radiation
-Ethylene oxide (ETO)
-H2O2 gas-plasma
-Heat: (A) Humid
(B) Dry
-Filtration
In every method, a bioindicator (resistant microorganism, usually
spores) is used for validation of the method.
Examples
Steam sterilization: Bacillus stearothermophilus
Dry heat: Bacillus subtilis
Filtration: Bacillus pumilus

50

Effect of gamma radiation and ETO on
collagen sponges
Resistance to degradation (min)

Surface area after cell culture

Noah et al., Biomaterials, 2002.

Effect of heat on release kinetics
(1) Layer of non-woven rayon and polyester fabric, (2) a
layer of silver coated, high density polyethylene mesh,
and (3) a second layer of silver coated, high density
polyethylene mesh.

Released amounts at 24 h

90oC

Taylor et al., Biomaterials, 2005.

Acticoat®: Nanocrystalline Ag
52

Antibacterial activity
P aeruginosa

S aureus

90oC

Taylor et al., Biomaterials, 2005.

Take-home message – Some practical tips
-Define the type of active compound/s to be released and choose a
proper polymeric matrix based on its physicochemical properties, the
form (crystalline, amorphous, dispersed at the molecular level) and
the required release kinetics (how much and how long)
-Establish the possible production steps that comply with the loading
of the required amount and the release time
-Do not forget to consider the sterilization method that is in
accordance with the properties of the cargo (and not only the
biomaterial/s0. Usually, proteins cannot be sterilized by heat
-Assess the release in vitro under conditions that mimic the use,
establish possible release mechanism/s and make modifications in
the design to adjust the release performance
-Eventually progress to in vivo studies to validate your in vitro results

Thanks very much
for your
attention!!!
Contact:
sosnik@technion.ac.il
55

alesosnik@gmail.com

Elastic materials
and advanced wound repair
Anthony S. Weiss
McCaughey Chair and Professor of
Biochemistry & Molecular Biotechnology
Leader CPC Node Tissue Engineering and Regenerative Medicine
weisslab.info
• Charles Perkins Centre
• Life and Environmental Sciences, University of Sydney
• Bosch Institute
• Sydney Nano Institute
• Founder, Elastagen Pty Ltd (sold to Allergan in 2018)
Weiss Lab weisslab.info

Elastin confers elasticity and modulates biology

Weiss Lab weisslab.info
youtube.com/watch?v=0dgd7gv2fkk

Assemble
tropoelastin => elastin

Weiss Lab weisslab.info
blog.icelanddesign.is/krads-open-the-tower

Features on tropoelastin

Weiss Lab weisslab.info

Holst et al. Nature Biotech. 2010; Baldock et al. PNAS 2011; Yeo et al. PNAS 2012; Yeo et al. JBC 2015

Tropoelastin folding from straight chain

0 ns

960 ns

1.4 μs

2.3 μs

6.6 μs

Total replica simulation time
implicit solvent model

explicit solvent
model
Tarakanova et al. PNAS 2018

Atomistic model

Weiss Lab weisslab.info

Tarakanova et al. PNAS 2018

Tropoelastin’s dynamic “Scissors-twist”

Weiss Lab weisslab.info

Yeo, Tarakanova et al. Science Adv. 2016

n-mer
~5 nm

Weiss Lab weisslab.info

Baldock et al. PNAS 2011; Yeo et al. PNAS 2012; Yeo, Tarakanova et al. Science Adv. 2016

Improving wound healing
with tropoelastin

Weiss Lab weisslab.info

Wen et al. Trends in Biotech. 2019

Tropoelastin promotes wound repair
(pig after 2 weeks)
(a)

H&E

vWF

CD31

Normal skin
(b)
(a)

(f)

(b)

(g)

(c)

(h)

Tropoelastin
persist +

Tropoelastin
persist +
(c)

Tropoelastin
persist -

Tropoelastin
persist (d)

Solosite

Solosite
(d)

(i)

(e)

IDRT

IDRT
Open
wound

(e)

(j)

(f)

Open
wound
Weiss Lab weisslab.info

Mithieux et al. Adv. Health. Mat. 2018

Tropoelastin promotes wound repair
in mouse and pig
Figure 8

Tropoelastin
persist+
Tropoelastin
persist Solosite

IDRT
Open
Wound

Cell type

Perfused
blood
vessels

Collagen
Line score
organization
12
11
6
9
8
7
8
8
5
8
7
5
8
7
4

Average
score
9.7

8.0

7.0

6.7

Improved healing

Epidermis

6.3

Weiss Lab weisslab.info

Mithieux et al. Adv. Health. Mater. 2018

Model: tropoelastin enhances
MSCs through integrins

Weiss Lab weisslab.info

Yeo and Weiss PNAS 2019

Molecular model of human tropoelastin and
implications of associated mutations
Anna Tarakanovaa, Giselle C. Yeob,c, Clair Baldockd, Anthony S. Weissb,c,e, and Markus J. Buehlera,1
a

Laboratory for Atomistic and Molecular Mechanics, Department of Civil and Environmental Engineering, Massachusetts Institute of Technology,
Cambridge, MA 01239; bSchool of Life and Environmental Sciences, The University of Sydney, Sydney, NSW 2006, Australia; cCharles Perkins Centre, The
University of Sydney, Sydney, NSW 2006, Australia; dWellcome Trust Centre for Cell-Matrix Research, Division of Cell Matrix Biology and Regenerative
Medicine, School of Biological Sciences, Manchester Academic Health Science Centre, The University of Manchester, Manchester M13 9PT, United Kingdom;
and eBosch Institute, The University of Sydney, Sydney, NSW 2006, Australia
Edited by William A. Goddard III, California Institute of Technology, Pasadena, CA, and approved May 23, 2018 (received for review January 22, 2018)

Protein folding poses unique challenges for large, disordered
proteins due to the low resolution of structural data accessible
in experiment and on the basis of short time scales and limited
sampling attainable in computation. Such molecules are uniquely
suited to accelerated-sampling molecular dynamics algorithms due
to a flat-energy landscape. We apply these methods to report here
the folded structure in water from a fully extended chain of
tropoelastin, a 698-amino acid molecular precursor to elastic fibers
that confer elasticity and recoil to tissues, finding good agreement
with experimental data. We then study a series of artificial and
disease-related mutations, yielding molecular mechanisms to
explain structural differences and variation in hierarchical assembly observed in experiment. The present model builds a framework for studying assembly and disease and yields critical insight
into molecular mechanisms behind these processes. These results
suggest that proteins with disordered regions are suitable candidates for characterization by this approach.

|

tropoelastin elastic fiber
molecular dynamics

| structural protein | disordered protein |

P

rotein folding remains an outstanding challenge for experiment and simulation, in particular for large, highly dynamic,
and largely disordered molecular systems. Proteins with a high
degree of disorder represent >30% of all proteins in eukaryotic
cells (1) and play important functions, from cell signaling and
membrane transport to protein folding and macromolecular assembly processes, including misfolding and toxic aggregation in
disease (2, 3). An absence of tools to predict fully atomistic
structure for this class of proteins therefore presents a significant
obstacle for probing their function (4).
Molecular dynamics (MD) simulations have supplemented
experimental approaches such as X-ray crystallography. However, ab initio protein folding via MD has been achieved only for
small molecules, where folding times may be on the order of
microseconds, and is becoming more accessible to MD methods
through an increase in computing capabilities via massive parallelism and graphics processing unit (GPU) computing (4).
Large proteins beyond the length of short peptides remain elusive, because folding time scales are on the order of seconds,
inaccessible to MD methods.
The main obstacle of traditional MD is ergodicity, stemming
from the challenge of describing a system with a vast number of
degrees of freedom that results in a complex free-energy landscape. MD methods, and even accelerated-sampling algorithms
based on collective variable biasing, temperature acceleration,
and tempering have not successfully reproduced ab initio protein
folding for systems with hundreds of amino acid residues. We
hypothesized that the dynamic nature and flat-energy landscape
of largely disordered proteins would render them amenable to
folding via accelerated-sampling MD (5). We show here that
replica exchange MD (REMD) can be used to fold a 698-residue
tropoelastin protein, validate the structure by comparison with

7338–7343 | PNAS | July 10, 2018 | vol. 115 | no. 28

experimental data, and use it to study protein functionality and
disease etiology associated with mutations in the ELN gene.
Tropoelastin is the precursor molecule of elastin, which, together with microfibrils, forms elastic fibers, an essential component of the extracellular matrix. Elastic fibers provide elasticity
and resilience to vertebrate tissues, in particular the skin, lungs,
and connective and vascular tissue (6, 7). The tropoelastin protein
is encoded by a single gene, ELN, with 34 exons, giving rise to a
mature molecular structure with a molecular weight of ∼60 kDa
(7). Within the tropoelastin sequence, hydrophobic domains rich
in repetitive motifs of glycine, valine, and proline residues are
arranged between hydrophilic, cross-linking domains rich in lysine
and alanine or proline residues. Tropoelastin is the most elastic
and distensible monomer protein known, extending to eight times
its length (8). After unraveling fully, tropoelastin recoils back
without hysteresis (8, 9). Its elasticity, although reduced upon
cross-linking and assembly, is propagated within elastic fibers that
can withstand a lifetime of extension and relaxation cycles (6).
Beyond its remarkable mechanical properties, tropoelastin and
elastin degradation products interact with cell-surface receptors
and stimulate cell responses, including chemotaxis, adhesion, and
proliferation (10). Elastin’s biocompatibility, coupled with its responsiveness to external triggers (11), has inspired its use in biomedical applications, such as drug delivery (12–14) and tissue
engineering (15). On the other hand, mutations in the elastin gene
Significance
Tropoelastin, the precursor molecule to elastic fibers, is a large,
flexible elastic protein whose structure has been the subject of
investigation and debate over several decades. Here, we present the fully atomistic structure of human tropoelastin, based
on molecular dynamics simulations, and validate it with experiments. We explore the functional role of two key residues by
inserting alanine substitutions and explain conformational
changes and variations in hierarchical assembly. We also predict essential dynamics of the molecule by building elastin network models, to explain experimentally observed differences in
assembly. Finally, we study the structural and dynamic molecular
changes associated with the acquired cutis laxa disorder. The
approach developed here is applicable for studying structure
and function of other highly disordered proteins.
Author contributions: A.T., G.C.Y., C.B., A.S.W., and M.J.B. designed research; A.T., G.C.Y.,
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are associated with debilitating diseases such as cutis laxa and
supravalvular aortic stenosis (16).
The structure of tropoelastin has been the subject of decades of
research, constrained by the difficulty of isolating the monomer due
to extensive cross-links (7). As a result, many studies focused instead
on recombinant tropoelastin fragments, soluble elastin, and elastinlike peptides (17–23). The expression of recombinant human fulllength tropoelastin allowed probing of its complete molecular
structure (8, 24). Recent small-angle X-ray scattering studies determined the global molecular shape of tropoelastin to be an
asymmetric molecule, with an extended, coil-like, N-terminal region, supported by a hinge that props a bridge linking the
N-terminal region to the cell-interactive C-terminal foot region (8).
Experiments on supramolecular tropoelastin-based structures and
dynamic molecular models revealed a requirement for a subtle
balance between structure and flexibility within the molecule (25).
In this article we present the fully atomistic molecular structure of human tropoelastin, based on computationally intensive
MD simulations. We validated the structure against available
experimental molecular data. We then considered two alaninesubstitution mutations, R515A and D72A, within key regions of
the molecule. Arginine (R) 515 is a highly conserved residue that
stabilizes the tropoelastin bridge (26). Aspartate (D) 72 is the
sole negatively charged residue in the first half of tropoelastin
and functions to stabilize the N-terminal region (27). Mutations
at either site are associated with global conformational changes
and impaired functional assembly. We considered the molecular
geometry, secondary structure, and the location and exposure of
hydrophobic domains to explain observed differences in structure and hierarchical assembly. We created an elastic network
model based on the fully atomistic structure of the molecule to
predict the essential dynamics and explain differences in assembly. We then introduced a mutation associated with acquired
cutis laxa to study the associated structural and dynamic changes.

A

B

D

C

E

Results
Fully Atomistic Model of Human Tropoelastin. The fully atomistic

Tarakanova et al.

interactive C terminus, and the bridge linking them, which has
been shown to play a key role in modulating fiber assembly (26).
To demonstrate how the fully atomistic model may be used to
assess the functionality of different regions within the molecule,
and to study disease etiology, we selected three residues of interest: arginine 515 (R515), aspartate 72 (D72), and glycine 685
(G685). R515 is a highly conserved residue in mammalian tropoelastin that stabilizes the bridge region (26). D72 is the sole
negatively charged residue in the first half of tropoelastin and
functions to secure the N-terminal region (27). Finally, a mutation of G685 to aspartate (G685D) is associated with acquired
cutis laxa, a disease characterized by pendulous inelastic skin and
inflammation in the vasculature (30), as well as early-onset
chronic obstructive pulmonary disease (31).
R515A Mutation. To evaluate the roles of R515 and D72, we

artificially mutated these residues into alanine (R515A and
D72A, respectively) to mute their effects. Alanine substitutions
PNAS | July 10, 2018 | vol. 115 | no. 28 | 7339
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Fig. 1. (A) Protein folding from a straight extended chain, through 2.3 μs of
total replica time, in implicit solvent, followed by 4.3 μs in explicit solvent. (B)
Front view and (C) back view of the representative structure of the tropoelastin
molecule. The atomistic model is shown in cartoon representation, with the α
helix in purple, the 310 helix in blue, the π helix in red, the extended β structure in
yellow, the β bridge in tan, the turn in cyan, and the coil in white. The SAXS
model is shown as a light-blue envelope. N and C indicate N and C termini, respectively. Arrows show the narrowest and widest lengths. (D) The narrowest
length and (E) the widest horizontal length of tropoelastin in the MD model and
the averaged SAXS model. Error bars are based on the average of the last 50 ns
of the simulation. A 5% error bar is included for comparison in the SAXS model.
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model of tropoelastin was determined through a series of replica
exchange MD simulation stages (28) in implicit and explicit solvent
(Fig. 1A). The resulting ensemble of structures was clustered by
structural similarity based on rms deviation. A representative structure
of tropoelastin was identified by extracting the lowest energy structure
from the most populated cluster. This final structure, representative of
the most frequently occurring state within the ensemble, was compared with predictions from small-angle X-ray scattering (SAXS)
based on work by Baldock et al. (8) (Fig. 1 B and C). Both models
displayed common features, characterized by a long molecular torso,
with two diverging branches toward the molecule’s bottom (the foot
region) linked by a bridge region, and with the N and C termini located in their expected positions. Molecular dimensions correlated
closely between the atomistic model and the SAXS-derived structure
(Fig. 1 D and E). No significant differences were seen in the narrowest
and widest horizontal lengths of the molecule, with a preserved general envelope of the molecule. We found 6–9% α helix, 5% β sheet
and strand, 2% 310 and π helix, and 84–87% coil and turn structure in
simulation using the structure identification (STRIDE) algorithm.
Helices were counted for a minimum length of 7–10 consecutive
residues in helical formation, with a helix longevity >1 ns, based on
the observation that helical propensity is closely dependent on sequence length (29). Calculations were performed from a 50-ns production run. Our findings are in close agreement with experimental
data that found 35–50% β sheet (including β turns), a small (10%)
contribution from α helices, and 40–55% unassigned to regular helices
or β structures (6). A detailed domain-by-domain comparison with
experimental data is included in SI Appendix.
Tropoelastin’s conserved global shape can be coarsely divided
into three main regions of interest: the elastic region extending
down from the N terminus, the foot region containing the cell-

were inserted into the WT molecule and the structures were
equilibrated to convergence. The R515A mutant retained the
overall shape of the WT molecule, with the exception of a noticeable shift in the foot, which displayed reduced extension (Fig. 2
A and B). The shift of the foot in the mutant may be explained by
a change in secondary structure that propagates into domains 26–
36 below the junction where residue 515 is located. An increased α
helix and β bridge content and decreased coil content between
WT and R515A were observed (Fig. 2C). A transformation to a
more-ordered secondary structure suggests that local secondary
structure changes in the bridge region may influence the flexibility
of the foot, resulting in a more compact shape. The analogous
dislocation of the mutant foot is visible in the SAXS structures,
which show confinement of this region to the body of the R515A
molecule (Fig. 2 D and E). Experimentally, the exposure of the
R515A C terminus, detected by an antibody specific for this region, was lower compared with WT (26), consistent with the
structural change observed in the molecular models (Fig. 2F).
The R515A mutation is also associated with a lower propensity for tropoelastin self-assembly (26). While both WT and
R515A displayed temperature-dependent coacervation, WT fully
coacervated at 35 °C, compared with 40 °C for R515A (Fig. 2G).
To understand these effects at the molecular scale, we measured
the solvent accessible surface area (SASA) of hydrophobic domains in WT and R515A (Fig. 2H), since tropoelastin coacervation is primarily driven by hydrophobic interactions. SASA
is an indication of exposure and interactive potential with the
surrounding environment. R515A exhibited significantly less
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exposed hydrophobic SASA than WT (Fig. 2H) as a consequence
of structural shifts in the molecule arising from the residue
substitution, which may help explain the difference in coacervation patterns observed in experiment (Fig. 2I).
Collective molecular motion may further direct self-assembly. To
examine this, we built elastic network models based on fully atomistic
structures, with α-carbons interconnected by uniform springs, and
calculated normal modes of motion. Low-frequency modes represent
the most concerted motions, where large structural subunits move
with respect to other subunits. These modes are most energetically
favorable on the multidimensional energy landscape and correspond to intrinsically accessible motions within the molecule (32).
The current model supported our earlier description of WT
dynamics (25), represented by a characteristic twist in the
N-terminal region and a scissors-like motion about the bridge,
between the legs of the molecule (Fig. 2J and Movie S1). The
consistency between the current model and our earlier dynamic
model based on SAXS structures is instructive, as it shows the
strong dependency of normal modes on the global molecular
shape. Furthermore, the model is consistent with the observation
that dynamics driving coacervation may simultaneously preserve
intrinsic disorder, as has been suggested by recent NMR measurements (33). The R515A mutant exhibited altered collective
dynamics (Fig. 2K and Movie S2), displaying a bend across the axis
perpendicular to the body of the molecule. The WT is more dynamic on the whole, showing higher rms fluctuation per residue
(Fig. 2L). We propose that the elevated level of mobility in the
WT predisposes it more strongly to intermolecular assembly.
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Fig. 2. (A, i) WT with R515 in red, circled; (ii) R515A mutant. (B) Extension of foot region for WT and R515A. (C) Secondary structure composition of WT and
R515A in domains 26–36 shows structural changes in β bridge, turn, and α helix content downstream of the mutation. (D, i) WT and (ii) R515A representative
structures from SAXS based on ref. 26. (E) Foot span indicated by dotted lines in the SAXS structures in D. (F) Percentage of C termini detected in WT and
R515A for different concentrations. (G) WT and R515A coacervation at different temperatures. (H) SASA of hydrophobic domains in WT and R515A. (Inset) WT
with hydrophobic SASA shown as a red envelope around the cyan molecular structure in cartoon representation. (I, i) Model of tropoelastin molecules in
purple secreted from the cell. (ii) Model of R515A self-assembly into sparser clusters, given a lower percentage of hydrophobic SASA. Molecules are indicated
by purple circles, where red represents hydrophobic SASA and dark blue represents water molecules surrounding protein. (iii) Model of WT self-assembly into
denser clusters, with a higher percentage of hydrophobic SASA. (J) WT and (K) R515A dynamic snapshots based on the linear combination of the first six
lowest-frequency modes. Eigenvectors per residue are shown as yellow arrows. (L) RMSF of residues in WT and R515A. The average was taken over last 50 ns
for B, C, and H. Data were modified from ref. 26 for F and G. RMSF, root-mean-square fluctuation.
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G685D Acquired Cutis Laxa Mutation. We next considered a clinically relevant mutation associated with acquired cutis laxa and
early-onset chronic obstructive pulmonary disease (30, 31). We
studied a tropoelastin isoform with a glycine-to-aspartate substitution in position 685 (G685D), derived from a mutation in
the ELN gene.
We found that the general molecular shape is preserved for
the mutant protein (Fig. 4A), although G685D has a bulkier,
displaced N-terminal region and an inwardly shifted, shortened
foot region (Fig. 4 A and B). G685D further stabilizes the salt
bridge between D72 and K78, which is present almost 100% of
the time. The shape change associated with the mutation introduces two additional salt bridges, between glutamate 345 (E345)
and K356 (98% of the time) and between D685 and K647 (56%
of the time) (Fig. 4C). The salt bridges act to elongate and
tighten the molecule’s structure and are accompanied by a decrease in bend structure and a corresponding increase in α helix
content in domains 27–36 (Fig. 4D), effectively drawing the foot
in. The change in structure reduces the exposed hydrophobic
surface area as in R515A and D72A (Fig. 4E). We propose that
the altered molecular shape and reduced hydrophobic SASA
would result in changes in self-assembly of mutant tropoelastin,
as illustrated in the schematic in Fig. 4F. The dynamics of the
mutant molecule are also transformed, displaying a more pronounced bending motion in contrast to the scissors-twist movement of WT (Fig. 4 G and H and Movie S4). We find that
G685D has comparable residue-by-residue fluctuation as WT,
excluding domains 33 and 36 (the last 29 residues), where fluctuation in G685D is reduced (Fig. 4H).

Discussion
Fully Atomistic Structure Prediction of the Tropoelastin Molecule.

The fully atomistic molecular structure of tropoelastin was successfully predicted using a series of REMD simulations, and
validated against experimental data. Long-time REMD simulations were essential to effectively sample a structure of the size of
the tropoelastin molecule. The need to conduct ergodic sampling
of the energy landscape stemmed from the observation that the
landscape for a system of the size and complexity of tropoelastin
would present local energy minima and encounter energy barriers
PNAS | July 10, 2018 | vol. 115 | no. 28 | 7341
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D72A Mutation. We performed a similar analysis on the D72A
mutant. D72A displayed a downward shift in the C-terminal region, leading to a restricted foot. This conformational change is
driven by a cascading shift in local secondary structure starting
from domain 6, and a twist in the upper N-terminal region (Fig. 3
A–C). Analogous shifts were observed in SAXS structures (Fig. 3
D and E). We predict the role of D72 in stabilizing the N-terminal
region of the molecule, as it is capable of forming salt bridges with
adjacent lysine (K) residues. In particular, D72 can interact with
K78 and K81 in domain 6 and, less likely, with K114 in domain 8
(Fig. 3F). A salt bridge develops between D72 and K78 or K81
21% and 30% of the time, respectively, and between D72A and
K114 2% of the time. Overall, D72 is involved in a salt
bridge >50% of the time, which would contribute significantly to
the stability of the N-terminal region. The absence of a prominent
salt bridge in D72A leaves the region to rotate freely into the
position at which it appears in the mutant. In D72A, the polyalanine region in domain 6 increases from four to six consecutive
alanines, resulting in an increase in α helix and hydrogen-bonded
turn content and a reduction in bend structure in domain 6. Increased helical content may lock into place the more flexible Nterminal region, which is no longer held in place through a salt
bridge. The importance of D72 in stabilizing the molecule is further emphasized in the observation that the conformational
changes associated with D72A propagate down the body of the
molecule, inducing a prominent foot displacement. The position
of domains 15 and 16, spanned by a long helical region below
domain 6, seems to be determined by steric exclusion. Based on
this observation, a shift in domain 6 may trigger global shape
changes by providing space for other regions to occupy. While WT
coacervated fully at 35 °C, D72A coacervated fully only at 40 °C
(Fig. 3G). Experimental findings are supported by SASA measurements of hydrophobic residues in the WT and D72A models
(Fig. 3H). WT exhibited more exposed hydrophobic SASA than
D72A, which may contribute to the difference in coacervation
patterns. D72A also produced altered dynamics, displaying a
pronounced bending motion (Fig. 3I and Movie S3) and reduced
molecular fluctuation (Fig. 3J), consistent with experimental observations of reduced coacervation and impaired elastic fiber assembly compared with WT (27).
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Fig. 3. (A, i) WT with D72 in red, circled; (ii) D72A mutant. Arrows indicate domain shifts. (B) Extension of foot region for WT and D72A. (C) Secondary
structure composition of WT and D72A in domain 6 shows structural changes in bend, turn, and α helix content within the domain of the mutation. (D) WT (i)
and D72A (ii) representative structures from SAXS based on ref. 27. (E) Foot span of SAXS structures in D, as indicated by dotted lines. (F) WT with lysines 78,
81, and 114 in blue and aspartate 72 in red. (Inset) Close-up of lysine (K) and aspartate (D) residues that may be involved in salt bridges to stabilize the Nterminal region. (G) WT and D72A coacervation at different temperatures. (H) SASA of hydrophobic domains in WT and D72A. (I) D72A dynamic snapshots
based on the linear combination of the first six lowest-frequency modes. Eigenvectors per residue are shown as yellow arrows. (J) RMSF of residues in WT and
D72A. The average was taken over 50 ns for B, C, and H. Data modified from ref. 27 for G. RMSF, root-mean-square fluctuation.
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Fig. 4. (A, i) WT with G685 in red, circled; (ii) G685D mutant. (B) Extension of foot region for WT and G685D. (C) G685D with lysines 78, 356, and 647 in blue
and aspartate 72, glutamate 345, and aspartate 685 in red. (Inset) Close-up of lysine (K), aspartate (D), and glutamate (E) residues that may be involved in salt
bridges. (D) Secondary structure composition of WT and G685D in domains 27–36 shows structural changes in α helix and bend content. (E) SASA of hydrophobic domains in WT and G685D. (F, i) Model of WT self-assembly; (ii) model of G685D self-assembly (protein in purple, hydrophobic SASA in red, water
molecules in blue). (G) G685D dynamic snapshots based on the linear combination of the first six lowest-frequency modes. Eigenvectors per residue are shown
as yellow arrows. (H) RMSF of residues in WT and G685D. The average was taken over 50 ns for B, D, and E. RMSF, root-mean-square fluctuation.

that would be difficult to cross at ambient temperatures within a
reasonable simulation time.
REMD resolved this problem by running a series of discrete,
independent replicas in varied temperature ensembles, where
coordinates of the replica structures were periodically exchanged
between ensembles. High-temperature replicas provided a means
to effectively cross energy barriers, while ambient-temperature
replicas presented an ensemble from which sampling is desired.
In each temperature ensemble, there was a distribution of structures with associated potential energies. Probability distributions
of potential energy were normally distributed. Adjacent temperature ensembles were chosen so that there was sufficient overlap
in the probability distributions, implying that a particular structure
could exist in both. Metropolis-style Monte-Carlo moves were
constructed whereby coordinates of adjacent replicas could exchange based on the probability of being observed in both ensembles. Improved ergodicity was achieved by ensuring the following
key considerations: (i) sufficient overlap, so that exchanges produce valid ensembles; (ii) adequately high temperatures to establish exhaustive ensemble space sampling; and (iii) high probability
of successful exchange attempts. In the first simulation stage, the
initial input structure was an extended linear chain built based on
the amino acid sequence of the tropoelastin molecule. The protein
folded progressively from a linearly extended initial conformation
to a compact final structure.
The representative structure from the initial phase was used as
an input for the second stage of REMD simulation in explicit
solvent. The role of water has been widely discussed for its
contributions to the unique mechanical properties and inverse
temperature transition capabilities of the elastin protein (19, 34–
36). Therefore, using an explicit solvent model was essential for
local structure refinement of the tropoelastin molecular model.
The similarity in the predicted fully atomistic model and the
SAXS-derived model is striking, identifying common features,
including a protruding foot region connected to a bridge (Fig. 1 B
and C), corresponding molecular dimensions (Fig. 1 D and E), and
matching secondary structure distributions. We note that any local
inconsistency observed in the comparison between the SAXS
envelope and the fully atomistic structure in Fig. 1 B and C should
be expected, as the molecular structure embodies local and global
dynamic properties responsible for tropoelastin’s function and
7342 | www.pnas.org/cgi/doi/10.1073/pnas.1801205115

assembly properties (25). Additional representative structures are
shown in SI Appendix, Fig. S15, to emphasize this point.
We observed that domain 2 and domain 36, the first and last
domains in the mature form of human tropoelastin, maintained
their expected locations at the head of the N-terminal region and
at the tip of the C-terminal foot region, respectively (SI Appendix,
Fig. S1). This positioning was consistent with earlier studies that
estimated these locations through structural comparisons of fulllength and truncated tropoelastin constructs using small-angle
X-ray and neutron scattering experiments (8). Domain 36, corresponding to the last 14 residues in the sequence, appeared to be
the most mobile of all tropoelastin domains based on rms fluctuation (Figs. 2L, 3J, and 4H), consistent with its role in interacting with cells (37, 38) and other elastic fiber proteins (39).
Mutation Studies. The model presents a lens through which to

study local structural impact and the influence on molecular
aggregation resulting from mutations in the protein structure.
We considered three mutations in this study: R515A and D72A,
corresponding to artificial mutations of arginine and aspartate to
alanine in positions 515 and 72, respectively, and G685D, a
glycine to aspartate substitution, associated with a clinically relevant mutation found in patients with acquired cutis laxa and
early-onset chronic obstructive pulmonary disease (30, 31).
R515A and D72A mutations resulted in a local structural perturbation that drove changes in dynamics and coacervation behavior (Figs. 2 and 3). These studies not only expose the function
of important molecular regions but also provide a means of validating the model and a framework for studying other mutations.
In both the atomistic models and the SAXS-derived models of
R515A, the mutation yielded a compaction of the foot region,
which can be explained on the basis of the absence of a long,
charged side chain of arginine, and a transformation to a more
compact helical structure in the lower region of the mutant molecule. This change was further supported by an observed reduction
in the detection of the C terminus in antibody experiments. The
D72A mutation resulted in the perturbation of stabilizing salt
bridges and a cascading shift in secondary structure from the top
down, driving a twist at the N-terminal end of the molecule, and a
downward shift toward the molecular body at the C-terminal end.
The structural changes observed in response to both mutations
affected the coacervation, or self-assembly propensity, of the
mutants, in part driven by a reduction in solvent-exposed
Tarakanova et al.
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Materials and Methods
The tropoelastin structure is computed from the primary protein structure of
mature, WT human tropoelastin corresponding to residues 27–724 of GenBank
entry AAC98394. The WT and mutant structures are simulated through a
series of replica exchange MD simulations. Structure dynamics are determined through elastic network models and normal mode analysis. Further
details can be found in SI Appendix.
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mutations, and presented a structural study of a disease-associated
mutation. We identified structural shifts and variations in the
molecule’s dynamics in the presence of mutations, which may
explain differences seen in the molecular coacervation and assembly patterns of mutants, and present mechanisms to elucidate
the molecular basis of disease not previously possible from experiment alone. This work provides a framework to examine the
functional roles of particular tropoelastin domains, forms a
foundation for understanding the assembly of tropoelastin into
elastic fibers, and can be extended to study other disease mutations. More generally, our approach would be suitable for probing
the structure and function of other highly disordered proteins.
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hydrophobic surface area. Dynamic models predicted a change
in the quality and magnitude of concerted molecular oscillation
contributing to differences in coacervation patterns.
A similar analysis was performed for the mutation G685D
(Fig. 4). The shortened foot identified for the mutant and reduced fluctuation in the C terminus of the mutant obscure the
exposure of the cell-interactive C-terminal region, explaining the
observed decrease in cell adhesion in the mutant (30). The introduction of additional salt bridges throughout the molecule
contributes to changes in the mechanical properties of tropoelastin. We propose that salt bridges can contribute to heightened
molecular stability and increased molecular stiffness, corresponding to observations of coarser skin in patients with this
mutation (30). It is noted that the molecule’s inherent flexibility
results in significant changes throughout the entire molecular
structure in response to a single residue substitution, emphasizing the interplay of order and disorder within the molecule.
We propose that the shifted foot position, altered dynamics
within the foot region, an extended molecular shape supported by
salt bridges, and a reduction in exposed hydrophobic surface area
all play a role in hindering fiber assembly in acquired cutis laxa
and chronic obstructive pulmonary disease. This is supported by
experimental observation of a subtle defect in the deposition of
mutated tropoelastin into elastic fibers (30). We propose that the
structural characterization of this mutation is a first step to developing targeted therapies for this and related diseases.
To conclude, we have shown how accelerated-sampling MD
methods are used for ab initio folding of the 698-residue tropoelastin protein, a major flexible, elastic protein. We validated
the model against experimental data, used it as a template to
assess the function of local structural elements via artificial
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We challenge the conventional designation of structural matrix
proteins primarily as supporting scaffolds for resident cells. The
extracellular matrix protein tropoelastin is classically regarded as a
structural component that confers mechanical strength and resilience
to tissues subject to repetitive elastic deformation. Here we describe
how tropoelastin inherently induces a range of biological responses,
even in cells not typically associated with elastic tissues and in a
manner unexpected of typical substrate-dependent matrix proteins.
We show that tropoelastin alone drives mesenchymal stem cell
(MSC) proliferation and phenotypic maintenance, akin to the synergistic effects of potent growth factors such as insulin-like growth
factor 1 and basic fibroblast growth factor. In addition, tropoelastin
functionally surpasses these growth factors, as well as fibronectin, in
allowing substantial media serum reduction without loss of proliferative potential. We further demonstrate that tropoelastin elicits
strong mitogenic and cell-attractive responses, both as an immobilized substrate and as a soluble additive, via direct interactions with
cell surface integrins αvβ3 and αvβ5. This duality of action converges the long-held mechanistic dichotomy between adhesive matrix proteins and soluble growth factors and uncovers the powerful,
untapped potential of tropoelastin for clinical MSC expansion and
therapeutic MSC recruitment. We propose that the potent, growth
factor-like mitogenic and motogenic abilities of tropoelastin are biologically rooted in the need for rapid stem cell homing and proliferation during early development and/or wound repair.

|

tropoelastin mesenchymal stem cells
expansion migration

|

| growth factor |

culture surfaces with serum or ECM components. For example,
MSC propagation can be amplified by supplementing basal media
with additional serum proteins, hormones, or growth factors. Among
these growth factors are TGF-β, EGF, PDGF, insulin-like growth
factor-1 (IGF1), and, most commonly, basic fibroblast growth factor
(bFGF) (5, 8). In particular, bFGF has a potent mitogenic effect
toward MSCs (9–12) and is frequently used to supplement stem cell
culture media with full or minimal serum content (5).
Culture substrates are typically coated with a range of connective
tissue proteins, including fibronectin, collagen IV, vitronectin,
and laminin (5, 13–15), due to their affinity to a wide range of
cell integrin receptors (16). These coatings are classically considered to be important for cell retention on substrate surfaces
and are commonly used in concert with serum- or growth factorsupplemented media to promote MSC adhesion, spreading, and
expansion (5, 15).
Tropoelastin is an ECM component primarily located in elastic
tissues and has been shown to promote the expansion of hematopoietic stem cells (HSCs) and MSCs when used as a substrate
coating (17) or as part of the substrate bulk material (18). The
ECM is proposed to modulate stem cell phenotype and activity,
including proliferation, via its chemistry, topography, and mechanical properties (18). Consistent with this thinking, the proproliferative effects of tropoelastin on HSCs have been attributed to
the extensional elasticity of the molecule, conveyed as mechanical
signals to influence cellular gene expression (17). As evidence,
inhibition of the HSC mechanotransduction machinery is shown
to eliminate tropoelastin-mediated proliferation. Similarly, the

M

esenchymal stem cells (MSCs) are used in therapeutic interventions for skeletal tissue injuries, myocardial infarctions, degenerative diseases, and organ failure (1) due to their
inherent differentiation and regenerative potential, immunomodulatory properties, and migratory capacity toward sites of
injury and disease (2). However, a significant hurdle hindering
their widespread translation into clinical practice is the limited
natural availability of these cells. Human bone marrow-derived
MSCs comprise only 0.001–0.01% of the bone marrow mononuclear cell population (3). In contrast, a therapeutic dose for a
single patient typically requires at least 1 to 2 million cells per
kilogram of body weight (4, 5), due in part to the inefficient
homing of administered MSCs (6). Evidently, there is strong
demand for the ability to expand MSCs cost-effectively while
maintaining stem cell properties closely linked with therapeutic
efficacy (7). At the same time, there are clear benefits to identifying motogenic molecules that can effectively recruit MSCs to
target sites and thus reduce therapeutic cell doses.
The growth and expansion of MSCs and other adherent therapeutic stem cells in general rely on interactions with soluble components in the culture medium, the surrounding cells, and the
underlying substrate (5). These factors are acknowledged to function
synergistically but not redundantly, such that an underlying substrate
protein would not be expected to replace a soluble component.
Accordingly, MSC expansion ex vivo has been enhanced by fortifying
culture media with exogenous soluble factors and/or by coating

2042–2051 | PNAS | February 5, 2019 | vol. 116 | no. 6

Significance
Extracellular matrix proteins have primarily been designated as
supporting scaffolds for cells. This work presents the soluble
extracellular matrix component tropoelastin as a powerful
proproliferative and cell-attractive molecule that surpasses the
potency of conventional growth factors and matrix proteins
used in a mesenchymal stem cell (MSC) culture. Tropoelastin is
also demonstrated to modulate MSCs both as a substrate
coating and as a soluble additive in media, which significantly
deviates from the classical dogma of cell anchorage-dependent
structural roles of the matrix. We show that these activities of
tropoelastin can be harnessed and establish a path to boosting
the efficacy of and simplifying processes for clinical MSC expansion and therapeutic MSC recruitment.
Author contributions: G.C.Y. and A.S.W. designed research; G.C.Y. performed research;
G.C.Y. and A.S.W. analyzed data; and G.C.Y. and A.S.W. wrote the paper.
Conflict of interest statement: A.S.W. is the founding scientist of Elastagen Pty. Ltd., now
sold to Allergan, Inc.
This article is a PNAS Direct Submission.
Published under the PNAS license.
1

To whom correspondence may be addressed. Email: giselle.yeo@sydney.edu.au or tony.
weiss@sydney.edu.au.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1812951116/-/DCSupplemental.
Published online January 18, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1812951116

APPLIED BIOLOGICAL
SCIENCES

increased proliferation of MSCs on elastin-blended materials is
wholly ascribed to the elasticity and roughness of the substrate (18).
Similarly, ECM-mediated MSC migration is predicated on cell
adhesion to matrix components such as fibronectin (19) and the
recognition of substrate architecture and topography (20). Moreover, regulation of MSC homing is overwhelmingly attributed to
diffusible cytokines and growth factors, including IGF1 and bFGF
(21–23). These biophysical and biochemical signals are thought to
present separate and often conflicting directional cues to cells (24).
Here we describe the novel proproliferative and cell-attractive
effects of tropoelastin on MSCs. Surprisingly, we discover significant and unique capabilities of this protein in replacing exogenous growth factors and dramatically reducing the serum
requirement in culture media. Moreover, in contrast to typical
matrix protein–cell interactions, we demonstrate the ability of an
ECM protein such as tropoelastin to robustly enhance MSC
expansion as a soluble additive akin to growth factors. Furthermore, we reveal that tropoelastin strongly attracts MSCs when
substrate bound, but unlike conventional haptotactic matrix
proteins, it also promotes MSC chemotaxis in solution similarly
to growth factors. We also identify an integrin-based mechanism
underlying these potent functionalities of tropoelastin. We propose that tropoelastin holds powerful, untapped potential for the
rapid, robust expansion of MSCs and the efficient recruitment of
resident or exogenous MSCs toward target tissues.
Results
Surface-Bound Tropoelastin Can Replace IGF1 and/or bFGF in Media.

To determine the effect of substrate-bound tropoelastin on MSC
proliferation, MSCs were cultured on bare or tropoelastin-coated
tissue culture plastic (TCP) in various media formulations with
and without 10% (vol/vol) FBS and optionally supplemented with
IGF1 and/or bFGF (Fig. 1A). Cells proliferated over 7 d in all
conditions except in serum-free basal media. Cell numbers on
tropoelastin-coated TCP significantly increased over those on bare
TCP, whether in full-serum media (39 ± 3% increase) or in media
supplemented with IGF1 (41 ± 1% increase), bFGF (16 ± 2%
increase), or IGF1 and bFGF (16 ± 3% increase). The highest cell
numbers were observed in the presence of both surface-bound
tropoelastin and soluble growth factors.
As a comparison of the proproliferative activity of tropoelastin
and growth factors, MSCs cultured on a tropoelastin substrate in
full-serum media with no additional factors expanded 14 ± 2%
less compared with cells on TCP in media with both IGF1 and
bFGF (Fig. 1A). However, cells grown on tropoelastin in normal
media proliferated 36 ± 3% more than cells on TCP in media
with IGF1 and similarly to cells in media with bFGF. These findings
indicate that substrate-bound tropoelastin not only improves MSC
propagation in normal or growth factor-supplemented media
but can also replace either IGF1 or bFGF while maintaining the
same amplified level of cell expansion.
The addition of growth factors in culture media typically allows for a decrease in serum concentration without retarding
MSC proliferation (25). Therefore, we wanted to determine the
proproliferative benefits of substrate-bound tropoelastin in a
reduced-serum environment normally compensated for by growth
factors (Fig. 1B). In media containing 7% FBS, MSCs grown on
TCP also exhibited proliferation over 7 d, although to a lesser
extent than that previously observed in normal full-serum media.
Substrate-bound tropoelastin dramatically promoted MSC proliferation in all reduced-serum conditions, not only in unsupplemented media (97 ± 19% increase) but also in media already
containing IGF1, bFGF, or both growth factors (49 ± 1%, 40 ± 3%,
or 29 ± 3% increase, respectively).
More remarkably, in these reduced-serum conditions, MSCs
cultured on tropoelastin in unsupplemented media exhibited
significantly greater expansion over 7 d relative to cells on TCP
in media with either IGF1 or bFGF (59 ± 15% and 37 ± 13%
Yeo and Weiss

Fig. 1. MSC proliferation on bare TCP or TCP coated with tropoelastin (TE)
in media containing (A) 10% (vol/vol) FBS or (B) 7% (vol/vol) FBS, with and
without IGF1 and/or bFGF growth factors. Panels show relative net cell increase at various days postseeding. Asterisks directly above the columns
represent statistical differences between bare and tropoelastin-coated TCP
in each media formulation: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not
significant.

increase, respectively) and were equivalent in abundance to cells
in media with both growth factors (Fig. 1B). These results point
to the ability of surface-coated tropoelastin to replace both
IGF1 and bFGF in promoting MSC proliferation in a reducedserum environment.
Tropoelastin Allows for Greater Serum Reduction Compared with
Fibronectin or Growth Factors. Due to the persistence of tropoe-

lastin’s proproliferative activity in media with 7% (vol/vol) FBS,
we investigated the maximum extent of serum reduction that
would not affect tropoelastin-mediated MSC expansion (Fig. 2A).
Cells were grown in decreasing amounts of FBS [0–10% (vol/vol)
in media] on TCP and on TCP coated with tropoelastin or fibronectin. MSC numbers on bare and fibronectin-coated surfaces
progressively declined with greater serum reduction. After 7 d,
MSC proliferation on TCP and fibronectin decreased by 27 ± 1%
and 15 ± 0.1%, respectively, following a mere 20% reduction in
serum. In contrast, cell expansion on a tropoelastin substrate
remained unaffected by up to a 40% decrease in serum. In media
with 6% FBS, MSC proliferation on bare and fibronectin-coated
TCP was inhibited by 35 ± 1% and 25 ± 1%, respectively, compared with that in normal media.
PNAS | February 5, 2019 | vol. 116 | no. 6 | 2043

Fig. 2. MSC proliferation in decreasing amounts of
serum. (A) Cells were grown on bare, tropoelastincoated or fibronectin (FN)-coated TCP in normal
media. (B) Cells were cultured on tropoelastin-coated
TCP in normal media, on TCP in media containing IGF1
and bFGF growth factors (GFs), or on tropoelastincoated TCP in media supplemented with GFs. Panels
show the relative net cell increase at 3, 5, and 7 d
postseeding, normalized to the initial cell numbers
at day 1. Asterisks directly above the columns represent statistical comparison with cells on tropoelastincoated TCP in normal media: *P < 0.05; **P < 0.01;
***P < 0.001.

While fibronectin and tropoelastin promoted MSC propagation in full-serum media, the benefits of fibronectin were significantly diminished upon serum reduction. At these lower serum
concentrations, that is, 2–8% (vol/vol) of the media composition,
tropoelastin-coated surfaces consistently and significantly enhanced
MSC proliferation compared with bare and fibronectin-coated
surfaces by 135 ± 5 to 309 ± 12% and 76 ± 4 to 86 ± 6%, respectively. These findings strongly indicate that tropoelastin can
uniquely compensate for substantial serum reduction in media
without compromising MSC expansion levels.
The ability to promote high levels of stem cell growth in lowserum conditions, as demonstrated by tropoelastin, is a property
typically ascribed to growth factors (25). On this basis, we compared this functionality of substrate-bound tropoelastin with that
of IGF1 and bFGF (Fig. 2B). By 7 d postseeding, cell numbers
on TCP in growth factor-containing media were unaltered in 8%
(vol/vol) FBS, indicating that the combination of IGF1 and
bFGF allows for slight (20%) serum reduction during culture.
In 6% (vol/vol) FBS, however, cell numbers in media with growth
factors were significantly decreased by 25 ± 2% compared with
those in full-serum media. In contrast, cells on tropoelastin in the
absence of growth factors sustained uncompromised levels of proliferation following a 40% decrease in serum. In 6% (vol/vol)
serum, tropoelastin improved MSC proliferation by 27 ± 4%
compared with IGF1 and bFGF in tandem, indicating that
tropoelastin is functionally superior to the growth factors in stimulating MSC expansion in substantially reduced serum conditions.
Tropoelastin in Solution Promotes MSC Proliferation Similarly to
Surface-Bound Tropoelastin. We wished to determine whether the

mitogenic activity of tropoelastin is conditional upon its immobilization to the culture substrate and the provision of mechanical
cues. We therefore tested whether tropoelastin in solution
achieves the same cell expansion benefits as the surface-bound
protein. When tropoelastin was added to tissue culture wells
that were preincubated with normal media, the protein remained
in solution due to surface blocking by serum proteins (SI Appendix, Fig. S1A).
Soluble tropoelastin at concentrations as low as 1 μg/mL consistently promoted MSC proliferation over 7 d compared with
normal media (SI Appendix, Fig. S1B). However, tropoelastin
concentrations of at least 2.5 μg/mL were required to stimulate
MSC proliferation to an extent comparable to that of substratebound tropoelastin (Fig. 3A). Increasing the solution concentration of tropoelastin to 20 μg/mL further improved MSC proliferation by 80 ± 8% over substrate-bound tropoelastin at 7 d
postseeding. These results demonstrate that tropoelastin above a
threshold concentration in solution significantly promotes MSC
2044 | www.pnas.org/cgi/doi/10.1073/pnas.1812951116

proliferation. Supplementation of media with 5 μg/mL tropoelastin is functionally equivalent to coating the culture substrate
with tropoelastin and allows temporal control of the cell proliferation profile (SI Appendix, Fig. S1C). Evidently, tropoelastin
can function as a signaling molecule in solution, similar to growth
factors, to actively enhance MSC expansion.
Tropoelastin in Solution Can Replace IGF1 and bFGF in Full-Serum
Media. We investigated whether tropoelastin in solution, like

substrate-bound tropoelastin, can mirror the effects of growth
factors in eliciting a proliferative response from MSCs (Fig. 3B).
We previously observed that substrate-bound tropoelastin can
replace either IGF1 or bFGF in full-serum media. Media supplementation with IGF1 alone did not increase MSC numbers
compared with normal media. As such, tropoelastin in solution at
or above 1 μg/mL triggered significantly elevated cell proliferation
over 7 d compared with normal media or media with IGF1. This
level of increase is dose-dependent, ranging from 18 ± 5% with
1 μg/mL tropoelastin to 69 ± 7% with 20 μg/mL tropoelastin.
Soluble tropoelastin can likewise replace bFGF in media (Fig.
3B). During early-stage proliferation (3 and 5 d postseeding),
soluble tropoelastin at and above 1 μg/mL surpassed bFGF by up
to 74 ± 2% in promoting MSC expansion. At later time points
(7 d postseeding), soluble tropoelastin at 5 μg/mL was comparable to bFGF; and at 20 μg/mL it was 18 ± 5% more potent than
bFGF for MSC propagation.
Furthermore, while substrate-bound tropoelastin was functionally inferior to the cumulative benefit of IGF1 and bFGF in fullserum media, soluble tropoelastin at 20 μg/mL supported MSC
expansion equivalently to both growth factors in full-serum media
(Fig. 3B). These findings illustrate that tropoelastin in solution
closely reflects the proproliferative capability of growth factors. At
5 μg/mL, tropoelastin can replace either IGF1 or bFGF, while a
higher concentration of 20 μg/mL can adequately replace both
growth factors without loss of MSC proliferative potential.
Soluble Elastin Fragments and Fibronectin Do Not Promote MSC
Proliferation. We wished to determine whether the potent mito-

genic ability of tropoelastin in solution is similarly captured
within fragments of the cross-linked protein. Cells were grown in
normal media, in tropoelastin-supplemented media, or in media
containing increasing amounts of soluble κ-elastin (κELN) or
α-elastin (αELN) (Fig. 3C). These peptides are obtained from
partial base or acid hydrolysis of native elastin and encompass
a pool of heterogeneous elastin-derived sequences. Neither
κELN nor αELN stimulated MSC proliferation above that in
normal media. On the contrary, higher concentrations of αELN
at 20–50 μg/mL suppressed cell expansion by up to 14 ± 1%.
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Fig. 3. MSC proliferation in media with tropoelastin in solution. (A) Cells were
grown on TCP in media supplemented with increasing concentrations of soluble
tropoelastin or on tropoelastin-coated TCP in normal media. Panels show relative
net cell increase at 3, 5, and 7 d postseeding. Asterisks above individual columns
depict statistical differences from the no-tropoelastin control. (B) Cells were
cultured on TCP in normal media or in media supplemented with tropoelastin or
growth factor(s). Panels show relative net cell increase at 3, 5, and 7 d postseeding. Asterisks directly above the data columns indicate statistical differences
from the normal media control. (C) Cell proliferation for 7 d in normal media or
in media supplemented with κELN, αELN, or tropoelastin. Asterisks indicate statistical differences from the normal media control. (D) Cells were grown for up to
7 d in normal media or media supplemented with fibronectin or tropoelastin in
solution. Asterisks denote statistical differences from the normal media control.
*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

Therefore, we propose that the proproliferative effect of tropoelastin in solution requires the intact, full-length molecule.
This ability of tropoelastin to propagate cells in solution is
unique for a matrix protein. Fibronectin promoted MSC expansion when coated on the substratum at concentrations as
low as 2 μg/mL (Fig. 2A) but did not trigger any proliferative response when present in solution at up to 20 μg/mL (Fig. 3D). These
results emphasize the singularity of tropoelastin’s dual capacity
for modulating MSC proliferation as an underlying substrate and
as a soluble factor.
MSCs Retain Cell Phenotype During Tropoelastin-Mediated Expansion.

An essential consideration when inducing MSC expansion is the
maintenance of the native stem cell phenotype. Flow cytometry
analyses indicated that cells cultured for 5 or 7 d on tropoelastincoated surfaces, in full- or reduced-serum media with and without
growth factors, exhibited characteristic MSC marker profiles (SI
Appendix, Fig. S2A). At 5 d postseeding, more than 95% of cells in
all media formulations expressed the positive MSC markers
CD90, CD105, and CD73, while more than 98% lacked expression of hematopoietic stem cell markers CD34, CD45, CD11b,
CD79a, and HLA-DR, in accordance with the MSC identification criteria set by the International Society for Cellular
Therapy (26).
Yeo and Weiss

Tropoelastin Modulates MSC Attachment and Spreading via αv
Integrins. To determine the involvement of integrin receptors in

tropoelastin modulation of MSC behavior, we analyzed the divalent cation dependence of tropoelastin–MSC interaction.
Addition of the chelator EDTA significantly inhibited MSC attachment to substrate-bound tropoelastin in a dose-dependent
manner (Fig. 4A). In the presence of 5 mM EDTA, MSC binding
to tropoelastin was maximally reduced by 48.9 ± 0.5%. Furthermore, MSCs displayed minimal (20.0 ± 2.1%) adhesion to
tropoelastin in a cation-free environment (Fig. 4B). The subsequent addition of up to 0.5 mM Ca2+ did not improve MSC
binding (13.7 ± 1.0%); Mg2+ promoted moderate (51.8 ± 2.6%)
cell attachment, while Mn2+ restored (76.1 ± 3.2%) cell adhesion
to tropoelastin. This selective cation dependence is characteristic
of an integrin-mediated cell binding mechanism (27).
As further confirmation of the role of integrins in MSC interactions with tropoelastin, specific integrin-blocking antibodies
impeded MSC spreading on a tropoelastin substrate (Fig. 4 C–
G). The anti-αvβ5 and anti-αvβ3 integrin antibodies inhibited cell
spreading on tropoelastin in a dose-dependent manner until
optimal blocking concentrations were reached (Fig. 4 C and D).
This inhibition was heightened with a pan anti-αv integrin subunit antibody (Fig. 4E). Antibody specificity was validated by the
minimally inhibited spreading on fibronectin (78.8 ± 2.3%),
which is known to alternatively interface with α5 and αv integrins, compared with the no-antibody (92.5 ± 2.6%) and IgG
(90.1%) controls. At optimal antibody concentrations, the antiαvβ5 and anti-αvβ3 antibodies significantly decreased MSC
spreading on tropoelastin by 24.9 ± 2.7% and 22.7 ± 2.8%, respectively (Fig. 4F). The combined addition of anti-αvβ5 and
anti-αvβ3 further inhibited spreading by 46.0 ± 2.5%, which
was similar to the 53.6 ± 5.6% inhibition by the anti-αv antibody.
Cell spreading on tropoelastin was unaffected by a nonspecific
IgG antibody or in the absence of antibodies. Representative images of MSCs seeded on tropoelastin showed that in the
PNAS | February 5, 2019 | vol. 116 | no. 6 | 2045
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At 7 d postseeding, a decreased proportion of cells expressed all
three MSC markers when grown on bare TCP in media containing
only IGF1 or bFGF. Only 83.9 ± 0.7% of cells in IGF1-supplemented
media and 92.9 ± 5.9% of cells in bFGF-supplemented media were
positive for CD105. Likewise, only 89.1 ± 0.1% of cells in IGF1containing media expressed CD73. These results point to the combined role of IGF1 and bFGF in maintaining the MSC phenotype
during longer-term cell expansion.
Remarkably, substrate coating with tropoelastin restored the MSC
marker expression levels of cells in these suboptimal media preparations to requisite thresholds. MSC phenotype was fully retained in
all instances where substrate-bound tropoelastin was used to replace
one or both growth factors in full-serum or reduced-serum media.
Similarly, cells grown in media containing 20 μg/mL soluble tropoelastin also displayed characteristic CD90+, CD105+, CD73+,
and lineage-negative expression profiles (SI Appendix, Fig. S2B).
Concomitant with the retention of cell surface markers, MSCs
expanded in the presence of substrate-bound or soluble tropoelastin as a replacement for growth factors in normal or reducedserum media also exhibited the capacity for multilineage differentiation (SI Appendix, Fig. S3). When induced with adipogenic
media, these MSCs developed characteristic intracellular lipid
droplets that appeared bright red with Oil Red O staining. When
induced with osteogenic media, they formed mineralized calcium
deposits visualized as red nodules by Alizarin Red S staining.
When induced with chondrogenic media in micromass pellet
culture, MSCs showed glycosaminoglycan-rich regions stained
blue green by Alcian Blue, which were indicative of cartilage formation. These histological features were absent in noninduced
samples. Taken together, these findings strongly support the ability
of tropoelastin to preserve MSC phenotype and multipotent
behavior throughout the amplified expansion process.

Fig. 4. Integrin-mediated effects of tropoelastin on MSC adhesion, spreading, and proliferation. (A) Cell adhesion to substrate-bound tropoelastin in the
presence of EDTA. (B) Cell binding to tropoelastin in cation-free buffer with increasing doses of exogenous Mg2+, Ca2+, and Mn2+ divalent cations. (C–E) Cell
spreading on tropoelastin with increasing concentrations of an (C) anti-αvβ5, (D) anti-αvβ3, or (E) pan anti-αv integrin antibody. Cell spreading on fibronectin
with and without the anti-αv integrin antibody is shown as a control. (F) Cell spreading on tropoelastin in the presence of optimal inhibitory concentrations of
anti-αvβ3, anti-αvβ5, combined anti-αvβ3 and anti-αvβ5, and anti-αv integrin antibodies. Cell spreading on TCP and that on tropoelastin in the absence of
antibodies or with a nonspecific mouse IgG antibody are also included as controls. Asterisks above the data columns refer to statistical differences from the
no-antibody control. (G) Representative images of MSC spreading on tropoelastin, with and without integrin-blocking antibodies. (Scale bar: 100 μm.) (H)
Confocal microscope images of MSCs adhered on tropoelastin- or BSA-coated TCP, stained for focal adhesion vinculin (green) and cell nuclei (blue). The
relative density of focal adhesion staining per cell is indicated. (Scale bar: 20 μm.) (I and J) MSC proliferation in the presence of (I) FGFR and (J) integrin
inhibitors. Cells were grown on TCP in normal media, in media with 20 μg/mL tropoelastin, or in bFGF-supplemented media for 7 d. (I) Increasing doses of the
FGFR inhibitor, SU-5402, were added to the media during the proliferation period. Cell numbers were normalized against samples without SU-5402. Cell
numbers in media containing tropoelastin or bFGF were compared with those in normal media at each inhibitor concentration to account for the nonspecific
toxicity of SU-5402. (J) Optimal inhibitory concentrations of anti-αvβ3, anti-αvβ5, anti-αvβ5 and anti-αvβ3, or anti-αv were added to the media over 7 d.
Controls without antibodies or with an antibody against a nonexpressed integrin (anti-β8) were included. Green arrows indicate cells grown in the presence of
tropoelastin and αv integrin subunit antibodies. Asterisks above individual columns denote significant differences from cells in normal media at each antibody
condition. (K) MSC proliferation after 7 d in the presence of an FAK inhibitor (FAK inhibitor 14) or a PKB/AKT inhibitor (perifosine). Cell numbers were
normalized against uninhibited samples. Asterisks above individual columns represent comparison with the no-inhibitor control. *P < 0.05; **P < 0.01; ***P <
0.001; ns, not significant.

absence of integrin-blocking antibodies, the majority of cells possessed a spread morphology characterized by a flattened, phasedark cell body (Fig. 4G). In contrast, in the presence of anti-integrin
antibodies, a markedly higher proportion of cells appeared
unspread with a rounded, phase-bright morphology. In addition,
vinculin staining of substrate-bound MSCs revealed a number of
dot-like focal complexes and streak-like focal adhesions at the cell
center and periphery. Cells adhered to tropoelastin possessed 1.5 ±
0.7-fold increased focal adhesions per cell compared with those on
BSA (Fig. 4H). Taken together, these results support the role of αv
integrins in mediating MSC interactions with tropoelastin.
Tropoelastin Modulates MSC Expansion via αv Integrins. We found
that soluble tropoelastin-mediated MSC expansion is attenuated
by integrin blocking but not by growth factor receptor inhibition.
2046 | www.pnas.org/cgi/doi/10.1073/pnas.1812951116

The proliferative advantages of growth factors were primarily
attributed to bFGF rather than IGF1; therefore, bFGF was selected as the functional parallel to tropoelastin. The addition of
SU-5402, a fibroblast growth factor receptor (FGFR) inhibitor,
hindered MSC proliferation over 7 d in a dose- and timedependent manner (Fig. 4I and SI Appendix, Fig. S4A). The
extent of inhibition varied significantly among cells cultured in
normal media, media containing bFGF, and media containing
tropoelastin in solution. The most profound inhibition, up to a
78.9 ± 0.7% reduction in overall cell numbers compared with the
no-inhibitor control, consistently occurred with cells grown in
bFGF-supplemented media. In contrast, the reduced cell proliferation in tropoelastin-supplemented media was similar to that
in normal media and can likely be ascribed to the nonspecific
effects of SU-5402 (Fig. 4I). These results suggest that, unlike
Yeo and Weiss

Substrate-Bound and Soluble Tropoelastin Attract MSCs. We wanted
to investigate the potential of tropoelastin to attract MSCs,
which would facilitate the tropoelastin–cell interactions for cell
expansion. Cells seeded in a central region were equidistantly
flanked by regions optionally coated with tropoelastin (Fig. 5A).
MSCs preferentially migrated toward the surface-bound tropoelastin compared with the no-protein control over 5 d (Fig.
5B). This haptotactic gravitation toward tropoelastin manifested
even at early time points (1–3 d postseeding), in which the region
between the cells and tropoelastin was significantly more populated than the corresponding region between the cells and the
PBS control (Fig. 5C). By 5 d postseeding, 45 ± 8% more cells
had migrated to the tropoelastin-coated region compared with
the control (Fig. 5D). The higher cell abundance associated with
tropoelastin was not due to the increased proliferation of migrated cells, as suggested by similar total cell numbers over the
experimental period (Fig. 5E).
Similarly, MSCs also migrated toward a diffusible gradient of
tropoelastin in a Boyden chamber setup. Tropoelastin in solution
induced a dose-dependent chemotactic response, which was
abolished in the presence of the anti-αv integrin antibody (Fig.
5F). Antibodies that block all αv, either αvβ3 or αvβ5, or both
αvβ3 and αvβ5 integrins effectively diminished tropoelastindirected MSC migration to levels attributed to random cell
mobility (Fig. 5G). In contrast, the control anti-β8 antibody did
not affect MSC chemotaxis toward tropoelastin (SI Appendix,
Fig. S5A). Moreover, the αv-inhibitory antibodies did not alter
levels of undirected cell migration in which no chemoattractant
Yeo and Weiss

Fig. 5. Migration of MSCs toward tropoelastin. (A) Image showing the
design of the migration assay. Cells were seeded in the middle chamber
equidistant from flanking chambers containing substrate-bound tropoelastin or PBS. The well surface was divided into labeled regions within which
cell numbers were measured as an indication of positional cell migration. (B)
Binary images of the labeled regions over 5 d, showing the spread of cell
migration. Each black dot represents one cell nucleus as visualized under
fluorescence microscopy. (C) Comparative cell abundance within the regions
that are adjacent to the areas coated with tropoelastin or PBS. (D) Comparative cell abundance within the regions coated with tropoelastin or PBS.
(E) Total cell abundance within all regions over the experimental period. (F)
Cell migration toward increasing concentrations of tropoelastin as a diffusible chemoattractant in the bottom chamber of a Boyden chamber assay.
Cells were incubated with or without 5 μg/mL anti-αv integrin antibody in
the top chamber. Cell migration was normalized to the level of unstimulated
migration exhibited by no-tropoelastin controls. Asterisks above data points
represent significant differences from the no-tropoelastin control. (G) Cell
chemotaxis to normal or tropoelastin-supplemented media in the presence
of integrin-blocking antibodies. Controls without antibodies or with an antibody against a nonexpressed integrin (anti-β8) were included. Asterisks
represent significant differences from the no-antibody control. *P < 0.05;
**P < 0.01; ***P < 0.001; ns, not significant; RFU, relative fluorescence unit.

was present, nor did they inhibit chemotaxis toward IGF1 or
bFGF growth factors (SI Appendix, Fig. S5B).
These results demonstrate the strong motogenic ability of
substrate-bound and soluble tropoelastin and the necessary and
specific involvement of both αvβ3 and αvβ5 integrins in this process.
This integrin dependence further implicates a method of MSC
homing distinct from that used by chemotactic growth factors.
Discussion
The ability to efficiently and cost-effectively expand therapeutic
cells such as MSCs is of significant clinical and commercial interest (28). Here we report that tropoelastin by itself not only
markedly augments MSC proliferation but also parallels or surpasses the performance of specific growth factors. Among the
growth factors used in MSC culture are IGF1 (29, 30) and bFGF
(9, 10, 31), both of which are also part of commercially available
MSC growth media. As a surface coating, tropoelastin promotes
cell proliferation significantly better than IGF1, which alone
does not increase cell numbers compared with normal media.
This finding is consistent with reports that IGF1 facilitates MSC
migration and early-stage growth (29) but does not improve
long-term MSC proliferation (30). In addition, substrate-bound
tropoelastin is functionally comparable to bFGF in full-serum
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bFGF, soluble tropoelastin stimulates MSC propagation via an
FGFR-independent pathway.
We also explored the cell proliferative consequences of blocking integrin receptors, specifically αvβ3, αvβ5, or all αv subunit
integrins, over 7 d (Fig. 4J and SI Appendix, Fig. S4B). Antibody
inhibition of αv integrin activity universally diminished MSC proliferation to varying degrees, regardless of culture media composition.
However, the decrease in cell expansion was consistently greater
for cells in tropoelastin-supplemented media than cells in normal
media or in bFGF-supplemented media. Compared with the noantibody control, inclusion of the anti-αvβ3 or anti-αvβ5 antibody
significantly inhibited tropoelastin-mediated MSC proliferation by
30 ± 1.3% and 18.1 ± 0.9%, respectively. Addition of both antiαvβ3 and anti-αvβ5 antibodies decreased cell expansion by 58.9 ±
4.2%, which was similar in magnitude to the 54.1 ± 3.7% reduction in cell numbers by the pan anti-αv antibody. A control
antibody against β8 integrins, which are not expressed by MSCs,
did not affect cell proliferation. These findings strongly indicate
that tropoelastin in solution, similar to the substrate-bound protein, interacts with MSCs via integrins. Furthermore, αv integrins,
specifically αvβ3 and αvβ5 in tandem, are involved in the propagation of proproliferative signals from tropoelastin during MSC
expansion. Accordingly, specific inhibition of downstream signaling molecules, that is, focal adhesion kinase (FAK) by FAK inhibitor 14 and protein kinase B (PKB/AKT) by perifosine, significantly
reduced tropoelastin-mediated proliferation by 50.7 ± 2.0% and
21.3 ± 0.5%, respectively (Fig. 4K). This decrease is significantly
more profound than that caused by the nonspecific effects of
these inhibitors and confirms the role of the integrin–FAK–PKB/
AKT pathway in transducing tropoelastin-activated mitogenic
signals in MSCs.
Interestingly, MSC proliferation in bFGF-supplemented media
was also negatively impacted by the presence of integrin-blocking
antibodies, although not to the same extent as that observed in
cultures with tropoelastin (Fig. 4J). Significant inhibition relative
to cells in normal media occurred only in the presence of anti-αv
or both anti-αvβ3 and anti-αvβ5 antibodies. These results further
suggest that bFGF-mediated MSC proliferation is at least also
partially dependent on αv integrin signaling.

media and superior in reduced-serum media in stimulating a proliferative response. The high capacity of tropoelastin to stimulate
proliferation allows the replacement of IGF1 or bFGF in full-serum
media and both IGF1 and bFGF in reduced-serum media without
compromising the expansion potential of MSCs. Furthermore,
supplanting growth factors with a stable recombinant protein
such as tropoelastin also alleviates some of the challenges associated with the use of growth factors, such as their limited
availability from animal tissues (9), high cost, and relative instability in media (31).
The potency of tropoelastin observed even in reduced-serum
media points to its potential to replace a proportion of serum
during MSC culture. Serum is included in MSC growth media as
it not only promotes cell attachment due to the presence of base
membrane proteins such as collagens, fibronectin, laminin, and
vitronectin but also induces proliferation due to growth factors,
hormones, and lipids (5, 8). Therefore, the ability of tropoelastin
to compensate for serum reduction is consistent with its known
cell adhesive function (32), combined with its high mitogenic
activity reflective of growth factors. Tropoelastin remarkably
allows up to a 40% reduction of serum content in culture media,
a unique property not exhibited by other ECM proteins. We
show that fibronectin, which is often used as an adhesion molecule in stem cell culture (14, 16), had diminished benefits even
in 20% reduced-serum media.
Substantial serum compensation by tropoelastin mirrors another benefit typically associated with growth factors (5). We
demonstrate that this ability of tropoelastin exceeds that of
IGF1 and bFGF combined, which allowed for up to 20% reduction in serum. Interestingly, surface-bound tropoelastin did
not allow significant serum reduction when growth factors were
also present, suggesting that separate pathways may be activated
by relative cell exposure to the soluble growth factors and to the
substrate-bound tropoelastin. The use of tropoelastin to reduce
reliance on serum during MSC expansion is clinically beneficial. Serum can carry contaminants that pose infection risks
and, as an animal-derived product, can trigger adverse immune
responses (25).
The functionality of tropoelastin, as with other matrix proteins, has conventionally been attributed to signals triggered
upon cell adhesion to the molecule, whereby cell surface receptors such as integrins transduce the mechanical stimuli into
chemical signals to effect a cellular response (33). Consistent
with this paradigm, the proproliferative potential of tropoelastin
has been ascribed solely to the elasticity, roughness, and cell
adhesiveness of the molecule (17, 18). Contrary to this thinking,
here we show that tropoelastin in solution above a concentration
of 1 μg/mL also significantly enhances MSC expansion. At 20 μg/mL,
tropoelastin in solution functionally supersedes the surface-bound
protein and parallels the synergistic effect of IGF1 and bFGF in
full-serum media. Our findings indicate that the mitogenic activity
of tropoelastin can be independent of its effect on substrate
elasticity and topography. While MSC progression through the cell
cycle is anchorage-dependent (34), cells do not need to specifically
attach and spread on the effector protein such as tropoelastin for
proproliferative signaling to occur.
Furthermore, the modulatory behavior of tropoelastin in solution is most likely independent of mechanotransductive processes. As an individual molecule, the length of tropoelastin at
∼20 nm (35) would preclude mechanical connections with multiple cells. Within our experimental conditions, tropoelastin also
cannot assemble into larger cell-linking constructs since the
timescale of the proliferation assays at 7 d is significantly shorter
than the minimum 12–14 d needed for elastic fibers to be
formed. Also, the highest concentration of soluble tropoelastin
used in these assays (20 μg/mL) is 50-fold below the critical
concentration threshold for tropoelastin self-assembly (36).
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Tropoelastin is a rare example of a full-length adhesive matrix
protein that can moderate cell behavior as a soluble factor. In
contrast, we show that fibronectin in solution does not promote
MSC proliferation, possibly due to poor cell recognition as its
cell receptor binding sites become exposed only upon adsorption
to a surface such as a collagen matrix (37). The effects of tropoelastin in solution are likely enabled by the inherent accessibility (35, 38) of its cell binding regions (32, 39, 40). Before this
work, soluble signaling factors derived from ECM proteins, including fibronectin, laminin, collagen, and elastin, were thought
to be limited to peptides released by partial proteolysis, termed
matrikines (41, 42). Presumably, these matrikines interact with
cells via proteolytically exposed cell binding motifs. We find that
the MSC modulatory properties of tropoelastin are distinctly different from that of elastin fragments and likely require the synergistic involvement of multiple cell-interactive regions (32, 39, 40)
within a full-length molecule, such as the AAAAAAAAAAKAAKYGAAAGL sequence contained within domains 16–17 (40)
and the C-terminal GRKRK motif in domain 36 (39).
The in vitro generation of MSCs can impact cell phenotype,
which in turn can affect function and therapeutic potential (43,
44). Therefore, it is imperative that the tropoelastin-mediated
amplification of MSC proliferation does not compromise stem
cell properties. We found that cells expanded in the presence of
substrate-bound or solution-based tropoelastin express characteristic surface markers and can undergo trilineage differentiation, consistent with the International Society for Cellular
Therapy’s definition criteria for MSCs. This ability of tropoelastin to maintain MSC phenotype during expansion equates to
that of growth factors in tandem. At sufficiently high concentrations, bFGF alone preserves MSC marker expression and
delays proliferation-associated changes to stemness (9); however,
long-term use increases differentiation and decreases expression
of surface markers, including CD105 (11). Consistent with this
finding, we show that media supplementation with IGF1 or
bFGF alone reduces levels of CD105 and/or CD73, which are
expected to be constitutively expressed by MSCs (43). The inclusion of tropoelastin remarkably protects against this phenotypic variation within the MSC population.
Phenotypic maintenance of stem cells is signaled from either
soluble factors or adhesion proteins (17). Before this work, tropoelastin had been asserted to promote stemness via MSC sensing
of substrate elasticity (17, 18). However, the similar protective
function of tropoelastin in solution again strongly indicates an
alternative anchorage-independent signaling mechanism akin
to that of growth factors.
We discover that tropoelastin can directly interact with MSCs
via cell surface integrins αvβ3 and αvβ5. These integrins are
known to be expressed by bone marrow-derived MSCs (45), are
recognized by domains 16–17 and domain 36 within tropoelastin,
and have been implicated in tropoelastin interactions with other
cell types such as fibroblasts (32, 39). When activated, integrins
cluster as part of focal adhesions, detected in our studies by
staining for a core focal adhesion protein, vinculin. Focal adhesions link extracellular matrix proteins to the actin cytoskeleton
and transmit not only mechanical but also chemical signals from
the cell environment (46).
While tropoelastin can directly mediate MSC attachment and
spreading via integrins, we explored the alternative hypothesis
that it may elicit MSC proliferation indirectly, particularly when
in solution, or directly, albeit via a nonintegrin pathway. For
instance, tropoelastin may potentiate the mitogenic activity of
endogenous (31) or serum-derived (8) growth factors such as
bFGF, as many ECM proteins can bind growth factors and increase localization to their receptors (47). Alternatively, tropoelastin
may itself activate FGFR, as intrinsic domains within some ECM
proteins can serve as noncanonical ligands for growth factor
receptors (48). In these instances, addition of the FGFR inhibitor
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Fig. 6. Model of tropoelastin modulation of MSC behavior. Substratebound or soluble tropoelastin attracts MSCs to migrate toward it. MSCs
adhere and spread to the tropoelastin substrate, which triggers rapid cell
expansion while simultaneously preserving MSC surface marker expression
and trilineage differentiation potential. Unlike the majority of anchoragedependent matrix proteins, tropoelastin in its soluble form likewise promotes MSC proliferation and phenotypic maintenance. These signals from
tropoelastin are conveyed via cell surface integrin receptors, specifically
αvβ3 and αvβ5, and propagated via FAK and PKB/AKT to induce potent
motogenic and mitogenic MSC responses that mirror those of soluble
growth factors such as bFGF.

vate and sustain long-term mitogenic pathways, allowing αvβ3
ligands such as tropoelastin to enhance cell proliferation more
potently than nonligands (59). Moreover, matrix proteins such as
fibronectin may adhere up to 20 types of integrins (60), which
can drive opposing effects on cell proliferation and attenuate or
avert the target cell response (16, 34). The narrow integrin selectivity of tropoelastin may therefore contribute to its specific
outcomes on MSC behavior.
The potent mitogenic and motogenic effects of tropoelastin on
MSCs is surprising since it is not natively present in the stem cell niche
(61) unlike bFGF (62). We propose that this growth factor-like behavior of tropoelastin becomes biologically relevant in instances requiring rapid MSC homing and elevated MSC proliferation, namely,
during embryonic development and wound repair, which coincide
with the only periods in which free tropoelastin abounds in the extracellular environment. During the fetal to neonatal stages, peak
tropoelastin synthesis occurs (63) alongside widespread bFGF expression (64), which may recruit MSCs and drive their propagation
for normal development. The known inhibitory effects of bFGF on
tropoelastin production during development (65) may indeed be a
regulatory mechanism to safeguard against uncontrolled stem
cell numbers resulting from the cumulative effects of bFGF and
tropoelastin. During injury, up-regulated tropoelastin secretion
may supplement the low level of bFGF in tissues (66) to rapidly
stimulate MSC migration and proliferation integral to wound
healing (67).
Further investigations are needed to define the intracellular
responses to tropoelastin and understand the biological impetus
for its potent MSC modulation. Nevertheless, this work demonstrates the potential of incorporating tropoelastin into materials to
promote growth and maintain function of administered MSCs or
to recruit endogenous MSCs to a target site for tissue repair. This
work also lays a firm groundwork for the use of tropoelastin as a
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SU-5402 should negate the proproliferative function of both tropoelastin and bFGF. However, MSC expansion by tropoelastin,
unlike that by bFGF, was not affected beyond the nonspecific
inhibition associated with SU-5402 toxicity (49) and can therefore
proceed via an FGFR-independent pathway. On this basis, we can
exclude the sole involvement of bFGF as the effector protein or
FGFR as the signaling receptor in tropoelastin-mediated MSC
proliferation. Moreover, antibody and small-molecule inhibition
of tropoelastin-mediated cell proliferation indicates the participation
of αv integrins, namely, αvβ3 and αvβ5, and downstream signaling mediators such as FAK and PKB/AKT in this process. Activation of the integrin, FAK, and PKB/AKT cascade is known to
regulate MSC responses, including proliferation (50, 51). Integrins
have been shown to bind both immobilized and soluble ligands
sufficiently to initiate signaling events (52, 53), suggesting a common mechanism by which substrate-bound and soluble tropoelastin
direct MSC events. However, we cannot discount the involvement
of other cell receptors, such as the elastin binding protein, in mediating the modulatory effects of tropoelastin in solution.
A similar dual mode of action is observed in tropoelastindirected MSC migration, in which surface tropoelastin possesses
the haptotactic nature of adhesive ECM proteins (19), while
soluble tropoelastin mirrors the chemotactic ability of chemokines and growth factors (21). While these signals are thought to
be independent and potentially conflicting (24), tropoelastin can
uniquely provide both biophysical and biochemical directional
stimuli to elicit a potentially stronger MSC homing response.
This motogenic ability of tropoelastin, which has also been reported
with other cell types (54), can be exploited in biomedical applications to recruit resident or administered MSCs for improved
therapeutic outcomes.
Tropoelastin-mediated MSC recruitment is also reliant on
protein interactions with αv integrins. The abolishment of this
process by antibodies that block either αvβ3 or αvβ5 strongly suggests the requisite involvement of both integrins. Integrin subunits
previously implicated in MSC homing have been limited to α4, α5,
or β1 (22, 55) and are primarily regulated by chemokine activation
of cognate receptors (22). Tropoelastin–αv integrin interactions
represent a newfound mechanism underpinning MSC migration.
Furthermore, the noninhibitory effect of αv-blocking antibodies
on growth factor-mediated chemotaxis suggests separate, specific
modes of MSC recruitment by tropoelastin and growth factors, at
least on the cell surface level.
Integrin activation by ligand occupancy initiates multiple signaling cascades, including serine/threonine kinase, small GTPase,
and inositol lipid pathways that mediate cell survival, adhesion,
spreading, proliferation, and migration (15, 34, 56). Several of
these pathways are also activated by bFGF binding to its FGF
receptor in MSCs (25, 57). Furthermore, the association of αv
integrins with growth factor receptors is thought to be required for
sustained growth factor activation of downstream proliferative
signals (33). In support, blocking αv integrins inhibits cell growth
even in the presence of growth factors (58), which reflects our
findings that αv integrin inhibition also attenuates bFGFmediated MSC expansion. The overlap of intracellular signaling cascades shared by integrins and FGF receptors represents a possible mechanism by which tropoelastin parallels
and can therefore replace the mitogenic, protective, and
motogenic functions of growth factors such as bFGF (Fig. 6).
The functionalities of tropoelastin, particularly in terms of
MSC migration, propagation, growth factor replacement, and
serum compensation, appear to be unique to this protein, despite
the similar ability of other ECM proteins to bind integrins. It is
thought that not all ECM–integrin interactions promote cell
cycle progression equally, despite similar capabilities for cell
adhesion and cytoskeletal organization (34). For example, the
αvβ3 integrin can specifically associate with adapter proteins
downstream of growth factor receptors and cooperatively acti-

potent substrate coating or media additive for MSC culture, particularly in large-scale clinical expansion systems where the significant increase in cell yield and simultaneous reduction in serum
and growth factor requirements translate to substantial cost savings.
Tropoelastin can be produced in commercial quantities at good
manufacturing practice grade for approximately US$0.70/mg. For a
typical 5 L cell expansion system covering 2 m2 of culture area,
replacing bFGF, fibronectin and 40% of the serum content with
tropoelastin during each weekly expansion cycle results in annual
savings of over US$86,000 in reagent costs alone. We propose that
this approach represents a significant impact on cell manufacturing
economics and poses a real potential to substantially reduce the
cost of cell therapies.

appear round and phase-bright). Cell spreading was quantified by counting
the percentage of spread cells in each field of view. Three fields of view
were obtained at similar positions for each sample replicate, covering ∼10%
of the total sample area.

Materials and Methods

Integrin, FGFR, FAK, or PKB/AKT Inhibition. To block specific integrin activity,
up to 20 μg/mL of anti-αv or anti-αvβ3 integrin antibodies (Abcam) or up to
1:250 dilution of anti-αvβ5 integrin antibody (Abcam) were added to the
media during MSC spreading or proliferation assays. Optimal inhibitory
concentrations were selected for the anti-αv (5 μg/mL), anti-αvβ3 (5 μg/mL),
and anti-αvβ5 (1:500 dilution) integrin antibodies. An anti-β8 integrin (5 μg/mL)
(Abcam) or a nonspecific mouse IgG (5 μg/mL) (Sigma) was also included as a
negative antibody control. To block FGFR activity, up to 20 μM SU-5402 FGFR
inhibitor (Sigma) was added to the media during MSC proliferation. The
integrin and FGFR inhibitors were replenished during every media change. To
block FAK or PKB/AKT activity, up to 10 μM FAK inhibitor 14 (Sigma) or perifosine (Sigma) was added to the culture media during cell proliferation in the
presence or absence of tropoelastin. Optimal inhibitory concentrations of FAK
inhibitor 14 (2.5 μM) or perifosine (10 μM) were selected.

Cell Culture. Human bone marrow-derived MSCs obtained from American
Type Culture Collection (ATCC) were cultured in normal media, which consists
of alpha-minimum essential medium (α-MEM) (Lonza) with 10% (vol/vol) FBS
(Life Technologies) and 2.4 mM L-glutamine (Lonza), at 37 °C in a humidified
normoxic incubator up to a maximum of 10 population doublings. Where
indicated, the normal medium was supplemented with 15 ng/mL IGF1 (Life
Technologies) and/or 125 pg/mL bFGF (Life Technologies), equivalent to the
growth factor concentrations in the ATCC-recommended media. Cells were
passaged once they reached 70–80% confluence. Where indicated, tissue
culture plastic wells were coated with 20 μg/mL recombinant human tropoelastin (Elastagen) or 2 μg/mL fibronectin (Sigma) in PBS (10 mM phosphate, 150 mM NaCl, pH 7.4) at 4 °C overnight. The protein solution was
removed, and wells were washed three times with PBS to remove unbound
protein before cell seeding. Where indicated, normal medium was supplemented with 2.5–20 μg/mL tropoelastin (Elastagen), 2.5–50 μg/mL of κELN
(soluble human skin elastin from Elastin Products Company), or 2.5–50 μg/mL
αELN (soluble human lung elastin from Elastin Products Company). To
prevent protein adhesion on the tissue culture substrate, wells were
preincubated with full-serum media for 5 h to enable surface blocking by
serum proteins before cell seeding in supplemented media (details in
SI Appendix).
Cell Proliferation. Subconfluent flasks of MSCs were treated with 0.05% (vol/vol)
trypsin-EDTA (Sigma) at 37 °C for 5 min to lift off adherent cells from the culture
vessel. Trypsin was neutralized with two volumes of serum-containing growth
media. Cells were centrifuged at 270 × g for 5 min and resuspended in the required media. Cells were seeded at a density of 5,000 cells/cm2 on bare or
protein-coated 48-well tissue culture plastic wells, in normal or supplemented
media. Media were changed every 2 d. After specific time points, cells were fixed
with 3% (vol/vol) formaldehyde at room temperature for 20 min, washed with
PBS, then stained with 0.1% (wt/vol) crystal violet in 0.2 M MES buffer for 1 h.
Excess stain was washed off four times with reverse osmosis water. The retained
stain was solubilized with 10% (vol/vol) acetic acid, and sample absorbance
values indicative of cell abundance were read at 570 nm. Sample absorbance
values were subtracted by baseline values (corresponding to cell numbers
in serum-free media or cell numbers on day 1 postseeding) and expressed as a fraction of the highest absorbance among all samples on day 7
postseeding.
EDTA Inhibition and Cation Add Back. MSCs were seeded at a density of 1.5 ×
105 cells/cm2 on tropoelastin-coated wells in serum-free α-MEM containing 0–
9 mM EDTA (Sigma). The cells were incubated for 1 h at 37 °C, then washed
with cation-free PBS to remove unbound cells. Bound cells were fixed, stained,
and measured for absorbance at 570 nm, as described for the proliferation
assays. The percentage of cell attachment was determined relative to a set of
standards with known cell numbers. For cation add-back assays, MSCs were
washed with cation-free PBS, centrifuged at 270 × g for 5 min, and resuspended in cation-free PBS. The cells were seeded at a density of 1.5 × 105 cells/
cm2 on tropoelastin-coated wells in the presence of 0–0.5 mM cation (Mg2+,
Ca2+, or Mn2+) and incubated for 45 min at 37 °C. Bound cells were fixed and
stained, and cell attachment was quantified as previously described.
Cell Spreading. MSCs were seeded at a density of 7.5 × 104 cells/cm2 on
tropoelastin-coated wells in serum-free α-MEM for 1.5 h at 37 °C. Cells were
fixed and visualized by phase contrast microscopy under 10× magnification
with a Zeiss Axio Vert.A1 microscope. Images were taken on an AxioCam
ICm1 monochrome camera. Cells were categorized as spread (i.e., cells which
exhibit a phase-dark, flattened morphology) or unspread (i.e., cells which
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Immunofluorescent Staining. MSCs were seeded on TCP coated with 20 μg/mL
tropoelastin or 10 mg/mL BSA for 1 d. Focal adhesions were detected with a
fluorescently tagged anti-vinculin monoclonal antibody, while cell nuclei were
stained with DAPI using a Focal Adhesion Staining Kit (Merck Millipore).
Samples were visualized and imaged with an Olympus FV1000 confocal microscope at the Australian Centre for Microscopy & Microanalysis, University
of Sydney. Focal adhesion density per cell was calculated by dividing the
number of pixels corresponding to stained vinculin by the number of cells in
each field of view, then averaged for each sample.

Cell Migration. Polydimethylsiloxane (PDMS) was casted into 3D printed molds
to create a circular shape with three rectangular cutouts, in which the middle
rectangle was equidistant from the flanking rectangles. The PDMS stencil was
placed inside a well plate and pressed tightly against the well surface to
create a watertight seal. The top and bottom rectangular chambers were
filled with tropoelastin solution (20 μg/mL) and PBS, respectively, and airdried overnight. MSCs (1.2 × 106 cells/cm2) were seeded into the middle
chamber and allowed to attach for at least 2 h. The PDMS stencil was removed, and the culture well was covered with normal media. For up to 5 d,
cells were stained daily with NucBlue Live ReadyProbes Reagent (Life Technologies) for 15 min, washed once with PBS, covered with normal media,
and imaged under fluorescence at 360/460 nm using a Nikon Ti-E Live
Cell Microscope. Cell migration into regions defined by tropoelastin or
PBS coating was quantified via relative fluorescent areas using ImageJ
software.
Chemotaxis was measured using a fluorometric 96-well Boyden chamber
assay system (QCM Chemotaxis Cell Migration Assay; Millipore) according to
the supplier’s instructions. Normal, tropoelastin-supplemented, or growth
factor-supplemented medium was added to the lower chamber of the well
plate, while MSCs were seeded at 14,300 cells/cm2 in normal media into the
upper chamber. Where indicated, integrin-blocking antibodies were added
at optimized concentrations to the upper chamber with the cells. Cells that
migrate through the permeable membrane into the lower chamber were
detached and quantified. Normalized cell migration was calculated by subtracting the extent of undirected cell migration (where no chemoattractant
was added to the lower chamber) from each experimental result.
MSC Verification. MSCs expanded in various substrate and media conditions
were phenotypically and functionally verified by surface marker expression
via flow cytometry and osteogenic, adipogenic, and chondrogenic differentiation (details in SI Appendix).
Statistical Analyses. All data were reported as mean ± SEM (n = 3). Statistical
comparisons were calculated using ANOVA. Significance was set at P < 0.05.
Statistical significance is denoted in figures by asterisks: *P < 0.05, **P <
0.01, and ***P < 0.001.
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Introduction-AMD
•
•
•
•
•

Age-related mascular degeneration (AMD) is the primary cause of visual
impairment and blindness in developed countries.
AMD patients are rapidly increasing due to aging
Early diagnosis and treatment are difficult
Eyeball is an independent organ that allows for easy observation and identify
mechanism
Many fields remain unexplored compared to other organ diseases

21%
48%
26%
5%
Lens
Cornea
Retina
etc.

WHO
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Introduction-AMD
•

Importance of exploring AMD
Retinal Disorders
857,000 people
542,000 people

Normal Vision

Age-related Mascular Degeneration

Risk of blindness 'Retinal disorder'
increased 60% in 5 years.

Diabetic Retinopathy

(Source: NEI Homepage)

Glaucoma

(Reported in Munhwa
Broadcasting Corporation
(MBC) Korea on 14-042014)
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Introduction-Anatomy of eye
•

Eye is a highly organized organ system with multiple layers of distinct cell types.
The neurosensory part of the retina contains multiple retinal layers and a layer of
non-neuronal epithelial cell called the RPE.

•

A key structural feature of RPE tissue is a highly polarized nature of its cellular
monolayer. Homophilic interactions between specialized cell surface proteins on
neighboring RPE cells form contacts between adjacent cells called tight junctions.
Sclera
Ciliary Body

Choroid
Retina

Lens
Fovea Centralis

Cornea
Iris
Pupil

Sclera
ONL

Tight Junctions

OS

Aqueous Body
Optic nerve
Suspensory Ligament

Optic Disc

RPE

Bruch’s Membrane

Melanosomes
OS

RPE microvilli

Bruch’s Membranes

Vitreous Body

Anatomy of the retina
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Introduction-Importance of RPE
•

Dysfunction of an RPE is considered to be the principal contributing factor of
AMD.

•

RPE perform critical functions and dysfunction may quickly lead to PRs death
and pathogenesis with a wide range of visual impairment disorders.

•

Strategies to treat damaged or diseased RPE
Xeno-grafts
Allo-Grafts
Autologous RPE-Choroidal Complex Transplants
Pluripotent Stem cell-derived RPE
Injection of cell suspension in the subretinal space

• Limits of these strategies
Need of continuous immune suppression
Proliferative vitreo-retinopathy (PVR), lack of long-term visual benefits
Invasive procedure, lead to PVR, continuous subretinal fibrosis
Risks of teratoma or formation, differentiation to undesired cell types and
potential immune reactions
Limited long-term survival of non-adherent RPE cells
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Introduction-Macular Degeneration Therapeutics:
Drug Treatment
Photodynamic Therapy
Scanning and laser
irradiation

Macular
Degeneration

Direct injection of
antibody
intraocular

90 sec (689nm)

Avastin, Macugen

Visudyne
1-2 years treatment
period 1-2 injections /
month 20% or more lead
to blindness

The research and development of
innovative treatment methods is urgently needed
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Introduction-Phase 1 clinical study of stem cellderived RPE patch in AMD degeneration

Artificial
basement
membrane
(parylene material) seeded with
approximately 100,000 RPE cells. An
injection system delivered the patch
into the rear of the eye (as shown)
through
small
incisions.
(Photo
courtesy of Moorfields Eye Hospital.)
(Source: A Magazine of the IEEE
Engineering in Medicine and Biology
Society)

Preoperative and postoperative fundus
photographs and OCT images of CPCBRPE1 in subject 128
(Source: Sharma et al., Sci. Transl.
Med. 11, eaat5580 (2019) 16 January
2019)
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Introduction-Stem Cell Therapy for RPE
Regeneration

(3)

(2)
(1)
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Introduction-Previous clinical trials (autologous
and allogeneic)
Table 1. A summary of previous clinical trials focusing on autologous and allogeneic human tissue.
Source: Adv. Healthcare Mater.2018, 7, 1800226
Patient group

Numb
er
(eyes)

Surgery

Cell source

Outcomes

Refs.

Neovascular
AMD

>300

CNVM removal
with free or
pedicle based
subretinal
sheet
transplant

Autologous
RPE/BrM/ch
oroidal
sheet

Short term visual acuity
gains in 25–60% but
long-term declines in
vision has been
reported and high
complication rate
requiring repeat surgery
in 10–35%

E. J. T. Van Zeeburg et al. Am. J. Ophthalmol. 2012, 153,
120.
F. M. a Heussen et al. Eye 2008, 22, 799.
F. K. Chen et al. Clin. Exp. Ophthalmol. 2009, 37, 275
R. E. MacLaren et al. Ophthalmology 2007, 114, 561.
G. Peyman et al. Ophthalmic Surg. 1991, 22, 102.
R. E. MacLaren et al. Ophthalmology 2005, 112, 2081.
S. Binder et al. Invest. Opthalmol. Visual Sci. 2004, 45,
4151.
C. I. Falkner-Radler et al. Br. J. Ophthalmol. 2011, 95,
370.

Neovascular

>300

AMD Retinal
relocation
surgery with
retinal rotation
after 360
degree
retinotomy

Relocation of
neurosensor
y retina to
nonmacular
area of RPE

Visual improvement in
25–60% but long-term
declines in vision has
been reported and high
complication rate
requiring repeat surgery
in 10–35%

Neovascular
and dry
AMD

D. Wong et al. Br. J. Ophthalmol. 2004, 88, 186.
F. K. Chen et al. Invest. Ophthalmol. Visual Sci. 2009, 50,
1848.
P. Mruthyunjaya et al. Ophthalmology 2004,111, 1715.
A. Abdel-Meguid et al. Br. J. Ophthalmol. 2003, 87, 615.
S. Aisenbrey et al. Arch. Ophthalmol. 2002, 120, 451.
G. Pertile et al. Am. J. Ophthalmol. 2002, 134, 560.
C. Eckardt et al. Graefe’s Arch. Clin. Exp. Ophthalmol.
1999, 237, 313.
Yamada et
al. Am.
J. Ophthalmol. 2010, 149, 453.
A summary of previous clinical trials focusing on autologous and Y.
allogeneic
human
tissue.
Fetal RPE
No significant visual
P. Algvere et al. Graefe’s Arch. Clin. Exp. Ophthalmol.
9
Excision of
sheet or
improvement and
1997, 235, 149.
CNVM withMater.2018,
Adv. Healthcare
7, 1800226
suspension
rejection
J. Weisz et al. Retina 1999, 19, 540.
sheet
of cells
in the wet AMD eyes in
transplant or
particular
cell suspension
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Introduction-Previous clinical trials (autologous
and allogeneic)
Table 1. A summary of previous clinical trials focusing on autologous and allogeneic human tissue.
Source: Adv. Healthcare Mater.2018, 7, 1800226
Patient group

Numb
er
(eyes)

Surgery

Cell source

Outcomes

Refs.

Neovascular

12

AMDExcisio
n of CNVM
and insertion
of sheet

Allogenic adult
RPE cells

No visual improvement

P. Algvere et al. Eur. J. Ophthalmol. 1999, 9, 217.
T. H. Tezel et al. Am. J. Ophthalmol. 2007, 143, 584.

Neovascular

≈50

Surgical
removal of
CNVM
combined
with injection
of cells
subretinally

Suspension of
autologous
iris pigment
epithelial cells

AMD Visual
stabilization achieved
in most patients
but no convincing
improvement
demonstrated

T. Abe et al. Tohoku J. Exp. Med. 2000, 191, 7.
G. Thumann et al. Arch. Ophthalmol. 2000, 118, 1350.
S. Aisenbrey et al. Arch. Ophthalmol. 2006, 124, 183.

Advanced RP

10

Subretinal
insertion of
sheet

Adult
photoreceptor
sheet
fashioned
using excimer
laser or
vibratome

No visual improvement
No rejection observed

H. Kaplan et al. Arch. Ophthalmol. 1997, 115, 1168.
A. Berge et al. Ophthalmology 2003, 110, 383.
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Introduction-Previous clinical trials (autologous
and allogeneic)
Table 1. A summary of previous clinical trials focusing on autologous and allogeneic human tissue.
Source: Adv. Healthcare Mater.2018, 7, 1800226
Patient group

Numb
er
(eyes)

Surgery

Cell source

Outcomes

Refs.

Dry AMD and

10

Subretinal
insertion of
sheet

Sheet of
combined fetal
RPE
and retina

RP Short and longer
term visual
improvement
reported starting at 6
months post op in
patients with advanced
RP. One patient
improved from 20/800
to 20/200
Rejection not observed

N. D. Radtke et al. Am. J. Ophthalmol. 2008, 146, 172.
N. D. Radtke et al. Am. J. Ophthalmol. 2002, 133, 544.

Advanced RP
and
AMD

20

Subretinal
injection of
cell
suspensions
and
aggregates

Human fetal
retina cell
suspensions
and
microaggregat
es

No visual improvement
No rejection observed

M. S. Humayun et al. Invest. Ophthalmol. Visual Sci.
2000, 41, 3100.
T. Das et al. Exp. Neurol. 1999, 157, 58.
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Introduction- Previous Clinical trials (cellular
treatments)
Table 2. Current and recent clinical trials focusing on cellular treatments for retinal diseases. Clinical trials
included involve both nonretinal cells for secretion of paracrine factors and retinal cells for direct replacement of
retinal cells and RPE Source: Adv. Healthcare Mater.2018, 7, 1800226

RPE cells
as a
suspension

NCT number

Disease

Cells

Sponsor

Route

Results

NCT01469832
NCT01344993
NCT01345006
NCT03178149

SMD, dry AMD,
myopic macular
degeneration

hESC-derived RPE

Astellas Institute for
Regenerative
Medicine

Subretinal
suspension

Yes
S. D. Schwartz et
al. Lancet 2015,
385, 509.
S. D. Schwartz et
al. Lancet 2012,
379, 713.

NCT02903576

Wet and dry AMD
and SMD

hESC-derived RPE

University of San
Paulo, Brazil

Subretinal
suspension

No

NCT02286089

Dry AMD

hESC-derived RPE

Cell Cure
Neurosciences Ltd.

Subretinal
suspension

No

NCT03046407
NCT02749734

SMD and dry AMD

hESC-derived RPE

Southwest Hospital,
China

Subretinal
suspension

No

NCT01674829
NCT1625559

Advanced dry
AMD and
SMD

hESC-derived RPE

CHA Bio and
Diostech, Republic
of Korea

Subretinal
suspension

No

NCT02868424

Dry AMD

Fetal RPE cells

Nanjing Medical
University, China

Subretinal
suspension

No
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Introduction- Previous Clinical trials (cellular
treatments)
Table 2. Current and recent clinical trials focusing on cellular treatments for retinal diseases. Clinical trials
included involve both nonretinal cells for secretion of paracrine factors and retinal cells for direct replacement of
retinal cells and RPE Source: Adv. Healthcare Mater.2018, 7, 1800226

Cells
delivered
primarily for
cell
rescue
effects

NCT number

Disease

Cells

Sponsor

Route

Results

NCT01531348

RP

Autologous bone
marrow–
derived MSCs

Mahidol University,
Thailand

Intravitreal
injection

No

NCT01518127
NCT01068561
NCT01560715

Wet and dry AMD,
SMD and RP

Autologous bone
marrow stem cells

University of San
Paulo, Brazil

Intravitreal
injection

Yes
C. Cotrim et al.
Clin. Ophthalmol.
2017, 11, 931.

NCT02709876

RP

Autologous bone
marrow– derived
CD34+, CD133+, and
CD271+ Stem Cell

Stem Cells Arabia

Intravitreal
injection

No

NCT01736059

RP, dry AMD,
diabetic
maculopathy and
retinal vein
occlusions

Autologous CD34+
bone marrow stem
cells

University of
California, USA

Intravitreal
injection

NCT03011541

Various

Autologous bone
MD Stem Cells
Retrobulbar,
marrow– derivedAdv.
stemHealthcare Mater.2018, subtenon,
7, 1800226
cells
intravenous,
intravitreal
injections

Yes
Only 1 patient
with
CRVO/CRAO
Current and recent clinical trials focusing on cellular
treatments
S. Park etboth
al.
for retinal diseases. Clinical trials includedS. involve
Visual
Sci.retinal
nonretinal cells for secretion of paracrine factors
and
2015, 56, 81.

cells for direct replacement of retinal cells and RPE.

Not for AMD
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Introduction- Previous Clinical trials (cellular
treatments)
Table 2. Current and recent clinical trials focusing on cellular treatments for retinal diseases. Clinical trials
included involve both nonretinal cells for secretion of paracrine factors and retinal cells for direct replacement of
retinal cells and RPE Source: Adv. Healthcare Mater.2018, 7, 1800226

Cells
delivered
primarily for
cell
rescue
effects

Fetal neural
retinal cells

Encapsulate
d cells
secreting
neuroprotecti
ve
growth
factors

NCT number

Disease

Cells

Sponsor

Route

Results

NCT01920867

AMD/RP/glaucom
a

Autologous bone
marrow– derived stem
cells

Retina Associates
of South Florida,
USA

Retrobulbar,
subtenon,
intravenous,
intravitreal
injections

No

NCT02659098

Dry AMD

Umbilical cord stem
cells

Janssen Research
and Development

Subretinal
suspension via
transchoroidal
microcatheter

Yes from phase 1

NCT02464436

RP

Human fetal–derived
RPC

ReNeuron Limited

Subretinal
suspension

No

NCT02320812

RP

Human fetal–derived
RPC

jCyte, Inc

Intravitreal
injection

No

NCT00447993

Late and early
stage RP

Human RPE cells
contained in a small
capsule secreting
CNTF

Neurotech
Pharmaceuticals

Intravitreal
insertion of
capsule

Yes
D. G. Birch et al.
Am. J.
Ophthalmol.
2013, 156, 283.

NCT01408472

Open angle
glaucoma

NT-501 CNTF implant

Stanford University

Intravitreal
insertion of
capsule

No
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Introduction

• Transplantation of retinal tissue or photoreceptors from fetal or
embryonic donors, or derived in the laboratory often showed rosette
formation, where photoreceptors exhibit abnormal orientations.
• RPE cells transplanted often fail to adhere to BrM and aggregates
rather than forming a normal monolayer.
• A promising method to treat diseased or damaged RPE can be
designing scaffolds to provide a substrate for the RPE cells to form
and retain a monolayer sheet structure for transplantation purposes.
Biomaterial scaffolds may enhance delivery and enhance integration
of retinal cells or tissue and may also enhance the differentiation and
retinal tissue formation in vitro prior to transplantation.
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Introduction

• Both sheets and cell suspensions have been investigated in clinical
trials, but biomaterials scaffolds have scarcely been employed.
• Variety of strategies have been performed to develop an ideal
artificial RPE tissue. Cells tested have ranged from human RPE cell
lines (ARPE19), primary animal or human RPE cells, and pluripotent
stem cell-derieved RPE.
• Hydrogels have the potential to serve as delivery vehicles of cells
and drugs. This class of polymers retain high amount of water which
resemble the nature extracellular matrix (ECM). The localized delivery
of cells and/or drug can be achieved relatively easily and less
invasively.
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Introduction-New Method to Inject hydrogel using
dual syringe

Differentiated RPE Cells+Hydrogel 1

Hydrogel 2+ miRNA/VIP/Exosome
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Experiment 1

Enhanced retinal pigment epithelium (RPE)
regeneration using curcumin/alginate
hydrogels: In vitro evaluation
Jong Ho Park, Eun Yeong Shin, Myeong Eun Shin, Ming Joung Choi,
Cristiano Carlomagno, Jeong Eun Song, Gilson Khang*
International Journal of Biological Macromolecules 2018 Oct 1;
117(2018) 546-552

21

Experiment 1-Introduction

•

Sodium alginate (Agn) is a polysaccharide extracted from brown algae with excellent
biocompatibility and anti-inflammatory properties.

•

Curcumin (CCI) has been reported to have various pharmacological activities such
as anti-inflammatory, antioxidant, anticancer, antiangiogenic, anti-tumor invasion and
antidiabetic effects.

•

In addition, CCI has been studied to potentially slow the progression of macular
degeneration by protecting cell death of RPE cells from light and oxidant stress.

•

The purpose of this study was to design an efficient support for retinal regeneration
using CCI / Agn hydrogels.
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Experiment 1-Materials and Methods

Preparation methods
Groups
Agn
Tr/Agn

Agn

CCI

1.5% (w/v)

0
0.3 mg/mL

Crosslinker
0.5 M CaCl2

Characterization
-Degradation rate, porosity, pore size, FTIR, SEM
-In vitro (MTT, RT-PCR, live/dead)
-In vivo (2 weeks, staining-H&E, Toluidine blue)
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Experiment 1-Result 1
Agn
Agn

Agn
Agn

Agn
Agn

Agn

Agn

Fig. 1. (a) Degradation rate, (b) porosity, (c) pore size, and (d) FTIR results of Agn
and CCI/Agn hydrogels (P* < 0.05).
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Experiment 1-Result 2
Agn

CCI/Agn

Fig. 2. SEM images of pristine hydrogels and RPEs morphology on Agn and CCI/Agn
hydrogels cultured for 14 days.
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Experiment 1-Result 3

Agn

Agn

Agn
Agn

Fig. 3. (a) Proliferation of ARPE-19 on CCI/Agn after 1, 4, 7 and 14 days studied
by MTT assay (P*** < 0.001). (b) Live and dead cell staining image using a confocal Zstack (100 μm) after 14 days. Live cells were stained in green, while dead cells were
stained in red.
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Experiment 1-Result 4

Agn
Agn

Agn
Agn

Fig. 4. RT- PCR analysis and quantitative characterization of the RPEs on Agn and
CCI/Agn hydrogels after 14 days using β-actin as housekeeping gene of a) RPE65,
CRALBP, NPR-A and b) collagen types 1 and 2 (P* < 0.05, P** < 0.01).
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Experiment 1-Result 5
Agn

CCI/Agn

Fig.
5.
Hematoxylin–Eosin
staining for cellular detection and
overall cell distribution within the
hydrogels.
Detection
of
extracellular matrix components
synthesis
by
RPEs
using
toluidine blue. All samples were
stained after cultured for 14 days.
(Morphology and ECM of RPEs
are indicated with white arrows).
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Experiment 2-Conclusion

•

CCI / Agn shows higher cell proliferation during the entire culture period. In
particular, after 7 days, the growth rate of CCI / Agn hydrogel was significantly
different with 28% increase compared to Agn hydrogel.

•

After 14 days, COLI and II expression was higher in CCI / Agn hydrogels
compared to Agn alone, indicating that CCI can have a positive effect on ECM
production.

•

In vivo study revealed a group of molecules that are more dense and
topographic than in CCI / Agn hydrogels with respect to Agn. This can be
attributed to the initial ECM component formation and deposition by RPE which
are enhanced by the presence of CCI.

•

It is regarded that CCI/Agn material can be used in the future retinal tissue
engineering.
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Experiment 2

Injectable taurine-loaded alginate hydrogel
for RPE regeneration

Eun Yeong Shin, Jong Ho Park, Myeong Eun Shin, Jeong Eun Song,
Muthukumar Thangavelu, Cristiano Carlomagno, Antonella Motta, Claudio
Migliaresi, Gilson Khang*

Materials Science and Engineering: C 2019 Oct; 103(109787)
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Experiment 2-Introduction

•

Sodium alginate (Agn) is a polysaccharide extracted from brown algae with excellent
biocompatibility and anti-inflammatory properties.

•

Taurine (Tr) increases cell proliferation in ECM synthesis and secretion by enhancing
the expression of genes involved in retinal physiological homeostasis and visual
function, and acts as a neurotransmitter to inhibit oxidation of phospholipids present
in photoreceptor cell membranes and cells from inflammatory regions.

•

In this study, Tr and Agn are blended together to regenerate damaged retinal tissue.
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Experiment 2-Materials and Methods

Preparation methods
Groups
Agn
Tr/Agn

Agn

Tr

1.5% (w/v)

0
30% (w/w)

Crosslinker
0.5 M CaCl2

Characterization
-FTIR, Porosity, Swelling ratio, Compressive strength, extrusion force, Bio-LV SEM,
RT-PCR, Statistical analysis
-In vitro (MTT, live/dead)
-In vivo (6weeks, staining: H&E, Toluidine blue-O )

32

Experiment 2-Result 1

Fig. 6. Showing the material physical properties (a). FTIR spectrum showing the
respective peaks of the Agn, Tr and Tr/ Agn respectively, (b) showing the swelling
properties of the prepared hydrogels for the incubation period of 120 min and (c)
shoeing the % degradation of the prepared Agn and Tr/ Agn hydrogels for the period of
40 days, all the experiments were performed in triplicate (n = 3).
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Experiment 2-Result 2

Fig. 7. Showing mechanical properties of the hydrogels Agn and Tr/ Agn (a)
Compressive strength of the hydrogels expressed KPa, the insert shows the
photograph of the prepared samples and (b) Extrusion force of AGT and Tr/ AGT
hydrogels expressed in N (n = 3).
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Experiment 2-Result 3

Fig. 8. Biocompatibility of the prepared hydrogels (Agn and Tr/ Agn) using RPEs cells
using MTT assay (a) showing the optical density at 570 nm using MTT assay, (b)
showing the live/dead staining (live cells stained with green and red cells stained with
Red colour) confocal images of the Agn and Tr/ Agn treated with RPEs cells and (c)
quantitative live/dead analysis of Agn and Tr/ Agn hydrogels showing mean intensity.
(scale bar = 50 μm). (n = 3, p*** < 0.001). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Experiment 2-Result 4

Fig. 9. Showing the porous surface
morphology of the scaffolds and cell
adhesion on the surface of the scaffold
analyzed through SEM images of Agn
and Tr/ Agn hydrogels as prepared
and with and without cells seeded (7
and 14 days), red arrows showing
cells on the surface of the scaffolds
(scale bar = 300 μm as prepared
scaffold and 50 μm treated samples).

36

Experiment 2-Result 5

Fig. 10. Expression of RPE-specific
genes and inflammatory cytokines in
fold changes were studied for the
cells seeded on the prepared scaffold
on day 1,7 and 14. (a) Expression of
RPE65, (b) CRALBP, (c) NPR-A, (d)
MITF, (e) collagen type 1 (Col 1), (f)
collagen type 2 (Col 2) performed on
day 1, 7 and 14, (g) IL-6 and IL-1β
performed on the 14 days, and (h)
showing the RT PCR analysis
demonstrated expression of RPE
specific gene and inflammatory
cytokines. GAPDH was used as
housekeeping
gene
for
normalization,
n = 3.
p* < 0.05,
p** < 0.01, p*** < 0.001).
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Experiment 2-Result 6

Fig. 11. Histological studies showing cell distribution, H&E and Toluidine blue-O
staining images of Agn and Tr/ Agn hydrogels after 7 and 14 days of cell culture
studies (scale bar = 50 μm).
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Experiment 2-Result 7

Fig. 12. Histological studies showing cell distribution and presence of inflammatory and
macrophages cells using H&E and ED-1 staining images of Agn and Tr/ Agn hydrogels
implanted under the subcutaneous space of athymic nude mice for 7 and 14 days
(n = 3, scale bar = 100 μm), (red arrows showing the inflammatory and macrophage
cells).
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Experiment 2-Result 8

Fig. 13. Histological changes in the retrieved implanted samples for the regeneration of
RPE using H&E and Toluidine blue-O staining images (control, damaged retina and
Agn and Tr/Agn treated groups) for retinal pigment epithelium regeneration after
6 weeks after sub-retinal injection (scale bar = 100 μm). RPE:retinal pigment epithelium;
Cho: choroid, INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear
layer; PIS: photoreceptor inner segment and POS: photoreceptor outer segment (red
arrow, showing the ectopic cells, migration of RPE to these location is a common
issues for various implantation methods and the yellow arrows showing regenerated
RPE cells).
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Experiment 2-Conclusion

•

Tr / Agn hydrogel has excellent porosity, water absorption, and decomposition
speed.

•

Tr / Agn hydrogel has microstructure suitable for cells and has injectability which
enables non-invasive surgical procedure.

•

Cytotoxicity and viability showed biocompatibility of this material.

•

Tr / Agn hydrogels induced RPE regeneration by inducing homogeneous cell
layer formation by ECM synthesis to reconstruct retinal epithelium.

•

It is regarded that Tr/Agn hydrogel can be a promising material for future RPE
regeneration.
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Experiment 3

Engineering RPE cells regeneration for
transplantation in regenerative medicine
using PEG/Gellan gum hydrogels
Han Sol Kim, David Kim, Yong Woon Jeong, Ming Joung Choi, Gi Won
Lee, Muthukumar Thangavelu, Jeong Eun Song, Gilson Khang*
International Journal of Biological Macromolecules 2019 June 1; 130(2019) 220228
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Experiment 3-Introduction
•

Gellan gum (GG) one of the natural polymers with excellent biological properties. GG
has excellent heat, acid, and enzymatic resistance, biocompatibility and low
cytotoxicity.

•

However, physical gels of GG are usually too weak and fragile to be used as scaffold
to be used in clinical application and for this reason it was combined with
Polyethylene glycol (PEG) to overcome this limitations.

•

PEG has several good biological, chemical and pharmaceutical properties and
applications. PEG is a harmless substance to the human body and also displays
good biocompatibility, biodegradability and has a feature that makes it viscous.

•

In this study, to test the suitability of PEG / GG hydrogels as substrates for RPE
regeneration, the best combination of scaffolds was prepared and optimized using
different stoichiometric ratios of PEG and GG.
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Experiment 3-Materials and Methods

Preparation methods
Groups
GG
0w% PEG/GG
1w% PEG/GG

PEG

Crosslinker

0
1% (w/v)

1% (w/v)

3w% PEG/GG

3% (w/v)

5w% PEG/GG

5% (w/v)

0.03% CaCl2

Characterization
-SEM, pore sizes, FTIR, degradation, porosity, water-uptake
-In vitro (MTT, live/dead, RT-PCR, histological analysis)
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Experiment 3-Result 1

Fig. 14. Summary of the work was presented as scheme.
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Experiment 3-Result 2

Fig. 15. (a) SEM images showing the surface morphology of the samples and the
photographic pictures as an insert, (b) pore size of the samples in micrometers, (c)
FT-IR spectra of as-fabricated 0, 1, 3 and 5 w% PEG/GG hydrogels.
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Experiment 3-Result 3

Fig. 16. Graphs showing (a) Porosity, (b) percentage of degradation, and (c) Wateruptake of 0, 1, 3 and 5 w% PEG/GG hydrogels (n = 3) p* < 0.5.
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Experiment 3-Result 4

Fig. 17. (a) Viability of ARPE live
and dead cell staining image
using
a
confocal
Z-stack
(100 μm) on PEG/GG hydrogels
at 1, 14 days. Live and dead
cells were stained in green and
red, respectively. (b) SEM
images
showing
the
cell
adhesion and proliferation on
the surface the hydrogels
(PEG/GG) on 1 and 7 days.
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Experiment 3-Result 5

Fig. 19. (a) Proliferation of ARPE for 1, 3, 5, 7 and 14 days studied by MTT
assay (n = 3 in each group, p* < 0.5, p** < 0.05 and p*** < 0.01). Gene expression of
ARPE on PEG/GG hydrogels were analyzed by RT-PCR after 1, 4 and 7 days. (b)
Quantitative analysis of RPE65 (c), Quantitative analysis of NPRA (d), Quantitative
analysis of CLABP by normalization of Beta-actin. (p* < 0.5, p** < 0.05 and p*** < 0.0.).
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Experiment 3-Result 6

Fig. 20. H&E staining images showing the distribution of cells cultured on the
hydrogels after 7, 14 and 21 days culture in vitro.
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Experiment 3-Conclusion

•

In this study, PEG/GG hydrogels were successfully prepared by blending PEG with
GG in different ratio.

•

The presence of PEG in the GG hydrogel structure affected the rate of
degradation, overall porosity, and increased suitability of the structure for biological
purposes.

•

Survival, proliferation, and mRNA expression were found to be highest when
appropriate amount of PEG was added.

•

Combined with the good biocompatibility of the hydrogels and other advantages,
these hydrogels are regarded as a promising material for retinal regeneration.
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Experiment 4

Evaluation of double network hydrogel of
poloxamer-heparin/gellan gum for bone
marrow stem cells delivery carrier
Joo Hee Choi, Ok Kyun Choi, Jeonghun Lee, Joungyoun Noh, Sumi
Lee, Ain Park, Min A Rim, Rui L. Reis, Gilson Khang*
Colloids and Surfaces B: Biointerfaces 2019 September 1; 181(2019) 879-889

52

Experiment 4-Introduction
•

GG hydrogel is studied to be biocompatible, low cytotoxicity and biodegradable.

•

GG hydrogel fails to meet the conditions of cell vehicle because of its too high
gelation temperature for cell encapsulation. Another challenge which limits the
application of GG hydrogel is lack of moieties for ligand binding.

•

A copolymer of heparin and poloxamer (PoH) is studied to be posses a 3D net
structure which is biocompatible in vitro and in vivo. It is also reported that PoH
features specific affinities with many growth factors, ECM and cells.

•

However, PoH has low physical and mechanical properties.

•

In this study, a double network hydrogel of a natural polysaccharide gellan gum
(GG) hydrogel and a synthetic hydrogel poloxamer-heparin (PoH) hydrogel
(PoH/GG DNH) is introduced to complement disadvantages of each hydrogel and
improve the microenvironment for cell delivery.
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Experiment 4-Materials and Methods

Preparation methods
Groups
GG
GG

PoH
0.5% (w/v)

1% (w/v)
1% (w/v)

PoH

Crosslinker

0.03% CaCl2

2% (w/v)

Characterization
-Swelling ratio, SEM, Viscosity
-In vitro (MTT, live/dead, morphological analysis-SEM, histological analysis)
-In vivo (7,21,42 days, staining : H&E, ED-1)

54

Experiment 4-Result 1

Fig. 21. (A) Morphological evaluation of GG hydrogel and PoH/GG DNH observed
under SEM (B) pore diameter of lyophilized hydrogels (values are mean ± SD (n = 3).
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Experiment 4-Result 2

Fig. 22. (A) Viscosity of hydrogels (B) swelling ratio (%) of hydrogels studied for 24 h
in PBS at 37 °C (values are mean ± SD (n = 3)).

56

Experiment 4-Result 3

Fig. 23. Evaluation of encapsulated cells in hydrogels studied on 3, 7 and 14 days,
images taken under SEM.
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Experiment 4-Result 4

Fig. 24. MTT assay exhibited in OD values evaluated on 1, 7 and 14 days (values are
mean ± SD (n = 3), P < 0.05(*) and P < 0.01(**), relative to G1) (B) LSM images
showing encapsulated rBMSCS in GG hydrogel and PoH/GG DNH. The live cells were
stained with calcein AM (green), the dead cells were stained with ethidium homodimer
(red) and were evaluated in Z-stack (scale bar 50 μm).

58

Experiment 4-Result 5

Fig. 25. Immunofluorecence staining of (A) E-cadherin (B) Laminin on 7 and 14 days
of culture (scale bar 20 μm).
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Experiment 4-Result 6

Fig. 26. In vivo study of G1 and P0.5-G1 implanted under subcutaneous region of
athymic nude mice for 7, 21, and 42 days (A) H&E (scale bar 100 μm, tissue is
denoted by T and hydrogel is denoted by H, the symbol * indicates the tissue that
has penetrated the hydrogel, the dotted line indicates the boundary between the
tissue and the hydrogel) (B) ED-1 (scale bar 50 μm, red arrow indicates
macrophages).
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Experiment 4-Conclusion

•

Compared with GG, PoH / GG DNH shows high biocompatibility. Especially
P0.5-G1 group improved cell adhesion, survival, and biocompatibility over time.

•

The rBMSC phenotype remained highest at certain amounts of PoH and
expressed the highest cell-cell interacting proteins and ECM proteins.

•

In vivo results also showed higher cell adhesion and infiltration and lower
inflammatory responses in PoH / GG DNH.

•

It is regarded that PoH/ GG DNH can be used as the future RPE tissue
engineering material.
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Experiment 5

Preparation and characterization of an
injectable dexamethasone-cyclodextrin
complexes –loaded gellan gum hydrogel
Joo Hee Choi, Ain Park, Wonchan Lee, Gilson Khang*
In preparation
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Experiment 5-Introduction
•

Gellan gum hydrogel (GG) is investigated as a candidate material for tissue
engineering. The GG has attractive properties such as high biocompatibility, low
cytotoxicity, easy processing, similar structure to ECM, and resembles soft tissue.

•

GG has limitation to apply in tissue engineering due to its rather harsh gelation
temperature for cell encapsulation and poor solubility of hydrophobic drug.

•

In this study, beta-cyclodextrin (CD) which has a hydrophilic exterior and
hydrophobic cavity was loaded on GG to enhance physicochemical properties and
drug release profile.

•

A synthetic steroidal anti-inflammatory drug dexamethasone was used in this study
to confirm enhanced release profile and reduce the inflammatory response.
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Experiment 5-Materials and Methods
Preparation methods
Groups

NHS
GG

CD (mol)

EDC (mol)

Crosslinker

2

PBS

(mol)
GG

0

0.25 CD/GG

0.25

0.375 CD/GG

2% (w/v)

0.375
1

0.5 CD/GG

0.5

0.75 CD/GG

0.75

1 CD/GG
1
Characterization
-NMR, FTIR, SEM, Viscosity, Swelling ratio, Release profile
-In vitro (Cytotoxicity-MEM extraction method)
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Experiment 5-Result 1

HDA-CD

CD-Tos

GG

CD/GG

Fig. 27. Characterization of synthesized cyclodextrin (CD) and cyclodextrin-loaded
gellan gum
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Experiment 5-Result 2

(b)

(a)
A

B

C

D

E

F

Fig. 28. (a) Gross image of dexamethasone hydrogels A-Dex-GG, B-Dex-0.25CD/GG,
C-Dex-0.375CD/GG, D-Dex-0.5CD/GG, E-Dex-0.75CD/GG, and F-Dex-1CD/GG (b)
FTIR analysis of CD and hydrogels
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Experiment 5-Result 3
CD/GG

GG

WD21.4mm 20.0kV x100

500 μm

500 μm

CD/GG-Dx

GG-Dx

WD20.6mm 20.0kV x250

WD21.4mm 20.0kV x100

200 μm

WD20.6mm 20.0kV x250

200 μm

Fig. 29. Morphological analysis of hydrogels analyzed with SEM

67

Experiment 5-Result 4
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Fig. 30. Viscosity analysis of hydrogels with or without drug loaded
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Experiment 5-Result 5
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Fig. 31. Swelling and mass swelling ratio analysis of hydrogels on specific time
points
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Cumulative release (%)

Experiment 5-Result 6

GG
NGG
0.25 CD/GG
0.75 CD/GG

100

0.375 CD/GG
1 CD/GG

0.5 CD/GG

75

50

25

0
0

5

15

30

60

120 240 360 480 1440

Time (min)

Fig. 32. Release profile of hydrogels analyzed for 24 hours.
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Experiment 5-Result 7

- Control

GG

CD/GG

+ Control

Cell Viability (%)

100
***
***
***

***

***

50
***

***

0

1 Day

***

2 Days

***

3 Days

Fig. 33. Viability test of NIN3T3 cells analyzed for 3 days studied by MEM-extraction
test
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Experiment 5-Conclusion

•

CD-loaded GG was well fabricated

•

CD/GG hydrogels displayed enhanced release profiles

•

CD/GG hydrogels showed lower and slower gelation temperature and properties
which allowed application of injectable hydrogel for retinal tissue engineering

•

Cytotoxicity exhibited applicability of the synthesized hydrogels

•

In the future study this material will be tested in vitro and in vivo for retinal
regeneration
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Experiment 6

UV-Irradiated RPE Cells Assist
Differentiation of Bone Marrow Derived
Mesenchymal Stem Cells into RPE Cells
Under a Direct Co-Culture Environment of
Gellan gum Hydrogel
Min Joung Choi, Gi Won Lee, Jin Su Kim, Han Sol Kim, David Kim,
Jeong Eun Song, Muthukumar Thangavelu, Gilson Khang*
Macromolecular Research 2018 September 27
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Experiment 6-Introduction
•

Regeneration of RPE cells which are inherently non-renewable is desirable to treat
age-related macular degeneration (AMD) RPE cells of mammals.

•

A recent study shows that bone marrow derived mesenchymal stem cells (BMSCs)
can be differentiated into nerve cells.

•

Here, the bone marrow derived mesenchymal stem cells (BMSCs) that have the
advantage of rapid growth and ease of extraction were adopted for RPE
regeneration.

•

RPE cells were treated with UV for 40 minutes to inhibit proliferation of the cells.

•

In order to help BMSCs to differentiate into RPE, B-27® supplement was used as a
differentiation factor.

•

Depending on the characteristics of the eye ball, gellan-gum (GG) hydrogel was
chosen to support cells.
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Experiment 6-Materials and Methods
Preparation methods
Groups

ARPE-19

BMSCs

GG

Note
(ratio)

UV-irradiated RPE
cells

(ratio)

1
2% (w/v)

0.5

ARPE-19 were
0.5

irradiated with the

Co-culture
BMSCs

1

ultraviolet for 40 min

Characterization
-In vitro (SEM, MTT, live/dead staining, RT-PCR, 1,7,14day, staining : H&E, Alcian
blue)
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Experiment 6-Result 1
(a)

(b)

Fig. 34. (a) Confocal microscopic images showing live and dead cells of UV-irradiated
RPE cells, co-culture, and BMSCs.. (b) Surface morphology of the GG hydrogel
along with the adherent cells cultured for 1, 7, 14 days: UV-irradiated RPE cells, coculture, and BMSCs. The cells were marked in yellow arrows.
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Experiment 6-Result 2

(a)

(b)

Fig. 35. (a) Biocompatibility testing by MTT assay. Cells were seeded on the GG
hydrogel 1, 7, 14 days UV-irradiated ARPE-19 cells, co-cultured cells, and BMSCs.
(b) Gene expression profiles analyzed by RT-PCR and quantitative characterization
of cells on the GG hydrogel after 1, 7, 14 days: (a) Col I, (b) RPE65, (c) NPR-A, (d)
CRALBP.
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Experiment 6-Result 3

Fig 36. Stained images of UV-irradiated RPE cells, co-culture, and BMSCs for
cellular detection, overall cell distribution, and differentiation of BMSCs to RPEs
within the hydrogels, (a) H&E staining, and (b) Alcian Blue staining.
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Experiment 6-Conclusion

•

In this study, it was confirmed that UV-irritated RPEs and B-27® supplement, a
neuronal differentiation factor, affect the differentiation of BMSCs into RPEs.

•

Observation of cell proliferation and adhesion revealed that UV-irritated RPEs
affects the differentiation and proliferation of BMSCs, but the number of RPEs was
not increased.

•

RT-PCR and histological analysis revealed that BMSCs was differentiated into RPE
cells.

•

These results suggest that BMSCs can be used for the regeneration of RPE when
co-cultured with UV treated RPE cells, and also it is expected that RPE can be
regenerated using injectable GG hydrogel.
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Conclusion

•

Hydrogels were used and studied for tissue engineering due to the major
advantages like controlled and sustained release properties, good stability,
resemblance to nature ECM, abundance in product, biocompatibility, and
biodegradability.

•

However, there has not been much research on retinal regeneration using
hydrogels compared to other tissues.

•

In this study, nature-derived and synthetic hydrogels were applied to enhance
retinal cell viability in vitro and regenerate damaged tissues in vivo.

•

The hydrogels displayed good stability and shown as an effective delivery vehicles
with improved bioavailability, localized delivery, and cell viability.
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Conclusion

•

There are still many challenges to be solved such as immune reaction, separation
of RPE layer during injection, side effects during degradation of hydrogel, and fully
restoring the RPE function.

•

Many efforts such as developing different kinds of scaffolds, differentiating stem
cells to RPE, and establishing minimal invasive surgical techniques are made to
solve these problems.

•

Appropriate reference standards need to be established to advance further in RPE
tissue engineering.

81

 Stem Cell Research Center
 Musculoskeletal Bioorgan Center
 Korea Food & Drug Administration
 Nano-Bio Fusion Research

 차세대 성장동력사업



BK-21 Polymer BIN
Fusion Research Team

Collaborators
Chonbuk National Univ
- Prof Dongwon Lee
Catholic Univ of Korea
- Prof Chun Ki Joo, MD
- Prof Kun Ho Yoon, MD
- Prof HeungJae Chun PhD
- Prof Soon Yong Kwon, MD
Korea Univ
- Prof Soon Hong Yuk
Kyung Hee Univ
- Prof Youngsook Son
Yonsei Univ, Medical School
- Prof Yoon Ha, MD
Hallym Univ, Korea
- Prof Chan Heum Park MD

Georgia Tech Ins/Emory Univ Upssala Univ, Sweden
- Prof Robert Nerem
- Prof Jons Hiborn
- Prof Hanjoong Jo
Univ of Minho, Portugal
Harvard Medical School
- Prof Rui Reis, Nuno Neves
- Prof Hak Soo Choi
- Prof Miguel Oliveira
- Prof Peter M Kang
- Prof Vitor, Ricardo, etc
Wake Forest Medical Univ
Kansai Univ, Japan
- Prof Shay Soker
- Prof Yasuhiko Iwasaki
- Prof James J Yoo, MD
The University of Tokyo
- Prof Sang Jin Lee
- Prof Kazuhiko Ishihara
Zhejiang Univ, PR China
The Natl Univ of Hong Kong
- Prof Jian-Qing Gao
- Prof Paul Vanhoutte MD
- Prof Long-Xiao Lui
Peking Univ, PR China
Univ Trento, Italy
- Prof. Zi Gang H. Ge
- Prof Claudio Migreliaresi
Tsinghua Univ, PR China
- Antonella Mota
- Prof. Xiaohong Wang
Ho Chi Min City Univ, Vietnam
- Prof Pham Trunc Kien

(2016. 05. 25일 현재)

공종수
(박사)

정제교 Lonxiao Liu
(박사)
(박사)
우리들제약 중국저장대

형신종
(석사)

정용균
(박사)
POSCO

지러스트

코아팜 바이오

윤덕일
(석사)
LGLS

김정훈
(석사)
BASF

BC월드제약

효자동사무소

유제영
(석사)
LG바이오

강복기
(석사)
대웅제약

박기숙
(박사)

신혜원
(석사)
유니메드

안용산
(석사)
동부화학

홍금덕
(석사)

이민숙
(석사)

현훈
(박사)

전남의대 교수

김수미
(석사)

김초민
(박사과정)

고종태
(석사)

상룡케미컬

백미옥
(석사)

조재일
(석사)

전북생물 전략물자관리원
산업진흥원

김상욱
(석사)

송시용
(박사)
KRICT

노혁상
(석사)

최종화
(박사)

진채문
(박사)

이재호
(박사)

메타바이오메드 폴리텍대학 교수한화연구소

이동헌
(석사)

최학수
(박사)

윤관희
(박사)

조진철
(박사)

양재찬
(박사)

박종수
(박사)

목원대교수 국도화학부회장

김경희

김영래

김형석

펜믹스

코아팜 바이오

황지혜

배지연

송정은
(박사)

이유정

김순희
(박사)

정성범
(석사)
종근당

딩웨이치앙
(석사)

정현준
(석사)
셀트리온

신균정
(석사)

구정
(박사)
BC월드제
약

오정수
(석사)
한독약품

이정원
(석사)
신풍제약

LG생활건강

임지예
(석사)

조재송
(석사)
일양약품

오아영
(석사)
유한양행

이준희
(석사)
유한양행

홍현혜
(석사)
자영업

최진희
(석사)
메디톡스

김원
(석사)
제네웰

김대성
(석사)
삼일약품

박종학
(석사)
동국제약

배정우

김은영

최선하
(석사)

김윤태
(석사)
휴온스

이진현

이가영

김선경
(석사)
종근당

오재민
(석사)

아이센스

(석사)
팔로시스

조영호
(석사)
대웅제약

한올바이오파마

김형은

셀트리온 화학

송인범
(석사)
대화제약

송지희
(석사)
종근당

휴온스

조한수

GSRAC

서광수
(박사)
LG 창호

임낙현
(석사)
녹십자

안식일
(석사)

강윤미

파나진

김지은
(석사)

문병관
(석사)
셀트리온

윤주용
(석사)
안국약품

유한나

정선영
전북도청

채강수
(석사)

모종현
(석사)

조수진
메디톡스

홍민성
셀트리온

전세강
(석사)
종근당

영진약품

유현
한독약품

(석사)
기술과가치

장우영
(석사)
태준제약

박정수
(박사과정)
경인청

코오롱제약

송이슬

가톨릭대교수

정재수
(박사)

오명준
(석사)
현대약품

태준제약

김은정
(석사)

LG생활건강

서한솔
(석사)

조원형

김선화
(석사)
워터비스

Ocular
System

홍동현
(석사)
아이큐어

셀트리온

김범중
(석사)
국제약품

최진산
(박사)

유석철
(석사)
LGLS

이진수
(석사)
국도화학

전세화
(석사)
부광약품

하현정
(석사)

다산메디켐

이하영
(박사)
KISTI

가톨릭의대 박사과정

바이오솔류션

김용기
(석사)
제네웰

신준현
(박사)
셀트리온

오정민
(석사)

신유나
(박사)

김유진
(석사)

김수진
(석사)
휴온스

강조아
(석사)

서선아
(석사)

바이오메드

박현진
(석사)
안국약품

전은경
(석사)
CJ제약

황혜진
(석사)

장지욱
(박사)

코오롱제약

엄신
(석사)
동국제약

윤복영
(석사)
종근당

강희정
(석사)

아모레퍼시픽

김혜린
(석사)
셀트리온

이영현
(석사)

다산메디켐

심지연
(석사)
GL팜텍

하바드대교수

윤선중
(박사)

김온유
(석사)

김세호
(석사)

최명규
(박사)

유한양행

전북대병원

다산메디켐

김명옥
(석사)

중국현지취업

양대혁
(박사)

전나리
(석사)
종근당

연성정밀화학

성창정밀화학

안태군
(석사)

홍희경
(석사)
태준제약

씰테크사장

중국현지취업

고연경
(석사)
LGLS

소정원
(석사)

정수현
(석사)

CG Bio(대웅)

김종민
(석사)

BC월드제약

한국프라임제약

Wake Forest
연구교수

신환수
(석사)

다림BIO테
크

이창래
(석사)
㈜ 네오팜

박상욱
(박사)

삼성바이오
에피스

(석사)

심정보

(석사)
삼진제약

오승창
(석사)

풍림무약

이현구
(석사)

(석사)

(박사)

박국빈

(석사)
경동제약

전대연

이선경

(석사)

종근당

김영운
(석사)

태준제약

김슬지

삼천당제약

(석사)

(석사)

김하늘

(석사)
전북농촌진흥청

김혜민

(석사)

정수미

(석사)
영진약품

심초록

(석사)
지엘팜텍

김혜윤

(석사)

김민정
(석사)

이소진

이천중
(석사)

양재원
(석사)
명문제약

연성정밀화학

박진영
(석사)

조성준
(석사과정)

Gabor
(포스트닥)

Nirmalya
(포스트닥)

이대훈
(석사과정)

김창현
(석사과정)

전하얀
(석사과정)

최일남
(석사과정)

전성현
(석사과정)

김수민
(석사과정)

신재훈
(석사과정)

박현
(석사과정)

전유신
(석사과정)

강수지

박상미

(석사)
CMG 제약

동일 시마즈

(석사)

(석사)
신풍제약

황칠나라

한국콜마

(석사)

제일약품

(석사)
CG Bio(대웅)

(석사)

CG Bio(대웅)

전북대 연구교수

(석사)
BC월드제약

현대약품

국연지
(석사과정)

안우영
(석사)

(석사)

삼아제약

국현
(석사과정)

셀트리온화학

(석사)
전북대
임상센터

장나금
(석사)
라파스

송야성
(석사과정)

(석사)

이윤미

(석사)
하나제약

김아람

(석사)
BC월드제약

장지은

성경렬
(석사)

임동균
(석사)

(석사)

이정근
(석사)

자영

(석사)

조선아

조은혜
(석사)
삼진제약

이은용
(석사)

송병주
(석사)
셀트리온

바이오시네틱스

(석사)

(석사)
비욘드바이오

(석사)

(석사)

(석사)
네비팜

(석사)
GL라파

이정환

고현아

CJ제약

전북대
임상센터

김수영
(석사)
동구 바이오

차세롬
(석사)
BC월드제약

이선의
(석사)
셀트리온

심보라
(석사과정)

이원택
(석사과정)

차재근
(석사과정)

에비슨 의생명
연구센터

(석사)
전북생명산
업진흥원

정현기
(석사)
프라임제약

김도경
(석사과정)

(석사)

김수진
(석사)
삼아제약

(석사)

(석사)

Mongolian University of Science and Technology

Small Nanobodies with big opportunities
Dulguun Dorjgotov (PhD)

2019/Sep./12

My experiences
- Isolation and characterization
of plant RHO (ROP) GTPase
activated kinases

-Gene cloning and mutation
(deletion, insertion, chimera).
-Purification fusion protein.
-Detection protein-protein
interaction and enzyme
activity.

Monoclonal antibody (mAb)

h"ps://bxcell.com/an1body-structure/

Production
timeline of
monoclonal
antibody
(mAb)

Difficult and Expensive

Some limits of mAb
mAb not suitable for some applications:
- they are large molecules (150 kDa), which limits
their tissue and/or tumor penetration and
biodistribution.
-they can elicit immune reactions that neutralize
their activities, which sometimes limits the longterm use of chimeric and humanized Abs available
on the market.
-mAbs typically have a half-life of several days and
this limits their use in molecular imaging because
of the intense background signal.

Trimmed mAb as Fab and ScFV

Decrease size and increase penetration of mAb
In some cases decreased binding activity
h"p://bitesizebio.s3.amazonaws.com/wp-content/uploads/2016/05/12155952/an1body-ﬁgure-1.png

C.Hamers-Casterman et al. 1993

Heavy chain only
antibody
(HcAb)

What is Nanobody(Nb)?

h"ps://www.chromotek.com/technology/discovery-of-nanobodies/

Structure of VHH or Nb
Complementarity determining regions
(CDR)
-CDR3 is the major contributor to antigen
binding; at least 60–80% of the contact
with the antigen is through this region.
-Small size (15 kDa)
-A long protruding CDR3 loop, and its
prolate shape exposes a convex paratope .
These features allow them to access more
easily receptor clefts or binding pockets
that are inaccessible to Abs. They can also
reach ‘hidden’, cryptic, and concave
epitopes.

VHH vs VH (human)

The nanobodies are considered to be non-immunogenic due
to their high similarity with human VH sequences.

Advantages and disadvantages
Nbs have unique physical and chemical robustness.

extreme
temperatures, the presence of proteases, high pressure, or low pH.
Nbs can be a remarkable stability under certain harsh conditions including

Because of size, during in vivo administration, they rapidly diffuse throughout the body
and have good tissue penetration ability.
Nbs encoded by only a single gene (Vhh) comprising (approximately) 360 bps, they are
very modular and can be easily covalently linked to other molecules or prodrugs.
For example: strategies to extend their halflife
- polyethylene glycol (PEG)-ylation, conjugation to the Fc domain of conventional Ab.
- coupling to abundant serum proteins, such as human serum albumin (HSA) or IgG via
the Nbs that target them. Linking to an antialbumin Nb creates an additional advantage:
the complex will be targeted to regions where albumin accumulates, mostly inflamed
areas.
Disadvantage: because of small size is below the renal cut-off, leading to rapid renal
clearance.

The
different
nanobody
formats

The
different
nanobody
formats:
targeted
drug
delivery

The selection, identification, and production procedure of the antigen-specific VHHs
were described by Ghahroudi et al.1997

Schematic representation of Nb production process

Family of Camelids

In 2018 according to Ministry of Agriculture, Mongolia

The route of sample collection (2019.6.24-2019.7.10)

Breed

Location

Sample

Total 96

THANK YOU FOR YOUR ATTENTION

The relationship between Spinal Cord Injur
y Devices: NYU and IH Impactor

Batbayar Khuyagbaatar
2019.09.11

Introduction

q Contusion spinal cord injury (SCI) model, which is most relevant to a
burst fracture injury pattern in human, has been used to understand
the pathophysiology and mechanism of SCI.

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Introduction
Contusion spinal cord injury (SCI) model in rat

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Introduction
Contusion spinal cord injury (SCI) model in rat

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Introduction
Experimental mechanisms of spinal cord injury
NYU impactor:
§ Impact between T9-T10
§ Impact height: 6.25,12.5, 25.0, 50.0mm
§ Impactor tip:2.2mm (10g rod)

NYU impactor
Kyung Hee Univ. BioMechanics Lab.

Height
(mm)

Time
(msec)

Velocity
(m/sec)

6.25

35.7

0.350

12.5

50.5

0.495

25.0

71.4

0.700

50.0

101.0

0.990
http://www.khu.ac.kr/~vbeslab

Introduction
Experimental mechanisms of spinal cord injury
Infinite horizon impactor:
§ Impact between T9-T10
§ Experiment mode: Force&Displacement
§ Impact force: 30kdyn to 300kdyn
(0.3N to 3N)
§ Impactor tip: 2.5mm

IH impactor
Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

They controlled force IH impactor.
Force:
§ 100kdyn (1N)
§ 150kdyn (1.5N)
§ 200kdyn (2N)

They analyzed injury extents and volume
and percentage of spared tissue for each
groups.

Kyung Hee Univ. BioMechanics Lab.

7

http://www.khu.ac.kr/~vbeslab

They noted that more sever contusion
s (>300 kdyn) would create impairmen
ts that would be unacceptable from an
animal welfare standpoint.
250-290 kdyn

§ 200-230 kdyn

They investigated relationship between
functional outcome measures and anato
mical variables.
IH impactor:
§ 200-230 kdyn (mild)
§ 250-290 kdyn (moderate)

Kyung Hee Univ. BioMechanics Lab.

8

http://www.khu.ac.kr/~vbeslab

Introduction

q Although various devices used to generate consistent injury severities
, further investigation of the relationship between the key parameters
of different SCI contusion devices will improve our understanding of
SCI mechanisms.

Relationship ???

NYU impactor
Kyung Hee Univ. BioMechanics Lab.

IH impactor
http://www.khu.ac.kr/~vbeslab

Introduction

q Question: How we can replace one devices for another one?
q For example, I have only NYU impactor, but I need to perform experi
ment with IH impactor. Can I replace by another devices?

Relationship ???

NYU impactor
Kyung Hee Univ. BioMechanics Lab.

IH impactor
http://www.khu.ac.kr/~vbeslab

Introduction

q In this study, we investigated the conversion equation between the
drop height in the NYU impactor and the impact force in the IH
impactor in terms of stress, strain, and maximum displacement of th
e spinal cord.

Cross section area
Rat spinal cord

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Materials and Methods
Anatomy of the rat cervical spine

2.55mm

3.52mm
Rat spinal cord

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Materials and Methods
Reconstruction of the rat spinal cord

2.45mm

3.35mm
Cord diameter:
§ AP:2.45mm, Transverse:3.35mm
Dura mater thickness:
§ 50-80 µm (0.08mm)
CSF layer thickness:
§ 50-80 µm (0.08mm)
Maikos., 2008
Kyung Hee Univ. BioMechanics Lab.
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http://www.khu.ac.kr/~vbeslab

Materials and Methods
Reconstruction of the rat spinal cord
Dura

CSF
Fluid
layer

Cord

Geometry of rat spinal cord created
by SolidWorks software
Kyung Hee Univ. BioMechanics Lab.
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http://www.khu.ac.kr/~vbeslab

Materials and Methods
Material properties of rat spinal cord model
Spinal cord Hyperelastic (Ogden):
µ=32kpa, α=4.7, d=6.46
ν=0.45

Viscoelastic (Prony series):
𝑔↓1 =99.4kPa, 𝜏↓1 =8msec
𝑔↓2 =56.8kPa, 𝜏↓2 =150msec

Dura

Hyperelastic (Ogden):
µ=1205kpa, α=16.2, d=0.171
ν=0.45

Viscoelastic (Prony series):
𝑔↓1 =319kPa, 𝜏↓1 =9msec
𝑔↓2 =128kPa, 𝜏↓2 =81msec
𝑔↓3 =86kPa, 𝜏↓3 =564msec
𝑔↓4 =86kPa, 𝜏↓4 =4.69sec

CSF

Viscosity (Newtonian):0.001Pa⋅s
µ - shear modulus
α - constants, ν - poisson’s ratio

𝑔↓𝑖
𝜏↓𝑖

- Shear relaxation modulus
- Relaxation time

Spinal cord: Obtained from Maikos et al. (2008)
Dura mater: Obtained from Maikos et al. (2008b)
CSF: Obtained from Brydon et al. (1995), Bloomfield et al. (1998)
Kyung Hee Univ. BioMechanics Lab.

15

http://www.khu.ac.kr/~vbeslab

This study was to identify the mechanical
properties of rat dura mater.

Hyperelastic (Ogden) constants

Viscoelastic Prony series coefficients
Kyung Hee Univ. BioMechanics Lab.
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http://www.khu.ac.kr/~vbeslab

Materials and Methods

Gravity: 9.8m/s2

NYU impactor: Weight drop simulation

Mass=10g

Height: 12.5 mm
Height: 25.0 mm

NYU impactor
Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Amplitude curve

Materials and Methods
IH impactor: Contusion simulation
Impactor

Force

Spinal cord

𝐹↓1 =1𝑁 (amplitude= 0,0; 0.0061,1)
𝐹↓1 =1.5𝑁 (amplitude= 0,0; 0.0077,1)
𝐹↓1 =2𝑁 (amplitude= 0,0; 0.0092,1)
Kyung Hee Univ. BioMechanics Lab.

IH impactor
http://www.khu.ac.kr/~vbeslab

Results
NYU impactor: Weight drop simulation (Model validation)

Height:
12.5 mm

Maikos et al. (2008)

Height:
25.0 mm

With spinal column
Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Results
Comparison with experimental studies
Validation

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Results

Here, we found that 200 kdyn force in IH impactor created similar amount
of spinal cord displacement, stress and strain in the cord with 12.5mm in
NYU.
Kyung Hee Univ. BioMechanics Lab.
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http://www.khu.ac.kr/~vbeslab

Results

Kyung Hee Univ. BioMechanics Lab.
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http://www.khu.ac.kr/~vbeslab

Results (NYU impactor)
Stress & Strain distributions in the spinal cord

H: 6.25 mm

𝑺𝒕𝒓𝒆𝒔𝒔=𝟎.𝟐𝟔𝑴𝑷𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟒

H: 12.5 mm

𝑺𝒕𝒓𝒆𝒔𝒔=𝟎.𝟔𝟑𝑴𝑷𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟒𝟗
Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Results (NYU impactor)
Stress & Strain distributions in the spinal cord

H: 25 mm

𝑺𝒕𝒓𝒆𝒔𝒔=𝟐.𝟏𝑴𝒑𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟓𝟖

H: 50 mm

𝑺𝒕𝒓𝒆𝒔𝒔=𝟔.𝟐𝑴𝒑𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟔𝟐
Kyung Hee Univ. BioMechanics Lab.
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Results (IH impactor)
Stress & Strain distributions in the spinal cord

100 kdyn

𝑺𝒕𝒓𝒆𝒔𝒔=𝟎.𝟏𝟒𝑴𝒑𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟑𝟑

125 kdyn

𝑺𝒕𝒓𝒆𝒔𝒔=𝟎.𝟐𝟒𝑴𝑷𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟑𝟗
Kyung Hee Univ. BioMechanics Lab.
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Results (IH impactor)
Stress & Strain distributions in the spinal cord

175 kdyn

𝑺𝒕𝒓𝒆𝒔𝒔=𝑴𝑷𝒂

𝑺𝒕𝒓𝒂𝒊𝒏=𝟎.𝟑𝟑

200 kdyn

𝑺𝒕𝒓𝒆𝒔𝒔=

𝑺𝒕𝒓𝒂𝒊𝒏=
Kyung Hee Univ. BioMechanics Lab.
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Results
Maximum von Mises stress

Maximum Principal strain

Displacement (mm)

Kyung Hee Univ. BioMechanics Lab.
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Results
Regression analysis of each outputs for NYU and IH
Stress

NYU

IH

Kyung Hee Univ. BioMechanics Lab.

Displacement

Strain

NYU

NYU

IH

IH

http://www.khu.ac.kr/~vbeslab

Results
Finding relationship between NYU-IH using regression equation

𝑦=0.01325𝐻𝑒𝑖𝑔ℎ𝑡↑1.58
𝑦=0.00004427𝐹𝑜𝑟𝑐𝑒↑1.76
NYU

0.01325∙𝐻𝑒𝑖𝑔ℎ𝑡↑1.58 =0.00004427∙𝐹𝑜𝑟𝑐𝑒↑1.76

𝐹𝑜𝑟𝑐𝑒=(0.01325𝐻𝑒𝑖𝑔ℎ𝑡↑1.58 /0.00004427 )↑1/1.76 =25.519∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.897

IH

Kyung Hee Univ. BioMechanics Lab.
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Results
Relationship between NYU-IH for each outputs

Stress

𝐹𝑜𝑟𝑐𝑒=(0.01325𝐻𝑒𝑖𝑔ℎ𝑡↑1.58 /0.00004427 )↑1/1.76 =25.519∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.897

Strain

𝐹𝑜𝑟𝑐𝑒=(−0.9839𝐻𝑒𝑖𝑔ℎ𝑡↑−0.6448 /−19.03 )↑1/−0.857 =31.7068∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.752

Stress
Strain
Displacement

Displacement

𝐹𝑜𝑟𝑐𝑒=(−2.74𝐻𝑒𝑖𝑔ℎ𝑡↑−0.4731 /−17.76 )↑1/−0.5594 =27.401∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.845

Kyung Hee Univ. BioMechanics Lab.
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Results
Relationship between NYU-IH for each outputs
Stress

Strain

𝐹𝑜𝑟𝑐𝑒=25.519∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.897

𝐹𝑜𝑟𝑐𝑒=31.7068∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.752

Displacement

𝐹𝑜𝑟𝑐𝑒=27.401∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.845

Kyung Hee Univ. BioMechanics Lab.
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Results
Relationship between NYU-IH for each outputs

𝐹𝑜𝑟𝑐𝑒=25.519∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.897

Stress

𝐹𝑜𝑟𝑐𝑒=31.7068∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.752

Strain

Displacement

𝐹𝑜𝑟𝑐𝑒=27.401∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.845

Average

𝐹𝑜𝑟𝑐𝑒=28.208±2.589∙𝐻𝑒𝑖𝑔ℎ𝑡↑0.831±0.059

Kyung Hee Univ. BioMechanics Lab.
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Results
Final conversion equation between NYU and IH impactors

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Discussion

q The consistent correlation was represented as a simple equation,
such as the drop height in the NYU impactor and the impact force
in the IH impactor.
q Thus, the key parameter for a contusion device can be converted or
translated to that of another device to analyze experimental results
for pathophysiology and mechanism of SCI.

Kyung Hee Univ. BioMechanics Lab.

http://www.khu.ac.kr/~vbeslab

Kyung Hee Univ. BioMechanics Lab.
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THANK YOU!!

Kyung Hee Univ. BioMechanics Lab.
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vFundamentals of Biomedical Engineering
BIOMECHANICS

Bioengineering

BIOMATERIALS

Kyung Hee Univ. BioMechanics Lab.

2

http://www.khu.ac.kr/~vbeslab

vNecessity of Biomechanical research in Mongolia

Kyung Hee Univ. BioMechanics Lab.

3

http://www.khu.ac.kr/~vbeslab

vHuman resource preparation

Kyung Hee Univ. BioMechanics Lab.

4
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vBiomechanics
Sports Biomechanics

Clinical Biomechanics

•

Sport injury & rehabilitation

•

Injury mechanism & diagnosis

•

Performance & technique

•

Surgical procedures

•

Sport equipment & safety

•

Rehabilitation

•

Training and Coaching

•

Physical therapy

Ergonomics & Biomechanics

•

Work related illness

•

Occupational injury

•

Safe & comfortable workplace

Computational Biomechanics

Kyung Hee Univ. BioMechanics Lab.

5
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vClinical Biomechanics
Anterior Cruciate Ligament Reconstruction

Optimization of surgical parameters

Kyung Hee Univ. BioMechanics Lab.

Ø

Graft diameter (3-6 mm)

Ø

Fixing position (5mm)

Ø

Initial load

Ø

Knee flexion for graft fixation

6
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vClinical Biomechanics
Anterior Cruciate Ligament Reconstruction

Kyung Hee Univ. BioMechanics Lab.
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vClinical Biomechanics
High tibial osteotomy surgery

Contact forces

overload

Kyung Hee Univ. BioMechanics Lab.

8
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vClinical Biomechanics
High tibial osteotomy surgery

• Five patients who had medial knee OA (age,
57.6 ± 5.8 years; weight, 67.4 ± 14.7 kg; and
height, 157.2 ± 7.6 cm) participated.
• Pre and post-operative x-ray images, motion,
GRF were obtained.

Kyung Hee Univ. BioMechanics Lab.

9
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vClinical Biomechanics
High tibial osteotomy surgery

•

The compressive force on the medial compartment was significantly reduced after HTO, from 2.32 BW to 1.54 BW in the first
peak, and from 2.14 BW to 1.35 BW in the second peaks.

•

The compressive force on the lateral compartment increased after HTO as the first peak increased from 0.48 BW to 1.06 BW
and the second peak increased from 0.69 BW to 1.08 BW.

Kyung Hee Univ. BioMechanics Lab.
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vClinical Biomechanics
High tibial osteotomy surgery

Kyung Hee Univ. BioMechanics Lab.
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vClinical Biomechanics
High tibial osteotomy surgery

Kyung Hee Univ. BioMechanics Lab.
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vClinical Biomechanics
Total knee replacement

Kyung Hee Univ. BioMechanics Lab.
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vClinical Biomechanics
Total knee replacement

•

Two-step modeling approach could effectively predict medial contact force (RMSE < 0.45
BW) except over-estimation in swing phase. ( RMSE =0.28 – 0.66 BW in previous studies)

•

Lateral contact force (RMSE< 0.28BW) were more consistent with experimental result.
(RMSE= 0.13-0.6 BW in previous computational studies)

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Investigation of Tigerwood’s ACL injury

•

Ten male professional golfers (age, 23.2±1.6 years;
height, 175.7±3.8 cm; weight, 74.4±10.4 kg) participated.

•

Motion and Ground reaction force data during modern
golf-swing were obtained.

•

ACL force and strains were quantified to explain ACL
injury mechanism by fatigue

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Investigation of Tigerwood’s ACL injury

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Winter sport evaluation project

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Short-track speed skating

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Short-track speed skating

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Short-track speed skating

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Alpine-skiing

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Alpine-skiing

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Alpine-skiing

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Alpine-skiing

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Curling

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics
Curling
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Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics

Kyung Hee Univ. BioMechanics Lab.
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vSport Biomechanics

Kyung Hee Univ. BioMechanics Lab.
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vBiomaterials

Kyung Hee Univ. BioMechanics Lab.
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vBiomaterials

Kyung Hee Univ. BioMechanics Lab.
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vOn going projects in Mongolia

Software for Surgical pre-planning

Kyung Hee Univ. BioMechanics Lab.
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vOn going projects in Mongolia
Development Knee Continuous Passive Motion (CPM) Machine

Kyung Hee Univ. BioMechanics Lab.
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vOn going projects in Mongolia

Kyung Hee Univ. BioMechanics Lab.
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vOn going projects in Mongolia
Camel wool & cashmere

Keratin generation

3D printing technology

electrospinning

Artificial organ

Kyung Hee Univ. BioMechanics Lab.

Bone & skin scaffold

34

Biomaterials

http://www.khu.ac.kr/~vbeslab

THANK YOU!!

Kyung Hee Univ. BioMechanics Lab.
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