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—PFL Course Content
BLOCK 1: Introduction and engineering with cellular components
Lecture 1. Intro to biology and cells
Lecture 2. Proteins and protein based materials
Lecture 3. DNA and DNA-based materials
Exercise 1. Proteins, peptides and DNA

BLOCK 2: Inter- and intracellular action

Lecture 4. ECM, adhesion and artificial matrices
Lecture 5. Virus, antibodies and immune engineering
Lecture 6. Bacteria

Exercise 2. Nanoparticles and Scaffolds

BLOCK 3: Physics of biological processes

Lecture 7. Receptors and targeting

Lecture 8. Endocytosis

Lecture 9. Signaling and communication
Exercise 3. Engineering functionality
Lecture 10. Revision and conclusion

Open office. Questions, discussion, exam prep
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=PFL On Today’s Menu:

Part 1 Part 2 Part 3
Extracellular Matric (ECM) Adhesion Artifical ECMs
- Structure - Cell-ECM - Structure
- Function - Integrins - Function
- Properties - Challenges
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=PFL The extracellular matrix functions
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Differentiation and growth Morphogenesis

Extracellular
matrix
implications

Appl. Sci. 2020, 10(7), 2388;
https://doi.org/10.3390/ap
p10072388

Survival and migration Angiogenesis Structural modifications
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“PFL The Space Between Cells
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INTERSTITIAL MATRIX
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Adhesive
glycoproteins

l Proteoglycan

=PFL Basement Membrane

Network architecture of all epithelia
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“P=L Laminin: Critical Organizer

Laminin Gl sufisereconion High-molecular weight proteins, a major component of the basal lamina.

binding domain
a chain

Collagen IV  Clagen V Important and biologically active part of the basal lamina,
binding Entactin binding binding
doman doman Influencing cell differentiation, migration, and adhesion.

domain
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coiled coil
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Laminins are heterotrimeric 4 ¥
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Cell-surface

receptor

binding domain

Heparin or
heparan sulfate
binding domain

https://doi.org/10.1016/bs.ctm.2015.05.001

Copyright © 2005 Pearson Edudation, Inc. publishing as Benjarin Curnrmings

=PFL Extracellular Matrix (ECM)

¢ Is made and remodeled by cells that
reside within it
¢ Is a well-defined composite of proteins

and polysaccharides (sugars)

e Regulates cell function, including
adhesion, survival, migration
e Contains unique chemical and physical

features in each tissue

3 major components:
¢ Adhesive proteins: Connect cells to the ECM

¢ Integrins / Cadherins

e Structural proteins: give tissues tensile and compressive strength
¢ Collagen / Elastin / Keratin / Fibronectin

* Proteoglycans: Fill space in between, hydrate, cushion cells
¢ Consist of a protein core with sugar side chains s
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Structural Proteins

O Typel
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Laminin Cell-surface receptor Procollagen HoN ~COOH
binding domain OH 2l
chain
Collagen IV : ! 8 Collagen IV
binding 5”'30’“" binding 5'“‘1'”9 Propeptide Propeptide
domain lomain lomain
Fibronectin Triple helix formation
Heparin
binding
domain
Secretion from cell
Three-stranded Propeptides clipped
coiled coil
RGD Sequence
Completed collagen molecule
-00C Collagen
Heparin or Cell-surface $S
heparan sulfate receptor
binding domain binding domain S-S
Copyright © 2005 Pearson Edugation, Inc. publishing a5 Benjamin Cumnmings
9
. .
=PFL Fibronectin
Synergy Site e RGD Loop
RGD Sequence
S-S
s
Heparan Sulfate Heparan Sulfate
Fibri Fib: i . .. . . ~ .
R e T I Fibronectin is a high-molecular weight (~500 kDa) glycoprotein
of the extracellular matrix that binds to membrane-spanning

receptor proteins called integrins. Fibronectin also binds to
other extracellular matrix proteins such as collagen, fibrin, and
heparan sulfate proteoglycans (e.g. syndecans).

. variable
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“PEL Collagen
OH
collagen | is processed in the cell but not completely assembled : e ”1N%f£_//\(}ﬁ§@m°”

OH O
ﬁ_l
the three pro-a-chains are assembled into a procollagen triple helix, fopeotide Fiopeptide
which is secreted. Triple helix formation
Hon

Extracellularly, they must then be cleaved at both termini to form

coort
the active collagen protein, which is fibrillar.

~COOH

- H @ €00
Secretion from cell
Type Class Distribution Propeptides clipped
I Fibrillar Dermis, bone, tendon
I Fibrillar Cartilage, vitreous @ 9O o oH
1 Fibrillar Blood vessels collagen molecule
v Network Basement membranes OH OH OH
\% Fibrillar Dermis, bone, tendon
VI Filaments, 100 nm Dermis, bone, tendon Collagen
Vil Fibers with antiparallel dimers Dermis, bladder
VIII Hexagonal matrix Membrane
IX Fibril-associated collagens with interrupted triple helices Cartilage, vitreous
X Hexagonal matrix Cartilage
XI Fibrillar Cartilage
XII Fibril-associated collagens with interrupted triple helices Tendon
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=PFL Collagen types in our body
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Nature Reviews Materials, 5, 730-747(2020)
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Relaxed
state

Single elastin

/ molecule

Stretched
state

Elastin

Disordered spaghetti

Elastic properties due to cross-links
between single elastin molecules

Resulting network is 5x more
extensible than rubber!

Elastin is a key protein of the extracellular matrix.
It is highly elastic and present in connective tissue
allowing many tissues in the body to resume their
shape after stretching or contracting. Elastin helps
skin to return to its original position when it is
poked or pinched.
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Elastin-like Polypeptides
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S. Roberts et al. / FEBS Letters 589 (2015) 2477-2486
http://dx.doi.org/10.1016/j.febslet.2015.08.029

Elastin-like-polypeptides (ELPs): Disorder encoded
at the sequence level. ELPs are tandem repeat
proteins derived from tropoelastin. The consensus
repeat unit VPGXG promotes high conformational
flexibility at low temperatures and a disordered
molten globule aggregate at higher temperatures.

ELPs are water-soluble below their LCST, but
coacervate and phase-separate above itin a
reversible process that can take place in
temperature intervals as narrow as 1-2 °C.

X can be any amino acid except proline and is
usually referred to as the guest amino acid.

The behavior of ELPs has inspired many
researchers to develop dynamic ELP-based
stimuli-responsive materials.

Biology for MX - 6 14
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“PEL Proteoglycans
Chondroitin
sulfate
Consist of a sugar/protein core with sugar side chains :
Core protein X 2,
* Resist compressive forces Link tei
¢ Fill space in between, hydrate, cushion cells 7 2 Ink proteins
e Connect to other ECM components 2 K
e Bottlebrush structure - 2 eratan
g sulfate
Versican VO ®
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Biology for MX - 6 https://doi.org/10.1016/j.matbio.2015.02.003 15
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=PFL Part 2: Adhesion
Between cells
Real 30 RealA. Gafeah 2,0 AR 2,00 N F\x r‘i_jl‘ tafafif
‘ ’ | ~.  Between cells
and the BM
Between cells
and the ECM
Biology for MX - 6 16
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“P=L Integrin

Integrins are the principal receptors used by animal cells to bind to the extracellular matrix.
They are heterodimers and function as transmembrane linkers between the extracellular matrix
and the actin cytoskeleton. A cell can regulate the adhesive activity of its integrins from within.

@ Outside-in signaling Inside-out signaling 24 Unique integrins by
T combinations of the a and B

en rec
CO“ag epto,-s
Ligand @ R
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Inactive @
1 integrin (bent) /’

Cell polarity, survival, and

proliferation, cytoskeletal
structure, gene expression  https://app.biorender.com/biorender-

templates/figures/5c8c7bb0d4f2ef3300632943

RGD recepto’®
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“P=L Integrin

,é"Lr,,44-' 23
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Thrombospondin
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Actin structures are linked to focal adhesions that provide
the pathway of force transmission from inside the cell to the
elastic matrix and associated with the focal-adhesion
complexes are a number of well-known signaling molecules
that are well-placed to act as mechano-transducers

Binding to Integrins

At the molecular scale, cells to pull against the
matrix and, secondly, a cellular mechano-
transducer(s) generates signals based on the force
that the cell must generate to deform the matrix.

Actin stress fibre

Actin regulatory layer

Force transduction layer

Integrin signalling layer
Plasma membrane

Integrin extracellular domain

ECM

< 0 ; L C ¥ -®
FAK Paxillin Talin  Vinculin  Zyxin VASP  o-Actinin Actin
19
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=PFL Mechanical properties
Fluid, blood Endothelial Smooth Skeletal Plastic/
or mucus Lung Breast tissue Stromal tissue muscle muscle glass
Mol \
Q _ \
3 Q v - @ \ \
Neural Cartilage
L —
50 200 400 800 1200 2000 3000 5000 12,000 20,000 2-4 GPa
Elastic modulus (Pa)
>

Increasing stiffness

Biology for MX - 6

Disease Models & Mechanisms 2011 4: 165-178; doi: 10.1242/dmm.004077
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=PFL Effect of stiffness

Naive mesenchymal stem cells (MSCs) are shown to specify lineage and
commit to phenotypes with extreme sensitivity to tissue-level elasticity.

Soft matrices that mimic brain are neurogenic,
stiffer matrices that mimic muscle are myogenic,
rigid matrices that mimic collagenous bone prove osteogenic.

0.1 -1 kPa

4 hrs

A

Blood  Brain Muscle Collagenous Bone
EEEEnN "
fid:  1kpa 10 kPa 100kPa  x

8 10% serum Collagen-I

MSC

96 hrs

 8-17 kPa

25 — 40 kPa

Engler et al. Cell 2006

=PFL Synthetic Adhesion: RGD

The most widely studied adhesive peptide in the biomaterials field is Synergy Site
the tri-amino acid sequence, arginine-glycine-aspartate, or “RGD”.

Principal integrin-binding domain present within ECM proteins

Synthesis is simple and inexpensive
Easy sterilization

Minimizes the risk of immune reactivity
Controlled densities and orientations.

Integrin dimer

Cell membrane W 338
KA DO

arginine-glycine-aspartate

22
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“P=L RGD Spacing

Thanks to progress in materials surface patterning, engineers have found that a spacing between
58-73nm is required to enable integrin-signaling. Binding and clustering of integrins in FAs and cell

spreading are strongly influences by nm changes.

Local ligand distribution is a key surface parameter for the assembly and stability of FA complexes.

L ame B e d Wiy, Ay,

- » < 58 nm - =2 73 nm
https://doi.org/10.1529/biophys;j.106.089730 ChemPhysChem 2004]75,B83HB388
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=PFL RGD order vs disorder

the disordered @ e, ®
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local inter-ligand 3
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Nano Lett. 2009; 9(3): 1111-1116.
doi: 10.1021/n1803548b
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“PEL RGD patterns (PBL)
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“PFL RGD patterns (PBL)

A Cy5 fluorophore

ssDNA

ssDNA+DBCO
ssDNA+RGD

Y scaffold
+ antihandle
+ 2 x RAD

RGD peptides
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D oxDNA simulations of Y-scaffold ridigity p(d) end-to-end distance of Y-scaffolds

I Bivalent-7

[ Bivalent-24
[ Bivalent-36

)

Bivalent-7 Bivalent-24 ; Bivalent-36

— s RMSF (nm) 1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37
0 3.5 7

end-to-end distance (nm)

Molecules 2022, 27(15), Biology for MX - 6 26
4968; https://doi.org/10.3390/molecules27154968 % """
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“PEL RGD patterns (PBL)
A In resting conditions B In activated state
HUVEC Hela HUVEC Hela
o - - - - - -
0
36nm-RGD

Molecules 2022, 27(15),
4968; https://doi.orq/10.3390/molecules27154968
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EXTRACELLULAR MATRIX (ECM)
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SYNTHETIC EX\\'RACELLULAR MATRIX (ECM)
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Engineering of cellular organization: Organoids

An organoid is a miniaturized and simplified version of an organ produced
in vitro in three dimensions that shows realistic micro-anatomy.

Production of Organoids

TGFi, BMPi, Wnt, EGF

Tissue cells Lgr5+
adult stem cells

Biology for MX - 1 30

30
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Vol 45914 May 2009|doi:10.1038/nature07935

Intestinal Organoids

Biology for MX - 5

Crypt domain

31
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=PFL Matrigel

Matrigel is the trade name for a gelatinous protein mixture
secreted by Engelbreth-Holm-Swarm mouse sarcoma cells
produced by Corning Life Sciences. Matrigel resembles the
complex extracellular environment found in many tissues and is
used by cell biologists as a substrate for culturing cells

Matrigel is limited in its applicability to cellular biology,
therapeutic-cell manufacturing and drug discovery, owing to its
complex, ill-defined and variable composition.

Variations in the mechanical and biochemical properties
within a single batch of Matrigel —between batches — have
led to uncertainty in experiments and a lack of reproducibility.

Moreover, Matrigel is not conducive to physical or biochemical
manipulation, making it difficult to fine-tune the matrix to
promote intended cell behaviours and achieve specific
biological outcomes.

Matrigel® Matrix
Basement Membrare”

Composition:
laminin (~60%),
collagen IV (~30%),
entactin (~8%)
perlecan (~2-3%)

Aisenbrey, E.A., Murphy, W.L. Synthetic alternatives
to Matrigel. Nat Rev Mater 5, 539-551 (2020).

32
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https://doi.org/10.1038/
s41578-020-0199-8

Complexity of culture

Replacing Matrigel

Matrigel

Poorly defined 2D

stem-cell culture * Chemically defined

* Xenogenic-free

* Tunable and controllable
* Reproducible

* Broadly applicable

Tumour-mimetic \/
3D cell culture

“
oy
4 2
¥
g &
& &
TR

<

SES

Variable organoid
assembly

Biology for MX - 6

Synthetic scaffolds

Tissue-mimetic, tunable
3D cell culture

Controlled organoid
assembly

33
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a Biological ECM

Nature Reviews Materials 1, Article : 15012 (2016)

Artificial Matrices

b Exchangeable ligands

Synthetic hydrogel

The microenvironment can influence and dictate cellular behaviour despite the cell's genetic programming;
This is a continual process with no defined end point.

Efforts in tissue engineering have focused on creating stem cell niches for medical therapies.
Made using structural, relatively static biomaterials with predefined properties.

Many applications — for example, cell differentiation — require more advanced materials, enabling chemical and
mechanical adaptation over time.

Reversible mechanics

e Biomolecule

~~[] Bioactive ligang&‘

=9 Integrin

34
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ECM-mimicking biomaterials can be
rendered cell-instructive by incorporating
protein-based or peptide-based motifs
that recapitulate key features of the
native ECM.

Cells encapsulated within hydrogels
remodel their surroundings through a
combination of matrix secretion and
biomaterial degradation.

Over time, the cell-secreted matrix can
override cues provided by the hydrogel.

This behaviour parallels the phenomenon
of dynamic reciprocity observed in
tissues, by which cells modulate their
surroundings biochemically and
mechanically, regulating intracellular
signalling, gene expression and,
ultimately, cell behaviour.

Blache, U., Stevens, M.M. & Gentleman, E. Harnessing the
secreted extracellular matrix to engineer tissues.
Nat Biomed Eng 4, 357-363 (2020).

Extracellular matrix

ECM-mimicking biomaterial

Design factors

Polymer type
Crosslinking density
Stiffness
Degradability
Adhesive motifs
Growth factors

Factors affecting @ \ . . . .
biomaterial degradation / CeIIEdg&ved Dynamic reciprocity
Degradation activity by cells D L ] Cell
UV light ° R
pH
Temperature Cell-derived ECM
Hydrolysis -
The material’s intrinsic Material
degradability laterial
Material remodelling
“Txxp ECM component (X Proteases O Adhesive motifs Il Integrins =0 Growth factors Exosomes
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survival and proliferation.

dependent mechanism.

Nature 539, 560-564(2016)

High matrix stiffness significantly enhanced ISC
expansion through a yes-associated protein 1 (YAP)-

ISC differentiation and organoid formation required a
soft matrix and laminin-based adhesion.

Fibronectin-based adhesion (RGD) was sufficient for ISC

Mechanically
static gel

Mechanically
dynamic gel

Biology for MX - 6

Artificial Intestinal Organoid Matrix

Modular synthetic hydrogel networks to define the key extracellular matrix (ECM) parameters that
govern intestinal stem cell (ISC) expansion and organoid formation

Separate stages of the process require different mechanical environments and ECM components.
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ISC expansion

Artificial Intestinal Organoid Matrix

Organoids formation

1. Stiff matrix
2.RGD

@ —

DAPI

Nature 539, 560-564(2016)

Non-degradable
stiff matrix

P

\

Degradable
stiff matrix

Organoids formed in artificial matrices

Biology for MX - 6

1. Soft matrix
2. Laminin-111
_—

Lgr5* ISC
Paneth cell
Goblet cell

Enteroendocrine cell
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b synthetic hydrogel with f

Nat Rev Bioeng 1, 518-536 (2023)

Adhesion and migration

AN

Immunomodulation

Immunomodulatory molecule

Leffect

Differentiation

Matrix turnover

Peptides in Hydrogels for ECM Function

Adhesion —

Growth

Immuno- —
. modulatory

Peptide sequences

RGD(S)

IKVAV

YIGSR

PDSGR

RNIAEIIKDI
RYVVLPR

POG

DGEA

GFOGER

VFDNFVLK
FPGERGVEGPGP
HAV(DI)

DWIVA
KIPKASSVPTELSAITLYL
SSVPT

LIANAK
KPSSAPTQLN

GHK

SVVYGLR

KLPGWSG

QHREDG
YRSRKYSSWYVALKR
GIGAVLKVLTTGLPALISWIKRKRQQ
WGIRRILKYGKRS
ISQAVHAAHAEINEAGR
SIINFEKL
SSLENFRAY
K,~(SL)yK,
NAVSIQKKK
RSAIEDLLFDKV.
SLYNTVATL

(NANP),

38
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“PEL Direct signaling to the cells

h fact i 1

a Adhesion peptides b c

Cell adhesion receptor Growth factor-binding cell receptors

/ TGFB mimetic

TGFBRI TGFBRII

Integrin-binding protein Cytoskeleton

N

Adhesion peptide Growth factor-mimicking peptide

C Antimicrobial peptides d Immunomodaulatory peptides

o - Dendritic / Peptide-
Membrane disruption cell N\ ) !l
~ ’\ ~,,M e
ﬂ%‘ s

~Bcell

@)

S MHC-I/ MHC-I

Antigen
~ complex

peptide

\ CD4*Teell/
\ | CD8"Tcell
Antimicrobial peptide Teell Antibody
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Bactericidal effect

Nat Rev Bioeng 1, 518-536 (2023)

39

=PFL Conclusion

The cellular surrounding is full of engineering masterpieces.

All molecules are organized in a spatio-temporal network that provides both
mechanical support as well as biological signaling information.

Recreating such an architecture in the lab is proving to be very difficult.

It will take the efforts of many future materials engineers to solve the ECM puzzle.

Biology for MX - 6 40
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