Cell-Scaffold Interactions:

Scaffold Degradation
Cell Attachment

Cell Morphology
Cell Contractility
Cell Migration
Cell Differentiation




Cell saafiold interach gns

- Cca folds  also being used b chorackeize cell- sceffid mieanctioms
e.q. how cell belhaviow (ﬁHac.hmeud! MESJQH o, contacHan, i fleremhak on)
(s aflecke by swbshvate
Sca _FFalé Aeﬁfacéo\ﬁm

. nahve ECM - €N Ty mes Prociucfcl bvl cells (esard EUM ovesr hme
ce\ls alo Syn flusize nev ECHM H roPIau e
e-ﬁ. bav\c—fmké. d{' re SGIPHMJ\- S\{m’ff-esv?'a &PM — ]ﬁégﬂ‘s

Cells alse rginde Hissue engineeins dca fhlas
lenqf of Hme scafld  femaing msoluble aalled * fesidence Hie'
reqaire, Sean ffo 12 deﬁfachﬁm b sccnr M G Manner flaf dreg not
infer fere. UHA new ECH synttusts
- scafpld residence fime must B Gppuc. €4 wal ot Hine requird

12)) ngn Hesi 2¢ new ECM



®

© degiadation rate o scafpla depends on ik chewiaal Gmoosition »
C(oasliﬂf&ms and on relafive dzmarh7 of scaffold
Sya fehic pPolymes - Con vy melecules veight of poly mes x G e of
(o - polyures ey PLea ln}ﬁhe/ GA:LA rot Poly mess deglode Fuickes
lagen ba2 scaffslds - con Geadvol degee of qss- finking
phytical methods: - dehydiothema! (d#n) featment (10s°c vocanm 24 he)
- [enQoves Lieder, forms i chain Dands Yo gin Gndensa-

o

- uv heatmont
chemical Mmethods - Alutoraldehyde § carbodiimile freahuonts



(el adhesian
- cells aftach v €CH at EOCO‘ a d hesion
- at foa! adhesion

- ce\l lhas inkﬁﬂns - Wans membdonn P;ckls ns ot Dind T 1'=J@mésm M
On\&( emé 6"' ?’nkﬁﬂ“ COYII'LE(.-{K'{bSDLb - meq brcne rP[a\cl(M:, M _]W\
Connec  cell's c\.{\‘% skeleton (e%' b achn {i\amw’r:h

- cell behaviows sudh as aHachment, mff)faﬁm, Prali{-efahh«, Contvech an

affected by inkackions dhueea focal adnaions + integans

- biolujlca! ac.’n‘\lfl-vl of safh s c\_a,F&Aés on demsithy of ligands availed e
Fc,f ]Mkjﬁuws b dind +

. \(5ané éwxaﬂ—uq dz;f»&wa,s o Gwmpesihon of saafeld + swhaaca Nolume

. biclosica'« Fclbrmus Hat Gre conshiueats of rahive —L‘}? S
ECM (eg. collegen) have Gange of rativc binding Sikes

- Synatletiz polymes  dan't have Dinding scdes + need v be
ﬁmcﬁmﬁm wile al hesive rraku\«s ScA As Flofaf\eo{'i\.f\*-lqm‘fmTH



Qv

SPGO{ {‘-"(. Sb\rf‘v\& ovecs (SPL/VOO o(— Sce H—d'jé de,'\)&n,ég B ")irt J?Kraj 3
lel\ative damsiy:

—fof a ledve kail decohedal it cell ——*r
§ﬁ- p { %y ' [Spﬁ'/\f = Z'I'f(,ﬂﬂ -I:' P 3 "li
v cl—((is) | g * 1‘*f£*(fé é«]

de P&AC‘LAAU’- of cell attochment an Speo{fﬁ_ swia arte. Gy neasuee

bv[ Seec‘,{ms cells (H(_'Si‘z gl pawrse oskajemf-\ onh C,G“GS&\ GAG
scaflolde of Castant relative donstg (P Ponos\waL{‘\r\j pere Si2e

/

d=4c 1o, i2v (5] Ve
numbey of cells affacked wmeasured at 24, 48 hours

)[far,h‘cm of cells alrched M Creand “ﬂec.f(.vr TR} (2N S?cc,'.{ﬁ_ Swhao Grtes
Cell MOfle'taq\{

cell  orienknhon {ulte.us Sca ffotd pore  cientetion
ce M‘”Pk“[“ﬁ"l can é/vPew-‘ o~~~  Subshate Jh‘(f.&s&

Cell combpmction ?
e Sl des.
Cell mismfian




Cell Adhesion

Gibson, L. J., M. Ashby, et al. Cellular Materials in Nature and Medicine. Cambridge University
Press. © 2010. Figure courtesy of Lorna Gibson and Cambridge University Press.

Figure removed due to copyright restrictions. See Figure 9.1: Gibson, L. J., M. Ashby,
et al. Cellular Materials in Nature and Medicine. Cambridge University Press, 2010.

Gibson, Ashby and Harley, 2010
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Cell Attachment

SA_365(p | 0718

% [ {p, d

Open-cell tetrakaidecahedron
Circular cross-section edges

| = edge length

d = pore size
Collagen-GAG scaffold:
p*/ps = 0.005, d = 96, 110, 121,
150pum




Cell Attachment
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O'Brien, B. A. Harley, I. V. Yannas, et al. Biomaterials 26 (2005): 433-41.
Courtesy of Elsevier. Used with permission.

Mouse MC3T3 osteogenic cells
O’ Brien on collagen-GAG scaffold



http://www.sciencedirect.com/science/article/pii/S0142961204002017

Cell Morphology

PLGA scaffolds

Seeded with
rotator cuff
fibroblasts

Moffat, K. L., et al. Clinics in Sports Medicine 28 (2009): 157-76.
Courtesy of Elsevier. Used with permission.

Moffat et al, 2009b
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Cell Morphology
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Dikovsky, D. H., et al. Biophysical Journal 94 (2008): 2914-25.
Courtesy of Elsevier. Used with permission.

Smooth muscle cells encapsulated
in a PEG-fibrinogen hydrogels of varying modulus

Dikovsky et al., 2008
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Cell Contractility:
Wound Contraction
and Scar Formation

Wound contraction associated
with scar formation

Use of collagen-GAG matrix
P inhibits wound contraction and
o scar formation; results in

R 4 R R s e SR S e " P Ll
Image source unknown. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see . SynthGSiS Of normal deI'mIS
Photo courtesy of IV Yannas

This observation has led to interest in contractile response of cells on
the scaffold



http://ocw.mit.edu/help/faq-fair-use/

Contractility of Cells

* Biological cells can contract a scatfold

* Free-floating tests
— Measure diameter change

e Developed cell force monitor (CFM) to
measure forces
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Fig. 1: Pek, Y S Sp jials 25 (2004): 473-82.
Courtesy of Else . Us d h p rmis

Scaffold developed by IV Yannas (MIT)
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Source: Freyman, T. M., et al. "Fibroblast Contractile Force is Independent of the Stiffness Which Resists the Contraction."
Experimental Cell Research 272 (2002): 153-62. Courtesy of Academic Press/Elsevier. Used with permission.
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CFEM: Eftect of Cell Number
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Freyman Freyman, T. M., L. V. Yannas, et al. "
Biomaterials 22 (2001): 2883-91. Courtesy of Elsevier. Used with permission.
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Etftect of Cell Number
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Freyman, T. M., 1. V. Yannas, et al. "

Biomaterials 22 (2001): 2883-91. Courtesy of Elsevier. Used with permission.

Freyman
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Effect of System Stiffness

Stiffness =10 N/m
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Freyman, T. M., et al. "
Experimental Cell Research 272 (2002): 153-62. Courtesy of Elsevier. Used with permission.

Freyman
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Effect of System Stiffness

Stiffness = 1.4 N/m

Z
E
—
3,
O
—
v
O,
o)
O
—
o
o

Time [Hours]

Freyman, T. M., et al. "
Experimental Cell Research 272 (2002): 153-62. Courtesy of Elsevier. Used with permission.

Freyman
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Methods: Cell Elongation

Average aspect ratio of cells
— Time points 0, 4, 8, 15,22, and 48 h  (n=3)

— Hematoxylin & eosin (H&E) stained
glycomethacrylate (GMA) sections (5mm)

— Digital image analysiS  (~200 cells per sample)




Fibroblast Morphology

Oh 8.]1 ®

Source: Freyman, T. M., et al. "Micromechanics of Fibroblast Contraction of a

Collagen-GAG Matrix." Experimental Cell Research 269 (2001): 140-53.
Freyman Courtesy of Academic Press/Elsevier. Used with permission.
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Fibroblast Morphology
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Image after Freyman, T. M., et al. "Micromechanics of Fibroblast Contraction of

Freyman a Collagen-GAG Matrix." Experimental Cell Research 269 (2001): 140-53.




Time Constants

e Time constant for contraction ~ 5.7
hours

e Time constant for elongation ~ 5 hours
e Suggests a link between the average

elongation of the cell population and
the macroscopic contraction of the
population




Methods: Live Cell Imaging
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Image after Freyman, T. M., et al. "Micromechanics of Fibroblast Contraction
of a Collagen-GAG Matrix." Experimental Cell Research 269 (2001): 140-53.
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Figure removed due to copyright restrictions. See Figure 7: Freyman, T. M., et al. "
." Experimental Cell Research 269 (2001): 140-53.

Freyman
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Source: Freyman, T. M., et al. "Micromechanics of Fibroblast Contraction of a
Collagen-GAG Matrix." Experimental Cell Research 269 (2001): 140-53.
Courtesy of Academic Press/Elsevier. Used with permission.
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Schematic
of cell
elongation
and

matrix
contraction

Freyman

Source: Freyman, T. M., et al. "
." Experimental Cell Research 269 (2001): 140-53.

Courtesy of Academic Press/Elsevier. Used with permission.
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Discussion

* Cell elongation linked to contraction

— time constants for cell elongation and
contractile force development similar

(T~ 5h)

— as cell elongates, observe gap between
central portion of cell and matrix

— adhesion points at periphery of cell

— tensile forces in actin filaments induce
compression in the matrix => buckling




Single Cell Contractile Force

e Contraction: cell buckling
* Measure E_ from AFM bending test

e Allows calculation of contractile force of
single fibroblast




Single Cell Contractile Force

AFM probe

+——— —* cantilever

Super glue:
Scaffolc
Glags Shide strut

E, =762 MPa E,=5.28 MPa
(dry) (wet)

Source: Harley, B. A., et al. Acta Biomaterialia 3 (2007): 463-74.
Courtesy of Elsevier. Used with permission.

Harley, Silva
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Single Cell Contractile Force

2.2 4
e Euler buckling: ] = E
[ 64

n? = 0.34 (hydrostatic loading of

tetrakaidecahedral cells (Triantafillou)

d = 3.9 +/- 0.8 um; | from live cell imaging

F. =11 to 41 nN (average 26 nN)

Harley, Wong




Cell Migration

Figure removed due to copyright restrictions. Figure . o

3: Cornwell, K. G., et al. Journal of Biomedical Mlgratlon Speed on one-
Material Research A 80 (2007): 362-71. . . 5
http://onlinelibrary.wiley.com/doi/10.1002/jbm. dlmensmnal ﬁber

a.30893/abstract
constructs

NIH 3T3 cells on 2D flat
substrate:

Cells on soft substrate
cross to stiff substrate

Cells on stiff substrate
will not cross onto soft
substrate; instead spread

Source: Lo, et al., Biophysical Journal 79 (2000): 144-52. Out at boundary

Courtesy of Elsevier. Used with permission.

Top: Cornwell et al., 2007; Bottom: Lo et al, 2000



http://onlinelibrary.wiley.com/doi/10.1002/jbm.a.30893/abstract
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http://www.sciencedirect.com/science/article/pii/S0006349500762795

Cell Migration:
Fibroblasts in CG Scaffold

/

Confocal
Microscopy

NR6 Fibroblasts
CMEFDA Live
Cell Tracker

CG Scaffold
Alexa Fluor 633
Stain

Harley




Fibroblast Migration:
Spot Trackmg

Courtesy of Brendan Harley. Used with permission




Migration Speed
vs Strut Stiffness
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Source: Harley, B. A. C., et al. Biophysical Journal 95 (2008): 4013-24.
Courtesy of Elsevier. Used with permission.
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Migration Speed vs Pore Size

=
~
£
=
@
Qo
v
K
(&

0 100 120 140 160
Scaffold Pore Size [pm]

Source: Harley, B. A. C., et al. Biophysical Journal 95 (2008): 4013-24.
Courtesy of Elsevier. Used with permission.
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Migration Speed vs Pore Size

Source: Harley, B. A. C., et al. Biophysical Journal 95 (2008): 4013-24.
Courtesy of Elsevier. Used with permission.
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Migration Speed vs Pore Size

Cells on scaffolds with
smaller pore sizes have
a higher speed both
along a strut and at a
strut junction than cells
in scaffolds with larger
pores
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Source: Harley, B. A. C., et al. Biophysical Journal 95 (2008): 4013-24. Sites increases

Courtesy of Elsevier. Used with permission.
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Cell Differentiation

Engler et al., 2006

Neuron-like Myoblast-like Osteoblast-like

Source: Engler, A. 1., et al. Cell 126 (2006): 677-89.
Courtesy of Elsevier. Used with permission.
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Cell Differentiation

Engler et al, 2006

Source: Engler, A. 1., et al. Cell 126 (2006): 677-89.
Courtesy of Elsevier. Used with permission.
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Summary

e Cell attachment increases linearly with
specific surface area (binding sites)

e Cell morphology depends on
orientation of pores in scatfold and on
the stiffness of the scaffold




Summary

e Cell contractile behaviour:
— Cells bind at periphery of cells

— As they spread and elongate, unsupported length
increases

— Compressive force in strut reaches buckling load

— For a population of cells in the cell force monitor,
force per cell ~ InN

— Contractile force calculated from buckling of a
strut by a single cell ~ 11-41 nN




Summary

e Cell migration speed increases with stiffness
of 1D fibers

e Cells will not migrate from a stitf 2D
substrate to a soft one

* In collagen-GAG scaffolds:

— Cell migration speed increases at low scaffold
stiffness and then decreases at higher scaffold
stiffnesses

— Cell migration speed increases at smaller pore
sizes




Summary

e Cell differentiation

— Mesenchymal stem cells differentiate to different
morphologies, resembling different cell lineages
(neuron, myoblast, osteoblast), depending on
substrate stiffness

— Differentiated cells on substrates of different
stiffness have cell markers associated with the
different cell lineages (neurons, myoblasts,
osteoblasts)
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