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Abstract

The design of materials that support cell and tissue growth is complex, due to the multitude
of chemical and physical properties which govern basic biological processes such as adhesion,
growth and migration. While synthetic polymers have been demonstrated to be an effective, stable
and low-cost platform of materials to cultivate cells, they are often poor mimics of a true tissue
environment. Bio-inspired and bio-sourced materials present a well-tolerated and tailorable
platform for culturing cells, at the expense of stability and higher cost. Within Chapter 2, we
explore this duality and study both naturally-derived and synthetic polyelectrolyte surface coatings
for the culturing neurons. We assembled polyelectrolyte multilayer (PEM) surfaces with the aim
of creating enhanced alternative surfaces to polylysine — the coating of choice. Oligodendroglial
and cortical neural cells were cultured onto the PEM substrates and three newly developed silk-

based surfaces were found to significantly outperform PDL after substrate optimization.

Chapter 3 further explores silk as a potential platform for supporting human abdominal
aortic endothelial cells (HAAECs). HAAECs are sensitive to the hydrophilicity of the substrate
they are cultivated on. Thus, to address this, a family of chemically modified silks were created by
transforming their pendant tyrosines into azobenzenes through diazonium coupling chemistry. A
family of 16 azosilks were synthesized and assessed for their viability using a standard live/dead
assay. A linear trend of HAAEC viability with respect to contact angle was observed and
demonstrated that more hydrophobic surfaces exhibited higher cellular survival. A sodium
sulfanilate azosilk derivative achieved the highest viability (~90%) and was chosen to be further
processed into electrospun mats. The mats had a fiber diameter of 140 & 15 nm and exhibited both
a suitable indentation modulus (16 kPa) and a compliance (230 + 43 MPa) similar to native
vascular tissue. The modulus of our azosilk materials were able to be further refined through photo-

softening, decreasing an additional 10x to 0.6 kPa.

In Chapter 4 we explore the photomechanical properties exhibited by azosilk films, as the
incorporation of azobenzene into a biomaterial creates an externally addressable, yet biologically
supportive, material. A sodium sulfanilate derivative of azosilk was studied using two-photon
microscopy (800 nm). Upon exposure to high intensity light (100 pJum2), fluorescent blisters rose

from the surface which were confined to the area that the laser irradiated. These blisters were found



to be filled with water, and exhibited a dramatic photo-softening effect, with modulus softening
from 12 kPa to 0.6 kPa. The extent of this effect was controllable and depended on the depth at

which the material was written in.

Chapter 5 expands the knowledge gained in Chapter 4 towards creating surfaces for optical
control of cell migration. Raised features and modulus gradients have been known to be key
physical guidance cues for cells. A reliable, timely, and cheap solution for the creation of surfaces
with such features has not been fully explored. Thus, as a proof of principle, an azosilk surface
was inscribed with patterns, and Chinese hamster ovary cells were cultured onto the patterned
surface. Cell speed, spread area and number of focal adhesions were quantified and compared to
the non-patterned area. Cells which were positioned specifically between patterns of lines and dots
were found to migrate significantly faster than cells on non-patterned surfaces. Further refinement
of these surfaces is currently under investigation; however, the preliminary results show great
promise, and azosilk itself may represent a new platform of highly customizable and photo-

responsive cell guidance surfaces for studying the cell migration.
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Résumé

La conception des matériaux qui supportent la croissance des cellules et des tissus est
complexe en raison de la multitude de propriétés chimiques et physiques qui régissent les
processus biologiques de base tels que l'adhésion, la croissance et la migration. Bien que les
polymeres synthétiques se soient révélés étre une plate-forme de matériaux efficace, stable et peu
cotteuse pour cultiver les cellules, ils sont souvent de mauvais imitateurs d'un véritable
environnement tissulaire. Les matériaux bio-inspirés et biosourcés constituent une plate-forme
bien tolérée et adaptée pour la culture de cellules, au détriment de la stabilité et d'un colt plus
¢levé. Dans le chapitre 2, nous explorons cette dualité, et étudions a la fois les revétements de
surface polyélectrolytes naturels et synthétiques pour les neurones en culture. Nous avons
assemblé des surfaces compose des multicouches polyélectrolytiques (MPE) dans le but de créer
des surfaces alternatives améliorées a la polylysine — le revétement de choix. Des cellules neurales
corticales et oligodendrogliales ont été¢ cultivées sur des substrats de MPE et trois nouvelles
surfaces a base de soie se sont révélées nettement plus performantes que le PDL aprés optimisation

du substrat.

Le chapitre 3 explore plus avant la soie en tant que plate-forme potentielle pour soutenir
les cellules endothéliales de 'aorte abdominale humaine (CEAAH). Les CEAAH sont sensibles a
I'hydrophilie du substrat sur lequel ils sont cultivés. Ainsi, pour remédier a cela, une famille de
soies modifiées chimiquement a ¢été créée en transformant leurs tyrosines pendantes en
azobenzenes par chimie de couplage au diazonium. Une famille de 16 azosilks a été synthétisée et
sa viabilité a été évaluée en utilisant un test vivant / mort standard. Une tendance linéaire de la
viabilit¢é de CEAAH par rapport a l'angle de contact a été observée et a démontré que des surfaces
plus hydrophobes présentaient une survie cellulaire supérieure. Un dérivé de sulfanilate de sodium
azosilk a atteint la viabilité la plus élevée (~ 90%) et a été choisi pour étre ensuite transformé en
tapis ¢lectrospécifiques. Les mats avaient un diamétre de fibre de 140 & 15 nm et présentaient a la
fois un module d'indentation approprié (16 kPa) et une compliance (230 + 43 MPa) similaire au
tissu vasculaire natif. Le module de nos matériaux en azosilk a pu étre affiné grace au photo-

ramollissement, en diminuant de 10 a 0,6 kPa supplémentaires.

Au chapitre 4, nous explorons les propriétés photomécaniques présentées par les films en

azosilk, car l'incorporation de l'azobenzéne dans un biomatériau crée un matériau externe, mais
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biologiquement favorable. Un dérivé de sulfanilate de sodium d'azosilk a été étudi€ en utilisant la
microscopie a deux photons (800 nm). Lors de I'exposition a une lumiére de forte intensité (100
wJum-2), des cloques fluorescentes sont apparues de la surface, confinées a la zone d'irradiation
du laser. On a constaté que ces vésicules étaient remplies d'eau et présentaient un effet
spectaculaire de photo-ramollissement, avec un module de ramollissement de 12 kPa a 0,6 kPa.
L'étendue de cet effet était controlable et dépendait de la profondeur a laquelle le matériel était

écrit

Le chapitre 5 ¢élargit les connaissances acquises au chapitre 4 en vue de créer des surfaces
pour le controle optique de la migration cellulaire. Les caractéristiques augmentées et les gradients
de module ont été connus pour étre des indices clés de guidage physique pour les cellules. Une
solution fiable, opportune et peu cotliteuse pour la création de surfaces avec de telles fonctionnalités
n’a pas été complétement explorée. Ainsi, comme preuve de principe, une surface azosilk a été
inscrite avec des motifs, et des cellules ovariennes de hamster chinois ont été cultivées sur la
surface a motif. La vitesse de la cellule, la surface de propagation et le nombre d’adhérences
focales ont été quantifiés et comparés a la zone sans motif. Les cellules qui étaient positionnées
spécifiquement entre les motifs de lignes et les points se sont avérées migrer beaucoup plus
rapidement que les cellules sur des surfaces sans motif. D'autres améliorations de ces surfaces sont
actuellement a 1'étude. Cependant, les résultats préliminaires montrent une grande promesse et
azosilk lui-méme peut représenter une nouvelle plate-forme de surfaces de guidage cellulaire

hautement personnalisables et photo-sensibles pour étudier la migration cellulaire.

vV



Acknowledgements

I would like to thank whole-heartedly Prof. Christopher Barrett who allowed me to journey
through his laboratory and explore whatever I wanted. I fondly remember the conversations over
coffee, beer, and nachos that helped shape the work done within this thesis and beyond. I will
never forget my time in the Barrett Lab. I have never met a man with more enthusiasm and
positivity and he often helped to serve as a guiding light through the dark periods. His passion for

mentorship will be one thing I will bring forward beyond this degree.

I would love to thank my colleagues and co-workers over the years: Oleksandr (my lab
husband), Jan, Frédéric, Matt, Victoria, Violeta (my lab mom), Madhi, Mary, Cristina, Louis,
Tristan, Igor, Brenda, Thomas (Q) Singleton, Alexis, Yingshan, Mila, and Zahid. Each of you

contributed to a friendly atmosphere conducive to intellectualism and fun.

I would like to thank Prof. Audrey Moores for her mentorship. She was instrumental for
introducing me to nanoparticles. I still fondly remember when Prof. Barrett introduced us at my
first year review, which was the catalyst for our work with silver nanoparticles. I thank the Moores
research group, specifically Alexandra and Alain who both have been there for me and helped me

on my projects within the group.

I would like the thank Prof. Mark Cronin-Golomb who, during his sabbatical, introduced
me to silk materials. I enjoyed all the conversations over coffee about silk and optics and my time
I spent with him in Boston. He acted as a mentor whom I rely on still to this day, years after his

departure back to Tufts University.

I would like to thank Prof. Timothy Kennedy for his patience, understanding and will-
power to teach me, a chemist, aspects of neurology and microbiology. His knowledge always
impressed me as I felt like he always knew what to do. I thank him for welcoming me into his
group and making me feel like I was part of it. I would also like to thank the members of the
Kennedy group, particularly Maran and Laila, for teaching me how to speak to others outside my

field and for teaching me how to cultivate neurons.

I would like to thank Prof. Richard Leask and his research group for teaching me about

electrospinning and the mechanical properties of biopolymers. Particularly, Matthew Kok and Lisa

\Y%



Danielczak, who welcomed me with open arms to explore what I wanted within the Leask Lab.
Matthew taught me what I know about electrospinning polymers and the electrospun silk materials

we developed would have not been possible without him.

Over the years, I had the opportunity to work with four fantastic undergraduate students:
Daniel de Biasio, Karlie Potts, Anais Robert and Dean Noutsious. I would like to thank them for

their hard work and for the opportunity to teach them about silk materials and chemistry in general.

I would like to thank Chantal Marotte, who has always been there for me and has guided
me through the intricates of the McGill system. Without her help, I surely wouldn’t have finished
this degree.

I would like to thank Eric Gauthier, who has been very patient throughout this process and
was always there for me through the thick and thin. The Gauthier family, Rob and Donna, has
acted like a second family while I have been in Montréal and their presence in my life has made

this degree a whole lot easier.

Finally, I would like to thank my parents and family who have always been there for me. |
still fondly remember the day I left Fredericton with my aunt Jean and entered the world at McGill,
and I appreciate all of the help she has given me throughout the years. My mother has suffered
from Parkinson’s disease and the work I have done within this thesis is dedicated to her. Both my
father and my mother have helped shape me into who I am today, and I thank them for their

support.

VI



Table of contents

ADSEIACE. ...ttt ettt ettt e sttt e st e et e e ab e e e a b e e e bt e e e bt e e e bt e e e bt e e nabee e nbeeennee I
RESUIME ...ttt e et e et e e e bt e e ssteeessseeessseeesseeensseeesseessseeesnseeens I
ACKNOWIEAGEIMENILS ........oooiiiiiiiiiiiiie ettt e e et e e e st e e e s nbaeeeennabeeesensraeeanns Vv
Table Of COMEENTS .........coooiiiiiiii ettt ettt sb e s bee e sabeeenareeens Vil
LSt Of fIGUI@S ...t e ettt e e ettt e e e et e e e e sstbaeeeennaeeeennnseeeens XI
LSt Of €ADIES......cc.oeeiiieee e e et e e et e e e e bre e e e enraeeeens XXIII
List of aDDreviations .............ccooiiiiiiiiiii e XXV
Preface & contributions of authors...................ocooiiiiiiii e XXVIII

Chapter 1: Layers and multilayers: Self-assembled, soft, and wet designer neural cell

GIOWER SUTTACES ...ttt et e e e ettt e e e s taeee e s naaeeeesnnraeeeennes 1
1.1 ADSTIACE ...ttt ettt ettt et b ettt b et et b enee 1
1.2 INEEOAUCEION ...ttt sttt ettt et 2

1.2.1  BaCKGIOUNA .....coouiiiiiiieciee ettt ettt et e e e v e e et e e snnaeesnaaeesnneeennnes 2
1.2.2  Specific requirements of neural Cells...........ccooviiiiiiiiiniiiii e, 4
1.2.3 Classes of materials attempted as artificial ECM ............cccovviieiiiniiiniiiiieceeeee, 7
1.3 Silk as an artificial ECM material...........ccccoiiiiiiiiiiiiiiieceeeee e 10
1.3.1  Silk materials as artificial ECM 2-D cOatings ........c.cccevueeriernieniieeiienieeeenieeieee 14
1.3.2  Patterned silk coatings fOr SUDSLIAtes .........cceeriieriieriieiieeie et 16
1.3.3  Silk scaffolds in 3-D .....oouiiiiiiee s 18
1.3.4 SF-based composite MaterialS..........cccuvieruiieiiiiiiiie et evee e 22
1.4 Polyelectrolyte multilayers as tunable cOatings...........ccceevveeciienieriiienieeieeie e 24
1.4.1 Layer-by-layer coatings incorporating natural growth factors and polymers........... 26
1.4.2 Tailored LbL assemblies to control surface charge ..........cccceevvveeeiieeciiecciieeien, 28
1.4.3 Tuning the stiffness of LbL COAtINGS .......c.ccvueeriieiiiiiiieiiecieeiieeee e 30
1.4.4 Advanced applications in biomedical deviCes .........cccveevirieiiieriiieeiieeie e, 33
1.5 Making wet in situ measurements of these [ayers ..........coccevieiiiniiiniiniiieeee 37
1.6 Dynamic systems for next generation active Surfaces ...........ccoceeveeveevuerieneenenieneenne. 40
1.7 CONCIUSIONS ...ttt et h e et e bt et e sbt e et e s bbeeabeesaeeenneeeaee 42
1.8 ACKNOWIEAZEMENTS ....c.uiiiiiiiieciie ettt e e e e etre e e aa e e ssraeessseeeenseeenns 43
1.9 Thesis SCOPE ANA OVETVIEW .....ccuvieuiieiiieiieiieeiieete ettt steeteesate et e eaeeseesaeeenseeees 43
LI0  RETEICNCES ...eniiiiieeie ettt ettt et e e e st e b e e 48

VII



Rationale for Chapter 2: Polyelectrolyte multilayers promote superior growth of rodent

NEUEAL CEIIS ...ttt ettt et e e e ee 61
Chapter 2:  Polyelectrolyte multilayers promote neural cell growth and survival........... 62
2.1 ADSTTACT ...ttt ettt ettt e et b e st e e b e e 62
2.2 INErOAUCTION ...ttt sttt st be et s 62
2.3 Materials and methods ............ooouiiiiiiiiiii e 66
2301 MALEIIALS .ottt ettt st e b e 66
2.3.2 Equipment, instrumentation and SOftWare ............ccoecvevieeiiienieniiienieeeee e 66
2.3.3 Silk fibroin-co-poly-L-glutamate and silk fibroin-co-poly-L-lysine synthesis ........ 67
2.3.4  PEM fabIICatION ...eeutiiiiiieiie ettt ettt sttt st e b 67
2.3.5  EllipSOmetry MEaSUICIMENL. ... .ccvievieriieeiieriieeteenieeeteenteeeseeseeessreenseesnseeseesnseenseennns 68
2.3.6  Neural Cell CUITUIE......couiiiiiiiie e e 68
2.3. 7 IMAZE PIOCESSINE ..eeuveiiutieiiieiiieniee et ette et e stte et e sbte st e esbeeesbeebeesabeebeesnbeebeesaeeenbeenaee 69

2.4 Results and diSCUSSION .......eeiuiiiiieriiieiiesiie ettt ettt ettt e et seeeenee e 70
2.4.1 Initial PEM SCIEENING ...eccouviieiiiieiiieeiie ettt eseeesteeeeveeeiae e e iaeeeseaeeesaaesnnaeesnneeas 70
2.4.2 Optimizing substrates to promote cell survival and growth ............cccceevveeviieenneen. 72
2.4.3 Mechanical characterization Of PEMS .........cccccciiiiiiiiiiiiiiiicieccee e 76
2.4.4 Exploring other bio-inspired PEMS ........ccooiiiiiiiiiiiiiecee e 76
2.4.5 Identifying an optimal surface for oligodendrocytes...........ccoceervueeiieniiinieniiceneene. 79

2.5 DISCUSSION ...ttt ettt ettt et st e bt et eb e e s be et sste bt enbesatenbeebesanens 80
2.6 CONCIUSIONS ...ttt ettt ettt e b ettt sbt e bt e st sae e beeate s bt e beeanesbeenee 82
2.7 ACKNOWIEAZEMENTS ....cuiiiiiiiieciie ettt et e et eestre e e ta e e esraeessaeeeenseeenns 83
2.8 RETETEICES ...ttt sttt st 83
Appendix 1: Supplemental information for Chapter 2 ...................ccocciiiiiiinie, &9

Rationale for Chapter 3: From cocoon to artificial vessels: Electrospun silk derivatives as

surface-tunable vascular graft materials......................cccooiiiiiiiii 97
Chapter 3: From cocoon to artificial vessels: Electrospun silk derivatives as surface-
tunable vascular graft materials....................cooiiiiiiiii e 98
3.1 ADSTTACT ...ttt et ettt e b e et b e st e e b e e 98
32 INErOAUCTION ...ttt sttt st be et s 98
33 Materials and Methods ..........cocveriiiiiiiiiii e 102
3.3.1 Materials, equipment, and INStrUMENtAtiON. .......ccueeiuieriieiierieeienie e 102
3.3.2 Isolation of silk fibroin and synthesis of azoSilK ...........ccccceeviiiiiiiiiiiiniiiiieiiee 102
3.3.3 Preparation of insoluble films for initial biological testing .............ccccceevvrerrennnne 103

VIII



3.3.4 Preparation of spin-dope SOIUtIONS........cccueeeiiiieeiiieciie et 103

3.3.5 Electrospinning azosilk into fIDers..........cccccuierieriiiiiiiiieiecie e 103
3.3.6  Mechanical testing of bulk materials and fiber............cccceevvieeiiiiieccieeiieeeee, 104
3.3.7 Contact angle MEASUIEIMENTS.........c.eevvieriieeiieiierieerieeeteerteesreeseeesteebeessaeeseesneaens 104
3.3.8  Cell culture Of HAAECS ....coouiiiiiiiiieectee ettt 104
3.3.9  Live/dead vIiability @SSAY.......ccceeiviiieiiieeiiieeiieeeieeeeieeesieeesreeere e eeeaaeeeneeeennee s 105
34 Results and diSCUSSION ......eeveruiiriiiiiriieieeeeee ettt 105
3.4.1 Initial screen of azosilks on endothelial cells ...........ccoeceeviiniiiiiiniiiiieeeee 105
3.4.2 Processing azosilk materials into electrospun mats ............cccceeveeniienienienneeninenns 108
3.4.3 Assessing the mechanical properties of azosilk spun mats...........cccceeveeeieenieennnnne 112
3.4.4 Assessing the materials as viable supports for HAAECS ........ccccevviieviiiciieniienins 115
3.5 COMNCIUSION ..ttt ettt et sttt e et et e st e e bt e sateenbeesaeeens 117
3.6 ACKNOWIEAZEMENLS.....c.eiiiiiiiiieiiieiieee ettt ettt st e e e e enneas 118
3.7 RETETEICES ...ttt ettt 118
Appendix 2: Supplemental information for Chapter 3 .................ccccoiiiiiiiniiiii e, 123

Rationale for Chapter 4: Photo-induced structural modification of silk gels containing

AZODENZENe SIAE GIrOUPS.........oooviiiiiiiiiiiiiee et ee e et e e et e e e e bt eeesstbeeeeesnaaeeeesnseeeens 131
Chapter 4: Photo-induced structural modification of silk polymer gels containing
AZODENZENE SIAE GIOUPS........oooiiiiiiiiiiiiie et e eee e et e e e et e e e e ebaeeessnteeeesnnaaeeeesnseeeens 132
4.1 AADSTTACT ...ttt et ettt ettt et e b e eeeas 132
4.2 INErOAUCTION ...ttt ettt ettt et st 132
4.3 Results and diSCUSSION ....c..eiiuiieiiiiiiiiiieeieee et 133
4.4 COMNCIUSIONS ...ttt ettt et esat e et e s it e be e sateeabeesaeeenbeesaeeens 140
4.5 ACKNOWIEAZEMENLS......c.uiieiiieiiieiieeiie ettt ettt ettt st e beeeebe e b e sneeeneees 140
4.6 RETRIENICES ...ttt e 141
Appendix 3: Supplemental information for Chapter 4 .................cccccooviiiiiiniiiiiiieeee, 145

Rationale for Chapter 5: Micropatterning azobenzene-modified silk surfaces for optical

control of cell guidance and growth ....................ooiiiiin 154
Chapter 5: Micropatterning azobenzene-modified silk surfaces for optical control of cell
guidance and Growth..............ooooiiiiiii e e 155
5.1 ADSTIACE ...ttt ettt et sttt 155
5.2 INEEOAUCTION ...ttt et e 155
53 Materials and methods ............ooiiiiiiiiiii e 160
5301 MALETIALS .veiiiiieiiecie et ettt e b e snaeebaeeabaen 160



5.3.2 Equipment, instrumentation and SOftWare ............cccccveeviveeriieeniieeiie e 160

5.3.3  Silk fibroin processing and azobenzene modification .............ccccevevieviieiieenieennnnn. 160
5.3.4 Processing azosilk solutions into films for biological testing and screening.......... 161
5.3.5 Patterning azosilk SUIfaces..........ccccooiiiiiiiiiiiiii e 161
5.3.6  Clll WOTK...cuiiiiiiiiieeee ettt ettt et 161
5.3.7  Live Cell IMAGING ..cuvieuriiiiiieiieeiii ettt ettt ettt e et eseteebeessaeesaesaaaens 162

54 Results and diSCUSSION ....c..eiiuiieiiiiiiiiiie et 162
55 CONCIUSION ..ttt ettt sttt et st e bt et sbe e beeaeesaeenaeenees 172
5.6  ACKNOWIEAZEMENLS.....c..iiiiiiiiiiiiieiieie ettt ettt e b e snaeeneeas 173
5.7 RETRIENICES ...ttt et e 173
Appendix 4: Supplemental information for Chapter S.................coccoiiiiiniie 178
Chapter 6:  Conclusions and Outlook ................c.oocoiiiiiiiiiiiiii e 184
6.1 Summary and contributions to original knowledge............cccoevveriiieriiniiiniieiieee, 184
6.2 OULLOOK <.ttt sttt ettt b et st be et sae e b ennes 187

Rationale for Appendix 5: Surface-plasmon-mediated hydrogenation of carbonyls

catalyzed by silver nanocubes under visible light ..........................ccoiiiiiiiii e, 192
Appendix 5: Surface-plasmon-mediated hydrogenation of carbonyls catalyzed by silver
nanocubes under visible Llight...................cooi i 193
AS. T ADSITACT ...ttt et et et eaeas 193
AS5.2  TNIFOAUCTION ......tiiiiiiiieite ettt ettt sttt e st e bt esaeeeeeas 193
AS5.3  Results and DISCUSSION ....c..eeruiiiiiieiieeiieiie ettt eiee et seeeteeaeesaeesteeseeeeseesnseenseas 196
AS5.3.1 Synthesis and characterization 0f Ag NCS.....ccceeeviieeiiiiieiiieeieeeee e 196
AS5.3.2 Establishing catalytic aCtiVITY ......cccvieiiieeiiieeiiie et eee e aee e 199
AS5.3.3 MechaniStic STUAIES .....ccveevuiiiiiieiieeiieeie ettt ettt et eebe e e eaneeneeas 201
AS5.3.4 SCOPE OF REACTION ....eeeiiiieciiiieciie ettt et et tee e e rae e s aeeesbeee e 204
AS5.3.5 OX1datION TEACLIONS ....eeuvieiieiitieiieeteeeite et et et et ee et e bt esabe et e s abeebeesabeebeesaeeeaneas 206
AS 4 CONCIUSIONS . ..coutieitiiietieieeit ettt ettt ettt ettt et sbe et e satesbeenteeseesbeensesanens 206
AS5.5  AcCKNOWIEAZEMENLS. ...ccueiiiiiiiiiiiieiie ettt st 207
AS5.0 RETEIEICES ..ottt et ettt b e ettt e et e bt e eaeeeeeas 207
AS5.7 Supplemental information for Appendix 5 .......cccccieriiiiiiiiiiiiieieeee e 215



List of Figures
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(300 x). Reprinted from Harrison et al.!* with permission from John Wiley and Sons, J.
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schematic representation of the components comprising silk fibers. A bundle of fibers
(d=10-25 pm) is surrounded with a coating of sericin. Fibroin contains multiple fibroin
fibrils which have distinct packing motifs, including: amorphous chains, Silk I (mixture of
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Figure 1.4. Procedure for extracting SF from Bombyx mori silk cocoons. (A) Whole Bombyx mori
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0.02 M NaxCOs solution to dissolve sericin from native silk fibers, and (D) the fibers are
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cassette and (J) centrifuged twice to remove any impurities (i.e. parts of the silk worm that
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Figure 1.5 (a) Schematic representation of a device to observe an electrical stimulation of cells
with voltage-gated Ca?’-selective ion channels (Cay2.1). When the channel is closed, no
florescence is detected, but as the channels opens, a signal is emitted by the Ca*"-Fluo-4
dye complex (ex/em 494/506 nm) (b) Material composition of the mobile nano-pallets and
photographs of the resulting dispersions of the nano-pallets in water. (¢) FTIR spectra of
the PEDOT:PSS film (green), baked SF/PEDOT:PSS film (blue), and methanol treated and
baked SF/PEDOT:PSS film (red). These FTIR spectra show the development of the B-sheet
domain, characteristic of water-insoluble silk. (d) The evolution of electrical conductivity
that is accompanied by (i) spin-coating, (ii) baking and finally (iii) dipping in methanol.
Reprinted from Teshima et al.’* with permission from John Wiley and Sons, Adv. Funct.
Mater. COPYTIZNE 20T0......oooouiiiiiie ettt e e et e e e aae e saaeeebaeeseneeeennes 16

Figure 1.6. A composite figure demonstrating axon regeneration across 8 mm gaps in a rat sciatic
nerve. (A, left) A representative scanning electron microscope image of PN200 (a graft
consisting of 200 luminal silk fibres) graft displaying the outer sheath and (A, right) inner
aligned luminal silk fibers. (B) Left hindpaw skin 12 weeks post-surgery labelled with PGP
9.5 to mark axons. The 4 conditions tested were: (B, a) naive animal group, (B,b)
autologous group (B,¢) PN200 and (B,d) PNO (a graft containing no luminal fibers). The
autologous group (B,b) appears to have similar immunoreactivity as the naive group (B,a),
while PN200 (B,c¢) demonstrated reduced PGP 9.5 immunoreactivity as compared to the
autologous group. Few neurons were found on the PNO group (B,d). (C) Confocal images
of adult DRG cells and their reaction with the silk graft. (C,a) Adult DRG cells attach to
the degummed Spidrex® fibers and put out processes, as labelled by phalloidin (red). (C,b)
Neurofilament labelling shows the long extended neurites wrapping along the luminal
fibers and (C,c) the Spidrex® fibers. Adapted from Huang et al.** with permission from
Elsevier, Biomaterials. COpyright 2012.........ccoiiiiiiiiiiiiieiieeie ettt 19

Figure 1.7. Neurofilament immunohistochemical staining of rat sciatic nerves within the bridged
10 mm gap. The dotted line represents the front of axon growth within the denoted period.
(A) Longitudinal section of plain chitosan/silk graph (top) and the SC-ECM derived graph
(bottom) after 4 days. (B) Sections of the plain chitosan/silk graph (top) and SC-ECM
derived graph (bottom) after 14 days. (C) Transverse sections of the nerve graph showing
the thickening edge with the SC-ECM compared to just the scaffold after 14 days. (D)
Histogram of the length of regenerating axons vs the surgery date (4 and 14 days) and (E)
number of regenerating nerve fibers. (**p < 0.01). Reprinted from Gu et al’' with
permission from Elsevier, Biomaterials. Copyright 2014, .........cccoviiiiiiiiiniiiieeieens 21

Figure 1.8. Using SF and collagen gels to create a modulus-matched toroid, generating cortical-
like tissue organization in vitro. (a) Illustration of the organization of white matter and six
layers of neocortex. (b) Design strategy that aimed to mimic these natural structures within
a new material. (left) adhesive-free assembly of concentrically arranged layers (similar to
the layers within the neocortex), and (middle) the unit module consisting of neuron-rich
grey matter regions along with axon-only white matter regions. (right) Demonstration of
the material design showing the scaffold and collagen gel composite material supporting
connections in 3-D. (¢) Photograph showing the three-dimensional silk scaffold and (d) a
dyed version of the same layered toroid to aid in visualization. (e) Photograph of the toroid
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seeded with different primary rat cortical neurons (live-stained with Dil in red and DiO in
green) and (f) a photograph after cells were grown. (g) A representative photograph of the
interface between each of the populations (scale bar: 1 mm) (h) Photograph of the scaffold
showing the dimensions along with (i) confocal z-stack multichannel images of 3-D brain
like-tissues labeled with the axonal marker B3-tubulin in green and the dendritic marker
microtubule-associated protein-2 in red. This confocal stack is from the center axon-only
region, while (j) and (k) are from porous regions within the scaffold. Adapted from Tang-
Schomer et al.”* with permission from National Academy of Sciences, Proc. Natl. Acad.
Sci. US.A. Copyright 2014 ..ottt et 23

Figure 1.9. Summary of the scope of LbL assembly techniques showing possible interactions
between polymer layers, the different building blocks available, the structures created and
templates. Reprinted from Silva et al.3® with permission from John Wiley and Sons, Small.
COPYTIZNE 20T6. ..ottt ettt ettt e st e et esaaeenbeesnseensaesnaeenseannns 25

Figure 1.10. (A-G) A schematic representation of the fabrication processes of the multilayer
coatings: (A) a fresh glass surface hosts a (B) supported lipid bilayer lysed onto the surface,
exposing the functionalized negatively charged (-COO") groups and allows for (C) PLL
(positively charged polymer) to layer onto the surface followed by (D) PLGA (negatively
charged polymer). (E) The PLL/PLGA multilayer is built up to the desired number of
layers before (F) NSPC spheres were cultured onto the plate. (G) A schematic view of the
culture is seen with the resultant images shown on the left (H-J). Fluorescence images
show the cellular phenotypes that differentiated depending on the LbL surface conditions.
Anti-MAP-2 (red, neurons) and anti-GFAP (green, astrocytes) label the differentiated cells.
(H) A thinner surface results in more astrocytes (n=3.5), and (I) a supported LbLL PEM of
7.5 layers and finally (J) a PEM with 8 bilayers. Adapted from Lee et al.'°’ with permission
from American Chemical Society, ACS Appl. Mater. Interfaces. Copyright 2014. ......... 28

Figure 1.11. (a) Compilation of embryonic rat spinal commissural neuron morphologies at various
points within the gradient surface. Microscope images shown in relation to 2-D properties
of films depending on the pH of assembly of the polyelectrolytes. (b-e) A plot of (b)
average thickness, (c¢) surface energy (mN/m) (d) modulus (kPa) and (e) relative cell
coverage vs PAA and PAH deposition pH. Reprinted from Sailer e al.?* with permission
from Elsevier, Biomaterials. Copyright 2012, .........cccoovieriiiiiiiiiiiiieniieieeee e 32

Figure 1.12. Phase contrast images of primary neurons and astrocytes after 7 days and 3 days
respectively, illustrating their morphology and growth patterns determined by LbL
substrate. Primary neurons were plated on: (A) 10.5 layers of PDAC/SPS showing PDAC
as the topmost layer, (B) 10 layers of PDAC/SPS showing SPS as the topmost layer and,
(C) PLL as a control. Astrocytes were plated on: (D) 10.5 layers of PDAC/SPS showing
PDAC as the topmost layer, (E) 10 layers of PDAC/SPS showing SPS as the topmost layer
and, (F) PLL control surface. Reprinted from Kidambi et al.'* with permission from John
Wiley and Sons, Adv. Funct. Mater. Copyright 2008...........ccccuveeiiieeiieeeieeeieeeiee e 34

Figure 1.13. (A, left) Schematic drawing of the fabricated device showing the ITO glass and the
PDMS chamber along with: (A, right) a photograph of the resulting fabricated device. (B)
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Schematic side-view of the device showing neurons plated on bare and LbL (PLL/PLGA)
surfaces. (C) Quantification of the surfaces showing the distinct populations of neurons
which were differentiated (neurons vs astrocytes) showing that the LbL-coated surfaces
along with direct stimulation from the ITO allows for controlled differentiation into mainly
neurons (n=8) or a co-culture with 50:50 differentiation with PLL and direct stimulation.
(D) NSPCs cultured on bare ITO-glass with 40 mV electrical stimulation, and (E) 80 mV.
Anti-MAP?2 staining is in green (neurons) while anti-GFAP staining is in blue (astrocytes).
(F) NSPCs cultured on PLL/PLGA on ITO-glass with 7.5 layers and (G) 8 layers. This
demonstrates how critical the LbL surface is for the differentiation of neurons from NSPCs.
Adapted from Lei et al.!'? with permission from American Chemical Society, Langmuir.
(070700 0 1o o 02 L 7 SO SRS 36

Figure 1.14. (A) Setup for in sifu swelling measurement of the thickness (%) and refractive index
of a film (nf) of LbL deposited polymers (PAH/PAA) with (left) a modified ellipsometer.
(right) A schematic drawing of the liquid sample cell with the probe laser beam interfering
with the LbL polymer surface under water to measure / and nf. (B, left) A curve showing
a PAH/PAA surface (25 bilayers) swelling under water from time = 0. The thickness
increases by 20% (diamonds) and the refractive index decreases proportionally (squares).
(B, right) A demonstration of the vast difference (logarithmic scale) in swelling rate when
PAH/PAA films assembled under different pH conditions and with a different number of
layers. 25 bilayers, pH=3.5 (<); 15 bilayers, pH=5.0(0); and 60 bilayers, pH=6.5 (2).
Adapted from Tanchak et al.'*° with permission from American Chemical Society, Chem.
Mater. COPYTIZNE 20T4......oo ottt et re e e e e e s e e saaeeensaeeenseeennnes 39

Figure 1.15. Schematic representation of a multilayer containing an azobenzene functionalize
cyclic RGD that allows for photo-control over adhesion of NIH 3T3 cells to the surface.
Reprinted from Goulet-Hanssens et al.'?’ with permission from American Chemical
Society, Biomacromolecules. Copyright 2012..........cccveviiiiiiiiiieiieieeieeee e 42

Figure 2.1. (Top) Schematic depicting layer-by-layer assembly of PEM films, beginning with a
negatively charged substrate (glass or silicon) being dipped in a polycation solution.
(Bottom) Illustration of biologically relevant polycationic and polyanionic polymers used
in this study and their aCTONYMS. ......ccviiiiiiieiiiieeiie e e eaee e ebee e 65

Figure 2.2. Assessing the survival (nuclei count) and growth (cell surface coverage) of the
PAH/PAA and silk PEMs. Both materials perform competitively with PDL when
quantifying nuclei count and cell surface coverage. All PEMs were 10 bilayers thick. (A-
F) Images of various PEM conditions. Cells were stained with Hoechst 33258 (blue) to
label nuclei and phalloidin Alexa Fluor® 488 (green) to label F-actin. PEM conditions
tested were: (A) PAH/PAA with PAA at pH 5.0, (B) PAH/PAA with PAA at pH 5.5, (C)
PAH/PAA with PAA at a pH 6.0, (D) PDL coated coverslip, (E) SF-PL and SF-PG PEM
(both at pH 7.0) and (F) blank coverslip. (G) Quantifying cell surface coverage to compare
PDL and silk-based and PAH/PAA-based PEMs. Compared to controls, SF-PG/SF-PL
performed best and was significantly different than PDL and uncoated glass. PAH/PAA
was better than bare glass but not significantly different than PDL. (H) Surface area of
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phalloidin Alexa Fluor® 488 staining to provide an estimate of cell size. ns (P > 0.05), *
(P <0.05), #* (P <0.01), #*% (P < 0.001). ceoveriiiieieeienieeeeeeeeeeee e 72

Figure 2.3. The charge of the terminal layer exhibits no significant effect on the growth and surface
coverage of neural cells on PEM surfaces. (A) No significant difference in cell surface
coverage was found between positive or negative terminated PEMs composed of
PAH/PAA or SF-PL/SF-PG. Comparison to PDL reveals that the silk-based PEMs perform
significantly better for the positive and negative terminated surfaces (P < 0.05). (B) No
significant difference in the number of nuclei present was detected between positive or
negative terminated PEMs composed of PAH/PAA or SF-PL/SF-PG. Compared to PDL,
either silk-based PEM performed significantly better for both positive and negative
terminated surfaces (P < 0.05). (C-F) Representative images of each of the surfaces with
the plated cortical neurons: (C) PAH/PAA positively terminated, (D) PAH/PAA negatively
terminated, (E) SF-PL/SF-PG positively terminated, and (F) SF-PL/SF-PG negatively
EEIMINALEA. ...ttt ettt ettt et et e e bt e at e et esateebeesaeeens 75

Figure 2.4. Combinatorial study of PEs ranking cell surface coverage. (A) Histogram showing
PEMs ranked in ascending order of surface coverage. PDL control is red. All surfaces are
4.5 bilayers thick, positively charged, with deposition pH at the pKa of the polymer. (B-G)
Select images are shown for the following systems: (B) PLL/SF-PG, (C) SF-PL/PAA-co-
DRI1A, (D) SF-PG/SF-PL, (E) PAA/PAH, (F) HA/PLL, and (G) Control (PDL). ns (P >
0.05), * (P <0.05), ** (P <0.01), *** (P < 0.001). ..coerieieieiiieenenieeeeeeercceieaene 78

Figure 2.5. Oligodendrocytes cultivated on AA-DR1A/SF-PL films exhibit significantly better
area coverage compared to PDL (P < 0.05). Combinatorial study ranking cell surface
coverage for each PEM for rodent oligodendrocytes. (left). Histogram shows PEMs ranked
in ascending order of surface coverage. PDL control is green. All surfaces are 4.5 bilayers
thick, positively charged, and the deposition pH is the pKa of the polymer. (right)
Representative micrograph of the AA-DRIA/SF-PL PEM showing F-actin labelling
(green) and nuclear stain (blue). ns (P > 0.05), * (P <0.05), ** (P <0.01), *** (P <0.001).
........................................................................................................................................... 80

Figure A1.1. Thickness measurement of PEMs fabricated from PAH and PAA where the pH of
deposition of PAH was kept constant at 5.5 and the pH of deposition of PAA was varied
(5.0, 5.5aNd 6.0). c.eoiieiieieiee ettt st b e s 89

Figure A1.2. Graphical representation of Table A1.2 showing the average number of nuclei on
each of the studied substrates. There was no significant correlation between number of
layers and Cell VIaDIlity. ......oeeiiiieiiiieiiece e e 91

Figure A1.3. The charge of the terminal layer exhibits no significant effect on the growth and
surface coverage of neural cells on PEM surfaces. The average number of nuclei was
counted for negatively terminated (purple) and positively terminated (green) PEMs created
from different ChoiCe SUTTACES. .....c.eivuiiiiriiiiiiee e 92

XV



Figure A1.4. The effect of terminating a PEM either by the polycationic or polyanionic polymer
through quantification of surface coverage. No significant difference was found between
either the polycation or polyanion terminated PEMs when the percentage of surface
covered was quantified. ‘Azo’ polymer denotes PAA-co-DR1A polymer which is a
MOAIfIEd PAA POLYMET. ..cccuviiiiiiieciie ettt ettt e e eree e eeaeeeenree s 94

Figure A1.5. Schematic overview of the 24-well plate used to culture cells. Each combination,
and pH of deposition are noted on the outside of the plate. Quantification of the plate is
found in Table ATL.6. .....cc.ooiiiiii ettt e 95

Figure A1.6. Quantification of second 24-well study showing a histogram of the full range of
tested PEs. The data corresponds to Table A1.6 PDL control in red. ........cc.ccccevereennnene 96

Figure 3.1. (Top) Reaction scheme and (bottom) resulting family of various ‘headgroup’ azosilk
materials that were studied as endothelial cell growth surfaces. The amino group (blue
label) on each substrate is where the diazonium salt is formed, and thus where the
attachment to tyrosine links the azosilk pendant group. ........c.cceeeveeeviieeciieecieeeieeee, 101

Figure 3.2. (Left) Correlation between contact angle of azosilk film materials and the viability of
HAAECs quantified with calcein AM (live) and ethdium homodimer-1 and counted
automatically using automated software. Cell viability was inversely correlated with
contact angle (hydrophilic) (P<0.01, R?>=0.675). The chemical structure of the highest
performing azosilk (left, inset) was found to be a sodium sulfanilate-based group. (Right)
A representative image showing a live/dead assay employing ethdium homodimer-1 (dead,
compromised membranes) and calcein AM (alive, esterases convert to calcein) of the
sodium sulfanilate best performing film. ...........ccccoooiiiiiiiiiiiiiiee e 107

Figure 3.3. Scanning electron microscopy images of the azosilk fibers formed from
electrospinning. The fibers formed from this process are relatively monodispersed (140 +
15 nm) and the mat shows no preferential alignment of the fibers.............ccceevuveenennnen. 109

Figure 3.4. Characterization of the prepared azosilk (#12) nanofibers using (A) FTIR
spectroscopy, and (B) UV-vis spectroscopy. (A) The characteristic vibration from Silk II
amide structures (v = 1650 cm™, 1627 cm™ and 1535 cm™") is highly suggestive that the as-
is made fibers are water resistant. Nevertheless, the fibers are treated with methanol and no
change in the IR spectrum is observed. (B) UV-vis spectroscopy shows the characteristic
sideband structure of azobenzene-modified silk............coocoiiiiiiiiii, 111

Figure 3.5. Stress vs strain curve of a mat of electrospun fibers showing the distinctive elastic
region, yield strength, non-elastic region and ultimate tensile strength. The trend line
illustrates the elastic region and where the Young’s modus values are based from. From a
series of data sets, a value of 230 + 43 MPa is found. The inset image shows a photograph
of azosilk mats being extended until ultimate failure. ..........ccccoeovveeeiiieeiiieeieeeeee, 113

Figure 3.6. Studying the effect of light on bulk azosilk materials using AFM indentation. (A) A
confocal image demonstrating the effect of irradiating into films near the surface. A
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pseudo-three-dimensional representation of the surface is reconstructed by taking imaging
slices of the irradiated film. Raised bubbles can be seen near the surface. (B) An AFM
image of the surface of the film at the interface of the irradiated (bubble) and non-irradiated
surface of the film. AFM indentation is performed in duplicate on both the irradiated (3
and 4) and non-irradiated surfaces (1 and 2). (C) The resulting table with each of the
indentations and the resulting AFM moduli. ...........ccoooiiiiiiiiiiiiiiieeeeee s 115

Figure 3.7. Representative images HAAECs seeded onto the electrospun azosilk material at a
density of 5 x 10° cells/mL. Cells are stained with FITC-phallodin as a mark for F-actin.
(A) Representative images at 100 x showing the overall density found for the cells, and (B)
630 x showing the fiberous f-actin staining on the surface/cell interact. Images in (C-E)
represent a pseudo-three-dimensional reproduction of the cells on the surface with (C)
representing the XY plan, (D) representing the YZ plane, and (E) represents the XZ plane.
Each of the planes shows the buildup of the cells onto the surface, and attachment along
the plane of the SUITACE. ......c..eeeiiiiee e 117

Figure A2.1. Scanning electron microscopy images of the optosilk mats created from the
procedure outlined in Section 3.2.5. Images were taken on SU3500 Hitachi SEM using a
specialized setup which is outlined in Section 3.2.6. ...........cc.ccovvieeiiieeiiieciee e, 123

Figure A2.2. Histogram depicting the values from Table A2.2 noted with standard deviation. The
statistics shown are comparing with the proprietary film coating (Blank) of the 24 well
plate. P> 0.05 (ns), P <0.05 (*), P<0.01 (**), and P < 0.001 (***). ...cccovirininenenns 129

Figure A2.3. Histogram depicting the values from Table A2.2 noted with standard deviation. The
statistics shown are comparing with a film created from non-functionalized silk which has
been slow-dried to maximum B-sheet formation. P > 0.05 (ns), P < 0.05 (*), P <0.01 (**),
ANA P 0,001 (FFH). ettt ettt st eneas 130

Figure 4.1. (a) Written areas of the hydrated azosilk film show increased fluorescence compared
to the unwritten areas at two different depths within the hydrated film. The darkening
shown in the writing planes is an artifact of the software. (b) Vertical projection of three-
dimensional photolithography image of (a). (¢) Horizontal projection of the image shown
in (a). (d) Confocal fluorescence image at 488 nm excitation (blue) and reflectance image
(green) of hydrated azosilk with photo-modified regions. From top to bottom, each
rectangle is written 1 pm deeper into the azosilk. The cross-sections of the film show the
development of blisters whose thickness decreases with writing depth. Each 37 pm X 37
um rectangle takes 1.5 seconds of writing time. Each 0.4 um % 0.4 um pixel receives 2500
pulses each with 1.25 nJ energy and 250 fs pulse width. (e¢) Confocal fluorescence imaging
at 488 nm excitation (blue) and reflectance image (green) of hydrated unmodified silk
pattern-irradiated in the same manner as (a), showing lack of blistering. ...................... 135

Figure 4.2. (a) AFM image of photo-inscribed areas of azosilk (b) the corresponding confocal

image. Blue channel: fluorescence at 488 nm excitation. Green channel: reflectance image.
The blister top has completely separated from surface in this case. .......c..cccceevevvennennne. 138
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Figure 4.3. (a) Wide field image of a microfluidic-inspired pattern made through the ocular of the
microscope, demonstrating that the photo-inscribed structures can be easily visualized with an
ordinary wide field microscope, so they can be readily found for later processing. (b) Cross
sectional image of a microfluidic pattern written within the hydrated azosilk film showing the
increased fluorescence obtained by irradiating several regions of interest...............c.cc....... 140

Figure A3.1. Emission spectra variously of: written azosilk, unwritten azosilk, over-bleached
(photo-damaged) silk, written slow-dried silk, unwritten slow-dried silk, and liquid
material captured from within the blisters, depicting the spectral shift of azosilk with
increasing exposure to mode locked 800 nm light. Unexposed hydrated azosilk shows weak
fluorescence peaking at 625 nm, then upon illumination with the 800 nm femtosecond
beam, the fluorescence peak strengthens and blueshifts to 520 nm. This fluorescence shift
is restricted to the illuminated region: silk regions above and below the irradiated areas
retain their original fluorescence spectrum, thereby allowing the material to be used as a
three-dimensional patterning medium, as indicated in Figure 4.1 (a) in which the ‘McGill’
and ‘Tufts’ logos are written in different depth planes...........ccccoecveviiiiiiiiiniiiniees 148

Figure A3.2. Excitation emission spectrum of 5% aqueous silk solution (logarithmic scale). Note
the principal peak is centered at excitation wavelength 325 nm and emission at 340 nm,
while the low intensity ridge is shifted by 50 nm from the excitation wavelength. ....... 149

Figure A3.3. Image of structural damage on silk caused by laser irradiation at 900 pJ/um?. (a)
shows the region of interest where irradiation occurred, and (b) shows the resulting
fluorescence pattern from irradiation. Structural damage is observed extending outside the
lithographic regions of interest from the higher power used. ...........ccceeeiiivciiincieennenn. 150

Figure A3.4. TGA experimental weight loss vs. Temperature curve (orange) to estimate the water
content of the azosilk (left y axis). The sample analyzed was cut from a film that was
hydrated in water for 30 minutes. Total water content was found to be 77% by heating
21.31 mg of sample to 150 °C and held isothermally at 150 °C for 45 minutes. The first
derivative of weight loss is plotted in green to show the weight loss rate vs temperature
(TIZRE ¥ BXIS ). cuveeiieeiteeiie ettt ettt ettt et et e et et e st e et e e esbeeseeesseenseeessaenseasnseenseesnseans 151

Figure A3.5. Written areas of the dry azosilk film (blue square) show increased fluorescence
compared to the unwritten areas. The darkening shown in the writing planes is an artifact
of the software. Vertical and horizontal projections of three-dimensional photolithography
image are shown on the sides and demonstrate the absence of a microbubble compared to
FRUIE 4.1, ..ot et ettt 152

Figure A3.6. Emission spectra of written azosilk, unwritten azosilk in the dry conditions and taken
from the image depicted in Figure A4.5. These spectra are achieved by following the same
parameters used in creation of Figure 4.1 (d); however, under dry conditions. ............ 153

Figure 5.1. (A) A schematic representation of the process of writing onto an azobenzene surface,

and the resulting topographic modification of the surface. Modulation of the surface
topology is achieved by varying the depth at which features are inscribed. (B) A
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representative image showing a patterned surface with features on the cellular size regime.
(C) An image depicting a McGill University logo, which demonstrates the effectiveness
and resolution of the writing process. (D) A pseudo-three-dimensional reproduction of the
three-dimensional nature of microblisters written into the surface of an azosilk film. Side
panels above and to the right demonstrate the Z projection of the blisters out of the writing
PLANL Lttt et et et e e bt e tbe et e e ente e beenabeebeeenteenseennne 159

Figure 5.2. (A) CHO viability vs contact angle of the azosilk films which the CHO cells were
plated on (line of best fit, R> = 0.9454, P < 0.001). (B) Schematic representation of the
reaction scheme to create azosilk and the various ‘head groups’ used in this study. ..... 164

Figure 5.3. Fluorescent microscopy image of the patterned azosilk surface: (fop) 1 um radii dots
that are separated by 5 um in a grid pattern, (middle) 5 um thin strips separated by 5 um
gaps, and (bottom) large squares completely irradiated. The pattern is excited using 800
nm and the fluorescent signal is taken from 400 — 750 nM. ......coovvveeiiieeniienieeeeeeee, 165

Figure 5.4. (A) Histogram illustrating the number of focal adhesions expressed per cell and
grouped into three populations: cells on a dot pattern, on a line pattern or on the non-
patterned surface (control, red). The number of focal adhesions per cell was found to be
not significant as compared to the control (non-patterned surface) for both conditions (P >
0.05). (B) Fluorescence image of paxillin-EGFP CHO cells on a dot pattern, where higher
fluorescence intensities indicated localized focal adhesions. (C) Corresponding brightfield
image of (B). (D) Fluorescence image of paxillin-EGFP CHO cells on a line pattern, where
higher fluorescence intensities indicated localized focal adhesions. (E) Corresponding
brightfield image of (D). ...cccviieiiiiiie e et 167

Figure 5.5. (A) A histogram depicting the average total area of a population of 75 cells (n = 3)
that were adhered to regions off the pattern, on a dot pattern and on a line pattern. Off
pattern was chosen as a control (red), and cells cultured on patterns consisting of dots and
lines did not significantly differ in total surface area adhered from the control (P > 0.05).
(B) Representative fluorescence images depicting the morphology of cells present on lines,
dots and non-patterned areas. (C) Corresponding brightfield image to (B). .................. 169

Figure 5.6. (A) A histogram depicting the average cell speed of cells cultured on a dot pattern, a
line pattern and off a pattern. Comparing the migration speed of cells cultured on dots and
lines to a non-patterned area shows that there is no significant difference (P > 0.05). (B)
Cell position layered onto a fluorescence image of cells cultured on dots, and (C) line.171

Figure A4.1. Pictographic representation of (A) the intended pattern to be inscribed onto the
surface of the azosilk gel. Black represents areas where the laser will write and write
represents areas where the laser will be turned off during the raster-scanning of the surface.
(B) The resulting fluorescent image generated by inscribing the surface pattern via ‘region
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Figure A4.2. (left) Representative images of the contact angle measurements, demonstrating the
wide range of contact angles that were achieved using different azobenzene headgroups.
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(right) CHO viability as determined by a Live/Dead assay kit (calcein-AM/ethidium
homodimer-1) vs contact angle of the azosilk films the CHO cells were plated on (line of
best fit, R? = 0.9454, P < 0.001). ....oovivireeeeeeeeeeeeeee e sene e 180

Figure A4.3. Images of CHO cells onto the surface of the inscribed azosilk film. (Leff) Florescence
image excited at 488 nm of the surface pattern and the paxillin-EGFP labelled CHO cells.
The excitation of the written regions within the azosilk film also occur at 488 nm, as well
as a broad adsorption throughout most of the visible spectrum, thus we see both the EGFP-
labeled cell and the pattern. (Right) Bright field image of the cells and the raised
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Figure A4.4. Plot of each trajectory of CHO cells which are present on the 5 um thick lines. Only
cells which were present within a range of 20 um from the line pattern were tracked. The
duration of the run is 10 hours and each mark is the position of the cell after 10 minutes.
Each cross marks the position of the center of the cell (nucleus) and each color represents
a separate cell. This is a representative image of the data set from 3 cell cultures......... 181

Figure A4.5. Plot of each trajectory of CHO cells which are present on the 1 um radius dots. Only
cells which were present within a range of 20 um from the dot pattern were tracked. The
duration of the run is 10 hours and each mark is the position of the cell after 10 minutes.
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Chapter 1:  Layers and multilayers: Self-assembled, soft, and wet designer neural cell
growth surfaces

Chapter 1 is based on a published manuscript entitled ‘Layers and multilayers of self-
assembled polymers: tunable engineered extracellular matrix coatings for neural cell growth’,
published in Langmuir (Copyright 2018, American Chemical Society) and was co-authored by:
Michael J. Landry, Frédéric-Guillaume Rollet, Prof. Timothy E. Kennedy and Prof. Christopher J.
Barrett.

1.1 Abstract

Growing primary cells and tissue in long-term cultures, such as primary neural cell culture,
presents many challenges. A critical component of any environment that supports neural cell
growth in vivo is an appropriate 2-D surface or 3-D scaffold, typically in the form of a thin polymer
layer that coats an underlying plastic or glass substrate and aims to mimic critical aspects of
extracellular matrix. A fundamental challenge to mimicking a hydrophilic, soft natural cell
environment is that materials with these properties are typically fragile, and difficult to adhere and
stabilize on an underlying plastic or glass cell culture substrate. In this review, we highlight the
current state of the art and overview recent developments of new artificial extracellular matrix
(ECM) surfaces for in vitro neural cell culture. Notably, these materials aim to strike a balance
between being hydrophilic and soft, while also being thick, stable, robust, and bound well to the
underlying surface to provide an effective surface to support long-term cell growth. We focus on
improved surface and scaffold coating systems that can mimic the natural physico-chemical
properties that enhance neuronal survival and growth, applied as soft hydrophilic polymer coatings
for both in vitro cell culture, and for implantable neural probes and 3-D matrices that aim to
enhance stability and longevity to promote neural biocompatibility in vivo. Towards future
developments, we outline four emerging principles that serve to guide the development of polymer
assemblies that function well as artificial ECMs: a) design inspired by biological systems, and b)
employing principles of aqueous soft-bonding and self-assembly, to achieve c¢) a high-water
content ‘gel-like’ coating that is stable over time in a biological environment, and possessing d) a
low modulus, to more closely mimic soft compliant real biological tissue. We then highlight two
emerging classes of thick material coatings that have successfully captured these guiding

principles: layer-by-layer deposited water-soluble polymers (LbL), and silk fibroin (SF) materials.
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Both materials can be deposited from aqueous solution yet transition to a water-insoluble coating
for long-term stability, while retaining a softness and water content similar to biological materials.
These materials hold great promise as next generation bio-compatible coatings for tissue engineers,

and chemists and biologists within the biomedical field.

1.2 Introduction

For over one hundred years researchers have employed in vitro cell culture methods to
study neural cells; however, the artificial substrates and matrices typically used to maintain cell
survival and differentiation provide a relatively poor approximation of biological tissue. Artificial
polymer coatings are relatively inexpensive, stable, and straight-forward to prepare, yet typically
provide a poor approximation of real soft and wet biological tissue, and thus often perform sub-
optimally. A bare polystyrene plastic surface, for example, generally will not support living cells,
and most thin polymer coatings, which are similarly hydrophobic and brittle, will not significantly
extend cell viability. While systems that incorporate natural bio-sourced polymers have been
developed, these are typically not stable over weeks, are difficult to work with, or are prohibitively
expensive to purchase or manufacture in bulk. Poly-L-lysine (PLL), a homopolymer of the
naturally occurring amino acid L-lysine, has long dominated the field as a gold standard; however,
it is readily degraded by cellular proteases. The application of its ‘mirror twin’ poly-D-lysine
(PDL) displays a similar efficacy yet is more resistant to proteolytic degradation than PLL.
Advances in molecular biology have identified key components of extracellular matrix (ECM) that
critically support cell survival, differentiation, and growth in vivo. Recent studies aim to capture
the properties of natural ECM that enhance neuronal survival and growth, using novel soft water-
soluble polymers to coat substrates for neural cell culture, implantable neural electrodes and
probes, and 3-D matrices to enhance stability in vivo and increase neural biocompatibility. Here,
we review recent advancements in the development of improved surface and scaffold coatings that
employ principals of biomimicry at the molecular scale, with an ultimate goal of engineering a

thick, soft, and wet transformative neural interface.

1.2.1 Background

The extracellular matrix (ECM) is a cell-type and tissue-specific organized array of

proteins and polysaccharides secreted by cells that define the molecular composition of the local



environment and provide structural and biochemical support.! These macromolecular assemblies
typically closely associate with cell surfaces, with some components binding directly to
transmembrane receptors (Figure 1.1). Integrins, a key family of receptors, mediate cell adhesion
via specific interactions with major ECM components that include members of the fibronectin,
vitronectin, collagen and laminin protein families. Upon ligand binding, integrins initiate
intracellular signal cascades that regulate the organization of the cytoskeleton, cell migration, the
formation of specialized adhesive junctions, and the trafficking of secretory proteins and receptors
to the plasma membrane.'> Laminin superfamily members are core components of basal lamina
ECM and are often employed in neuronal cell culture as a substrate to promote cell migration,
adhesion, and neurite extension.! Fibronectin exists as either soluble plasma fibronectin or
insoluble cellular fibronectin and influences cell adhesion, growth, differentiation, wound healing,
embryonic development and migration.! Although the molecular composition of the ECM is
complex and cell- and tissue-specific, synthetic ECM replacements have been used to support cell
growth in vitro for many years.> The coatings produced by manufacturers are frequently
proprietary and their exact compositions often remain trade secrets. With recent advancements in
tissue engineering, ECM replacements have moved increasingly from two-dimensional films to
three-dimensional scaffolds, with polymer chemists, cell biologists, and materials engineers
working together to design materials that more realistically mimic tissue environments. The
development of specialized materials to support three-dimensional artificial ECM presents an
opportunity to create mimics of neuronal tissue that support the formation of three-dimensional
networks of neurons and glial cells. Naturally derived polymers, such as hyaluronic acid (HA), a
major component of the ECM in central nervous system (CNS),*> have been employed with
promise to improve neuronal cell culture, along with fibrous polymers such as collagen,
fibronectin, and elastin.®” However, these relatively large proteins are expensive, fragile, and can
be difficult to prepare and store while maintaining their biological activity, compared to synthetic
counterparts, and there has been relatively little research into chemical modifications to enhance
their stability and ease of use. While the biochemical-structural components of ECM are complex,
simple mimics of their basic mechanical and biochemical properties have been proposed in a
variety of systems.>® Critical features of materials that aim to mimic the ECM can be summarized
by two guiding principles (self-assembly and bio-mimicry) and two key material properties (low

modulus and high water content).



Figure 1.1. Schematic of the various components of ECM. Integrins bind extracellular proteins,
such as collagen fibers decorated with proteoglycans. The specific proteins and glycans present
differentiate ECMs found in different tissue types. Transmembrane integrin proteins are linked on
the cytosolic side of the plasma membrane phospholipid bilayer to cytoskeletal elements, such as
microfilaments composed of filamentous actin, intermediate filaments, or microtubules composed
of polymerized tubulin. By linking the intracellular cytoskeleton to the local ECM, integrins
transduce force across the plasma membrane. Adapted from Karp et al.’ with permission from John
Wiley and Sons, “Cell and Molecular Biology: Concepts and Experiments”, 4" edition. Copyright
2006.

1.2.2 Specific requirements of neural cells

Neurons are highly specialized cells that are critical for sensation, movement, and
cognition.'® Loss of neurons and deficient neuronal function underlies neurodegenerative disorders
such as Alzheimer’s and Parkinson’s diseases.!! Developing materials that support neural growth
and enhance neural biocompatibility may ultimately find utility in the treatment of
neurodegenerative disease. Such materials will also facilitate the study of neural cells. Historically,
neurons have been cultured on surfaces that attempted to capture and mimic critical physical or
chemical aspects of a real ECM. During the first decade of the 20" century, the first experiments

to visualize living neurons in cell culture utilized glass coverslips and a microscope, combined



with a technique pioneered by Ross Granville Harrison called a hanging drop — a technique that
examined fragments of the embryonic nervous system within a liquid drop hanging from sterile
coverslip inverted on a watch glass.'? This technique allowed for small explants of living tissue to
be viewed in three-dimensions rather than two. The neurons quickly died, however, due to the
absence of adequate access to nutrition and mechanical support. At the time, it was not clear if the
elaboration of a process by a neuron required a substrate, or alternatively if neurons might extend
processes like a tree extends branches into the air. To determine if mechanical support is required,
Harrison conducted a series of experiments using spider silk as a substrate for neural cell culture.
Fibrous substrates were generated by having spiders spin a web across rings at the bottom of a jar,
and once finished, tissue explants from embryonic chick or frog CNS were placed on top (Figure
1.2, (A) and (B)).'? Processes from the excised tissue were observed to extend along the silk fibers,
providing the first experimental evidence that neural cells utilize a mechanical substrate to extend
processes.!> Although not highlighted in these early papers at the time, they represent a

foundational application of biomaterials to support the survival and growth of neurons in vitro.
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Figure 1.2. Illustrations from Harrison’s pioneering paper entitled “The reaction of embryonic
cells to solid structures” which demonstrates some of the first uses of artificial substrates for the
cultivation of neural cells. (A) Cells from an explant of an embryonic frog CNS is cultured with
serum on crossed spider webs (300 x). (B) Bipolar and tripolar cells from a medullary cord are
attached to crossed webs at 8 days and (C) 2 days (both 300 x). (D) Drawing of the cells after 6
days, showing both ‘pigment cell types’ that Harrison noticed (300 x). Reprinted from Harrison et
al.’® with permission from John Wiley and Sons, J. Exp. Zool. Copyright 1914.

While the vast majority of subsequent studies of neurons in culture have employed one or
two layers as a substrate, thicker biomaterial films are currently being explored as coatings to
determine the effect of thickness and modulus on the longevity, connectivity, and density of

neurons maintained in vitro. Many studies highlight the role of surface stiffness (measured as
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modulus, the slope of a stress-strain curve) in neuronal cell survival and the formation of a neural
network.'* There are several definitions of a modulus, typically referring to how a material
performs under a specific stress or load. Indentation moduli refer the response of a material under
an indentation load (so called bulk modulus), while the Young’s modulus describes the tensile
elasticity of a material. The Young’s modulus of elasticity tends to be defined also as the ratio of
tensile stress to tensile strain. An ideal model system would permit a tunable modulus, to allow
cultivation of neuronal (or other) cells in an environment in vitro that is as similar as possible to
the specific moduli experienced in vivo, which can vary over a wide range, and to which cells
appear to be surprisingly sensitive. Too soft an artificial surface can be just as inappropriate as too
hard a surface, and the ‘goldilocks zone’ between them for successful growth appears to be limited

to a narrow range of just 20-30% in modulus from an ideal target.!>!¢

1.2.3 Classes of materials attempted as artificial ECM

Systems such as silk fibroin (SF) and layer-by-layer deposition (LbL) polymers, in
principle, possess the key characteristic of a tunable modulus, as both can be readily deposited or
assembled from aqueous solution, yet each becomes adhered, stable, and insoluble while retaining
soft gel-like properties that resemble a real ECM, to a controllable extent. Key to both systems is
a complex sub-structure composed of soft-bonds that assemble during or following deposition,
folding up into beta-sheets in the case of SF,!” and pairing into ionic-bonded multiple layers in the
case of LbL, the degree to which can be controlled precisely during fabrication to influence both
the water content and the modulus.'® Silk is a naturally derived and complex material which, while
more traditionally challenging to work with, has recently been making important in-roads into the
biomaterial and biomedical fields. LbL is an assembly technique that can be employed to construct

multi-component systems of simple artificial and/or natural polyelectrolytes, including silk.

Silk fibroin from Bombyx mori silk worms is a polypeptide chain consisting of several
domain specific sequences of amino acids that is carefully wound, as a single extruded filament,
into a cocoon in preparation for metamorphosis in the B. mori’s life cycle. Compared to other
polymers found to possess excellent properties as ECM for neurons, SF is inexpensive, relatively
easy to process, and found to perform at least as well as PDL/PLL, a standard substrate for neuronal
culture,' largely due to SF’s soft modulus (ranging from 8-10 GPa elastic modulus'” to as soft as

10-100 KPa'® indentation modulus) and tunability. Layer-by-layer polymer deposition can be used
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to build up self-assembled polymer coatings onto substrates through electrostatic interactions by
alternating polyanionic and polycationic polymers. The loop length between attachment points,
and thus the ability to hold water and the softness, can be tuned precisely by the conditions of
chemical deposition, such as ionic strength or pH, in the dipping assembly baths. The influence of
coating modulus on neuronal cells in culture has been well studied, with the general conclusion
emerging that neurons grow best on softer materials, up to a specific maximal softness.?*! A thin
layer of PLL on glass or plastic might serve to mask the hard SiO; or polystyrene surface
chemically, yet the stiffness of such thin coatings generally still resembles that of the underlying
hard support material. This stiffness is typically many MPa (the slope of indentation vs force),
which can be a million or more times harder than the stiffness of living neural tissue, which is in
the range of 10-100 Pa.??> The key concept of modulus matching is to grow cells on surfaces and

scaffolds that are as similar as possible to the modulus of the native tissue.?***

While increasing evidence indicates that relatively low modulus materials generate better
neuronal culture conditions, water content is a critical factor as well, though it is more challenging
to obtain accurate measurements of water content to guide the development of enhanced cell
culture substrates.>** Another reason why modulus has been targeted to guide new material
development is the stark disparity between some of the currently best available cell culture
materials on the market, and real tissue; a difference in water content between real and artificial
systems may be just a few tens of percent, while in contrast the stiffness of artificial systems is
often mismatched by a factor of a million to that of real tissue.?> Available high water content
materials include hydrogels and layer-by-layer (LbL) systems. Both of these techniques afford
good control over final properties during fabrication, allowing for highly tunable water content
and moduli. High water content hydrogels have been rationally designed,?® with upwards of 80%
water content obtained in silk fibroin gels.?’ In spite of this, it remains a challenge to maintain the
stability of such intrinsically hydrophilic material on a surface, with sufficient stability to limit re-
arrangement and dissolution. For silk gels, two microstructures are present in equilibrium: blocks
of hard insoluble beta sheets, and an amorphous entangled matrix of higher water content and
lower modulus. The balance between the two phases is controlled by the ‘setting’ or ‘curing’ time,
which governs the stability to re-dissolution, and also both the modulus and water content.
Typically, SF ‘curing’ is achieved through methanol exposure or water annealing. Each technique

allows further tailoring of the material’s properties either through treatment time, temperature or
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concentration, which can heavily alter the water content and stability of SF-based materials. This
inverse relationship between modulus and stability, and water content typically works in favor of
the materials chemist, due to the goal of obtaining high water content materials with lower moduli.
For LbL systems, varying the pH and salt conditions during the deposition of the polyelectrolyte
multilayer film can be employed to control the final water content. These films have been shown
to have high water content, while the exact roles of thickness, water content, and modulus have

been explored combinatorially via 1-D and 2-D gradient films in LbL systems.*>?3

Polymers that self-assemble into rationally-designed architectures often can be
manipulated to possess a low modulus (100-800 kPa) and a high water content( <80 wt%). Such
systems assemble into a thermodynamic minimum conformation, with a controllable, predictable
spatial arrangement on a surface, leading to a stable and reproducible platform for investigating
and optimizing cell compatibility. Natural polymers, such as ECM proteins and intracellular
cytoskeletal proteins employ components that self-assemble and exert a profound influence on the
modulus and structural integrity of neural tissues. Self-assembled systems characteristically
employ hydrogen or ionic ‘soft’ bonding to generate precise yet reversible spatial arrangements of
materials, such as the f-sheets in silk. Importantly, these ‘soft bonds’ are dynamic and can
dissociate and re-bond depending on impinging stimuli, creating a dynamic system with the
capacity to adapt and self-repair. Ionic bonds have been used to rationally design three-
dimensional tailored materials, such as layer-by-layer (LbL) assembles that interact via
electrostatic interactions between successive layers of alternately-charged polyelectrolytes. The
capacity to engineer systems utilizing the flexibility of hydrogen and ionic bonding provides the

potential to generate more complex rationally designed dynamic molecular architectures.

The fundamental mechanical properties of a polymer provide some insight into how well
a material will perform under a stress or ‘load’. There are several experiments designed to quantify
the maximum extent to which a polymer can be strained, and the linear initial and reversible region
of these stress-strain curves quantify how elastic or soft a material is, measuring a deformation
experienced over the application of a force to a specific cross-sectional area of an object, and is
expressed in terms of a force/area such as a Pascal (N/m?). Strain is the material’s dimensional
response to a stress, and can be expressed as the percentage increase of a material’s extension in

the case of tension.?’ The elastic modulus is a measure of a polymer’s resistance to being deformed



reversibly under stress, and is defined as the slope of the stress-strain curve in the elastic low-stress
region. The Young’s modulus describes the uniaxial tensile elasticity, and determines how elastic
a material behaves under tensile stress, while a bulk modulus (or elastic modulus), perhaps more
relevant to cell culture, describes an extension of the Young’s modulus in three dimensions of
elasticity and is typically determined through indentation. ECM components generally possess
high tensile strength but low elastic modulus (i.e.: ‘tough’ polymers, typical for natural materials),
and these attributes are what functional artificial ECM materials typically mimic.’® The majority
of biologically derived materials are soft yet tough, such as SF, HA, cellulose and spider silk.
Structure-performance relationships have been studied between the softness of a material and how

well it performs as an artificial ECM replacement for growing neuronal cells.?!

Inspired by cell biology and biochemistry, we envision that an ideal system will possess a
tunable modulus, high water content, and rely on efficient self-assembly. Typically, within natural
systems, these guiding principles are highly prevalent, thus we believe it is important to design
artificial systems with these design paradigms in mind. Of all of the various systems currently
being studied, silk polymers, and LbL systems best fit these specifications. The LbL approach
involves layering polycationic and polyanionic polymers in alternating secession, to generate
multi-layered soft-bonded substrates that have much freedom in structure, so thus high water
content, and low modulus. Both silk gels and LbL coatings have been shown to control predictably
both the modulus and water content through a self-assembled process. We present a concise review

firstly of silk-based materials, and then of LbL-based materials, for growing neuronal cultures.

1.3 Silk as an artificial ECM material

Naturally derived biomaterials have been extensively explored for use in biomedical
applications,®! cell guidance,*? surface coatings,* and biomedical devices.** Silk embodies some of
the best properties of successful artificial ECM. It is tough, having a high tensile modulus but low
elastic modulus, possesses high water content, and can be processed into a variety of different
forms and geometries.** Of all the types of SF being explored, Bombyx mori silk fibroin (Figure
1.3 (A) and (B)) possesses perhaps the most ideal properties, while being a readily available,
relatively inexpensive starting material, yet possessing a rich suite of material chemistry properties

that are highly controllable through processing (Figure 1.3, (C)).
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Figure 1.3. (A, left) A cocoon from a B. mori silk worm during metamorphosis. (A, right)
Resulting material after degumming the silk cocoons and removing the sericin coating, and a light
microscope image of the resulting bundled fibers after removal of sericin. (B) A schematic
representation of the components comprising silk fibers. A bundle of fibers (d=10-25 pum) is
surrounded with a coating of sericin. Fibroin contains multiple fibroin fibrils which have distinct
packing motifs, including: amorphous chains, Silk I (mixture of a-helices, B-sheets and random-
coil), and Silk II (B-sheet regions making dense crystalline regions). (C) Examples of 4 different
platforms of silk (gels, films, fibers, sponges) and their corresponding potential applications (in
photonics, nanotechnology, electronics, optical fibers, adhesives, bone scaffold materials,
ligaments, and microfluidics). Adapted from (A/C) Ghezzi et al.** and (B) Volkov et al.*® with
permission from John Wiley and Sons, (A/C) Isr. J. Chem. Copyright 2013, and (B) Macromol.
Mater. Eng. Copyright 2015.
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Bombyx mori silk is a fibrous polymer chain of amino acids that possesses two unique
structural motifs: well-defined crystalline phases, and an irregular amorphous phase in between.*’
The crystalline domain is composed of repeating units of glycine combined with alanine, serine or
tyrosine (Figure 1.3, (A) and (B)). These repeating amino acid units produce different
polymorphic domains, due to different packing motifs: Silk I, Silk I and Silk I11.>7 Silk I is defined
as the glandular state, a series of extended a-helices that are water soluble.?’ Silk II possess a well-
defined p-sheet conformation, that is generally water insoluble, and Silk III is a threefold
polyglycine II-like helix, that naturally occurs at the water-air interface during the process of
spinning.?” Silk III is the polymorphic form that B. mori silk worms excrete during pupation, and
is generally water insoluble to protect the growing worm during the process of metamorphous.
Although natural silk is largely composed of Silk III, a small amount of the crystalline region is
also Silk II, allowing the material to be relatively water-impervious yet pliable.*® Inter-conversion
between Silk I to Silk II is achieved by gentle heating, and exposure to methanol or potassium
chloride, producing water-stable films.*® These films resist re-dissolution, yet present a platform
to introduce water re-uptake into the film through water swelling, forming the various material

classes into which silk can be processed.*
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Figure 1.4. Procedure for extracting SF from Bombyx mori silk cocoons. (A) Whole Bombyx mori
cocoons which are (B) cut up and the worm is removed. (C) The cocoons are boiled in a 0.02 M
NaxCOs solution to dissolve sericin from native silk fibers, and (D) the fibers are rinsed with
distilled water to remove any additional base before (E) being left to dry overnight within a
fumehood. (F) The dried and liberated fibers are dissolved with 9.3 M LiBr at 60°C for 4 hours,
before (G) adding the solution to a dialysis cassette and (H) dialyzing against ultrapure water for
48 hours. (I) The solution is removed from the dialysis cassette and (J) centrifuged twice to remove
any impurities (i.e. parts of the silk worm that made it through this process). (K) The finalized
solution is stored at 4°C to prevent degradation. Adapted from Rockwood et al.*° with permission

from Macmillan Publishers Ltd., Nat. Protocols. Copyright 2011.
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In order to process silk into various materials forms, an aqueous solution of silk is first
required. Natural silk cocoons contain two polymeric components, silk fibroin and sericin, that
must be separated prior to solubilizing the fibroin. Silk can be isolated by boiling the cocoons with
NaxCOs, releasing the native silk fibers from their sericin ‘glue’, followed by dissolving into a 9.3
M solution of LiBr.** Purified silk is obtained by dialysis against water to remove the LiBr (Figure
1.4). Silk fibroin has been extensively processed into at least six different materials classes: films,
microspheres, tubes, sponges, gels, and fibers (Figure 1.3, (C)).*! Each of these different classes
of materials possess a unique structure and set of properties, and each has been tested as ECMs for
cell culture. Films of SF have been well studied, with a long tradition as a medium of choice to
promote cell growth, including neuronal growth, in culture.*> Transforming films into three-
dimensional scaffolds can be achieved by creating materials such as gels and sponges from silk
fibroin that allow for a variety of cells to be grown into a tissue in three-dimensions. A prime
example of the use of 3-D silk scaffolds for neuroengineering is shown in work presented by Huang
et al, using silk composite materials to grow and reconnect neural tissue in severed sciatic nerves

in vivo.”?

1.3.1 Silk materials as artificial ECM 2-D coatings

Thin films and coatings of silk have been extensively studied as an artificial ECM for a

1,¥ and cardiac cells;* however,

variety of cells, including Chinese hamster ovary,** endothelia
within the context of this review, we will focus on studies that culture neurons, highly specialized
cells that are among the most demanding to maintain in vitro. A widely used standard substrate for
neuronal cell culture is a coating of polylysine, either the naturally occurring poly-L-lysine (PLL),
or it’s artificial mirror form poly-D-lysine (PDL). These are stereochemically distinct, but
otherwise chemically identical, and possess strong positive charges along the polymer chain that
are thought to promote neuronal adhesion and be permissive for the extension of axons and
dendrites. Silk does possess some of these characteristics: having amino acids that can be
independently pH-adjusted to create positive charges along the polymer backbone to modify cell
attachment. Silk’s B-sheets allow for these polymers to remain water-insoluble yet swell with water

to lower the elastic modulus.** A good examples of this was presented by Yang et al who explored

the use of B. mori silk films as a growth promoting substrate for rat dorsal root ganglia (DRG)
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sensory neurons from the peripheral nervous system (PNS).*’” Using these silk fiber films, they
demonstrated excellent biocompatibility for DRG neurons and promoted the survival of Schwann
cells (SC), with minimal cytotoxic effects on cell function. A subsequent paper extended these
findings using CNS hippocampal neurons, again demonstrating good biocompatibility and
minimal cytotoxicity as indicated by normal morphology and good cell viability compared to
hippocampal neurons on PDL surfaces.*® In both cases, the silk performed as well or better than

the typical substrate used to grow these cells.

Thin films have been extensively studied as a coating for cell culture dishes; however,
coatings that incorporate SF or SF-modified polymers have opened new avenues to coat other

4249 and scaffolds for regenerative

biomedical devices such as neuronal probes and electrodes,
medicine.****>! SF has been used in conjunction with highly specialized neural probes as an inert,
bio-compatible, pliable, and tough structural component.** Teshima and coworkers
microfabricated small electrode cell culture substrates, called ‘nanopallets’, comprised of a highly
cross-linked SF hydrogel matrix along with poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) conductive polymers.>? In this case, the SF hydrogel coats the conductive
PEDOT:PSS fabricated electrodes, enhancing the biocompatibility of the device while minimizing
electrical resistance and remaining essentially optically transparent. This allowed the authors to
electrically stimulate the cells while monitoring the activation of voltage-sensitive Ca*>" channels

with fluorescence (Figure 1.5). In this example, the silk fibroin provides a soft and biocompatible

coating for the hard and electronically conductive PEDOT:PSS nanoelectrodes.
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Figure 1.5 (a) Schematic representation of a device to observe an electrical stimulation of cells
with voltage-gated Ca’'-selective ion channels (Cay2.1). When the channel is closed, no
florescence is detected, but as the channels opens, a signal is emitted by the Ca**-Fluo-4 dye
complex (ex/em 494/506 nm) (b) Material composition of the mobile nano-pallets and
photographs of the resulting dispersions of the nano-pallets in water. (¢) FTIR spectra of the
PEDOT:PSS film (green), baked SF/PEDOT:PSS film (blue), and methanol treated and baked
SF/PEDOT:PSS film (red). These FTIR spectra show the development of the -sheet domain,
characteristic of water-insoluble silk. (d) The evolution of electrical conductivity that is
accompanied by (i) spin-coating, (ii) baking and finally (iii) dipping in methanol. Reprinted from

1.52

Teshima et al.”” with permission from John Wiley and Sons, Adv. Funct. Mater. Copyright 2016.

1.3.2 Patterned silk coatings for substrates

Patterning SF to direct neuronal growth has been explored,’*** adding topographical
features (so called ‘2.5-D surfaces’) to flat 2-D films allows for more precise control over neuronal
process extension and positioning. These techniques have been extensively investigated for
applications that aim to promote axon regeneration. The capacity to effectively pattern SF coatings

has been applied to direct neurite growth, and also as a means to roughen in order to present a
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more biologically permissive surface. Tan et al. have suggested that patterned SF coatings could
form highly permissive and effective cochlear implants by promoting the formation of long lasting
associations with the spiral ganglion neurons that bridge peripheral and central auditory tissues.>
Patterned cochlear implant coatings that increase surface roughness have promoted spiral ganglion

attachment,>>>

yet directed neurite outgrowth has yet to be achieved by a similarly patterned
surface, although several groups are actively pursuing this goal. Silk has emerged as the premiere
material within this area and several techniques have been employed to create patterned SF,

57-59

including soft lithography,>’-> and physical processes.*

Hronik-Tupaj et al demonstrated SF patterning and daily uniaxial electrical stimulation
promotes neuronal processes to align along surface groves (3.5 pm wide x 500 nm deep).%
Alignment was only found on nano-patterned surfaces and the aligned neurons demonstrated an
explicit response in the form of functional linear networks. It is also possible to pattern a surface
by including a chemical gradient within the silk material. For example, the creation of a NaCl
gradient generated a gradient of porosity within the resulting silk film. Neurons specifically grew
best where the porosity was highest, showing a general trend towards higher salt content (higher
numbers of pores).®! Such patterned surfaces could direct neuronal process extension, with
potential future materials being employed in neuro-regenerative medicine. A prime example of
these neuronal guidance materials involves using aligned SF fibers that can act as physical
guidance for growing neurites. Topographic patterns of the correct size regime, typically on the
order of 100 pum,®? have been extensively studied for their neurite outgrowth promoting, and
synaptogenetic properties, yet few studies have combined topographically functionalized surface
patterns with a chemoattractant with the goal of directing axon or dendrite guidance. With the goal
of promoting regenerative growth in the CNS, Madduri and co-workers describe SF nanofibers
functionalized with glial cell line-derived neurotrophic factor (GDNF) and nerve growth factor
(NGF).®* A series of experiments used aligned and non-aligned functionalized SF to examine
neurite outgrowth from explants containing embryonic chick spinal cord motor neurons and
embryonic PNS DRG neurons. Directional outgrowth was only observed along the aligned SF
fibers as compared to the randomly arranged fibers which were no different than the control. This
approach used SF-fibers patterned with NGF and GDNF to demonstrate the benefit of employing

both chemo-attractant and physical cues to guide neurite outgrowth.
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1.3.3 Silk scaffolds in 3-D

Transitioning from two-dimensional films to three-dimensional neural networks, scaffolds
are being employed to investigate cellular mechanisms using culture conditions that aim to more
closely mimic the native environment in vivo. This is especially important for neurons, since neural
networks are inherently three-dimensional, rather than the thin relatively two-dimensional space
presented by a typical cell culture dish surface. Three dimensional scaffolds may incorporate
physical channels, grooves or supports. An example of such hapto-tactic physical guidance is the
support of neuronal growth by uniaxial channels (~42-142 pm) within a silk sponge.*? These
structures were created by generating cylindrical ice crystals via a directional temperature field
freezing technique. The material then functioned as a directional sponge, confining neuronal
growth and directing neurite process extension along one axis. Using embryonic mouse CNS
hippocampal neurons, axons projected along the sponge-scaffold holes. Such scaffolds were
further refined by aiming to generate gels that mimic the modulus of human tissues, creating SF
hydrogels that range from 4 to 33 kPa, while maintaining structural integrity.®* In this study,
explants of embryonic chick PNS DRGs were embedded in SF hydrogels and axon growth
accessed. Modulus matching was found to promote outgrowth from the explants, with the best

occurring on 2 and 4% silk hydrogels.

The potential of SF scaffolds to function as silk conduits to promote peripheral nerve
regeneration in adult rats has recently been examined by several groups and silk is among one of
the most promising materials for neuro-regenerative medicine currently being explored.®>¢ By
employing SF in conjunction with a spider silk mimic (Spidrex®), Huang and coworkers were
able to achieve partial axonal-regeneration across up to 13 mm long gaps in rat sciatic nerve.** In
this study, regeneration was enhanced over the 12 week period monitored. Four-weeks after injury,
Huang’s best nerve-repairing conduits regenerated ~62% (mid conduit) and ~59% (distal to injury)
of the previous neuronal density as compared to autologous nerve graph controls. Compared to the
controls, the silk conduits limited the inflammatory macrophage response and supported
colonization by Schwann cells, the myelinating glial cells that electrically insulate axons in the
PNS (Figure 1.6). After 12-weeks, regenerated axons were myelinated to an extent similar to
uninjured controls (81%). Such findings suggest that SF scaffolds have substantial potential to

promote recovery following nerve damage.

18



A: Representatlve SEM image of PN200  C: DRG cells attached to PN200 and sending out processes

B: PGP 9.5 Iabelhng of hindpaw skin 12
weeks post surgery

Figure 1.6. A composite figure demonstrating axon regeneration across 8 mm gaps in a rat sciatic
nerve. (A, left) A representative scanning electron microscope image of PN200 (a graft consisting
of 200 luminal silk fibres) graft displaying the outer sheath and (A, right) inner aligned luminal
silk fibers. (B) Left hindpaw skin 12 weeks post-surgery labelled with PGP 9.5 to mark axons. The
4 conditions tested were: (B, a) naive animal group, (B,b) autologous group (B,c¢) PN200 and (B,d)
PNO (a graft containing no luminal fibers). The autologous group (B,b) appears to have similar
immunoreactivity as the naive group (B,a), while PN200 (B,c) demonstrated reduced PGP 9.5
immunoreactivity as compared to the autologous group. Few neurons were found on the PNO group
(B,d). (C) Confocal images of adult DRG cells and their reaction with the silk graft. (C,a) Adult
DRG cells attach to the degummed Spidrex® fibers and put out processes, as labelled by phalloidin
(red). (C,b) Neurofilament labelling shows the long extended neurites wrapping along the luminal
fibers and (C,¢) the Spidrex® fibers. Adapted from Huang et al.** with permission from Elsevier,
Biomaterials. Copyright 2012.

An example of the application of silk scaffolds to promote nerve regeneration by Gu and
colleagues provides an innovative twist. By combining cell-derived ECM components with silk

and chitosan, to further tailor the structure and modulus of the graft, they report regeneration across
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up to ~10 mm gaps in adult rat peripheral nerve, similar to those described in Huang’s paper.*
While the two papers demonstrate similar methods to achieve comparable results, Gu’s approach
involves impregnating the graft with re-constituted ECM from Schwann cells or from acellular
sources (e.g. NeuraGen® NeuroMatrix™, Neuroflex™, NeuraWrap™, and NeuroMend™, all
proprietary and complex blends of polymers from cellular sources).’! The chitosan and SF surfaces
were cultured with SCs to create ECM derived exclusively from the cellular source, but
subsequently decellularized to create ECM-functionalized chitosan - SF graft (Figure 1.7).%! This
approach provides two potential benefits: (1) it creates a highly-tailored nerve graft that can be
derived from green, renewable feedstocks, and (2) histopathological and blood parameters
indicated that this approach maximizes safety and limits macrophage response, which could lead
to a rejection of the graft. Electrophysiological measurements confirm a sizable recovery over 12
weeks, albeit not to uninjured levels. Interestingly, using electrophysiological measurements as a
matrix for recovery, naked scaffolds were significantly less effective than acellular and SC derived
ECM; however, no significant difference was found between Schwann cell and acellular derived
ECM.>! The approach of using silk as a scaffold for cellular derived ECM is innovative and
highlights silk’s biocompatibility, since the naked silk-chitosan scaffolds do not evoke a significant

immune-response.
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Figure 1.7. Neurofilament immunohistochemical staining of rat sciatic nerves within the bridged
10 mm gap. The dotted line represents the front of axon growth within the denoted period. (A)
Longitudinal section of plain chitosan/silk graph (top) and the SC-ECM derived graph (bottom)
after 4 days. (B) Sections of the plain chitosan/silk graph (top) and SC-ECM derived graph
(bottom) after 14 days. (C) Transverse sections of the nerve graph showing the thickening edge
with the SC-ECM compared to just the scaffold after 14 days. (D) Histogram of the length of
regenerating axons vs the surgery date (4 and 14 days) and (E) number of regenerating nerve fibers.
(**p < 0.01). Reprinted from Gu et al.>! with permission from Elsevier, Biomaterials. Copyright

2014.
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1.3.4 SF-based composite materials

While silk fibroin alone has proven to be a successful scaffold to support three-dimensional
neuronal networks, multi-component composite materials allow further tailoring of the surface
conditions to promote neuronal growth and survival. Ren et al/ employed a hyaluronic acid (HA),
SF composite scaffold that exhibits particularly high porosity (~90%).®” These highly porous
scaffolds have a tunable HA content, which influences neuronal adhesion and attachment. Pore
sizes ranged from 123 — 253 um, allowing for large water content absorption, with the material
swelling up to 10% in volume. Adding HA generated scaffolds that were more hydrophilic
compared to similar SF-only electro-spun materials. SFs have also been incorporated into a variety
of polymers such as chitosan and poly(L-lactic acid-co-g-caprolactone) to modify their
properties.®7® Some of these modified scaffolds have been tested for their capacity to promote
axon regeneration in rat sciatic nerves following injury. One strategy employed chitosan/SF
composite materials as a delivery vehicle for adipose-derived stem cells which promoted the repair
of gaps in sciatic nerves across 10 mm distances.”!' Poly(L-latic acid-co-e-caprolactone)/SF blends
were employed in electro-spun peripheral nerve grafts, demonstrating enhanced regeneration and
recovery of nerve function by 8 weeks following injury.”> Wang et al attributed the enhanced
regeneration to the alignment of the nanofibers in the SF-synthetic polymer blends, as well as using
a combination of a soft material, such as SF, along with cell-philic poly(L-lactic acid-co- &-
caprolactone), which has recently been shown to dramatically increase adhesion of neural cells.”
A final example of the application of SF composite materials is to support the generation of an
engineered layered brain tissue.’”* This achievement capitalizes on a number of the best attributes
of SF, in particular its soft modulus in conjunction with high water content, while the collagen was
introduced to structure a layered toroidal ‘donut’-like architecture that was used to model different

parts of the brain by varying the modulus of each layer (Figure 1.8).
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Figure 1.8. Using SF and collagen gels to create a modulus-matched toroid, generating cortical-
like tissue organization in vitro. (a) Illustration of the organization of white matter and six layers
of neocortex. (b) Design strategy that aimed to mimic these natural structures within a new
material. (left) adhesive-free assembly of concentrically arranged layers (similar to the layers
within the neocortex), and (middle) the unit module consisting of neuron-rich grey matter regions
along with axon-only white matter regions. (right) Demonstration of the material design showing
the scaffold and collagen gel composite material supporting connections in 3-D. (¢) Photograph
showing the three-dimensional silk scaffold and (d) a dyed version of the same layered toroid to
aid in visualization. (e) Photograph of the toroid seeded with different primary rat cortical neurons
(live-stained with Dil in red and DiO in green) and (f) a photograph after cells were grown. (g) A
representative photograph of the interface between each of the populations (scale bar: 1 mm) (h)
Photograph of the scaffold showing the dimensions along with (i) confocal z-stack multichannel
images of 3-D brain like-tissues labeled with the axonal marker B3-tubulin in green and the
dendritic marker microtubule-associated protein-2 in red. This confocal stack is from the center
axon-only region, while (j) and (k) are from porous regions within the scaffold. Adapted from
Tang-Schomer et al.”*

U.S.A. Copyright 2014.

with permission from National Academy of Sciences, Proc. Natl. Acad. Sci.
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1.4 Polyelectrolyte multilayers as tunable coatings

The previous section outlined how a naturally derived self-assembled polymer such as silk
can be modified and employed as replacement for neural ECM. It is clear that cells respond to the
stiffness of their substrate, and thus altering mechanical properties, such as Young’s modulus, can
directly impact cell survival and development.’” A key technique to control the modulus and other
properties of an engineered surface is to assemble polymers using a layer-by-layer approach. LbL
assemblies were first introduced by Decher et al. in the early 1990s as a substitute for
chemisorptions via the classical Langmuir-Blodgett technique. LbL assembly relies on
electrostatic interactions between two oppositely-charged polyelectrolytes as the main driving
force for a facile bottom-up method to prepare ultrathin films that removes the need for covalent
bond formation and dependence on substrate size and morphology.’® Other interactions such as
hydrogen bonding, or charge-transfer interactions, can also drive the assembly process,
highlighting the versatility of the LbL approach. Since the introduction of this technique, LbL
assemblies have been used as an easy and inexpensive method to functionalize a wide variety of
surfaces. The overall technique relies on dipping a surface into an aqueous solution of charged
polymer, rinsing, followed by dipping into a solution that contains the complementary oppositely-
charged polymer, the charge-overcompensating alternating process is then repeated until the
desired number of layers have been deposited (Figure 1.9, inset). The properties of these surfaces
can be easily tuned by modifying the nature of the interaction between the two polymer layers, the
nature of the building blocks of the films, such as using synthetic polyelectrolytes,”’

8.7 or polysaccharides,®® and by tuning the preparation conditions.®!*? Since its first

polypeptides,
description, structures more complex than simple films have been prepared using LbL techniques
and these structures can be modified to be responsive to stimuli.3* A summary of the scope of this
technique is illustrated in Figure 1.9. Because the technique offers minute control over surface
properties, a substantial amount of the research efforts towards these ultrathin films has focused
on their potential application as biomaterials.’* Previous studies took advantage of mechanical
properties of LbL thin films, such as their dynamic stiffness,® or mechanical compliance,® to
modulate cell adhesion. Published reviews offer comprehensive descriptions of LbL surfaces,
focusing on their general physical, biochemical and mechanical properties.®”*® A comprehensive

review of biopolymer based LbL surfaces has been published,* and Silva et al has addressed their

use as engineered extra-cellular matrices.®
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Figure 1.9. Summary of the scope of LbL assembly techniques showing possible interactions
between polymer layers, the different building blocks available, the structures created and
templates. Reprinted from Silva et al.%® with permission from John Wiley and Sons, Small.

Copyright 2016.

LbL derived films have been exploited as cell culture surfaces and coatings for a range of
cell types;®* however, a complete exploration as potential growth surfaces for neurons is lacking.
LbL coatings offer an attractive interface between biological and artificial materials due to their
versatility, and LbL deposition techniques have been used to create polymer assemblies in areas

such as macromolecular encapsulation,*

and biocompatible coatings for artificial implant
materials.””?! Due to their complementary charges that can be controlled via the pH of the dipping
baths, poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH), simple polymers of

acrylic acid or allylamine, respectively, are two of the most commonly used synthetic PEs in the
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fabrication of PEMs. Research from our groups on PAA/PAH PEMs has shown that the fabrication
conditions play a key role in altering PEM surface properties and modulus.”>?® By varying the
number of layers, the PEs used, or the deposition pH, an almost infinite number of physically
unique PEMs can be created. Previous work in this field has focused mainly on the adhesion,
viability, differentiation, and proliferation of neural cells on LbL thin films for use as ECMs.5%*
Here, we highlight the more recent reports, and focus on the dependence of performance on the

physical properties of the materials, and their suitability for potential use as surfaces to study the

function of neural cells.

1.4.1 Layer-by-layer coatings incorporating natural growth factors and polymers

LbL assemblies can play host to a variety of different polymer combinations and properties
dictated by assembly conditions, so that if carefully chosen these artificial polymers can take on
the appearance and ‘feel’ of real ECM. One can mimic ECM by selecting soft and biologically
permissive polymers (such as PLL and HA) and incorporating components of the natural ECM as
a method to ‘bio-camouflage’ LbL assemblies on surfaces. In principal, these bio-camouflaged
surfaces represent a more natural, albeit engineered, environment that can be tailored and
optimized for neuronal survival and growth. Zhou and colleagues highlight the capacity of LbL
assemblies to bio-functionalize surfaces for the survival and growth of neural progenitor cells
(NPC).”® Previous work has focused on the use of hard, yet supportive monolayers of bio-
responsive polymers (such as PDL, PLL, HA, etc.), but Zhou et al/ focused on using cellular-
derived ECM components in combination with a LbL approach, to support the growth of NPCs.
Poly-g-caprolactone, a material previously used both in vitro and in vivo for neural tissue
engineering, was functionalized with a LbL thin film of PLL and heparin sulfate or brain derived
neurotrophic factor (BDNF) with the aim of creating a coating that promotes regeneration while
minimizing spinal cord injury inhibitory environments.”® The effectiveness of this surface was

assayed by quantifying the length of extending neurites and biochemical correlates of growth.

PLL was demonstrated to play a crucial role as a positively charged polyelectrolyte within
a LbL assembly that supports the electrostatic binding of growth factors, while itself being a bio-
permissive polymer.®**> Due to highly tailorable surface properties (such as charge, modulus and
porosity), LbL thin films represent a promising platform for incorporating growth factors into a

surface, due in part to adhesive ionic interactions on the surface and within the structure of these
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films. Electrostatically bound small molecules, growth factors and drugs on highly charged LbL
films have been investigated,’® yet incorporation of ionically bound ECM components remains
one area that has been sparsely developed for any cell type. Functionalizing a LbL thin film with
biologically active proteins has substantial potential to optimize neuronal adhesion, survival and
growth.”””® As a demonstration of this, Vodouhé and coworkers created a biofunctionalized LbL
assembly composed of poly(ethylene-imine), PLL, or PAH as polycations and poly(sodium-4-
styrenesulfonate) (PSS) or poly(L-glutamic acid), as polyanions along with BDNF and
Semaphorin 3A as growth and tropic factors. Their approach embedded the proteins during the
assembly process, with Zwitterionic interactions providing stability.”® This proved to be a facile
technique to create bioactive surfaces that present the growth factor and chemotropic factor, in
conjunction with permissive polymers, to determine their influence on the growth of embryonic
mouse spinal motoneurons.’® Characterizing the morphology of cultured spinal motoneurons they
found that BDNF containing surfaces enhanced survival above control (84% increased survival
rate). The stability of BDNF in the substrate was found to be critical, as leaching of the
incorporated BDNF significantly lowered the viability over time, and LbL assemblies containing
PSS/BDNF exhibited minimal leaching and thus performed best, as compared to a PSS and PLL

surfaces.”

Lee et al. developed a method to culture, differentiate, and promote neurite outgrowth using
amino acid containing polymers such as PLL and poly-L-glutamic acid (PLGA). Assemblies of
PLL and PLGA were layered onto supported lipid bilayers and used to induce neural
stem/progenitor cells to migrate from cultured neurospheres and differentiate into neurons without
the need for added serum or growth factors.'” Neurite outgrowth length and the percentage of
differentiated neurons were quantified relative to the number of layers of PLL/PLGA. Induction
of differentiation occurred on films up to 8 layers thick. The charge of the last layer was found to
influence neurite outgrowth and synaptogenesis, as positively-terminated surfaces (PLL) out-
performed negatively terminated (PLGA) surfaces as measured by immunocytochemically
labeling presynaptic synapsin I and dendritic MAP-2 (Figure 1.10). Lee, Vodouhé, and Zhou’s
work highlight the benefits of combining naturally derived ECM materials with synthetic polymers
in LbL assembled materials and illustrates the flexibility, ease of use and power underlying the
capacity of this technique to create highly functional surfaces/coatings to support neurons in cell

culture.
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Figure 1.10. (A-G) A schematic representation of the fabrication processes of the multilayer
coatings: (A) a fresh glass surface hosts a (B) supported lipid bilayer lysed onto the surface,
exposing the functionalized negatively charged (-COQO") groups and allows for (C) PLL (positively
charged polymer) to layer onto the surface followed by (D) PLGA (negatively charged polymer).
(E) The PLL/PLGA multilayer is built up to the desired number of layers before (F) NSPC spheres
were cultured onto the plate. (G) A schematic view of the culture is seen with the resultant images
shown on the left (H-J). Fluorescence images show the cellular phenotypes that differentiated
depending on the LbL surface conditions. Anti-MAP-2 (red, neurons) and anti-GFAP (green,
astrocytes) label the differentiated cells. (H) A thinner surface results in more astrocytes (n=3.5),
and (I) a supported LbL PEM of 7.5 layers and finally (J) a PEM with 8 bilayers. Adapted from
Lee et al.'® with permission from American Chemical Society, ACS Appl. Mater. Interfaces.

Copyright 2014.

1.4.2 Tailored LbL assemblies to control surface charge

Multilayered surfaces can be tailored and specialized based on deposition parameters and
even polymer choice, providing surfaces that can influence neural cell migration, adhesion, and
differentiation. Cellular differentiation is an important aspect to study as surfaces have been found
to influence the differentiation of neural stem/progenitor cells to functional neurons based on the

physical properties of a LbL surface, such as charge,'®! modulus,'* and chemical functionality.'%?
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Since all of these physical properties can be highly tuned based on polymer choice or deposition
parameters, LbL created assemblies remain the platform of choice for the exploration of these
biological phenomena. Ren ef al. studied the effect of changing pendant functional groups on
polymeric assembles for the differentiation of NSCs to functional neurons.!®® The studied pendant
side chain functionalities ranged from hydroxyl groups (-OH), sulfonic (-SO3H), amino (-NH>),
carboxyl (-COOH), mercapto (-SH) and methyl (-CH3) groups and demonstrated a range of contact
angles revealed by measurements of neural stem cell morphology.'® Sulfonic acid functionalized
surfaces differentiated neural stem cells into oligodendrocytes, while carboxyl, amino, mercapto
and methyl decorated LbL assemblies differentiated neural stem cells into a mixture of astrocytes
and oligodendrocytes. Ren and coworkers hypothesized that the hydrophilicity of the surface had
a dramatic effect on neural stem cell differentiation as evident from dramatic differences between
the transformed cell types seen as a function of their contact angle (between methyl and sulfonic

acid groups).!®

While pendant side chain functionalities appear to have a significant influence on the
differentiation of neural stem cells to neural cell types, other surface properties such as charge and
modulus may also influence this process. Lee and coworkers investigated a PLL/HA system for
the differentiation of neural stem/progenitor cells into different lineages (neurons, astrocytes and
oligodendrocytes) by studying the effect of surface charge and number of layers in these LbL
assembled systems.* Neural stem/progenitor cells were induced on films as thin as monolayers;
however, the percentage of differentiated neurons increased with increasing coating thickness up
to a maximum of 4 bilayers, after which no discernable difference was determined.* Single lineage
induction was never achieved and only heterogeneous populations of differentiated cells were
found. Cellular phenotypes were determined by immunostaining with MAP-2 (neuron) and GFAP
(astrocyte), and film thickness, and as a result elastic modulus, was found to influence the ratio of
neurons to astrocytes somewhat, with astrocyte counts decreasing with increasing film thickness.
Charge was also studied and found, perhaps surprisingly, to have little influence on the ability for
neural stem/progenitor cells to be induced, in contrast to findings from Ren and coworkers. While
charge now appears to exert little effect over the differentiation of neural stem/progenitor cells to
neurons, it does influence the length of processes, as evident by neurite outgrowth assays on
negatively and positively terminated surfaces. The longest process extensions were found to occur

on positively terminated surfaces, providing a demonstration of the explicit control over cellular

29



response as a function of the physical properties of a surface.*

1.4.3 Tuning the stiffness of LbL coatings

The physical and surface properties of LbL assembled materials influence cellular
function.'*?*3! While charge and chemical functionality have been extensively studied,*”>!% one
might aim to study the elastic modulus of the supporting material independently of the surface
properties. Importantly, this bulk property of a LbL film can be tuned based on layer thickness,
water content and polymer selection.!®* As an example to illustrate the influence of modulus on
neuronal differentiation, Leipzig ef al. created a methyacrylamide and chitosan based biomaterial,
with a tunable modulus (1-30 kPa), to study the influence of modulus on the differentiation of
neural stem/precursor cells.!*!% They found that stiffer polymeric surfaces (> 7 KPa) resulted in
the differentiation of neural stem/precursor cells to oligodendrocytes, whereas softer surfaces
promoted the generation of astrocytes (< 3.5 kPa).!* LbL assembled films and coatings present a
key opportunity to study the modulus of supportive coatings independent of surface properties
(charge and chemical functionality) yet with distinctly reproducible elastic modulus.!°® However,
due to the enormous parameter space involved for the preparation and fine-tuning of LbL thin
films, we lack a clear structure-activity relationship between modulus and the viability of LbL film
candidates, primarily due to the absence of specialized tools required to efficiently study each

parameter.

To address this, Sailer and Barrett developed a combinatorial method to create gradient
surfaces, with variable modulus and thickness, to facilitate studying large parameter spaces on a
single film for high-throughput screening.?**> The method could also prepare 2-D gradient films,
representing a parameter space equivalent to many thousands of uniform films, that allowed for
high throughput combinatorial screening of film layering parameters and the identification of
conditions that enhance cell viability. To achieve this, thin films of PAH and PAA were prepared
slowly and vertically, filling from the bottom up and varying the pH and salt concentrations of the
polyelectrolyte solutions during their deposition. By adding reagents (acids, bases, salts) with a
syringe pump, this effectively changed the deposition conditions on-the-fly during film fabrication
from bottom to top.>*»* By rotating the film by 90° after each layer deposition, a full 2-D gradient
surface could also be achieved. Cell viability was assayed using a HEK293 cell line, identifying

the optimal pH range that created regions within the gradient film exhibiting the best survival. The
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apex of cell viability was found within a small range of deposition pH (pH 4-6 for PAH and pH 4
for PAA), demonstrating the power of effectively screening the equivalent of over 10,000 single
films on one gradient surface. This work was extended to identify surfaces of optimal viability for
embryonic rat spinal commissural neurons, correlating surface energy (wettability), matrix
stiffness and surface charge with cell survival and growth (Figure 1.11). For both HEK293 and
commissural neurons, optimal growth was detected at an intermediate modulus between 500 and
800 kPa, and no cells survived in regions of the film that had a modulus below 500 kPa, consistent
with a minimal level of mechanical support being required for attachment and growth.?*-* This
study supports the conclusion that survival and growth are highly influenced by modulus and was

an important step towards attaining an in-depth understanding of cell-surface interactions.
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Figure 1.11. (a) Compilation of embryonic rat spinal commissural neuron morphologies at various
points within the gradient surface. Microscope images shown in relation to 2-D properties of films
depending on the pH of assembly of the polyelectrolytes. (b-€) A plot of (b) average thickness, (c)
surface energy (mN/m) (d) modulus (kPa) and (e) relative cell coverage vs PAA and PAH
deposition pH. Reprinted from Sailer et al?* with permission from Elsevier, Biomaterials.

Copyright 2012.
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1.4.4 Advanced applications in biomedical devices

This discussion of LbL-fabricated materials has focused primarily on the physical aspects
of coatings and its subsequent effect on the viability of neural cells in culture. An additional
attractive, key feature of LbL assemblies is their flexibility. LbL assemblies have been
demonstrated to coat a variety of substrates and as a consequence, applications towards biomedical
devices have been explored, due to the adaptability of LbL for creating coatings with enhanced
biocompatibility on complex geometries, such as neural implants or electrodes.!0!107:108
Applications have also included the direct patterning of substrates to influence and guide neural
cell growth, adhesion and viability. Kidambi ef al/ addressed the impact of astrocytic oxidative
stress on neurons by creating patterned co-cultures on LbL assembled structures.!?® This patterning
occurred without the use of expensive proteins or ligands and was created by direct micro-contact
printing of sulfonated poly(styrene) onto  poly(diallyldimethylammoniumchloride)
(PDAC)/sulfonated poly(styrene) surfaces. The placement of each member of the co-culture
(astrocyte and neuron) was achieved by their binding preference for either a negatively charged or
positively charged area within the patterned film. Primary neurons preferentially attached to the
negatively charged PSS layers, while the astrocytes attached to either layer with no preference
(Figure 1.12).!% The patterned surface was used to study the neuronal response to high levels of
reactive oxygen species that are associated with oxidative stress and contribute to neural
pathogenesis and neurodegenerative diseases.'” Using microcontact printed LbL assembled
materials to precisely place neural cells in culture demonstrates both the utility and flexibility of

this deposition technique.
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Figure 1.12. Phase contrast images of primary neurons and astrocytes after 7 days and 3 days
respectively, illustrating their morphology and growth patterns determined by LbL substrate.
Primary neurons were plated on: (A) 10.5 layers of PDAC/SPS showing PDAC as the topmost
layer, (B) 10 layers of PDAC/SPS showing SPS as the topmost layer and, (C) PLL as a control.
Astrocytes were plated on: (D) 10.5 layers of PDAC/SPS showing PDAC as the topmost layer,
(E) 10 layers of PDAC/SPS showing SPS as the topmost layer and, (F) PLL control surface.
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Reprinted from Kidambi et a
Copyright 2008.

with permission from John Wiley and Sons, Adv. Funct. Mater.

Control over the resulting physical properties of a film can be achieved during the process
of deposition, effectively locking in any physical property, such as modulus. This limits the
capacity to fine tune surface properties post-production and can limit some of the applications for
biomedical devices. LbL material can have dramatically different surface properties under direct

electrical stimulation, thus the approach using a combination of an LbL assembled surface in
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conjunction with direct electrical stimulation may be used to tune the surface properties of a
coating post-production.!'®!! In fact, neural stem cell differentiation can be induced by surface
properties and also by electrical stimulation. Lei and coworkers recently reported successfully
controlling the differentiation of neural stem cells into functional neurons using a LbL assembled
PLL/PLGA film along with direct electrical stimulation.!'? Films were layered on an indium tin
oxide (ITO) substrate (a clear semiconductor, Figure 1.13(A) and (B)) and a microfluidic system
was then built on top. By controlling the electrical stimulation, neural stem cells were
differentiated and neurite extension assayed.!!? Following 80 mV electrical stimulation for 3 days,
uniaxial neurite extension was achieved, with some processes extending well beyond 300 um.!'?
These findings demonstrate the capacity to apply an external stimulus to tailor a surface’s

properties, post-production, and thereby elicit a specific cellular responce (Figure 1.13 (C)-(G)).
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Figure 1.13. (A, left) Schematic drawing of the fabricated device showing the ITO glass and the
PDMS chamber along with: (A, right) a photograph of the resulting fabricated device. (B)
Schematic side-view of the device showing neurons plated on bare and LbL (PLL/PLGA) surfaces.
(C) Quantification of the surfaces showing the distinct populations of neurons which were
differentiated (neurons vs astrocytes) showing that the LbL-coated surfaces along with direct
stimulation from the ITO allows for controlled differentiation into mainly neurons (n=8) or a co-
culture with 50:50 differentiation with PLL and direct stimulation. (D) NSPCs cultured on bare
ITO-glass with 40 mV electrical stimulation, and (E) 80 mV. Anti-MAP2 staining is in green
(neurons) while anti-GFAP staining is in blue (astrocytes). (F) NSPCs cultured on PLL/PLGA on
ITO-glass with 7.5 layers and (G) 8 layers. This demonstrates how critical the LbL surface is for
the differentiation of neurons from NSPCs. Adapted from Lei et al.''? with permission from

American Chemical Society, Langmuir. Copyright 2014.

Finally, in a paper utilizing poly-e-caprolactone spun nano-fibrous scaffolds for culturing
primary cortical neurons, Zhou et al. demonstrated that LbL coatings do not impede electrical

conductivity.'!®* By using a highly engineered graphene-heparin/PLL system to coat the complex
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nanofiberous scaffold, an electrically active, yet neural permissive scaffold was created. Graphene
was chosen to impart electrical conductivity, while PLL was used to promote neural cell adhesion
to the scaffold. This electrically active, yet neural cell culture permissive scaffold was found to
perform similarly to PLL surfaces, while not impeding electrical conductivity, opening
possibilities for electrically active coatings that direct neurite growth.!!* Zhou and coworkers were
able to demonstrate substantial neurite outgrowth on their modified scaffolds, which did not
statistically differ from graphene-free surfaces (61 + 6 um), providing that graphene is permissive

for neuronal growth and development.'!?

1.5 Making wet in situ measurements of these layers

Towards the aim of rational development of new coatings, it is essential to elucidate
structure-performance relationships between what can be measured and known about the physico-
chemical properties of the polymer layers and multilayers, and the response of the cells in culture.
It is thus essential to be able to make measurements of the relevant properties in situ - in the wet
biological environment in which the coatings will be applied, as opposed to dry and cold, the usual
standard conditions of traditional experimental physical chemistry. Historically, observing in situ
has involved adapting the set of characterization tools typically used by spectroscopists to
accommodate conditions more typical of living cells, i.e.: performing the characterization
experiments in as close to a real biological environment as possible: at minimum in equilibrium
completely underwater, and better at biological temperatures and in cell culture media if possible.
Two of the key properties that need to be accurately measured are the water content in the layers,
and stiffness. Other mechanical properties can also be of relevance, as well as the ion content and
distribution, and knowing the acid-base and other dynamic equilibria in the coatings, which can
often be markedly different than that in dilute solution. In general, the ‘wetter’ and the ‘softer’ the
better, which also creates additional challenges as more sensitive measurements are often required

than are typical.

Measurements of modulus are perhaps the most easily performed, as it has generally been
fairly straightforward to adapt commercial nano-indentation tools to run in a liquid cell.''* For
more delicate measurements of coatings thinner than 1 micrometer, and/or soft moduli in the range
of Pascals, more sensitive Atomic Force Microscopes (AFM) can be used in force-distance mode,

underwater, and reasonable estimates of very soft moduli could be extracted statistically from
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many 100s of indentations.''> This AFM force-distance technique has the added benefit of the
ability to record adhesion events during the tip retraction phase, and thus to measure surface
‘stickiness’ at the same time, if the AFM tip is also coated with cell-like LbL coatings.'!® In an
experimental configuration already discussed for high-throughput combinatorial gradient 1-D and
2-D coating studies, one can simply automate the indent/retraction data collection concurrent with
an x-y re-positionable sample stage, so that separate measurements spaced as closely as 1
millimeter apart can be made independently, and up to 10,000 such separate modulus

measurements have been demonstrated in a 2-D 10 ¢cm x 10 ¢m film.?

Towards development of coatings which are as stable as possible to de-sorption or
rearrangement over time, it is also important to be able to characterize any dynamic equilibria that
the coatings might form with the surrounding media, such as acid-base protonation or
deprotonation. While direct measurement of this acid-base equilibria on cell culture surfaces is
quite challenging, one can instead get adequate results from an analogous model system where the
coatings are applied to small spherical nanoparticles of the same underlying substrate chemistries
(silicates, plastics, etc), and then use electrophoresis to measure the zeta potential charge of the
surface.”>!!® Making this measurement in a series of different pH environments allows one to
construct a surface charge vs pH plot, to determine an ‘apparent’ pKa or pKb of the polymer
coatings from the inflection points, which can be substantially different (1-3 log units) than the
pKa and pKb values of the same polymers in dilute solution. This provides insight towards what
rearrangements and equilibria might be expected at pH 7.4 in the cell culture, and rationalizes

many physico-chemical properties that can be strongly non-equilibrium.'!’

The same layering-onto-nanoparticle approach can be used to take advantage of high
surface-to-volume ratios of the small systems, to permit ‘bulk’ measurements to be applied to
coatings of tens of nanometers or even less, for example by solid state NMR spectroscopy.!!®!1?
These sensitive NMR measurements can confirm internal bonding arrangements of polymer
multilayer assembles, and structural composition if unknown, via either the proton,''® or carbon
signals.!" Furthermore, solid state NMR can also yield information on the amount of water that

119

is contained in the layers, "~ although this is not a true in situ measurement.
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Figure 1.14. (A) Setup for in situ swelling measurement of the thickness (%) and refractive index
of a film (nf) of LbL deposited polymers (PAH/PAA) with (left) a modified ellipsometer. (right)
A schematic drawing of the liquid sample cell with the probe laser beam interfering with the LbL.
polymer surface under water to measure / and nf. (B, left) A curve showing a PAH/PAA surface
(25 bilayers) swelling under water from time = 0. The thickness increases by 20% (diamonds) and
the refractive index decreases proportionally (squares). (B, right) A demonstration of the vast
difference (logarithmic scale) in swelling rate when PAH/PAA films assembled under different

pH conditions and with a different number of layers. 25 bilayers, pH=3.5 (<{); 15 bilayers,

pH=5.0(0); and 60 bilayers, pH=6.5 ( & ). Adapted from Tanchak et al.'?* with permission from
American Chemical Society, Chem. Mater. Copyright 2014.

In order to make a true wet in situ measurement of the water content of the real (flat, not
spherical model) coatings, in as close an approximation as possible to the environment experienced
in cell culture media, gentle radiation reflection techniques can be employed, such as ellipsometry,

surface plasmon resonance spectroscopy, and neutron reflectometry.?®!20-123 One simply needs to
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replace the instrument’s dry sample holder with a liquid-holding cell with windows transparent to
the radiation wavelengths employed, and to re-program the analysis and interpretation software to
model the ambient medium as the refractive index properties of water, and not air. This can be

accomplished most simply with a commercial ellipsometer, %!

with a home-build liquid sample
holder with transparent and non-birefringent windows, aligned normal to the incident and output
laser beams (Figure 1.14 (A)).'?° The cell can even be brought to biological temperatures, and
more representative environments such as cell culture media used instead of water, as long as they
are transparent in the visible, and the refractive index and extinction coefficients are known. Here,
one measures the thickness and refractive index independently when wet, and compared to the
known initial thickness and refractive index of the same coating in the dry state, this implies how
much water penetrated in to both increase the thickness, and dilute the refractive index
proportionally. Since measurements can be collected once per second or faster, this also permits
real-time tracking of the dynamics of water-swelling from dry to hydrated, over seconds, minutes,
or hours (Figure 1.14, (B)). In order to confirm these measurements by an independent and more
powerful technique, a similar liquid cell can be home-built for variable angle neutron
reflectometry,'?> where now any gradients in film composition can also be observed, in addition
to confirming the results obtained by ellipsometry.>> Good correlation was demonstrated by the 2
independent techniques, and water content levels from 5% to more than 80% could be measured,
and coating fabrication protocols developed to tune the water content to desired intermediate

values. Gradients of water profile throughout the coating, and distribution of ions, can also be

ascertained by neutron reflectometry.'?

1.6 Dynamic systems for next generation active surfaces

LbL thin films offer a versatile tool to functionalize surfaces and create soft, yet stable
material coatings specifically aimed at mimicking neural ECM to create surfaces that support
neuronal survival and growth. Control over the physical properties of a LbL film can be achieved
during the process of deposition, effectively locking in any physical property, such as modulus,
created by the depositing process. Future research directions towards permitting dynamic
properties that can be ‘post-modified’ or ‘post-processed’ have been described that create
reversible, stimuli-responsive, and externally addressable systems. Work reported by Wang et al.

has presented an LbL thin film system with a dynamic stiffness based on labile disulfide bonds
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that allow control of cell morphology and adhesion through chemical means.®®> While this work
does allow for precise control over the material’s moduli, we believe the most promising future
systems will be controlled through external, localized, and non-interfering stimului, and not
chemically. One such way to create an externally addressable system is through the addition of

photo-switchable molecules, such as azobenzene, within a material.

Chromophores, such as azobenzene, can be added into the LbL assembly process through
chemical means,'* or through soft-bonds.!*> The addition of photo-switches into biologically
relevant polymers creates new biomaterials that exhibit optical properties while remaining
biologically permissive. This provides biomaterials that are: (1) externally addressable and (2)
allows the experimenter to change/tune materials properties in vitro and on-the-fly, and (3) allows
localized control of cell biology through single-cell ‘switching’ (e.g. light can modify the surface
around a single cell and tune its properties relative to others around it). Published reviews have
highlighted the use of such chromophores in biological systems for cellular control and
sensing.'?®!27 Polymers have been previously created with photo-responsive moieties as pendant
groups, and were demonstrated to allow for the explicit control of modulus, and surface topology
using laser irradiation as an external stimulus.'?® Azobenzene in particular is a dominant class of
photo-isomerizing dyes that possesses the ability to switch reversibly quickly between distinct
trans and cis geometries upon the absorption of low power light of the appropriate wavelength,
including low-bio-interfering visible regions. Azo groups can also be co-polymerized with
polyelectrolytes and assembled into thin film architectures to achieve similar control over surface
energy as demonstrated by Sailer et al., who reported the use of Disperse Red 2 dye co-
polymerized with polyacrylic acid (DR2-co-PAA).'?° A 10% loading of the azo dye was sufficient
to induce molecular orientation, and for the first time, resulting birefringence was measured and
determined to be stable when completely under water, demonstrating that azobenzene can photo-
switch and orient completely under water, extending its application potentials as externally and

locally addressable biomaterials.!'?’

More complex photo-switches can be functionalized into LbL systems to allow new
avenues for targeted cellular control. Work by Goulet-Hanssens et a/ achieved dynamic control of
cell adhesion when incorporating an azobenzene switch functionalized with a cyclic RGD peptide

as a cell adhesive (Figure 1.15).!%” Low concentrations of dye of below 1% were sufficient to
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control the adhesion of neural cells onto the LbL surface,'?’ demonstrating in principle that light-

responsive biomaterials can be capable of direct control over cellular function.

Figure 1.15. Schematic representation of a multilayer containing an azobenzene functionalize
cyclic RGD that allows for photo-control over adhesion of NIH 3T3 cells to the surface. Reprinted
from Goulet-Hanssens et al'?’ with permission from American Chemical Society,

Biomacromolecules. Copyright 2012.

LbL assemblies with azobenzene have demonstrated the power of externally addressable
biomaterials and the possibility to influence and dynamically control biological systems. Silk can
also be modified with azobenzene chemically to create a dynamic biomaterial that is photo-
responsive. This new material has been called ‘azosilk’, or ‘opto-silk’ and it combines the utility
of azobenzene photo-reversible dyes with the natural biomaterial properties of silk.!*® While the
majority of the previous applications of azosilk used the process of azobenzene functionalization
as a means to tune the surface properties chemically, Landry ef al. used azosilk as a means to
achieve dynamic control over the topology and modulus of the surface using light as an external
stimulus.> Upon exposure to 800 nm light, these silk surfaces expand and ‘bubble’ and can thus
be patterned. The irradiated surface bubbles exhibit a greater than 10-fold decrease in modulus
(from 12 kPa to 0.6 kPa).>® This has the potential to locally manipulate cells by modifying the
physical properties of the underlying growth substrate actively with light post-plating, in an active
cell culture medium, for potential application to guide the migration of modulus sensitive cells

such as neurons, as they grow and interact.

1.7 Conclusions

Throughout this literature review, we have identified a convergence of the field addressing

artificial ECM materials, towards developing materials that are bio-inspired, self-assembled
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through dynamic bonds, soft, and contain high amounts of water. The reports described
demonstrate these guiding principles for developing enhanced methods to cultivate and study
neurons using more complex and sophisticated means. Remarkably, some of the materials first
used by Ross Harrison’s pioneering work on neurite outgrowth in 1914 used biologically sourced
spider silk, and 100 years later the field has return to silk as a promising ‘material of the future’.
Polymer chemists over the past 60 years have indeed provided novel new materials, yet
traditionally ones that are hard, built from non-biological (foreign) chemical functionalities, while
naturally derived polymers optimized through evolutionary processes have been harvested and
post-engineered by humans for thousands of years. These biologically sourced and neurologically
supportive materials may be a challenge to work with, yet we anticipate that the field can create
highly viable and biologically supportive materials by taking inspiration from the structures and
functionalities of complex natural materials. We believe that the design principles outlined here
illustrate not only a growing trend of success achieved within the community towards developing
and applying new and superior artificial ECM coating materials, but as an inspiring guide for future
experimenters to pay attention to nature for the creation of next generation materials for interfacing

with neural cells, and other fronts of the bio-interface.
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1.9 Thesis scope and overview

The work presented in this thesis is an extension of previous research on optically active
materials for interfacing with biological systems that was performed within our group over the last
decade. Our first generation of biomaterials were based on polyelectrolyte multilayers, that were
then modified by the addition of azobenzene complexes to create some of the first light-addressable
polyelectrolyte multilayered coatings for culturing cells. This work will represent a new direction
within our research group and within the field of optically addressable biomaterials, extending the
previous knowledge of the photophysical properties of azobenzene containing polymers towards

new materials which contain more biologically relevant polymers.
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Culturing neuronal tissues, such as oligodendrocytes and cortical cells, rely on a small
subset of coatings. These coatings are often unstable and expensive, but elicit a reproducible
cellular response, and in general are well-tolerated. In the context of neurology, polylysine has
high prevalence, and remains the current gold standard in the industry. Other notable brain implant
coatings are Parylene C, polydimethylsiloxane (PDMS) and off-stoichiometry thiol-ene polymers
(OSTE) These polymers are stable, cheap, easy to manufacture as coatings, and are found to create
an inert and sterile interface when implanted. While each of these coatings have several benefits,
they also have several disadvantages, including low patency rates, resulting in rejection due to
histochemical responses. These undesirable outcomes stem from a poor understanding of how

materials interface with biological tissues.

Polylysine coatings play a key role in culturing neurons, and as well as other cell tissue
culturing cell types. A few simple questions arise from this statement — why is polylysine used,
and what makes it a decent polymer for use in tissue culturing? One may look at the structure of
the polymer and find that it is composed as a homopolymer of lysine, a positively charge naturally
occurring amino acid. This amino acid plays an important role in proteinogenesis, yet also in
collagen crosslinking, and in other structural proteins responsible for cell movement and
attachment. Its positive charge is thought to aid in cell attachment through electrostatic interactions
with the phospholipid bilayer. Additionally, degradation of polylysine leads back to its monomer,
lysine, which has minimal cytotoxicity effects. Thus, monolayers of such a positively charged
polymer aid in attachment, although due to its naturally derived peptide linkages, polylysine is
prone to degradation. As a method to avoid this, non-natural stereoisomers of lysine (D-lysine)
have been synthesized into its corresponding homopolymer (poly-D-lysine). PDL has shown some

promise to slow degradation in vitro, yet degradation can still occur, albeit slowly.

Other polymers such as PDMS or Parylene C do show promise as alternative coatings for
neural probes and other biomedical devices. Parylene C is very stable, showing minimal
degradation potential in vivo, but is difficult to synthesize, and only small coated objects can be
created. Paralyene C coatings are created through chemical vapor deposition, typically of poly(p-
xylylene) polymers, and this synthesis requires harsh conditions (550 °C in vacuum). PDMS has
been used in numerous applications in biomedical devices, ranging from wound dressing to contact

lenses. These polymers provide a hydrophobic and chemically inert coating, which is very stable.
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However, as discussed in Chapter 1, to create an interface between biological systems and

materials, one must mimic and blend the barrier between the two.

In order to create a long lasting, stable and biologically permissive interface between
tissues and biomedical devices, one must blur the boundary between cell and material. Cells and
tissues are wet, soft, compliant and made from amino acids, so an ideal coating material would
embrace these qualities. Within Chapter 1, we explored a set of principles that highlighted this,
relying on the extensive literature on artificial extracellular matrix materials for interfacing with
neurology. Mimicking the physical characteristics of the artificial extracellular matrix allowed for
the creation of these long lasting, stable interfaces with biology. The triumph of polylysine and
other protein coatings for cell biology can be attributed to the use of bio-derived materials to create
these interfaces. The typical characteristics of these proteins and biomolecular assemblages are
wet, high water containing and minimize compliance and modulus mismatches with the
surrounding tissues. The research within our group has focused for the last decade on creating high
water containing and soft materials for optics, mostly created through a layer-by-layer approach.
Previous research has focused on measuring the modulus of such polymer assemblies, and in
addition, create assemblies which had the capacity to support attachment and growth of tissues.
By understanding and quantifying the physical properties of artificial extracellular matrix
materials, better and augmented cell growth can be achieved. By employing these wet and soft
polymer coatings, we can blur the boundary between tissue and implant, effectively bio-
camouflaging an object. As mentioned in Chapter 1, few synthetic materials are capable of ‘bio-
camouflaging’ an object. Specifically, this thesis will aim on developing novel bio-inspired

replacements for PDL, using materials such as silk fibroin from Bombyx mori silk worms.

Silk-based biomaterials offer a platform which is renewable, flexible, cheap and can be
tailored using synthetic chemistry to create a vast family of optically distinct materials to interface
with biology. B. mori silk possesses three specific domains: Silk I (random-coil or unordered
structure), Silk II (crystalline and beta sheet regions), and Silk III (unstable structure). Within the
silk worm itself, a liquid version of silk in a Silk I and Silk III form is found, which is spun through
its spinnerets into a structure mostly consisting of Silk II. This transformation from a water-soluble
silk towards something more water-stable is important and used to prevent their cocoon from

unravelling during a rain storm. Crystalline regions (Silk II) are held in place in more amorphous
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structured Silk I domains, allowing the material to strength and be flexible. This Silk I/Silk II
bundled fibre is arranged into larger and larger bundles, held completely together with sericin, an
additional protein. In Chapter 1, a list of the most impactful artificial extracellular matrix
replacements for culturing neurons was gathered, and their material properties were distilled into
a set of guidelines. These guidelines could be used to create and engineer superior materials for
interfacing with biology, and all point towards an interesting and developing new class of
materials, silk fibroin from Bombyx mori silk worms. Silk can be self-assembled into high water-
containing and low modulus materials, all properties which are possessed by natural tissue
environments. Combining azobenzene chromophores with silk polymers creates a material called

‘azosilk’, which will be explored as a potential second generation optically active biomaterial.

One specific question that will be addressed within the context of this thesis is the
effectiveness of silk materials against previously tested solutions for culturing cells. Chapter 2 will
tackle this question, addressing new methodologies for accessing the performance of cell surfaces.
Previously researched polymers will be explored along with newly synthesized silk-based
ionomers to create new assemblages of polymer coatings for supporting neural cell culture. This
chapter will highlight the physical aspects of the materials, rationalizing their performance based

on mechanical data.

The mechanical properties of each of these materials is an important aspect to explore, as
mechanical properties such as Young’s modulus, compressibility and indentation/bulk modulus
can affect both cellular growth and proliferation. However, the modulus of a material can be
dramatically affected by the amount of water that is present within the polymer matrix, and thus
can be decreased dramatically based on the amount of swelling experienced by the coating or
scaffold. In order to characterize the amount of swelling, thermogravimetric analysis can shed
some insight into the total water content trapped within the polymer chains. This can be and will
be used to characterize specific water content of silk and PEM coatings within the following
chapters. Additionally, the modulus of a given material can decrease based on the swelling of the
polymer, so in order to characterize this decrease in modules, AFM indentation experiments must

be explored using underwater AFM characterization.

AFM indentation is a technique to explore the hardness of a surface within a local
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environment. It is similar to traditional indentation experiments, where an increasing load is placed
on an indenter tip as the tip penetrates further into a sample. The stress experienced by the tip is
expressed as the depth at which the probe can indent, and this is a function of the amount of load
placed. AFM indentation occurs using a AFM tip to indent into smaller and microscopic features
that are present within a sample. This is perfect for exploring nano-sized features or general
inhomogeneity within a sample’s surface. Additionally, since underwater probes are available,
underwater indentation can be achieved through contacting the surface of the swollen polymer and
indenting into it. The generated indentation data is in the form of a force-deflection curve, where
the initial linear portion can generate the bulk or indentation modulus assuming different fitting
parameters. Parameters such as tip volume/shape, spring constant, and indentation speed matter,
as softer materials have viscoelastic components which require modelling. Hertz models are simple
and provide an estimate of the elastic behavior of such materials, but in the case of soft materials
with viscoelastic responses, a Johnson-Kendall-Roberts (JKR) model may provide better insight.
Thus, for the exploration of our silk materials, we will employ nanoindentation using submerged

AFM probes and model their deflection using such a JKR model.

There are some limitations within the context of creating 2-D growth surfaces for
interfacing with biological tissues. While coating materials provide necessary interfaces with cells,
native tissues are a 3-D arrangement of cells in space, and thus coatings unnecessarily restrict the
normally 3-D tissues into a 2-D coverage of cells. From 2-D coatings towards 3-D scaffolds,
Chapter 3 will explore and tackle the creation of electrospun materials made from azosilk and
address some of the problems associated with electrospinning such water-soluble polymers into
insoluble and swellable materials. This chapter will also begin the discussion of the interaction of

azosilk with light, and the photomechanical properties that are exhibited by azosilk.

The electrospinning of silk materials is complicated, as shown within Chapter 1. One must
balance the cohesivity of the spin-dope solution while maintaining volitivity in order to create dry
electrospun mats. 2-D surfaces, such as those explored in Chapter 2 and the beginning of Chapter
3, have several limitations, including their inability to be used as scaffolds for growing more exotic
tissues, and their inability to represent a real mechanically supportive biological environment.
Naturally, biology exists in three-dimensions such as those tissues found in the vascular system.

As a proof of principle that our material could be used as a scaffold for culturing more exotic
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tissues, we will electrospin our newly formed azosilk polymers into a family of azosilk nanofibrous
materials. As a trial to explore the use of our newly created azosilk materials, we decided to assess
their viability as vascular tissue support materials. The vascular system demands materials which
have the correct tensile strength, while maintaining adequate bulk modulus and minimal
cytotoxicity effects. While this is a large departure from the original subject matter of PEM
coatings for neurology, we believe that the selection of a new class of silk materials may provide
an avenue towards three-dimensional applications such as tissue engineering. The goal in mind
was to create a new platform of photo-responsive biomaterials, thus the ability to have three-

dimensional and free-standing materials which are available for implantation is important.

Finally, Chapters 4 and 5 will explore the photo-responsive aspects of azosilk in detail,
delving into the possibility of interfacing with biological tissues using azosilk and light. Chapter 4
will examine the photomechanical properties of azosilk materials, and potential applications will
be discussed in the context of biomedical research. These potential applications will be explored
and refined within Chapter 5, where the plausibility of using the photomechanical properties
researched in Chapter 4 will be discussed and highlighted. In conclusion, Chapter 7 will discuss
the potential applications of azosilk, heavily setting the stage for new applications of these photo-
responsive polymers, and the plausibility for designing additional photo-responsive materials for

the future.
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Rationale for Chapter 2: Polyelectrolyte multilayers promote superior growth of rodent
neural cells

Polyelectrolyte multilayers have been previously investigated as a support for cell growth,
yet a broader investigation of the precise physical properties of such materials which are conducive
to neural compatibility and augmented growth are currently still under investigation. Within the
introduction of this thesis a set of guiding principles for creating effective extracellular matrix-
mimicking materials was constructed. The idea of ‘biocamouflaging’, matching biochemical and
biophysical properties of polymers to their native tissue-specific environment, was also
investigated in detail. In the introduction, silk materials as well as layer-by-layer deposited
materials were highlighted, and the materials’ properties which create superior neurophilic
coatings and scaffolds were elucidated. Within Chapter 2, we explore the use of layer-by-layer
deposited synthetic polymers and natural polymers along with their optimized and characterized
properties. We employ imaging quantification and film characterization to determine which
polyelectrolyte polymers hold promise to create effective replacements for the unstable and easily
degradable standards currently in use. The prepared manuscript ‘Polyelectrolyte multilayers
promote superior growth of rodent neural cells’, was co-authored by Michael J. Landry, Kaien Gu,
Stephanie N. Harris, Laila Al Alwan, Laura Gutsin, Daniele de Biasio, Bernie Jiang, Diane S.
Nakamura, Dr. T. Christopher Corkery, Prof. Timothy E. Kennedy, and Prof. Christopher J.
Barrett, and provides a means to quantify the best supportive materials we created and rationalized

their performance using modulus measurements.

;i:e self-assembling into... ...designer neural coatings.
C

synthetic polyelectrolytes
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Chapter 2:  Polyelectrolyte multilayers promote neural cell growth and survival

Chapter 2 is based on a manuscript entitled ‘Polyelectrolyte multilayers promote neural
cell growth and survival’, and was co-authored by: Michael J. Landry, Kaien Gu, Stephanie N.
Harris, Laila Al Alwan, Laura Gutsin, Daniele de Biasio, Bernie Jiang, Diane S. Nakamura, Dr. T.

Christopher Corkery, Prof. Timothy E. Kennedy, and Prof. Christopher J. Barrett.

2.1 Abstract

Poly-D-lysine (PDL) and poly-L-lysine (PLL) are standard surfaces for culturing neural
cells; however, both are relatively unstable, costly, and the coated surface typically must be
prepared immediately before use. Here, we employ polyelectrolyte multilayers (PEMs) as highly
stable, relatively inexpensive, alternative substrates to support primary neural cell culture. Initial
findings identified specific silk-based PEMs that significantly outperform the capacity of PDL to
promote neuronal survival and process extension. Based on these results, we generated a library
of PEM variants, including commercial and bio-sourced polyelectrolytes, and identified three that
substantially outperform PDL as a substrate for primary neurons in cell culture: PLL/poly(acrylic
acid)-co-DR1A, silk fibroin-poly-L-lysine/silk fibroin-poly-D-glutamic acid, and silk fibroin-
poly-L-lysine/poly(acrylic acid)-co-DR1A. Further, testing these PEM variants as substrates for
primary oligodendrocyte progenitors demonstrated that silk fibroin-poly-L-lysine/poly(acrylic
acid)-co-DR1A functioned significantly better than PDL. These findings reveal specificity of
cellular responses, indicating that PEMs may be tuned to optimally support different cell types.
PEMs are relatively inexpensive, highly stable, proteolysis resistant surfaces that may be prepared
in advance in bulk and employed as an effective substrate for efficient long-term maintenance of

primary neural cells in culture.

2.2 Introduction

Precise conditions of temperature, humidity, and nutrition are essential for successful cell
culture, along with adequate mechanical support. The physical properties of a cellular support
material are critical, as cells and tissues are sensitive to the modulus of the surface on which they
are cultivated.!* Therefore, controlling the surface properties of a cell culture substrate, such as
surface energy and Young’s modulus, impacts cell survival and development. Some cells are more

difficult to maintain and grow in cell culture than others, with mammalian primary neural cells
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being particularly challenging. These include neurons and oligodendrocytes, which are neural cell
types directly associated with neurodegenerative disorders such as Alzheimer’s and Parkinson’s
diseases, and multiple sclerosis.’ The study of neurodegenerative disorders will be facilitated by
an in vitro environment that closely mimics the in vivo conditions found within tissue, to provide
an optimal platform for testing potential therapeutics. Currently, only a small set of substrate

surfaces are typically employed to culture primary neural cells.

A typical ‘state of the art’ culture substrate for primary neural cells is produced by first
cleaning a glass surface, and then applying a single layer of poly-D-lysine (PDL) prior to plating
the cells. These layers are not robust, can be damaged by drying or UV, are ultimately degraded
by proteolysis, and are not stable in long-term storage. They must, therefore, be prepared
immediately prior to plating the cells onto the surface. PLL and its ‘mirror twin’ PDL are widely
used as standard surfaces to culture neural cells.®” These polypeptide substrates are thought to
function as non-specific attachment factors for cells, driven by electrostatic attraction between the
positively charged lysine groups and the electronegative phospholipid bilayer of the plasma
membrane.®” These electrostatic interactions are strong attractive force between oppositely
charged molecules. The strength of this phenomenon diminishes quickly (1/r?) with respect to
distance from the charged surface. Thus, these interactions are optimal for assembling multilayered
structures composed of positively and negatively charged polymers; however, long range effects

from charge are not seen.’

There is an opportunity to create improved substrates to: (1) better support the growth of
neural cells, (2) to improve experimental reproducibility, and (3) facilitate easy neural cell
cultivation. An ideal system would use inexpensive, degradation-resistant substrates that are easy
to process. Peptides present one class of options, yet protein-decorated surfaces are expensive to
produce and suffer from the same degradation limitations as poly-lysine. Previous studies have
revealed that materials of relatively low modulus and high-water content perform significantly
better as cell culture substrates, and that there is a ‘Goldilocks’ zone that best promotes cell
survival.!®!! One method that allows for tailoring of both modulus and water content of polymer
coatings is by using a layer-by-layer (LbL) approach to create polyelectrolyte multilayers (PEMs)
from charged polyelectrolytes.'?
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PEMs are films fabricated from polyelectrolytes (PEs), water-soluble polymers that contain
a significant proportion of ionizable groups, and are assembled using a LbL method."*'* PEs can
either be polyanionic or polycationic, and their degree of ionization is controlled by pH. PEM
deposition can be used to build up self-assembled polymer coatings onto substrates through
electrostatic interactions by alternating polyanionic and polycationic polymers. (Figure 2.1, top).
Since being developed in the 1990s, PEMs have been used in areas such as macromolecular

19-20 and biocompatible coatings for artificial implants.?!*> Much

encapsulation,'>!® drug delivery,
recent work has aimed to use PEMs as a ‘biocamouflage’ coating between biological cells or
tissues and engineered materials. Modulation of PEM fabrication conditions, such as deposition
pH and choice of PEs, dramatically affects the resulting mechanical properties of the created
PEM.? Previous work has investigated cellular adhesion, proliferation, and differentiation of
neural stem and progenitor cells, and subtypes of neural lineages (i.e. neurons, astrocytes and

oligodendrocytes) by tuning the Young’s modulus.?+2°

64



.

Polycations Polyanions
BA S
St TCos, aé\» P A
Poly-L-lysine (PLL) Poly-D-lysine (PDL}) N & \ﬁ N
o]

: o =
= PL._,0 Hyaluronic acid (HA) < \Q\OH
. o e 5 PG N,
Sk H H . 0.0 § i )
[*ijﬁ('“\_)j\w N\.)LN% Y
BN RN o Silk Fibroin PG
0”0 (SF-PG)
Ky’o on o o

PL Ney H Poly(glutamic acid) (PG) om0
{ %ﬂ ~N Gt
/( silk Fibroin PLL ? @ i D
‘Ao | (SF-PL) N Q e
P70 NO;
Poly(allylamine HCI) (PAH) Poly(acrylic acid) DR1A (AA-DR1A)  Poly(acrylic acid) (PAA)

Figure 2.1. (Top) Schematic depicting layer-by-layer assembly of PEM films, beginning with a
negatively charged substrate (glass or silicon) being dipped in a polycation solution. (Bottom)
IMustration of biologically relevant polycationic and polyanionic polymers used in this study and

their acronyms.

While PEMs have enjoyed a long history as coatings for biomedical applications,
substantially less work has been conducted with neural cells from the central nervous system
(CNS). Previous work attempted to use PEMs as a platform for neural cell proliferation and
differentiation.?’-*” Zhou et al used a LbL assembled film of poly-e-caprolactone, PLL, and heparin
sulfates with the aim of increasing attachment, differentiation and neurite outgrowth from neural
progenitor cells (NPCs).?’?® Ren and colleagues studied the contribution of surface effects from
chemically distinct polymers on the differentiation and migration behavior of neural stem cells.**-
31 Sailor et al developed methodologies to create 2-D polyacrylic acid (PAA) and poly(allylamine
hydrochloride (PAH) gradient films. These gradient films present the equivalent of over 10 000
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single film experiments as one gradient surface and were used to determine the optimal assembly
conditions for substrates that support the growth of HEK293 cells and embryonic rat spinal

commissural neurons.!?!!

Here, we assessed PEM surfaces as substrates for neural cell growth, aiming to identify
substrates that are more stable and robust than PDL. We employed a set of guiding principles that
aim to effectively ‘biocamouflage’ less-than-optimal surfaces and create materials that are soft,
wet and ‘ECM-like’ using a LbL approach. We evaluated the capacity of a catalogue of PEMs to
support neural growth and survival while rationalizing performance using the physico-mechanical
properties of the different substrates. Our findings identify PEMs that exhibit enhanced neural

biocompatibility and function as a highly effective substrate to cultivate primary neural cells.

2.3 Materials and methods
2.3.1 Materials

All polymers, reagents and salts used in the fabrication of PEM films were purchased from
Sigma-Aldrich. Silk fibroin with appended polyglutamate (SF-PG) and silk fibroin with appended
poly-L-lysine (SF-PL) were synthesized as described,*? with some modifications (Section 2.2.3).
Silk fibroin for these procedures was provided by Tajima Shoji LTD (Yokohama, Japan).
Polyacrylic acid-co-DR1A (19:1) (AA-DR1A) was prepared by as described.®® 24-well glass

bottom plates were purchased from Greiner Bio-One (Monroe, US).

2.3.2 Equipment, instrumentation and software

Distilled water was purified by a Milli-Q purification system (Millipore, Billerica, US) for
the preparation of all solutions. The pH of all solutions was measured using a SympHony B10P
pH meter with an immersion probe and a KI electrolyte solution (VWR, Radnor, US). Film
thickness was measured using a M-033K001 Optrel Multiskop ellipsometer (Sinzing, DE). Glass
coverslip substrates were cleaned using a plasma cleaner (Harrick Plasma, Ithaca, US) prior to
PEM deposition. Images were acquired using an Axiovert 100 inverted fluorescence microscope
(Carl Zeiss Canada, Toronto, CA) with a MagnaFire CCD camera and MagnaFire 4.1C imaging
software (Optronics, Goleta, US). Images were further processed using ImagelJ 2.0 (Open-Source,

Madison, USA) and CellProfiler Version 2.0 (Open-Source, Cambridge, USA) for cell counting.
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2.3.3 Silk fibroin-co-poly-L-glutamate and silk fibroin-co-poly-L-lysine synthesis

Methods for the preparation of silk solutions from Bombyx mori silkworm cocoons were
based on protocols from Rockwood et al.** Both SF-PG and SF-PL were synthesized as previously
described®? with some modifications. To a vial equipped with a stir bar, 1.25 mL of a 0.2 M 4-
aminobenzoic acid solution (in acetonitrile) was added along with 625 uL of a 1.6 M p-toluene
sulfonic acid aqueous solution. The resulting solution was cooled to 5 °C in an ice bath. 625 pL of
a 0.2 M NaNO: aqueous solution was added to the cooled flask dropwise which produced a bright
yellow diazonium salt solution. The solution was stirred for 25 min on ice. 2 mL of a 5% w/v silk
solution and 0.25 mL of a 1 M boric acid/sodium borate buffer solution was added to a separate
vial, mixed, and cooled to 5 °C. The silk solution was adjusted to pH 9 and 0.5 mL of the diazonium
salt solution was added dropwise over 2 min. This addition produced a bright red solution that was
stirred for 30 min on ice. The red, azobenzene-modified silk solution was purified using

desalinating columns (NAP-25, VWR International) with distilled water as the eluent.

Once the azobenzene-modified silk solution was purified, enough chloroacetic acid was
added to produce a 1.0 M solution (roughly 1.2 mL). Immediately after the addition, a white
precipitate formed, that slowly dissolved back into solution with additional stirring. The solution
was stirred for 1 h at room temperature and produced a hazy orange colored solution. The resulting
solution was loaded into a Slide-A-Lyzer® dialysis cassette (3500 MW, 3-12 mL) and was

dialyzed against water for 72 h (the water was changed 3 times).

The resulting solution was divided into two batches; one for producing SF-PL, and one for
producing SF-PG. Roughly 3 mL of the mother solution was added to each 8 dram vial and stirred.
0.502 g of PDL was added to one vial and 0.532 g of PG was added to the other. The pH of the
resulting solutions was adjusted to 6 using dilute HCl and 60 mg of EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) added to both vials and stirred at rt for 8 h. After the reaction
was completed, the resulting polymer solution was dialyzed against water for 72 hrs and the water
was changed twice. The solution was diluted to 0.5 mg/mL for use in PEM fabrication. NMR of
the final product was taken by adding 10% deuterated water and adding an insert of deuterated
benzene. NMR signals corresponded to literature values.**) SF-PL: 'H NMR (300 MHz, 10%
D>0, Benzene-d6 insert): 6 0.71 (br, Val), 1.25—1.31 (m, Lys), 1.55 (m, Lys/Lys), 2.84 (m,br, Lys),
3.55 (s, -CH2-COO), 3.73 (m, Ser/Gly), 4.15 (m, Lys), 6.81-7.05 (m,trace, Tyr + Azo). SF-PG:
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"H NMR (300 MHz, 10% D-0, Benzene-d6 insert): & 0.71 (br, Val), 1.21 (br, Ala), 1.52-2.05 (m,
Glu), 2.13 (m, Glu), 3.55 (s, -CH2-COO), 3.78 (m, Ser/Gly), 4.16 (m, Glu), 6.81-7.07 (m,trace,
Tyr + Azo).

2.3.4 PEM fabrication

Polyelectrolyte solutions were prepared at a concentration of 0.5 mg/mL using Milli-Q
deionized water. The pH of the deposition solution was adjusted to the desired value using 1 M
NaOH or 1 M HCI solutions. Each surface was cleaned with a plasma cleaner prior to use. 1 mL
of the positive PE solution was placed onto the surface of choice and allowed to self-assemble into
a layer for 10 min. The positive PE solution was then removed with a pipette, and the surface was
washed three times (3 x 1 mL) with deionized water. Filtered air was used to dry the surface prior
to the deposition of the negative PE solution onto the surface for 10 min. The negative PE solution
was then removed with a pipette and the surface washed in the same manner as with the positive

PE solution. This procedure was repeated until the desired number of layers was built up.

2.3.5 Ellipsometry measurement

The thickness of fabricated PEM surfaces was measured using a single wavelength (633
nm, non-absorbing) null-ellipsometer (Optrel Multiskop, Germany) using a fixed angle of 70°
(140° between source and detector). Measurements were performed on dried samples, using a
model that had 2 layers on silicon (n = 3.42, k = -0.011): silicon dioxide (t = 2.3 nm, n = 1.54),
and an unknown polymer layer (t = x, n =y), under air (n = 1.00). The model was fit assuming the
refractive index of the PEM was the average of the two polymers separately and was used as a
starting point for data fitting. Table A1.1 shows the combinations of averaged film thicknesses,
and each noted thickness was calculated from a series of three measurements from three prepared

samples.

2.3.6 Neural cell culture

Oligodendroglial and cortical neuronal cell cultures were derived from Sprague-Dawley®
rats (Charles River, Senneville, CA). All procedures were performed in accordance with the
Canadian Council on Animal Care guidelines for the use of animals in research and approved by
the Montreal Neurological Institute Animal Care Committee and the McGill Animal Compliance

Office. Embryonic rat cortical neurons were obtained by dissection of embryonic day 16-17
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(E16/17) Sprague-Dawley® rat brain (Charles River, Senneville, CA) as previously described.*
Prepared 24-well plates were irradiated for 20 min to ensure sterility of the surfaces. Neurons were
plated at a density of 50 000 cells per well. Cultures were maintained for 14 days in Neurobasal
medium containing 1% B27 (Life Technologies, Carlsbad, US), 1% penicillin/streptomycin (Life
Technologies), 0.5% N-2 supplement (Life Technologies), 0.25% GLUTAmax™ (Life
Technologies,), and 0.2% Fungizone® antimycotic (Life Technologies) in a 37°C incubator with

5% carbon dioxide (Thermo Fisher Scientific).

Oligodendrocyte precursor cells were obtained from mixed glial cultures derived from
postnatal day 0 (PO) rat pups and grown in oligodendrocyte defined medium (OLDEM) as
described®®7 with 0.1% fetal bovine serum (FBS) included to initiate differentiation.
Oligodendrocytes were plated at a density of 40 000 cells per well. Cells were fixed by immersion
in a 4% solution of paraformaldehyde (PFA) (Thermo Fisher Scientific, Waltham, US) in
phosphate buffered saline (PBS) for 20 min. PFA was removed, and the surfaces washed twice for
10 min with PBS. Blocking was then performed for 1 hr using a solution of 0.25% Triton X-100
(Thermo Fisher Scientific) and 3% horse serum (HS) (Life Technologies) in PBS. Secondary
antibody was prepared using Alexa Fluor® Phalloidin 488 (Life Technologies) at a concentration
of 1:1000 and Hoescht 33258 (Life Technologies) at a concentration of 1:3000 in PBS with 1%
HS. The secondary antibody was incubated for 2 hrs, and surfaces washed 3 times for 10 min with

PBS. Surfaces were then immersed in PBS in preparation for imaging.

2.3.7 Image processing

Cells were imaged using an Axiovert 100 inverted fluorescence microscope (Carl Zeiss
Canada, Toronto, CA) with a Magnafire CCD camera and MagnaFire 4.1C imaging software
(Optronics, Goleta, US). To assess the effectiveness of each multilayer system, cells were stained
with Hoechst 33258 (nuclear stain) and with Alexa Fluor® Phalloidin 488 labelling of F-actin and
quantified using Cell Profiler™ (Broad Institute, Cambridge, US) and Fiji version 1.0.%® A series
of 6 micrographs were taken from each well to ensure each studied surface was captured
effectivity, by an individual blind to the experimental conditions. Two characteristics of each
image were assessed: the average number of adherent cells (Hoechst 33258) and total surface area
of the cell body including processes (Alexa Fluor® Phalloidin 488). Both values were calculated

using the Cell Profiler™ application. To standardize, the number of nuclei and surface area were

69



tabulated from each image and averages calculated per condition. This average was calculated for
each surface condition and compared against a control of PDL. Each condition was replicated three
times to ensure reproducibility. Statistical analyses, such as analysis of variance (ANOVA, least

significant difference), were performed using SPSS 21 (IBM, Armonk, US).

2.4 Results and discussion
2.4.1 Initial PEM screening

To identify PEMs that support neural cell attachment and survival, we began with the
results of previous studies of gradient PAH/PAA systems and the best conditions identified from
combinatorial pH assays of HEK293 cells and rat spinal commissural neurons.!®!! Due to the
documented effectiveness of SF as an artificial ECM, we included two silk PEs: silk fibroin-co-
poly-L-lysine (SF-PL) and silk fibroin-co-poly-L-glutamate (SF-PG). These specialized silk
polymers were synthesized following published protocols with some modifications (see Section
2.2.3). All PEMs were assembled on plasma cleaned coverslips (see Section 2.2.4) to a thickness
of 10 bilayers. Embryonic rat cortical neurons were cultured on each condition. Based on the
gradient PAH/PAA films, the pH of deposition for PAH was chosen to be 5.5, and the pH of PAA
was varied (5.0, 5.5, and 6.0). The deposition pH changes the charge density along each PE and
alters the layer thickness by limiting attachment points to the surface (effecting how ‘loopy’ each
layer becomes). At the pKa of a PE, half of the possible ionizable groups on a PE are charged. For
PAA, the pKa is roughly 5.5 so pH values of deposition below 5.5 will make the polyanion less
charged (longer loop length) and pH values above the pKa will make PAA more negatively
charged (shorter loop length).!! The degree of charge along the backbone, and thus the loop length,
influences modulus, thickness and water content, which are key properties governing the capacity
of these surfaces to support cell survival and growth.’**® We varied the PAA deposition pH and
examined the resultant capacity of the surfaces to support neuronal viability. For the silk polymers,
the deposition pH was set to 7.4 based on previous investigation of PDL/PG multilayers.*> Neurons
were cultured for 6 days before being fixed and stained with Alexa Fluor® 488 Phalloidin to
visualize F-actin and Hoechst 33258 to label nuclei. Figure 2.2 illustrates neurons grown on each
PEM compared to the control (PDL) and a blank coverslip. Based on qualitative assessment, films
created using a PAA deposition pH of 5.0 exhibited poor growth and attachment, while higher cell
density and networks of neurites were present for substrates assembled using a PAA deposition

pH of 5.5 and 6.0 (Figure 2.2 A-C). To quantify the number of cells present, Hoechst 33258
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stained nuclei were imaged and counted using Cell profiler™ software. This assay was used as a
rapid screen for the capacity of a surface to promote cell attachment and survival. In the PAH/PAA
pH study, cell survival and attachment decreased on films constructed with a PAA deposition pH
of 5.0. Films generated with PAA deposition pHs of 5.5 and 6.0 were not significantly different
from each other or the control (Figure 2.2 G). Compared to the control, films constructed with pH
values of 5.5 and pH 6.0 PAA deposition conditions were not significantly different in their
capacity to support cell attachment and survival than PDL (ns). From previous work, we
discovered that films assembled with a deposition pH corresponding to that of the PE’s pKa
supported maximum cellular survival and attachment. SF-PL/SF-PG performed similarly to the
control condition (PDL, ns). All conditions promoted cell attachment and survival better than an
uncoated glass substrate (P <0.01). This screen optimized the deposition pH and identified several

materials that perform as least as well as PDL.
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Figure 2.2. Assessing the survival (nuclei count) and growth (cell surface coverage) of the
PAH/PAA and silk PEMs. Both materials perform competitively with PDL when quantifying
nuclei count and cell surface coverage. All PEMs were 10 bilayers thick. (A-F) Images of various
PEM conditions. Cells were stained with Hoechst 33258 (blue) to label nuclei and phalloidin Alexa
Fluor® 488 (green) to label F-actin. PEM conditions tested were: (A) PAH/PAA with PAA at pH
5.0, (B) PAH/PAA with PAA at pH 5.5, (C) PAH/PAA with PAA at a pH 6.0, (D) PDL coated
coverslip, (E) SF-PL and SF-PG PEM (both at pH 7.0) and (F) blank coverslip. (G) Quantifying
cell surface coverage to compare PDL and silk-based and PAH/PAA-based PEMs. Compared to
controls, SF-PG/SF-PL performed best and was significantly different than PDL and uncoated
glass. PAH/PAA was better than bare glass but not significantly different than PDL. (H) Surface
area of phalloidin Alexa Fluor® 488 staining to provide an estimate of cell size. ns (P > 0.05), *

(P <0.05), ** (P <0.01), *** (P <0.001).

2.4.2 Optimizing substrates to promote cell survival and growth

We alter the thickness, and as a result, the water content and modulus of each film by
changing the deposition pH of each PE. Since each of the created films have the same number of

layers, changes in thickness can be a pseudo-qualitative measurement of the water content of a
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film. As a method to characterize the substrates, the thickness of each film was measured by
ellipsometry (Figure A1.1). The best performing surface was generated using pH 5.5 for both
PAH and PAA deposition, resulting in a 51 £ 1 nm thick film. The SF-PL/SF-PG film thickness
was found to be 50 + 6 nm, within the same range as the best PAH/PAA film. We detected a linear
trend of increasing thickness with increasing pH for the PAH/PAA systems that correlated with
increased cellular viability. A similar effect occurred using SF-PL/SF-PG, although not as

pronounced as the viability trend for PAH/PAA pH.

To better understand how the assembly conditions of PEM films influence neuronal
survival and growth, we conducted a set of experiments that altered the number of bilayers. The
performance of 2.5, 4.5, 8.5 and 12.5 bilayers were examined along with changing the deposition
pH between the systems: PAH/PAA (pH = 4.5, 5.5, 6.5) and SF-PL/SF-PG (pH = 6.0, 7.0, 8.0).
We chose to study the number of bilayers vs pH deposition, creating a pseudo-gradient of thickness
for this screen. Cortical neurons were cultured on these surfaces, and the number of surviving cells
counted and averaged over three cultures (Table A1.2 and Figure A1.2). Counting the number of
nuclei on each surface revealed a general trend; films created with 4.5 bilayers typically performed
better than films created with 2.5 bilayers. Yet any number of bilayers above 4.5 showed no
significant change in cell count. In general, a single monolayer of PDL (control) did not

significantly differ from films with at least 4.5 bilayers (averaged).

Counting nuclei provides an easily automated measure of cell survival for each film. To
assess the capacity of surfaces to promote process extension, we visualized the F-actin
cytoskeleton by staining with fluorescent phalloidin. Interestingly, the surface with the most
attached cells was not the same as the surface promoting the highest surface coverage (Figure 2.2
H). SF-PL/SF-PG PEM performed markedly better than controls (PDL P < 0.05, and glass P <
0.01) and PAH/PAA performed similar to PDL (ns). While silk-based PEMs promoted cell
attachment and viability similar to PDL, the capacity to support higher surface coverage was better
than PAH/PAA surfaces. In contrast, PAH/PAA surfaces appear to be more adhesive, but are less
effective at supporting cell spreading and process extension. A possible explanation is that
PAH/PAA films may be substantially more adhesive than the SF films created, to the extent that
they arrest neurite extension, while SF films are sufficiently adhesive to support cell survival, yet

not to the extent that they inhibit cell and axon motility.
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While the number of layers beyond 4.5 bilayers had no specific effect on viability, we can
further test and tailor our surfaces by modifying PEM surface charge. So far, the terminal layer
was always polycationic, but by adding an additional layer of polyanion, we can, in principal,
change the surface to be negatively charged without significantly changing the thickness of the
material. Previous research indicated that positively charged surfaces promote neuronal
attachment,*'**? and support the formation of high-density neural networks in culture. These
studies utilized single monolayers of cationic PDL/PLL. In contrast, the multilayered materials we
use here can partially mask the electrostatic charge of the outer layer that encounters the cellular
plasma membrane. Typically, due to the plasma membrane phospholipid bilayer, cells exhibit a
negative surface charge, perhaps accounting for positively charged polymers promoting cellular
attachment.® 4*#* Within a PEM, the charge of the outer surface layer may be partially masked by
polymers extruded from the oppositely charged layer below, resulting in surface charge weakening

with each subsequent layer.

To determine if neurons exhibit a preference for negative or positive outer layers on a PEM
surface, we altered which layer was topmost for PAH/PAA and SF-PL/SF-PG PEMs. Neurons
were then cultured on these surfaces for 12 days before fixation, stained and quantified. Perhaps
surprisingly, our findings indicate that the positive and negative terminated PEMs resulted in no
significant difference in the number of nuclei present (Figure 2.3 B). For the PEMs studied, the
charge of the terminal layer did not appear to influence either the number of adherent cells (Figure
2.3 B) or cell surface area (Figure 2.3A). It has been previously shown that negative charges within
monolayered polymer materials perform poorly compared to polycationic polymers such as
PLL/PDL;* however, polyanionic polymers within multilayered materials support cellular
attachment of neural cells.”?* Interestingly, the absence of an effect of the charge of the outer layer
extends to other PEM combinations, with cells generally showing little to no preference for
positive and negatively terminated PEMs (Figures A1.3 and A1.4). This lack of preference for
culturing neurons on PEMs may be due to the assemblage of serum proteins onto the surface of
charged PEM growth substrates during culturing. As the number of layers increases,
interpenetration of once discrete positive and negative polymer layers occurs, and thus creates a
diminished formal charge of the surface. This diminished surface charge is further masked by
serum proteins, which assemble close to the surface of the PEM and maybe the reason that we

observe no difference between the terminal charge of the surfaces for cell growth and proliferation.
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Figure 2.3. The charge of the terminal layer exhibits no significant effect on the growth and surface
coverage of neural cells on PEM surfaces. (A) No significant difference in cell surface coverage
was found between positive or negative terminated PEMs composed of PAH/PAA or SF-PL/SF-
PG. Comparison to PDL reveals that the silk-based PEMs perform significantly better for the
positive and negative terminated surfaces (P < 0.05). (B) No significant difference in the number
of nuclei present was detected between positive or negative terminated PEMs composed of
PAH/PAA or SF-PL/SF-PG. Compared to PDL, either silk-based PEM performed significantly
better for both positive and negative terminated surfaces (P < 0.05). (C-F) Representative images
of each of the surfaces with the plated cortical neurons: (C) PAH/PAA positively terminated, (D)
PAH/PAA negatively terminated, (E) SF-PL/SF-PG positively terminated, and (F) SF-PL/SF-PG

negatively terminated.
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2.4.3 Mechanical characterization of PEMs

Modulus matching can enhance material biocompatibility for designer tissue
engineering.?” * Modulus matching has been used to mask implants from rejection and aid in the
generation of lab-derived tissues. The importance of modulus within a material stems from an
inverse relationship with water content. Higher water content materials tend to have lower modulus
and high modulus materials tend to have lower water content. To characterize the material
generated here, we performed nano-indentation on the SF-PL/SF-PG and PAH/PAA surfaces
using an Asylum Research MFP-3D AFM to determine the modulus. Each film was created three
times and measured at 9 different points. Indentation was performed using a BL-TR400PB tip
(Asylum Research, k = 0.11 N/m) at an indentation rate of 5 um/s. An average of the indented
values was calculated, and the standard error is presented for each value. We measured freshly
made PAH/PAA films and obtained a value of 870 £ 50 kPa, which is consistent with previous
characterization of PAH/PAA surfaces.*® Values for SF-PL/SF-PG PEM were found to be
substantially softer than PAH/PAA (510 £+ 55 kPa). Comparing the Young’s modulus of both
materials indicated that the softer SF-PL/SF-PG PEM better supported cell spreading and process
outgrowth compared to the stiffer PAH/PAA multilayer. These findings are in contrast with
previous studies of endothelial cells which exhibit increased spreading on harder substrates.*¢ A
meaningful comparison of the modulus of these multilayers to a single layer of PDL is essentially
impossible, due to the difficulty of indenting a single layer of PDL on a glass substrate, where
substrate effects overwhelm the measure and compromise obtaining an accurate indentation
profile. A single molecular layer of PDL would be expected to exhibit the same high modulus as

the underlying substrate.

2.4.4 Exploring other bio-inspired PEMs

In the process of investigating the effect of terminal charge on growth and attachment of
neural cells, we tried other polyelectrolytes such as hyaluronic acid and chitosan. Surprisingly, we
found that films made from these alternative PEs supported cell attachment and growth as well as
PDL or better. We then explored other sources of PEs and expanded the family by including a
large host of naturally derived and bio-sourced polymers. To standardize inclusion within this
study, we employed the previously optimized parameters: 4.5 bilayers with positively terminated

surfaces. All PEs used in this broader study are illustrated in Figure 2.1, including positively
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charged (poly-L-lysine [PLL], hyaluronic acid [HA]), and negatively charged poly(glutamic acid)
[PG], poly(acrylic acid)-co-DR1A [PAA-co-DR1A], and chitosan [CHI]). A combinatorial
approach was employed, testing all possible polyanion and polycation combinations in a 24-well
cell culture plate (Figure A1.5). Each multilayer was made by flooding the internal well with the
PE of choice, waiting 5 minutes and aspirating the excess away. After washing twice with water,
the alternative PE was added to the well, repeating the process till 4.5 bilayers were generated.
Embryonic rat cortical neurons were plated and cultured for 12 days. The cultures were then fixed,
stained and quantified (Tables A1.6 and A1.7). PEMs containing HA as a polyanion performed
significantly worse than PDL (P < 0.001), while polymers containing silk PEs, in general,
performed significantly better than control. Neuronal viability was best when cultured on the SF-
PL/AA-DRI1A PEM, which achieved a 3-fold increase in surface coverage as compared to PDL
(P <0.001). Notably, all PEMs that performed better than PDL contained a naturally derived PE
(silk-based, PG, PDL or PLL). The best performing materials exhibited increased cell numbers
and promoted higher surface coverage (P < 0.05). Figure 2.4 illustrates the PEMs in ascending
order of surface coverage, assayed using F-actin labelled with fluorescent phalloidin, with the PDL

control colored red.
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Figure 2.4. Combinatorial study of PEs ranking cell surface coverage. (A) Histogram showing
PEMs ranked in ascending order of surface coverage. PDL control is red. All surfaces are 4.5
bilayers thick, positively charged, with deposition pH at the pKa of the polymer. (B-G) Select
images are shown for the following systems: (B) PLL/SF-PG, (C) SF-PL/PAA-co-DR1A, (D) SF-
PG/SF-PL, (E) PAA/PAH, (F) HA/PLL, and (G) Control (PDL). ns (P > 0.05), * (P <0.05), ** (P
<0.01), *** (P <0.001).
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Although a number of surfaces did not differ significantly from PDL, three PEMs
performed significantly better (Figure 2.4). PLL/PAA-DR1A, SF-PL/SF-PG, and SF-PL/PAA-
DRIA exhibited greatly enhanced cell growth when compared to PDL. Notably, all contain
naturally derived polymers. The best among these was SF-PL/PAA-DR1A, which performed 3x
better than PDL (P < 0.001) when comparing surface coverage. This trend was similar when
counting the number of surviving cells (Figure A1.6), with the exception of PLL/PAA-DRI1A
PEM, which dropped a few places in the ranking compared to the two top PEMs. Interestingly, the
structures of the SF-PG and SF-PL polymers consist of a silk backbone with pendant co-polymers
(either PG or PLL), in a ‘bottle brush’ configuration, with silk as a backbone from which PG or
PLL side-chains extend. However, each of the silk-based polymers performs markedly better than
either PDL, or a film created from both PG and PL (P < 0.05). If performance was solely based on
which surface was present, we would expect that the silk-based polymers would present similar
results to that of the control or that of PLL/PG surfaces, which they do not. Notably, the best
performing materials contained peptide linkages, which may contribute to these being particularly
well tolerated by the neurons. The majority of the silk fibroin residues are neutral and not charged,
thus, adding PDL or PG through typical peptide linkage chemistry is one way to augment the
charge capability.

2.4.5 Identifying an optimal surface for oligodendrocytes

By examining cortical neuron growth, we identified three multilayer systems that
outperform a standard PDL monolayer and identified specific attributes of these systems that affect
performance: thickness, chemical composition and modulus. We then tested these systems using
primary rat oligodendrocytes to determine if the enhanced substrate performance of the identified
PEMs might generalize to this important vertebrate CNS glial cell type. Our findings indicated
that oligodendrocytes exhibit some specificity for surface characteristics, but similar to the
neurons, PAA-DR1A/SF-PL PEM ranked highest in measures of extension and growth (Figure
2.5). Unlike the cortical neurons, this was the only PEM that scored significantly better than the
PDL control (P < 0.05), while two other high-performing surfaces were not significantly different
from control (ns). HA-based PEMs again performed poorly, while PAH/PAA-based PEMs
performed poorly as well. Silk-based PEs performed well, along with the majority of PEMs
containing PDL or PLL. The capacity for these PEMs to be interchangeable while maintaining
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similar performance between vastly different neuronal cell types is a clear strength of this system.
SF systems exhibited the best performance for both cell types, and specifically the best and most
optimized system, SF-PL/AA-DR1A, was the top performer for both cell types.
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Figure 2.5. Oligodendrocytes cultivated on AA-DR1A/SF-PL films exhibit significantly better
area coverage compared to PDL (P < 0.05). Combinatorial study ranking cell surface coverage for
each PEM for rodent oligodendrocytes. (left). Histogram shows PEMs ranked in ascending order
of surface coverage. PDL control is green. All surfaces are 4.5 bilayers thick, positively charged,
and the deposition pH is the pKa of the polymer. (right) Representative micrograph of the AA-
DR1A/SF-PL PEM showing F-actin labelling (green) and nuclear stain (blue). ns (P > 0.05), * (P
<0.05), ** (P <0.01), *** (P <0.001).

2.5 Discussion

Systematic optimization of our PEM coatings using bio-inspired PEs has identified three
coatings, each of which performs significantly better than PDL: SF-PL/SF-PG (P < 0.001),
PLL/AA-DRIA (P < 0.05), and SF-PL/AA-DR1A (P < 0.001). While the synthetic PEM
(PAH/PAA) performed similarly to PDL when measuring cellular attachment, ultimately silk-
based PEMs proved to be significantly better than PDL or synthetic PEs when measuring surface
coverage. These results were the cumulation of several rounds of development, which required the
optimization of the number of layers, the pH of deposition and modification of terminal charge.
The assembly of PEMs onto a non-compatible surface functions as biocamouflage, making the

new coated surface soft, wet, with a composition that resembles an ECM. All of these properties
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contribute to creating an effective and functional synthetic ECM substrate for neural cells.

The Young’s modulus, chemical functionality and water content all play major roles in
biocamouflage and we varied each of these properties within our study with the aim of creating
superior substrate coatings for neural cell culture. Low modulus materials have been previously
shown to affect the motility and physical spreading of cells.*’-° Further, relatively low modulus
gels have shown promise to prevent astrocyte spreading and to reduce astrocyte recruitment during
gliosis, effectively delaying the formation of a glial scar.’! We found that the SF-PG/SF-PL PEM
has an indentation modulus that is significantly softer than PAH/PAA at 510 = 55 kPa. This value
for the optimal silk surfaces corresponds well with an optimal range of 500-800 kPA previously
identified for cultured embryonic rat spinal commissural interneurons.'® Intriguingly, the high-
functioning PAA/PAH surfaces possess a modulus of 870 + 50 kPa, which is slightly outside the
previously identified ideal range, suggesting that it may be possible to further optimize these
surfaces. Striking the appropriate balance between being not too soft or too stiff is important, as
modulus can prevent cells from adhering or from extending processes and thereby limit neural

network formation.*”-8: 52

Chemically similar polymer coatings have been found to elucidate dramatically different
cellular responses, and thus, polymer selection can dramatically affect the success of neural
regeneration or cultivation.’" 3 Since a wide range of responses can be found, we used a
combinatorial approach for screening the viability of each PEM coating. We found that in general,
HA-based PEMs performed significantly worse than PDL and were the lowest performing
materials. This was surprising as HA is a major structural component within the CNS; however, it
may function more as a structural scaffold for other macromolecules in vivo, rather than directly
interacting with cells to promote adhesion and process extension.>* A striking finding we obtained
is that any PE which contained a peptide backbone performed as well or better than PDL. Our
combinatorial search highlighted silk-based PEMs, suggesting that these are promising materials
for coatings. Silk has been previously explored as a functional material for numerous applications
including regenerative medicine,”’ functioning as an artificial extracellular matrix, specifically
designed to promote the growth of neural tissues. Notably, Gu and colleagues have employed the
lower modulus of B. mori silk in conjunction with cellulose and relatively high tensile strength of

spider silk to create nerve grafts.>> >’ Cellulose and spider silk provide a rope-like physical
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guidance scaffold, while B. mori silk provides an optimal growth medium with low modulus.

Poly-lysine has remained a standard material for coating substrates for several decades;
however, PDL and PLL both are relatively expensive to produce and are prone to degradation and
thus the coated substrates need to be made immediately prior to use. The PEM coating materials
we describe here are based on silk-fibroin, a relatively inexpensive natural polymer source. When
assembled into a PEM, a relatively simple coating of SF-PL/SF-PG performs significantly better
than PDL. These materials can be assembled weeks prior to plating and are relatively shelf stable
as compared to less robust PL coatings. Silk fibroin is a polypeptide, and therefore is prone to
proteolytic degradation, yet when assembled into a thick PEM coating, it can last for several
months.’® Further, PEM formation is not limited to substrates, but have the capacity to coat
irregular surfaces. Silk-based PEMs may also have substantial potential as coatings to promote the

neural-biocompatibility of biomedical devices implanted in the CNS in vivo.

2.6 Conclusions

By optimizing pH of deposition, number of layers and PE combinations, we identified a
new set of PE combinations to create a PEM that performs significantly better as a substrate for
neural cell growth than PDL. This was measured on two matrices of quantification: a survival
assay (number of nuclei present), and a growth assay (surface area of cell coverage). PEMs created
with SF-PL (a polymer containing silk fibroin from B. mori silk worms co-polymerized with PLL)
and PAA-DR1A or SF-PG substantially outperformed PDL. The silk polymers themselves contain
PG and PLL (depending on PE) as a co-polymer, yet perform better than either PDL and PG
together on all matrices measured. We demonstrate that employing silk results in a softer modulus
for the assembled PEM (510 + 55 kPa vs 870 + 50 kPa). These newly developed materials have
potential applications to support neural cell culture in vitro and also as coatings for devices and

implants to enhance neural biocompatibility in vivo.
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Appendix 1: Supplemental information for Chapter 2
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Figure Al.1. Thickness measurement of PEMs fabricated from PAH and PAA where the pH of
deposition of PAH was kept constant at 5.5 and the pH of deposition of PAA was varied (5.0, 5.5

and 6.0).

Table Al.1. Thickness measurements of PEMs created from a series of polyanionic and
polycationic polymers. Each measurement was obtained from ellipsometry experiments and

denoted in nanometers. Each measurement was performed in triplite on three samples and the

PAA deposition pH

materials were measured when fully dry.

5.5

PAA HA SF-PL PDL PLL

SF-PG 32+£1 32+£1 39+£2 84+2 86+2
PAH 49+ 8 75+4 32+£1 35+2 33+£2
CHI 366 32+£1 32+£1 310 33+£1
AA-DRIA 30+£0 301 86+ 0 66 +3 86+ 1
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Table A1.2. Cell counts of Hoechst 33258 stained nuclei. PEMs were fabricated by varying the

pH of deposition and bilayer number.

pH of deposition for PAH pH of deposition for SF-PL
Bilayer H 4.5 H5.5 H 6.5 H 6.0 H 7.0 H 8.0
structure pH % pH > pH - pH - pH /- pH S
2.5 bilayers| 43+5 69+9 65+17 41 £22 37+11 96 + 63
4.5 bilayers| 59+11 96 + 10 95+ 12 73 £20 61+9 58+10
8.5 bilayers| 48 +20 116 £ 35 67 +£23 83+42 52+£20 122 +£ 31
12.5
. 70+ 11 95+25 46 £ 7 62 £ 25 117+ 16 73+£22
bilayers
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Figure A1.2. Graphical representation of Table A1.2 showing the average number of nuclei on

each of the studied substrates. There was no significant correlation between number of layers and

cell viability.

Table A1.3. Cell counts of Hoechst 33258 stained nuclei. Data was obtained from negatively

m2.5 bilayers = 4.5 bilayers

8.5 bilayers

12.5 bilayers

terminated PEMs.
PAA HA SF-PL PDL PLL
SF-PG 14+1 16+9 53+13 30+5 32+17
PAH 35+ 19 20+ 5 26+7 26+ 5 46 + 14
CHI 11+£6 23+£5 37+6 46+ 9 30+9
AA-DRIA 10+£6 10£5 73 +41 70+ 16 92 +12
Blank 16 £17 PDL 3611
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Table A1.4. Cell counts of Hoechst 33258 stained nuclei. Data was obtained from positively

terminated PEMs.
PAA HA SF-PL PDL PLL
SF-PG 14+1 16 £9 42 +3 37+8 39+5
PAH 43+ 3 14 £ 13 26+7 26+5 48 + 24
CHI 29+9 18+2 37+6 46+ 9 30+9
AA-DR1A 10+ 6 10+5 68 £ 15 39+ 7 51+ 6
Relationship between cell growth and terminal charge of PEM
Hyaluronic acid/PAH h_"
SF-PL/PAA-co-DRIA |l e—
SF-PG/SF-PL |
PAH/PAA |
PLL/PAA-co-DR1A ——
0 20 40 60 80 100 120

Average number of nuclei counted

Negatively terminated  m Positively terminated

Figure A1.3. The charge of the terminal layer exhibits no significant effect on the growth and
surface coverage of neural cells on PEM surfaces. The average number of nuclei was counted for
negatively terminated (purple) and positively terminated (green) PEMs created from different

choice surfaces.



Table A1l.5. Quantification of Alexa Fluor phalloidin 488 stained cortical neurons. Numbers
represent the total area stained in square millimeters. Data was obtained from negatively

terminated PEMs. Data from the blank and PDL control conditions is also presented.

PAA HA SF-PL PDL PLL
SF-PG 23+1.2 55+33 11.7+£29 13.6+1.2 8.1+2.4
PAH 7.4+4.7 33+1 39+£1.5 3.8+0.9 7.4+4.0
CHI 14+13 24+£04 6.2+4.3 95+14 92+1.8
AA-DRIA 26+£2.5 1.8+1.5 13.4+10.4 1+0.1 6.8+ 0.6
Blank 1.4+£1.7 PDL 42+0.3

Table A1.6. Quantification of Alexa Fluor phalloidin 488 stained cortical neurons. Numbers

represent the total area in square millimeters that was stained. Data was obtained from positively

terminated PEMs.
PAA HA SF-PL PDL PLL
SF-PG 22+£20 0.2+0.1 11.4+2.7 10.0+3.3 6.7+7.2
PAH 52+0.5 0.3+£0.3 33+£1.0 6.8+4.4 3.6£0.5
CHI 2.1+1.2 1.2+£0.7 40+1.5 3.8+0.9 3.7£0.2
AA-DR1A 1.4+0.6 09+04 12.8+1.5 7.9+2.1 14.0+4.5
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Relationship Between Neural Growth and Terminal Charge of PEM
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Figure Al.4. The effect of terminating a PEM either by the polycationic or polyanionic polymer
through quantification of surface coverage. No significant difference was found between either the
polycation or polyanion terminated PEMs when the percentage of surface covered was quantified.

‘Azo’ polymer denotes PAA-co-DR1A polymer which is a modified PAA polymer.
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Figure A1.5. Schematic overview of the 24-well plate used to culture cells. Each combination,

and pH of deposition are noted on the outside of the plate. Quantification of the plate is found in

Table A1.6.

Table Al.7. Quantification study showing the full range of tested PEs. Cortical neurons were

stained with Alexa Fluor phalloidin 488 and the stained cell surface area counted and standardized

per surface. Values within this table are the percentage of the surface covered with cellular

phalloidin staining.

PAA HA SF-PG PG PAA-DRI1A
PLL 6.2+0.3 1.3+£0.1 2.2+0.6 4.2+0.3 8.7+1.7
PDL 4.8+0.4 2.0+0.2 2.5+0.3 3.240.3 6.3+£0.5
PAH 5.1£0.4 1.2+0.4 6.0+0.5 4.8+0.3 3.6£0.4
SF-PL 6.1£0.5 2.5+0.2 12.5+0.9 4.0+0.4 15.5€1.7
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Table A1.8. Quantification study showing the full range of tested PEs. Cortical neurons were
stained with Hoechst 33258 and the nuclei were counted and averaged for each surface. Values

here are from three 24 well plates with 3 images each, averaged.

PAA HA SF-PG PG PAA-DR1A
PLL 24.3+12.9 7.7£3.0 42.0+£2.7 37+8.2 38.745.0
PDL 43.3+3.2 14.0£13.1 21.3%+1.5 27.3+4.0 30.3+£9.3
PAH 29.349.5 17.7+1.5 41.7£5.1 40.3+£26.6 43.3+15.3
SF-PL 9.7+4.0 13.3£2.1 68.0+14.8 39.0+£7.2 50.7+6.4
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Figure A1.6. Quantification of second 24-well study showing a histogram of the full range of
tested PEs. The data corresponds to Table A1.6 PDL control in red.
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Rationale for Chapter 3: From cocoon to artificial vessels: Electrospun silk derivatives as
surface-tunable vascular graft materials

Chapter 2 explored the creation and optimization of surfaces specifically for the cultivation
of neuronal cells and investigated the precise layering conditions required for creating optimal
surfaces. These films were adhesive enough to allow cells to adhere, whilst not being so adhesive
as to prevent process extension. Not only were the materials assessed for their capacity to support
neural cells; their thickness (and therefore water content) and moduli were measured and used as
rationales for supporting the reasoning why our new multilayer surfaces performed superiorly to
PDL. Silk fibroin-based materials were found to be among the highest performing materials. Silk
fibroin has been previously shown to be amendable to synthetic tailoring and processing into
different biomaterial forms, other than films. This ability to be tailored further into chemically
distinct materials and processed into a variety of different forms is explored in Chapter 3.
Previously, we developed neural supportive materials, and we extend this knowledge into creating
coatings and scaffolds for artificial vascular support materials. By screening a variety of
chemically distinct polymers, we intend on selecting one which will be electrospun into a network
of fibers. This extension of a naturally 2-D material into a porous 3-D scaffold material was only
possible based on previous the knowledge of adhesion gained in Chapter 2. The prepared
manuscript ‘From cocoon to artificial vessels: Electrospun silk derivatives as surface-tunable
vascular graft materials’ was co-authored by Michael J. Landry, Matthew Kok, Karlie P. Potts,
Prof. Jeff T. Gostick, Dr. Kevin Lachapelle, Prof. Christopher J. Barrett, and Prof. Richard L.
Leask, and provides insight into how to create a 3-D scaffold material created from water soluble

silk polymers with suitable mechanical properties for suturing and implantation.

Modifying silk... ..to create electrospun materials... ... for supporting vascular tissues.
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Chapter 3: From cocoon to artificial vessels: Electrospun silk derivatives as surface-
tunable vascular graft materials

Chapter 3 is based on a manuscript entitled ‘From cocoon to artificial vessels: Electrospun
silk derivatives as surface-tunable vascular graft materials’, and was co-authored by: Michael J.
Landry, Matthew Kok, Karlie P. Potts, Prof. Jeff T. Gostick, Dr. Kevin Lachapelle, Prof.
Christopher J. Barrett, and Prof. Richard L. Leask.

3.1 Abstract

Bombyx mori silk fibroin is a natural biopolymer well suited for incorporation into
biomedical devices and tissue engineering scaffolds. We report here a series of azobenzene dye-
modified silk polymers (so called ‘azosilk’) which exhibit a wide range of wettability (2 °©— 120 °
contact angle) due to functionalization with various chemical ‘headgroups’. The viability of human
abdominal aortic endothelial cells (HAAECs) on 16 members of this family of azosilks
demonstrated a linear relationship of cell viability with respect to contact angle (R*>= 0.675, P <
0.01). A sodium sulfanilate azobenzene derivative showed the highest viability (~90% alive) and
was selected to be processed into electrospun mats, with a mean fiber diameter of 140 + 15 nm.
Mechanical properties were tested and revealed a low indentation modulus (16 kPa), with a
suitable stiffness (230 + 43 MPa, as measured by uniaxial tensional stressing). When processed
into electropsun spun mats, our azobenzene-modified silk improves the biocompatibility and

mechanical properties of this natural biopolymer and is a suitable vascular graft material.

32 Introduction

Atherosclerosis is the major etiology of cardiovascular disease, manifesting as the
pathological remodeling of arteries which can lead to events such as occlusion (i.e. heart attack or
stroke), dissection, or rupture of a vessel. Vascular grafts have been used to replace or bypass
diseased blood vessels since the 1950’s.!* Autologous arteries and veins are the best conduits but
may not always be available and there is a need for reasonable synthetic alternatives. Although
synthetic grafts can be used in large arteries (> 8 mm in diameter) with very good patency rates,
their use in small arteries (< 3 mm in diameter), such as those in the heart and lower limbs, are not
very successful and succumb to early thrombosis. The challenge is to develop a non-thrombotic

synthetic graft which could be used on small arteries such as the coronary arteries.*>
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Original synthetic vascular graft materials used to replace blood vessels have included:
glass, aluminum, gold-plate, silver, poly(methyl methacrylate), and nylon tubes.! Many
improvements have been made to make synthetic vascular grafts more biocompatible and
functional. The literature contains many examples of promising materials, surface
functionalization techniques, and drug/biomolecule implantation aimed at producing a viable
small vessel (< 8 mm diameter) synthetic graft. Large vessel graft materials continue to be
dominated by poly(ethylene terephthalate) (PET or Dacron) or poly(tetrafluoroethylene)-PTFE
(Gortex and Teflon). These materials are relatively biocompatible, easy to manipulate by the
surgeon, durable, and have low surgical mortality when used in large vessels. The results have
been in general quite satisfactory,” however these materials have been shown to be unsuitable for

application as small diameter grafts.*>

The major challenge for small diameter grafts is to create a conduit that has sufficient
strength and suture retention that has similar compliance to native vessels, while maintaining an
antithrombotic lumen,® and a soft texture that increases biocompatibility. Indeed, this is perhaps
the key balance to achieve in development of such biomaterials- optimizing the tradeoff between
‘soft’ and ‘wet’ materials, the 2 properties key for good biocompatibility,® yet remaining strong
enough to survive surgical application. Typical artificial materials are either strong or ‘soft and
wet’, while many natural biopolymers, such as silk, cellulose, and chitosan, do possess this

combination of ideal mechanical properties for implantation,’'?

and yet are of low-enough
modulus and high-enough water content to resemble biological tissue sufficiently to be well
tolerated and reduce rejection rates. Silk fibroin in particular has demonstrated great potential as a
bio-sourced engineered tissue scaffold, and has been explored as a graft material because of its
combination of excellent mechanical properties, and biocompatibility.> ® Silk fibroin can be
readily fabricated into porous scaffolds with suitable mechanical properties for graft material by

weaving, knitting, or electrospinning.'>!”

Electrospinning silk fibroin creates roughened, high surface area materials with good
porosity and tunable mechanical properties suitable for vascular grafts.'® The surface of nanofibers
from silk fibroin can be post-modified with sulfate groups to improve blood compatibility and
anticoagulant activity.!” Silk fibroin is also amendable to selective modification via amino acid

chemistry, that can be used to tailor and fine-tune surface and bulk polymer properties of graft
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materials. Aromatic amino acids in particular offer facile targets for electrophilic substitution
reactions, yielding well-controlled and selective chemical modifications of the silk. One such
modification demonstrated recently, is a functionalization with photo-reversible azobenzene (azo)
dyes, that respond to low-power visible light to locally and selectively unfold some of the self-
assembled beta sheet regions of silk structure, causing these regions to expand and swell with
water, greatly reducing modulus near the surface of the material to that mimicking biological
tissue.?’ This results in the surface of the implanted material to possess a ‘gel-like’ high water
content (>80%), and a much lower modulus (>10x less) than the bulk material, matching the ‘soft
and wet’ properties of the biological environment surrounding the implant, while retaining the bulk
mechanical strength needed for tissue repair and implantation. This azobenzene-modified silk or
so-called ‘azosilk’ preparation has been reported,?’ and the post-processing light-triggered surface
softness and wetness enhancement demonstrated for applications as externally addressed
biomaterials,?! and as a synthetic tag to further modify silk into other materials classes such as
ionomers.??> Typically, the pendant amino acid side chains are facile to modify, as each is
chemically distinct. Azobenzene-functionalization of silk occurs through the electrophilic attack
of tyrosine, an aromatic amino acid, by diazonium salts under aqueous conditions. The creation of
diazonium salts requires an activated aniline derivative and stoichiometric sodium nitrate and
allows for the creation of families of azosilks by switching the aniline derivative in this reaction
(Figure 3.1). Using azobenzene coupling reactions is a powerful tool that can be exploited to create
chemically distinct, tailored, and optically addressable biomaterials, in a quick and facile manor —
typically only requiring 30 minutes for a reaction to create a specified azosilk solution.?! Each
‘headgroup’ (aniline derivative coupled to the tyrosine sidechain) can be used to add biologically
relevant molecules onto silk or can be used to further tune the physico-chemical properties of silk.
Surface properties, such as hydrophilicity (measured as a water drop contact angle), can affect
adhesion of biomolecules and, as a result, cell felicity adjacent to the surface of the implant

material.
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Figure 3.1. (Top) Reaction scheme and (bottom) resulting family of various ‘headgroup’ azosilk
materials that were studied as endothelial cell growth surfaces. The amino group (blue label) on
each substrate is where the diazonium salt is formed, and thus where the attachment to tyrosine

links the azosilk pendant group.

In this paper, we describe the application of azobenzne-modified silk (azosilk) derivatives
as implantable materials that can later transform their surface properties with light to enhance
biocompatibility. A wide range of variable head-group azosilk derivatives was prepared and
screened for suitability to apply as permissive electrospun materials for supporting endothelial
cells in artificial vascular tissues, with optimized physical properties to support superior HAAECs
growth. We then selected the top cell growth assay performer to then optimize for electrospinning

properties to create mats with viable mechanical properties for vascular graft materials, artificial
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vascular coatings, or as scaffolds for engineered vascular tissues.

33 Materials and methods
3.3.1 Materials, equipment, and instrumentation

All materials and reagents used in the synthesis or processing of materials were purchased
from Sigma-Aldrich unless indicated otherwise. Silk fibroin cocoons were purchased from Tajima
Shoji Ltd. (Yokohama, JP). Corning Costar flat bottom cell culture plates (12-well) were
purchased from Fisher Scientific (Waltham, MA, US). Distilled water was purified by a MilliQ
Academic purification system (Millipore, Billerica, US) and was used in the preparation of all

aqueous solutions.

Scanning electron microscopy images were taken on a SU3500 Hitachi (Hitachi Ltd.,
Tokyo, Japan) scanning electron microscope. FTIR spectra were collected using a Vertex 70v
FTIR spectrometer (Bruker, Billerica, US). Atomic force microscopy images and indentations
were conducted using an MFP-3D SA atomic force microscope with molecular force probe 3D
controller (Asylum Research, Santa Barbara, CA). The goniometer used in the contact angle
measurements was a Techspec goniometer with a rotating stage (Edmund optics, Barrington, US).
The tensile strength was measured experimentally using a Shimadzu EZ test tensile tester
(Shimadzu, Kyoto, JP) using tensile strength mode. Cell images were acquired using an Axiovert
100 inverted fluorescence microscope (Carl Zeiss Canada, Toronto, CA). Images of the 12 well
cell culture plates were taken using an ImageXpressMicro (Molecular Devices, Sunnyvale, US)
and processed using MetaMorph® microscopy automation and image analysis software
(MetaMorph®, Sunnyvale, US). Images were further processed using ImageJ 2.0 (Open-Source,
Madison, US).

3.3.2 Isolation of silk fibroin and synthesis of azosilk

Preparation of the silk solutions from Bombyx mori silkworm cocoons was based on the
protocol from Rockwood et al. with minor modifications.?® 1.25 mL of a 0.2 M aniline derivative
solution (in water or an appropriate solvent, i.e. acetonitrile/acetone) and 625 pL of 1.6 M aqueous
toluenesulfonic acid (TSA) was added to a 9.5-dram vial. The solution was stirred and cooled in
an ice bath to 4°C. 625 uL of 0.2 M aqueous NaNO; solution was added to the vial dropwise,

producing a bright yellow diazonium salt solution. This was then stirred for 25 minutes on ice. In
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a separate vial, 2 mL of a 5% w/v silk solution was cooled to 4°C. 0.25 mL of a boric acid/sodium
borate buffer was added to the silk solution, and the resulting solution was adjusted to a pH of 8-
9. Over 2 minutes, 0.5 mL of the diazonium salt was added dropwise to the silk solution, producing
a bright red colour. The solution was then stirred for 30 minutes on ice, to ensure complete reaction.
The azobenzene-modified silk solution was purified using desalinating columns, NAP-25 (VWR

International), with borate buffer as the eluent.

3.3.3 Preparation of insoluble films for initial biological testing

The azosilk solutions were fabricated into drop cast films in 12 or 24-well plates for initial
cell felicity testing. This was accomplished by pipetting 250 puL of the azosilk solution into each
well. The plate was then covered with parafilm, and small air holes were poked into each well to
ensure slow drying over 4-5 days. The dried films were placed into an oven at 45°C overnight,
which produced water stable films. To ensure the asosilk film was successfully annealed to the
well, 2mL of 1X PBS buffer was added to the well and placed in an incubator overnight. The

buffer was removed prior to cell culture.

3.3.4 Preparation of spin-dope solutions

To a 50 mL Eppendorf centrifuge tube, 10 mL of azosilk (see Section 3.3.2) and 0.5 g of
poly(ethylene oxide) (90 k MW) were added and stirred overnight. 0.25 mL of water was then
added to ensure dissolution of the PEO into the viscous solution. (Note: an additional 24 hours
was often required to ensure complete re-dissolution of the polymer into the azosilk solution.)
Once a clear and viscous PEO/azosilk solution was prepared, 5-15 wt% of DMF was added to the
solution. DMF was used as a co-solvent to reduce the vapor pressure of the spin dope, improving
the solutions capability to be electrospun.?* To ensure minimal bubble formation, 2-3 drops of
common commercial dish soap (Softsoap®, a source of sodium laureth sulfate) were added to the
solution before loading it into a syringe. The tube was tumbled gently to ensure minimal bubble
formation. Adding the dish soap was found to be key, as it acted as a surfactant to reduce the

surface tension of the spin dope, allowing the fibers to be formed.

3.3.5 Electrospinning azosilk into fibers

A 25 mL plastic syringe with an inner diameter of 21 mm was utilized for the

electrospinning. 10-15 mL of the spin-dope solution was added to the syringe and left until the
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bubbles were removed. The syringe plunger was carefully pressed into the shaft, and all bubbles
were removed again. A 22-gauge hollow metallic needle was attached to the end and mounted
onto a syringe pump. A collection plate was placed 15 cm from the tip of the needle. The collection
plate was made of a conductive metal plate, covered with aluminum foil, and was then connected
to a high voltage power supply. The set-up was grounded via a connection to the end of the needle
and to the syringe pump. The flow rate of the syringe pump set to 0.1 mL/hr. The high voltage
power supply was initiated and slowly ramped to 35 kV, at which point the polymer/spin-dope
mixture transitioned into a Taylor cone.?® The polymer mixture was sprayed onto the collection
plate for 12 hours, and the resulting material was then imaged or further processed for plating. the
electrospun mats were then placed into a solution of methanol for 20 minutes, effectively creating
water-insoluble mats. The mats ere further treated by being heated at 45 °C under house vacuum

for 3 days to ensure complete evaporation of methanol.

3.3.6 Mechanical testing of bulk materials and fibers

The tensile strength was measured experimentally using Shimadzu EZ test tensile tester
using tensile strength mode with a maximum load of 5.5 N. The samples were loaded into the
machine, their thickness, length and GL were measured and used to calculate the cross-sectional
area. To minimize slippage of our samples in the tensile tester, the sample ends were covered in
medium grit sandpaper and loaded tightly into the holder. A maximum strain rate of 5 mm/min is

used. Each sample was extended until failure and their tensile strength calculated in triplicate.

3.3.7 Contact angle measurements

The contact angle of the studied azosilk surfaces were measured by placing a 50 pL drop of water
onto the surface and a photo was taken after waiting 30 seconds for the water to settle. This process
was repeated three times and the angle which the surface and the water drop made was measured
and averaged three times. Table S2 (Supplementary information) contains the complete dataset of

contact angles of the studied azosilks.

3.3.8 Cell culture of HAAECs

Human abdominal aortic endothelial cells (HAAECs) (AG09799; Coriell, Camden, NJ,
US) were cultured in endothelial growth medium (C-22010; Promocell, Hiedelberg, Germany),
supplemented with 10% fetal bovine serum (SH3007003; GE Healthcare, Little Chalfont, UK) and

104



1% penicillin-streptomycin (15-140-122; Gibco, Waltham, US) in tissue culture flasks coated with
0.1% pig gelatin at 37°C and 5% CO.. At confluence, cultures were rinsed with phosphate buffered
saline solution (PBS) and harvested with 0.25% Trypsin-EDTA (25-200-072, Gibco, Waltham,
US). The electrospun mats were sterilized by UV irradiation (UV-C radiation, 253.7 nm) in a cell
culture hood for 30 minutes, followed by being submerged in endothelial growth medium for 1
hour prior to seeding. HAAECs were seeded onto the surfaces (electrospun mat or azosilk films)
at a concentration of 5 x 10° cells/mL and allowed to adhere overnight before changing the media.
The plate was incubated (37°C and 5% CO.) for 48 hours and then fixed for 20 minutes in 1%
paraformaldehyde (Alfa Aesar, Cambridge, MA). The wells were then washed 3x with PBS and
stored in PBS at 4°C until staining. The cells were permeabilized with 0.1% Triton-X for 15
minutes and washed twice with 0.05% Tween-20. They were then stained with 1/200 FITC-
phalloidin and 1/1000 DAPI for 1 hour before washing three times with 0.05% Tween-20. The

samples were imaged within 36 hours.

3.3.9 Live/dead viability assay

After the initial cells were cultured and viewed on a light microscope, a LIVE/DEAD
viability/Cytotoxicity kit (L3224, ThermoFisher) was applied to each surface. The dye was
prepared using the outlined protocols with the following components: 20 pL of 2 mM ethdium
homodimer-1, and 5 pL of 4 mM calcein AM solution to 10 mL of 1 X PBS solution. After the
addition of 100 pL of the dying solution to each well, the plates were transferred to a live cell
imaging chamber. The cells were maintained with CO; and a humidity chamber during the live
cell imaging. The plate was allowed to acclimate for 30 minutes, and then images were taken
hourly of each well (9 random images per well) for 6 hours. Images were analyzed through
automated software (MetaXpress®) which quantified the fractions of alive and dead cells (Table
A2.3).

34 Results and discussion
3.4.1 Initial screen of azosilks on endothelial cells

To identify azosilk materials that best supported HAAECs growth, a range of target head
groups (the functionality at the end of the azobezene group) was selected. A series of hydrophilic,
hydrophobic, electron-donating and electron-withdrawing substituents was chosen, generating a

family of 16 diazonium salts based on the aniline substrate (Figure 3.1). Each salt was processed
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into azosilk solutions, plated onto a plasma-treated 24 well plate, and allowed to slow-dry over 5
days at room temperature before being further dried using a 45°C vacuum oven overnight. This
slow-drying technique allowed for the assembly of B-sheets, a critical requirement for the
formation of water-resistant films suitable for cell culture. HAAECs were plated onto the azosilk
surfaces and cultured for 2 days in an incubator (37°C, 5% COz). The cytotoxicity of each azosilk
polymer film was assayed using a live/dead assay kit consisting of calcein AM (live) and ethdium
homodimer-1 (dead) (Table A2.2). As an initial screen, the 16 azosilk variations were assayed for
their cell viability, resulting in a large range of survival rates observed (Figure A2.2). Several of
the azosilk materials were found to perform at a level as the control of the proprietary coatings on

the cell culture dishes (Figure A2.2).

Survival rates for the cultured HAAECs varied from 20-90% between the 16 prepared
surfaces. A trend emerged when considering the structure of each headgroup and their
corresponding viability rates, with the more hydrophobic ‘Teflon-like’ 4-(perfluorohexyl)aniline
(#10) and 4-hexylaniline (#9) derivatives recording the lowest survival ratios, whilst the more
hydrophilic sodium sulfanilate (#12) and 2-aminobenzoic acid (#3) derivatives achieved the
highest survival ratios. The hydrophilic derivatives were determined to not be significantly
different than the proprietary cell culture dishes coatings (control, P > 0.05). Each of the
derivatives was purified using desalinating columns and their purity confirmed using '"H NMR
spectroscopy (see Appendix 2), yet a large variance of survival rates was observed. The
conversion rate from silk to azosilk is nearly quantitative as a large excess of diazonium is used
(20-30 eq), while the content of tyrosine within silk is low, typically 2-5% of the total residues (by
mass).2!> 2 There is a large variance of survival rates considering the transformation of a small
quantity (5 wt%) of the total amount of amino acid residues to the corresponding azobenzene. This
suggests that the cytotoxicity of the polymer or the surface properties change with azobenzene
functionalization. To quantify the cytotoxicity and surface properties of these polymers, the

contact angle of the various azosilk films (surface energy) were measured.

Azosilk films were fabricated on coverslips and the contact angle of the surfaces were
measured using the static sessile drop method (Table A2.3). A wide range of contact angles were
observed, from strongly hydrophilic (#12 (2°) and #3 (12°)) to hydrophobic (#4 (120°) and #10

(129°)). The large variance of the observed contact angles demonstrates the tunabilty of the azosilk
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system through headgroup modification. This is likely due to hydrophobic moieties self-
assembling at the water-air interface. In the case of the hydrophobic surfaces, this self-assembly
creates a surface which is predominantly alkyl and fluoroalkyl at the surface with silk below. This
phase separation is an effect similar to what is observed in block-co-polymers and Langmuir-
Blodgett films.?” The capability to tune the hydrophobicity (i.e. contact angle) of a biomaterial is
important considering each cell type and lineage uniquely responds to the surface properties they
are cultured on. The optimal contact angle for culturing cells on a surface may vary up to 25
degrees.?® This specificity is dictated by the different integrin proteins expressed by each cell type,
which vary significantly.?’ To quantify the question of hydrophobicity affecting cell adhesion, and
thus cell survival, the contact angle (as a measure of hydrophobicity) vs cell survival is plotted

(Figure 3.2).
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Figure 3.2. (Left) Correlation between contact angle of azosilk film materials and the viability of
HAAECs quantified with calcein AM (live) and ethdium homodimer-1 and counted automatically
using automated software. Cell viability was inversely correlated with contact angle (hydrophilic)
(P<0.01, R?>=0.675). The chemical structure of the highest performing azosilk (left, inset) was
found to be a sodium sulfanilate-based group. (Right) A representative image showing a live/dead
assay employing ethdium homodimer-1 (dead, compromised membranes) and calcein AM (alive,

esterases convert to calcein) of the sodium sulfanilate best performing film.
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Figure 3.2 demonstrates a correlation between contact angle (a measure of hydrophobicity)
and cell survival. Hydrophobicity influences cell adhesion and thus survival of adherent cells
(including endothelial cells). In order to survive, HAAECs must excrete and assemble a basement
membrane onto the surface.’*? In the case of the most hydrophobic surfaces (#3 and #12), the
excreted ECM proteins from the HAAECs are not able to sufficiently assemble onto the surface to
create a basement layer enabling cell adhesion. In the case of the hydrophilic surfaces, their surface
energy and charged surfaces resemble their native ECM proteins,**-*> which enables the HAAECs
adhering and growing to confluence. Tidwell and coworkers note that functionalities which are
charged (-COO™, —-SOs5~, -NH3") have the most impact on cell growth,*® whereas adhesion of cells
onto naked and non-protein functionalized, hydrophobic surfaces net low adhesion and survival.*
This study provided us a methodical approach for the selection of azosilk family members for
further refinement (Figure 3.2, inset), which included our best performing polymer — a sodium

sulfanilate derivative — which achieved the highest survival.

3.4.2 Processing azosilk materials into electrospun mats

Starting from our selected azosilk family member (#12), we began the optimization of the
electrospinning parameters to create nanofiberous mats of our materials.’” Aqueous spin-dope
solutions were created following previous literature protocols, with the exception of using azosilk
in place of non-functionalized silk and using 5 wt% poly(elthyleneoxide) (PEO, 90 k MW) — a
previously explored water soluble spin-aid polymer.>’*® The gap width between collector and tip
was adjusted to 15 cm, the flow rate was regulated to 0.02 mL/min, and the biased collection plate
was adjusted to 35 kV to begin electrospinning. One problem that affected the formation of well-
defined fibers was the significant surface tension at the air-water interface. To overcome the
surface tension problem, several additives were screened. Among the successful candidate
additives, DMF yielded the most promising results, however it did not create a fully stable spinning
system. DMF spin-dope solutions of 5% and 10% were screened, as well as the addition of a few
drops of liquid detergent. This detergent was used to decrease the surface tension, while DMF was
used to increase the cohesivity of the polymer during spinning. Figure 3.3 shows the resulting
fibrous mats after successful optimization of the spinning parameters; achieved using a spin
solution containing: 5 wt% PEO in 20 wt% azosilk (#12) and 5 wt% DMF with three drops of

aqueous dish soap. A 22-gauge needle was used, and the spin dope solution was excreted at a rate

108



of 1.30 mL/hr with a gap width of 15 cm from a 35 kV positively charged metallic collection plate.
The resulting fibers were relatively monodispersed and found to be 140 + 15 nm thick from a series

of 100 measurements. These fibers are significantly smaller than those reported previously.*

Figure 3.3. Scanning electron microscopy images of the azosilk fibers formed from
electrospinning. The fibers formed from this process are relatively monodispersed (140 + 15 nm)

and the mat shows no preferential alignment of the fibers.

FTIR (Figure 3.4A) and solid-state UV-vis spectroscopy (Figure 3.4B) were used to
characterize the fibers and to verify: (a) the protein secondary structure that the spun fibers were
formed into and, (b) to verify the incorporation of the sodium sulfanilate azobenzene chromophore
into the silk scaffold. The IR spectrum was measured on the ‘as made’ material after spinning.
Several key characteristics of our material are demonstrated, including a dramatic shift in the

amide region of the IR spectrum (Figure 3.4A) that signifies both a Silk I and II structure (v =
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1650 cm™, 1627 em™!, 1535 cm™!) which suggests that the as made material is a mixture of water
soluble and water insoluble silk.*’ Water insolubility is important in scaffold materials to ensure
the durability of the structure of the scaffold during cell culture. Presence of the sulfate group on

!, suggesting the incorporation of the

the end of the azobenzene (#12) was seen at 1340 cm’
azobenzene was successful. This was also confirmed by solid state UV-vis spectrophotometry
measurements, demonstrating an absorbance side band that is characteristic of the sodium
sulfanilate (#12) azosilk as seen from previous optical measurements (410 nm) in solution, and
within solid-state swollen films.?! Yet, the predominate absorbance bands found in the UV
spectrum are 260 and 320 nm, characteristic of the silk fibroin amino acid absorptions.*! The
identified Silk II structure suggests water insolubility, however to transform any remaining Silk I
structure, and to sterilize the mats, the material was soaked in methanol for 20 minutes, a process
previously shown to transform a water-soluble Silk I structure to the water-stable Silk II structure
(v =1650 cm™ and 1535 cm™).* The methanol treatment did not result in changes to the IR
spectrum. Mats of the methanol and non-methanol treated electrospun materials were submerged
under 1X PBS buffer overnight in an incubator at 37°C. The next morning, the methanol-treated
materials were found to be intact and only a trace of dissolved azosilk polymer (yellow color) was

found in the buffer, suggesting that only a small amount of the polymer had dissolved. Subsequent

washings resulted in no transfer of this color, thus no dissolution of the silk polymer into solution.
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Figure 3.4. Characterization of the prepared azosilk (#12) nanofibers using (A) FTIR
spectroscopy, and (B) UV-vis spectroscopy. (A) The characteristic vibration from Silk II amide
structures (v = 1650 cm™, 1627 cm™!, 1535 cm™') is highly suggestive that the as-is made fibers are
water resistant. Nevertheless, the fibers are treated with methanol and no change in the IR spectrum
is observed. (B) UV-vis spectroscopy shows the characteristic sideband structure of azobenzene-
modified silk.
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3.4.3 Assessing the mechanical properties of azosilk spun mats

Ideal successful vascular support materials should be: (a) durable and possess a high tensile
strength whilst maintaining a stiffness similar to native tissue (ideally 60-200 MPa Young’s
modulus and 1-3 MPa ultimate tensile strength),****> while (b) maintaining structural integrity in a
biological environment as well as, (c) possess adequate mechanical properties required for
structural implantation into the body, and (d) exhibit a high surface area and porous structure that
is semi-impermeable. To measure the mechanical characteristics for the azosilk grafts, uniaxial
tensile testing was done until ultimate failure. To compare to previous measurements of the elastic
(tensile) modulus of electrospun silk grafts, a linear regression analysis was performed on the
linear portion of stress vs strain curves at 1% extension of the polymer. This was performed in
triplicate and resulted in a tensile modulus of 230 + 43 MPa, significantly below that of unmodified
silk fibroin (515 MPa).*® The characteristic yield strength typically occurred at 1.5% extension of
the polymer (30 MPa), while the ultimate tensile strength was found to be 450 + 50 MPa, from a
series of 4 measurements. Figure 3.5 shows a typical stress vs strain curve created by the thickest
electrospun mat and identifies the elastic (shown in blue) and non-elastic (black) portions of the
stress/strain curve. Electrospinning azosilk exhibits a reduced stiffness compared to the bulk films
of silk and a specific stiffness less than Dacron — an industry standard. The reduced stiffness
induced by electrospinning should aid in achieving a better compliance match with native vascular

tissue and limit the pathological responses seen with compliance mismatch.*’

112



5.0

4.5

N g L by
o =) o =)

Stress (MPa)

g
=

1.0

0.5

Y ]
§
]
]
L]
H
o
o
e
o
3
:
$
L]
£l
H
.
4

0.0
4.0 6.0 8.0 10.0 12.0 14.0 16.0

0.0 2.0
Strain (Position/G, as percentage)
Figure 3.5. Stress vs strain curve of a mat of electrospun fibers showing the distinctive elastic
region, yield strength, non-elastic region and ultimate tensile strength. The trend line illustrates
the elastic region and where the Young’s modus values are based from. From a series of data

sets, a value of 230 + 43 MPa is found. The inset image shows a photograph of azosilk mats
being extended until ultimate failure.

The tensile elastic modulus of our material is well within the range expected for a vascular

graft material. In addition to the bulk tensile properties, vascular graft material should support
endothelial cell growth which is dependent on the surface mechanical properties. Substrate surface
hardness can be used to elicit a wide variety of cellular responses, such as differentiation, motion
and division. These cellular responses can be controlled with a surprisingly small range of
hardness.*¥! To explore the mechanical surface properties of our azosilk material, a series of 4
underwater AFM nanoindentations are conducted on drop-cast films. Bulk azosilk films were
chosen as the substrate of choice for AFM indentation, as our electrospun mats contained a
majority of azosilk polymer and minimal spin-aid polymer (5 wt%). The geometry of the
electrospun fibres also proved to be difficult to indent into as the surface was found to be rough

and inhomogeneous, thus it was difficult to determine the first contact point of the AFM tip to the
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surface (BL-TR400PB tip, Asylum Research, k = 0.11 N/m at an indentation rate of 5 um/s to a
depth of 50 um). The average of the indentation modulus of our azosilk film was calculated to be
12 kPa, which was found to be similar to previous hydrated silk measurements using the same
method,?! and is well within a range indicated to provide adequate mechanical support for
endothelial cells. Further tuning of the modulus was achieved by irradiating the surface of the
azosilk film with a two-photon confocal microscope (800 nm, 100 pJ/um?) (Figure 3.6). Figure
3.6A is a pseudo-three-dimensional confocal microscope image of the irradiated surface. The
irradiated area has risen above the film and created small fluid-filled microbubbles that was
confined to the irradiated region of interest. AFM surface imaging of the interface between the
irradiated microblisters and the non-irradiated surface is shown in Figure 3.62B, along with points
where AFM indentation which was performed to determine modulus. Within the confines of the
irradiated section, an elastic modulus was measured to be 0.6 kPa and demonstrated a significant

photo-soften effect.
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Figure 3.6. Studying the effect of light on bulk azosilk materials using AFM indentation. (A) A
confocal image demonstrating the effect of irradiating into films near the surface. A pseudo-three-
dimensional representation of the surface is reconstructed by taking imaging slices of the irradiated
film. Raised bubbles can be seen near the surface. (B) An AFM image of the surface of the film at
the interface of the irradiated (bubble) and non-irradiated surface of the film. AFM indentation is
performed in duplicate on both the irradiated (3 and 4) and non-irradiated surfaces (1 and 2). (C)
The resulting table with each of the indentations and the resulting AFM moduli.

3.44 Assessing the materials as viable supports for HAAECs

Due to the nature of electrospinning, the graft material is porous and requires soaking with
media before culturing HAAECs. This porosity allows for further tailoring of the supportive layer
by loading growth factors into the scaffold. As a method to increase viability of the graft, they
were soaked in HAAECs media (Promocell supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin), which promotes adhesion and growth due to the added nutrients. Figure
3.7 illustrates representative images of the HAAECs plated on the sodium sulfanilate azosilk mat.
The cells were grown for 2 days in an incubator before being fixed and stained with FITC-
phalloidin to visualize the F-actin within the material. The excitation of the FITC-phaloidin stained

cells (488 nm) resulted in the electrospun material fluorescing, making it difficult to visualize the
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f-actin-stained cells under excitation. Azosilk has been previously shown to fluoresce, when
excited with 400 — 520 nm, and thus background fluorescence was found to be an issue.?!
Consequently, a background image of the azosilk submerged in PBS was taken and subtracted
from each image. Figure 3.7A and Figure 3.7B show the actin staining on the surface and marks
the cell placement. Cells are spread in their typical cobblestone shape. Large uni-axial F-actin
fibers are present and end in dense peripheral actin bands onto the surface where the buildup of F-
actin indicates attachment and focal adhesion. Figure 3.7 C-D is a representative pseudo-three-
dimensional image that shows the surface and the cells built up onto it. The cells form a fairly
uniform monolayer and spread across the fibrous surface. X and Y projections of Figure 3.7C

show these monolayers along with multiple cells forming thicker layers.
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Figure 3.7. Representative images HAAECs seeded onto the electrospun azosilk material at a
density of 5 x 10° cells/mL. Cells are stained with FITC-phallodin as a mark for F-actin. (A)
Representative images at 100 x showing the overall density found for the cells, and (B) 630 x
showing the fiberous f-actin staining on the surface/cell interact. Images in (C-E) represent a
pseudo-three-dimensional reproduction of the cells on the surface with (C) representing the XY
plan, (D) representing the YZ plane, and (E) represents the XZ plane. Each of the planes shows

the buildup of the cells onto the surface, and attachment along the plane of the surface.

3.5 Conclusion

A series of azo-dye functionalized silks were prepared, assessed for their cellular viability,
and the highest performing material was electrospun into mats. The electrospun silk was
demonstrated to have suitable mechanical characteristics for vascular reconstruction surgery and
possess optimal surface properties that improve hemocompatibility. Electrospinning of this
biomaterial allowed for the creation of a graft that is easy to post-process and is compatible with

industrial scale processes for vascular grafts. We believe that the formation of this new family of
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azosilk materials, along with our process to spin them into effective supportive scaffolds for tissues
holds promise as an effective tool to study and create grafts of HAAECs for biomedical devices,
stent coatings and as effective materials that are useful in vascular surgical applications where

effective endothelialization is crucial.
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Appendix 2: Supplemental information for Chapter 3

Materials characterization

Materials were characterized using standard characterizing techniques, including
topographical and structural information, chemical properties, surface properties, and mechanical

properties.

Electron microscopy images

A dye was used to cut out a circular piece of the electrospun material and the sample was
sputter-coated and a piece of conductive tape was used to ground the sample to the SEM. The
sample was imaged on a SU3500 Hitachi scanning electron microscopy, and an assortment of extra

images were collected and shown in Figure A2.1.

o J/SU350015.0kv x2.50K SE L SAYZAN A, SU3500 15.0kV x30.0k SE

Figure A2.1. Scanning electron microscopy images of the optosilk mats created from the
procedure outlined in Section 3.2.5. Images were taken on SU3500 Hitachi SEM using a

specialized setup which is outlined in Section 3.2.6.

Tensile strength measurement

The tensile strength was measured experimentally using Shimadzu ez test tensile tester in
tensile strength mode with a maximum load of 5.5 N. The samples were loaded into the machine,

their thickness, length and Gr was measured and used to calculate the cross-sectional area. Each
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sample was extended until failure and their tensile strength calculated in triplicate. Table A2.1

shows the resulting data subset.

Table A2.1. Table denoting the cross-sectional area, initial length and calculated tensile strength
as determined from regression analysis of stress vs strain curves generated by stretching optosilk

electrospun mats. Regression analysis is performed on data generated from 1% extension of the

polymer. Standard error is shown for the total population.

Sample Cross-sectional area GL (mm) Tensile strength
(mm?) (MPa)
Opto-silk fibres 1 0.33 12.3 283 £ 15
Opto-silk fibres 2 0.41 13.3 147 £ 4
Opto-silk fibres 3 0.25 9.6 269 + 14
Average 233 +43

Contact angle measurements

Contact angle measurements were performed on family of opto-silk surfaces. The contact
angle was measured by placing the studied surface onto a level surface and a 50 pL drop of water
was placed onto the surface and a photo was taken. This process was repeated three times, and the
angle which the surface and the water drop made was measured and averaged three times. Table

A2.2 contains the complete dataset of contact angles of the studied opto-silks.
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Table A2.2. Contact angle of the select members of the opto-silk family. Each structure of the
headgroups are presented along-side the measured contact angle. Each measurement is performed

three times and the average value is presented with standard deviation.

Substrate
number Head group structure Contact angle (deg)
1 H,N
\©\ 48 £2
|
2 HoN
&
HO
3 H,N
RO 123
4 F
HoN F
120 +3
F F
5 H,N
j@ 4544
O,N NO,
6 H,N
\© 40 £2
B(OH)2

7 HoN
O 45+5
B(OH)2
8 H,N Ci
\@/ 85+0
|
\©M/ 90 +1
5
10 HoN
\©¢Q050F3 129£2

11 HoN

60+3
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F NH,
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NH, NH,
15 HoN
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NO,
16 HoN
@\ 65+ 2
Silk y O ‘
/N.QJ\N/\B/'
: H 74+5
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Blank 85 + 4

NMR of the opto-silk material

A solution of purified opto-silk (Section 3.3.2) was mixed with DO (10%) and placed into
a NMR tube. A proton NMR spectrum was acquired using a “Wet 1D” pulse sequence which
suppresses signal occurring from water. A HSQC spectrum was also acquired using pre-saturation
of the water signal. A complex spectrum of amino acids was observed from the 1D 'H NMR
spectrum. The distinct lack of peaks associated with 4-aminobenzenesulfonate or 4-
hydrobenzenesulfonate were seen, the only possible impurities associated with the synthesis of

opto-silk (used in the formation of the diazonium salt).

'H NMR (500 MHz, Deuterium Oxide) § 7.01 — 6.80 (m, 4H), 6.25 — 6.66 (m, 4H), 4.64 (d, J =
6.1 Hz, 1H), 4.19 (dq, J = 16.3, 7.3 Hz, 1H), 3.93 — 3.60 (m, SH), 1.25 (q, J = 11.4, 9.0 Hz, 4H),

0.85 — 0.57 (m, 1H).
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AFM imaging and modulus measurement

Water stable films were created from azosilk (#12) and irradiated with a confocal
microscope (Zeiss Axioexaminer upright microscope, equipped with a Chameleon direct-coupled
multiphoton laser). Films are irradiated using 800 nm light (100 pJ/um?2) within a controlled region
of interest. After films were irradiated, the sample was imaged using an MFP-3D SA atomic force
microscope with molecular force probe 3D controller (Asylum Research, Santa Barbara, CA). A
tip (BL-TR400PB, Asylum Research, k =0.11 N/m) was used to image the surface (Figure 6, main
text), and a series of in situ underwater AFM indentations were conducted. 2 indentations were
conducted on a non-irradiated area, and 2 were conducted on an area which was irradiated. The
sample indentation and retraction curves were fitted assuming a Hertz model (Hertz area = 12.8

um?, with a sample Poisson ratio of 0.33. The tip’s Poisson ratio was found to be 0.2.
Live/Dead Assay

Table A2.3. Alive and dead percentages for each of the head groups of opto-silk. A dramatic
difference between is observed between each head group illustrating either the physical properties

of the films or the cytotoxicity of the film materials.

Substrate A o
number Head group structure Alive (%) Dead (%)
H,oN
1 \©\ 68 + 8 32+8
|
HoN
2 j@ 75+ 5 25+5
HO
HoN
3 HO\g/\© 81+6 19+6
F
H,N F
4 30+ 6 70+ 6
F F
H,N
5 j@ 55+5 45+ 5
O,N NO,
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Figure A2.2. Histogram depicting the values from Table A2.2 noted with standard deviation. The

statistics shown are comparing with the proprietary film coating (Blank) of the 24 well plate. P >
0.05 (ns), P <0.05 (*), P <0.01 (**), and P < 0.001 (***).
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slow-dried to maximum B-sheet formation. P > 0.05 (ns), P <0.05 (*), P<0.01 (**),and P <0.001
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Rationale for Chapter 4: Photo-induced structural modification of silk gels containing
azobenzene side groups

Within Chapter 3, we investigated the effect of electrospinning our best performing azosilk
polymers into a three-dimensional supportive material for culturing and supporting endothelial cell
growth. This investigation led us to the creation of a material with the correct tensile and elastic
modulus for creating cell-supportive materials for cell culture with appropriate mechanical
properties for suturing and implantation. The investigation of cell-substrate interactions within
biological materials is a fascinating tissue engineering topic. Having an exact and precise control
over the surface morphology can aid in guiding cells and hence allow the study of specific cell-
cell interactions or cell-surface interactions. The majority of the work within this field revolves
around using intricate and often expensive clean-room techniques that employ harsh chemicals
and reagents which are usually cytotoxic. The work on creating soft, wet and supportive materials
(Chapter 3) is extended to Chapter 4, where we explore the photomechanical properties of our
most highly supportive azosilk. We envisioned creating an externally addressable and tunable
biomaterial to avoid the use of lengthy and expensive clean-room techniques and, at the same time,
to possess direct control over the topology and morphology of the surface. The contribution
‘Photo-induced structural modification of silk gels containing azobenzene side groups’ was co-
authored by Michael J. Landry, Matthew B. Applegate, Dr. Oleksandr S. Bushuyev, Prof. Fiorenzo
G. Omenetto, Prof. David L. Kaplan, Prof. Mark Cronin-Golomb, and Prof. Christopher J. Barrett,
and published in Soft Matter, and provides a means to modify topology, morphology and modulus

of a biomaterial using two-photon excitation from a standard confocal microscope.
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Chapter 4: Photo-induced structural modification of silk polymer gels containing
azobenzene side groups

Chapter 4 is based on a published manuscript entitled ‘Photo-induced structural
modification of silk polymer gels containing azobenzene side groups’, published in Soft Matter
(Copyright 2017 Royal Society of Chemistry), and was co-authored by: Michael J. Landry,
Matthew B. Applegate, Dr. Oleksandr S. Bushuyev, Prof. Fiorenzo G. Omenetto, Prof. David L.
Kaplan, Prof. Mark Cronin-Golomb, and Prof. Christopher J. Barrett.

4.1 Abstract

Azobenzene modification of Bombyx morisilkworm silk creates a photo-responsive
‘azosilk’ biomaterial, allowing for 3D laser patterning. Written regions fluoresce and become
fluid-filled raised ‘micro-blisters’ with a 10-fold photo-softening effect of the modulus. Patterning
is facile and versatile, with potential applications as soft tunable materials for dynamic cell

guidance and microfluidics.

4.2 Introduction

Silk fibroin from Bombyx mori silkworms is a versatile biocompatible material receiving
recent interest in tissue engineering, bioelectronics and optics.!™ The optical clarity of silk films
and gels make it attractive for applications in the design of some biomedical devices, particularly
implantable optical components requiring soft biocompatible parts.’>”® Many of these applications

require the ability to pattern the material and thus several methods have been reported including

9,10 11,12 13,14

soft lithography, " nano-imprinting, electron lithography, chemical modification of silk
to form methacrylate-based photoresists,!> and optical micromachining in cross-linked silk

hydrogels.'®

When silk is processed into useful materials such as films, microspheres, sponges, tubes,
gels and fibers, it can retain the elastic properties related its secondary structure. Silk possesses
regions of highly repetitive sequences of amino acids, which lead to well-defined structural
domains. This offers the potential for facile and controllable chemical modifications with photo-
active compounds, to introduce the ability to post-engineer its physical properties using light. A
convenient method for this is to use diazonium coupling to the tyrosine residues, effectively

incorporating light-responsive azobenzene into the silk structure. Azobenzene and its derivatives
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see wide use in developing optically sensitive materials for applications including optical storage,

1718 and optically actuated micro-mechanical systems (MEMS),"”2! based on

holography,
reversible photo-switching between the trans and cis geometric isomers. The recent demonstration
of the functionalization of silk with various azobenzene moieties (azosilk) provides a facile route

to incorporate the optical properties of azobenzene into silk.???

Azosilk has previously been shown to exhibit optically-induced birefringence and
holographic recording in dry thin films.?* In this paper, we report the discovery that permanent
three-dimensional topographic micro-patterning in hydrated azosilk films can be achieved through
photo-induced physical modification of azosilk films using the photolithographic capabilities of a
nonlinear scanning microscope. We observed two newly discovered light-induced changes: a
significant shift in fluorescence emission wavelength, and key to proposed applications: volume
morphology changes, which subsequently control surface stiffness over a wide range. The
morphology changes are in the form of raised blisters, which have the potential to guide cells

through modulus and topography changes on the surface of the silk films.

4.3 Results and discussion

We prepared azosilk materials following previous literature protocols,”?> with some
modifications (see Appendix 3) and cast them into thin films. Films were submerged into water
to ensure even hydration and a dipping lens was used to minimize scattering during the writing.
The water content of these films was found to comprise 77 wt% of the material from TGA
characterization (Figure A3.4). While studying the optical properties of these azosilk films with a
nonlinear scanning microscope using a femtosecond mode-locked laser at 800 nm, we observed
that the regions under observation fluoresced with peak emission at 625 nm corresponding to the
known fluorescence of azobenzene,* but over time developed significantly increased fluorescence
accompanied by a shift of the emission peak to 520 nm (Figure A3.1). Desired areas could be
patterned using a Zeiss Axioexaminer nonlinear optical scanning microscope, with specific regions
of interest exposed to laser light to form precise and arbitrary composite patterns.?> This
lithographic technique allows for the creation of complex patterns by combining numerous
programmable exposure areas referred to in the software as ‘regions of interest’. These regions are
generated by a Matlab code? from a black and white image, thus allowing for the programmable

patterning of complex and arbitrary written areas within the film. Figure 4.1 presents an example
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where such spatial control over laser irradiation enables the inscription of the test words “McGill”
and “Tufts” at different depths in the film composed of more than 200 regions of interest. The
fluorescent patterns were formed using two-photon femtosecond pulse excitation at 800 nm at 80
MHz repetition rate within these regions of interest. The width of the pulses was 250 fs after
including the dispersive effects of the objective lens and the acousto-optic modulator in the
microscope after the laser (Chameleon by Coherent). The fluorescence patterns that result
represent a facile marker of visually tracking the inscribed areas. When the writing energy was
increased to 100 pJ pm 2 (2500 pulses), a more important physical effect was observed; the film
would form large soft raised blisters on the surface of the material, coincident with the lithographic
irradiation pattern. These blisters were filled with a fluorescent liquid whose peak emission

wavelength closely matched those of plain silk photo-irradiated by more intense 800 nm light (900
pJ um2).
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Figure 4.1. (a) Written areas of the hydrated azosilk film show increased fluorescence compared
to the unwritten areas at two different depths within the hydrated film. The darkening shown in
the writing planes is an artifact of the software. (b) Vertical projection of three-dimensional
photolithography image of (a). (¢) Horizontal projection of the image shown in (a). (d) Confocal
fluorescence image at 488 nm excitation (blue) and reflectance image (green) of hydrated azosilk
with photo-modified regions. From top to bottom, each rectangle is written 1 um deeper into the
azosilk. The cross-sections of the film show the development of blisters whose thickness decreases
with writing depth. Each 37 um x 37 um rectangle takes 1.5 seconds of writing time. Each 0.4 um
x 0.4 um pixel receives 2500 pulses each with 1.25 nJ energy and 250 fs pulse width. (e) Confocal
fluorescence imaging at 488 nm excitation (blue) and reflectance image (green) of hydrated

unmodified silk pattern-irradiated in the same manner as (a), showing lack of blistering.

To study the blister formation, a set of 5 rectangles was written (Figure 4.1 (d)). The
rectangle at the top of the figure was written just under the surface, and subsequent rectangles

presented below it were written at increasing depth in the film in steps of 1 um. While the axial
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resolution of the microscope under the conditions used is only about 1 pum, the peak intensity of
the beam can still be stepped in down in 1 um increments, with corresponding shifts in the mean
depth of illumination and pattern writing. Within Figure 4.1 (d) and Figure 4.1 (e), green colour
indicates the surface of the film by reflectance confocal while blue corresponds to broadband
fluorescence excited at 488 nm, showing signals from the unexposed azosilk as well as
fluorescence from the exposed areas. The film expands vertically (parallel to the axis of the laser
beam) to form blisters with the height of 13 pm for samples irradiated near surface. The blister
height decreases upon an increase in writing depth presumably because stronger physical
confinement deep in the hydrated film. The uniformity of fluorescence in the material within the
blisters suggests that they are liquid-filled. The top two bubbles appeared to be so thin that their
porosity allowed the fluorescent contents to escape into the surrounding water solution, while the

lower three blisters remained intact and fluid-filled.

To determine the contents of the fluid-filled blisters, a series of 100 disc shaped blisters
were created and their liquid was manually extracted using a micro-needle. NMR analysis was
conducted on the withdrawn liquid and it was concluded that the fluorescent liquid was mainly
water along with some trace amino acid residues (see Appendix 3). Fluorescence lithography was
also performed in hydrated unmodified silk as a control, with very different results observed at the
same writing parameters than for azosilk (Figure 4.1 (e)). In this case, fluorescence peaking at 470
nm is simply diminished in intensity, and no blistering is observed. When the writing energy is
increased to 900 pJ pm 2, the plain silk films sustain observable structural damage that does not
conform closely to the lithography pattern (Figure A3.3, Appendix 3). There is a simultaneous
increase in fluorescence intensity in the damaged regions accompanied by a 20 nm shift towards
shorter wavelengths. Irradiation of hydrated films of azosilk produces permanent fluorescent
blisters written into them, with patterns still easily observable after 3 months as long as they are
kept under water. The fluorescence spectra (Figure A3.1) of written and unwritten regions in
various samples were recorded using the microscope's emission spectroscopy mode with two-
photon excitation at 800 nm. Unmodified silk shows an emission spectrum peaking at 470-500
nm, unwritten azosilk shows a fluorescence peak at 640 nm, while written azosilk shows

fluorescence at 520 nm and 560 nm.
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While there have been previous observations of fluorescence in azobenzene and
azobenzene-containing polymers,?*?¢ the observed fluorescence in azosilk appears to be closely
analogous to that obtained in experiments with silk treated with horseradish peroxidase (HRP).?’
HRP has been shown previously to convert unmodified silk solutions into a fluorescent hydrogel
with dityrosine crosslinks.?”?® However, in the case of azosilk, the azobenzene pendant groups on
the tyrosine residues extend the pi-system and lead to a broader fluorescence signal. We
hypothesize that the optically-induced modifications observed in azosilk are due to the two-photon
absorption of the azobenzene in the azosilk, and reaction of the resulting photo-excited radicals on
tyrosine moieties to form dityrosine, leading to disruption of the self-assembled structure, then

expansion and blistering. This is consistent with the fluorescence effects observed in HRP cross-

linked silk where the HRP produces dityrosine bonds and results in enhanced blue fluorescence.?’

To test the hypothesis that photo-induced fluorescence changes are due to photo-
crosslinking of radical species, the radical marker TEMPO ((2,2,6,6-tetramethylpiperidin-1-
yl)oxyl) was added to hydrated films. At high concentrations of TEMPO (10 wt%), writing into
the film was not observed but could be re-established by washing out the TEMPO from within the
film with a 50 : 50 water : ethanol solution. This may be due to TEMPO competing for the radicals
that would otherwise be used by the excited tyrosine when crosslinking into dityrosine.
Fluorescence modification is re-established with decreasing TEMPO concentrations. When the
concentration of the added TEMPO drops below 1 wt%, fluorescence modification is induced;
however, blistering is not observed regardless of irradiation power. At higher concentrations of
TEMPO (5-10 wt%), fluorescence decreases upon illumination by the mode-locked laser. Writing
was not observed within an azosilk sample prepared with 10% TEMPO at any power. To confirm
the role of water during blister formation, films were exposed to 800 nm irradiation under dry
conditions (Figure A3.5). Written areas in dry films exhibit the same fluorescence shift as seen
for hydrated azosilk films (Figure A3.6), but no blistering occurs. This supports our hypothesis
that water is required for the blistering to occur, and allows us to separate the two effects of the

fluorescence shifts and the blistering.

AFM force imaging (Figure 4.2, Asylum Research MFP-3D) showed that the modulus of
the azosilk in unwritten areas was 12 £ 1 kPa. This decreased to 0.6 kPa in the photo-modified

areas and the measurement was replicated in many different areas to ensure consistency. To our
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knowledge, controlled photo-softening of this magnitude has not previously been observed in any
silk material. This is an interesting feature for potential cell-guidance control applications, as
variations in modulus have been shown to exert influence over various cell processes and
functions, including growth orientation of neural cells.?*”*! One could easily envisage that this
softening effect could be controlled to vary predictably with writing depth from the surface, in

addition to the power and duration of irradiation, to tune this photo-softening in the patterns.

(a) Opm S 10 15

Figure 4.2. (a) AFM image of photo-inscribed areas of azosilk (b) the corresponding confocal
image. Blue channel: fluorescence at 488 nm excitation. Green channel: reflectance image. The

blister top has completely separated from surface in this case.

In summary, we have found that the azobenzene in azosilk can act as a photo-sensitizer that
produces a photolithographic material exhibiting a new physical ‘soft blistering’ effect previously
unreported or explored in any azopolymers. It enables visible light to be used in a precise and
localized manner to inscribe programmable patterns and morphologies on silk biomaterials in a

single post-processing step. These blisters are inflated into soft, water-filled blisters through a
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osmotic pressure mechanism, similarly to previously PEG-based materials.>? There are several
potential applications for such photo-induced blisters that could readily be envisaged in addition
to cell influence, for example this effect might be used to form microfluidic channels in the same
way that multi-photon absorption can be used to form channels in horseradish peroxidase (HRP)
crosslinked silk.'® As an illustration of this potential application, we wrote a microfluidic test
pattern®* in azosilk (Figure 4.3) based on a standard test device design. The image of the pattern
was recorded with an ordinary wide field microscope, indicating that patterns can be easily
observed using conventional microscopy. In this case, the size of the microfluidic chamber would
be limited by the field of view of the objective used on the microscope being used for lithography,
unless indexed and moved, but otherwise unlimited in 2-D patterns possible and so represents a
facile method to fabricate microfluidic chambers without the use of expensive photo-resist masks
and clean room procedures, similar to previously found methods,** however using synthetically

modified silk.

139



Figure 4.3. (a) Bright field image of a microfluidic-inspired pattern made through the ocular of the
microscope, demonstrating that the photo-inscribed structures can be easily visualized with an ordinary
wide field microscope, so they can be readily found for later processing. (b) Cross sectional image of a
microfluidic pattern written within the hydrated azosilk film showing the increased fluorescence
obtained by irradiating several regions of interest. This image was written into an azosilk film at a depth
of 5 um from the surface and consisted of over 100 regions of interest. The background fluorescence

signal was subtracted from the image to better visualize the three-dimensional form of the chamber.

4.4 Conclusions

In conclusion, photo-induced patterning in azosilk materials provides optically tunable
surfaces and topologies generated by laser light irradiation. These photo-inscribed regions also
show a controlled decreased modulus, illustrating a tunable photo-softening effect. This patterning
of azosilk films can be readily accomplished through a one-step two-photon process, and provides
promising surfaces for a wide variety of potential applications such as microfluidic inscription,
dynamic directed cell-growth surfaces, and in general as localized optically-modifiable soft

biomaterials.
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Appendix 3: Supplemental information for Chapter 4
Experiment Section: Methods and Materials

All chemicals were purchased from Sigma-Aldrich and used without further purification.
The Bombyx mori cocoons were purchased from Tajima Shoji Co., LTD. Cell culture plates were
purchased from Falcon (60 x 15 mm Style, treated by vacuum gas plasma) and used without further
sterilization. Water used within the experiments was provided by a MilliQ water purification
system. Imaging was performed on a Multi-Photon LSM: Zeiss Axioexaminer upright microscope

using 800 nm as the writing and reading beam during experiments.

Preparation of silk solutions

Methods for the preparation of silk solutions from Bombyx mori silkworm cocoons were

based on protocols from Rockwood et al.!

Preparation of azosilk solutions

The general procedure for making azosilk solutions was adapted from Murphy et al. with
some modifications. The procedure used here instead was for the fabrication of azosilk-SO4Na
however, but can be generalized made by replacing the sulfanilic sodium salt with an alternate
aniline in an appropriate solvent that is miscible with water (e.g. acetonitrile, acetone, or ethanol).
Three solutions were prepared: 0.2 M aqueous solution of sulfanilic sodium salt, 1.6 M aqueous
solution of p-toluenesulfonic acid, and an aqueous solution of 0.8 M NaNO». The 0.8 M NaNO»
was cooled in an ice bath until a temperature of 5°C was achieved. Subsequently, 625 pL of the
1.6 M p-toluenesulfonic acid solution and 1.25 mL of 0.2 M sulfanilic sodium salt were briefly
mixed by vortexing to produce a homogeneous solution. Then 625 uL of 0.8 M NaNO, solution
was added and then submerged into an ice bath. The solution was let to react for 15 min or until a
drop of the solution reacted positively on a piece of starch iodide paper. While this solution was
reacting, 2 mL of silk solution was added to a vial and its pH was adjusted to a pH = 10. Once the
diazonium solution was ready, 0.5 mL was added to the silk solution dropwise over 60 seconds
duration, and vortexed quickly before adding it back to an ice bath. This solution could be used
without further purification for optical experiments; however, it was further purified for biological
experiments. For this process, 1-2 mL aliquot of the aqueous solution was added to Sephadex size
exclusion columns (NAP-25, GE HealthCare), preequilibrated with pH 8 boric acid/borate buffer
solution at 0.1 M.
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Preparation of azosilk films

Water-stable films were prepared in by adding 1-3 mL of the prepared azosilk solution to
a 30 mm petri dish and allowing drying over 5 days. Nine small holes were drilled into the cover
to prevent quick drying, since films that dry slowly (over 5 days) are found to be insoluble in water
due to more complete self-assembly of the B-sheets within the silk material.? Films that are dried

in less than 5 days are found to dissolve in water.

Writing in azosilk films

Once the films were dried in the petri dish, they were hydrated by adding 5—10 mL of Milli-
Q water to a depth of about 5 mm and mounted onto the microscope. Either 10 or 40x water dipping
lenses (Zeiss W N-Achroplan 10x/0.3 M27, W Plan Apochromat 40X/1.0 DIC M27) were used in
conjunction with a mode-locked Ti-sapphire laser (Coherent Chameleon, 140 fs, 80 MHz
repetition rate) tuned to 800 nm as a two-photon writing/reading beam. After 10000 fs? dispersion
by the microscope’s acousto-optic modulator and 5000 fs? dispersion by the objective lens the
pulses were broadened to approximately 250 fs at the sample. Single photon fluorescence images
were also taken at 488 nm. The laser powers measured before the objective lens used for writing
and reading are typically 100 mW and 10 mW respectively, with pixel dwell times in the 3 to 5
microsecond range. Patterning was carried out using the method described by Culver et al.’
Approximately 2500 pulses, each with 4.3 nJ/um?* were used to form blistering for a total energy
of 100 wJ/pum?. Fluorescence emission spectra of various areas of the observed images were taken

using the microscope’s spectroscopic lambda mode at 10 mW excitation power.

Characterization of fluorescent liquid

To characterize the fluorescent liquid present in the written bubbles, a series of 100 disc
shaped blisters were created and their liquid was extracted using a needle. A few drops of the liquid
were added to DO and 1H NMR spectroscopy was performed. The presence of 4 amino acids
were determined (alanine, valine, tyrosine and glycine) in trace amounts along with the presence

of a large amount of water.

'HNMR (D0, 400 MHz): § 1.39 (br, 1H), 2.13 (s, 1H), 3.38 (m, 1H), 4.72 (H,0, s, 30H),
6.88 (d, 1H, J=8 Hz), 7.15 (d, 1H, J= 8 Hz), 8.39 (br, 1H).
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In this case, alanine corresponds to the NH peak found at 8.39 ppm, and the methyl peak
at 1.39 ppm, valine’s CH is found at 2.13 ppm, tyrosine’s aromatic peaks are found at 6.88 and
7.15 ppm and finally glycine’s CH2 is found at 3.38 ppm. The peptide’s backbone peaks were not
found due to the high rate of exchange between D-O.
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Figure A3.1. Emission spectra variously of: written azosilk, unwritten azosilk, over-bleached
(photo-damaged) silk, written slow-dried silk, unwritten slow-dried silk, and liquid material
captured from within the blisters, depicting the spectral shift of azosilk with increasing exposure
to mode locked 800 nm light. Unexposed hydrated azosilk shows weak fluorescence peaking at
625 nm, then upon illumination with the 800 nm femtosecond beam, the fluorescence peak
strengthens and blueshifts to 520 nm. This fluorescence shift is restricted to the illuminated region:
silk regions above and below the irradiated areas retain their original fluorescence spectrum,
thereby allowing the material to be used as a three-dimensional patterning medium, as indicated

in Figure 4.1 (a) in which the ‘McGill’ and ‘Tufts’ logos are written in different depth planes.
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Figure A3.2. Excitation emission spectrum of 5% aqueous silk solution (logarithmic scale). Note
the principal peak is centered at excitation wavelength 325 nm and emission at 340 nm, while the

low intensity ridge is shifted by 50 nm from the excitation wavelength.
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Figure A3.3. Image of structural damage on silk caused by laser irradiation at 900 pJ/um?. (a)
shows the region of interest where irradiation occurred, and (b) shows the resulting fluorescence
pattern from irradiation. Structural damage is observed extending outside the lithographic regions

of interest from the higher power used.
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Figure A3.4. TGA experimental weight loss vs. Temperature curve (orange) to estimate the water
content of the azosilk (left y axis). The sample analyzed was cut from a film that was hydrated in
water for 30 minutes. Total water content was found to be 77% by heating 21.31 mg of sample to
150 °C and held isothermally at 150 °C for 45 minutes. The first derivative of weight loss is plotted

in green to show the weight loss rate vs temperature (right y axis).
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Figure A3.5. Written areas of the dry azosilk film (blue square) show increased fluorescence
compared to the unwritten areas. The darkening shown in the writing planes is an artifact of the
software. Vertical and horizontal projections of three-dimensional photolithography image are

shown on the sides and demonstrate the absence of a microbubble compared to Figure 4.1.
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Figure A3.6. Emission spectra of written azosilk, unwritten azosilk in the dry conditions and taken
from the image depicted in Figure A4.5. These spectra are achieved by following the same

parameters used in creation of Figure 4.1 (d); however, under dry conditions.
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Rationale for Chapter 5: Micropatterning azobenzene-modified silk surfaces for optical
control of cell guidance and growth

In Chapter 4, we prepared bulk films of azosilk materials, and explored their surfaces using
a confocal microscope. Direct photoexcitation of our azosilk films prompted the formation of well-
defined fluorescent patterns that were confined within the irradiated region. Upon irradiating with
higher intensities (>100 pJ/um?, 800 nm), raised blisters formed. These blisters were fluid filled
and were found to contain fragments of amino acids and water. By studying these blisters using
AFM indentations, we discovered that the microblistered regions (0.6 kPa) were significantly
softer than their surrounding material (12 kPa). The ability to pattern a surface with both
topological features and photosoftened regions have applications in guided cell growth, as tissues
and cells have been demonstrated to be surprisingly sensitive to modulus and the topology of the
surface they are cultured on. We thus extend the knowledge gathered in Chapter 4 towards
applications in optically guiding cells. Chapter 5 explores this potential application, by plating
cells onto patterned surfaces that were created using methodologies developed in Chapter 4. We
plated CHO cells onto a patterned surface and tracked their motion over 8 hours. Specific regions
on the patterned films elicit an accelerated cell migration when compared to non-patterned
surfaces. The prepared manuscript ‘Micropatterning azobenzene-modified silk surfaces for optical
control of cell guidance and growth’ was co-authored by Michael J. Landry, Anais Robert,
Constantinos Noutsios, Firas Mubaid, Prof. Claire Brown, and Prof. Christopher J. Barrett, and
provides a proof of principle that azosilk materials can be used to create topological features that
affect cell migration using light, and this discovery provides the essential knowledge to explore

the optically guided migration of other cell types.
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and patterning their surfaces using light to control cell movement.



Chapter 5:  Micropatterning azobenzene-modified silk surfaces for optical control of cell
guidance and growth

Chapter 5 is based on a manuscript entitled ‘Micropatterning azobenzene-modified silk
surfaces for optical control of cell guidance and growth’, and was co-authored by: Michael J.
Landry, Anais Robert, Constantinos Noutsios, Firas Mubaid, Prof. Claire Brown, and Prof.

Christopher J. Barrett.

5.1 Abstract

Directed cell motion is a critical field of study and plays a dominant role in a range of
biological processes. Physical guidance cues, such as the mechanical properties of the surrounding
tissues or extracellular matrices, have been found to be key in controlling cell movement. The
development of tools to study the exact mechanical properties which elicit controlled cell
migration, such as the creation of patterned surfaces, is costly, difficult to reproduce, or requires
lengthy processing steps. Azosilk is a photo-responsive biomaterial which exhibits a 10-fold
decrease in modulus upon irradiation with 800 nm light. Localized irradiation creates raised
blisters which are confined to the irradiation region (>100uJ/um?). The topology and modulus of
a growth surface have been shown to influence cell migration, thus we explored the use of
patterned azosilk surfaces for optically guiding Chinese hamster ovary (CHO) cells. We assayed
a family of 10 chemically distinct azosilk polymers for cell viability, and then patterned the highest
performing surface with an array of dots and lines. CHO cells were cultured onto the patterned
surfaces and were tracked over a period of 8 hours. CHO cells which adhered in a position between
the dot and line patterns were found to migrate significantly faster than the cells within the non-
irradiated regions (115 pm/hr, n = 10, P < 0.05), and formed localized focal adhesions towards
each pattern during the migration. The development of tools to specifically pattern azosilk surfaces
using an external stimulus offers a method to fabricate cheaper and more robust cell control

surfaces for studying controlled cell migration.

5.2 Introduction

Cell migration and growth is an important yet complex field of study, owing to a
complicated cascade of interactions between proteins (such as integrin, tho and rac GTPases),

biochemical and biophysical aspects within each distinct cell line. Typically, there is an
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orchestrated interaction between the cell tissue surface, dissolved chemical cues and membrane-
bound proteins, which may guide cell movement or growth through a complicated signaling
pathway. More specifically, cell locomotion can be summarized in 5 steps: (1) protrusion of a
leading edge of a cell due to actin polymerization towards the direction of cell movement, followed
by (2) sensing of the extracellular matrix (ECM) through integrin-ECM binding, that allows anchor
points to be created between the cell cytoskeleton and the ECM surface.! If the cell is present in a
three-dimensional ECM, (3) matrix metalloproteinases (matrixins) will degrade any ECM proteins
present on the leading edge of the cell.! On the trailing end of the cell, (4) cell contraction occurs
when active myosin II binds to actin filaments, creating so called actomyosin complexes, and
generating a contractile force. This is followed by (5) detachment of the trailing edge due to the
contractile force generated by actomyosin structures.! Both chemical and physical signals can
interact with the proteins present during cell movement, such as rho and rac, and may influence

the direction and speed of cell locomotion.

Gradients of biomolecules have been shown to dramatically affect how cells migrate across
a surface or within a tissue.? These responses can either be attractive or repulsive (chemoattractant
or chemorepellent, respectively), and may facilitate cells to migrate towards or away from a given
chemical signal. These chemical signals are sensed by membrane-bound proteins, such as G-
protein coupled receptors, which can aid in selection of the leading edge.> Research on cell
guidance has heavily focused on chemical signals through chemotaxis pathways, but movement
prompted by physical guidance cues, so called mechanotaxis, have garnered more attention
recently.*> Physical guidance cues can manifest either as a change in modulus or through
topographical and morphological changes on a surface (i.e. scratches, bumps or bubbles).
Mechanosensing of the surface is thought to occur through integrin binding to the ECM or through
selective modulus detection by force-induced conformational changes in protein structure.® These
conformational changes can alter the activity of ion channels or enzymes, and can expose cryptic
binding domains and, as a result, trigger guided cell motion towards or away from the change in
modulus.® As a result, cells have been demonstrated to be surprisingly sensitive to both surface
structures present and the material moduli they are cultured on, and controlled movement can occur

with just a small change in modulus (~10%).5”7
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The creation of physical and chemical features onto a guidance surface can be achieved
through microcontact printing® and through expensive clean room techniques that often involve
harsh chemicals.” Clean room techniques can produce patterns down to a few 10s of nanometers
in size.’ Patterns on the order of a few microns have been shown to influence cell migration and
motion, thus clean room techniques produce features of an adequate size to influence cells
movement. However, each round of screening requires recreating patterns within the clean room
and assessing their response separately, which can add a large amount of cost and time to a study.
A variety of systems have been developed which overcome these issues, including light-responsive

polymers which demonstrated photo-softening and photo-lithographic effects.!”

Photo-responsive polymers have been developed in the early 1980°s, and typically
consisted of a photoswitchable molecule appended onto a side chain of a polymer.'!"'? Azobenzene
is a photoswitchable molecule that exhibits both a thermally stable trans- and metastable cis-
isomer. When the trans-isomer adsorbs light of the correct wavelength, it becomes photoexcited
and isomerizes to the cis-isomer, which then can thermally relax back to the trans-isomer.'* This
strategy of appending photosensitive molecules onto polymers has evolved over the years into
modern photo-responsive biomaterials, which have been employed to control biological processes
such as growth, attachment and migration using light.!*!*> Photo-responsive polymers have been
previously investigated for controlled drug delivery,'® cell guidance,!” and ‘single cell switching’
experiments.'® A successful method to control attachment and growth of NIH 3T3 cells was
demonstrated by Goulet-Hanssens and co-workers, where a well-known biomolecule (cyclic-RGD
peptide) was appended to the end of a azobenzene polymer.'?® When this polymer was used to
create cell growth surfaces, the cyclic-RGD peptide was found to be buried into the polymer
surface. However, upon exposure to light, the azobenzene-cRGD molecules photoisomerized,
which exposed the end of cRGD biomolecule to the surface, and prompted the attachment of the
cultured NIH 3T3 cells to the cell surface.”

Silk-based photo-responsive materials have been making recent in-roads towards photo-
controlled biological systems.?!">* Particularly one system, azobenzene-modified silk (or so called
‘azosilk’), has achieved photo-control over the topology of a surface.>* Controlled irradiation of a
surface using an 800 nm source allowed for the formation of microblisters that conformed to the

region that was irradiated (Figure 5.1). These raised regions exhibited a significant fluorescent
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signal (peaking at 470 nm, wide spectral bands) which was confined to the microblistered pattern,
and additionally a notable 10x decrease in modulus (12 kPa to 0.6 kPa) was observed using AFM
measurements.”* This process was used to create objects on an azosilk surface that were 1-250 pm
thick. This size regime is dictated by the focal length and quality of the lens used. Thus, dipping
lens achieved the highest resolution objects, as they were found to minimize scattering effects. The
size regime of the produced microblisters is on the proper order of magnitude to influence
biological processes. Taking into consideration all the above advantages, azosilk was chosen as

2426 and we decided to assess the validity of using azosilk materials

the ideal system for our study,
as a cell control surface for optically guiding cells. Thus, we explored the use of a series of azosilk
patterns as a proof of principle for their ability to guide cells using the raised microblisters and

photosoftened patterns in our films.
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Figure 5.1. (A) A schematic representation of the process of writing onto an azobenzene surface,
and the resulting topographic modification of the surface. Modulation of the surface topology is
achieved by varying the depth at which features are inscribed. (B) A representative image showing
a patterned surface with features on the cellular size regime. (C) An image depicting a McGill
University logo, which demonstrates the effectiveness and resolution of the writing process. (D)
A pseudo-three-dimensional reproduction of the three-dimensional nature of microblisters written
into the surface of an azosilk film. Side panels above and to the right demonstrate the Z projection
of the blisters out of the writing plan. Panels (A) and (C) were adapted from Landry et al.?* with
permission from The Royal Society of Chemistry, “Photo-induced structural modification of silk

gels containing azobenzene side groups” Copyright 2017.
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53 Materials and methods
5.3.1 Materials

All polymers, reagents, and salts used in the fabrication of the azosilk surfaces were
purchased from Sigma-Aldrich, unless indicated. Silk fibroin was provided by Tajima Shoji LTD
(Yokohama, Japan) and 8-well plates were purchased from Thermofisher (Waltham, USA).

5.3.2 Equipment, instrumentation and software

Distilled water was purified using a MilliQ Academic purification system (Millipore,
Billerica, US) and use for the preparation of all aqueous solutions and for the dialysis of silk
polymers. All images were acquired using a Zeiss multi-photon upright fluorescence microscope
(Carl Zeiss Canada, Toronto, CA) equipped with a direct-coupled multiphoton laser (Coherent,
Santa Clara, USA), and with multiple visible laser lines (458/488/514 nm argon laser, 543 nm, 594
nm, 633 nm). Images were further processed using Fiji and its various program extensions.?’ 6 or
12 well images were taken using an ImageXpressMicro (Molecular Devices, Sunnyvale, USA),
using MetaMorph® microscopy automation software and processed using an image analysis
software (MetaMorph®, Sunnyvale, USA). Two-photon imaging was performed on a Multi-
Photon LSM: Zeiss Axioexaminer upright microscope using the 800 nm as the reading beam

during the experiments.

5.3.3 Silk fibroin processing and azobenzene modification

Methods for the preparation of silk solutions from Bombyx mori silkworm cocoons were
based on protocols from Rockwood et al.?® To a vial, 1.25 mL of 0.2 M of an aniline derivative (in
water or an appropriate solvent) was added along with 625 pL of 1.6 M toluenesulfonic acid
solution in water. A stir bar was added, and the resulting clear solution was cooled to 4 °C in an
ice bath. 625 pL of 0.2 M NaNO: in water was added dropwise to the cooled flask to produce the
bright yellow diazonium salt solution. The solution was stirred for 25 minutes on ice. Separately,
0.25 mL of a boric acid/sodium borate buffer solution was added to 2 mL of the 5% w/v silk
solution previously cooled at 4°C. The pH was adjusted to pH 9 before 0.5 mL of the diazonium
salt was added dropwise over 2 minutes to produce a bright red solution that was allowed to stir
for 30 minutes on ice. The red, azobenzene-modified silk was purified using standard desalinating

columns NAP-25 (VWR International) with distilled water as the eluent.
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5.3.4 Processing azosilk solutions into films for biological testing and screening

Each of the prepared azosilk solutions was initially fabricated into drop cast films into a 12
well plate for initial cell viability assays. This process involved taking 250 pL of the each azosilk
solution and placing it into a well. The plate was covered with parafilm and 5 small airholes were
made into each well. The plate was left to dry for 4-5 days in air. Once the dried films were
obtained, they were placed into an oven at 45 °C, overnight, which produced water stable films.
To determine if each film was successfully annealed, the well was submerged in 2 mL of 1 X PBS

buffer and placed into an incubator overnight (37 °C).

5.3.5 Patterning azosilk surfaces

Once the films were processed in the 6 well plates, they were hydrated to a depth of about
10 mm by adding 5-10 mL of Milli-Q water and then mounted onto the microscope stage of the
two-photon microscope. Either 10 or 63x water dipping lenses were used in conjunction with a
mode-locked Ti-sapphire laser (Coherent Chameleon, 140 fs, 80 MHz repetition rate) tuned to 800
nm as a two-photon writing/reading beam. The laser powers measured before the objective lens
used for writing and reading are typically 100 mW and 10 mW respectively, with pixel dwell times
in the 6 to 8 microsecond range. Patterns were inspired from previously reported literature.?’ As in
an effort to influence cells, the scale of the patterns was chosen to be roughly 10 times the cell
radii across and the pattern to be tiled in order to adequately ‘capture’ enough cells. Patterns were
made in Adobe Photoshop CS3 and scaled using a Matlab script provided by Culver et al.*’ in
order to create the required regions of interest for selected irradiation. Figure A4.1 shows an array

of silk patterns achieved using the conditions.

5.3.6 Cell work

Fibronectin (Sigma, F-0895) coating of the azosilk growth substrates was conducted by
placing 10 mL of a 2 pg/ml fibronectin/PBS solution onto the azosilk surfaces (6 well plate), and
the plate was incubated for an hour at 37 °C. Azosilk substrates were then gently washed three
times with PBS (1X) and used immediately. Chinese hamster ovary K1 (WT-CHO-K1)
cells stably expressing paxillin-EGFP were used for all of the studies. Cells were grown in low
glucose Dulbecco’s Modified Eagle Medium (DMEM) (ThermoFisher Scientific, Grand Island,
NY, 11885-084) supplemented with non-essential amino acids (ThermoFisher Scientific, 11140-
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050), 1% penicillin-streptomyosin (ThermoFisher Scientific, 10378-016), 10% fetal bovine serum
(ThermoFisher Scientific, 10082-147) and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES) (ThermoFisher Scientific, 15630-080). The media also contained 0.5 mg/mL of
geneticin for maintenance of selection of paxillin-EGFP (ThermoFisher Scientific, 11811-
031). After plating roughly 10-15 k (roughly 20% confluency) cells per each 35 mm dish, the CHO
cells were allowed to incubate at 37 °C on a heated plate without any CO, atmosphere (due to

HEPES buftfer) for 1 hour prior to imaging.

5.3.7 Live cell imaging

Live cell videos were collected from a series of stills taken on the Mutli-Photon LSM: Zeiss
Axioexaminer using a heated live cell chamber and HEPES buffer to maintain a correct pH during
long periods of live cell imaging. Images were taken every 5-10 minutes (as indicated on the film)
and were modified and made into movies using MetaXpress software. All analysis was conducted
from these films using MetaXpress. Imaging was performed for 12 hours at a time, with fresh

media being added every 4 hours.

5.4 Results and discussion

Azosilk materials can be chemically tailored through traditional diazonium coupling
chemistry. These modified silks exhibit a wide range of hydrophobicity, which is dependent on
the coupling partner of choice (Figure 5.2 and Figure A4.2.). As an initial screen of the capability
of each distinct azosilk material to culture CHO cells, a family of 10 azosilk materials were
synthesized and plated onto a standard 12 well plate. In order to ensure that each film was water-
stable, the plate was allowed to slowly dry over 5 days in air, which allowed for the B-sheets of
the silk protein to self-assemble and achieve a Silk II structure, which has been previously found

to be water-resistant.’!

To test that each material was water resistant, 1X PBS buffer was placed
on top of each film, and the plate was placed into an incubator overnight at 37 °C. The next
morning, the buffer was removed, the plate was sterilized (UV light, 30 min.) and CHO cells were
cultured onto the films (see Section 5.3.6). A standard live/dead assay kit was used to determine
viability of each azosilk polymer (calcein-AM/ethidium homodimer-1). Once the kit was applied,
the cells were imaged over a period of 8 hours using a high throughput screening microscope.

Using MetaXpress software, the CHO cell viability was tabulated for each azosilk substrate (Table
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A4.1). The highest viability was achieved by a sodium sulfanilic-azobenzene derivative (96 £ 3%),
while the lowest cell viability was recorded for the 4-(perfluorooctyl)aniline (40 = 7%) and

2,3.,4,5,6-pentafluoroaniline (49 + 4%) derivatives of azosilk.

In parallel, films of each of the distinct azosilk polymers were created on piranha treated
glass and processed similarly as the 12 well plates (5 days of slow drying followed by overnight
in the oven at 45 °C). The hydrophobicity of each distinct azosilk film was measured by contact
angle measurements (sessile drop, Table A4.1). An interesting, yet unexpected linear trend (R? =
0.9454, P < 0.001) emerges when plotting cell viability vs contact angle (Figure 5.2 (A)), where
more hydrophilic azosilk films were found to achieve the highest viability, while the most
hydrophobic polymers elicited a low survival. Attachment of cells is heavily dependent on integrin
and other membrane-bound attachment factors, thus if the cell-expressed integrin is unable to bind
to such hydrophobic surfaces, attachment does not occur, and thus the survival rate decreases.*>
Since each cell line expresses its own distinct integrin variants, attachment can be cell line and
tissue specific, and can widely vary, if assemblage of basal proteins onto our azosilk surfaces is
unable to proceed.>* With the assay complete, we are able to select the highest performing azosilk

material (sodium sulfanilic-azobenzene, #3) and proceed with blistering and cell guidance

experiments.
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Figure 5.2. (A) CHO viability vs contact angle of the azosilk films which the CHO cells were
plated on (line of best fit, R> = 0.9454, P < 0.001). (B) Schematic representation of the reaction

scheme to create azosilk and the various ‘head groups’ used in this study.

With the optimal azosilk polymer selected (#3), the surface can now be blistered and
inscribed with a specific pattern of choice. Micron sized dots have been demonstrated to affect cell
migration, as they resemble nascent focal adhesions which are formed natively within tissue.®
Lines also resemble native tissue and extracellular matrix components, and in fact, the idea of
reproducing such features onto a surface is reminiscent of biomimicry, in a sense.*> Such features
have been shown to elicit an increased occurrence and stabilization of focal adhesions in the case
of fibroblasts.?>* With this in mind, the patterns were designed as an array of 1 pum dots, 5 pm
thick lines and large square irradiated regions, respectively (Figure 5.3). These features were
inscribed into the film at a depth of 1 um from the film surface. Previously, the writing depth has
been shown to dramatically affect the size of the blisters formed on the surface.>* Writing just
below the surface of the film (~1 um) maximized the observed photo-softening effect, going from
12 kPa on the non-written regions of the film to 0.6 on the blisters.>* As previously shown,
topological changes to a growth surface in conjunction with lower moduli are promising physical
features to guide cells.* In the case of neurons, presynaptic assemblages occur on poly-L-lysine
coated microbeads, as well as on arrays and gradients of modulus.’’*® Coating flat surfaces with
the same coating (PDL or PLL) elicited no additional presynaptic assemblages, thus the round

topology of the bead was determined to be the key factor in the formation of these artificial
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synapses. "% This demonstrates the effectiveness of the topology of a growth surfaces to elicit
specific responses from neurons, and the importance of creating controlled features on a surface
with respect to the cell size cultured. *’*® Unfortunately, both effects caused by inscription of
azosilk films, namely photosoftening and the raised features, are unable to be disentangled;
however, both effects have previously been shown to be beneficial to guiding cells.**** Thus, to
assess the inscribed patterned capacity to guide cells, CHO are plated onto the surface of the

patterned azosilk material.

Figure 5.3. Fluorescence microscopy image of the patterned azosilk surface: (fop) 1 um radii dots
that are separated by 5 um in a grid pattern, (middle) 5 um thin strips separated by 5 pm gaps, and
(bottom) large squares completely irradiated. The pattern is excited using 800 nm and the

fluorescence signal is taken from 400 — 750 nm.

The raised area proved difficult to enrich with enough cells, thus to populate the local
environment of the patterns with additional CHO cells, a pipette loaded with the stock solution of

cells was placed near the pattern and CHO cells are plated directly on top. 10-15 k cells were plated
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onto each 6 well surface, roughly representing a 20% confluency. After allowing the cells to adhere
to the surface for 4 hours, the plate was mounted onto a heated stage (37 °C) and images were
taken every 10 minutes for 8 hours. From an initial qualitative assessment, the CHO cells were
randomly dispersed over the pattern (Figure A4.3). After an additional hour, each CHO cell settled
into a cobblestone shape, suggesting the surface was adequate for supporting their growth. This is
additionally evident based on the presence of several dividing CHO cells. Since our CHO cell line
was transfected with EGFP (WT-CHO-K1 cells stably expressing paxillin-EGFP), their
cytoskeletal/focal adhesions proteins were visualized, and allowed for a facile method to track

their position as well as their focal adhesions to the surface.

As an effort to determine the effect of our patterned substrates on cell adhesion, the number
of focal adhesions were counted for both cells on the dots and lines patterns, and additionally on
the non-irradiated area (Figure 5.4(A)). This was achieved by fixing the cells with
paraformaldehyde, and then taking high resolution images of the cells on each pattern (Figure
5.4(B) — (E)). A simple methodology was employed by subtracting the background image (pattern)
and isolating the increase in fluorescent signal associated with the focal adhesions.*' To
standardize these measurements, the total number of focal adhesions was divided by the total
number of cells present, giving an average number of focal adhesions created per cell. While an
additional square pattern is present in all images, due to the fluorescence intensity of the pattern,
the number of focal adhesions was not possible to count specifically within that region. The highest
number of focal adhesions per cell was elicited by the dot patterns (9.75 + 1.7, Figure 5.4 (B) and
5.4 (C)), however, this was not significantly different than the number of focal adhesions expressed
by cells cultured on the non-irradiated area (8.25 £ 1.6, P > 0.05). CHO cells which formed focal
adhesions to the dot pattern tended to form these anchors near the edge of the dot, rather than the
center. Additionally, focal adhesions were found on the edge surface of each line (7.05 £ 1.5,
Figure 5.4 (D) and 5.4 (E)) and was not significantly different than the non-irradiated surface (P
> 0.05). While the number of focal adhesions expressed per cell was not significantly different for
each of the studied conditions, this can be rationalized by the difference in modulus values. While
the raised patterns do show a 10x decrease in modulus (from 12 kPa to 0.6 kPa), this may be too
abrupt of a change, as cells have been previously shown to respond to shallow gradients of moduli

rather than a large steep change that was presented to them by the microblisters.*?
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grouped into three populations: cells on a dot pattern, on a line pattern or on the non-patterned
surface (control, red). The number of focal adhesions per cell was found to be not significant as
compared to the control (non-patterned surface) for both conditions (P > 0.05). (B) Fluorescence
image of paxillin-EGFP CHO cells on a dot pattern, where higher fluorescence intensities
indicated localized focal adhesions. (C) Corresponding brightfield image of (B). (D) Fluorescence
image of paxillin-EGFP CHO cells on a line pattern, where higher fluorescence intensities

indicated localized focal adhesions. (E) Corresponding brightfield image of (D).

Surface patterns, and modulus differences have been previously shown to influence the
total area that a cell spreads.*’ Influence over cell area is a by-product of the binding strength of
integrin or other extracellular matrix binding proteins to the cell growth surface.** The mechanical
modulus of a substrate has also been previously shown to influence the spread size of cells onto
surface as well. Softer substrates have been shown to elucidate a more ameboid shape (round) and
movement of CHO cells, whereas harder substrates (glass or typical cell culture substrates) force
the adoption of a more spread cell morphology (cobblestone).**** Dots and lines have previously

been investigated and have been shown to have an influence on the binding area of cell to a
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surface.? % Influence over the general cell morphology occurs either through a change in modulus
(mechanosensing through induced conformational changes to membrane proteins or integrin

binding) or through a change in topography.*’

To determine if our patterns had an influence over how spread the cultured CHO cells were,
a series of CHO cell area measurements were taken: on dots, on lines and on the non-irradiated
surface. Again, three populations of 25 cells from each condition were selected and their surface
area was measured and quantified (Figure 5.5 (A)). During the initial cell adhesion, rounded cells
landed onto the azosilk surface and, over the course of 4 hours, adopted their traditional
cobblestone morphology. Other morphologies were not observed, except in the case of cell
division, where the dividing cells formed a cleavage furrow and appeared rounder. While CHO
cells which adhered to the dots did demonstrate a more elongated shape (Figure 5.5 (B) and 5.5
(0)), their surface area did not statistically differ from both the cells adhered to the lines and the
cells on the non-irradiated area (P > 0.05). CHO cells which were cultured on the dots patterned
had a surface area of 430 + 65 pm?, whereas cells cultured on non-patterned areas were found to
be slightly more spread (475 + 66 um?). CHO cells cultured on line patterns (448 + 45 pm?) were
also found to not differ significantly from the control (P > 0.05, non-patterned area). During this
analysis, cells which were dividing or just divided were excluded, due to their immaturity. CHO
cells on the surface of the squares were difficult to measure and were disregarded from this study,
as the fluorescence emission of both written azosilk areas and the EGFP signals were difficult to
separate and additional brightfield images were not clear in that area. While no significant
difference was found between each of the populations of cells on each pattern, this behavior may
be expected. While azosilk does exhibit a dramatic 10x decrease in modulus, perhaps this was not
enough of a change to elucidate a morphological change to the CHO cells. Fibroblasts cells have
been previously demonstrated to exhibit a dramatic 4-fold change in cell area (from 500 — 2000
um?) when cultured on surfaces that varied from 2-8 kPa.*® This is a rather dramatic change;
however, other cell types such as neurons do not show such a dramatic change in morphology or
cell area, but do die when they are cultured on surfaces that are not in the correct range of
modulus.*’ Perhaps, in our case, CHO cells were not a wise choice if we were trying to influence

cell size with patterns of different modulus.
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Figure 5.5. (A) A histogram depicting the average total area of a population of 75 cells (n = 3)
that were adhered to regions off the pattern, on a dot pattern and on a line pattern. Off pattern was
chosen as a control (red), and cells cultured on patterns consisting of dots and lines did not
significantly differ in total surface area adhered from the control (P > 0.05). (B) Representative
fluorescence images depicting the morphology of cells present on lines, dots and non-patterned

areas. (C) Corresponding brightfield image to (B).

As a final method to determine if CHO cells were influenced by our topological surface
patterns, the cell migration speed was calculated for both cells on and off each of the patterns. This
was achieved by separately tracking three populations of 25 cells each which were on patterns of:
dots, lines or off the pattern. The exact position of each cell was marked in each frame of the time-
lapse video, and the migration speed was calculated from the change in position with respect to
time over the 8 hours of live cell imaging. Figures A4.4, A4.5, and A4.6 are example plots of the
position of each cell over the period of 8 hours of live cell imaging and each color represents a
different cell. Figure 5.6 (B) is a representative image of CHO cells which were cultured on the
raised dot pattern. The positional data is layered onto the fluorescence image and was represented

using X’s. Figure 5.6 (C) represents the positional data of CHO cells cultured on a line pattern.
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These plots were generated using Metamorph imaging software and using the track objects
function of the program. Cells which were present near the pattern, but not specifically on the
pattern, were disregarded, as they were found to migrate back and forth between each of the
patterns themselves. On average, EGFP-transfected CHO cells were found to migrate 25 = 5 pum/hr
on the dots, 29 = 5 um/hr on the lines and 29 £ 5 pm/hr on the non-irradiated region. Figure 5.6
(A) is a histogram of the average speed found from each group and demonstrates that there was no
significant difference between cells cultured on dots or lines versus the control (P > 0.05). While
a subset of 10 cells in total were found to have a higher cell velocity (dots maximum speed = 110
pm/hr and lines maximum speed = 134 um/hr), these were found within an area which was situated
between the lines and the dots. Their migration pattern was found to be semi-linear, forming focal
adhesions to each of the dots or line patterns, yet not specifically choosing either pattern to further
migrate onto. However, once these cells did migrate to either the patterned or the non-patterned
area, their speed returned to normal (~25-29 um/hr). Directionality of their motion was found to
be random and conformed to the random-walk migration described by Harms and coworkers.>
The speed was found to be consistent with the reported literature values as well.>® While the speed
was found to not differ significantly than the control, this present research does hold some promise
for these patterns to function as a directed cell growth surface, as evident from the subset of 10
cells which migrated at a higher velocity than their control, which were found to be exclusively
confined to a specific area within the pattern itself. Cells which were found to migrate between the
dots and lines patterns were found to be significantly faster than cells off the pattern (115 pum/hr,
n=10, P <0.05).
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Figure 5.6. (A) A histogram depicting the average cell speed of cells cultured on a dot pattern, a
line pattern and off a pattern. Comparing the migration speed of cells cultured on dots and lines to
a non-patterned area shows that there is no significant difference (P > 0.05). (B) Cell position

layered onto a fluorescence image of cells cultured on dots, and (C) lines.

Azosilk has been previously shown to be a flexible biomaterial for culturing a wide variety
of cells. Azosilk has also been shown to be a photo-responsive material, which is evidently
demonstrated by the dramatic photosoftening effect (10x) and by the production of microblisters
which are confined to the irradiation area (800 nm, >100 uJ/um?). By trying to merge these two
areas together, azosilk has shown some promise as a photo-responsive biomaterial, which may
have some influence over cell growth and migration. Evidently, azosilk does offer a platform
which is more flexible than previous photo-lithography techniques and microcontact printing. This

platform requires a standard confocal microscope and a freely available Matlab program?° to create
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a multitude of patterns. This platform offers a methodology to go from paper to pattern in a matter
of a few hours, rather than the typical few days required to work in the clean room to produced
new patterns in the case of microcontact printing. In our attempts to optically influence cellular
motion, a subset of CHO cells which adhered between the dot and line patterns were found to
migrate at a significantly faster velocity than the control (115 um/hr, n =10, P < 0.05), but once
they migrate to either pattern, they slow back to the control’s speed. While we did not explicitly
find any significant differences between our control and the patterns for focal adhesions and cell
adhesion area, we believe that this study may be used as a tool to study more moduli sensitive
cells. The developed tools maybe more appropriately used for guiding neural cells or fibroblasts,
both cell types which have been demonstrated to be very sensitive to modulus changes. In addition,
neural cells have been shown to be sensitive to topological changes as well, thus this system maybe

more applicable to the culture of motoneurons or oligodendrocytes.

5.5 Conclusion

Azosilk materials show promise as a flexible, facile and low-cost option to create
topological features onto a film and holds promise as a platform for guiding cells. While tools exist
to create discreet patterns onto a material, the described azosilk lithographic method allows for the
creation of patterns onto a biomaterial film within a matter of hours rather than days, and
additionally demonstrates a tunable hydrophobicity and modulus. We were able to select the most
optimal azosilk derivative to maximize cell survival by tuning the hydrophobicity of the polymer
with chemical modifications. While the work presented does not show any significant effect for
enhancing adhesion (focal adhesions) or affecting the growth (surface area), we did find a
significant speed change for cells which were found between the two patterns. This preliminary
work for guiding the migration (cell speed) of CHO cells may be expanded to include more
modulus or topologically sensitive cells, such as oligodendrocytes. Indeed, we believe that the
development of these tools, including the lithographic process for azosilk, are useful and azosilk
may serve as a next generation material for studying cell migration due to its flexibility and ease

of creating patterns on-the-fly using localized laser light irradiation.
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Appendix 4: Supplemental information for Chapter 5
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Figure A4.1. Pictographic representation of (A) the intended pattern to be inscribed onto the
surface of the azosilk gel. Black represents areas where the laser will write and write represents
areas where the laser will be turned off during the raster-scanning of the surface. (B) The resulting

fluorescent image generated by inscribing the surface pattern via ‘region of interest’ irradiation.
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Table A4.1. Table of each headgroup of group appended to silk to create azosilk, and the resulting

contact angle and cell survival. The structures are arranged in ascending contact angle and cell

survival.
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Figure A4.2. (/eft) Representative images of the contact angle measurements, demonstrating the
wide range of contact angles that were achieved using different azobenzene headgroups. (right)
CHO viability as determined by a Live/Dead assay kit (calcein-AM/ethidium homodimer-1) vs
contact angle of the azosilk films the CHO cells were plated on (line of best fit, R? = 0.9454, P <
0.001).

Figure A4.3. Images of CHO cells onto the surface of the inscribed azosilk film. (Leff) Florescence
image excited at 488 nm of the surface pattern and the paxillin-EGFP labelled CHO cells. The
excitation of the written regions within the azosilk film also occur at 488 nm, as well as a broad
adsorption throughout most of the visible spectrum, thus we see both the EGFP-labeled cell and
the pattern. (Right) Bright field image of the cells and the raised pattern.
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Figure A4.4. Plot of each trajectory of CHO cells which are present on the 5 um thick lines. Only

cells which were present within a range of 20 um from the line pattern were tracked. The duration

of the run is 10 hours and each mark is the position of the cell after 10 minutes. Each cross marks

the position of the center of the cell (nucleus) and each color represents a separate cell. This is a

representative image of the data set from 3 cell cultures.
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Figure A4.5. Plot of each trajectory of CHO cells which are present on the 1 um radius dots. Only

cells which were present within a range of 20 um from the dot pattern were tracked. The duration

of the run is 10 hours and each mark is the position of the cell after 10 minutes. Each cross marks

the position of the center of the cell (nucleus) and each color represents a separate cell. This is a

representative image of the data set from 3 cell cultures.
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Figure A4.6. Plot of each trajectory of CHO cells which are present off the pattern. The duration
of the run is 10 hours and each mark is the position of the cell after 10 minutes. Each cross marks

the position of the center of the cell (nucleus) and each color represents a separate cell. This is a

representative image of the data set from 3 cell cultures.
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Chapter 6:  Conclusions and Outlook
6.1 Summary and contributions to original knowledge

This thesis describes the creation and optimization of a photo-responsive biomaterial and
demonstrates the use of the newly developed material in a variety of applications, including guided
cell growth, augmented cell growth coatings, and artificial vascular tissue support materials.
Chapter 2 explores the duality of synthetically created and biologically derived polyelectrolytes
for the creation of wet, soft and biocompatible supportive coatings for cultivating neurons. The
concepts presented in Chapter 1, in addition to the experimental results shown in Chapter 2
reiterate a well-known finding: bioinspired polymers perform more optimally for supporting tissue
culture than traditionally synthesized plastics and provides an environment that is conducive to a
real tissue matrix. Chapter 3 continues this bioinspired message, with the synthesis of azobenzene-
modified polymers for electrospinning into suitable vascular graft materials. Chapter 4 builds on
the three-dimensional material created within Chapter 3 by elucidating a method for tuning the
topology and morphology of an azosilk surface using light. Finally, Chapter 5 explores the use of
the patterned surfaces created in Chapter 4 for optically guiding CHO cell migration and growth.

A few key conclusions that arise from the presented chapters are worth further discussion.
Chapter 2 demonstrated a quick and efficient method to characterize a surface’s capacity to
perform as an effective coating to support neural cells. By characterizing the surface coverage of
a film, only materials which prompt the creation of extended neural networks are highlighted.
Traditionally, Hoescht staining provided a quick and efficient method for assessing survival;
however, the success of a neural coating relies on both high connectivity and process extension.
Process extension can only be characterized using a stain which highlights the entire cell body,
especially neuron cell processes themselves. Chapter 2 also demonstrates for the first time a silk-
based polymer which outperforms PDL, the industry standard, as a coating. This answers one
specific question that was posed within the context of this thesis: silk materials can replace existing
technologies and can create solutions to existing problems. One such problem being the stability
of PDL surfaces in long-term storage and in cultures. Silk materials have been demonstrated to
resist degradation, as described in Chapter 2, and preliminary results demonstrate that surfaces
created from silk-based PEMs last for up to 6 months in ambient storage conditions. This is longer
than the few days that PDL surfaces are considered to be stable. Silk-based PEMs provide a

platform to create a long lasting, cheap and tailored coating that is able to compete and outperform
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PDL. Moreover, by employing a layer-by-layer approach, these coatings are not confined to the
traditionally flat environment of cell culture dishes and can be applicable towards coating three-

dimensional neural probes.

Chapter 3 extends the work on silk-based PEMs by synthesizing a family of azobenzene-
modified silks, each possessing varying and distinct properties such as hydrophilicity and
absorptivity. The members of this azosilk family were assayed for their viability by employing a
standard live/dead staining assay on HAAECs. By plotting the hydrophobicity of each polymer
versus their survival rate, a linear trend was found. Contrary to previous literature studies on
hydrophobicity, we found that the ability for azosilk polymers to support HAAECs in culture
depended highly on hydrophobicity: more hydrophobic azosilk polymers depressed survival while
more hydrophilic polymers enhanced it. A remarkable feat of this contribution is the dramatic
range of contact angles (1 — 120 degrees) achieved by transforming only 5 wt% of the total tyrosine
residues of the silk polymer. Electrospinning with such hydrophobic polymers requires a balancing
act of maintaining polymer cohesivity while allowing for evaporation of the solvent during the
jump from the Taylor cone to the biased plate. Typically, the processing of silk-based materials
required harsh solvents, such as hexafluoro-2-propanol, to solubilize and allow for the creation of
monodisperse nanofibers. However, we chose to use only aqueous solutions with small fractions
of additives, as solvents which were previously used to create silk fibers are very cytotoxic, and
the added steps to remove these solvents add significant impurities. By using a mixture of water,
DMF and a few drops of surfactant, nanometer scale fibers were achieved which possessed a
superior compliance match to the native tissue while maintaining suitable tensile and elastic
moduli. This contribution provides new methodologies to create optically responsive azosilk fiber

mats, which were demonstrated to be supportive for growing HAAECs cells.

The results described in Chapter 4 demonstrate the power of combining a biocompatible
polymer with a high performing chromophore. We describe a methodology to create discrete
patterns within azosilk films by careful irradiation using an 800 nm light source. By employing a
Matlab code which divides an image up into numerous regions of interest, we are able to achieve
a quick workflow, from picture to pattern within minutes. Not only are we able to create fluorescent
patterns, but upon exposure to higher intensity light, we can achieve fluid filled blisters with

potential applications in cell guidance and microfluidics. Again, this effect was possible by
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functionalizing silk with less than 5 wt% azobenzene. When comparing this lithographic
methodology to existing technological innovations, such as photolithography, we can see how
azosilk materials shine. For standard photolithographic techniques, masks and lengthy processing
times are required for the creation of the etched silicon masters used in microcontact printing. This
can take anywhere from a few days to months to create. From initial design of a pattern to the final
result, the azosilk inscription process can take place in one single day. Patterning of a single 250
x 250 pum area of azosilk takes approximately 60 seconds, and only requires access to a standard
two-photon confocal microscope, present within most biology departments, and the vector pattern,
which is created using a mathematical program such as Matlab. This method provides access to
surface modifications on the order of cell size, with of course the limitation of using only azosilk
materials. However, if a different surface coating is desired, azosilk patterned surfaces can also be
coated using a layer-by-layer approach or through surface absorption of the polymer or molecule
of choice. In such a method, azosilk films would be created, their surface coated with a different
polymer of choice, and then the polymer assemblage would be subjected to 800 nm light to be
patterned. In this case, azosilk would act as a command surface, dictating the modulus and

topology while the adherent polymer provides a different surface chemistry.

Finally, Chapter 5 explored the feasibility of using patterned azosilk surfaces, which were
generated in Chapter 4, as cell guidance surfaces. This project proved to be a difficult challenge,
as a multitude of different factors played into the controlled migration of cells and tissues.
Previously, neurons and fibroblasts have been cultured on surfaces and their growth was
monitored. The most influential structures that directed their growth were raised features on the
same size regime as cells, and modulus gradients. We plated CHO cells onto the surface, and
tracked their motion on the patterned surface over the course of 8 hours. While it may be true that
CHO cells are not known to be sensitive to these physical guidance cues, we found a subset of
cells that responded significantly to the pattern. This illustrated proof of principle may be used to
explore more moduli sensitive cells, such as fibroblasts. Chapter 5 provided some proof that our
lithographic process to create these tailored surfaces holds promise, and we can validate our claims

that these materials are useful for guiding cells; claims which were made in Chapter 4.

One specific possibility that remains to be explored is in vitro patterning during the course

of live cell imaging. One might imagine culturing cells and patterning the surface underneath or
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beside a single adherent cell. While the notion of these experiments has been previously explored,
they were conducted using UV light to pattern the surface, and thus the cells were found to exhibit
adverse responses, such as cell death. One specific feature of the described patterning procedure
is that it requires near-IR light, which has been demonstrated to not adversely affect cell cultures.
This process seems exciting when used in the context of neural cell cultures, where presenting a
microblister may prompt the growth cone to either form a presynaptic attachment or extend further
processes along the newly formed blister. This may be the first demonstrated use of silk for
optically influencing cell growth, which is important with the advent of many biotech companies

exploring the possibility of implanting silk coated materials for interfacing with biological tissues.

6.2 Outlook

The work conducted within Chapters 2-5 should continue. The significance of the
development of an externally addressable biomaterial is important, and may allow for single cell
experiments, cell guidance and the development of truly biocompatible microfluidics chambers.
The work within Chapters 2-5 is more fundamental in nature and may serve as a platform for the
creation of real world devices. The work within Chapter 4 represents more of a fundamental study
of the photo-responsive properties of azosilk and the remaining chapters focus on more
applications towards biomedical devices. Azosilk should be explored fully within the biomedical
device community, as it represents a well-tolerated, cheap and flexible platform of materials which

may be exploited in many new biomedical devices.

Work within Chapter 2 may serve as a guide for the next generation of coatings for neural
probes and implantable devices such as those at the brain-machine interface. Silk PEMs are stable,
slowly biodegradable and low cost, thus possessing optimal properties to create a new generation
of ‘ready-to-plate’ cell culture dishes for neurons. The fundamental work presented in Chapter 2
is complete, and thus these newly developed coatings may be explored for further applications in
biomedical research. One potential application may lay in tissue engineering. Coating microbeads
with silk-based polyelectrolyte multilayers may prompt the formation of three-dimensional
cultures of neural cell networks. This is due to the previously understood relationship between
spherical microbeads and the formation of artificial synapses on their surface. By packing a
scaffold with such PEM-coated microbeads, artificial nerves may be created. Additionally, these

coatings were found to be resistant to degradation, and may prompt an exploration of long lasting
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neural probe coatings.

Neural probes have several limitations, and inserted probes tend to elicit the formation of
glial scars around the inserted object, due to elastic modulus and compliance mismatches. Glial
scars have been shown to be the main issue with neural probe rejection, as the scar material is
electrically insulating, thus signals diminish over time. However, our materials present a soft, wet
and ‘ECM-like’ surface, all properties which have been demonstrated to slow or even arrest the
formation of glial scars. In addition, silk materials of a specific modulus range have been shown
to prevent the migration of microglia and oligodendrocytes, effectively stopping the process of
gliosis. At the same time, post-implant cell guidance may be possible due to work conducted in
Chapter 4. 800 nm light penetrates highly into skin and may allow for post-operative tuning of
implanted devices with patterns. One may imagine patterning a neural probe in order to guide
growing axons towards reading pads. The penetration depth of IR laser light into any tissue has
been previously explored. For such tissues as skin, a maximum transparency has been
demonstrated to be 850+ nm. This penetration depth is a distracted by the tissues that the light is
penetrating into, and can be affected by two-photon absorption profiles of blood, cytoplasm and
other proteins. While the azosilk we explored for two-photon modification had its writing peak at
800 nm, other members of this azosilk family have been found possess a tunable writing

absorption, and such derivatives may prove useful as implant materials for post-tuning via IR light.

Azosilk polymers can also be manufactured into electrospun mats for a variety of conduits,
which are important for bioengineering, such as those used in nerve repair or as artificial blood
vessels. The research presented in Chapter 3 may allow for the formation of new conduits for tissue
engineering which are externally addressable. One might imagine creating an electrospun mat,
impregnating the mat with cells, and guiding their position and growth externally using the photo-
mechanical tuning procedures presented in Chapter 4. Stem cells can be induced into different cell
lineages using modulus, or surface chemistry, thus one might imagine a methodology to create
three-dimensional arrangements of induced stem cells using an external stimulus to tune the
modulus of its surrounding matrix. This may have applications into artificial organs or tissues,
especially since silk can be degraded with matrix proteases that are present during cell migration
and growth. This allows for the creation of a tissue onto a scaffold and degradation of such a

scaffold as the tissue forms. Additionally, since the surface can be tuned using different
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headgroups, electrospun azosilk materials may have applications in optically controlled drug
release. One might imagine loading a specific drug into an azosilk scaffold and optically releasing
the drug over time to an applied region. This is especially plausible as 800 nm light, used to induce

blisters and photo-actuation in azosilk polymers, is able to highly penetrate skin.

The work presented within Chapter 5 can be further explored. Physical guidance cues may
be useful in eliciting some cell guidance, as demonstrated within Chapter 5, but using a
combination of physical and chemical guidance cues may provide an even stronger response as a
cooperative effect may be exploited. By loading growth factors into the confines of an azosilk
surface, either through hydrogen bonding or through physical mixing, optical release of growth
factors may be possible. One might imagine an experiment where nerve growth factors are loaded
into an azosilk coating, and neural cells are guided using the optical release of growth factors in
addition to the physical bumps on the surface. The action of patterning may be used to release the
adherent nerve growth factor, thus combining chemical and physical guidance cues. This
cooperative approach may prove to be a powerful tool, as it could be explored to further develop

cell guidance materials, and expand the understanding of cellular guidance and migration.

Finally, the work presented within Chapter 4 on the photo-modification of azosilk surfaces
maybe useful for creating microfluidic devices without the use of clean room techniques. By
writing into the surface and creating microblisters, a channel can be effectively formed just under
the surface. These microblisters could be drained, and inflated with a liquid of choice, such as
water, and then operated as a typical microfluidics device. Chapter 4 presented this idea within the
body of the text, but it is not fully explored. This idea should be fleshed out and explored further,
as the proposed microfluidics chamber would be made from a biomaterial and could be used to
culture and house cells within the confines of such a chamber. Culturing cells within a
microfluidics chamber is an important concept, as such cells could be exposed to gradients of drugs
or growth cues, and exposed cells could be observed for their responses. Additionally, since the
surface of such a microfluidics chamber is created from more azosilk, a method to create and
extend the pattern to additional chambers maybe implemented on-the-fly, as well as photo-actuated

gates within the confines of the chamber, to control flow.

Indeed, light has a promising future not just in biomaterials, but towards biomedical devices
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as well. With the development and exploration of azosilk as an optically addressable biomaterial
is just beginning, the possibilities for its applications in the realm of biomedical devices seems
almost never ending. We hope that the work presented within this thesis will inspire the formation
of the next generation biomaterials, with a never-ending list of potential applications. The world
of photomechanically mediated biomaterials continues to become more developed every day, but

what is certain is the world of light-material interactions has a bright future.
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Rationale for Appendix 5: Surface-plasmon-mediated hydrogenation of carbonyls
catalyzed by silver nanocubes under visible light

Within Chapters 4 and 5, we explored the photoexcitation of our azosilk films to create
well-defined fluorescent patterns which were confined within the irradiated region. Upon high
intensity irradiation (>100 uJ/um?, 800 nm), raised blisters formed, which were confined to the
irradiation region and exhibited a dramatic 10-fold photosoftening effect. We also explored the
applications of these raised blisters in optically guiding cell migration, with some promising
preliminary data showing the potential of patterned surfaces to influence cell speed. Using a
photomechanical effect to optically control a biological process was the ultimate goal for our
project. However, light has also been demonstrated to perform photochemical work as well, and
this is evident based on the formation of photoradicals during the photolithographic process of

patterning azosilk.

Light-material interactions rely heavily on controlling the absorption of light, transferring
energy within a system and eventually using this energy to achieve meaningful work, such as
performing chemical reactions. Light can be used to drive photochemical reactions, such as Diels
Alder, photoalkylation, [2+2] cycloadditions and the creation of photo-radicals in the case of
radical polymerization. In general, the broad category of photochemistry is defined by any reaction
which is mediated or prompted by a photon of light. Inspired by the work performed within
Chapters 4 and 5, we desired to pursue the use of light to impact a photochemical transformation.
The context of this thesis is on the preparation of an externally addressable biomaterial and thus
work based on the creation of a new photocatalyst is orthogonal to the scope of this thesis, and
thus was not presented as a chapter within the main body of the manuscript. We decided to include
this contribution as an appendix to demonstrate the breadth of work which is achievable with light,

and the extend of work completed.

We decided to study the effect of photoexcited nanoparticles used in reduction chemistry.
Nanoparticles of the correct shape, size and composition exhibit a phenomenon called the surface
plasmon. This effect is due to the coupling of electron density confined within the particle with
electromagnetic radiation. Silver metal provides an attractive platform to explore these
photochemical reactions as they have been previously demonstrated to possess a plasmon band

which is accessible for photoactivation of both hydrogen and oxygen at its surface. Within
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Appendix 5, we synthesized a silver nanocube catalyst which exhibited a large plasmon band and
explored its use in the photo-reduction and photo-oxidation of carbonyl-containing compounds.
The activation of reagent gas (either oxygen or hydrogen) on the surface of the catalyst was
achieved through the excitation of the plasmon band of the silver nanocubes at 405 nm. Our study
proposed a potential reaction mechanism involving plasmon-activated hot electrons. A large
selection of primary and secondary alcohols can be accessed from ketones and aldehydes using
milder conditions than previous silver-based catalysts. The contribution ‘Surface-plasmon-
mediated hydrogenation of carbonyls catalyzed by silver nanocubes under visible light’ published
in ACS Catalysis was co-authored by Michael J. Landry, Alexandra Gell¢, Beryl Y. Meng, Prof.
Christopher J. Barrett, and Prof. Audrey Moores, and provides a selective and mild route to

primary and secondary alcohols and a,3-unsaturated alcohols.
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Appendix 5: Surface-plasmon-mediated hydrogenation of carbonyls catalyzed by silver
nanocubes under visible light

Appendix 5 is based on a manuscript entitled ‘Surface-plasmon-mediated hydrogenation
of carbonyls catalyzed by silver nanocubes under visible light’, was published in ACS Catalysis
(Copyright 2017, American Chemical Society) and was co-authored by: Michael J. Landry,
Alexandra Gellé, Beryl Y. Meng, Prof. Christopher J. Barrett, and Prof. Audrey Moores.

AS5.1 Abstract

Plasmonic nanoparticles are exciting and promising candidates for light-activated catalysis.
We report herein the use of plasmonic nanocubes for the activation of molecular hydrogen and the
hydrogenation of ketones and aldehydes via visible light irradiation at 405 nm, corresponding to
the position of the plasmon band of the nanocubes, at 80 °C. Only 1 atm of molecular hydrogen is
required to access, using catalytic amounts of silver, primary, and secondary alcohols, with
complete chemoselectivty for C=0 over C=C reduction. The resulting catalytic system was
studied over a scope of 12 compounds. Exposure to other wavelengths, or absence of light failed
to provide activity, thus proving a direct positive impact of the plasmonic excitation to the catalytic
activity. By varying the irradiation intensity, we studied the relationship between plasmon band
excitation and catalytic activity and propose a potential reaction mechanism involving plasmon-
activated hot electrons. This study expands the scope of reactions catalyzed by free-standing

plasmonic particles and sheds light on H» activation by silver surfaces.

AS5.2 Introduction

Energy consumption by the chemical industry is a significant source of pollution via
generation of greenhouse gases.'” Photochemical reactions have been investigated for over a
century, with the end-goal of harvesting light as a renewable energy source and converting it
directly into chemical energy.* Photochemistry can also open routes to products which are not
accessible via thermal routes.’ Energy transfer is a key step in being able to use light to do
meaningful chemical work, and to this end, several light-harvesting systems have been developed,

including solar cell materials,® photocatalysts,”® and photoactivated materials,'® relying on

11,12 13,14 15-17

materials such as TiO», ruthenium polypyridine complexes, or organic

porphyrin dyes,
dyes.'®!” Light-activated catalytic reactions have seen wide use in organic chemistry® and also in

remediation and depollution of organic dyes and conjugated organic systems.?° Recent efforts have
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allowed the development of such photocatalysts with a focus on activation with visible light.?!

Nanomaterials of Cu, Ag, and Au possess an optical and electronic property called surface
plasmon resonance (SPR), which confers to them powerful absorptive properties in the visible
region. Conducting electrons in these materials oscillate in resonance with the incoming light
field,?>>* causing three effects.! SPR causes strong light absorption and scattering translating into
exciting optical properties.?>?%2 Strong field enhancement at the surface vicinity of these materials
allows them to enhance signals, and was exploited to develop surface enhanced Raman
spectroscopy (SERS) used for detection with molecular sensitivity.?’*>3 Field enhancement also
causes local heat generation and this has been used in the development of nanomedicines.?’- 33 34
In the last 10 years, researchers have studied light-mediated catalysis using SPR-active
nanoparticles (SPRANP), including for water splitting, CO> reduction, and organic pollutant
degradation.?!>>*>3% SPRANP operate according to three major schemes: their plasmon is enabled
by visible light and they either activate a metal oxide support, another metal, or act as a catalyst
on their own (Figure AS.1). For instance, Au nanoparticles (NPs) supported on oxides have been

40-43

shown to catalyze the oxidation of formaldehyde,*® alcohols, and amines to imines,*** C-C

and amine—alkyne—aldehyde couplings,*®*” hydroamination of alkynes,*® oxidative degradation of

phenol,*® oxidative aldehyde-amine condensation to amide,*’ and hydroxylation of benzene.>*>? In

supported SPRANP, oxidative reactions are mediated by excited hot electrons from SPRANP

which are transferred to the support where catalysis takes place (Figure AS.1).2!*8
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Figure AS.1. General categories of plasmonic photocatalysts relying on SPRANP.

Researchers have looked into combining the catalytic activity of non-plasmon active
transition metals, such as Pt or Pd with optical properties of SPRANP. For instance, alloys of
plasmon and nonplasmon metals were investigated.*®>** Besides this, Halas and co-workers
unraveled the potential of a less-explored plasmonic metal: aluminum.>>>¢ Core—shell Al/AL,O;
nanocrystals were used as supports for Pd NPs, for the selective hydrogenation of acetylene to
ethylene under white-light illumination.*® Typical reactions such as ethanol dehydrogenation can
be enhanced with such core—shell particles.’” On the other end, free-standing, pure SPRANP can

38,39 activations of

also perform plasmonic photocatalysis, for instance in oxidative couplings,
reagent gases,®® and reductive couplings.’! The Scaiano group showed the reduction of alcohol
with hydrogen peroxide with unsupported Au NPs.%? The group of Linic looked at Cu NPs as SPR-
activated propylene oxidation catalysts.®> The same group explored silver nanocubes (Ag NCs)
harvesting light via SPR to directly afford hot electrons and catalyze the epoxidation of ethylene.>

In an effort to explore more the scope of catalytic processes available from pure silver as a
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plasmonic metal, we wanted to look at their reductive chemistry in organic solvents.
Hydrogenation is a reaction of high industrial relevance,* for which silver is typically a less active
metal requiring high hydrogen pressure; its limited ability to activate H> compared to other metals
is well-documented.®® Still it affords heterogeneous catalysts with excellent chemoselectivity for
the reduction of C=0 over C=C bonds.%>*% Au NPs, both in the free and supported versions, are
known to enable the activation of molecular hydrogen via SPR,’%’! but a similar effect had not
been shown yet for silver. Activating silver toward H» splitting can help reduce the high

temperature and pressure requirements for this reaction.

Herein, we report that plasmonic Ag NCs are able to drive catalytic reduction reactions and
direct activation of H> through the absorption of visible light, at ambient pressure. This expands
the use of catalytic plasmonic nanoparticles to reductive organic chemical transformations, where

it has been less explored.

A5.3 Results and discussion

AS5.3.1 Synthesis and characterization of Ag NCs

For this work, Ag NCs were selected for their enhanced SPR properties arising from their
sharp vertices.”>” These sharp vertices are well-known to create “hot spots” where SPR is greatly
enhanced.?** We synthesized Ag NCs following the procedure already reported, using AgNOs as

t.>3 Transmission

a precursor, polyvinylpyrrolidone (PVP) as a stabilizer, and HCI as an etchan
electron microscopy (TEM) and scanning electron microscopy (SEM) (Figure AS.2 and Figures
AS5.9-AS5.11) revealed that most of the synthesized nanoparticles featured a cubic morphology,
with occasionally a few rod- or prism-shaped particles observed. These cubes are monodisperse
with an average edge length of 126 & 12 nm (counted over 120 cubes in TEM images). In STEM,
the shell of protective PVP polymer was clearly visible (Figure A5.11). Dynamic light scattering
(DLS) experiments were also performed and results are consistent with SEM and TEM data (see
Section AS5.7). Energy-dispersive X-ray spectroscopy (EDS) measurements were obtained on Ag
NCs imaged by STEM to probe their purity (Figure A5.12). Ag NCs were found to contain only
Ag, Cl, C, and O. Importantly no other noble metals (Pt, Pd, or Ru), which could also lead to the

expected reduction chemistry, was detected. An EDS linescan was also performed across a couple

of AgNCs observed by high resolution STEM (Figure AS.13). Carbon and oxygen were
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preeminent along the edges of the cubes, revealing the surface coverage of the PVP polymer. The
presence of chlorine revealed by EDS was consistent with the Ag NC synthesis, which relies on
chloride anions in order to direct the selective facet growth of the cubes. X-ray photoelectron
spectroscopy (XPS) confirmed the presence of Ag, Cl, C, O, and N in the sample. Cl content could
be quantified against Ag and Cl and accounts for 8% of the inorganic material (Figure AS.14).
The 3ds, band of silver, centered at 368.3 eV is consistent with Ag(0). X-ray diffraction (XRD)
featured (111) and (200) peaks distinctive of a pure Ag(0) phase (Figure A5.16).”* The surface
plasmon band (SPB) was measured using UV—vis spectroscopy and was determined to lie centered

at 410 nm (Figure AS.3).
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Figure A5.2. TEM (left) and SEM (right) images of Ag NCs.
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Figure A5.3. UV-vis spectrum of Ag NCs that demonstrates the surface plasmon band ranging
from 400—420 nm.

AS5.3.2 Establishing catalytic activity

To establish catalytic activity, the Ag NCs were first tested for the hydrogenation of
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camphor to the diastereotopic mixture of borneol and isoborneol, using a hydrogen pressure of 1
atm for 24 h (Figure AS5.4). Camphor was selected as model substrate for this reaction because, in
the presence of light, it does not form photoradicals as other arylketones are known to do. When
this reaction was performed under 1 atm of H in the dark, at 40 or 60 °C, no conversion was
measured after 24 h. Further heating at 80 or 100 °C afforded only trace or 6% conversions
respectively under the same conditions (Figure AS.4). This is consistent with past accounts, as
typically much higher pressures of molecular hydrogen (i.e., 40 bar) are required to trigger
hydrogenation with silver nanoparticles.®®”> However, when light from a 60 W lightbulb was
introduced during the reaction, a promising increase in yield of 17% was measured at 40 °C. Upon
raising the temperature, the yields improved further and reached 57% at 100 °C. In order to further
ascribe this activity enhancement to the Ag NCs SPR properties, we employed a laser diode
emitting light precisely at 405 nm, a wavelength within their plasmon band. The typical
experimental setup for this reaction is illustrated in Figure A5.8. A dramatic improvement of yield
was observed using the 405 nm laser, enhancing the yield to 87%, an increase of 45 points
compared to the wide-spectrum light bulb of similar intensity (Figure AS.4). A series of control
tests established that absence of H», absence of particles or exposure to 532 or 633 nm laser light
failed to afford meaningful conversions, under the temperature spectrum explored herein (Table

AS5.2).
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Figure AS5.4. Yields observed for the hydrogenation of camphor with Ag NCs as catalyst. Reaction
conditions: 1 mg of Ag NCs, 1 mmol of camphor and 5 mL of dioxane, H> pressure of 1 atm, 24
h.

Now that a link between light and catalytic activity was established, a solvent screening
was performed to understand the impact of the polarity on the reaction. Dioxane, water, ethanol,
hexane, ethyl acetate, and dichloromethane were assessed under the newly optimized conditions
(H2 pressure of 1 atm, 24 h) at their boiling point, or at 40 °C. We correlated the resulting yields
(Table AS.3) with the solvent dielectric constant, €, a classic parameter used to measure polarity
and boiling temperature. Interestingly, a clear trend was observed, where the more polar the
solvent, the better the activity (Figures A5.17 and AS5.18). Dioxane and water performed the best,
achieving similar yields of near 80% at 100 °C. The case of dioxane is interesting: while this
molecule has a dielectric constant of zero because of its high symmetry, it possesses polar bonds,
which have a local polarizing effect on the medium. Similar results have been reported by others,
where dioxane performed very well and similarly to polar solvents for C=0 hydrogenation.’®
Ethanol only provided 30% conversion at 78 °C, a temperature at which dioxane afforded the

excellent yield of 87%. All other solvents, all apolar, gave poor yields.
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AS5.3.3 Mechanistic studies

To probe further into the photocatalytic nature of this reaction, a light intensity versus yield
experiment was conducted. Under optimized reaction conditions (H»> pressure of 1 atm, 24 h, 80
°C), the 405 nm laser was expanded to the size of the reaction vessel and used at its full intensity
of 204 mW/cm?, then also under reduced intensities stepwise by employing various increasing
optical density (OD) neutral density filters. As shown in Figure A5.5, below 60 mW/cm? the yield
increased almost linearly as a function of light intensity, while after this value, a saturation was
rapidly established. This saturation can be explained potentially by diffusion limitations in a
solution-based catalytic process, when yields exceed 50%. A kinetic study was also carried out
using camphor as the model reaction under hydrogen conditions. A mostly linear loss of camphor

was observed, without induction period (Figure AS.19).
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Figure A5.5. Yield (%) vs laser intensity (mW/cm?) for the hydrogenation of camphor with Ag
NCs as catalyst in dioxane, with H> pressure of 1 atm, 80 °C and for 24 h.
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Unsupported SPRANP have been described to enable plasmonically enhanced catalysis via
three main mechanisms:?*?* (i) the formation of hot electron-hole pairs at the surface of the
nanoparticle, followed by transfer of charge carriers to an adsorbed substrate, (ii) the photo-
induced increase of the nanoparticle temperature and its thermal effects on the reaction rate, (iii)
the photo-induced local field enhancement and its effect on other photo-activated processes. The
reaction of hydrogenation with silver does not proceed via photo excitation of an organic molecule
involved, so a field enhancement effect (iii) is unlikely. Also, since reaction with Ag NCs in the
dark was negligible across the range of temperatures accessible in the liquid phase of dioxane, a
potential thermal effect of the SPR (i1) should not lead to activity enhancement. Thermal effects
are also typically encountered with nanoparticles much smaller than the ones we used.*®> The
dependence of the yield on the light intensity before saturation is also in agreement with a linear
relationship, consistent with a “hot-electron” process for low intensity photoactivation.”” Recently,
the group of Halas demonstrated the activation of H» by gold nanoparticles under plasmonic
activation, and they proposed that hot electrons are directly responsible for the splitting of the H»
molecule.”! Thus, we propose a similar mechanism in Figure A5.6. When light is absorbed by the
Ag NCs, a transient electron/hole pair is formed at its surface and the resulting hot electron is
transferred to an adsorbed H> molecule. The rest of the proposed mechanism follows a Polanyi-
Horuiti scheme.” Interestingly, it has been suggested by theoretical investigations that hydrides
on silver surfaces may be directly photo-activated by SPR, which could participate as well in the

process.”
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Catalyzed by Ag NCs.
Moreover, AgCl and Ag@AgCl NCs have been reported by others to be active

photocatalysts in polymerization and oxidation reactions and it was important to rule out the
presence of any AgCl phase in as-synthesized nanocatalysts.®*2 XRD did not show any sign of
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crystalline AgCl phase, and no typical AgCl UV signature was seen between 200 and 300 nm
(Figure AS.3).

A5.3.4 Scope of reaction

With these results in hand, the scope of this reaction was explored with other ketones and
aldehydes (Figure AS.7), setting the temperature to 80 °C and using the 405 nm laser as the
irradiation source. Camphor (1), for which we optimized the reaction gives a yield of 87%. Other
aliphatic ketones gave the corresponding alcohol (2—3) in moderate yields, with percentages in the
30s and 50s of %. Aliphatic aldehydes afforded contrasted results with yields between 33% and
76% for (4) to (6). Moving to conjugated carbonyl molecules, we observed better yields, consistent
with their known enhanced reactivity toward hydrogenation. Benzophenone gives (7) with the best
yields of the series (92%) and good yields around 75% are seen for benzyl-alcohol (8) and its p-
chloro counterpart (9). Perfect selectivity for (9) shows the tolerance of the procedure for
chloroarene functionality. The di-m-t-butyl benzyl-alcohol (10) affords a low yield of 32% likely
because of steric bulk which can hinder access to the metal nanoparticle surface. In the example
of a,B-unsaturated aldehydes, we observe an interesting selectivity for the C=0O bond reduction
over the C=C bond, consistent with past accounts using Ag NPs for hydrogenation.” Citral is thus
cleanly converted to geraniol (11) at 79% yield. With cinnamaldehyde, 80% yield of cinnamyl
alcohol (12) was produced, along with 5% of hydrocinnamyl alcohol.
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Figure AS5.7. Scope of Products Obtained from SPR-Enhanced Hydrogenation of Ketones with
Ag NCs.

To elucidate the potential leaching of soluble Ag species during the reaction, ICP-MS
measurements were performed on the filtrate of the optimized hydrogenation reactions of camphor,
after Ag NC removal. 0.57 ppm of Ag was measured in the product, which constitutes a negligible
contamination (see Section A5.7). In an effort to determine if such leached soluble Ag species
were responsible for catalytic reactivity, we performed two distinct experiments: a hot filtration
and a blank test using AgNOs as catalyst. For the hot filtration, an optimized catalytic run was
performed at 80 °C, with laser excitation. After 2 h, the Ag NCs were filtered off the reaction

medium, and the run was further monitored for activity, under the same conditions for 6 additional
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hours. Before the separation, a yield of 21% conversion to borneol was measured. At the end of
the run, a similar yield of 23% was obtained. We also performed a reaction using AgNO; as
catalyst, added to the reaction at a concentration of 0.57 ppm. This blank test afforded only trace
conversion over the 24 h along with the appearance of a silver mirror on the side of the flask,
characteristic of Ag(0). Homogenous Ag species have been reported recently to be active for
hydrogenation, but require much higher loadings, Hx pressures, and electron-accepting ligands.*’
These tests established that soluble species can not account for the reactivity described in this

study.

AS5.3.5 Oxidation reactions

In an effort to explore organic reactions catalyzed by SPR-activated Ag NCs, we also
investigated the oxidation of aldehydes and alcohols to carboxylic acids. Ag NCs are known to
activate O with SPR and enable gas-phase epoxidation of alkenes.>® For this study, we explored
the oxidation of p-hydroxybenzaldehyde under air at atmospheric pressure for 18 h at 60 °C. Under
these conditions, the corresponding carboxylic acid is produced at 95% under 405 nm laser
irradiation, or using a light bulb, while in the dark this value falls to 34%. A scope of six molecules
was explored and found yield values between 65% and 97% (Figure AS5.20). Similar conditions
were also tested for the direct oxidation of alcohols to carboxylic acids. Under the conditions we

tested, we did observe a small activity, but we could not secure yields beyond 11% (Figure AS5.21).

A5.4 Conclusions

These results demonstrate that SPR can be harnessed to activate silver toward
hydrogenation of carbonyl compounds. SPR-activated silver-catalyzed hydrogenation proceeded
smoothly at 1 atm of H> and 80 °C, conditions much milder than what is known for purely thermal
silver-catalyzed processes. This reaction is the first example of SPR-activated reductive catalysis
performed using pure, unmodified plasmonic nanoparticles. This catalyst has been shown to
tolerate a wide variety of substrate scopes with moderate to high yields, with complete selectivity
for C=0 vs C=C double bond reduction. Kinetic studies, dose/response curves, solvent
dependence, and complete Ag NCs characterization were combined to propose a mechanism via
light-induced hot electron formation. This work is a proof-of-concept of the use of plasmon-active

nanocatalysts for important organic transformations.
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AS5.7 Supplemental information for Appendix 5

Experimental
General

All chemicals used in this work were purchased from Sigma-Aldrich. All ketones or
aldehydes used for the reactions were purified using standard purification techniques' found in
“Purification of Laboratory Chemicals, 5™ edition” and NMR was used to confirm that these were
pure before use in catalytic reactions. Hydrogen gas used was purchased from Air Liquide Canada
and used without further purification or drying. Standard Schlenk line techniques were used during
the synthesis of the nanoparticles and for manipulations during catalytic tests. All glassware used
for the catalytic reactions was dried for 24 hours at 140°C in a glass drying oven. Fresh microwave
vials were used for scope reactions to ensure that no other metal residue was found within the glass
used in the reactions or cleaned using nitric acid and a base bath. The light sources used during the
reactions were either a standard 60 W incandescent lightbulb or a 405 nm LED laser using a

diverging lens to expand the laser source to desired irradiation area.

Equipment

Nuclear magnetic resonance (NMR) spectra were acquired with a 400 MHz Varian
Mercury spectrometer. Gas Chromatography-Mass Spectrometry (GCMS) measurements were
collected with a Thermo Polaris Q-Ion Trap gas chromatography/mass-spectrometer equipped
with an auto-sampler. For UV-vis measurements, a Varian Cary 300 Bio UV-vis
spectrophotometer was used; a solution of 1 mg Ag NCs was suspended in 10 mL ethanol via
sonication, with 10 mL of ethanol as reference. The same solution was used for dynamic light
scattering (DLS) characterization with a Brookhaven 90plus DLS instrument. The data were fitted
using the algorithm provided with the assumption of an effective diameter of a perfect sphere.
Scanning electron microscopy was performed on a FEI Inspect F-50 FE-SEM instrument; the
sample was prepared by suspending in ethanol and drop-casted onto the metallic post. Energy-
dispersive X-ray spectroscopy and bright-field scanning transmission electron microscopy were
performed on a Hitachi SU-9000 coldfield emission instrument and transmission electron
microscopy on a Philips CM200 200 kV. Cu/ lacey carbon grids were used, on which a drop of the
prepared solution was dropped and dried in vacuo. A Thermo Scientific K-Alpha instrument was

used for X-ray photoelectron spectroscopy after deposition of the Ag NCs on copper tape with a

215



FEI Inspect F-50 FE-SEM instrument. Powder sample crystallinity was tested using a Bruker D2
PHASER X-Ray Diffractometer equipped with a Cu-Ka (A = 1.54 A) source, LinxEye detector
and a Ni filter.

Synthesis of Ag NCs

The synthesis of the nanoparticle catalyst was reproduced from a previous literature
procedure with some modifications.? 100 mL of ethylene glycol that was used for multiple
experiments was purified by shaking large amounts of CaSO4 and filtered into a pre-flushed argon
round bottom flask. Additional CaSO4 was added to the flask and stirred overnight. A fractional
distillation apparatus was added to the round bottom flask and the ethylene glycol was distilled
under vacuum. A similar procedure was used to dry acetone which was used as a solvent for
washing the particles. Each of these solvents was kept under argon in a polymerization Schlenk
flask for long-term storage. A new dried 100 mL Schlenk flask equipped with a stir bar was
evacuated and refilled with argon three times. 5 mL of the distilled ethylene glycol was transferred
via cannula and this flask and was heated with an oil bath to 140-145°C. While ethylene glycol
was heated, three solutions were prepared: 0.1 M AgNOs, 0.15 M polyvinylpyrrolidone (PVP in
terms of monomer, 55 k M.W.), and a 30 mM HCI. All solutions were prepared using the dried
ethylene glycol as the solvent and were shaken into solution using sonication or a shaker table.
During the shaking, all solutions were kept covered under aluminum foil. The HCI solution was
prepared using concentrated HCI. After 1.5 hours of heating, 100 pL of the 30 mM HCI solution
was transferred to the heated Schleck flask and the stirring was regulated to 600 RPM. This
solution was stirred for 10 minutes before proceeding. During this waiting period, a syringe pump
was primed with 3 mL of the AgNOs; and PVP solutions in separate syringes. Once 10 minutes
had passed, the syringe pump was turned on and the solutions were delivered at a rate of 0.74
mL/min. The solution changed from a clear, colorless solution to a deep, opaque purple color.
Within 2 minutes, the color shifted to beige. After 21 hours, the reaction was cooled to room
temperature and a centrifuge tube was prepared by flushing with argon for 10 minutes. The
contents of the Schlenk flask were sonicated to suspend any particles on the side of the flask and
transferred to the centrifuge tube via cannula or under a high flow of argon in glove bag. 10 mL
of dried acetone was added, and the cubes were sonicated in the tube once again. The cubes were

isolated by centrifugation at 9000 RPM for 20 minutes at room temperature and the supernatant
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was removed using a syringe. This procedure was repeated 5 times and the final solution of cubes
were suspended in anhydrous ethanol with sonication. At this point, samples were taken for all
characterization and the remaining material was transferred to a small vial and dried in vacuo with

the aid of a high-vacuum line. This grey powder was stored under argon at -20°C in a freezer.

Hydrogenation catalytic tests reactions

A pre-dried 2-8 mL microwave vial from ChemGlass was equipped with 1-10 mmol of
aldehyde or ketone, 5 mL of solvent, 1 mg of Ag NCs and a stirring bar. The reaction vessel was
capped with a septum and Ar gas was bubbled through the reaction mixture for 20 minutes to
ensure complete de-gassing. This procedure was performed in complete darkness. Then the septum
was removed quickly and replaced with a microwave crimp top with a septum middle. The vial
was evacuated via a needle attached to the Schlenk line, and a balloon of hydrogen was attached
and injected. The reaction was then heated to a temperature of 40, 60, 80 or 100°C (depending on
the entry) using an oil bath for 24 hours (Table AS.2). Depending on the entry, the vial was
carefully left in the dark, or exposed for the whole duration of the test with the lightbulb or the
laser. The setup is illustrated in Figure AS.8. After the reaction was completed, the vial was cooled
to room temperature and then sonicated for 20 minutes to ensure any product absorbed on Ag NCs
was desorbed. The reaction mixture was then transferred to a centrifuge tube and centrifuged at
9000 rpm for 10 minutes. The supernatant was transferred to a pre-weighed round bottom flask
and solvent was removed in vacuo. The procedure was performed in triplicate. All reported yields
were isolated yields, except for camphor where GCMS measurements using a standard curve were

employed.
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Reaction Vessel Diverging Len Adjustable Neutral 405 nm Diode

Density filter Laser
Figure AS.8. Overall schematic representation of the reaction setup showing positions of all
components. The setup has three optical parts: the laser, adjustable neutral density filter and a
diverging lens. For variable intensity vs yield experiments, light intensity was measured in the
same position and distance from the laser as the flask position by first removing it, placing a light

meter where the flask was, then replacing the flask for the experiment.

Oxidation catalytic tests

To a pre-dried 2-8 mL microwave vial from ChemGlass, 5 mmol of p-
hydroxybenzaldehyde was added and dissolved in 5 mL of p-dioxane. 5 mg of silver nanocubes
was added to the reaction vessel and a stirring bar was added along with a crimp cap with a septum.
A double balloon of air was attached and added to the top. The reaction was then heated in an oil
bath to 80°C and exposed to 405 nm light for 18 hours. After the reaction was completed, the vial
was cooled to room temperature and then sonicated for 20 minutes to ensure any absorbed product
was removed from the surface of the particles. The reaction mixture was transferred to a centrifuge
tube and was centrifuged at 9000 rpm for 10 minutes. The supernatant as transferred to a pre-
weighed round bottom flask. This procedure is preformed two times more and the resulting

solution is rotary evaporated to dryness.
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ICP analysis

Silver nanocubes were analyzed before and after preforming the standard camphor
reduction reaction and the silver content in the product checked using ICP-MS. The sample
preparation was completed by digesting 1.5 mg of fresh Ag NCs into 0.35 mL nitric acid, 1.65 mL
0f30% hydrogen peroxide and 1 mL of water and was heated gently to produce a standard solution.
Samples of the final worked up reaction product (35 mg) were taken and digested into nitric acid,
0.35 mL of nitric acid, 1.65 mL of 30% hydrogen peroxide, and 1 mL of water and heated as above.
The solutions were each diluted to 12 mL with water from a MilliQ purification system. The
amount of silver in the Ag NCs was checked to compare to what was transferred into products. A
blank was run and subtracted from the resulting silver found. During the course of three reactions,

0.57 ppm of silver was transferred into the product from an average of 3 trials of each reaction.
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Electron microscopy
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Figure A5.9. SEM images of Ag NCs.
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Transmission electron microscopy (TEM) N _
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Figure A5.10. TEM images of Ag NCs.

Bright-field scanning transmission electron microscopy (BFSTEM)
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Figure A5.11. BFSTEM images of Ag NCs on Cu/ lacey carbon grids.
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EDS analysis
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Figure AS.12. STEM micrograph (top left) and EDS spectra (top right and bottom) of Ag NCs.
The bottom view focuses on the silver region, where the silver contribution is provided in orange
over the total count in yellow.?
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Figure AS.13. STEM images (left) and corresponding EDS ‘linescan’ elemental profile (right) of
Ag NCs.

X-ray photoelectron spectroscopy

Samples of the Ag NCs were taken from a batch after suspended in ethanol and dried
overnight in a vacuum oven at 80°C. After the sample seemed dry, the tubes containing the sample
were loaded into a Schlenk flask and dried overnight under high vacuum to remove and residual
water. Once fully dried, the samples were crushed into a powder and placed onto copper tape and

analyzed using a Thermo Scientific K-Alpha instrument.
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Figure AS5.14. XPS full scan (A) and closeup on C12p scan (B), Ag3d scan (C) and Cls (D) of Ag
NCs.

Table AS.1. Elemental identification and quantification of Ag NCs by XPS.

Name Pl;‘;‘k g;ight f\\;v HM | \rea (P) CPE eV | Atomic % | Q
Ag3d |368.92 |181182.98 |2.62 941706.57 20.90 |
Cls |286.05 |37003.85 |3.68 154975.37 59.77 1
Ols [532.80 |1897527 |4.26 87931.07 13.29 1
Cl2p | 198.78 | 2016.10 4.76 11153.52 1.81 1
Nis | 401.13 | 5092.16 3.11 18589.85 423 1

Dynamic light scattering

A solution of 0.1 mg/mL of Ag NCs in anhydrous ethanol was filtered using a 0.2 um PTFE
syringe filter and analyzed using a Brookhaven 90plus DLS instrument, using a model which

assumed a perfect sphere. A count rate of 1361.0 kcps was achieved during the measurement using

224



a dust filter and taking an average of 5 scans together and collecting at the detector 90° to the 35

mW solid state laser.
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Figure AS.15. Fitted DLS data showing the hydrodynamic diameter of Ag NCs vs intensity of
scattering from a solution of Ag NCs (0.1 mg/mL) in ethanol to determine polydispersity of

particles.

Polydispersity was calculated using equation:

2
D:?

where D is the polydispersity, p is the calculated standard deviation within the raw data distribution

and T is the average of the standard deviation plus the average of the data.*
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X-Ray diffraction
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Figure AS.16. PXRD spectra of silver nanocubes taken from a 20 range of 20° to 60°.
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Catalytic test optimization

Table A5.2. Results for the hydrogenation of camphor with Ag NCs as catalyst as a function of
temperature, H pressure, and light exposure. Reaction conditions: 500 pL of 0.04 mg/mL Ag NCs
solution in ethanol, 1 mmol of camphor and 1 mL of dioxane, 24 hours. Control experiments

presented here involve using off-plasmon excitation, using argon as a reagent gas and performing

these reactions in the dark.

Temperature Hydrogen Light source GCMS
0 Pressure (atm) (% vield of product)
40 1 405 nm laser 29%

40 1 None N/R

40 1 Light bulb 17%

60 1 405 nm laser 47%

60 1 None Trace

60 1 Light bulb 29%

80 1 405 nm laser 87%

80 1 None Trace

80 1 Light bulb 42%

100 1 405 nm laser 81%

100 1 None 6%

100 1 Light bulb 57%

80 Argon 405 nm laser N/R

100 1 405 nm laser N/R without cubes.
100 1 532 nm laser 5%

100 1 633 nm laser N/R
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Table AS.3. Isolated yields for a series of solvents used in the hydrogenation of camphor with Ag
NCs as catalyst as a function of temperature, H> pressure and 405 nm laser exposure. Reaction
conditions: 500 puL of 0.04 mg/mL Ag NCs solution in ethanol, 1 mmol of camphor and 1 mL of

solvent, 1 bar of Hz, 24 hours.

Solvent Boiling Dielectric Yield at boiling | Yield at 40°C
Point constant, € point
O

Dioxane 101 2.25 81% 29%

Water 100 80.1 80% 24%

Ethanol 78 24.5 30% 11%

Hexane 68 1.88 5% <1%

Ethyl Acetate 77 6.2 3% <1%

Dichloromethane | 39 8.93 <1% <1%
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Figure AS.17. Correlation between yield for camphor hydrogenation at boiling point or 40°C
(solid bars) with dielectric medium for each solvent (line). Excellent correlation was observed,
except for dioxane, which is known to behave like a polar solvent in hydrogenation, despite small
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Figure AS5.18. Correlation between yield for camphor hydrogenation at boiling point or 40°C

(solid bars) with boiling point for each solvent (line).

Kinetic experiments

NMR experiments for kinetic runs were performed using a J. Young tube, sealed under 1

atmosphere of hydrogen. 1.1 mg of catalyst was added to the tube as a semi-suspension in 1 mL
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of toluene-ds. 50 mg of camphor was added along with an equimolar amount of dioxane, and the
tube was evacuated and refilled with argon gas three times. The tube was evacuated one last time,
closed, and a septum was fitted over the entrance. A balloon full of hydrogen was added and the
tube was opened, allowing the hydrogen to flow into the tube. The tube was closed and heated to
80 °C and exposed to the 405 nm laser light. The consumption of camphor was monitored by NMR

and 1s shown in Figure AS.19.
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Figure AS.19. Kinetic analysis of the reaction showing the consumption of camphor along the
reaction time. By linear regression, an R? value of 0.911 is found. A linear trend in the reaction
rate is consistent with the uncertainty arising from the method used to probe the reaction progress

(NMR, 5% uncertainty).

Hot filtration experiment

To determine the exact role of any leeched species that occurred throughout the catalytic
transformation, a hot filtration experiment was conducted. A standard hydrogenation reaction was
performed for 2 hours before an 1 mL aliquot was taken, spun down at 9000 k RPM and the
supernatant was removed and dried in vacuo to yield a semisolid white product. While that
procedure was occurring, a separate three-necked Schlenk flask was flushed with argon for 20

minutes and equipped with a magnetic stirbar. Just as the 2 hour mark for the standard reaction
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was reached, a fritted filter was attached to the flask and another round bottom flask was placed
on top and the entire newly setup apparatus was put under vacuum and refilled with argon. The
fritted part of the filter was heated with a heat gun for 2 minutes, the top round bottom flask was
removed and the standard hydrogenation reaction solution was transferred to the top of the frit
with a syringe and a septum was attached. The solution was filtered, leaving a clear, slightly yellow
solution. A fresh balloon of hydrogen was placed on top and the reaction was continued for an
additional 5 hours. At the end, an aliquot was removed and worked up by removing solvents and
NMR spectroscopy was performed on both samples. At the two hour mark, the yield was found to
be 21% and after 6 hours of reaction after the cubes were removed the yield was measured to be

23%, well within the NMR error.

Light intensity vs yield experiments

To probe the nature of the photo-plasmonic effect observed during this reaction, a light
intensity vs yield dependence set of experiments of the standard reaction was performed. The
typical conditions shown in the "Hydrogenation catalytic test reaction’ section was employed using
camphor as a substrate and the laser intensity was varied. This was achieved by reducing the
intensity of the beam stepwise, by rotating a variable OD neutral density filter wheel to desired

specific irradiation levels of light striking the reaction flask.

Scope of reaction

OH

Isoborneol (1): white solid. 'H NMR (400 MHz, CDCls): §=0.81 (s, 3 H), 0.91 (s, 3H), 1.03 (s,
3H), 1.50 (m, 1H), 1.59-1.82 (m, 6H), 3.66 (1H, m). 87% yield.

OH

)T

2-butanol (2): slightly yellow liquid. '"H NMR (400 MHz, CDCls): §=3.62 (m, 1H), 1.42 (m, 2H),
1.12 (m, 3H), 0.88 (m, 3H). 55% yield.
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OH

Cyclohexanol (3): clear liquid. 'H NMR (400 MHz, CDCls): §=3.55 (m, 1H), 2.97 (s, br, 1H),
1.62-1.70 (m, 2H), 1.32-1.64 (m, 8H). 34% yield.

OH
©/\)\H
3-Phenyl-1-propanol (4) — clear oil. 'H NMR (400 MHz, CDCl3): $=7.24-7.19 (m, 2H), 7.157.11
(m, 3H), 3.62(t, J=6.3 Hz, 2H), 2.64 (t, J=7.8 Hz, 2H), 1.89-1.80 (m, 2H), 1.50 (s, 1H). 33% yield.

H

/\/\)\OH

1-hexanol (5): clear liquid. '"H NMR (400 MHz, CDCls): §=3.65 (t, J=4.5 Hz, 2H), 1.59 (m, 2H),
1.45-1.35 (m, 6H), 0.89 (m, 3H). 43% yield.

sy, o

7

1-Nonanol (6): clear liquid. '"H NMR (400 MHz, CDCls): 6=3.60 (t, J= 4.3 Hz, 2H), 1.59 (m, 2H),
1.44 (m, 2H), 1.24-1.32 (m, 10H), 0.88 (m, 3H). 76% yield.

OH

Diphenylmethanol (7): clear crystalline solid. 'H NMR (400 MHz, CDCls): §=2.20 (d, ] =4.1 Hz,
1H), 5.88 (s, br, 1H), 7.19-7.27 (m, 2H), 7.30-7.35 (m, 4H), 7.35-7.39 (m, 4H). 92% yield.

OH
©)\H

Phenylmethanol (8): Colourless oil. 'H NMR (400 MHz, CDCl3): §=7.25-7.5 (m, 5H), 4.50 (s,
2H), 2.66 (br s, 1H). 75% yield.
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/@)\H
Br

(4-bromophenyl)methanol (9): slightly yellow oil. "H NMR (400 MHz, CDCls): §=7.55 (d, J=8.3
Hz, 2H), 7.30 (d, J=8.3 Hz, 2H), 4.72 (s, 2H), 1.75 (s, br, 1H). 76% yield.

OH

H

(3,5-di-tert-butylphenyl)methanol (10): slightly yellow oil. 'H NMR (400 MHz, CDCl;): 6=1.35
(s, 18H), 4.73 (s, 2H), 7.22 (d, J=1.8 Hz, 2H), 7.36 (t, J= 1.8 Hz, 1H). 32% yield.

X

| OH

(Z)-3,7-dimethyloct-2,6-diene-1-ol (11): slightly yellow oil. 'H NMR (400 MHz, CDCl3): §=1.50
(s, 1H), 1.59 (s, 3H), 1.68 (s, 3H), 1.70 (s, 3H), 2.0-2.1 (m, 4H), 4.14 (d, ] = 6.9 Hz, 2H), 5.09 (m,
1H), 5.40 (m, 1H). 79% yield.

(E)-3-phenylprop-2-en-1-ol (Cinnamyl alcohol) (12): yellow oil. 'H NMR (400 MHz, CDCls):
0=7.40 (m, 5SH), 6.65 (d, J=15.6 Hz, 1H), 6.40 (m, 1H), 4.30 (m, 1H), 1.95 (s, 1H). 80% yield +
5% of the fully hydrogenated product. Products are separated via column chromatography. 1:4
ethyl acetate: hexane. NMR spectrum for the fully hydrogenated product matches that of the (4).

233



Photocatalytic oxidation reaction

Temperature scope of oxidation reaction

HO

O

Air "open flask"
5 mol % Ag NCs

405 nm (200 mW)

dioxane, 18 h, 80 °C HO

OH

The above standard oxidative reaction conditions were used, but varying the temperature.

As temperature rises, yield increases and thermal saturation was observed to occur at around 80

°C.

Table A5.4. Table comparing optimization conditions for the standard photo-oxidation reaction.

Control experiments showed no reactivity when the catalyst was not present, or when the reagent

gas was not air.

Temperature Reagent Gas | Catalyst Load | Light source NMR vyield
O (mg)
60 Air (1 atm) 5 Light bulb 95%
60 Air (1 atm) 5 Dark 34%
60 Air (1 atm) 5 405 nm laser 95%
80 Air (1 atm) 5 Light bulb 96%
80 Air (1 atm) 5 Dark 46%
80 Air (1 atm) 5 405 nm laser 97%
80 Argon 5 405 nm laser N/R
80 Air (1 atm) 0 405 nm laser N/R
Oxidation of aldehyde

When aldehydes are used with standard reaction conditions, the oxidative reaction occurs

selectively and with high yields even using bulkier, bromo-substituted substrates, and alkyl and

aryl substrates.
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Figure AS5.20. Scope of the reaction, showing yields of the optimized reaction conditions on

various aldehydes for the oxidation reaction.

Oxidation from alcohol

To investigate the oxidative potential of this reaction, oxidation from the alcohol was tried,
yet with little success. Typical yields were low, and no side-products were found. If the substrate’s
functional group was an aldehyde instead, typically high conversions/yields were found with only

starting material found in the end.
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Figure AS.21. Comparing reactivity between aldehydes and alcohols for the photo-oxidative
reaction. Yields are higher using aldehydes over alcohols. For the oxidation from alcohol to
aldehyde and then directly to carboxylic acids, no aldehydes were found suggesting that the

oxidative rate for aldehydes is higher due to higher reactivity.
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