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ABSTRACT

Cell behavior is influenced to a large extent by the surrounding microenvironment.
Therefore, in the body, the cellular microenvironment is highly controlled with cells growing
within well-defined tissue architectures. However, traditional culture techniques allow only
for the random placement of cells onto culture dishes and biomaterials. Cell micropatterning
strategies aim to control the spatial localization of cells on their underlying material and in
relation to other cells. Developing such strategies provides us with tools necessary to
eventually fabricate the highly-controlled microenvironments found in multicellular
organisms. Employing natural extracellular matrix (ECM) materials in patterning techniques
can increase biocompatibility. In the future, with such technologies, we can hope to conduct
novel studies in cell biology or optimize cell behavior and function towards the development

of new cell-based devices and tissue engineering constructs.

Herein, a novel cell patterning platform was developed on a hydrogel base of
crosslinked hyaluronic acid (HA). Hydrogels are often employed in tissue engineering due to
their ability to mimic the physicochemical properties of natural tissues. HA is a polymer
present in all connective tissues. Cell-adhesive regions on the hydrogel were created using
the RGDS peptide sequence, found within the cell-adhesive ECM protein, fibronectin. The
peptide was bound to a 2-nitrobenzyl “caging group” via a photolabile bond to render the
peptide light-responsive. Finally, this “caged” peptide was covalently bound to the hydrogel
to form a novel HA hydrogel with a cell non-adhesive surface which could be activated with
near-UV light to become adhesive. In this way, we successfully formed chemically patterned
cell-adhesive regions on a HA hydrogel using light as a stimulus to form controlled cell

patterns.

While the majority of cell patterning strategies to date are limited to patterning one
cell population and cannot be changed with time, our strategy was novel in using small,
adhesive, caged peptides combined with multiple, aligned light exposure steps to allow for

dynamic chemical cell patterning on a hydrogel. Multiple cell populations, even held apart
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from one another, were successfully patterned on the same hydrogel. Furthermore, cell
patterns were deliberately modified with time to direct cell growth and/or migration on the

hydrogel base.



RESUME

Le comportement des cellules est influencé en grande partie par la nature du
microenvironnement. En conséquent, dans le corps humain, le microenvironnement
cellulaire est hautement controlé, et les cellules grossissent dans des tissus ayant des
architectures bien définies. Cependant, les techniques traditionnelles de culture permettent
seulement le placement aléatoire de cellules sur des boites de culture ou des biomatériaux
artificiels. Les stratégies de microstructure cellulaire visent a contrdler la localisation
spatiale des cellules non seulement sur le matériau sous-jacent mais également par rapport
aux autres cellules. Le développement de telles stratégies nous aide a découvrir les outils
nécessaires a la fabrication de microenvironnements hautement controlés qui se retrouvent a
I’intérieur des organismes multicellulaires. L’emploi de substances de matrice
extracellulaire naturelle dans ces techniques de structuration peut accroitre la
biocompatibilité. Dans le futur, ce genre de technologie pourrait nous permettre de mener
des ¢tudes novatrices en biologie cellulaire ou d’optimiser le comportement des cellules, ce
qui pourrait nous guider vers le développement de nouveaux dispositifs a bases de cellules et

de construction a base d’ingénierie tissulaire.

Dans ce travail, une nouvelle plateforme de structure cellulaire a été développée sur
une base d’hydrogel d'acide hyaluronique (HA) réticulé. Les hydrogels sont souvent
employés dans l’ingénierie tissulaire en raison de leur capacité a imiter les propriétés
physicochimique des tissus naturels. Le HA est un polymeére présent dans tous les tissus
conjonctifs. Des régions de I’hydrogel attribuées a 1’adhésion des cellules ont été créées en
utilisant la séquence peptidique RGDS, que I’on retrouve a I’intérieur de la protéine MEC de
I’adhésion des cellules, soit la fibronectine. Le peptide a été lié a un groupe protecteur 2-
nitrobenzylique, ou un « groupe en cage », par un lien photolabile pour le faire réagir a la
lumiere. Enfin, ce peptide « en cage » a été 1ié par covalence a I’hydrogel afin de créer un
nouveau hydrogel HA ayant une surface non-adhésive aux cellules pouvant étre activé a

I’aide de lumiere ultraviolet proche pour la rendre adhésive. Avec cette méthode, nous
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avons réussi a créer des régions chimiques adhésives aux cellules sur un hydrogel HA en

utilisant la lumiére a titre de stimulant pour créer des structures cellulaires controlées.

La majorité des stratégies de structure cellulaire jusqu’a présent sont limitées a la
structuration d’une seule population de cellules et ne peuvent étre modifiées avec le temps.
A cet effet, notre stratégie ce distingue en utilisant des peptides en cage, petites et adhésives,
combinés avec une multitude d’étapes d’exposition a la lumiére alignée, ce qui permet la
création de structures cellulaires chimique plus dynamiques sur un hydrogel. Nous avons
réussi a développer des structures contenant une multitude de populations de cellules sur le
méme hydrogel, méme lorsqu'on les écarte 1'une de l'autre. De plus, les structures
cellulaires ont été volontairement modifiées avec le temps afin de diriger la croissance et/ou

la migration des cellules sur la base de I’hydrogel.
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a hydrogel and (C) top view and (D) side view of rectangular volumes patterned
in a hydrogel visualized with AF488-Mal dye. Reprinted with permission.”
Copyright 2010 American Chemical Society.

Figure 5.1: Strategy to create a patterned surface: (a) Adhesive RGDS peptides
are caged and bound to a non-adhesive HA hydrogel to produce a cell non-
adhesive surface. (b) Caging groups are removed upon exposure to UV light
through a photomask (c) leaving patterned exposed regions of RGDS (d) to
which cells can bind.

Figure 5.2: (a) Chemical structures of caged and native tetrapeptides used in the
present study and (b) chemical steps involved in the synthesis of caged Gly

residue.

Figure 5.3: Complete schematic diagram showing various steps involved in the
synthesis of caged RGDS tetrapeptide using liquid phase peptide chemistry.
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Figure 5.4 (a) Structure of ADH-crosslinked HA polymers with the functional
groups involved in coupling the two molecules highlighted in red. (b) Single
layer of HA gel one day post seeding of 3T3 fibroblasts onto the surface (image
obtained by phase contrast). (¢) Layered HA gel one day post seeding of 3T3
fibroblasts onto the surface (image obtained by phase contrast). Note the cracks
in the gel formed during the rehydration process in the preparation of the layered
gel (d) Fluorescence image of FITC-BSA bound to HA hydrogel facilitated by
EDC and (e) control HA hydrogel exposed to FITC-BSA in the absence of EDC
after 22 hours of washing. (f) Phase contrast image of 3T3 fibroblasts adhering to
a layered HA gel bound with RGDS one day post seeding. (g) Phase contrast
image 3T3 fibroblasts adhering to a polystyrene tissue culture plate one day post
seeding. Scale bars = 100 um and images were obtained using an Olympus 1X81
F microscope.

Figure 5.5: Hyperchem generated theoretical energy minimized molecular
model structures of RGDS and caged R[G]DS peptides.

Figure 5.6: (a) The absorbance of the R[G]DS elution peak versus wavelength
following UV irradiation for the indicated times from an RP-HPLC
chromatogram. (b) The percentage of R[G]DS reacted with UV irradiation time
(n=2). (c) Plot of In[C]/[C]o versus irradiation time, t (n=2).

Figure 5.7: 3T3 Fibroblasts 24 h post seeding on (a) pure layered ADH-
crosslinked HA hydrogel, (b) HA gel bound to RGDS peptide (HA-RGDS) (c)
HA gel bound to a caged R[G]DS peptide (HA-R[G]DS) (d) HA gel bound to a
caged R[G]DS peptide exposed to near-UV light (HA-R[G]DS-UV) and (e) a
control in which cells were grown on a polystyrene 12-well plate (no gel) (f)
Number of live and dead cells harvested after 24 hours of culture on the
indicated surfaces with error bars representing one standard deviation from the
mean with a sample size of three gels. Scale bars = 100 um

Figure 5.8: (a,b) Fluorescent micrographs depicting line patterns of 3T3
fibroblasts stained with CellTracker' " Red and grown on a HA hydrogel bound
with patterned caged and uncaged R[G]DS peptides one day post seeding. (c)
Mask used to generate the line pattern. Phase contrast images of line patterns of
3T3 fibroblasts grown on a HA hydrogel bound with patterned caged and
uncaged R[G]DS peptides at (d) 12 hours, (e) one day and (f) 2.5 days post
seeding. (g) Mask used to generate the line patterns. Scale bars = 100 um.

Supplemental Figure 5.1: 'H NMR spectrum of caged R[G]DS tetrapeptide in
D,0O with expanded portions within the insets.

Supplemental Figure 5.2: "H NMR spectrum of R[G]DS in D,O following UV-
irradiation with expanded portions within the inset.
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Figure 6.1: (A) HPLC chromatogram profiles of RG[D]S and (B) R[-]GDS
peptides following their syntheses by an automated Fmoc solid-phase method.

Figure 6.2: (A) Plot of percent peptide reacted vs near-UV light exposure time.
(B) Plot of In (JC]/[Co]) as a function of exposure time. [C]= Concentration of
caged peptide present at any time; [Co]= Concentration of caged peptide
originally present. 95% confidence intervals represented.

Figure 6.3: Comparative hydrolysis (disappearance) of caged RGDS peptides
with time at 37°C in 1xPBS (pH 7.4) buffer. The reaction is monitored by the
disappearance of the caged peptide’s RP-HPLC chromatogram peak.

Figure 6.4: (A) Overlaid RP-HPLC chromatograms of R[-]GDS peptide in
solution (1xPBS buffer, 37°C) at various time points. (B) Proposed degradation
scheme for the hydrolysis of R[-]GDS.

Figure 6.5: Chemical structure of RGD ligands caged with a 2-nitrobenzyl
function in various locations as used in the docking studies. Linear RGD ligand
is shown caged for illustrative purposes. (A) Caged [R]GD; (B) Caged R[-]GD;
(C) Caged RG[D]; (D) Caged RG[-]D where brackets [] indicate the position of
the 2-nitrobenzyl group (E) Structure of cyclo(-RGD{[NMe]V-).

Figure 6.6: PyMOL images of the ayf; integrin receptor surface and various
docked RGD ligands: (yellow = x-ray crystal structure of cyclo(-RGDf[NMe]V),
green = cyclo(-RGDf[NMe]V-), blue = RGD, magenta = RGDS) (A) control (B)
overlapped native non-caged ligands (C) ligands caged on backbone between
Arg and Gly (D) ligands caged on Asp side chain carboxyl.

Figure 6.7: ELISA assay results shown for various caged and native non-caged
RGDS peptides under varying conditions. Absorbance intensity at 450 nm after
incubation of Fn + RGDS peptide at various concentrations with bound ayf33
integrin receptor was plotted and compared to control with Fn only (no peptide
added). Error bars represent +/- one standard deviation from the mean, n=3.

Figure 6.8 Cell pattern of 3T3 fibroblasts dyed with CellTracker Red™ on a
hyaluronic acid hydrogel. Hydrogel was patterned with a photomask consisting
of 100um clear circles separated by 200um dark spaces. Scale bars = 100 um.

Supplementary Figure 6.1: (A) Synthetic scheme for the preparation of Fmoc

2-nitrobenzyl caged aspartic acid and (B) Fmoc 2-nitrobenzyl caged glycine to
be used for incorporation into RGDS peptides.
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Figure 7.1: Strategy to create a patterned co-culture: RGDS peptides are caged
with a photolabile NB group and bound to a HA hydrogel to produce a cell non-
adhesive surface. Exposure to near-UV light through a mask selectively removes
the NB cage to form a pattern of exposed RGDS peptides to which a cell type, A,
can bind. Subsequently, the entire surface can be exposed to near-UV light to
remove the remaining NB caging groups and allow the seeding of a second cell
type, B.

Figure 7.2: (A) Phase contrast images of 3T3s on an HA-RGDS surface two
hours post seeding in the absence of soluble RGDS peptide and (B) in the
presence of 1 mg/mL soluble RGDS peptide. (C) 3T3s on an HA-R[-]GDS
surface irradiated with near-UV light two hours post seeding in the absence of
soluble RGDS peptide and (D) in the presence of 1 mg/mL soluble RGDS
peptide. (E) Cell densities two hours post seeding, n=2 (where “no peptide”
indicates no soluble RGDS peptide present during cell seeding on the indicated
functionalized HA surface). Scale bars = 100 pm.

Figure 7.3: Fluorescence micrographs depicting line patterns of 3T3 fibroblasts
dyed with CellTracker ™ Red and grown on a HA hydrogel bound with patterned
caged and uncaged R[-]GDS peptide over five days post seeding. Scale bars =
100 pm.

Figure 7.4: (A) 3T3 cell density on the surface of 12-well plates one hour post
near-UV exposure versus near-UV exposure time (n=2). (B) 3T3 cell density on
the surface of 12-well plates three days post near-UV exposure versus near-UV
exposure time (n=2).

Figure 7.5: Fluorescence micrographs of the original pattern of 3T3 fibroblasts
prior to the seeding of HUVECs and patterned co-culture of 3T3s (red) and
HUVEC:s (green) at various indicated times post-seeding of the HUVECs. Scale
bars = 100 pm.

Figure 8.1: Hyaluronic acid hydrogel patterning strategy. (A) RGDS is
covalently bound to a HA hydrogel but is photocaged to prevent cell recognition
and binding to the hydrogel. (Bi) The 2-NB caging group is removed from
selective regions of the hydrogel via light from a UV lamp through a photomask
or (Bii) via light focused with a fluorescence microscope through a UV filter.
Cells are able to adhere to the newly exposed RGDS regions and additional cell
adherent regions are created by either (Ci) exposing the entire hydrogel under a
near-UV lamp or (Cii) exposing select regions identified and then focused on
with the fluorescence microscope which results in (Di) a co-culture pattern with
the entire hydrogel surface rendered adhesive or (Dii) a pattern that can be
changed with time with only select adhesive regions on an otherwise non-
adhesive gel.
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Figure 8.2: (A) Fluorescence micrographs 12 hours post seeding of 3T3
fibroblast cells dyed with live (Calcein AM, green) /dead (Ethidium homodimer,
red) stain, and Hoechst bound to the HA hydrogels with or without bound
peptide or exposure to near-UV light as indicated. Scale bars equal 100 pum. (B)
Density of cells adhering to the various HA hydrogel samples 12 h post seeding
(n=2).

Figure 8.3 Patterned co-culture of 3T3 fibroblasts dyed with CellTracker™ Red,
seeded initially onto a near-UV patterned HA-R[-]GDS hydrogel (100pm
adhesive islands separated by 200um non-adhesive space) and HUVEC dyed
with CellTracker™ Green seeded after entire gel exposure to near-UV light at
various time points past this second irradiation. Scale bars equal 100 um.

Figure 8.4: Density of live and dead cells counted on a TCP surface (A) 6 h post
and (B) one day post near-UV exposure at 365 nm for various exposure times.
(C) MTT assay absorbance values at 540 nm of fibroblast populations exposed to
365 nm light for various exposure times. Error bars represent +/- one standard
deviation of duplicate samples. A * indicates a significant difference from
control, 95% confidence. (D) Fluorescence images of live/dead stained
fibroblasts one day post exposure for various exposure times. Scale bars equal
100 pm.

Figure 8.5: Phase contrast micrographs of different sized circular island patterns
of 3T3 fibroblast cells formed on a photoactive HA hydrogel patterned using
light from a fluorescence microscope with UV filter. Scale bars equal 100 pm.

Figure 8.6: (A) (i) Fluorescence micrograph of TCP surface covered with
CellTracker™ Red-dyed fibroblasts as seen with smallest field diaphragm
opening size with white dashed lines drawn surrounding this area. The remaining
images show HA-R[-]GDS hydrogels patterned with the fluorescence
microscope having the field diaphragm opening at the same size to produce
circular-island patterns of fibroblasts with initially seeded populations dyed with
CellTracker™ Red and the second with CellTracker “Green. (ii) One cell island
pattern and (iii) second patterned cell population added to the first. (B) (i-iii)
Fluorescence micrographs of two separately patterned cell populations. (C)
Phase contrast image with the initially patterned cell population shown in red by
the overlay of a fluorescence micrograph and (D) the same patterned cell
populations 25 days post seeding. Scale bars equal 100 um.
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Figure 8.7: Phase contrast micrographs of fibroblasts adhering to adhesive
islands on an otherwise nonadhesive HA hydrogel patterned using light from a
fluorescence microscope with UV filter. (A) By day 6 post seeding cells fill the
initial adhesive island pattern and another adhesive island is patterned adjacent to
the first. By day 14 cells fill the second pattern. (B) On day 12 and 14 post
seeding of cells, additional adhesive islands are patterned adjacent to the original
patterns and cells grow and migrate to fill the new patterns. (C) Cells adhering to
a single control adhesive island at 21 days post seeding. Scale bars equal 100
pm.

Figure 9.1: The reaction of HA with EDC to form an ADH-modified HA
polymer which can react with another HA polymer chain to form an ADH-
crosslinked HA polymer chain which is the desired product. Undesired side
reactions are illustrated producing (a) regenerated HA, (b) a stable N-acylurea
product resulting from the re-arrangement of the O-acylurea formed from EDC
binding to HA, or (¢) weakly crosslinked HA via a carboxylic ester bond, but
which can also react with ADH towards the formation of the desired product.
Image of the final, clear inverted hydrogel in a centrifuge tube (right).

Figure 9.2: (a) Structure of ADH bound on only one side by HA via an HA
carboxyl group and (b) the structure of HA crosslinked by ADH. (c) Solid state
BC NMR spectra for pure HA and ADH-crosslinked HA with arrows indicating
new peaks. A difference spectrum was obtained by subtracting the pure HA
spectra from the ADH-crosslinked spectra. Peak identifications obtained from
Pouyani et al.°

Figure 9.3: The reaction of HA gel with EDC and NHS to form a peptide-bound
hydrogel.

Figure 9.4: The number of cells bound per cm” of HA-RGDS gel surface for
gels with varying moles of ADH crosslinker used in the gelation reaction per mol
of HA carboxyl group.

Figure 9.5: Dried and rehydrated patterned HA gels formed without cracks by
soaking the gels in 2% DMSO with 10% acetic acid in water overnight prior to
drying. Gels were seeded NIH 3T3 fibroblasts. Scale bars = 100 pm.

Figure 9.6: (A) Structure of amino acids Glycine and Aspartic acid and the
tetrapeptide RGDS incorporating these two amino acids in the boxed locations.

(B) Structure of 2-nitrobenzyl caged Glycine and Aspartic acid.

Figure 9.7: The expected photolysis/uncaging reaction for a 2-NB bound
peptide.
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Figure 9.8: Schematic of Competitive Binding ELISA for experimental
comparison of integrin binding affinity of different RGDS peptides, caged and
uncaged, and controls including RGDS, RGES, R[-]GDS, and RG[D]S. Note
that in each well a single peptide type was analyzed.

Figure 9.9: Fluorescence micrographs of 3T3 fibroblasts dyed with
CellTracker™ Red and grown on the HA hydrogels bound with R[-]GDS and
patterned using the photomask shown for the indicated number of days post
seeding. Scale bars = 100 pm.

Figure 9.10: Phase contrast micrographs of 3T3 fibroblasts (a) bound to a HA
hydrogel with uncaged R[-]GDS peptide at 8 days post seeding and (b) peeling
from the gel at 8 days post seeding. Scale bars = 100 um.

Figure 9.11: Fluorescence micrographs of 3T3 fibroblasts dyed with
CellTracker™ Red on HA hydrogels bound with R[-]GDS and patterned using a
photomask with 100 um lines separated by 100 um spaces at the indicated
number of days post seeding. Scale bars = 100 pm.

Figure 9.12: (a) Photomask used to pattern 3T3 fibroblasts (b) dyed with
CellTracker™ Red in a fluorescent micrograph and (c) in a phase contrast image
on HA R[-]GDS hydrogels at 3 days post seeding. (d) Non-patterned HA-R[-
]GDS where entire gel surface was exposed to UV light and (e) HA-R[-]GDS gel
not exposed to light at all for comparison. Scale bars = 100 pm.

Figure 10.1: Fluorescence images of spinal cord-derived NSPCs stained with a
live/dead kit (Calcein AM/Ethidium homodimer) after seven days of culture on
the following gels: (A) HA (B) HA-RGDS and (C) HA-RGDS (higher
magnification) Scale bars = 100 pm.

Figure 10.2: Fluorescence images of brain-derived NSPCs stained with a
live/dead kit (Calcein AM/Ethidium homodimer) after seven days of culture on
the following gels: (A) HA (B) HA-RGDS (C) HA-RGDS at the edge of the gel
where it meets the edge of the TCP well and (D) HA-RGDS (higher
magnification). Scale bars = 100 pm.
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Figure 10.3: Phase contrast micrographs (A) and (B) show separate circular
patterns of nerual progenitor cells at 5 days post seeding, each showing two
different magnifications of the same pattern created on HA-R[-]GDS hydrogels.
(C) Image of 3T3 fibroblasts viewed through the opening size of the microscope
field diaphragm used to create the circular patterns shown here. Scale bars =
100pm.

Figure 10.4: Phase contrast micrographs of a NSPC circular pattern at 12 days
post seeding on a HA-R[-]GDS patterned hydrogel. Scale bars = 100pm.

Figure 10.5: Fluorescence micrographs of Cell Tracker Red™ dyed 3T3
fibroblasts 24 hours post seeding on HA hydrogels without peptide and (A) no
laser exposure (control) and (B) exposed to two-photon laser radiation. (C) HA-
R[-]GDS hydrogels exposed to two-photon laser radiation. Scale bars = 100um.

Figure 10.6: (A) HA contains numerous carboxyl groups which react with ADH
hydrazide groups in the presence of EDC. EDC and NHS can then activate
remaining carboxyl groups for the covalent binding of RGDS. Note that 2-
mercaptoethanol serves to inactivate any remaining EDC to prevent a reaction
with the subsequently added RGDS. (B) The HA polymer bound to RGDS and
ADH can be crosslinked with BS® — structure seen here.

Figure 10.7: Phase contrast images of 3T3 fibroblasts bound to HA-ADH gels

crosslinked with BS® with either no peptide or bound RGDS peptide 1.5 weeks
post seeding with scale bars = 100 um.
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NOMENCLATURE AND ABBREVIATIONS

uCP

puFn

ADH

ADP
AEIDGIEL

Arg
Asn
Asp
ATP
BAEC
BMA
BS’
BSA
cAMP
CD44
CNB
CNS

D
DCM
DG
DGEA
DIC
DIPEA
DMAP
DMEM
DMF
DMNPE
DMSO
DNA
EC
ECM
EDC
ELISA
FBS
FITC-BSA

Fn

G

GAG
GFOGER
GIcNAc

microcontact printing

microfluidic network

adipic acid dihydrazide

adenosine diphosphate

peptide with amino acid sequence
Ala-Glu-Ile-Asp-Gly-Ile-Glu-Leu
arginine amino acid

asparagine amino acid

aspartic acid amino acid

adenosine triphosphate

bovine aortic endothelial cells
n-butylmethacrylate
bissulfosuccinimidyl suberate
bovine serum albumin protein

cyclic adenosine monophosphate
cell surface glycoprotein
a-carboxy-2-nitrobenzyl

central nervous system

aspartic acid amino acid
dichloromethane

dentate gyrus

peptide with amino acid sequence Asp-Gly-Glu-Ala
diisopropylcarbodiimide
N,N-diisopropylethylamine
4-dimethylaminopyridine
Dulbecco’s Modified Eagle’s Medium
dimethylformamide
4,5-dimethoxy-2-nitrophenethyl
dimethyl sulfoxide

deoxyribonucleic acid

endothelial cells

extracellular matrix
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
enzyme-linked immunosorbent assay
fetal bovine serum

fluorescein isothiocyanate dye bound to bovine serum albumin

protein

fibronectin

glycine amino acid
glycosaminoglycan

peptide with amino acid sequence Gly-Phe-Pyl-Gly-Glu-Arg

N-acetyl-D-glucosamine
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GIcUA
Glu
Gln
Gly
GM
HA
HATU

HC
HELA
HPLC
HUVECs
IKVAV
IR

LDV
LGDW
LPPS
Lys
MALDI-tof
MES
mRNA
MS
MTT

NB or 2-NB
NHS
NMR
NPE
NRK
NSC
NSPCs
NVOC
OEG
Pbf

PBS
PDMS
PEG
PEGDA
PEI

Phe
PHSRN
PIPAAmM
PLGA
PLL
PMMA
R

RGDS

D-glucuronic acid

glutamic acid amino acid

glutamine

glycine amino acid

Goeppert-Mayer units, 1 GM = 10" cm* s photon™
hyaluronic acid
2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uranium
hexafluorophosphate methanaminium

hepatocytes

cervical cancer cells originally from the woman Henrietta Lacks
high performance/pressure liquid chromatography
human umbilical vein endothelial cells

peptide with amino acid sequence Ile-Lys-Val-Ala-Val
infrared

peptide with amino acid sequence Leu-Asp-Val
laser-guided direct writing

liquid (or solution) phase peptide synthesis

lysine amino acid

matrix-assisted laser desorption/ionization-time of flight
2-(N-morpholino) ethanesulfonic acid

messenger RNA

mass spectrometry
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
2-nitrobenzyl / o-nitrobenzyl

N-hydroxysuccinimide

nuclear magnetic resonance

o-nitrophenethyl

normal rat kidney epithelial cells

neural stem cell

neural stem/progenitor cells
6-nitroveratryloxycarbonyl

oligo(ethylene glycol)
2,2,4,6,7-pentamethyldihydrobenzofuran-5-ylsulfonyl
phosphate buffered saline solution
poly(dimethylsiloxane)

polyethylene glycol

polyethylene glycol-diacrylate

poly(ethylenimine)

phenylalanine amino acid

Pro-His-Ser-Arg-Asn

poly(N-isopropylacrylamide)

poly(lactic-co-glycolic) acid

poly(L-lysine)

poly methyl methacrylate

arginine amino acid

peptide with amino acid sequence Arg-Gly-Asp-Ser
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R[-]GDS
RHAMM
RNA
RP-HPLC
RT

S

SAM

SCI
SELDI-TOF
Ser

SGZ
siRNA
SPPS
SVZ

TCP

TFA
TIPS
TLC
TMB
tRNA
TTSWSQ
Tyr

uv

Val
YIGSR

RGDS peptide with NB caging group bound to the peptide
receptor for hyaluronic acid mediated motility

ribonucleic acid

reversed-phase HPLC

room temperature

serine amino acid

self-assembled monolayer

spinal cord injury

surface-enhanced laser desorption/ionization-time of flight
serine amino acid

subgranular zone

small interfering RNAs

solid phase peptide synthesis

sub-ventricular zone

tissue culture plate

trifluoroacetic acid

triisopropylsilane

thin layer chromatography

3,3",5,5'-tetramethylbenzidine

transfer RNA

peptide with amino acid sequence Thr-Thr-Ser-Trp-Ser-Gln
tyrosine amino acid

ultraviolet

valine amino acid

peptide with amino acid sequence Tyr-Ile-Gly-Ser-Arg
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Chapter 1: Introduction

1.1 Subject and Hypothesis

The subject of this work is the patterning of cells on a material of biological origin.
Traditionally, cells seeded on biomaterials are not organized in pre-determined geometries -
or patterns - to better control or fit their function. Instead, cells are seeded randomly on their
supporting material. The ultimate goal of this study was to create a novel cellular
micropatterning platform to enable control over the spatial localization of multiple cell types
and of cells over time. The design was to consist of a hydrogel which could be stimulated
with light to create areas on the material where cells could adhere. It was hypothesized that
such a cell-patterned material could be created using a hyaluronic acid (HA) hydrogel base
incorporating photocaged cell adhesive peptides. The goal was to develop the material and

ultimately test its ability to control cell adhesion with animal cells.

The nature of the microenvironment surrounding cells has a substantial impact on
cell behavior.' In the body, the local cell microenvironment consists of the scaffold on
which cells grow, known as the extracellular matrix (ECM), as well as neighboring cells
which can consist of multiple cell types. Generally, cells must adhere to the ECM to survive.
Cells can connect to the ECM through adhesion molecules located on their surfaces (such as
integrin receptors). In turn, stimulation of these adhesion molecules by the ECM can result
in a cascade of signaling events being sent through the cell which ultimately influences
cellular behavior such as growth, migration, and even survival.* Neighboring cells can also
influence each other by both sending out and receiving soluble signals as a form of
communication. Moreover, cells can form direct physical contacts to other cells of either the
same cell type (homotypic) or of a different cell type (heterotypic). Direct cell-cell contacts
are formed through specialized adhesion proteins (such as cadherins) that can interact with
the cellular cytoskeleton, which determines a cell’s structure, and with cell signaling
pathways that can influence numerous aspects of a cell’s function.” Considering the complex
inter-play between all of these elements in a cell’s environment, it is no surprise that in the
body complex tissue architectures exist with carefully crafted microenvironments containing
different cell types, in fixed geometries, which serve to guide cell behavior.® It is therefore
necessary for biological material research to find ways to re-create and manipulate such cell

geometries and eventually full tissue architectures.
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Techniques are needed to gain in vitro design control over the cell microenvironment
to allow for the creation of improved cell-based devices and to assist us in advancing our
current knowledge of cell biology. In contrast to random cell seeding, cell patterning systems
can allow for control over the spatial localization of cells, or cellular geometry. Patterning
assists in controlling the degree of contact that cells make with an underlying material
substrate and with neighboring cells of either the same or different cell type (homotypic or
heterotypic).”® Cell pattern parameters can therefore be manipulated to optimize or explore
cell functions while the high degree of control attained with cell patterning can allow for

improved experimental reproducibility and lowered variability in cell-based devices.

As such, the potential applications for cell patterning systems are numerous and are
beginning to be realized. For example, in the field of biological research, cell patterning can
be used to control cell shape’ and it has shown that cell shape can influence whether cells
grow or die.” It has been demonstrated that the geometric features of cell patterns can be
adjusted to control the direction of cell movements.'” A review by Kolind et al. highlights
works in which stem cell fate has been controlled via cell patterning in vitro."! Furthermore,

techniques are being developed to create patterned neural networks,'*"*

including some
networks patterned atop electrode arrays which allowed for electrophysiological
measurements to be taken' in order to reach a greater understanding of the nervous system’s
organization and function in information processing. Therefore, by using cell patterning to
create a more highly controlled microenvironment compared to traditional random cell

cultures, novel studies can be conducted into cell biology.

Increased control over the cell microenvironment can also allow for optimization of
cell function towards the production of a certain cell product or towards maintenance of in
vivo viability and function for employment in biosensors. Biosensors are being developed
out of spatially organized cells to detect toxins and bacteria, and to study cell responses to

16-18

potential toxins. In addition, Zheng et al. recently published a review discussing various

cell-patterned arrays designed as testing devices to examine cell-drug interactions."
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Furthermore, a number of examples of cell patterning applications can be found in
the tissue engineering field. Epithelial cells were patterned and organized atop human lens
capsules with the ultimate goal of developing a retinal implant.*’ Bone cells including
endothelial cells, osteocytes, and osteoblasts were patterned towards the development of a
spatially organized structure mimicking bone tissue.”' Recently, cells were patterned to
create a mimetic liver lobule, a centimeter scale division of liver tissue.”? Numerous other
examples can be found in the literature and the future will undoubtedly bring more
fascinating and far-reaching applications as patterning techniques are further developed,

improved, and applied.

The ability to create cell patterns on a hydrogel material has the potential to enhance
patterning applications such as those described above — in cell biology research, biosensors,
and tissue engineering — by allowing for a highly controlled microenvironment through cell
patterning on a material that can also mimic the properties of natural tissues. Hydrogels are
materials made up of networks of insoluble hydrophilic polymer that possess a high water
content. They have tissue-like mechanical properties and can be made to mimic the ECM of
body tissues. As such, hydrogels are often implemented in tissue engineering designs™ and
used in the fields of cell biology research and in vitro diagnostics.”* The hydrogel used
throughout this work is based on a natural, biocompatible material, HA. Recently, the
biomaterial field has been moving increasingly away from the design of materials intended
to be inert to the biological environment towards natural and mimetic devices which
demonstrate some physiological function.”> Natural materials also tend to be biodegradable
with mechanical properties closer to native tissue. Furthermore, creating a suitable
environment for nerve regeneration is of particular interest to our research group and it is the
opinion of some, such as Khaing et al. “that natural materials can ultimately better replicate
components within the natural nerve tissue for overall improved therapeutic strategies”.*
Gaining control over the spatial localization of cells on or within a hydrogel derived from
natural materials through cell patterning can further enhance the hydrogel’s ability to mimic
natural tissues, since cells are highly spatially organized in body tissues, and this
organization is necessary for their function.® By creating materials that better mimic the

natural cell environment, it is hoped that cell behavior can be made to ultimately better
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mimic in vivo behavior and therefore improve the function of cell-based materials. It is
envisioned that the cell patterning platform based on a HA hydrogel developed for this thesis
work will ultimately have the potential to be employed in fundamental biological research —
to study various behaviors of cells under a controlled, increasingly natural,

microenvironment — and tissue engineering applications.

To date, many of the cell patterning strategies found in the literature are based on
photolithography which is employed in manufacturing patterned microchips and involves
harsh solvents which can harm cells, proteins, and other biological materials. The use of
various solvents and other cytotoxic chemicals in many patterning strategies limit them to
the creation of a single pattern that cannot be changed with time. So, while numerous
examples of patterns made up of single cell populations were found in the literature during

this WOI‘k,27’28

only a limited number of techniques were found for patterning multiple cell
populations and creating patterns that can be manipulated with time.”” Such techniques
involving natural and biocompatible materials, such as hydrogels, were found to be
especially elusive. However, they are especially needed; one of the factors hindering our
ability to rationally design natural tissue structures — like a suitable environment for nerve
regeneration — is our limited understanding of how important biological cues play out both
spatially and temporally during tissue generation or regeneration. New methods for
elucidating such biological processes can potentially be realized by designing cell-patterned
materials with spatial control over multiple cell types and the ability to be altered with time
via an external cue.” By creating such a platform using biocompatible materials, there is the

hope that it can be used for in vitro investigations and optimization, but also have the ability

to be later translated into an in vivo device for treatment.

1.2 Relation of Study to Thesis Group Research in SCI

Our research group is particularly interested in tissue engineering applications for the
treatment of spinal cord injuries (SCIs). In the future, it is desired to adapt and apply the
hydrogel cell patterning technique developed in this thesis work to the design of a

biomaterial scaffold for the treatment of SCI. Other group members have been engaged in
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various aspects of the design of such an implantable device. As such, a brief background of

SCI and biomaterials follows.

SCI is a costly disease both in terms of patient quality of life and economic costs.
Even if an individual with SCI is able to survive the initial injury, the result is often a high
level of disability causing drastic lifestyle changes.’' In addition to loss of sensory and motor
function to limbs and torso, a number of other health conditions can result from SCI
including pain, inability to regulate bowel and bladder, muscle spasms, fatigue, and
osteoporosis. As individuals with SCI age they can be at higher risk for cardiovascular
disease, diabetes, respiratory complications, or infections.”” In addition to the suffering of
individual SCI patients, there are the economic ramifications of the disease to consider. A
recent study published in 2013 found that, in Canada, an average of 1,389 people survive
SCI each year which results in an annual economic burden of 2.67 billion dollars. It was
further estimated that the average lifetime economic burden associated with SCI per
individual in Canada ranged from 1.5 million dollars for those suffering from incomplete
paraplegia (partial loss of function in lower limbs) to 3.0 million dollars for those with

complete tetraplegia (loss of control of all limbs and torso).*

At the cellular level, SCIs cause significant changes to the cellular environment
within the spinal cord at the site of injury. SCIs immediately damage the neural tissue by
breaking open blood vessels, killing neural cells, and damaging the axons of nerve cells.
Note that axons are projections originating from the nerve cell body and they carry motor
and sensory signals through the spinal cord.”> Upon injury, these axons can be severed,
which cuts off communications between nerve cells, and ultimately results in disability.
After SCI, the local environment surrounding the damaged area is inhibitory towards
regeneration both physically and chemically. A scar is formed involving local glial cells,
which are neural cells that normally support neurons. Along with a build-up of ECM
molecules, this leads to the formation of a physical barrier that prevents axons from
reconnecting with existing neural architecture across the injury site. In addition, the injury
results in the release of a number of biochemical signals and cues that produce inflammation,

fluid build-up, the destruction of local blood vessels, the loss of myelin (which normally acts
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as neural insulation to allow for signal transduction), among other negative effects. These
not only prevent regeneration, but even promote further cell death and a loss of neural
connections near the injury site.”* Ultimately, in most incidences of SCI in humans, a
significant amount of tissue is lost and a cavity forms at the injury site.” In this inhibitory
environment, axons from the central nervous system (CNS) do not regenerate. Conversely,
in an a different environment permissive to regeneration, such as nerve grafts with Schwann
cells, it has been shown that these same axons can regenerate.’®>’ Outside of the brain and
spinal cord which make up the CNS, axons of the peripheral nervous system can grow and

regenerate post-injury.”®

In the treatment of SCI, biomaterial scaffolds implanted or injected at the site of
injury have the potential to promote tissue regeneration in several different manners. First of
all, the material can serve to bridge tissue gaps or cavities to direct re-growth while
providing structural support. The material itself can also be used to provide a local,
permissive environment that promotes tissue regeneration. The physical and chemical nature
of the material itself, like substrate stiffness,”® surface roughness,”® hydrophobicity,*® or
electric charge®' among others, can significantly impact cell behavior. Furthermore, the
material can deliver cells (e.g. neural stem cells) to the injury site in order to replace lost
cells and/or deliver signals to promote the survival of existing cells and promote the re-
sprouting of axons. The material can aid in keeping cells localized at the site of injury as
well as increasing cell survival.* For example, stem cells implanted into the body, and
specifically the spinal cord, have shown increased survival when delivered within
biomaterials as opposed to simply injected in solution.* The material can also be used as a
sustained delivery device of proteins known to promote regeneration at the injury site. The
challenge is to design a material which creates an environment where neural cells can adhere
and survive, and ultimately allow axons to elongate and essentially migrate across areas of
damaged tissue in a directed manner to appropriately re-connect with the body’s existing,

intact neural architecture to restore function.>**?
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Proposed general designs for the group SCI treatment device can be seen in Figure
1(A) and 1(B). These figures represent conduits to be implanted at the site of injury. In
Figure 1 (A) and (B), the devices contain a cylindrical, rigid, porous, polymeric outer layer
(made up of poly(lactic-co-glycolic) acid (PLGA)) with mechanical properties similar to the
spine to protect the site of injury.44 Pores within this structure are essential to allow for the
exchange of nutrients and waste for cells within the implant. Furthermore, pores can
potentially be loaded with proteins such as those cellular signals known to aid in
regeneration, for gradual delivery to the injury site over time.* The material is designed to
be degradable so that it can slowly be replaced by healed native tissue with no need for
additional surgeries for device removal. The devices in Figure 1 also contain an inner
hydrogel layer. Hydrogels have shown great promise in peripheral nerve regeneration; a
hydrogel nerve guidance channel made of a naturally-derived material, agarose, containing
concentration-gradients of laminin-1 and nerve growth factor was shown to promote
peripheral nerve regeneration over a long - 20 mm - nerve gap with axonal regeneration
comparable to nerve autografts, the current clinical gold standard.*® In addition, cells can be

seeded on or encapsulated within hydrogels for delivery and localization at the injury site.

Smaller, aligned channels within the implant are advantageous as they can direct
cellular or axonal growth through the biomaterial conduit across the injury site to reconnect
with existing neural architecture. Several such designs in the literature have been shown to

. 47-49
promote regeneration.

It is our hope to create such channels through patterned chemical
adhesive regions in an otherwise non-adhesive hydrogel. In Figure 1(A), the inner side of the
rigid conduit is coated with a hydrogel layer which consists of cell-adhesive lanes (shown in
green) to guide cells through the device and cell non-adhesive areas (shown in red). In
Figure 1(B), hydrogel fills the inner volume of the conduit, and 3D cell-adhesive lanes
(shown in green) run through the otherwise non-adhesive (shown in red) hydrogel. There are
advantages to both designs. Figure 1(A) — the coated device — allows for increased mass
transport of nutrients and waste to promote cell survival within the device. This may be
especially important considering the instability of blood vessels in injured areas.

Furthermore, the hydrogel can be made denser since cells do not have to navigate through it,

which allows for much increased pattern resolution.
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Rigid, porous, polymeric
tube forming outer layer

Cell non-adhesive (red)
hydrogel inner layer

Cell-adhesive regions

(green) of hydrogel inner
layer

Cell non-adhesive (red)
hydrogel filled tube

Rigid, porous, polymeric
outer layer of tube

Cell-adhesive areas
(green) of inner hydrogel
tube

Figure 1.1: General design of proposed conduit device for SCI treatment having either (A)
the inner side of the conduit coated with a hydrogel layer or (B) a 3-D hydrogel occupying
the whole inner volume of the conduit. In both cases, the hydrogel is patterned with the bulk
material being cell non-adhesive (red) and containing cell-adhesive lanes (green).
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In addition, there is an increased number and availability of analytical tools to study 2D cell
culture systems such as this prior to implantation, which may allow for improved
optimization in vitro prior to in vivo work. Figure 1(B) — hydrogel filling the volume of the
device — provides a 3D scaffold for cells which is the natural in vivo environment and so
better mimics native tissues. Such a design will allow for increased loading of therapeutic

cells which can be seeded in the volume of the hydrogel along with therapeutic proteins.

1.3 Description of the Cell Patterning Strategy and Novelty

The following outlines our specific cell patterning strategy. It consisted of a hydrogel
base made of cross-linked HA. HA is naturally non-adhesive, which is beneficial for cell
patterning as it can help to prevent cells from binding off-pattern. HA also appears
promising for use in tissue engineering for CNS applications. Fetal brains have high
concentrations of HA, neural progenitor cells express HA, and HA is thought to be a critical
component of the adult neural stem cell niche (which is the microenvironment where these
adult neural stem cells are found in the body).”® HA hydrogels implanted into injured brain
tissue, without any cells, were shown to decrease glial scar formation and promote blood
vessel formation.”® The crosslinker employed was adipic acid dihydrazide (ADH), a readily-
available commercial crosslinker, which allows for crosslinking under mild, aqueous
conditions to form a clear HA hydrogel. The hydrogel was rendered cell-adhesive by
covalently binding the peptide sequence RGDS, found in the protein fibronectin in the body,
to the HA polymer. The RGDS peptide has the ability to bind to cells via surface receptors,
termed integrins. Approximately half of the members of the integrin family have been found
to bind to the ECM in a manner dependent on the Arg-Gly-Asp sequence.’’ In order to
render the RGDS peptides non-adhesive and light-responsive, they were bound to a 2-
nitrobenzyl (2-NB) group. This group is photolabile such that it can be removed upon
exposure to near-UV light (at approximately 365 nm) leaving behind intact, adhesive RGDS.
All the components of the system including the gel, crosslinker, peptide, and caging group

were joined via covalent bonds to ensure stability.

-10-
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Together, the components described above can be made to form cell patterns as
follows. The hydrogel made up of HA bound to 2-NB-photocaged RGDS is designed to be
cell non-adhesive. Wherever near-UV light strikes this gel, a photoreaction should occur
resulting in the release of the 2-NB caging group to create a cell adhesive region of exposed
RGDS peptides on the gel. Therefore, cells should stick to areas that have been exposed to
near-UV light and be unable to adhere to any other regions due to the presence of the 2-NB
caging group blocking access to the RGDS peptides combined with the cell non-adhesive
properties of HA. By using light to create cell adhesive regions, multiple cell populations
could theoretically be pattered via multiple light exposure steps followed by cell seeding on
the same material. Similarly, it was hypothesized that cell patterns could be dynamically
changed with time by exposing select non-adhesive regions of the pattern with focused near-

UV light to render them adhesive to the initially seeded cells.

When this thesis began, photocaging of an RGD peptide had not been carried out
previously in the literature. During this thesis, two communication papers were released
whereby  different RGD  peptides (i.e. cyclo(-Arg-Gly-Asp-D-Phe-Val-)  and
YAVTGRGDSPASS) were caged to control cell adhesion.”**® We released the first full-
length paper detailing the use of photocaged RGD peptides for cell patterning, and this work
was novel in that the patterning took place on a hydrogel material, and fibroblast cells were
shown to remain on-pattern longer (i.e. 2.5 days vs. 6 hours).”>>* In our second research
paper, we compared properties of RGD peptides caged in the different locations explored in
the literature thus far for the first time, and introduced the idea of using docking software as
a method to assess various caging locations within in a peptide.”® In the future, this may be a
useful tool to employ prior to more expensive peptide synthesis. In our third full-length
paper, we were the first to show that photocaged RGDS peptides could be used to create
dynamic cell patterns over several weeks to control cell adhesion and growth/migration with

time as well as to pattern multiple cell populations on a hydrogel material.>

The number of strategies to generate cell patterns on hydrogels was limited when this

study began, and even in their 2011 review paper, Turunen et al. concluded that “Hydrogel

applications are widely studied in vitro and in vivo, but gel patterning is a relatively new

-11-
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approach to this area of research.”’ With limited studies examining the patterning of
hydrogels themselves, through an extensive literature review we found much fewer studies
attempting to culture multiple cell populations on the same gel.**® Only a restricted number
of patterning strategies currently exist that are dynamic, whereby changes in the adhesive
pattern can be made with time. Several studies have produced hydrogels that can be
physically degraded with light to achieve spatio/temporal control over gel mechanical
properties in the presence of cells which can influence cell spreading, morphology, and
migration.”®® Several strategies have been developed that allow for spatio/temporal control
over the presentation of biochemical cues using light — which influences cell adhesive
patterns - on or within a hydrogel platform.®**® While the referenced studies demonstrated
cell guidance along the biochemical cues, changes to the generated chemical patterns were
not induced after initial seeding of the cells. Lee et al. were able to seed a fibrin gel
containing a cluster of fibroblasts within their polyethylene glycol (PEG)-based gel and then
guide cell spreading and migration with light.®” These works relied on multi-step chemistries
for pattern generation that needed to be performed after light exposure which could impact
already-seeded cells. While these studies could introduce multiple biochemical cues, ours
relies on only one cue, RGDS. However, one of the benefits of our patterning strategy is that
the cell-adhesive peptide regions required for cell pattern generation are formed directly after
light exposure and require no further chemical steps which could impact initial cell patterns
and cell viability. DeForest and Anseth created peptide patterns within hydrogels whereby
the peptides could be removed upon UV light exposure in the presence of patterned cells.®®
Such dynamic patterning allows for the removal of adhesive regions with time, while our

strategy allows for the addition of such regions in the presence of cells with time.

Overall, the cell patterning strategy presented in this thesis is novel in that the
technique allows for a method to chemically pattern cells on a hydrogel material, using
photocaged small adhesive peptides, such that multiple cell populations can be patterned on
this same hydrogel and cell patterns can be spatio/temporally controlled so that additional
adhesive regions can be created at desired times on the cell-seeded material to control cell

growth and/or migration.

-12-
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1.4 Organization of Thesis

This section has provided an introduction to the subject of cell patterning and
discussed the objectives, applications, and novelty of the project in addition to providing an
overview of the major work in this thesis. In the next section, a literature review will be
provided which will include further details of the components of, and methodologies
involved in, our cell patterning strategy. Further detailed information on subjects central to
this work, such as patterning multiple cell populations on the same material and detailed
information on photolabile molecules and their applications, are included in the papers titled
“Patterning Multiple Cell Types in Co-Cultures: A Review” published in Materials Science
and Engineering C *° and a published book chapter titled “Photolabile Molecules as Light-
Activated Switches to Control Biomolecular and Biomaterial Properties” published by Nova
Publishers in the book “Photochemistry: UV/VIS Spectroscopy, Photochemical Reactions
and Photosynthesis”,” respectively. This will be followed by the results we have achieved in
developing our patterning strategy including three full length research papers and a
conference paper for the AIChE Conference in Nashville, TN, USA (2009). Please note that
each of these are independent scientific contributions and as such there is some degree of
material repetition in terms of background information and some experimental details. The
works included are titled “Hydrogel Cell Patterning Incorporating Photocaged RGDS
Peptides” published in Biomedical Microdevices,”* “Novel Cell Patterning Platform
Employing Photocaged RGDS Peptides on a Hydrogel” published in the AIChE Annual
Meeting, Conference Proceedings,”® “Comparative Analysis of Photocaged RGDS Peptides
for Cell Patterning” published in the Journal of Biomedical Materials Research - Part A,
and an article accepted and in press with the Journal of Biomedical Materials Research -
Part A titled “Dynamic Cell Patterning of Photoresponsive Hyaluronic Acid Hydrogels™. A
discussion section will further summarize and comment on these contributions. This will be
followed by conclusions and a section detailing preliminary studies and future work which
will describe of a number of preliminary studies conducted which demonstrate promising

opportunities for further research.
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Chapter 2: Literature Review

The following chapter contains a literature review intended to provide the interested
reader with detailed information on the various components of the cell patterning strategy
developed for this thesis research. These components include hyaluronic acid - from which
the hydrogel base is constructed for the cell patterning platform - and cell adhesive peptides
and proteins - which make up the cell adhesive regions of the cell patterning platform. This
review also examines several experimental techniques central to the creation of our cell
patterning strategy including ‘“photo-control” - whereby a molecule’s activity can be
controlled with light, which was critical to the creation of cell patterns on the HA hydrogel
base - and protein-ligand docking - a modeling technique employed in this work. Lastly, a
review will be presented of cell patterning techniques focused on the patterning of hydrogels
in the literature to date. The following two chapters represent published literature reviews on
the topics of photolabile molecules as light-activated switches - which provides more details

n “photo-control” not covered in this chapter - and more detailed information on cell

patterning not covered in this chapter with a focus on the patterning of multiple cell types.

2.1 Hyaluronic Acid (Hyaluronan)

Hyaluronic acid, also known as hyaluronan, is classified as a glycosaminoglycan
(GAG) - an unbranched polymer, or polysaccharide, with repeating disaccharide units that
generally include an amino sugar and an uronic acid. In HA, the disaccharide unit consists of
N-acetyl-D-glucosamine (GlcNAc) and D-glucuronic acid (GlcUA) (Fig 1)." It’s molecular
weight ranges from 100 to 10" kDa with an extended length between 2-25 pm.>’

wlx ¥ Ww

GicUA GIcNAc GIlcUA GIcNAc

Figure 2.1: The structure of a HA chain composed of repeating disaccharide units consisting
of GIcUA and GIcNAc.
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GAGs, like HA, make up one of the main classes of extracellular matrix (ECM)
molecules found in the body. The ECM material in the body not only surrounds and supports
cells in its role as a physical scaffold, but also regulates cell behavior. HA can thus be found
in almost all body fluids and tissues; however, it is found in significant concentrations in the
synovial fluid of the joints, the vitreous humor of the eye, the skin, and the CNS.** The
molecular weight of HA found in the spinal cord and brain in the non-injured state is
approximately 1 million Da similar to the molecular weight of HA used in the production of
HA hydrogels in this thesis.” GAGs are considered to be the most anionic molecules made
by animal cells." As a result, the HA molecule is extremely hydrophilic causing it to form a
highly extended conformation in aqueous solution and to occupy a large volume in relation
to its mass. Its negative charge attracts cations creating a high osmotic pressure in the
polymer matrix. Large volumes of water thus move into the polymer matrix and create a

swelling pressure. This allows HA and other GAGs in the body to resist compressive forces.'

HA therefore acts as an important structural element in the body. In tissues and
joints, it can bear compressive loads. It further acts as a lubricant in the joints‘2 There is
evidence that HA is necessary for the creation of cell-free spaces and for tissue volume
changes.” For example, in embryonic development HA is synthesized by cells. Even a small
quantity can draw in large amounts of water to create a significant volume of cell-free space
in the form of a porous scaffold through which cells can migrate to form new organs, such as
the heart and cornea.' HA also appears to regulate the diffusion of molecules through the
ECM by acting essentially as a selectively permeable membrane. Hence, one of the roles of
HA is thought to be the regulation of mass transport of molecules to and from cells in the
tissue. The mass transport properties of the HA-containing ECM can be altered, and thus
regulated by the body, since the permeability of HA is affected by calcium ion presence, pH,

HA concentration, and the molecular weight of the polymer.®

In addition to being an important structural element, HA has also been found to
possess significant biological properties. In the body, HA polysaccharides have been found
to bind to a number of plasma membrane receptors on the surface of cells. Two of the major
receptors include a class of carbohydrate-binding molecules, CD44, and the receptor for HA

mediated motility, RHAMM.® Note that such receptors are found on the cell types used in
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this research including fibroblasts,”'® HUVEC,'' and neural stem cells'>. All HA binding
receptors contain two positively charged amino acids, Arg and Lys, which allow them to
bind to the negatively charged carboxyl groups on HA. By binding to cell receptors, HA can
directly influence cell behavior. For example, HA is known to be involved in the regulation
of angiogenesis (growth of new blood vessels), cell proliferation,’ wound healing,”
embryonic development, tissue organization, and may also be involved in the regulation of
cell motility and adhesion.” HA strongly participates in a scarless wound healing process in
the body which further supports its use as a material for tissue engineering applications.*

HA'’s high water absorption capacity promotes the delivery of nutrients to wounded tissue

and degraded HA in the wound promotes cell proliferation, migration and angiogenesis."*

In the body, HA is most often found associated with other ECM molecules, and
possesses the ability to bind cells.” Although cells can specifically interact with HA through
surface receptors like CD44 and RHAMM, HA is recognized as generally cell non-adhesive

in its native (i.e. pure) state. ™

This is thought to be due to the high degree of hydration of
pure HA which makes protein binding, and thus cell binding, energetically unfavorable.'’
Pure HA is considered to be one of the most hydrophilic molecules in nature. Its anti-
adhesive properties have been made use of in a number of medical applications. Due to its
ability to prevent bacterial adhesion to surfaces, an esterified form of HA has been used in

dental implants, intraocular lenses, and catheters to prevent against infection.'®

One of the benefits of using HA is that it can be degraded enzymatically in the body.
However, for the long term stability of HA-based biomaterials, it is necessary to crosslink
chains of HA together to delay degradation. In this way, HA hydrogels can be formed.
Crosslinked HA has been shown to resist enzymatic degradation for up to 28 months in
aqueous solution at 37°C."” HA functional groups which can be targeted for crosslinking
include carboxyl and hydroxyl groups. Alternatively, the HA polymer chains can be
chemically modified and such added functionality can be used in the crosslinking reaction.’
Some of the many crosslinkers employed include carbodiimides, divinyl sulfone, poly
(ethylene glycol) diglycidyl ether, disulfide-based linkages, and hydrazides.” Prestwich’s
group has extensively studied the modification of HA with hydrazides including the
molecule adipic acid dihydrazide (ADH).***' Such hydrazides contain -NH, groups having
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low conjugate acid pKa values (i.e. 2.0-3.0) compared to primary amines with typical values
over 9.0 in water.”! Therefore, at acidic or neutral conditions, the hydrazides are more
nucleophilic which can allow for reactions to occur at fairly mild conditions to prevent
degradation of sensitive proteins, peptides, or the HA polymer itself. As such, hydrazides
can be used to modify the HA polymer in an aqueous environment under mild conditions
and allow for further modification of the polymer via the linking of bioactive proteins or
peptides, or crosslinking, or both.”” HA modified to contain hydrazide groups and
subsequently gelled was still found to be degradable via hyaluronidase enzymes which is
beneficial for tissue engineering applications.”” Furthermore, ADH is readily available
commercially and is currently used as an industrial crosslinker and epoxy resin hardener

among other applications.**

HA itself has a history of commercial use in various medicinal and cosmetic
applications. It first came to market as Hyalgan in the 1960’s for the topical treatment of
burns and ulcers. “Healon” from Pfizer was later introduced in 1979 as a surgical aid for
cataract extraction and corneal transplants among others. Beginning in the 1980’s, HA began
to be used for viscosupplementation of arthritic joints, and the polymer is currently used as a
tissue filler in cosmetic and reconstructive surgery among other applications.”” Today, HA is
becoming an increasingly popular material for tissue engineering designs, owing to its non-
immunogenic properties, biocompatibility, biodegradability, bioactivity, and its widespread
availability."* Benzyl derivatives of HA are commercially available as Hyalograft C and
HYAFF 11, and are used as scaffolds for cartilage tissue engineering.” Since it is found with
the exact same structure in all chordates and certain bacteria, HA purified from one species
can be wused in another without eliciting an immunogenic response. Therefore,
pharmaceutical grade HA can now be produced through streptococcal (bacterial)

fermentation, making it widely available.**°

In addition to the commercially available HA materials, innovative new formulations
are being created in a variety of laboratories. For example, HA particles in the form of
micro- or nano-gels have been created for drug delivery.?” Such particles can be loaded with

therapeutic molecules such as DNA or RNA and can be taken up by cells with receptors for
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HA.** In addition, photo-crosslinkable HA hydrogels have been developed with the goal of
forming a polymeric material that can cure in vivo, and was initially created for cartilage
synthesis,’*' but has rapidly found a number of other biomedical applications. These gels
contain methacrylate groups that allow for hydrogel formation via a radical polymerization
reaction employing a photoinitiator. More recently, HA scaffolds have been created via an
electrospinning process and one such scaffold has incorporated mechanical and adhesive

gradients to encourage cell infiltration for tissue engineering applications.*

With the combination of availability and extensive research into novel HA-based
materials, it is no surprise that HA is being used in a number of new applications including
some for nerve tissue repair. HA has been found to play a strong role in the developing
nervous system and it has been proposed to play roles in spinal cord cell migration and
growth. HA has thus been proposed for use as an implantable scaffold for injury repair, and
as an implantable material for the delivery of therapeutic cells and drugs.** As a scaffold,
high molecular weight (1.6 X 10° Da), crosslinked HA hydrogels implanted after spinal cord
injury have been found to reduce scar formation and total inflammatory response.”
Furthermore, scaffolds employing HA have supported the proliferation and differentiation of
neural progenitor cells.*® Pan et al. demonstrated the ability of a 3D HA scaffold to support
neural precursor cell viability and differentiation into neurons.”’ Furthermore, Wang et al.
developed an implantable delivery device based on a HA hydrogel which was loaded with
microspheres containing both brain-derived neurotrophic factor (BDNF) and vascular
endothelial growth factor (VEGF) for release and with neural stem cells to replicate the

neural stem cell (NSC) niche for neural tissue repair.*®

In summary, the choice to use HA as the base material in our patterning strategy was
owing to its commercial availability (including pharmaceutical grade product for potential
future in vivo applications), and the fact that it is naturally non-adhesive in its pure state
which makes it ideal to prevent cells from binding off-pattern. Furthermore, its ability to
promote cell proliferation and migration could be beneficial for the culture of cells on our

2,5,14

gel-based pattern. Its presence in the nervous system and NSC niche, along with its

documented use in tissue engineering devices will help us to later implement our patterning
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technology towards the development of a device for use in the treatment of spinal cord

injury, our group’s long-term, overarching goal.

2.2 Cell Adhesive Peptides and Proteins

Cell adhesive peptides and proteins are often incorporated into biomaterials to
enhance cell binding. In the body, there exist various ECM molecules which act specifically
to bind cells to an underlying material. Cells recognize and bind to these ECM molecules via
cellular surface receptors. Some of these cell-adhesive molecules include fibronectin,

laminin, vitronectin, and fibrinogen.

Traditionally, biomaterials have relied on the non-specific adsorption of large
proteins to their surfaces to mediate cellular adhesion. However, increased control and
efficacy of cell adhesion can be achieved through the direct and deliberate binding of ECM
molecules onto material surfaces prior to exposure to cells. Significant advances in the field
of biomaterials were made when researchers realized that there exist small amino acid
sequences within the larger cell adhesive protein molecules that can be used independently

to stimulate cell adhesion and other cellular responses.

There are a number of advantages to employing these smaller peptides in
biomaterials. Large proteins can become denatured, or unfolded, upon binding to a surface
resulting in cell surface receptors no longer recognizing them. Even the orientation of the
protein must be such that the active site for binding is available to cells and not hidden or
bound to the material. Conversely, small peptide sequences can be bound to surfaces in such
a way that nearly all are active and available to bind with cell surface receptors.” Proteins
can also be degraded by proteolytic enzymes which are excreted from cells. Small peptides,
on the other hand, are more stable and better able to withstand sterilization and storage
conditions. Furthermore, proteins must generally be purified from other organisms while
peptides can be chemically synthesized.* Chemical synthesis usually results in a product
that is more pure, that is better chemically defined, and that comes with a decreased cost.*!
Furthermore, because peptides can be chemically synthesized, there are greater opportunities

. . . . . . . 41
to introduce non-native chemical functions into the amino acid sequence.” Also, small
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peptides can be packed together at higher densities on surfaces which is ideal in the creation
of cell patterns where resolution will depend on the density of peptide binding sites. For all
of these reasons, it was decided to implement small, adhesive peptides in our pattern design

to serve as the cell-adhesive regions.

There exist a number of small, cell adhesive peptide sequences, but the major
sequences used in the literature include RGD, YIGSR, and IKVAV. The sequences YIGSR
and IKVAYV are derived from the protein laminin. YIGSR binds to the 67 kDa laminin
receptor on cell surfaces and has been used in the literature to bind nerve cells.*** IKVAV
binds to a 110 kDa laminin binding protein on cell surfaces and has been found not only to
mediate neuronal attachment and growth, but also to promote the sprouting of neurites, the
projections extending from neurons.* Another peptide, DGEA is derived from collagen I.*’
RGD, conversely, was originally derived from the adhesive protein, fibronectin. Since its
original discovery, RGD sequences have been identified in a variety of other ECM
molecules and proteins mediating cell adhesion including vitronectin, fibrinogen, von
Willebrand factor, collagen, laminin, osteopontin, tenascin, and bone sialoprotein.40 It is
recognized by a number of cell surface receptors belonging to the integrin family. While the
RGD sequence binds to a number of different integrin receptors, there exist other short
peptide sequences which bind only to specific integrins like LDV to a4 integrins, GFOGER
which is recognized by o, integrin receptors which bind to the protein collagen, TTSWSQ
which binds to o¢f;, and AEIDGIEL to a9[31.46’47 Furthermore, the sequence PHSRN acts
with RGD in synergy to activate asf;."

In this thesis, the adhesive peptide RGDS was incorporated onto a HA hydrogel.
Compared to the other small adhesive peptides discussed, the RGD sequence is considered
the most effective for stimulation of cell adhesion on synthetic surfaces due to its widespread
distribution throughout multicellular organisms and its ability to mediate the attachment of
multiple cell types.*” The sequence RGDS was selected since Ser (S) is the next amino acid
adjacent to the RGD sequence in the protein fibronectin. It has been found in cell attachment
assays that soluble RGD alone is unable to inhibit binding to fibronectin to a large extent,

while soluble RGDS can effectively inhibit cell binding by saturating cell-surface receptor
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sites.*® This indicates that RGDS may be more effective than RGD alone at promoting cell

adhesion.

As previously discussed, RGD sequences bind to integrin receptors on the surfaces of
cells. This family of receptors consists of two different subunits, including 18 o units and 8
B units in vertebrates, which combine to form 24 different integrins with varying degrees of
specificity for particular ligands.** Cells express a wide range of integrins and have been
known to adapt to surfaces by upregulating the production of relevant integrins.***’ As
discussed, the RGD sequence is known to engage a number of different integrins;
approximately one third of integrins bind the RGD peptide sequence.®' Integrins are known
to provide a physical link between the ECM in the cell’s microenvironment and the cell’s
cytoskeleton. Integrins can thus allow for the sensing of mechanical forces resulting in the
stimulation of various cell signaling pathways to produce a variety of cellular responses and
changes in cell physiology.*® The crystal structure of one particular integrin, o.f3, has been
solved in complex with a cyclic RGD ligand.” The a,f; integrin is particularly relevant as it
has low specificity, and can thus be found associated with a large number of cell types. It
binds to a number of different biomolecules including fibronectin, vitronectin and
fibrinogen. The RGDS sequence has the ability to bind to o,B3, among others.”' This integrin
can be found on various cells of the nervous system, which are of particular interest in this
study; interactions between a,f3 and the RGD motif have been found to promote neurite

outgrowth.49

When binding RGD to a material surface, spacers are often employed. It is necessary
to make the motif flexible enough so that it can orient itself correctly to interact with integrin
receptors. A string of glycine molecules attached to the N-terminus of the RGD sequence is
often employed as a spacer. In a study by Beer et al., it was found that increasing the number
of glycine molecules increased RGD-integrin interactions with a plateau around 9-11 glycine
molecules. It was concluded that longer spacers were detrimental.’> Another study by Nishi
et al. showed the optimal number of glycine spacer molecules for use with the RGDS
sequence was 12 for human umbilical vein endothelial cells (HUVECs).”® Therefore it is
beneficial to include spacers between RGD peptides and the surface to which they are bound

to enhance cell binding. On the other hand, it is possible that binding a caged peptide
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directly to a surface without spacers may limit its ability to undergo conformational changes.
This could potentially prevent the caged peptide from interacting with integrin receptors on
cell surfaces as desired. Thus, it was decided not to employ spacers in our cell patterning

design.

A brief discussion surrounding the process of how cells bind to an underlying cell-
adherent substrate follows. When adherent cells come in contact with an underlying
substrate several events can occur: the initial cell attachment to the material, the spreading of
the cell, the organization of the cell’s actin cytoskeleton, and the formation of focal
adhesions. During initial cell attachment, the cell physically contacts a protein or peptide
sequence, such as RGDS, on the underlying substrate and binds, consequently gaining the
ability to withstand low shear forces. Next, the cell begins to flatten with its membrane
spreading over the underlying surface. The cell may take on a characteristic shape,
depending on its specific cell type. Actin within the cell can become organized into
microfilament bundles, which forms an actin cytoskeleton (support structure) within the cell.
These are sometimes referred to as stress fibers. Focal adhesions can form where the cell’s
membrane contacts the underlying substrate. These focal adhesions serve to link underlying
ECM molecules directly to the actin cytoskeleton. Focal adhesions are dynamic in that they
can mature to grow in size and change protein composition; this maturation may be

influenced by assembling stress fibers.”*™

Integrins appear to play a strong role in focal
adhesion formation.’® Massia and Hubbell classified the morphology of adherent fibroblast
cells - which will be utilized extensively in this study as model cells - binding to an
underlying substrate containing RGD peptides. They were able to achieve maximal cell
spreading on a 2-D surface at bound RGD concentrations of 1 fmol/cm®, but were unable to

note the formation of focal adhesions and stress fibers until concentrations of 10 fmol/cm?

were reached.’’

The discovery of RGD has had a huge impact on the field of biomaterials, and has
been incorporated into a number of biomaterial designs.”® The addition of RGD to both
synthetic and natural hydrogels has been found to increase neuronal adhesion to these
materials.” There are a number of studies employing HA bound to RGD peptides. Lei et al.

created an HA gel which supported the culture of mesenchymal stem cells; the binding of
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RGD to the gel caused cells to spread and migrate.”” Ananthanarayanan and Kumar
developed RGD-functionalized HA hydrogels for use as a future brain-mimetic model to
study brain tumor progression, and found that brain tumor cells (specifically glioma tumor
spheroids) were able to adhere and invade RGD-HA hydrogels possessing a stiffness in the
same range as brain tissues.’’ Cui et al. implanted HA crosslinked with ADH to form
hydrogels, and further bound RGDS. They implanted the final material into the brains of rats
for repair after injury, and found it to be biocompatible and to provide a scaffold for cell

1.2 Due to the

infiltration with neural cells which formed extensions within the materia
widespread use of the RGD sequence in biomaterials to adhere neural cells in addition to a
wide range of other cell types including fibroblasts, our model animal cells, along with the
other advantages outlined here, it was decided to employ this peptide sequence as the cell-

adherent domain in the patterning strategy outlined in this thesis.

2.3 Photo-control

The ability to control a molecule’s activity with light can be attained through
“photocaging.” “Photocaging” is the process of binding a chemical protecting group to a
molecule via a photolabile bond in order to render it inactive. The molecule can then be re-
activated upon exposure to light of a certain wavelength which catalyzes the removal of the
protecting group to regenerate the original molecule. Photocaging can therefore create a
biomolecule light-switch,” and as such this process has resulted in novel in-depth studies
into the biological sciences.®*® In this work, the 2-nitrobenzyl (2-NB) protecting group and
photocage was bound to the RGDS peptide molecule to prevent its recognition by cell
integrin receptors. Near-UV light was used to remove the 2-NB function and regenerate

active RGDS capable of binding cells.

In a recent review, 2-NB was described as one of the most useful candidates for
implementation as a photoactive group in biomedical hydrogels due to its demonstrated
biocompatibility prior to and post irradiation.®® The 2-NB moiety has a proven safety record
in the literature.”’” For a full review of photocaging including the use of 2-NB molecules for

photo-control and associated applications in the biomaterial field, please refer to Chapter 4.
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Prior to beginning this thesis work, some previous studies had sought photo-control
over RGD peptide sequences as well, but instead of using photocaging techniques, they
employed the light-responsive molecule azobenzene, which can be induced to isomerize
upon exposure to UV light. These studies are described as follows. Shiitt et al. (2003),
formed a cyclic RGD peptide incorporating azobenzene which was induced to isomerize
from trans to cis upon exposure to near-UV light. This resulted in changing the conformation
of the RGD-containing peptide ring; the ayfs integrin was found to bind preferentially to the
trans isomer.®® In another study, RGD peptide was bound to a poly methyl methacrylate
(PMMA) surface via a linker containing azobenzene. Upon light irradiation, induced
isomerization of the azobenzene resulted in the linker pulling the RGD peptides closer to the
PMMA surface which decreased the ability of cells to adhere to the material.”” In these

studies, cell binding to the RGD peptide was altered upon near-UV light exposure.

2.4 Protein-ligand Docking

Protein-ligand docking is a computational method that predicts the conformation of
the intermolecular complex formed by a ligand of interest binding to a protein target.
Generally, the docking program seeks to predict the location of ligand atoms in 3D, so as to
predict ligand conformation and orientation, in relation to the 3D protein structure provided
to the program. These programs can also rank the strength of the interaction between
different ligands and the target protein. Docking therefore has applications in the fields of
biochemistry and medicine, where ligands are often new designer drugs and the protein is a
target for therapy. The development of docking methods began in the 1980s and today it is a

tool used in a number of drug discovery programs.’’

In this thesis, it was desired to employ protein-ligand docking to evaluate the relative
binding affinities of RGD ligands caged at various functions within the R-G-D sequence to
predict the location within the molecule where caging might best inhibit binding to cell
integrin receptors. This molecular modeling technique has been used in the past to
investigate a photoactive RGD ligand interacting with integrin receptors; it was employed to

compare the binding modes and energies of a cyclo RGD molecule containing an
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azobenzene molecule, in both cis and trans conformations, since isomerization was shown to

have an impact on integrin binding.”!

A variety of protein-ligand docking programs exist including DOCK,”” GOLD,”
FlexX,™* and AutoDock "> among others. However, AutoDock has been utilized extensively
in the prediction of protein-ligand interactions,”®” received the highest number of literature
citations for protein-ligand docking owing its popularity to free academic licensing (at
http://AutoDock.scripps.edu), and has a reputation for good accuracy and flexibility.”® It has
been shown in the literature to successfully reproduce experimentally determined binding

80,81

interactions. Therefore AutoDock was chosen for use in this study’s caged RGD-integrin

interaction modeling.

Another reason to support the choice of AutoDock for our simulations is that it has
been used previously to investigate protein-ligand interactions where a divalent metal cation
is found within the protein binding pocket, and plays an important role in ligand binding, as
is the case for RGD-integrin binding.** Chen et. al evaluated three different docking
programs including AutoDock, LigandFit/Cerius2, and FlexX on their ability to correctly
predict ligand positioning in comparison to experimental results when charged metal ions
where present in protein binding sites. They found AutoDock to be the most reliable.”
Furthermore, AutoDock 4 has been used previously for investigations into RGD ligand
binding with the ay[; integrin receptor. Zanardi et al. used AutoDock 4 to study the binding
modes of various RGD-cyclopeptides containing different functionalized proline residues to
avfs.** In addition, Marinelli et al. used AutoDock to study the interactions and bound
conformations between a variety of RGD-containing ligands and the ayf; integrin receptor
in order to attempt to elucidate reasons behind the known biological activity of these

ligands.®

As input, the AutoDock software requires the 3D structure of both protein and ligand.
The publicly available Protein Data Bank (www.rcsb.org/pdb) contains the crystallographic
or NMR structures of thousands of proteins and ligands, including the ayfs integrin in

complex with a cyclic RGD ligand. The AutoDock software ultimately predicts a free energy
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of binding between a ligand and receptor to describe the strength of binding. These values
cannot be taken as absolute, but provide relative values with which to compare the binding
of various similar ligands to one protein. In the case of this work, different caged ligands can
be compared amongst one another, and against the original non-caged RGD sequence. To
arrive at such data, a docking process is conducted, which consists of a search algorithm to

find low energy binding conformations, and a scoring function to evaluate them.”

A Lamarckian genetic algorithm was used as the search function. In this algorithm,
an initial random population of ligands is generated, all having different conformations
(based on bond rotations), orientations, and translations in relation to the protein.86 The
ligands with the best binding affinity move on to the “next generation.” Other ligands
undergo “gene mutation” and “gene crossover” at a different rate to generate ligands in new
positions and with new conformations whose binding affinities are subsequently evaluated.
The algorithm runs until a certain number of ligand “generations” has passed or a number of

energy evaluation calculations has been conducted.®®

The scoring function is the calculated binding affinity of all the different ligands with
different positional and conformation characteristics in each generation. To evaluate this
affinity, AutoDock 4 uses a semi empirical approach. It applies molecular mechanics in the
evaluation of enthalpic contributions to protein-ligand binding which include such
considerations as dispersion/repulsion, hydrogen bonding, and electrostatics. However, it
also employs empirical weighting constants based on a large set of experimentally known
binding constants.” In order to increase the speed of binding energy calculations, prior to the
docking simulation, “binding affinity potentials™ are calculated for each ligand atom type.
To do so, a 3D grid is built around the protein of interest, or approximate protein binding
site. Then a probe atom is placed at each grid point and a “binding affinity grid” is calculated
for atom type found in the ligand.*® Afterwards, the search algorithm is conducted and the

predicted binding conformations and associated binding affinities are generated.
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2.5 Cell Patterning Techniques

A full review of cell patterning techniques, including co-culture cell patterning and
dynamic patterning methods, can be found in Chapter 3. A review of some cell patterning
applications can be found in Chapter 4. The following review focuses on articles related to
hydrogel cell patterning, which has not been extensively covered in the above-mentioned

chapters.

The creation of a cell pattern on or within a hydrogel can be generally accomplished
in one of two ways: via physical patterning of the gel, chemically patterning biomolecules or
cell-adhesive regions, or by a combination of both approaches. Furthermore, the approach to
pattern creation can vary; bulk gels can be created and subsequently patterned, or

alternatively, a “bottom-up” method can be taken.

Physical patterning of hydrogels involves the creation of structures with physical
barriers throughout the gel, which hold the cells in place. For example, Bryant et al. used a
photolithography process to create vertical channels in a poly(2-hydroxyethyl) methacrylate
hydrogel with bound collagen. Light was passed through a photomask to the liquid polymer
solution, resulting in different polymerization kinetics based on the pattern of the
photomask. This allowed specific areas to polymerize and gel in a pattern, while the
remainder of the material was washed away. Cells were seeded within the gel channels.®’
Another example of physical patterning is micromoulding. This process involves the
placement of a physical mould in a liquid material so that it gels around the mould to create
channels or shapes of different geometries within the final formed gel. For example, Tang et
al. used poly(dimethylsiloxane) (PDMS) moulds to create a patterned collagen gel
containing an initial fibroblast cell population, and then filled the “holes” of the first pattern
with a second gel containing a second population to create a physically patterned co-

culture.®
Chemical patterning involves the creation of 2D or 3D patterns of biomolecules or

cell-adhesive materials which bind cells in order to create cell patterns in a bulk material.

One method to achieve this is through microfluidics. Vermesh et al. used microfluidics to
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patterning single stranded DNA oligomers on a glass surface. Multiple cell types were
patterned at the single cell level by binding the matching DNA strand to cell surface
receptors. Cells were then transferred from the glass to a hydrogel which was formed on, and

89
removed from, the glass surface.

Creative chemical hydrogel patterning strategies have also been developed using a
variety of external stimuli to ultimately form the cell patterns. For instance, Albrecht et al.
patterned cells using an electric field; cells were embedded in micro-scale alginate hydrogels
and placed in an agarose polymer precursor solution. The microgels were induced to form
patterns in the bulk non-adhesive agarose as a result of dielectrophoretic forces in the non-
uniform electric field applied to the precursor solution followed by gelation.” In another
example using temperature changes as the stimulus, Tekin et al. used a thermo-responsive
hydrogel to create patterned co-cultures (including 3T3 fibroblasts with HUVECs and
HepG?2 cells with HUVECS) in limited geometries.”'

Light is ideal for use as a stimulus for the generation of cell-adhesive regions due to
its ease of use, its ability to be controlled both spatially and temporally, the ready availability
of light sources, and light’s known safety to biological materials where the risk of harm
tends only to be significant in the deep-UV region and beyond.””™* As a result, a number of
recent studies have employed hydrogel patterning strategies using light to form the patterns.
For instance, Deforest and Anseth developed a hydrogel containing alkene groups to which
thiol-containing biomolecules could be selectively added via a radical-mediated reaction
initiated and controlled by visible light exposure. They further created dynamic cell patterns
by linking RGDS to the gel via a caging group. In this way, the adhesive RGDS regions
could be released with light exposure, thereby removing selective cells from the pattern after
initial cell culture.”® Seidlits et al. patterned methacrylated HA hydrogels by direct photo-
patterning of proteins via a multiphoton light-initiated reaction in 3D with which they were

able to guide neural cells.'®

The chemical patterning of hydrogels has also been combined with physical

patterning. Gu and Tang combined photocaging and enzymatic degradation to develop a
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technique coined “enzyme assisted photolithography” to produce cell patterns and a cell
sorting technique on hydrogels made up of crosslinked PEG. They created a peptide
crosslinker cleavable by the enzyme caspase 3, but photocaged to prevent enzyme
recognition. Upon selective near-UV light exposure, the caging group was released, resulting
in a patterned enzyme-degradation of the gel and the presentation of free amines in the
degraded, physically patterned regions. The free amines were then used to further chemically

pattern the hydrogel with cell adhesive groups.”

A large number of hydrogel patterning techniques have used PEG hydrogels as the
pattern base due to biocompatibility and the fact that these gels are naturally cell non-
adhesive. PEG-diacrylate (PEGDA) polymers can form hydrogels in the presence of a
photoinitiator and upon UV light exposure. Here again, light is used as the pattern stimulus.
In one example, Liu and Bhatia formed patterned hydrogel micro-structures with embedded
cells using a photolithography-inspired process in which UV light was shone through a
photomask to crosslink the PEGDA polymer, while uncrosslinked polymer in non-patterned
regions was washed away. Additional patterned hydrogel layers could be formed atop the
initial pattem.94 Hahn et al. further showed that unreacted acrylate groups in the PEGDA
polymers could be used bind biomolecules upon further exposure to UV light through
another photomask to form a chemical pattern on the hydrogels.” Moon et al. used such a
method to form RGDS patterned PEGDA hydrogels to investigate angiogenesis. They
cultured endothelial cells on lined patterns of RGDS peptides of various sizes and found that
cells formed cord-like structures only on lines that were no wider than 50 pm, demonstrating
that micropatterning can be used to optimize blood vessel formation towards vascularized

tissue engineering devices.”®

Many of the methods previously discussed involved patterning bulk gels. However,
“bottom-up” design approaches are increasingly being more popular in the literature. In
“modular” or “bottom up” approaches a smaller patterned gel structure is created and
different structures can be added together to eventually create a more complex artificial
scaffold. In one example, Du et al. created patterned micro-scale donut-shaped PEGDA

hydrogels which were then assembled together to create a tubular structure with a patterned
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co-culture to mimic vasculature channels.”” Sala et al. used a “layer-by-layer” technique and
formed patterned PEG hydrogels by casting the gel in a mold, and using robotic printing to
create cell patterns on the hydrogel layer, followed by a repetition of this process to add
additional hydrogel layers to the first which could further be printed. Through this process,
they produced a device mimicking vascularized bone tissue.” Stereolithography is another
method using a layer-by-layer technique combined with photolithography. This technique
does not require the use of a photomask, and instead uses a computer aided design to
essentially print structures in three dimensions. Zorlutuna et al. created a patterned co-
culture, including primary hippocampus neurons and skeletal muscle myoblast cells, in a
hydrogel consisting of oxidized methacrylic alginate incorporating RGD peptides
crosslinked with poly(ethylene glycol) methyl ether methacrylate using stereolithography;
they successfully printed such materials pre-seeded with the cell types in various spatial
organizations, and were able to demonstrate enhanced functionality of the hippocampal
neurons (as demonstrated by choline acetyltransferase activity, an enzyme involved in
neurotransmitter formation) when patterned in co-culture with the skeletal muscle myoblast

cells.”

In general, techniques to form cell patterns on and within hydrogels have been
developed relatively recently. The articles cited herein were all published within the last
decade, and mostly in the latter half. As this thesis progressed, an increasing number of
articles were published in this emerging field. Furthermore, various stimuli have been used
to form cell patterns, but what is coming to the forefront of research is cell patterning with

light, and this technique was chosen for the patterning strategy in this thesis.
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Chapter 3: Patterning Multiple Cell Types in Co-cultures

The following chapter represents a published literature review providing detailed
information on cell patterning not covered in the previous chapter with a focus on the
patterning of multiple cell types. This chapter is intended to provide the interested reader
with detailed information on the historical and currently employed methodologies to
generate cell patterns in the literature so as to give context to the patterning methodology
developed in this thesis. This work will also provide a picture of the state of research near
the time this thesis began in relation to the patterning of multiple cell populations or types to
form co-culture patterns, which was a goal to achieve with the hydrogel patterning platform

developed in this thesis research.

3.1 Introduction

With scientific progress in materials, microelectronics, and biological sciences, we
are in the position to design a variety of substrates with pre-determined cell patterns which
allow us to control the local cellular environment at the micron-level. Studies focusing on
the design of this local microenvironment are critical since it heavily influences cell
behavior. In the body, this microenvironment consists of the extracellular matrix (ECM) — to
which cells adhere — as well as numerous neighboring cells. These cells send out soluble
signals to one another as a form of cellular communication. Neighboring cells can also form
physical attachments to each other through adhesion proteins that interact with the cellular
cytoskeleton, stimulate different signaling pathways, and thus influence numerous aspects of
cell function. Cells also interact with the ECM, which serves to stimulate cell surface
receptors, resulting in a cascade of signaling events which can eventually lead to cell
proliferation, differentiation, and migration. The structure of the ECM can further impact the
mobilization of soluble factors. It is the co-ordination of all of these influences in the
microenvironment including soluble signaling, physical cell-cell interactions, and matrix

interactions that act as positive or negative effectors which regulate cellular events.'™
Due to this strong cell dependence on their local environment, it becomes extremely

important to develop technologies that can design and manipulate the cellular

microenvironment. The patterning of cells on a surface allows us to control the degree of cell
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contact with supporting materials as well the degree of contact with neighbouring cells,
including direct physical contact with both homotypic and heterotypic cell types. This
enables us to conduct highly controlled in vitro experiments to gain insight into basic cell
biology and will allow us a much greater flexibility in the control of cell behavior towards

the development of new biotechnologies.

While patterning of single cell types has been extensively reported and reviewed in
the literature, relatively few studies were found tackling the additional challenge of
patterning multiple cell types on the same substrate. This review will first briefly explore
various methods used to design a patterned cellular environment. This will set the stage for
techniques to pattern multiple cell types. Focus will be given to the methods used to create

controlled co-culture systems and their applications found to date.

3.2 Overview of Patterning Techniques

The concept of single cell-type patterning has been around for decades. Over this
period of time several major techniques have evolved. These techniques mark the first steps
forward in designing more controlled local cellular environments. Some of the key

developments will be briefly reviewed in a historical chronology.

3.2.1 In the Beginning

Cell patterning first originated with Carter in the 1960s. These early works involved
metal evaporation and subsequent deposition onto a cell non-adherent surface through a
stencil-like mask. The deposited metal created patterned islands that supported the growth of
different cell types including mouse fibroblasts and human amnion cells. This technique
brought about a way to create more controlled experiments; the pattern allowed one to track
individual cells and to monitor their responses for several days in vitro over the course of a

biological study.®®

Studies employing metal deposition patterning were continued by several other
groups.”'> Through the 1970s and 1980s new patterning methods were developed with a

trend towards using naturally occurring materials found in the cellular environment. Ivanova
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and Margolis patterned glass with a layer of nonadhesive phospholipids that could be
subsequently scraped off in selected regions to allow cell adhesion."> Furshpan et al. applied
droplets of collagen to a substrate in a pattern to create adhesive islands for the adhesion of
cardiac myocytes and sympathetic neurons in a micro-culture to study chemical signaling
between the cell types.'"* Hammarback et al. used UV light to pattern laminin through a
mask, and were able to guide neurite outgrowth from primary neuronal cells along paths of

unirradiated laminin.'>'®

3.2.2 Photolithography

A major breakthrough in cell micropatterning came in the late 1980s, when Kleinfeld
and colleagues borrowed the photolithography process from the microelectronics industry.
Photolithography involves the use of materials termed photoresists that have the
characteristic of being altered upon irradiation to become either soluble or insoluble in
particular solvents. In this process, substrates are coated with photoresist which is
subsequently exposed to irradiation through a stencil-like photomask. Solvent is then used to
wash away portions of the photoresist, in what is termed “development”, creating a pattern
on the substrate as dictated by the original pattern on the photomask.'” Kleinfeld et al.
combined the photolithography process with silane chemistry to pattern cells by the method

shown in Figure 3.1."

Since the 1980s, numerous cell patterning studies have employed
1921

photolithography. This method is well-studied and highly reproducible due to its
established application in microelectronics manufacturing. Currently, photolithography can
achieve submicron features, even down to tens of nanometers, and patterned molecules can
be covalently bound to a substrate for pattern longevity.”> However, photolithography
requires expensive equipment and clean rooms for manufacturing, which are often not

available to an average biology laboratory. Furthermore, the use of harsh solvents in the

development process can hinder the use of biomolecules which are often easily denatured.
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Figure 3.1: (A) Schematic of photolithographic patterning method. The final pattern consists
of alkyl-trichlorosilanes (cell non-adhesive) and amino-trihydroxysilanes (cell adhesive)
chemically bound to the substrate (B) Resulting patterned neurons, scale bar = 100 pm."®
Reproduced from Kleinfeld, D, et al., Controlled Outgrowth of Dissociated Neurons on
Patterned Substrates. The Journal of Neuroscience 1988; 8(11): 4098-4120 by permission of
The Society for Neuroscience.

3.2.3 Soft Lithography Techniques

To address some of the drawbacks associated with photolithography, Whitesides and
colleagues developed a technique called soft lithography. This method utilizes
photolithographic techniques to design a patterned, soft, elastic material in the form of a
stamp, mould, or mask, which is in turn used to pattern a substrate. Generally, this elastic
material is poly(dimethylsiloxane) (PDMS).*** The use of PDMS masters to essentially
stamp a pattern onto an underlying substrate through surface adsorption or the formation of
self-assembled monolayers (SAMs) is termed microcontact printing (LWCP). This technique
has been utilized and further developed by a number of groups. Figure 3.2 shows a method

developed by Chen et al. to directly stamp protein molecules onto a surface.”*
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Based on the soft lithography principle, flexible masks, membranes, or stencils have
also been designed such that biomolecules and cells can be patterned directly onto a surface
through holes in the pattern.”>° In one popular method, microfluidics, a flexible mould or
stamp is sealed against a surface to form microchannels. Subsequently, fluid containing
active substances can be drawn by capillary forces into the channels in the mould. Pattern
formation can then occur in a number of different manners. It can involve 2-D manipulation
of surface properties, such as deposition of bioactive molecules onto the substrate through
either adsorption or SAM formation, as shown in Figure 3.3.°** In addition, microfluidics
can be used to create a 3-D topography by carrying an etching solution through the
microchannels to create grooves in the substrate which can be used to guide cell placement.™
The inverse of this process can also be performed, whereby unpolymerized gel solutions are
drawn into the channels within which they polymerize and solidify, producing a pattern in 3-
D.*** Drawbacks to microfluidic patterning include limited pattern complexity and generally
only continuous pattern features can be achieved. Both are due to the need to have large
enough micro-channels for adequate flow and minimal spacing between channels to prevent

collapse of the stamp structure.

With the soft lithography techniques, photolithography equipment is still needed to
generate the patterned elastomeric master. Fortunately, once generated, the elastic master can
be re-used thus making these techniques often cheaper and more accessible than pure
photolithography methods to biologists. Using PDMS stamps, features as small as 500 nm
can be routinely prepared.”” However, pattern longevity can be a concern due to the
increased reliance on adsorption of this method. Unlike photolithography, soft lithography
techniques do not require a planar surface for patterning, due to the highly elastic nature of
the PDMS master. 3-D patterns using a variety of materials can easily be generated allowing

for the manipulation of topographical as well as chemical cues to influence cell behavior.”
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Figure 3.2: Schematic of the pCP process for direct stamping of matrix proteins onto a
surface.”’ Reprinted from Materials Today, 8(12), Liu, WF and Chen, CS, Engineering
Biomaterials to Control Cell Function, pages no. 28-35, Copyright (2005), with permission
from Elsevier.
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Figure 3.3: (A) Schematic of patterning using a microfluidic network (LFN) by Delamarche
and Bernard.”’ From Delamarche, E, et al., Patterned delivery of immunoglobulins to
surfaces using microfluidic networks. Science 1997; 276(5313): 779-781. Reprinted with
permission of AAAS. (B) Bovine aortic endothelial cells patterned on lanes containing the
cell-adhesive peptide sequence RGD by Patel et al. using microfluidics.*> Reproduced from
Patel, N, et al., Spatially controlled cell engineering on biodegradable polymer surfaces. The
FASEB Journal 1998; 12(14): 1447-1454 by permission of The Federation of American
Societies for Experimental Biology.
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3.2.4 Printing Techniques

Another technique that has arisen is the adaptation of ink-jet printers for cellular
patterning. In the printing process, droplets of liquid tens of microns in diameter are
deposited onto a substrate in a computer-programmed pattern. The liquid can contain a cell-
adhesive material, such as fibronectin, which dries onto the printed substrate.*®*’
Interestingly, droplets containing cell suspensions have been reported to be directly printed
onto a surface.’® Recently, researches have designed complex three-dimensional constructs

which can be printed in a layer-by-layer fashion.**’

While lithography can produce a higher
pattern resolution, use of the printing method can be advantageous as one is able to change
master design patterns with ease. As a result, high throughput patterning can be achieved by
simply “printing” out cell patterns. In addition, equipment needed for this technique can be

made by modifying commercial ink-jet printers, dramatically lowering equipment costs.

This section has provided a brief overview of basic cell patterning techniques. For
more detailed information, interested readers are referred to more comprehensive reviews on

the subject.*’

The following section will focus on techniques to pattern different cell types
in the same culture (i.e. co-culture) and their potential applications in areas such as cell

biology and regenerative medicine.

3.3. Co-culture

One of the greatest challenges in creating a controlled local cellular environment in
vitro is the development of a micropatterned co-culture system. In order to truly simulate the
local cellular environments that comprise multicellular organisms in vivo, in vitro designs
must control both heterotypic and homotypic cell-cell interactions. In the body, various cell
types are optimally positioned relative to one another to act in concert in order to perform
certain functions within a complex tissue of which they are but a small part. Here,
heterotypic interactions provide cells with cues necessary for normal development,

differentiation, organization, and homeostasis.***

In order to create designs with controlled
cellular microenvironments that mimic the in vivo environment, it becomes necessary to

develop designs that incorporate spatial patterning of multiple cell types. These designs can
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allow for the study of heterotypic cell-cell interactions — through either receptor activated
signaling or direct cell-cell contact — necessary for cell survival and maintenance of in vivo
functions. The knowledge gained from such studies can then be applied towards the creation
of new and innovative cell-based devices. However, the design of such a pattern does pose a
fascinating challenge. This is because after patterning an initial cell type on a substrate, a
second cell pattern must be created without exposing the already patterned cell types to harsh
chemical or physical conditions which are often employed in patterning single cell types.
Furthermore, pattern alignment must be considered; the second cell pattern must be precisely
deposited relative to the first in order to control interactions between the two cell types. The
following text will attempt to highlight various co-culture techniques developed to date to
address these design issues while demonstrating along the way the growing array of

applications that they have found.

3.3.1 Switchable Surfaces

The first design tackles the co-culture patterning challenge through the creation of
“switchable surfaces.” Such surfaces contain patterned cell-adhesive regions surrounded by
regions that are non-adhesive to cells. These non-adhesive regions are designed in such a
way that they can be subsequently switched to become cell-adhesive to a secondary cell type
under mild conditions, allowing for patterning in co-culture. The second pattern is typically
aligned to the first in that the second cell type merely fills the space surrounding the initially

seeded cells.

3.3.1.1 Initial Designs with Protein Patterning and Serum Manipulation

The first to develop a micropatterning technique to control the degree of heterotypic
cell contact in co-culture was Bhatia et al. in 1997.* Photolithography was utilized to
generate a pattern of cell adhesive proteins, specifically collagen, on a glass substrate. Prior
to cell seeding, the remaining glass surface was exposed to bovine serum albumin (BSA) to
create a cell repellant background against the cell adhesive collagen islands. Hepatocytes
were first seeded onto the surface in a serum-free medium, and remained attached only to the
collagen-patterned regions after rinsing. The second cell type, fibroblasts, was seeded onto

the substrate in serum containing media which facilitated cell adhesion to the previously
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repellent BSA background. This process is depicted in Figure 3.4, along with an image of
the resulting hepatocyte — fibroblast co-culture. In explaining why BSA could be used as a
cell repellent to pattern cells only under serum-free conditions, a subsequent study by Nelson
et al. found that factors in serum activated cell-secreted proteases, which in turn degraded the

BSA, and thus eliminated the cell repellent surface created by the BSA.*

Using this patterned co-culture technique, Bhatia et al. investigated the maintenance
of hepatocyte liver-specific cell functions in vitro by examining the impact of fibroblast co-
culture on hepatocytes.”' This cellular system is frequently the focus of micropatterned co-
cultures since cultivation of hepatocytes alone in vitro very often leads to loss in liver-
specific cell functions. This can greatly hinder the use of these cells that are vitally important
in studies of liver diseases, the design of bioartificial livers, and in biosensors for drug
toxicity screenings. To this end, co-cultures with sinusoidal cells (mainly endothelial and
Kupffer cells) and fibroblasts have been demonstrated to help maintain viability and liver-
specific functions of the hepatocytes in culture.”> Bhatia et al. designed three different co-
culture systems for study, whereby hepatocyte homotypic and heterotypic interactions were
held constant while fibroblast homotypic interactions were varied. With this highly
controlled co-culture system, it was demonstrated that increased homotypic fibroblast
interactions enhanced the maintenance of liver-specific functions.

Other studies have implemented this co-culture technique.’***>°

Beyond studies of
basic biology, this technique has found applications in the area of cell-based devices. Such
patterned co-cultures were implemented in the development of hepatocyte arrays as
screening devices for liver toxicity. It was hypothesized that hepatocytes co-cultured with
fibroblasts could maintain liver-specific functions and be made to mimic an in vivo liver
response to drug candidates in toxicity tests. To demonstrate, Kane et al. patterned a co-
culture in an 8x8 array of 3.25mm wells connected to microfluidic perfusion networks
delivering fresh media and oxygen. Hepatocytes in this study were shown to produce

albumin and urea, two typical liver function markers, reaching steady production by day 20

of the study and continuing until day 32 when the study was terminated.’
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Figure 3.4: (A) Schematic of the process developed by Bhatia et al. (1997) to create
micropatterned co-cultures. Photolithography was used to create a pattern in photoresist on a
glass wafer. Aminosilanes (AS) were subsequently bound to the patterned surface.
Glutaraldehyde (G) was then used to link cell-adhesive protein to the AS. Removal of the
photoresist revealed a pattern of cell-adhesive protein. BSA was bound to the glass
background. A first cell-type was seeded in serum-free media. After rinsing, cells remained
attached only to the patterned proteins. A second cell type was then seeded in the presence of
serum facilitating adhesion to the non-patterned regions.

(B) Hepatocytes adhering to 200 pum patterned collagen protein lanes surrounded by
fibroblasts.* Controlling cell interactions by micropatterning in co-cultures: Hepatocytes
and NIH 3T3 fibroblasts, Vol. 34, No. 2, 1997, page no. 189-199. Copyright © (1997, John
Wiley & Sons, Inc.) Reprinted with permission of John Wiley & Sons, Inc.
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Towards a similar aim, Khetani and Bhatia also developed a cellular array based on multi-
well plates. Studies of the device found that liver-specific functions could be optimized by
controlling the size and spacing of the collagen islands supporting hepatocytes in the plates.
As a result, the liver-specific functions were reported to be maintained for several weeks.
Significantly, it was found that there was a several-fold increase in the liver-specific
functions for patterned co-cultures as compared to equivalent random co-cultures. This
clearly demonstrates how well-controlled local cellular environments, including cell-cell
interactions, can lend greatly to the ability to achieve in vivo functions in vitro. The study

was further able to quantify model hepatotoxins using the co-culture system.’’

These designs have been shown to be effective and have found notable applications.
Treatment with repellent BSA and serum manipulations are relatively mild operations that
allow for the survival of an already seeded cell type while a previously repellent background
is made adhesive. However, these design strategies may present complications. For example,
it may be difficult to pattern certain cell types in serum-free media if the cell type
traditionally requires serum for survival. Furthermore, given the fact that serum varies in
composition from batch to batch and that the serum is critical in switching the cell
adhesiveness of the substrate for patterning, the co-culture technique based on this method

could produce results that vary from experiment to experiment.

3.3.1.2 Thermally Responsive Polymers

Another major strategy based on switchable surfaces to form patterned co-cultures
was originally developed by Yamato et al. who employed thermally responsive

polymers.”®>

One such thermally responsive polymer, poly(N-isopropylacrylamide)
(PIPAAm), is cell non-adhesive below 32°C but cell adhesive above this temperature. At
lower temperatures the material is fully hydrated making it highly hydrophilic and repellent
to cells. Above 32°C, the polymer network collapses making the polymer dehydrated and
relatively hydrophobic, thereby becoming adhesive to cells.”” Copolymers of the material
can be meticulously designed to vary the transition temperature at which the material

becomes adhesive. As a result of this unique thermal responsiveness, PIPAAm can be first

used at low temperatures as a cell-repellent background on an otherwise adhesive surface to
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pattern one cell type. It can subsequently be switched to become cell-adherent for the
patterning of a second cell type by merely increasing the culture temperature above the
transition temperature. Based on this principle, Yamato et al. have created a patterned co-
culture for use in tissue engineering applications. As shown in Figure 3.5, an entire pattern
made out of PIPAAm and its copolymer was prepared to seed cell types at different
temperatures in the creation of a patterned co-culture. At lower temperatures, the entire
material surface became cell-repellent. Therefore, by dropping the culture temperature of a
confluent patterned co-culture, cells could be neatly removed from the PIPAAm-based
temperature responsive surface in the form of a cell sheet. Using this method, functional cell
sheets containing patterned co-cultures have been harvested and implanted into host
tissues.’"** Temperature fluctuations within the range of 20°C to 37°C are relatively mild for
the initially seeded cell type and allow for the switching of a surface from repellent to

adhesive or vice versa to create a patterned co-culture.

This approach was used to create bioengineered tissues in which extremely high cell
densities are desired, such as in the heart. For instance, Matsuda et al. engineered
cardiomyocyte and endothelial co-patterned cell sheets and wrapped them around blood
vessels in adult rats. It was shown that the cardiomyocytes were able to pulsate in a
synchronized and spontaneous fashion for four weeks. Meanwhile, the endothelial cells in
the sheets were found to form blood vessels in vivo to support cardiomyocyte survival. Such
a technology shows great promise for the development of a cardiac assist device and could

be employed towards the regeneration of a wide variety of other tissue types.’

Interestingly, Cheng et al. also took advantage of PIPAAm in a novel manner.
Photolithography was used to create a microheater array underneath a PIPAAm surface.
Individually controlled heaters beneath the polymer were turned on to increase the local
temperature in some areas of the material to switch small areas of the surface from cell non-
adhesive to adhesive. By turning on selected heaters and seeding one cell type, and then
activating more heaters followed by the seeding of a second cell type, a controlled pattern of

co-cultured cells was created as seen in Figure 3.6.”
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Figure 3.5: (A) Schematic of co-culture sheet design. (a) First, patterned regions on a
PIPAAm background containing a copolymer of n-butylmethacrylate (BMA) and PIPAAm
are generated, which are cell adhesive at 27°C. (b) The temperature of the material is then
raised to 37°C, at which the PIPAAm is also adhesive, and now a second cell type can be
seeded. (c) Dropping the temperature to 20°C makes the entire surface nonadhesive, and thus
allows for the removal of the entire confluent cell sheet.

(B) A co-culture pattern consisting of hepatocytes (HC) and endothelial cells (EC), scale bar
= 500 um.®* Reprinted from Biochemical and Biophysical Research Communications,
348(3), Tsuda, Y, Kikuchi, A, Yamato, M, Chen, G, Okano, T, Heterotypic cell interactions
on a dually patterned surface, pages no. 937-944, Copyright (2006), with permission from
Elsevier.
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C

Figure 3.6: (A) Fluorescence micrograph of patterned bovine aortic endothelial cells
(BAECs) adhering onto two heated areas of the polymer surface.(B) Phase contrast
micrograph of BAECs adhering to the region around the top heater from image (A).

(C) Fluorescence micrograph of patterned BAECs and bovine smooth muscle cells adhering
to two separate heated regions of the polymer surface, scale bars= 500 um.® Journal of
Biomedical Materials Research Part A, Vol. 70A, No. 2, 2004, pages no. 159-168.
Copyright © 2004, John Wiley & Sons, Inc. Reprinted with permission of John Wiley &
Sons, Inc.

This technique allows for the switching of a repellent surface to a cell-adhesive one without
exposing the already patterned cells to any temperature fluctuations, as compared to the cell
sheet. Furthermore, subsequent cell patterns can be easily aligned to the first; patterns are
merely determined by which heaters are turned on during cell seeding. In this way, this
method allowed for precise spatial localization of two cell types, and has the potential to
pattern even more cell types. However, the minimum size of the adhesive islands could be
limited by both the minimum size of the heaters and heat transfer laterally away from the
edges of the heater. Furthermore, culture conditions will not be uniform across the polymer

substrate since temperature gradients exist around the heaters.
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3.3.1.3 Layer-by-Layer Technique and Electrostatic Forces

Another set of “switchable surface” patterning techniques makes use of electrostatic
interactions. A charged, cell nonadhesive background is implemented such that it can be
switched to cell adhesive by layering a complimentarily charged cell-permissive material
onto the surface bound by electrostatic interactions. Yang et al. used soft lithography to
generate a pattern of anionic cell-resistant polyelectrolytes, namely oligo(ethylene glycol)
methacrylate and methacrylic acid copolymers onto various cell-adhesive substrates. After
the initial seeding of neuronal cells onto the areas where the cell-adhesive substrate was
exposed, the cell repellant anionic area was rendered adhesive to glial cells through the
adsorption of a cationic adhesive material, such as poly(L-lysine) (PLL), chitosan, or

poly(ethylenimine) (PEI).**

Electrostatics based methods are especially suited for the implementation of
materials naturally occurring in the body. For example, glycosaminoglycans such as
hyaluronic acid (HA) are natural components of the extracellular matrix and are highly
charged. In one study, Fukuda et al. utilized a layer-by-layer deposition approach using
extracellular matrix materials, such as HA, collagen, and fibronectin, in the formation a
micropatterned co-culture. Pattern generation involved a PDMS mould and capillary force
lithography as detailed in Figure 3.7.°% The use of such materials has the potential to more
closely mimic the true natural local cellular environment, especially when they are combined

with a patterned co-culture.

This layer-by-layer co-culture patterning technique has found applications in the
study of cell-cell interactions. Kidambi et al. applied a polyelectrolyte based co-culture
pattern to study a primary culture of neuronal cells and astrocytes. In this study, the response
of the co-culture to high levels of saturated free fatty acids, which have previously been
shown to be involved in the pathogenesis of Alzheimer’s, was studied. It was found that the
neuronal cells in patterned co-cultures responded quicker to increased free fatty acid levels
by elevating cellular levels of reactive oxygen species as compared to separated

monocultures and random co-cultures. The patterned co-culture system was an ideal
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platform for such a study since astrocytes and neurons are shown to be closely associated in

vivo where cell-cell communications impact their mutual metabolism and development.

) ES/NIH-3T3

"."

Figure 3.7: (A) A layer of HA was spin coated onto a glass slide, and immediately a PDMS
mould was placed atop the surface. The highly hydrophilic HA receded from the void space
under the hydrophobic PDMS, leaving patterned bare regions of glass (process of capillary
force lithography). These bare regions were then coated with FN. Since HA repels cells, cell
type A was seeded and adhered to the FN regions. Then collagen was bound to the HA
through electrostatic forces, and cell type B was then seeded onto the surface, adhering to the
cell-adhesive collagen layer.

(B) Patterned co-culture of murine embryonic stem cells (green) and fibroblasts (red) as seen
using light microscopy and fluorescence.®® Reprinted from Biomaterials, 27(8), Fukuda, J,
Khademhosseini, A, Yeh, J, Eng, G, Cheng, J, Farokhzad, OC, and Langer, R,
Micropatterned cell co-cultures using layer-by-layer deposition of extracellular matrix
components, pages no. 1479-1486, Copyright (2006), with permission from Elsevier.

It is therefore advantageous to study their behavior together as a unit. Furthermore, neural
networks in the brain are not random as in a traditional culture but found in highly organized
patterns.®” This example demonstrates the power of patterned co-culture studies to elucidate
knowledge of basic biology and specifically further our understanding of neurodegenerative
diseases. Further applications in new biotechnologies appear to be on the horizon for this co-
culture patterning method as well, since this layer-by-layer technique has the capability to
pattern a co-culture within silicon tubing. The ability to pattern within a tubular structure
presents unique opportunities as it enables highly controlled studies to test cellular responses

to mechanical stresses in a co-culture setting, such as exposure to shear flows inside a tube.
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Tubular structures are also commonly found in reactors; patterned tubes could foreseeably be

employed in bioreactors with cell functions optimized through co-culture patterning.®®

In this layer-by-layer design strategy, the cells initially seeded on the pattern are
exposed to a soluble cell-adhesive electrolyte that binds to an oppositely charged non-
adhesive complimentary electrolyte on the surface. Care must be taken to ensure that
solutions of the soluble cell-adhesive electrolyte are not toxic to the first cell type deposited.
Once again, the second pattern generally aligns to the first by occupying the space

surrounding the initially seeded cells.

3.3.1.4 Miscellaneous

Another unique patterning methodology, also based on a switchable surface, took
advantage of the properties of chitosan gel to create a pattern. Fukuda et al. created
microwells in a cell-repellent chitosan surface making regions of low shear stress to facilitate
cell immobilization. Hepatocytes became trapped in these wells upon seeding and formed 3-
D spheroid aggregates while cells outside of these wells were washed away. The
photocrosslinkable chitosan changed spontaneously over time after initial cell culture,
switching from non-adhesive to cell-adhesive to allow for the deposition of a second cell
type on the areas surrounding the microwells. Despite the potential ease of implementation,
widespread application of this method may be questionable as the exact reason behind the
change in chitosan cell adhesive properties is yet unknown, although it was speculated that

this change in chitosan adhesiveness could be due to protein adsorption over time.*

All of the methods described so far, either based on serum manipulation, thermo-
responsive polymers, electrostatics, or others, are able to solve the design issue of patterning
multiple cell types by creating “switchable surfaces” whereby a previously cell nonadhesive
background on a material can be made adhesive to a secondary cell type through mild
manipulations. These methods rely heavily on surface chemistry. Generally, the first cell
type is seeded in a pre-designed pattern, whereas the second cell type seeded merely fills in
the background space. While this allows for easy alignment of the two patterns, it can be

concluded that spatial control over the seeding of the second cell type is lacking.
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Nevertheless, these patterns show great creativity in design and have found numerous
applications, such as controlled biological studies investigating cell behavior, development

of cellular arrays for screening new drugs, and tissue engineering.

3.3.2 Manipulating Soft Lithography for Co-culture Patterning

Another set of strategies involve the manipulation of soft lithography techniques and
PDMS stamps. These stamps have been utilized in a number of unique and creative ways by
a variety of groups to facilitate the patterning of multiple cell types without having to create

switchable surfaces.

3.3.2.1 Microfluidics

The majority of these strategies are based on microfluidics. Co-culture patterns can
be realized through the design of increasingly complex PDMS stamps from those used to
develop single-cell patterns. For example, Chiu et al. studied the idea of developing a 3-D
microfluidics system in a PDMS stamp for the patterning of multiple cell types. The stamp
contained two completely separate channel systems that formed when the stamp was pressed
into an underlying substrate. One cell type could flow through one channel and be deposited
onto the underlying substrate along that channel, while a second and separate channel could
contain a second cell type that could then be deposited onto another area of the substrate.
Thus, separate channels allowed for the flow and deposition of different cell types. Figure
3.8(A) shows one such channel system formed by a 3-D pattern in PDMS with channels for
one cell type in red and a separate channel system for a second cell type in green. Figure

3.8(B) shows the resulting cell pattern.”

In another study, Khademhosseini et al. utilized a similar technique, employing
multiple independent microfluidic channels to pattern multiple cell types but with an added
feature — patterned microwells in the fluid paths to trap cells in areas of low shear force.
Instead of lined patterns of cells, patterns containing small islands of cells of a particular
type embedded in microwells were achieved.”' This group was later able to apply patterned
microwells in a PDMS substrate to culture human embryonic stem cells in a patterned co-

culture with murine embryonic fibroblasts (the stem cells to remain undifferentiated). The
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microwells served to control the size and shape of the stem cell clusters, thus providing a
method to produce these valued cells in a controlled manner so that they can be harvested
and used in stem cell research.”

A B

Figure 3.8: (A) 3-D channel micropattern in a PDMS stamp. (B) Fluorescence picture of
bovine adrenal capillary endothelial cells (red) and human bladder cancer cells (green)
patterned using the 3-D stamp.”® Reproduced from Chiu DT, et al., Patterned deposition of
cells and proteins onto surfaces by using three-dimensional microfluidic systems.
Proceedings of the National Academy of Sciences of the United States of America 2000;
97(6): 2408-2413. Copyright (2000) National Academy of Sciences, U.S.A.

With these co-culture design strategies employing microfluidics, two different cell
types can essentially be patterned onto a surface at the same time. This forgoes the need to
expose one cell type to changing conditions to allow for the patterning of a second cell type.
Pattern alignment is achieved through the design of separate channels in the complex PDMS

stamp for the flow of different cell types.

Other patterning strategies have manipulated microfluidics to realize a 3-D co-culture
pattern. These strategies have avoided the use of complex PDMS stamps, but focus more on
unique strategies for depositing materials in the stamp channels. Tan and Desai developed a
strategy which involved flowing ECM solution containing cells through microchannels
created by a PDMS stamp against a surface at low temperatures. Heating the ECM material
to 37°C facilitated its polymerization. Subsequent contraction of the matrix then occurred as

a function of cell concentration, matrix composition, and time. This contraction resulted in
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freed space within the PDMS channels through which another solution composed of

different matrix components and cells could be passed. Different cell types were therefore

patterned by merely depositing one on top of the other. This strategy was used to create three

layers of different matrix components and cell types that modeled the structure and

composition of a blood vessel wall. A schematic of the process can be seen in Figure 3.9.”
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Figure 3.9: Schematic for the creation of a patterned 3-D cell co-culture using
microfluidics.” Journal of Biomedical Materials Research Part A, Vol. 72A, No. 2, 2005,
pages no. 146-160. Copyright © (2005, John Wiley & Sons, Inc.) Reprinted with permission
of John Wiley & Sons, Inc.
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With this technology, however, the stamp had to remain on top of the pattern to prevent
extensive migration of cells out of the matrices. This would have prevented optimal imaging

of the cells and could ultimately result in diffusional limitations of nutrients to the culture.

Bruzewicz et al. also designed a 3-D co-culture pattern in microfluidic chambers.”
Modules were created consisting of cells encased in 3-D collagen gels. The modules, with a
size in the range of hundreds of microns, some containing fibroblasts and others HepG2
cells, were then injected into microfluidic channels on a chip. The order of the modules
containing specific cell types in the channels could be controlled when the width of the
microfluidic channels was decreased and began to approach the width of the modules
themselves. In this way, multiple cell types in 3-D gels could be ordered, and thus patterned,
within the channels. This device was transparent allowing for optical imaging while the
microfluidics system provided the opportunity to adjust a variety of inputs to the system and
monitor cell outputs. These designs aimed at 3-D co-culture patterns are of especial interest
in biological studies since it is known that cells often behave differently in a 3-D

environment which more closely mimics in vivo conditions than 2-D surfaces.

3.3.2.2 Microcontact Printing

The previous techniques have all dealt with microfluidics. In contrast, Tien et al.
developed a complex 3-D PDMS stamp for microcontact printing a patterned co-culture. In
order to pattern two different cells using this method, one would normally have to stamp the
substrate twice to generate two distinct patterns. However, the second pattern would need to
be aligned precisely with the first, and the mechanics of such an alignment at the micron
scale can be challenging. This was overcome by the design of a multi-level elastomeric
stamp and multi-level membranes, such as those shown in Figure 3.10.” Recently, in a much
simpler design strategy, Leclerc et al. utilized PDMS stamps to form a patterned co-culture,
but by applying the stamp to a pre-cultured surface thereby crushing the cells underneath the
pattern. These cells can then be washed away by flowing fluids through the microchannels

created by the stamp and a second cell type can be cultured in the resulting voids.”®
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Figure 3.10: (A) Schematic diagram of a five-level PDMS stamp. (B) Top view of the
patterns that can be created by the stamp as it is pressed increasingly harder onto the
substrate. Dark regions indicate areas blocked by the stamp as one or more levels of it are
pressed into the substrate. (C) Pattern for co-culture of NRK cells and NIH/3T3 fibroblasts
created with a 3-layer membrane. While areas 2 and 3 were exposed, they were coated with
human fibronectin to create a cell-permissive region, and then area 2 was covered while area
3 alone was seeded with NRK cells (red), and then the membrane was removed, and the
whole area was exposed to Pluronics F127, which adsorbed to the only uncoated region, 1.
Subsequently, fibroblasts (green) were seeded onto the structure, and they adhered to the
uncovered fibronectin region, 2, generating the co-culture pattern seen in the top figure.”
Reproduced from Tien, J, et al., Fabrication of aligned microstructures with a single
elastomeric stamp. Proceedings of the National Academy of Sciences of the United States of
America 2002; 99(4): 1758-1762. Copyright (2002) National Academy of Sciences, U.S.A.

The techniques discussed here manage to pattern multiple cell types while negating
the need to expose an initially patterned cell type to changing culture conditions for
switching of a surface from adhesive to non-adhesive and the seeding of a second cell type.
Patterning of multiple cell types is achieved through the design of a complex PDMS stamp
with multiple channels or layers, or more complex cell seeding techniques within the stamp
as in the case of the 3-D structures. For the most part, control over the alignment of the two
patterns is accomplished by creating the patterns in a single PDMS stamp. In comparison
with switchable surfaces, these techniques can offer improved spatial control over the
patterning of multiple cell types since a second cell type can have its own pattern and not

merely fill voids left by the originally patterned cells. However, the challenge with these soft
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lithography approaches is the complexity of the patterning approach. Many require the
construction of very elaborate PDMS stamps. The distance between channels, number of
levels, and feature sizes on the stamp can be limited by the structural stability of the stamp
itself which in turn imposes limitations on the cell patterns that can be formed from it. Other
strategies require complex manipulations in microfluidic channels which would necessitate
extensive training and expertise. These limitations may be the reason why these techniques
have not yet found many applications. In addition, they may not be readily accessible by an

average cell biologist wishing to create patterned co-cultures for study.

3.3.3 Direct Co-culture Patterning Methods

The previously described techniques mostly relied on making modifications to an
underlying surface to facilitate the co-culture pattern. The following techniques involve the
direct spatial patterning of multiple cells onto a substrate without reliance on surface

modifications.

In one such design, Nahmias et al. employed the technique of cell spraying in the
creation of a patterned co-culture. Aerosols of cell suspensions were created and a
commercial airbrush was used to pattern hepatocytes and fibroblasts onto collagen gels
through a mask. It was shown that this technique could be employed to create a 3-D pattern
by layering more gel atop the original pattern, and then patterning these layers by cell

spraying as well.”’

Laser-guided direct writing (LGDW) is another such direct method.”*” LGDW is
based on the principle that laser beams can be used to entrap individual cells and deliver
them onto a substrate in a predetermined pattern. When cells move into the path of the laser
beam by random movement, the laser draws the cells into a hollow optical fiber and to a

secondary laser beam that drives the cells downward onto the substrate.**"!

This technique
has been applied to co-pattern viable neural and glial cells along with polymer microspheres
to release growth factors. This strategy has shown great promise in tissue engineering
applications because it allows for an investigation into the impact of degradable polymers

. . . 2
and controlled release systems on cell-cell interactions in a controlled manner.**® In one
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study, human umbilical vein endothelial cells were patterned on Matrigel using LGDW to
form vascular structures which were then co-cultured with hepatocytes. Through this
process, Nahmias et al. were able to observe an aggregated tubular structure in vitro

resembling a hepatic sinusoid, a small blood vessel.*"**

The ability to reproduce complex
tissue architectures with patterned co-cultures in vitro is an important step towards the in
vitro reconstruction of complex tissues, such as the liver. The formation of blood vessels
among multiple patterned cell types is of critical importance since blood vessels within
engineered tissue constructs help to overcome nutrient diffusional limitations upon

implantation and thus enhance survival of the implanted constructs.

Such strategies negate the need to modify the underlying substrate for depositions of
different cell types so there is no concern with damaging already patterned cell types.
Multiple cell types can be patterned directly onto a surface. However, alignment of one cell
pattern relative to another must be carefully considered and could be an especial challenge
with these techniques. Furthermore, patterned cells are still free to migrate since there is no
underlying cell-adhesive boundary layer or PDMS structure holding them in a specific
location. This can be beneficial, however, in allowing cells more opportunity to self-
assemble to form tissue engineering constructs, or in observing the migration behavior of

cells in response to stimuli.

3.3.4 Dynamic Co-culture Systems

Another subset of co-culture systems designed to date are dynamic systems.
Previous strategies involving switchable surfaces and soft lithography methods mostly aimed
to create a static pattern with longevity. Direct patterning did not always strive for this goal,
but the dynamic nature of these surfaces could not be readily controlled. In contrast, patterns
created by dynamic systems can be deliberately changed with time in a controlled manner,

adding an additional dimension to the patterned co-culture design.
One such system was designed by Hui and Bhatia who employed existing

microelectromechanical system fabrication methods to develop a silicon substrate for cell

culture with moveable interlocking parts. Two different cell types were separately cultured
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on each interlocking part. The two pieces were then locked together to bring the cells into
direct contact, held slightly apart to allow the exchange of soluble factors, or moved apart

completely, as shown in Figure 3.11.

Separated

Figure 3.11: (A) Schematic of micromachine with interlocking parts.(B and C) Primary
hepatocytes and Swiss 3T3 fibroblasts cultured on opposing interlocking comb fingers.(D)
Devices in 12-well plates.*> Reproduced from Hui EE and Bhatia SN, Micromechanical
control of cell-cell interactions. Proceedings of the National Academy of Sciences of the
United States of America 2007; 104(14): 5722-5726. Copyright (2007) National Academy
of Sciences, U.S.A.

This experimental design was applied towards an investigation into how fibroblast
contact influences liver-specific function in hepatocytes, and the group found that
maintenance of such function required direct physical contact for a period of time in the
range of hours, but only required soluble signaling effective within a 400 um range

afterwards.®>%

The ability to independently and dynamically study the effects of soluble signals
versus cell-cell physical contacts could easily find this dynamic system a number of
biological applications. One compelling potential application is the opportunity to study

stem cell fate. It has been shown that contact with other cells influences stem cell fate in vivo
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and in vitro. For example, neural progenitor cells found in the subventricular zone in the
brain maintain contacts with neighboring ependymal cells, and when hematopoietic stem
cells in the bone marrow break contact with osteoblasts they are found to differentiate.
Further examples are provided in the review by Metallo et al.*’ This design could potentially
be used to investigate the effects of cell-cell contacts versus soluble signaling on the
behavior and differentiation of stem cells. Such controlled experiments which can better
separate variables under investigation will enhance our understanding and thus ability to

utilize these prized cells for therapeutic purposes.

A couple of other studies have combined soft lithography and switchable surface
approaches to produce dynamic co-culture systems. One such system was created using soft
lithography to pattern a substrate by seeding cells through a nonadhesive stencil and then
modifying the stencil itself to make it adhesive. Cells could then be cultured on the stencil
while in contact with the substrate, and the stencil could later be removed, allowing a third
cell type to be patterned on the bare areas of the substrate left by the stencil. The design of
such a dynamic system allows one to study the effect of time-limited heterotypic interactions
which occur naturally when cells interact with neighboring cells for a period of time and
then change microenvironments. Such processes occur in immune response and in disease
states such as disrupted nerve-nerve and nerve-muscle interactions after spinal cord

injuries.®

Yet another dynamic system was designed based on the ability to electrochemically
activate a surface. Electrical activation has been used in the past to convert a substrate
surface from cell repellent to adhesive.” Li et al. patterned multiple cell types using
microfluidics whereby the space between patterns could be converted from repulsive to
adhesive through electrochemical activation. This allows one to convert the spaces
separating patterns of different cell types to adhesive at one point in a study allowing for

cell migration studies and further insight into cell-to-cell interactions.”

The various co-culture patterning methods described in this section present the

unique opportunity to not only study homotypic and heterotypic cell-cell interactions in a
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controlled environment but also to monitor dynamic cellular responses to specific and

controlled changes in co-culture.

3.4 Conclusions

This review has examined a number of techniques that have been developed since the
1960s with the goal of improving control over the cell microenvironment in vitro through the
spatial localization of cells on a designed substrate, including photolithography, soft
lithography methods, and printing techniques. The ability to spatially pattern two or more
types of cells brings us closer to designing a cellular microenvironment mimicking that
naturally found in multi-cellular organisms. In the past ten years, many creative methods
have been crafted to allow such designs, and their applications have just begun to be
realized. Designs tackling the problem of seeding additionally patterned cell types onto a
surface in a manner such that patterns are aligned and seeded cells are not harmed have made
use of switchable surfaces, soft lithography, and direct patterning methods. Even dynamic
co-culture patterns that change with time have been created. Much time has been spent on
development. Now is the time for the engineers of these designs to pass on their expertise to
life scientists for implementation in a wide range of cell studies to realize the full potential of
these techniques. It is foreseeable that these technologies could lay the groundwork in tissue
engineering. When certain cell types are cultured together they exhibit increased in vivo like

. 91-93
functions.

These co-culture patterns also allow us to explore these relationships and
improve upon current tissue engineering strategies. Some intricate cell patterned materials
could provide the base scaffolding to encourage self-assembly of multiple cell types into
functioning tissue. Of particular interest is the recent development in stem-cell based
technologies. Co-culture of stem cells with other cell types in patterned environments should

9495 patterned co-

lend to a greater understanding of the cues that direct their development.
culture technologies could also be seized to increase animal cell bioreactor production or
create multiple cell type arrays for screening studies. In an era where we have the ability to
prepare micron and even sub-micron features with a variety of materials,”®” developing the
ability to spatially localize multiple cell types is one of the tools that are absolutely necessary
to develop any microenvironment of our choosing for applications yet beyond our

imagination.
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Chapter 4: Photolabile molecules as light-activated switches

The following chapter represents a literature review published as a book chapter
providing detailed information on photolabile molecules not covered in Chapter 2. This
review is intended to provide the interested reader with information on the roles currently
played by photolabile molecules in the field of biological and biomaterial research.
Photolabile molecules play a key role in the cell patterning strategy presented in this thesis;
caged RGDS peptides allow the HA hydrogel base to be switched from cell non-adhesive to
adhesive upon near-UV light exposure. This review will first briefly overview some
commonly used photolabile molecules and then examine some of the applications they have
found to date in caging biomolecules. This will set the stage for a detailed discussion on how
photolabile molecules are incorporated into materials for biological applications and the
future potential of these novel strategies in biomedical engineering research and

biotechnology.

4.1 Introduction

Photolabile protecting groups, or caging groups, offer researchers involved in the
biological sciences a unique tool — a light switch — which can alter material properties at will
or even result in the activation of whole biomolecules. These light-responsive caging groups
can be covalently bound to a functional group on a molecule of interest. Upon irradiation
with light of appropriate energy, the caging group is removed while freeing the functional
group in the process. Thanks to the imagination of chemists, biologists, and material
scientists alike, this seemingly simple process has brought about a new generation of
biological molecules and materials which can be controlled by light in both a spatial and
temporal manner. The photolabile protecting group can render a biomolecule unrecognizable
to its corresponding receptor, enzyme, or target due to steric hindrance or changes in charge.
Biomolecules in a particular location can be re-activated any time during a process or
experiment with light. In materials, the photolabile group can mask a functional group which
can then be revealed with light in desired regions to allow for further chemical modifications
or building of a material. Caging groups can be incorporated into crosslinkers, holding a
material together, in order to allow for controlled degradation with light. Removal of caging
groups can also result in charge alterations in regions of a material. Caged biomolecules can

even be bound to a biomaterial and selectively activated upon irradiation. In these ways,

-77-



Chapter 4: Photolabile molecules as light-activated switches

materials can be fundamentally altered with time, or patterned at - or even below - the

micron scale for the fine-tuning of material properties.

Chemists have provided us with a variety of photolabile protecting groups which can
be introduced onto biological molecules and materials. The most popular of these groups in
the biological sciences are the o-nitrobenzyl derivatives.' Figure 4.1 depicts the structure of
some commonly used o-nitrobenzyl derivatives as well as the reaction they undergo with
light. These derivatives can be covalently bound to a range of functional groups including
carboxylates, amines, amides, alcohols, phenols, phosphates and more with relative ease.
Despite this, there are several disadvantages associated with their use including the
formation of potentially toxic strongly absorbing reaction by-products and relatively slow
rates of cage release following excitation.” Furthermore, the light required to uncage these

molecules is of relatively high energy — in the near-UV range.
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Figure 4.1: General structure of o-nitrobenzyl derivatives and associated light reactions.
Some common substituents include: (A) X=H, Z=H: o-nitrobenzyl (2-NB); X=H, Z= CHs:
o-nitrophenethyl (NPE), X=H, Z=COOH: a-carboxy-2-nitrobenzyl (CNB); X=OCH3, Z=H:
4,5-dimethoxy-2-nitrobenzyl (DMNB); X=OCH3, Z=CHj3: 4,5-dimethoxy-2-nitrophenethyl
(DMNPE); (B) X=OCH3, Z=H: 6-nitroveratryloxycarbonyl (NVOC)?
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A group of newer photolabile cages becoming increasingly more popular are
coumarin-4-ylmethyl groups (coumarins). Figure 4.2 depicts the general structure of some
coumarins used in the literature as well as the reaction they undergo upon irradiation. These
groups have been used to cage phosphates, carboxylates, amines, alcohols, phenols, and
carbonyl compounds. Coumarins absorb strongly into the visible light region and
demonstrate relatively quick photolysis rates. They have also been shown as well-suited for

two-photon photolysis. However, these compounds often suffer from solubility isssues.’

OR

Figure 4.2: General structure of photolabile coumarin-4-yl methyl groups and reaction
resulting from irradiation. Some substituents found in the literature include®: X=0X’
(X’=CH3, H, CH3CO, CH3CH,CO, or CH,CO,H), Z=H: 7-alkoxy group; X=2=0X"
(X’=CHj3, CH,CO,H, or CH,CO,Et): 6,7-dialkoxy group; X=0X’ (X’=H or CH3CO), Z=Br:
6-bromo-7-alkoxy group; X=NX’, (X’=CH3CH,, CH3), Z=H: 7-dialkylamino group

A number of other more minor photolabile caging molecules exist and have been
used in biological applications, but are beyond the scope of this review. For more

information, please refer to recent comprehensive review articles.*’

A number of issues must be considered when attempting to cage a molecule or
material for biological applications. The first is the efficiency of photolysis, which can be
considered as the percentage of molecules from which the photolabile cage is removed upon
irradiation. This is dependent on the quantity of light absorbed at the wavelength of
irradiation, which is related to the molecule’s extinction coefficient, as well as the fraction of
caged molecules that will react after absorbing a photon, described by the quantum yield.?
The coumarins absorb strongly, but have low quantum yields.” As caged biomolecules often
need to be dissolved in aqueous environments, solubility can also be an issue for some cages.

Absorption properties and solubility can be altered and improved by carefully choosing the
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substituents on the ring structure of these cages. The rate of photolysis should also be
considered; coumarin groups show relatively high photolysis rates upon irradiation. Another
important consideration is the irradiation wavelength which should be greater than 300 nm to
minimize potential damage caused by UV light. At lower wavelengths significant damage to
proteins and the nucleic acids that make up cell DNA can be detected.! Furthermore, to be
useful in biological environments, caged products must not hydrolyze in water to a large
degree. Finally, one of the greatest considerations must be the placement of the cage on the
biomolecule or material of interest. There must be a functional group to which the caging
group can bind, and binding in that particular location must have a significant effect on the
molecule. For example, in a large protein, placing the caging group away from the active site
may not have any effect on the ability of the protein to function, rendering the light switch

useless.

Once a photocaged biomolecule or material is created, the next decision is the nature
of the light source for photolysis. UV lamps are inexpensive, readily accessible, and can be
attached to filters for selection of specific wavelengths. Photomasks can be placed on
surfaces underneath a lamp to allow uncaging only in patterned regions allowing for spatial
selectivity. Lasers can be used to deliver light of one specific wavelength corresponding to
the maximal absorbance of a caged molecule. Lasers can also be focused onto small areas
below the nano scale for spatial selectivity. Two photon lasers are now in use for photolysis
of caged biomolecules or materials.® Photolabile molecules exposed to such sources absorb
two photons at the same wavelength practically simultaneously to undergo photolysis. These
two photons together deliver the same quantity of energy to the caged product as a single
photon would in another laser. Therefore, the wavelength of light delivered by these lasers is
approximately double that used in a single photon laser so infrared light is normally
employed for uncaging with two-photon lasers. This is highly beneficial since cells and
tissues do not strongly absorb IR light, allowing for greater depth of penetration with less
scattering and less damage. Furthermore, two-photon lasers can target a small focal volume
within a 3D environment, whereas single-photon lasers lack this 3D selectivity. Coumarins
have been found to be much more efficient for two-photon uncaging as compared to o-

nitrobenzyl derivatives, which require higher laser powers for uncaging.’
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The combined efforts of chemists in designing new caging groups with improved
properties for use in the biological environment and physicists in designing improved lasers
for targeted removal of photolabile caging groups have led to the recent increase in the use
of these caging groups in life sciences research and the development of materials for
biological applications. To date, much effort has been devoted to developing a variety of
caged biomolecules and their applications are ever-growing. Use of these molecules in
biomaterials has been gaining in popularity recently and new highly-creative, light-
responsive materials have been born and their applications in sensor-design, tissue

engineering, and life sciences research are just beginning.

4.2 Caging of Biological Molecules

Over the past thirty years, great effort has been devoted to caging a variety of
biological molecules. Initial work involved caging smaller molecules that nonetheless play
large roles in biochemistry and moved towards complex macromolecules such as nucleic
acids and proteins. Techniques to cage these molecules are well developed in the literature
but still require expertise in synthetic chemistry. Nevertheless, there are relatively fewer
works dealing with the application of these molecules. Here, we will provide an overview of
some key biomolecules that have been bound with photolabile groups, and demonstrate

some of the applications they have found.

4.2.1 Small Biologically Relevant Molecules

To date, hundreds of experiments have been conducted employing small caged
biomolecules of which a number are currently commercially available. Strong interest in
caging biomolecules began with a landmark study by Kaplan et al.” In 1978, they
synthesized a caged ATP by binding o-nitrobenzyl onto a phosphate group. Caged ATP
molecules were introduced into red blood cells where they were used as an energy source
upon irradiation to activate cellular Na:K pumps. Caged ATP cannot be hydrolyzed to form
ADP - which normally generates energy for cellular processes - until it is activated with
light. Caging this molecule thus allows for a number of studies requiring control over energy

reserves making caged ATP an excellent research tool still in use today.®
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Calcium plays a strong role in cellular biochemistry; changes in intracellular calcium
levels are linked to muscle contraction, mitosis, and neurotransmitter release among others.
Since calcium cannot be covalently bound to a caging group, photo-responsive high affinity
calcium chelators were developed having a high affinity for calcium in the caged state. Upon
irradiation, affinity for calcium is decreased releasing the inorganic molecule and therefore
increasing calcium levels in the cellular environment. A good review of caged calcium by
Ellis-Davies exists for interested readers.” By employing caged calcium to spatially and
temporally control available calcium levels, Gomez and Spitzer were able to determine that
transient calcium level elevations control axon growth in the developing spinal cord.'
Growth cones located at the extending tips of neuronal cells showed transient elevations of
calcium as these extensions migrated. Releasing caged calcium chelators accelerated the
migration, while reproducing the transient elevations with the photorelease of calcium

slowed the growth.

Photolabile molecules which release nitric oxide have also been created. Nitric oxide
plays a role in a large number of biological events such as certain neural physiological
processes like long term potentiation and depression, constriction of smooth muscle and
blood flow control, and NO has been found, under different conditions, to both enhance
tumor growth and destroy it.'' Another important small molecule that has been caged is
cAMP which acts as a secondary messenger in eukaryotic cells and as such is involved in the
regulation of a vast number of cellular processes.” Caging these molecules allows for in-

depth investigations into their roles in these widely varied cell processes.

Over the years, there has existed a strong interest in caging neurotransmitters. Caged
glutamate is one of the most well-known thanks in part to a 1994 study by Dalva and Katz
who investigated the patterns of synaptic connections in a developing visual cortex. Brain
slices were irradiated to selectively uncage glutamate and generate action potentials in
presynaptic neurons located at the laser focal point.'? Since this time, new caged derivatives
of glutamate have been developed with improved sensitivity to two-photon photolysis
allowing for better spatial selectivity during light activation. Some other reported caged

neurotransmitters include GABA, glycine, and anandamides.”” Such caged species have
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played important roles in elucidating the processes of neurotransmission and signal

transduction.’

In an excellent example of an application of a small caged biomolecule, Cambridge
et al. designed a gene expression system responsive to light."* Their method was based on
the “tetracycline-controlled transcriptional activation” system, which can control the
transcription of transgenes in an organism or cell culture by the presence of tetracycline
antibiotics or doxycycline. The group caged doxycycline so that irradiation would free the
antibiotic and induce transcription. Sauers et al also employed a photolabile doxycycline to
control cell localization in a co-culture.”” A culture derived from NIH 3T3 fibroblasts was
created that could be induced with light to express Ephrin A5. When expressed in a cell, this
molecule causes repulsion towards other cells expressing the receptor, EphA7, and attraction
to cells expressing a variant, EphA7-T1. After forming a pattern of Ephrin A5 expression in
a monolayer of the 3T3s with light, they found that EphA7-T1-expressing cells preferentially
adhered to the patterned area. This method of controlling attractive/repulsive cell cues with

light is an exciting and creative way to control the arrangement of cells in vitro.

4.2.2 Peptides and proteins

Proteins and peptides play many different roles in our body; enzymes act as chemical
catalysts; transporters regulate the cell environment; signaling molecules and hormones send
messages across the body to coordinate actions during development and beyond; and the list
goes on. These biomolecules are key to the basic processes of life and disease. However, we
do not yet fully understand the roles played by many proteins. Now that we have sequenced
the human genome, we must come to a better understanding of how these key gene products
act in the body. Caging proteins is an often under-used tool in these important studies with
the capability to temporally and spatially control protein activity. Much effort has been spent
on the technique of inserting a caging group into these biomolecules, but comparatively less
effort has been extended to their use in advanced biological studies. We will therefore begin

with an overview of some of the key methods employed in caging proteins.
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Several methodologies have been developed to synthesize photocaged proteins.
Traditionally, caging groups were introduced non-specifically into whole, intact proteins.
Various o-nitrobenzyl derivatives were designed to specifically react with functional groups
on certain amino acids such as sulthydryl groups, found on the amino acid cysteine, and

. : 16-18
amino groups found on lysine.

These techniques allow for the caging of larger
molecules, but suffer certain drawbacks: (a) it is difficult to target a specific residue for
caging, (b) the technique is limited to specific types of residues, and (c) typically only
surface-exposed residues can be reached for caging. Furthermore, cysteine residues are
relatively rare in proteins and may need to be introduced via mutagenesis near a protein

active site for this strategy to work.” In addition, too many residues caged can result in

difficulties reactivating the protein upon irradiation.

In comparison, when a small peptide is involved, a more direct approach to
introducing photolabile molecules can be taken. Researchers have been successful in
introducing a caging group onto a single amino acid and then introducing this caged unit into
a larger peptide via automated solid-phase peptide synthesis (SPPS) procedures. One study
has even attempted to add the caging group to the peptide directly during automated SPPS."
Many different caged amino acids have been designed including Lys, Tyr, Glu, Asp, Arg,
Ser, Gln, and Gly by introducing the caging group on either an amino acid side chain or even
the peptide backbone.* This process allows for much improved control over the
placement of the caging group. Often, several different caged amino acids are synthesized to
produce peptides caged in different locations. In this manner, the caged peptide which most
effectively inhibits activity prior to light exposure- and allows for activation after irradiation
- can be selected for use.””*** However, this method is limited to smaller proteins and

synthesis can be very time consuming.

In another synthesis strategy, caged amino acids were introduced directly into
proteins via in vitro translation. For example, Wu et al. made use of a unique E. Coli
tRNA/aminoacyl tRNA synthetase pair to incorporate a caged cysteine into proteins
synthesized in yeast in response to a nonsense codon, TAG.** Others have used a similar

methodology to introduce caged lysine into proteins in mammalian cells.”® This system of
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caging allows for direct incorporation of a caging group into a large protein, but is fairly

complex and requires highly specialized knowledge and techniques to accomplish.

Another approach involves the protein phosphorylation process. Phosphorylation is a
common way for cells to regulate protein activity after translation. In one study, the caging
group was placed on the phosphate groups needed to activate Smad2, a tumor suppressor
protein important in cancer research. The caged Smad2 acted like the unphosphorylated
protein, while UV irradiation resulted in activity similar to the phosphorylated Smad2. This
strategy could theoretically be used to cage any protein activated through phosphorylation.*’
Another interesting strategy involves ligating a synthetic moiety to the C-terminus of a
peptide such that the bond is photocleavable due to the presence of an o-nitrobenzyl
derivative. In one example, a photolabile lipid was ligated to a protein resulting in its re-
localization mostly within cell membranes. Upon photocleavage, the protein was able to
move towards the cytoplasm and nucleus. Therefore, proteins can be deactivated through

relocation strategies.*®

Using the strategies discussed above, a wide variety of peptides and proteins can
potentially be caged such that they can be switched on by light at will. Proteins involved in
gene expression, from transcription to translation, have even been caged such that they can
control the expression of a wide variety of other proteins and gene products. These caged
proteins can also offer us further insight into the roles their uncaged versions play in gene
expression. To this end, Chou et al. were able to cage an RNA polymerase to render it
inactive until near-UV exposure. With this caged enzyme, they were able to control gene
function with light in both bacteria and mammalian cells.”” A variety of caged biomolecules
involved in protein translation from RNA have been designed such as caged anisomycin
which inhibits protein synthesis by binding to cell ribosomes, caged 4E-BP which is
involved in translation of mRNAs with a cap structure on their end, and rapamycin which
inhibits mTORC]1, a complex involved in translation initiation.’**' Growth factors or
signaling molecules stimulate certain cell behaviors and can be caged to either study their

function, or to control cell behavior experimentally. Miller et al. caged a synthetic epidermal
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growth factor sequence and demonstrated its use in controlling cell migration and

proliferation upon activation with UV light.*®

Despite a growing library of caged proteins in the literature, relatively few studies
make true use of the advantages of this strategy to control protein expression with precise
temporal and spatial control. Using light as a switch to turn on proteins can allow us to target
single cells in a culture or multi-cellular organism or even organelles within a cell. The state
of a cell is constantly changing with time; cells divide, migrate, differentiate and undergo
apoptosis. Different proteins may vary in activity or function during these different times.
With light as a switch, we can turn on a particular protein during any point of a cell’s life

cycle to examine temporal effects.

One excellent example of the spatial control afforded by protein caging is seen in a
study by Priestman and Lawrence where they investigated the role played by cofilin, an
intracellular protein involved in cell motility. A caged cofilin was injected into cells. After
exposing whole cells to irradiation, they found an increase in lamellipod (a cell projection)
size and formation time. They then irradiated 3 um spots on single cells and noted that cell
protrusions formed near these spots in 80% of the cells. Therefore, they were able to
demonstrate that by using caged cofilin proteins, cells could be induced to move in the

direction of illumination. In comparison, cells without the caged protein moved randomly.*

In a good example of the experimental potential of caged proteins for temporal
control of processes, Sinha et al. designed a system for introducing a caged protein into
zebrafish embryos. These creatures are ideal for experimentation due to their small size and
transparency.’® Sinha et al. genetically programmed a protein with a small site that was
activated by a lipophilic molecule which was caged. The developing embryo was incubated
in a solution of this caged inducer molecule that could bind to form a caged protein complex
in vivo. Caging was accomplished with both o-nitrobenzyl and coumarin derivatives to allow
for single photon or two-photon uncaging. This protein could thus be activated in a select
group of cells within the zebrafish and at any time, offering an exciting method to study the

activity of a protein at specific time points in embryonic development.
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4.2.3 Nucleotides and Nucleic Acids

Another way to achieve photo-control over gene expression is the direct caging of
nucleic acids (i.e. DNA or RNA). To this end, photocages have been introduced on
nucleotide bases, backbone phosphates, and hydroxyl groups on ribose sugar rings.” Ando
et al. developed a process to cage the phosphate backbone of mRNA with a coumarin such
that approximately 30 caged sites were generated per kb of RNA.*® Eng2a mRNA was
caged, which codes for a transcription factor, Engrailed2a. Embryos with the caged mRNA
showed normal eye development, while those irradiated in the head region at a certain time
during development to uncage the mRNA developed an eyeless phenotype. In this way,

caged mRNA can be used to investigate the impact of certain genes on development.

DNA has also been caged. In the past, plasmid DNA has been caged non-specifically
on the phosphate backbone. Yamaguchi et al. introduced a site-specific caging group into a
plasmid attached to biotin. Streptavidin selectively binds to the biotin to provide additional
steric hindrance during caging which assures the inability of transcription factors to bind to
the plasmid. Irradiation cleaves the biotin thus freeing the plasmid for gene expression and
subsequent transcription.”” Caging groups have also been used to exert spatial and temporal
control over the activation of small interfering RNAs (siRNAs). A little over a decade ago, it
was discovered that double stranded RNA, namely siRNAs, could silence the expression of a
particular gene and this process was termed RNA interference. Caging groups have been
introduced onto siRNAs to disrupt their interaction with a protein complex, the RISC,
necessary for gene silencing. Irradiation of caged siRNAs at a time point during an
experiment leads to the silencing of a particular gene product. For more information on this
topic, please refer to an excellent review paper by Casey et al.”® Caging of nucleic acids has
occurred more recently in comparison to proteins and as such fewer studies are available. It
was only a little over ten years ago, when in 1999, gene expression was first controlled with
a caged nucleic acid - a plasmid coding for luciferase.”” As a result, more applications are

expected as knowledge of these techniques become more widespread.
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4.2.4 Drugs

Caging drug molecules could lead to effective targeting strategies; theoretically, free
drug could be localized in irradiated areas of the body allowing for minimal side effects
elsewhere. This could be particularly exciting for tumor targeting. Therapeutic antibodies
have been developed to target tumors, but unfortunately, are often not specific enough
leading to dangerous side-effects. Caging such antibodies to render them inactive and
irradiating the tumor for local release of active antibody could lead to another level of
specificity increasing their safety. It is theorized that visible areas of the body such as the
skin, eye, mouth and those accessible with endoscopes or areas open during surgeries could
be treated with such caged drugs.”® Skwarczynski et al. developed a prodrug of paclitaxel
bound to a coumarin derivative and demonstrated that the drug could be regenerated upon

41
In

light exposure. This drug is commonly used in the treatment of a variety of cancers.
another study, Reinhard and Schmidt synthesized and investigated o-nitrobenzyl photocaged
derivatives of phosphoramide mustards, which are also used in cancer therapy. These
compounds have an alkylating activity that allows them to attack proliferating cells.*
Insulin, for the treatment of diabetes, has also been caged for improved temporal control
over its release; researchers envisioned its use in a glucose sensor armed with a small UV
lamp to activate and release specific doses in response to blood glucose levels.”> While the
caging of drug molecules is very promising for improved targeting through controlled
irradiation, as well as temporal control in response to need, many issues still remain to be
addressed. New light sources that can access other areas of the body are needed, and the
laser light must be able to significantly penetrate tissues without damage. We must consider
moving away from the higher energy near-UV light required by the popular o-nitrobenzyl
derivatives and towards potentially safer lower-energy wavelengths. Hopefully, multiphoton

laser technologies will eventually satisfy these needs.
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4.3 Photolabile Molecules in Biological Devices and Biomaterials

The caged biomolecules discussed in the previous section can be incorporated into
biomaterials to create powerful new biotechnologies. In addition to the direct caging of
biomolecules, traditional photolabile caging groups have been more directly implemented in
materials, in creative ways, for the development of biological devices on solid surfaces and

biomaterials that can respond dynamically to light.

4.3.1 Patterning Biomolecules and Cells on Solid Surfaces

Solid surfaces modified with caged compounds hold great promise for various
biotechnological and biomedical applications. They can be used as a platform to make chips
for drug and biomarker discovery, mapping protein-protein interactions, DNA screening and
analysis of cellular processes.***> One strategy in the development of materials for such
applications is to create a substrate capable of responding to an external stimulus. Light as
the external stimulus, combined with photocleavable caging molecules, has the advantage of
high resolution - both spatial and temporal - and leaves no residue post reaction which could
cause unexpected side effects on the development of these chips. Light-induced surface
chemistry is crucial in the production of microchips for the microelectronics industry, so it is
natural that such strategies be translated to the creation of chips for biological applications.
Currently, a popular application of photocleavable surfaces is DNA screening and in situ
synthesis. DNA probe arrays are useful tools in biomedical research and diagnostics because

of their ability to simultaneously address large numbers of genes.*

The photocleavable molecules in these designs aid in DNA synthesis; they are used
to temporarily protect the terminal groups of nucleotide monomers, which are often
assembled on glass or metal surfaces. They block the DNA polymerase enzyme from
incorporating additional nucleotides to a growing nucleic acid strand after each “cycle” of
nucleotide incorporation. Irradiation and the use of appropriate photomasks could allow the
deprotection of specific terminal groups and control over the DNA sequence and size
produced. Seo et al., in 2004, reported a successful DNA sequencing approach based on
DNA synthesis using photocleavable fluorescent nucleotides on a solid surface.”® They

attached azido-labeled DNA onto alkyne-modified glass. The goal was to identify the DNA
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sequence of interest via the synthesis of its complimentary strand. A series of nucleotide
analogues bound to different fluorescent dyes through an o-nitrobenzyl linker were exposed
to the DNA to be sequenced. By observing which dye was incorporated, the identity of the
unknown nucleotide could be established. They showed that near-UV irradiation leads to
efficient release of the fluorophore and demonstrated the feasibility of performing the DNA
polymerase reaction on the solid surface. They expected to be able to sequence at least 25
bases per spot on their chip. Their DNA sequencing technology has the potential for use in
whole genome sequencing and can be applied to pharmacogenetics. So far, limited success
with photochemical approaches has been reported but several caging groups have been
studied and demonstrated fast and efficient photo deprotection of the hydroxyl group for
DNA microarray synthesis,”’ such as coumarins,”” indoline, and quinoline. The ability to
produce high-density oligonucleotide arrays (GenChip”“probe arrays) has been utilized in
DNA sequencing technology.” Photocleavable protecting groups can also be used in the
synthesis of other biomolecules on solid surfaces; Fodor et al. reported the generation of a

successful array of 1024 peptides using an o-nitrobenzyl derivative.*

The basic challenge for the fabrication of protein and cell microarrays is the ability to
label proteins with high resolution on a substrate. To achieve this, a high density of
individual, isolated reactive protein sites are required. Light as a trigger, can induce
instantaneous photoreactions on surfaces to control immobilization of biomolecules without
chemical reagents.””>' Several studies have already been done to demonstrate the feasibility
of applying different photocleavable molecules on different functionalized solid surfaces and
have investigated their advantages. Basically, the caged molecules are attached to a solid
substrate and irradiated through a mask or using laser lithography. Deprotection happens
selectively on the molecules exposed to the light and free functional groups are generated
ready to react with a second molecule, which is usually a biomolecule.’’ This technique can
lead to the development of biosensors and offers certain potential advantages, including
reduced operation time, parallel detection of multiple targets, and small sample

requirements.
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Sundberg et al fabricated a heterogeneous surface with two different antibodies on a
solid substrate in 1996.> An o-nitrobenzyl derivative was used to create a caged biotin
analogue which was immobilized to a glass surface. UV light exposure through a photomask
yielded regions of deprotected biotin. These regions can bind specifically to the molecule
streptavidin to which biotinylated macromolecules could subsequently be linked. They
achieved two different biotinylated antibodies immobilized on different regions of a planar
substrate. Alonso et al. created a photosensitive silane based on NVOC chemistry.” They
assembled tetraethylene glycol, a typical protein repellent, on a silica surface bound by a
NVOC terminal group. By UV irradiation, they could achieve highly selective deprotection
of amine groups and site-specific immobilization of tris-nitrilotriacetic acid (tris-NTA) for
His-tagged protein attachment and biotin for streptavidin attachment (Figure 4.3). In their
system, the oligoethylene glycol was introduced to the substrate to decrease non-specific

binding between the substrate and undesirable proteins.

Figure 4.3: Fluorescence image of a patterned substrate after coupling biotin, then
streptavidin, followed by fluorescently labelled biotin. Reprinted with permission.53
Copyright 2010 American Chemical Society.

Lee et al. developed a maskless photolithography process to control protein patterns
with NVOC molecules.”* They fabricated a two dimensional micro mirror array, where they
used digital micro mirrors as a virtual photomask to create a biotin pattern. Most recently,
Grunwald et al. applied photocleavable surfaces to capture and recognize viruses.” They

created a photo-activatable tris-NTA via a nitrobenzyl linker. The photo-activatable tris-
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NTAs were self-inactivated by His-tagged proteins. Irradiation could activate the affinity by
cleaving a tethered intramolecular ligand and arming a multivalent chelator head. In their
study, different strategies were applied to create site-specific protein patterns, including
mask patterning, laser lithography, and successive activation of different areas using in situ
laser scanning lithography. Furthermore, they demonstrated the ability of their system to
capture virus-specific very low-density lipoprotein receptors, which made it a highly flexible
platform for detection and analysis of clinically relevant virus particles. Until now, many
different solid surface-based systems using photocleavable caging groups have been
developed and most of them used o-nitrobenzyl derivatives to control protein specific
binding to the solid support.”®® Achieving control over the size of patterns and avoiding
non-specific binding of proteins is still a big challenge for protein patterning techniques

based on photochemistry.

Cell microarrays are important platforms for the study of cellular processes and cell
behaviour. It is thus important to spatially control cell adhesion on substrates for cell culture.
Using light as a stimulus and developing functional substrates that can respond to irradiation
to switch surface properties from cell non-adhesive to adhesive is a powerful method to
realize such technologies. Several researchers have already created cell patterns either on
glass or silicon-based surfaces using self-assembled monolayers (SAMs).*"** For example,
Nakanishi et al. developed a method to control site-specific cell adhesion on a SAM
spatiotemporally.*> In their study, an o-nitrobenzyl derivative was used to create a
photocleavable SAM surface based on an alkylsiloxane. Bovine serum albumin (BSA) was
adsorbed onto the surface to prevent cell adhesion. Selective irradiation led to the binding of
fibronectin to create cell adhesive regions. By controlling the size of the irradiated region,
they could reduce the pattern to smaller than a single cell. Their results showed that the cells
formed nodal structures corresponding to pattern size and shape. At the same time, by
sequential irradiation of the substrate, they could control cell migration and proliferation
from one patterned region to another. Their technique is a potential research tool for the
manipulation of cells in biological studies. Dillmore et al. provided a method to pattern
ligands and cells on SAMs made up of alkane-thiols on gold using an o-nitrobenzyl

derivative (Figure 4.4).° Their method began with a NVOC-hydroquinone containing
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monolayer on gold. Irradiation revealed the hydroquinone, which following oxidation,
provided a site for the immobilization of cell adhesive peptides. Finally, the designed surface

could generate circular patterns of attached cells corresponding to the photomask applied.

Figure 4.4: Swiss 3T3 fibroblast cells selectively attached to a SAM. Reprinted with
permission.” Copyright 2010 American Chemical Society.

Park et al. also developed a protein and cell pattern on thiolated gold SAM surfaces
using o-nitrobenzyl derivates.* Their strategy resulted in the immobilization of a variety of
cell adhesive peptides containing a ketone group. At the same time, they showed the
sequential immobilization of two fluorescent dyes in a pattern and also the immobilization of
ligands in gradients. Our group also developed a photoactive substrate based on an alkane-
thiol SAM on gold.* Poly(ethylene glycol) (PEG) was introduced to a gold SAM surface to
initially create a cell repulsive surface via a photocleavable o-nitrobenzyl functional group.
The cell repulsive surface was subsequently rendered cell adhesive by UV-irradiation to
cleave the photoactive o-nitrobenzyl group and allow for the further immobilization of cell
adhesive peptides onto the irradiated regions. Control of cell attachment was shown on the
surfaces before and after UV-irradiation and the efficient control of cell attachment lasted up
to 5 days in culture. Kikuchi et al. were able to photocage a variety of functional groups on a
glass substrate and use their technology to pattern multiple cell types together on one surface
at the single cell level.®® Furthermore, there exist studies of photocleavable substrates to
develop other technologies such as microfluidics devices** and devices for protein

purification.®’
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Photocleavable molecules applied on solid supports are a promising platform to
develop microarrays for DNA analysis and diagnostics, protein-protein interactions and the
study of cell processes, drug screening and other biomedical applications. A solid flat
support can minimize any topographical influence on the development of microarray chips
and can also tolerate harsher operating or reaction conditions like organic solvent exposures

and high temperatures, which are usually problematic for biomaterials.

4.3.2 Biomaterials for Controlled Release

The development of materials employing photolabile molecules destined for use in
the human body is a much more recent area of research. One major application is for
controlled release of drug molecules. Introducing photolabile molecules into the material
design can potentially allow for release upon light exposure in a particular area of the body
where it is needed and when it is needed. Previously, we had discussed the caging of actual
drug molecules. These strategies, conversely, concentrate on caging a delivery vehicle which

once developed, could hold any number of different drugs.

One such body of work has focused on the development of light-activated micelles
for drug release. Micelles are aggregates formed in aqueous solutions such that a hydrophilic
exterior surrounds and protects a mostly hydrophobic interior. Within this interior, drugs or
bioactive molecules can be stored. In their pioneering work, Jiang et al. created a copolymer
consisting of hydrophilic and hydrophobic blocks. The hydrophobic blocks, which
ultimately form the micelle interior, contained a photolabile chromophore. Upon UV
irradiation, the chromophore pendant group broke off from the polymer chain transforming
its associated hydrophobic block to a hydrophilic one. This transformation ultimately led to
the dissociation of the micelle and release of the hydrophobic cargo in its interior.”® This
group later modified their strategy to employ an o-nitrobenzyl derivative as the photolabile
moiety in the co-block polymer seen in Figure 4.5. They were able to study the photo-
controlled release of a model dye molecule and demonstrated release via two-photon
irradiation, which unfortunately required longer irradiation times to achieve release.” In
another drug delivery strategy, micelles were created containing a hydrophilic contrast agent

in the interior detectable by MRL.”® The hydrophobic component of the micelle contained an
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o-nitrobenzyl derivative. Upon UV-irradiation, the photolabile groups could leave resulting
in the formation of exposed carboxylic acids whose polar nature increased the hydrophilicity
of the polymer micelle causing it to undergo a rearrangement and releasing its cargo in the
process. Xie et al. employed a similar strategy but designed the o-nitrobenzyl containing
polymer micelles to be biodegradable allowing for effective elimination from the body after

release.”’ Such a strategy shows great potential to control the delivery of hydrophilic drugs

with light.
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Figure 4.5: Structure of a block copolymer which forms a light-responsive micelle and the
release of a representative encapsulated material after light exposure. Reprinted with
permission,”” Copyright 2010 American Chemical Society.

Similar to the micelle systems, Li et al. employed dendrimers made of
poly(amidoamine) bound to an o-nitrobenzyl group for photo-responsive drug delivery
(Figure 4.6). Dendrimers are large synthetic molecules possessing nanoscale internal cavities
and having surfaces with bound functional groups of controllable quantities. Drugs can be
encapsulated in the internal cavities. In this study, the 2-NB groups form the dendrimer shell
keeping the drug molecules, salicylic acid and adriamycin, encased in the dendrimer. UV-
induced cleavage of these photolabile groups allowed for drug escape.”” Park et al. had

previously designed dendrimers incorporating photo-activatable groups for light induced
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release of model dye molecules and developed strategies for encapsulating hydrophilic
molecules in the watery interior of the dendrimer as well as hydrophobic molecules in the

membrane of the particles.”
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Figure 4.6: (A) Free Adriamycin (ADR) represented as dots is first dissolved in water and is
encapsulated into the dendrimers (Gn-NB) in the chloroform phase upon addition. Note the
presence of 2-NB drawn on the surface shell of the dendrimer in (B). Irradiation causes the
disintegration of the shell with freed 2-NB groups shown in the chloroform causing release
of the ADR molecules into aqueous solution in (C). Reprinted with permission.72 Copyright
2010 John Wiley & Sons, Inc.

In their work, Murayama and Kato employed hydrogels as a drug delivery system.”*
The hydrogels encapsulated proteins and degraded upon near-UV light exposure.
Degradation was controlled by introducing a photolabile group in the hydrogel crosslinker
causing the crosslinkers to break apart upon irradiation. The group demonstrated that
enzyme activity could be preserved by encapsulation in the hydrogel whereby released
enzymes presented strong activity levels after UV irradiation making their delivery system

ideal for bioactive proteins, which are easily degraded in the body and thus often difficult to

use as drugs.
Another interesting avenue of controlled drug release research focuses on directly

binding the caging group to a drug material and embedding the drug in a polymeric scaffold

to form a delivery device. In the previous studies with micelles, the bioactive molecules of
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interest were released at once in a relatively uncontrolled fashion upon micelle
disintegration. Binding the photocage directly to a drug molecule, by comparison, has the
potential to better control the quantity of drug released. McCoy et al. bound several model
drugs such as acetyl salicylic acid, ibuprofen, and ketoprofen to a photolabile group, 3,5-
dimethyoxybenzoin. The bound compounds were quite hydrophobic and when incorporated
into a methyl methacrylate hydrogel, they remained encased in the matrix. Upon irradiation,
the photolabile groups were removed rendering the drug molecules more hydrophilic and

able to diffuse through aqueous solution in the hydrogel and freeing the drugs for delivery.”

In a unique strategy, Mizukami et al. created photoresponsive liposomes (Figure 4.7).
However, instead of inserting the cage into the liposome structure, they caged an activator
molecule that could create pores in the liposome upon UV irradiation.”® This molecule was
an antimicrobial peptide and they designed the liposome, which carries the biomolecules of
interest in its interior, to be of similar composition to bacterial membranes. Using this
methodology, they were able to visualize the release of a fluorescent dye from their system

post irradiation.
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Figure 4.7: Diagram of a photorelease system based on a caged antimicrobial peptide which
is activated upon irradiation to create pores in a liposome carrying molecules of interest.
Reprinted with permission.”® Copyright 2010 American Chemical Society.

Targeted drug delivery devices are currently in great demand to avoid the side effects
associated with active drug freely circulating the body, targeting healthy tissues and cells

and causing unwanted side effects. This is an area where traditional caging chemistry can be

incorporated into new designs with biomaterials to provide effective solutions. The designs
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discussed here have mostly been conceived over the past five years showing the beginnings

of a new area of research which promises to grow stronger with time.

4.3.3 Controlling Biomaterial Physical Properties

In the previous section, we saw examples of how materials can be designed with
traditional caging groups to control the release of a bioactive molecule for drug delivery. For
applications such as tissue engineering or cell studies, it would be ideal to have tools which
can afford a high level of control over biomaterial physical properties, such as material

degradation, formation, or strength.

In one study to control bulk gel degradation, an o-nitrobenzyl derivative was
introduced into a peptide amphiphile.”” Peptide amphiphiles contain a short peptide
sequence, which is often bioactive and relatively hydrophilic, connected to a hydrophobic
segment. In solution, the molecules act like surfactants presenting the hydrophilic peptide
sequences on the surface and burying the hydrophobic faces. These amphiphiles assemble
spontaneously to form nanofibres which can be interconnected to form gels.78 Lowik et al.
inserted a photolabile o-nitrobenzyl derivative between the hydrophilic peptide and
hydrophobic block of an amphiphile. Near UV-light exposure served to cleave the
hydrophobic block away destabilizing the amphiphile leading to degradation of the
biomaterial. The group suggested that not only could bulk degradation be performed, but that

photomasks could potentially be used to spatially control degradation.”’

Gels incorporating photolabile o-nitrobenzyl derivatives have also been designed to
respond to more than one stimulus - both light and temperature. Gels were designed to
undergo a transition from solution state to gel at higher temperatures and could be degraded
upon exposure to near-UV light which cleaved a pendant 2-nitrobenzyl group leaving behind
a free carboxylic acid. This caused a hydrophobic block of the polymer to become
hydrophilic which served to increase the sol-gel transition temperature. Thus, the degraded
gels could even be induced to gel again, but at a higher temperature.”” This group had
previously designed o-nitrobenzyl containing micelles also responsive to both light and

temperature.*
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Gels have also now been designed to degrade in a controlled fashion in select
regions. Kloxin et al. created a photodegradable PEG hydrogel by incorporating a novel
light-responsive monomer into the material.*' PEG formed the base of the monomer which
was attached to a photolabile o-nitrobenzyl derivative and acrylate end groups to facilitate
polymerization (Figure 4.8A). This modified PEG monomer was copolymerized with PEG
acrylate monomers to create the final photoresponsive hydrogel. In regions exposed to light,
the modified monomer broke off from the polymer network causing gel degradation while
leaving the material intact in non-exposed regions (Figure 4.8B). In this way, photomasks
were used to control gel degradation for patterned erosion. The group demonstrated that live
cells could be encapsulated in the gel and that controlled degradation could be used to

manipulate cell movement by allowing for migration in eroded areas.
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Figure 4.8: (A) Monomer used in the formation of photodegradable hydrogels (B) Method
of light catalyzed polymer degradation where PEG polymer chains (coils) are crosslinked
with PEG (lines) containing photolabile nitrobenzyl groups (squares) *' Reprinted with
permission from AAAS.
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The group further studied this material system to characterize the degradation
kinetics.*” This ability to predict mass loss within a material can allow for control over the
hydrogel’s crosslinking density with irradiation time. The group was further able to vary the
degree of degradation within the gel to create controlled gradients in both the x-y plane and
z-direction. Material strength, which is related to the degree of crosslinking, is known to

4 . .
8384 Towards such applications, human

impact cell morphology and differentiation.
mesenchymal stem cells were successfully encapsulated within their degradable gels which
were irradiated to create a gradient in the z-direction. Cells were found to spread within the
material in areas of decreased crosslinking density demonstrating the biocompatibility of

their system in addition to the ability to control stem cell behavior with light.

A

Figure 4.9: (A) Degraded features patterned in a hydrogel (B) Raised features patterned in a
hydrogel. Reprinted with permission.*> Copyright 2010 American Chemical Society.

The controllable degradation of this material was further used to produce patterned
features in the hydrogel.*> Negative, or recessed, features were created by exposing the gel to
light through a photomask resulting in degradation in the exposed areas (Figure 4.9 A) while

positive, or raised, features were created by decreasing the crosslinking density in light-
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exposed regions without complete erosion of the material. This led to increased swelling of
the hydrogel in these areas generating material patterns such as those seen in Figure 10 B. In
addition, they were able to demonstrate degradation via two-photon photolysis. Since two-
photon laser technology has the capability to focus light in three-dimensions, this leads to the
possibility of forming a wide range of three dimensional patterns that do not necessarily

need to be interconnected.

Materials with potential biological applications can not only be degraded with light,
but also be induced to form with the help of photolabile switches. The ability to form
hydrogels using light as a trigger can be very useful in biomedical applications. A liquid
material could be injected into a body cavity and induced to gel at a pre-determined time
point through irradiation allowing the gel to take the shape of the local environment. Haines
et al. designed a peptide that can spontaneously fold in solution to self-assemble into a
hydrogel. The peptide forms into a folded hairpin structure whereby one face of the hairpin
is hydrophobic and the other hydrophilic. Since hydrophobic interactions were key to
hydrogel self-assembly, the group hypothesized that introducing a negative charge on the
hydrophobic side via a photolabile o-nitrobenzyl derivative could disrupt peptide folding.
The group was able to successfully induce folding of the peptides upon near-UV light
exposure.*® Biocompatibility of the material was demonstrated by the adhesion and
migration of 3T3 fibroblasts. Muraoka et al. similarly designed photoresponsive self-
assembling peptides with the ability to gel upon irradiation and in one such peptide they
were able to incorporate the well-known cell-adhesive peptide sequence Arg-Gly-Asp-Ser
(RGDS).** Their material was also shown to support a 3T3 fibroblast culture in 3D where
the cells developed focal adhesions on the gelled material indicative of cell attachment and

spreading.

Traditional caging groups can thus be incorporated into soft biocompatible materials
to control their degradation dynamically and spatially to produce high resolution patterns.
Gelation can even be brought under temporal control using light as a switch. These
techniques offer new tools for improved control over biomaterial properties for new tissue

engineering solutions and applications in the study of cell biology.
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4.3.4 Controlling Biomaterial Chemical Properties: Patterning Biomolecules and Cells
Another exciting application for traditional photolabile caging groups in biomaterial
design is the generation of protein and cell patterns using light as a switch. One effective
strategy to generate a peptide pattern for cell patterning is to cage an adhesive peptide and
then bind it to a non-adhesive biomaterial. This creates a cell non-adhesive material prior to
light exposure. Uncaging the peptide upon irradiation in a pattern leads to adhesive spots on
the biomaterial to which cells can selectively bind. Our group utilized caged RGDS peptides
bound to a non-adhesive hyaluronic acid hydrogel material to create such a cell pattern.”
Figure 4.10 shows lined patterns of cells at various times post irradiation. We were later able

to demonstrate the patterning of two cell types on the same surface to generate a patterned

co-culture.”® Petersen et al. and Ohmuro-Matsuyama utilized a similar caged peptide strategy
91,92

to pattern 3T3s on solid-surfaces.

5 days

Figure 4.10: Fluorescence micrographs depicting line patterns of 3T3 fibroblasts dyed with
CellTracker™ Red and grown on a HA hydrogel bound with patterned caged and uncaged
R[G]DS peptide over five days post seeding. Scale bars = 100 pum.”

Gu and Yang developed a novel technique to create coordinated physical and
chemical patterns in a biocompatible PEG hydrogel using a photolabile group and an
enzyme.”” Their technique relies on a unique crosslinker which contains a peptide sequence
that can be cleaved by specific protease enzymes. However, the cleavage sequence is
initially caged via an o-nitrobenzyl derivative so that it is inaccessible to the enzymes. Initial
patterns are thus created by irradiating the crosslinked PEG gel to remove the photolabile
group to create free peptide sequences in a desired pattern. Exposure to proteases then
dissolves the gel in the irradiated regions to create a physical pattern. Protease degradation

furthermore results in the formation of free reactive amine groups which can be used to bind
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bioactive molecules in the physically patterned regions to create chemical patterns as well.
Using this methodology, the group was able to create cell patterns on the single cell level in
a hydrogel. They patterned circular wells 20 um in diameter separated by 20 pm and 500 pm

in depth and chemically patterned antibodies in the wells to trap p-cells.

There is a great deal of interest in guiding cells through a 3D environment. Patterning
cells in 3D would allow for improved re-creations of the natural cellular microenvironment.
In an exciting study, Shoichet’s group was able to guide neuronal cells in three dimensions
employing photolabile o-nitrobenzyl derivatives. The base materials they developed
included an optically transparent agarose hydrogel and hyaluronic acid hydrogel through
which cells could migrate. They modified the hydrogels to contain sulthydryl groups
protected by the o-nitrobenzyl derivative. With a laser, they were able to create a channel of
free sulthydryl groups which could subsequently be used to bind bioactive, adhesive
peptides. They chose RGDS as the peptide and discovered that neurons could indeed be
guided along these adhesive channels through the bulk of the gel (Figure 4.11).°*% In
subsequent studies, this group attempted 3D patterning via two photon microscopy.’®*” The
two photon laser can potentially be used to form much more complex patterns to perhaps
approach those complex biochemical cues found in natural tissue. Since nitrobenzyl-based
photolabile groups have often been seen in the literature to be inefficiently removed with
two-photon irradiation, the group decided to use a 6-bromo-7-hydroxycoumarin group in its
place. They were able to demonstrate the formation of three dimensional patterns in the
volume of the hydrogel (Figure 4.12) formed by two-photon irradiation by binding a dye to
the freed sulfthydryl groups for pattern visualization. In a very recent study utilizing a similar
patterning strategy, they were able to create gradients of a vascular endothelial growth factor
in an agarose hydrogel bound with adhesive RGDS peptides to guide the migration of

endothelial cells in 3D and induce the formation of tubule-like structures.”®
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Figure 4.11: (A) Dorsal root ganglion cells growing within an agarose channel patterned
with GRGDS peptides via photolabile 2-NB groups (B) Fluorescent micrograph of patterned
agarose channel dyed green with fluorescein and cells labeled red. Reprinted by permission
from Macmillan Publishers Ltd.: Nature Materials,”* copyright 2010.

.
.

Figure 4.12: (A) Top view and (B) side view of two photon patterned squares in a hydrogel
and (C) top view and (D) side view of rectangular volumes patterned in a hydrogel
visualized with AF488-Mal dye. Reprinted with permission.”® Copyright 2010 American
Chemical Society.
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4.4 Conclusion

Since the late 1970s, the caging of biomolecules and the design of biomaterials
incorporating traditional photolabile caging groups has grown into a great body of highly
creative research with huge potential. With the technology to cage small activators, proteins,
and nucleic acids, the potential to control virtually any gene product or biochemical pathway
with a light switch is within our grasp. With this power, we can hope to expand our current
knowledge in the biological sciences and come to improved understandings of a variety of
disease states. However, we appear to be sitting in the beginning stages of this technology’s
development. While we are amassing growing libraries of caged biomolecules, the number
of purely application-based research papers taking advantage of the unique spatial and
temporal control afforded by these techniques is limited. The application of these traditional
photolabile caging molecules for light-activated control over the design of solid-surface
biotechnologies and biomaterial properties is relatively newer. Many of the studies discussed
were published within the last five years, or even the current year at the time of this writing.
Material engineers and scientists have harnessed these molecules to make truly creative
dynamic, light-responsive materials which could be developed into biochips, drug delivery
devices, tissue engineered constructs and more. We have the power to carve channels and
features into biomaterials, modify their strength and degradation, dictate gel formation, and
create cell and protein patterns all spatially and temporally controlled with light. On or
within these materials, cells can be exposed to changing conditions under our control to
monitor or direct their behavior. However, once again, these materials are mostly in purely
developmental stages. Caging biomolecules and designing these complex materials often
requires a high level of specialized technical skills and such training may not be available to
the end-users of these creations. To take all of these technologies employing photocaged
molecules to the next step, the chemists, material scientists and engineers who have become
design experts in these areas must form close ties with biologists, biochemists, and medical
experts. Physicists and electrical engineers should also be consulted in the design of optimal
lasers or other light sources for these different applications, which may involve laser access
to areas of the body for drug delivery, creating a patterned exposure, or irradiating small
focal volumes in three dimensions for local uncaging. As long as we can work together, the

use of photolabile caging molecules has the potential to bring about leaps in understanding
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in the biological sciences and a new generation of highly tunable and responsive

biomaterials.
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Chapter 5: Hydrogel cell patterning incorporating photocaged RGDS peptides

The following paper represents the first full length research paper published for this
thesis. Herein, we discuss the chemical synthesis and photoactive properties of caged RGDS
peptides as well as the subsequent binding of these peptides to our hydrogel base. We further
demonstrate the ability of this modified hydrogel material to pattern 3T3 fibroblast cells on
the micron scale using near-UV light exposure through a patterned photomask to selectively
switch areas of the hydrogel surface from cell non-adhesive to cell adhesive. The cells are
found to adhere and proliferate along the developed line patterns for at least 2.5 days. When
this thesis work began, photocaging of an RGD peptide had not been carried out previously
in the literature. During this thesis (as began in 2007), two communication papers were
released whereby different RGD peptides (i.e. cyclo(-Arg-Gly-Asp-D-Phe-Val-) and
YAVTGRGDSPASS) were caged to control cell adhesion.'” With this publication, we
released the first full-length paper detailing the use of photocaged RGD peptides to form cell
patterns. This work was also novel in the respect that patterning with the photocaged RGD
peptides was demonstrated on a hydrogel material. Furthermore, the patterned fibroblasts
were shown to remain on-pattern longer in comparison to the previously referenced studies
(i.e. 2.5 days at which fibroblasts peeled from the surface vs. 6 hours at which fibroblasts

moved significantly off-pattern).'”

5.1 Introduction

The nature of the microenvironment surrounding cells has a substantial impact on
cell behavior.*” In the body, complex tissue architectures exist with carefully crafted
microenvironments to guide cell behavior. As a result, techniques are needed to gain in vitro
design control over the cell microenvironment to allow for the creation of improved cell-
based devices and to assist researchers in advancing our current knowledge of cell biology.
In traditional culture methods, cells are seeded randomly on a surface. In contrast, cell
patterning systems can allow for control over the degree of contact that cells make with an

underlying material substrate and with neighboring cells.*"°

These parameters can then be
manipulated to optimize or explore cell functions while the high degree of control attained
can allow for improved experimental reproducibility and lower variability in cell-based

devices. As such, the potential applications for cell patterning systems are numerous. For
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example, cell patterning has demonstrated that the multicellular organization of cells
determines their growth pattern'' and that cell shape can influence whether cells grow or
die.® Spatially defined neural networks have been patterned and will ultimately lend to a
greater understanding of the nervous system organization and its function in information

1214 In the field of tissue engineering, epithelial cells have been patterned and

processing’
organized atop human lens capsules towards the development of a retinal implant,” and
patterned materials have been developed to maintain chondrocyte phenotype for cartilage
regeneration.'® Numerous other examples can be found in the literature and the future will

undoubtedly bring more fascinating and far-reaching applications.

The majority of cell patterning methods developed to date have relied heavily on

#1720 While commonly used, these

either photolithography or soft lithography techniques.
techniques suffer drawbacks in practice. For example, photolithography - originally
developed for the semi-conductor industry - utilizes toxic solvents which can hinder the use
of easily denatured biomolecules and requires specialized clean rooms and expensive
equipment. This makes it inaccessible to most life scientists. Soft lithography, while much
gentler towards the biomolecules used for cell patterning, often depends on adsorption as
opposed to covalent binding of biomolecules to a surface in creating cell patterns, which can
limit pattern longevity. In this study, we report a novel cell patterning platform based on a
hydrogel which makes use of extracellular matrix (ECM) materials in order to closely mimic
the natural cell microenvironment and employs methods accessible to life scientists.
Patterning is performed with light, and thus has the potential to eventually obtain resolutions
near the single cell level (i.e. pattern sizes in the 15 pm range for animal cells).”

Additionally, the biomolecules involved in our pattern formation are covalently bound to the

base of the pattern to maximize longevity.

An overview of our cell patterning methodology can be seen in Figure 5.1. The base
of the design is a non-adhesive crosslinked hyaluronic acid (HA) hydrogel. RGDS peptides
were bound to the hydrogel to create a cell-adhesive layer. This sequence is naturally found
in the ECM as a recognition site within the cell-adhesive protein fibronectin and binds to

integrin receptors located on the surfaces of cells.”* In order to allow for pattern creation, a
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photo-labile caging group, 2-nitrobenzyl (2-NB), was covalently bound to the RGDS
peptides to disrupt integrin recognition and thus cell binding. Therefore, the photocaged-
RGDS peptides immobilized to the HA base create a surface that is cell non-adhesive. The
2-NB photocage can be selectively removed from RGDS upon near-UV light exposure
through a patterned photomask to produce adhesive RGDS regions on an otherwise cell non-
adhesive background. In this manner, a cell pattern can be formed as dictated by the

photomask used.

In this work, the photocaged RGDS peptide was synthesized such that the 2-NB
group was attached to the nitrogen atom of the backbone amide group between the Arg and
Gly residues (designated as R[G]DS) as indicated by the symbol [G]. Such binding of a
photocage group to a peptide backbone and its biochemical use have been recently

demonstrated in the literature.>>?

In selecting where along the peptide to bind the cage, it
was noted that substituting the Gly residue with Ala - where the only structural difference is
a single methyl group - has been shown to knock out RGD binding activity.”**® Therefore,
we hypothesized that the introduction of a bulky group, such as 2-NB, would serve to
severely disrupt the adhesive properties of the RGDS sequence. Furthermore, the stability of
the bond that could be formed at this location on the peptide appeared superior to other
possible sites such as the carboxylic acid group on the Asp residue’’ or the guanidinium

group on the Arg residue.”®

During the course of this study, a couple of other research groups have independently
reported the development of photoresponsive RGD-based peptides in communication papers
with Petersen et al. being the first to do s0.”*° Both works were able to demonstrate
significantly decreased cell adherence to caged RGD-modified surfaces versus RGD- or
uncaged RGD- modified surfaces. In addition, Petersen et al. showed the formation of a
preliminary cell pattern with NIH 3T3 fibroblasts. However, cells showed significant off-
pattern binding only 6 h after seeding. The strategy of Petersen et al. relied on an
oligo(ethylene glycol) (OEG) linker to both tether the caged RGD-based peptide onto a solid
silica-based surface and act as a cell non-adhesive background. Similarly, Ohmuro-

Matsuyama and Tatsu used a poly(ethylene glycol) (PEG) linker to create a non-adhesive
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background on a poly-L-lysine coated culture dish.” Our strategy, in contrast, is based on a
hydrogel of crosslinked ECM molecules in place of a solid synthetic surface to which
peptides were bound with a zero-length crosslinker (i.e. the peptides were bound to the
hydrogel directly with the crosslinker adding no spacer in-between). Hydrogels based on
natural materials have demonstrated great potential for biological and medical applications
due to their biocompatibility.”' As such, the development of a technique to spatially localize

cells on such a material has increased potential for future tissue engineering applications.

(a) cell non-adhesive surface

(€) cell adhesive regions generated (d) cell binding!

fheattiosls

Figure 5.1: Strategy to create a patterned surface: (a) Adhesive RGDS peptides are caged
and bound to a non-adhesive HA hydrogel to produce a cell non-adhesive surface. (b)
Caging groups are removed upon exposure to UV light through a photomask (c) leaving
patterned, exposed regions of RGDS (d) to which cells can bind.
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This paper outlines the development of our cell patterning strategy including the
development of the HA hydrogel base, along with the synthesis and analysis of the R[G]DS
peptides. Finally, we demonstrate that cell patterns can be formed on our novel hydrogel
surface which demonstrates significantly increased pattern longevity from those previously

reported employing similar photocaged peptides.

5.2 Materials and Methods

5.2.1 Materials

Peptide coupling reagents, i.e. N,N'-diisopropylcarbodiimide (DIC), 4-
dimethylaminopyridine (DMAP), 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl
uranium hexafluorophosphate methanaminium (HATU), and N,N-diisopropylethylamine
(DIPEA) were purchased from Applied Biosystems (Framingham, MA). For peptide
synthesis, protected amino acids, Boc-Arg(Pbf)-OH, H-Gly-OMe-HCI, Boc-Asp(OBu')-OH
and H-Ser(Bu')-OBu' were bought from ChemlImpex International (Wooddale, IL) and
Bachem Inc. (Torrance, CA). All other chemicals were purchased from Sigma-Aldrich (St.

Louis, MO) unless otherwise indicated. All chemicals were used as received.

5.2.2 Preparation of HA Hydrogels

A final Streptococcus equi fermentation-derived hyaluronic acid sodium salt (avg.
MW 1,200 kDa, research grade) solution of 4 mg/mL concentration in sterile distilled and
deionized water (dd-water) was used to make HA gels. To prepare the crosslinked HA gel
substrate, a solution of adipic acid dihydrazide (ADH, 15 mg) in 0.5 mL of sterile dd-water
was filtered through a 0.45 pum filter and added to 10 mL of aqueous HA solution. The
resulting solution was adjusted to pH 3.5 by slowly adding 1 M HCI. This was followed by
the addition of 16.5 mg of filtered 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
in 1 mL of sterile dd-water with vigorous agitation. To the wells of a 12-well polystyrene
tissue culture plate, 1.4 mL of the resulting reaction solution was transferred to let set. To
prevent premature crosslinking, the reaction solution was cooled prior to EDC addition.
Gelation was allowed to occur overnight at room temperature. The resulting gels were then

washed in sterile phosphate-buffered saline (PBS) solution at pH 7.4 (Invitrogen) for 24
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hours with light agitation, followed by a 24 hour wash with dd-water. This initial HA layer
was air dried for several days and two more layers of gel were deposited atop the first in the
same fashion as that outlined above. Prior to use, gels were rehydrated to equilibrate in

sterile PBS.

5.2.3 Peptide Synthesis

The two tetrapeptides, caged RGDS (1) and native RGDS (2) (chemical structures
shown in Figure 5.2(a), were synthesized stepwise via liquid phase and solid phase peptide
chemistry methods, respectively. Figure 5.3 outlines the synthesis of the caged RGDS
peptide (1). The preparation of native RGDS peptide (steps not shown) was accomplished by
normal HATU/DIPEA mediated Fmoc based solid phase chemistry as described earlier.*
For the caged peptide (1), a 2-NB group was linked to the backbone amide nitrogen between
the Arg and Gly residues. To achieve this, N-a-2’-nitrobenzyl-glycine methyl ester (3) was
first prepared from o-nitro benzaldehyde by coupling it with glycine methyl ester in alkaline
solution in the presence of sodium bicarbonate followed by reduction with sodium
borohydride, as shown in Figure 5.2(b). Specifically, o-nitro benzaldehyde (3.02 g, 0.02
mol) in methanol (50 ml) was added to 50 ml cold Gly-OMe-HCI (0.02 mol) NaHCO;
solution (2%, w/v) under agitation, and the reaction mixture continued to be stirred for an
additional 1h while the temperature was kept below 4°C. Subsequently, NaBH4 (0.800 g,
0.021 mol) was slowly added to the reaction while maintaining the temperature between 0-
5°C. After stirring for another 2h, the resultant solution was dried under vacuum to evaporate
methanol, and the residue was extracted with ether (3 x 50 ml) at low temperature. The
combined organic layer was washed with brine solution, dried over anhydrous Na,SO4 and
fully evaporated under vacuum to obtain (3) as a dry brown gummy residue (1.2 g, not
optimized). The caged tetrapeptide R[G]DS was then synthesized using this intermediate
according to the scheme shown in Figure 5.3. To a stirred, cold mixture of Boc-Arg(Pbf)-OH
(1 mmol) and (3) (1.1 mmol) in dichloromethane (15 ml), DIC (182 mg, 1.2 mmol) was
added followed by DIPEA (200mg, 1.5mmol) and a catalytic amount of DMAP.
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(a)
NO,
H
H2N N COzH H2N H
VIWN\)L JWNJLOH Vlwru\ LWN\)LOH
Caged RGDS peptide (1) RGDS peptide (2)
() CHO 4% NaHCO, / MeOH (1:1) H
OD a 3 e .
@: +  NH,-CH,-CO,Me.HCI tror NaBH = N._COMe
NO, 4 NO,

Figure 5.2: (a) Chemical structures of caged and native tetrapeptides used in the present
study and (b) chemical steps involved in the synthesis of caged Gly residue.

Boc-Arg(Pbf)-OH + RHN.__CO,Me Boc Asp(O'Bu)-OH +  H-Ser('Bu)-O'Bu
" H, (3)
R - CD DIC. DIPEA DIC, DIPEA
O,N DMAP (cat) DMAP (cat)
DCM, 0°- it DCM, 0% rt
Boc-Arg(Pbf)-N-CH,-CO,Me Boc Asp(O'Bu)-Ser('Bu)-O'Bu
R (5)
0.2 N NaOH in water, IM HClI in Dioxane
Dioxane, 10 min, then 3h

2N KHSO4 (aq), pH 3

Boc-Arg(Pbf)-[Gly]-OH H-Asp(OtBu)-Ser(tBu)-OtBu
4) (6)
MALDI mass m/z 718§

DIC, DIPEA
DMAP (cat)
DCM, 0°- 1t

Boc-Arg(Pbf)-[Gly]-Asp(O'Bu)-Ser(‘Bu)-O'Bu

) TFA/TIPS/water (9.5/.25/.25)

H-Arg-[Gly]-Asp-Ser-OH
MALDI mass m/z 567
(1)
Figure 5.3: Complete schematic diagram showing various steps involved in the synthesis of
caged RGDS tetrapeptide using liquid phase peptide chemistry.
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After completion of the reaction, as revealed by thin layer chromatography (TLC),
dichloromethane was removed using a rotary evaporator, and ethyl acetate (25 ml) was
added. The white precipitate (i.e. byproduct from DIC) formed was filtered off and washed
with ethyl acetate (20 ml). The combined organic layer was evaporated and dried under
vacuum. The white powder thus obtained was dissolved in dioxane (20 ml) and cooled to
0°C in an ice bucket. A 0.2 M aqueous NaOH (10 ml) was added dropwise for hydrolysis of
the ester bond. After completion of the reaction (~ 10 min) as revealed by TLC, dioxane was
removed by rotary evaporation. The obtained residue was re-dissolved in 50 ml water and
pH adjusted to 3.0 by 2M aqueous KHSO4. The reaction mixture was extracted with ethyl
acetate (3 x 20 ml) in a separatory funnel. The combined organic layer was dried over
anhydrous Na,SO,4 and evaporated to dryness under vacuum to afford Boc-Arg(Pbf)-[Gly]-
OH (4) as a thick yellow powder with molecular m/z of 718 (MALDI-tof MS), consistent
with its chemical structure. Similarly, Boc-Asp(OBu')-OH and H-Ser(Bu')-O'Bu were
coupled together under the same reagent conditions as mentioned above to produce the
protected dipeptide Boc-Asp(OBu')-Ser(Bu')-O'Bu (5). The Boc group was then selectively
deprotected using 1M HCI in dioxane for 1h, as checked by MALDI-tof mass spectrometry
(m/z 388 in agreement with the chemical structure) to produce H-Asp(OBu')-Ser(Bu')-O'Bu

(6).

Coupling of the two dipeptides, Boc-Arg(Pbf)-[Gly]-OH (4) (amino acid within the
second bracket indicates the caged residue) and H-Asp(OBu')-Ser(Bu')-O'Bu (6), was then
achieved using the same coupling procedure as described above leading to the formation of
protected caged tetrapeptide (7). Finally, all protecting groups were cleaved by treating (7) at
room temperature for 3 h with a mixture of trifluoroacetic acid (TFA)/triisopropylsilane
(TIPS)/water (95 / 2.5 / 2.5). Subsequently, the TFA was removed under vacuum, and the
crude peptide was precipitated by cold ether at ~0°C. The precipitate was collected by
centrifugation and the product was lyophilized after dissolving in 0.1% TFA in water. The
crude caged peptide (1) was then purified by RP-HPLC and fully identified by MALDI-tof
mass (m/z 567) and proton NMR spectroscopy.
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5.2.4 Photolysis

Near-UV irradiation from a 365 nm Longwave UV Lamp (Black-Ray B-100
Longwave UV lamp, 100 W, UVP, Upland, CA) was used to remove the 2-NB caging group
from the R[G]DS peptide. Samples containing R[G]DS were irradiated on a platform 10 cm
from the light source. Gels containing bound R[G]DS were irradiated for 10-12 minutes. For
patterning experiments, a line-patterned mask was placed on the gel surface during UV

exposure.

5.2.5 '"H NMR Spectrum of Caged and Uncaged RGDS Peptides

"H NMR characterizations of the R[G]DS peptide before and after exposure to near-
UV irradiation were conducted to examine the uncaging event. Two mg of the caged peptide
was dissolved in deuterium oxide (D,O) and analyzed by 'H NMR employing a Bruker
AVANCE 500 MHz Wide Bore spectrometer. The R[G]DS peptide solution was
subsequently exposed to near-UV light for one hour and the 'H-NMR spectrum was
recorded again. The "H NMR spectrum of caged R[G]DS peptide (Supplemental Figure 5.1)
indicates that there are possibly two different R[G]DS conformational states based on the
appearance of two sets of doublets in 6 4-5.5 ppm region with significantly higher coupling
constants (J ~ 16-18 Hz) for the two benzylic geminal CH,-protons. This is also supported
by the observed splitting profiles of aromatic protons. 'H NMR for caged R[G]DS peptide
(500 MHz, D,0): & 8.23 (0.5H, d, J= 8.2 Hz), 8.11 (0.5H, d, /= 8.2 Hz), 7.79 (0.5H, t, J =
7.5Hz), 7.71 (1H, t, J = 7.5Hz), 7.64 (1H, t, J = 7.5 Hz), 7.59 (0.5H, t, J = 7.5 Hz), 7.51
(0.5H, d, J = 7.8Hz), 7.47 (0.5H, d, J = 7.8Hz), 5.27 (0.5H, d, J = 17.2) and 5.16 (0.5H,
benzylic, d, J = 15.8), 4.98 (1H, one Gly aH), 4.52-4.43 (m, 3H, second Gly aH, Asp and
Ser aH), 4.21 (0.5H, d, /= 18 Hz) and 4.16 (0.5H, benzylic, d, /= 16.6 Hz), 3.96-3.83 (m,
2H, Ser BH, + HOD formed due to solvent exchange), 3.21-3.16 (m, 2H, Arg 6H), 3.09-3.05
(m, aH), 2.96-2.90 (m, aH), 2.87-2.69 (m, 2H, Asp BH), 1.96-1.88 (m, 2H, BH of Arg) and
1.71-1.60 (m, 2H, yH of Arg). The proton integrations of some of the signals have been
found to be half of a single proton suggesting that the above peptide exists in two
conformational forms in D,0O solvent. The large coupling constants with J ~ 15 — 18 Hz for

benzylic protons are consistent with the geminal nature of the protons. It may be pointed out
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that some of the proton assignments, particularly those of a-protons of amino acids, are

tentative and may be interchanged.

Upon UV irradiation, the aromatic protons consisting of two sets of doublets at 6
8.23 and 8.11 ppm, two sets of triplets at 6 7.64 and 7.59 ppm, and another two sets of
doublets at & 7.51 and 6 7.47 all disappeared completely as expected (Supplemental Figure
2), indicating the loss of the aromatic 2-NB group. Instead, additional aromatic peaks
appeared at & 7.85 — 7.72 for 2H and o 7.35 — 7.25 for another 2H due to the formation of 2-
nitroso benzaldehyde following UV-irradiation. The formation of the latter product was
further confirmed by the appearance of a singlet at 6 8.25 for aldehydic proton (CHO). The
peaks at 6 5.27 ppm (0.5H, d, J=17.2 Hz), 5.16 (0.5H, d, J = 15.8), 4.21 ppm (0.5H, d, J =
18 Hz), and 4.16 (0.5H, d, J = 16.6 Hz) correspond to the benzylic protons of two
conformational states of caged peptide which also disappeared as expected following the

irradiation, indicating a regeneration of RGDS peptide.

5.2.6 Photolysis Reaction Rate Investigation

To further study the R[G]DS photolysis reaction, the kinetics of the disappearance of
R[G]DS upon UV irradiation was investigated. To this end, 1 mg/mL solutions of the caged
peptide were prepared in PBS (pH 7.4) and exposed to near-UV light for varying times
(n=2). The irradiated solutions were analyzed by RP-HPLC to determine, as a function of
exposure time, the percentage of R[G]DS reacted based on the peptide’s predetermined
retention time. The chromatographic separation of the reaction products was performed with
a Waters 2695 Separation Module using a reversed phase column (Waters XBridge BEH 130
Cis, 3.5 um) employing a mobile phase in gradient elution mode with a flow rate of 1
mL/min at room temperature. Initially, a mobile phase consisting of 95% water (0.1% TFA
(Pierce)) and 5% acetonitrile (Fisher) with 0.1% TFA was delivered, and after 5 minutes the
solvent ratios were linearly decreased to 5% water (0.1% TFA): 95% acetonitrile (0.1%
TFA) over a period of 35 minutes. UV absorbance was recorded for wavelengths ranging

from 190 nm to 500 nm using a Waters 2996 Photodiode Array Detector.
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5.2.7 Peptide Binding to the Hydrogel

To bind peptides (both RGDS and R[G]DS) to the HA gel, a solution consisting of
25 mg/mL EDC and 15 mg/mL N-hydroxysuccinimide (NHS) (Pierce) in 0.1 M 2-(N-
morpholino) ethanesulfonic acid (MES) (Fisher) buffer was prepared. Subsequently, 1 mL of
this solution was added to each HA gel that was previously transferred to and crosslinked in
wells of a 12-well plate. The reaction was carried out at room temperature for 15 minutes to
activate the carboxyl groups in HA for peptide binding. The gels were then washed once in
PBS (pH 7.4) to get rid of unreacted chemical residuals. The desired peptide solution was
subsequently added to the gels and allowed to react for 2 h. Finally, the resulting gels were
washed in PBS overnight. In order to visualize the immobilized peptide, fluorescent bovine
serum albumin (BSA) was used as a model biomolecule to demonstrate the immobilization
of peptide/protein to the HA gel. This reaction was carried out using 0.3 mg of FITC-BSA in
bulk solution per gel as per the above procedure and the resulting gels were subsequently

washed for 22 hours to remove unbound protein.

5.2.8 Cell Adhesion Tests In Vitro

To test the relative cell adhesiveness of the peptide modified HA surfaces, NIH 3T3
fibroblasts were used as model adherent cells. The cells were routinely maintained in
medium containing Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 100 U/mL Penicillin
(Invitrogen), and 0.1 mg/mL Streptomycin (Invitrogen), and kept in T-75 flasks at 37°C in a
humidified environment containing 5% CO,. Prior to cell seeding on the experimental
surfaces, cells were trypsinized, centrifuged to a pellet, re-suspended in culture medium
(with serum) and counted using a hemocytometer. The cells were subsequently seeded onto
the experimental surfaces at a density of 1X10* cells/cm®. Cells plated onto the experimental
surfaces were initially maintained for 24 h, after which the surfaces were gently (and
carefully) washed twice with sterile PBS (pH 7.4) to remove non-adherent cells. The
adherent cells were then detached from the hydrogel surface using enzymatic digestion and
collected. The surfaces were subsequently washed several times with culture medium to

collect the rest of the cells, and the collected cells were pooled and centrifuged to a pellet.
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Live/dead cell counts were performed using trypan blue staining followed by a

hemocytometer count.

For cell culture on patterned HA surfaces, cells were plated onto the patterned
surfaces in a similar fashion as described above except that the non-adherent cells were not
washed away until pre-determined time points when the cultures were examined using an
inverted phase contrast microscope (Olympus 1X81 F), and the observations were

documented using Image-Pro Plus (Media Cybernetics, Silver Spring, MD).

5.2.9 Cell staining

CellTracker™ Red CMTPX (Invitrogen) was used to label the fibroblasts in this
study according to the vendor’s protocol. A 10 mM stock solution of the dye in DMSO was
prepared. This solution was subsequently dissolved in DMEM to produce a 2.5 uM working
solution. One milliliter of the working solution was added to wells containing adherent cells
in 12-well plates and allowed to incubate for 45 minutes at 37°C. The staining solution was
then replaced with pre-warmed fresh media and allowed to incubate for another 30 minutes
at 37°C. Cells were then washed in PBS (pH 7.4) followed by incubation in fresh media. The
stained cells were used in cell adhesion and cell patterning studies, as outlined in Section

5.2.8, and visualized with fluorescence microscopy.

5.3 Results and Discussion

5.3.1 Hydrogel Development
HA hydrogels were developed to form the base of the cell pattern. HA was an ideal
choice because (a) it is a component of the ECM in the natural cell microenvironment known

to regulate cell proliferation and adhesion,*

(b) in its native state, HA is naturally cell
non-adhesive so it could prevent the background binding of cells located off-pattern,’’ and
(c) it contains easily functionalized carboxylic acid groups for crosslinking to form stable

hydrogels as well as for the covalent addition of biomolecules.***’

To form a stable HA gel,
HA molecules were crosslinked in such a way that the material remained non-adherent to

cells.
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First, HA gel was prepared. Gelation was determined by inverting the tube in which
the gels formed to verify that the material would maintain its shape. Gels were formed by
joining HA chains via ADH crosslinkers which formed covalent bonds to carboxylic acid
groups on the HA polymer chains, as shown in Figure 5.4(a). Similar crosslinking

M8 T4 further confirm the

approaches using ADH in HA have been described elsewhere.
incorporation of ADH into the HA polymer chains (i.e. crosslinking reaction), solid-state >C
NMR analysis of the hydrogel after crosslinking was carried out. The spectrum of the
crosslinked sample as well as that of the native HA before crosslinking (data not shown here
— see Chapter 9, Figure 9.2) matched results previously reported by Pouyani et al.,*

suggesting the success of the crosslinking reaction.

To evaluate these HA gels for cell-adhesiveness, 3T3 fibroblasts were first seeded
onto single-layered gel surfaces. One day after the initial cell seeding, the gels were gently
washed and subsequently observed. As seen in Figure 5.4(b), a significant number of
fibroblast cells remained adherent to the gel; however, it was also evident that the cells could
not spread well onto the hydrogel. Fibroblasts were round in shape and had grouped together
to form distinct clusters. Filopodia could be seen extending from the clusters anchoring the

cells to the underlying HA gel, preventing the cells from removal upon washing.

It is known that increasing the fractional surface coverage of HA can reduce cell
adhesion.’” Therefore, the concentration of HA in the hydrogel was increased in order for the
pattern base to better repel cells. To achieve this, the original hydrogel layer was dried and
new hydrogel layers were deposited onto its surface to create a dried, layered gel which was
subsequently rehydrated. Such gels were visibly less swollen than the original single-layered
gels, due to the dehydration/rehydration process, and as a result of this decrease in gel
volume, contain a higher concentration of HA molecules. As seen in Figure 5.4(c), when
seeded with 3T3 fibroblasts, these layered gels exhibited significantly improved cell
repulsion capabilities since virtually no cells were found to adhere one day post seeding.

This layered gel configuration was used for the rest of the studies in this report.
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5.3.2 Binding of Peptide to the Gel

In developing the cell patterns on the HA hydrogel, both native RGDS and caged
R[G]DS peptides were covalently bound to the gel via carboxyl groups on HA. Merely
adsorbing RGD peptides onto surfaces leads to poor cell attachment,” and such peptides are
more easily dislodged, negatively impacting pattern longevity. We confirmed that peptides
could be covalently bound to the gel surface using fluorescent (FITC-labeled) bovine serum
albumin (BSA) as a model molecule (for ease of detection). The gel shown in Figure 5.4(d)
was treated with both FITC-BSA and a peptide coupling agent, EDC, and displayed strong
fluorescence over the entire gel surface. In comparison, the control gel in Figure 4(e)
exposed only to FITC-BSA exhibited significantly less fluorescence intensity. An additional
control in which FITC-BSA was omitted in the reaction exhibited no autofluorescence
(result not shown). Since the fluorescence images were obtained using identical exposure
times, the sharp contrast in fluorescence demonstrated that the gels exposed to EDC were
able to covalently immobilize a significant amount of peptides while the controls were not,

resulting in the adsorbed peptides mostly being washed away in the extensive washing steps.

Similarly, RGDS peptides were bound to the HA gel. Figure 5.4(f) shows the
resulting morphology of fibroblasts grown on the HA hydrogel bound with RGDS 24 h after
seeding. It is evident that the immobilization of RGDS drastically increased the adhesiveness
of the HA hydrogel (cf. Figures 5.4(c) and 5.4(f)). Cells assumed a well-spread and flattened
morphology with numerous extensions, exhibiting a similar morphology to that of cells

grown on the control polystyrene tissue culture plate, as shown in Figure 5.4(g).

5.3.3 Peptide Characterization

In developing the cell patterned surfaces, it was important to synthesize the caged
peptide, R[G]DS, with a high purity since any RGDS contaminants could potentially bind
cells thus allowing for off-pattern binding. However, our first attempts to synthesize the
R[G]DS using a solid phase peptide synthesis approach resulted in a relatively low yield,
with the occurrence of significant side reactions. The reasons for these side reactions are still
under investigation. Alternatively, liquid phase synthesis was attempted with success. We

were able to prepare high purity R[G]DS in sufficient quantities.
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(a) @Nﬂj\/\/\gﬂﬂm ADH
S S

Figure 5.4 (a) Structure of ADH-crosslinked HA polymers with the functional groups
involved in coupling the two molecules highlighted in red. (b) Single layer of HA gel one
day post seeding of 3T3 fibroblasts onto the surface (image obtained by phase contrast). (¢)
Layered HA gel one day post seeding of 3T3 fibroblasts onto the surface (image obtained by
phase contrast). Note the cracks in the gel formed during the rehydration process in the
preparation of the layered gel (d) Fluorescence image of FITC-BSA bound to HA hydrogel
facilitated by EDC and (e) control HA hydrogel exposed to FITC-BSA in the absence of
EDC after 22 hours of washing. (f) Phase contrast image of 3T3 fibroblasts adhering to a
layered HA gel bound with RGDS one day post seeding. (g) Phase contrast image 3T3
fibroblasts adhering to a polystyrene tissue culture plate one day post seeding. Scale bars =
100 pum and images were obtained using an Olympus 1X81 F microscope.
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The synthetic peptides, both RGDS and R[G]DS, were fully characterized by MALDI-tof

mass spectrometry as well as 'H NMR spectroscopy (see Section 5.2).

5.3.3.1 Molecular Modeling

A 3D energy minimized molecular modeling structure for each peptide was
developed using Hyperchem software (Hypercube Inc., Gainesville, FL). These theoretically
derived structures in Figure 5.5 suggested that the introduction of a 2-NB group at the
backbone amide nitrogen atom of the Gly residue led to a significant change in the geometry
of the molecule. Thus, the caged RGDS peptide appeared to possess a more compact
structure compared to regular RGDS tetrapeptide which exhibited a B-turn structure at the R-
G amide bond. These significantly different structural features provide, at least in part, the
rationale for this patterning approach and perhaps explain the cell patterning results as

shown below.

RGDS Y. RGDS
(stick) {Space fill)

-
\'\_\\’

- .

Caged RGDS e 4 Caged RGDS
(stick) (Space fill)

Figure 5.5: Hyperchem generated theoretical energy minimized molecular model structures
of RGDS and caged R[G]DS peptides.
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5.3.3.2 Photolysis Reaction

To investigate the kinetics of the R[G]DS photolysis reaction, the rate of
disappearance of the caged peptide upon UV exposure was evaluated using RP-HPLC.
Figure 5.6(a) is a plot of absorbance versus wavelength for various irradiation times
corresponding to the R[G]DS peptide elution peak on the RP-HPLC chromatogram. The
R[G]DS peptide exhibited an absorption maxima at 266 nm, but absorbed light with a
wavelength up to approximately 370 nm. This observation agrees well with that reported by
Zhang et al. who found that 2-NB caged 5-fluorouracel prodrugs had maximum absorbances
of around 265 nm in acetonitrile/water systems.*> As expected, the absorbance at this elution
time decreased with increasing UV irradiation time due to the removal of the strongly
absorbing 2-NB group from the R[G]DS peptide. Despite the maximum absorption found at
266 nm, uncaging reactions were carried out with a 365 nm light source to ensure the safety
of our biomolecule-based system. It has been established in the literature that, in general,
exposure to irradiation above 350 nm is relatively safe for work in biological systems.***’
Figure 5.6(b) plots the percentage of R[G]DS reacted as a function of irradiation time, as
determined from measuring the area under the R[G]DS peak in the HPLC chromatograms. It
can be seen that after 10-12 minutes of irradiation, 60-70% of the R[G]DS had reacted, and
over 90% of the caged peptide disappeared after 30 min. This is encouraging since it
indicates that the majority of the R[G]DS will react upon UV irradiation at 365 nm in 30
min. '"H NMR data supported the regeneration of the RGDS peptide (see Section 5.2). A plot
of In[C]/[C], versus time (where [C] represents the concentration of R[G]DS peptide and
[C]o the initial concentration) showed a linear relationship, which indicated that first order
reaction kinetics could be used to describe the 2-NB photolysis as seen previously.*
Furthermore, from Figure 5.6(c) the apparent first order uncaging reaction rate constant was
calculated to be 1.6 X 10™ s™. In comparison, values reported by Kim and Diamond for 2-
NB ester compounds ranged from 1-9 X10™* s™.** Differences in the values may be attributed
to the increased light intensity used in this paper compared to Kim and Diamond’s work (7
mW/cm® vs 1.6 mW/cm® respectively) which would be expected to increase the rate

constant, and differences in the solvent systems used in the experiments.**
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Figure 5.6: (a) The absorbance of the R[G]DS elution peak versus wavelength following
UV irradiation for the indicated times from an RP-HPLC chromatogram. (b) The percentage
of R[G]DS reacted with UV irradiation time (n=2). (c¢) Plot of In[C]/[C]o versus irradiation
time, t (n=2).

5.3.4 Cell Binding Studies

In order to examine all of the various surfaces that will ultimately make up the cell
patterning platform, several homogenous surfaces were created for cell seeding to test their
relative surface adhesiveness. These surfaces include a pure, layered crosslinked HA gel, HA
gel bound to RGDS, HA gel bound to R[G]DS, HA gel bound to R[G]DS exposed to near-
UV light for 12 minutes, and a control polystyrene tissue culture surface. All of the gels
were created with equimolar quantities of the different peptides in bulk solution (0.3 mg of
R[G]DS peptide) and seeded with stained 3T3 fibroblasts. From Figure 5.7, it can be seen
that virtually no cells adhered to the surface of the pure HA gel or to the surface of the HA
gel bound with the caged peptide, R[G]DS. This cell non-adhesive background is crucial for
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cell patterning to take place — the surface of the gel prior to exposure to near-UV light must
be completely cell repellant to prevent against off-pattern binding. On the other hand, the
HA gel bound to RGDS and the HA gel bound to R[G]DS uncaged with near-UV light both
supported cell adhesion. Moreover, both surfaces supported cells with similar morphologies.
Cells appeared well-spread and morphologically comparable to those grown on the control
tissue culture plate. This suggests that the uncaging of R[G]DS took place upon near-UV
exposure and regenerated RGDS peptides on the HA gel surface, converting a cell non-
adhesive surface to a cell adhesive one to allow for cell attachment. The cell counts based on
Figure 5.7(f) showed similar numbers on the HA-RGDS surface as on the tissue culture
plate. This suggests a high degree of biocompatibility for the developed HA material. The
biocompatibility of the material is also supported by the fact that very few dead cells were

counted on any of the surfaces.

It is interesting to note that fewer cells were adherent to the HA-R[G]DS surface
exposed to near-UV light prior to cell seeding, suggesting that not all of the R[G]DS
peptides became uncaged during near-UV light exposure. Virtually no cells were counted on
the caged R[G]DS-HA surfaces and on HA gel surfaces (see Figure 5.7(f)) which suggests
that positioning the caging group on the peptide backbone between the Arg and Gly residues
of the RGDS sequence does indeed inhibit cell binding to the sequence, most likely through

disrupting integrin recognition of the RGDS sequence. This is consistent with our prediction.

X-ray structure analysis performed to study the interactions of an integrin receptor
(i.e. aypPs) and a bound RGD ligand (i.e. ¢(-RGDf[NMe]V-)) showed that the Gly residue
was directly positioned on the integrin surface, suggesting its direct involvement in
hydrophobic interactions with the integrin.*">° In addition, it has been further suggested that
this hydrophobic interaction may add to the stability of the RGD-integrin binding complex.*’
We can thus speculate that the introduction of a bulky group such as 2-NB on the peptide
backbone by Gly would, to some degree, disrupt the ability of the Gly residue to interact
with the integrin surface. It has also been suggested that close contact between the polar
amide groups adjacent to Gly and the integrin receptor is essential for integrin mediated cell

attachment.’’
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Figure 5.7: 3T3 Fibroblasts 24 h post seeding on (a) pure layered ADH-crosslinked HA
hydrogel, (b) HA gel bound to RGDS peptide (HA-RGDS) (¢) HA gel bound to a caged
R[G]DS peptide (HA-R[G]DS) (d) HA gel bound to a caged R[G]DS peptide exposed to
near-UV light (HA-R[G]DS-UV) and (e) a control in which cells were grown on a
polystyrene 12-well plate (no gel) (f) Number of live and dead cells harvested after 24 hours
of culture on the indicated surfaces with error bars representing one standard deviation from
the mean with a sample size of three gels. Scale bars = 100 pum

-132-



Chapter 5: Hydrogel cell patterning incorporating photocaged RGDS peptides

Since our caging group is covalently linked to one of such amide groups, it would certainly
serve to disrupt any such receptor binding at this location. Another explanation for the
inhibition of cell binding to our R[G]DS peptide could be that the introduction of the caging
group drastically changes the conformation of the RGDS peptide. This was noted in our

modeling studies.

In order to further demonstrate that cell binding is RGD-dependent, cells were seeded
on HA-R[G]DS surfaces after UV exposure in the presence of free RGDS peptides.
Preliminary results (not shown) demonstrate that 1 mg/mL of free RGDS peptides present
during cell seeding can almost completely inhibit 3T3 binding to the surface. This would
seem to indicate that binding is integrin dependent - as the free RGDS peptides would serve
to bind and block cell integrin receptors preventing their participation in surface binding -
and not mediated by other mechanisms involving non-specific protein adsorption or
unpredicted UV modifications to the surface after exposure. These findings ultimately
suggest that the caged R[G]DS-HA surface could indeed be converted from cell non-
adhesive to adhesive upon exposure to near-UV light, which supported the notion that this

system could be used for cell patterning.

5.3.5 Cell Patterning

To produce cell patterns on the HA hydrogel surfaces, photomasks with line patterns
were placed overtop R[G]DS-HA gels, and near-UV light was shone onto the surfaces to
generate patterns of adhesive RGDS. Gels were then sterilized with ethanol and washed
overnight. Subsequently, 3T3 fibroblasts were seeded onto the patterned gels. Figures 5.8(a)-
(c) show fluorescent micrographs of the fibroblasts stained with CellTracker™ Red one day
post seeding on the pattern as well as the mask used. Cells can be seen adherent to the
surface in distinct lines matching the pattern on the photomask. Figures 5.8(d)-(g) is a
compilation of phase contrast images showing fibroblasts adhering to line patterns from 12 h
to 2.5 days post seeding. Over the 2.5 days post seeding, it was noted that cells appeared to
spread and grow, increasing in density along the patterned regions. Significantly, the cell

pattern was well maintained as few cells could be seen growing off-pattern even after 2.5
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days in culture. It was quite interesting that even during proliferation, cells remained aligned

to the underlying pattern.

Figure 5.8: (a,b) Fluorescent micrographs depicting line patterns of 3T3 fibroblasts stained
with CellTracker™ Red and grown on a HA hydrogel bound with patterned caged and
uncaged R[G]DS peptides one day post seeding. (¢) Mask used to generate the line pattern.
Phase contrast images of line patterns of 3T3 fibroblasts grown on a HA hydrogel bound
with patterned caged and uncaged R[G]DS peptides at (d) 12 hours, (e) one day and (f) 2.5
days post seeding. (g) Mask used to generate the line patterns. Scale bars = 100 pm.

One potential concern with this current patterning strategy based on light exposure is
that ambient light and light exposure from microscopy techniques may serve to uncage the
R[G]DS peptide and degrade the pattern over time. However, this did not seem to be an

issue over the 2.5 days the pattern was monitored in our study as the cells did not appear to
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move significantly off-pattern despite routine examination of the surface using phase

contrast and fluorescence microscopy.

In comparison with previous studies using caged RGD peptides for cell patterning,
we were able to achieve increased pattern longevity; this study demonstrated pattern stability
for at least 2.5 days in culture. In contrast, a study by Petersen et al., also employing 373
fibroblasts as in the current study, reported significant off-pattern deviations just 6 hours
post seeding.”’ While there may be many other reasons for the significantly improved cell
pattern longevity achieved in this study, we attribute our success to two chief reasons: 1) the
use of a strongly non-adhesive HA base to provide a non-adhesive background, and 2) the
use of a zero-length crosslinker to bind the R[G]DS to the gel surface. As mentioned,
previous works with caged RGD relied on flexible OEG or PEG chains to link the peptides

: : : 29,30
to a solid surface and provide a non-adhesive background.”™

Flexible chains acting as
spacers are often used to link RGD peptides to surfaces to enhance access of cell integrin
receptors to the peptide sequence and thus enhance cell adhesion.”* It was hypothesized
that the use of a zero-length crosslinker would limit the flexibility of the caged RGDS
peptide to undergo such conformational changes which could otherwise potentially permit
partial binding to integrins on cell surfaces, and therefore the zero-length crosslinker may

assist in maintaining the cell non-adhesive background essential to cell patterning.

Our design is not only functional, but also quite versatile. The potential exists to
pattern a wide variety of cell types since the RGD peptide sequence employed is one of the
most widely recognized sequences to support cell-surface adhesion. There is also the
potential to form a wide variety of patterns through the use of different photomasks.
Furthermore, it is felt that our strategy could eventually allow for patterning at the single cell
level since resolution is only theoretically limited by the density of peptide coverage on the
underlying surface, which can be readily manipulated. Numerous potential applications exist
for our unique patterning approach. The spatial control that it affords over cell positioning on
a biocompatible surface makes it an excellent platform for more controlled studies in cell
biology. Since our patterned design is based on a natural hydrogel material, we envision

great potential for future applications in tissue engineering. HA has been incorporated into
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numerous tissue engineering scaffolds,” and HA polymers modified with RGD peptides
have also found several tissue engineering applications.**>>”® Our design is especially
interesting because it has been shown to not only support the adhesion of cells onto a pattern,
but new cell growth was also directed along the patterned lines. This characteristic behavior
could be harnessed in the future to direct the growth of cells along desired routes in vivo.
Our current design therefore holds much potential and future refinement in resolution

promises to bring new and exciting applications.

5.4 Conclusions

We have developed a novel cell patterning platform in patterning a hydrogel surface
with a photocaged RGDS tetrapeptide. Our surface and pattern base consist of cell non-
adhesive hyaluronic acid, a material naturally found in the extracellular matrix. An RGDS
peptide attached to a 2-NB cage via the peptide backbone amide nitrogen atom was
synthesized, fully characterized and bound to the hydrogel base. We were able to
demonstrate that this peptide was efficiently bound to the gel via covalent binding.
Moreover, the generated surface was non-adhesive to cells, but could be switched to become
cell adhesive upon exposure to near-UV light. In this way, a pattern of cell adhesive regions
on an otherwise cell repellant hydrogel surface was created by shining near-UV light through
a patterned photomask. We have demonstrated the creation of line patterns of cells using this
novel method. Cells were also shown to proliferate along the created line patterns, adhering
to the patterns for at least 2.5 days, demonstrating increased longevity compared to previous

reports.
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Chapter 6: Comparative Analysis and Modeling of Photocaged RGDS Peptides

The following paper represents the second full length research paper published for this
thesis with a focus on studying photocaged RGDS peptides. After achieving preliminary cell
patterns with an RGDS peptide caged on the Arg-Gly backbone amide nitrogen atom as seen in
Chapter 5, it was desired to synthesize another RGDS peptide caged in a different location,
deemed promising through modeling studies, and compare properties of importance for cell
pattern formation in order to potentially improve our cell patterning strategy. In addition,
synthesized caged RGD ligands had been used by two other groups in the literature to control
cell adhesion (including one caged on the Arg-Gly backbone amide nitrogen' like that used in
our previous studies and one caged on the Asp side chain carboxyl®) and it was of interest to
compare those used to date in the literature. Herein, we prepared RGDS peptide photocaged
either on the Arg-Gly backbone amide nitrogen atom (R[-]GDS) or Asp side chain carboxyl
(RG[D]S). Note that this work uses the symbol R[-]GDS in place of R[G]DS (found in Chapter
5). This is so that R[-]GDS can be distinguished from a peptide caged on the peptide backbone
adjacent to Gly, but on the Gly-Asp backbone (RG[-]DS) which will be discussed in relation to
modeling, and it is a more representative symbol since the caging group appears not on a side

chain (of which Gly has none), but between amino acids on the peptide backbone.

This work was novel in that it carried out, for the first time, a critical comparison of the
photocaged RGD peptides’ chemical and physiological properties relevant for biological
applications as follows. It was observed that RG[D]S was synthesized more readily via
automated solid-phase synthesis, underwent uncaging with a rate constant 3-fold higher than R[-
]GDS, and was more stable in aqueous solution. Automated docking studies were performed to
examine the interactions of various caged RGDS peptides with cell surface integrin receptor to
identify suitable locations for the photosensitive 2-nitrobenzyl (NB) group for biological
applications. A competitive binding ELISA method compared the ability of various peptides to
bind to avfs cell integrin receptors and the data was found to be consistent with the modeling
predictions. This work was novel in suggesting the use of docking software as a method to assess
various caging locations within in a peptide. Furthermore, the difference in binding affinity to an
integrin receptor between the caged and irradiated, uncaged, state of R[-]GDS was found to be

the greatest, which justified its future use in our patterning studies.
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6.1 Introduction

Photocaged peptides incorporated into biocompatible materials create an exciting design
opportunity towards the formation of photoresponsive biomaterials. Caging allows for the
regulation of peptide bioactivity and associated cell signaling pathways with light.” It involves
attaching a photoactive protecting group onto a key amino acid residue essential for bioactivity
to essentially deactivate the peptide. Reactivation occurs upon irradiation with light, which
breaks the bond between the photosensitive group and the original peptide.* By merely shining
light onto the peptide of interest, one can potentially switch it from an inactive to an active state.
In this way, light can be used to control the activity of biomolecules temporally and spatially

within a material to create a dynamic microenvironment for biological applications.

Despite showing great promise, this technique faces several challenges. One of which is
finding an effective location for the photocaging group, which must be predicted prior to
synthesis.” Finding a location which effectively disrupts the interaction between biomolecule and
target can prove challenging.® In fact, it is often necessary to prepare a variety of peptides caged
on different locations within the peptide chain and compare the efficacy of each which can be
time consuming and costly.”® In the present work, synthesis was combined with automated

molecular docking studies which were found to be useful to identify effective caging locations.

We are particularly interested in caging the RGD peptide sequence which binds with cell
surface integrin receptors. Since the identification of RGD in 1980s and its role in enhancing cell
adhesion, this small peptide sequence has played an enormous role in the development of new
biomaterials.” The ability to cage RGD peptides to render them physiologically inactive until
exposure with near-UV light leads to a number of exciting applications. Others have caged RGD
peptides to successfully gain spatial or temporal control over cell adhesion. Petersen et al. caged
RGD on the Asp side chain carboxyl (RG[D]) and Ohmuro-Matsuyama and Tatsu caged on the

1,2,10 .
“"" Previously,

Arg-Gly amide backbone nitrogen atom (R[-]GD) in the course of their studies.
we also caged RGDS at the Arg-Gly backbone amide position to control the spatial localization
of cells to produce patterns on a hyaluronic acid hydrogel.'" Controlling the location of cell

adhesion in biomaterials could allow one to optimize cell behavior towards producing a new
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generation of medical devices such as guiding neurons towards appropriate targets or guiding the

. . . ciq . . 12.1
formation of new blood vessels for vascularization within materials.'>!?

This paper is a comparative study of caged RGDS peptides. It describes their design,
synthesis, modeling, and comparative binding affinities to an integrin receptor. We prepared two
RGDS peptides caged at locations of interest in the literature as discussed above by synthesizing
caged Fmoc Asp and caged Fmoc Gly and incorporating these caged amino acids into the RGDS
tetrapeptide to generate RG[D]S and R[-]GDS, respectively. We then carefully measured and
compared their chemical and biological properties. These included synthesis routes (since
efficient synthesis routes may promote more wide-spread usage of these caged molecules),
photolysis reaction kinetics (where a faster reaction rate is desirable), hydrolysis reaction kinetics
(where hydrolysis in an aqueous environment could impede function of the caged molecules),
modeled binding affinities and conformations to an integrin receptor, and experimental
comparative binding affinities to an integrin receptor (ultimately, it is desirable that the caged
peptides show a low affinity for binding to integrin receptors, but that the photolysis reaction
product show a return of activity and high affinity for binding to integrin receptors). This
information may aid to determine the ideal caged peptide for use in various biomaterial
applications and to obtain a more in depth understanding of the activity of these important caged

molecules.

6.2 Experimental

6.2.1 Synthesis of Caged Fmoc Aspartic Acid

Fmoc-Asp-OtBu (1 mol eq), 2-nitrobenzyl (2-NB) alcohol (1.1 mol eq), diisopropyl
carbodiimide (DIC) (1.25 mol eq), and 4-dimethylaminopyridine (DMAP) (0.10 mol eq) were
reacted overnight in dichloromethane (DCM) at room temperature (RT) under a nitrogen
atmosphere. Precipitated material was filtered out and solvent removed under vacuum. The crude
product was then treated with 1:1 DCM:trifluoroacetic acid (TFA) (such that the material was
dissolved in a minimum volume of DCM) at RT for lh to remove the tBu protecting group.
Solvent was evaporated under vacuum. The residual material thus obtained was washed

repeatedly with cold ether to remove all non-polar impurities. The white crystal thus obtained
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was fully characterized by "HNMR and mass spectrometry. 'HNMR (400 MHz, DMSO-ds) 3,
ppm: 8.11 (1H , d, Jyy 10.8 Hz, 2-NB ortho aromatic), 7.88 (2H, d, Jyy 10.0 Hz, Fmoc
aromatic), 7.80 (1H, d, Juyy 11.3 Hz, 2-NB meta aromatic), 7.70 (2H, Fmoc aromatic), 7.67 (1H,
2-NB aromatic), 7.61 (1H, t, Jyy 10 Hz, 2-NB aromatic), 7.40 (2H, t, Jyz 9.6 Hz, Fmoc
aromatic) 7.30 (2H, t, Jux 9.2 Hz, Fmoc aromatic), 5.46 (2H, s, benzylic), 4.41 (1H, q, a-carbon),
4.30 and 4.21 (3H, Fmoc non-aromatic), 3.16 (12H, s, isopropyl group from DIC by-product,
N,N’-diisopropylurea), 2-3 (1H, B-carbon). Note that some of the proton assignments are
tentative and may be interchanged. SELDI-TOF MS using a Ciphergen Protein chip® instrument

showed a strong peak at m/z 492 which correlated well with the calculated molecular mass.

6.2.2 Synthesis of Caged Fmoc Glycine

Potassium carbonate (2.5 mol eq), 2-nitrobenzylamine hydrochloride (1 mol eq) and tert-
butyl bromoacetate (1 mol eq) dissolved in dimethylformamide (DMF) were reacted at 60-70°C
for 2h after which precipitated materials were filtered. The crude material was dried, re-dissolved
in cold ether, and polar impurities were extracted with water. The organic phase was dried and
concentrated under vacuum. The product was purified via silica gel column chromatography
using ethyl acetate and hexane mixtures for the mobile phase. This product was subsequently
employed in the synthesis of caged peptide by a liquid phase method as reported earlier by us,"’
or a solid phase method. For the solid phase method, an Fmoc protecting group was introduced
to the terminal amino group of caged Gly as reported elsewhere.'* The tBu protecting group was
removed from the terminal carboxyl by treatment with 1:1 TFA:DCM (such that the material was
dissolved in a minimum volume of DCM) for 3h followed by solvent removal under vacuum.
The product was treated with aqueous NaHCO; until bubbling ceased. The aqueous soluble
product was washed with cold ether to remove impurities, and then precipitated upon acid
addition and dried. "HNMR indicated the formation of two conformational forms of caged Fmoc
Gly. '"HNMR (400 MHz, DMSO-d) 8, ppm: 8.10 and 8.02 (1H, d, Juy 10.4 Hz, 2-NB ortho
aromatic), 7.77 (1H, d, Jyu 10.1 Hz, aromatic), 7.65 1H, (2H, d, Jyy 10.6 Hz, Fmoc aromatic),
7.60 — 7.17 (19H, Fmoc and 2-NB aromatic), 4.89 and 4.80 (2H, s, benzylic), 4.62 and 4.56 (2H,
d, Jyy 7-8 Hz, Fmoc non-aromatic CH>OCQOO), 4.25 and 4.18 (1H, t, Jyuz 7-8 Hz, Fmoc non-
aromatic cyclic), 4.10 and 3.86 (2H, s, Gly aH). Note that some of the proton assignments are

tentative and may be interchanged. MALDI-tof MS revealed a strong molecular ion peak at m/z
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432 consistent with the calculated molecular mass in addition to peaks at m/z 415, 455 and 471

owing to the loss of NH; and formation of adducts with sodium and potassium respectively.

6.2.3 Peptide Synthesis

Caged and native RGDS peptides were prepared by automated solid phase chemistry
using an Intavis AG Bioanalytical Multipep Instrument (Germany) with normal HATU/DIEA
mediated Fmoc chemistry as described earlier.'> Products were analyzed by SELDI-tof MS
which showed a peak at m/z 565 for R[-]GDS and m/z 561 for RG[D]S which correlated well
with the expected molecular weights. The final crude peptide was also analyzed and purified by
reversed phase HPLC (RP-HPLC) (Varian Prostar) using a Phenomenex Synergi semi-
preparative column (Hydro-RT, 750x10 mm, 4 um pore size) and a UV-detector at 215 nm. Two
solvent systems consisting of water with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA
(solvent B) were used. Initially, 90% solvent A + 10% solvent B was used and after 5 min the
solvent ratios were linearly changed to 20% solvent A + 80% solvent B at a gradient of 1%

B/min.

6.2.4 Photolysis
Exposure at 365 nm from a long wave UV Lamp (100 W) was employed for photolysis
of caged RGDS peptides. Samples were irradiated 10 cm from the light source to produce an

intensity of ~7 mW/cm?, as measured by a calibrated radiometer.

6.2.5 Photolysis Reaction Rate Comparison

Caged peptides at 0.1 mg/ml in 1xPBS buffer (pH 7.4) were irradiated for varying lengths
of time. Resulting solutions were analyzed by RP-HPLC to determine the % of caged peptide
reacted as a function of exposure time. This was based on each peptide’s predetermined retention
time (verified by MS) and the change in area under this peak with exposure time. Reaction
products were separated with a RP-HPLC column (Waters XBridge BEH 130, 4.6x75 mm, C;sg,
3.5 um pores) and a mobile phase in gradient elution mode with a flow rate of 1 ml/min at RT.
Initially, 95% solvent A + 5% solvent B was delivered and after 5 minutes the solvent ratio was

linearly decreased by 1% A/min. Absorbance at 190 nm — 500 nm was recorded.
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6.2.6 Hydrolysis Reaction Rate Comparison

To compare the rate of hydrolysis of caged RGDS peptides, 0.1 mg/ml solutions of caged
peptide were prepared in sterile 1xPBS buffer (pH 7.4) and incubated at 37°C in the dark for a
period of up to 4 weeks. The reaction was analyzed at various time points for the disappearance

of the caged peptide using RP-HPLC in the same manner as described above.

6.2.7 Molecular Modeling and Automated Docking
Docking calculations were carried out with AutoDock 4.0.1 (The Scripps Research

%17 Which has been used previously to study ayBs integrin-ligand interactions.'® The

Institute)
peptide backbone atoms were superimposed onto those in the known X-ray structure, in order to
position the peptide properly in the binding site as a docking starting point. Docking runs were
conducted such that the ligand undergoes no translational or molecular rotational motions out of
this binding pocket since the binding mode of the ligand within the pocket was known from X-
ray crystal structure data and it allowed for much improved convergence of docking calculations.
The search method used was the Lamarckian Genetic Algorithm and for each ligand, 100
independent docking runs were simulated with an initial population of 150 randomly placed
individuals, a maximum of 25 million energy evaluations and 27 000 generations. The mutation
rate was set to 0.02 with a cross over rate of 0.8 and an elitism value of 1. The protein-ligand
complexes obtained after docking were visualized using PyMOL (The PyMOL Molecular
Graphics System, 2007 DeLano Scientific LLC) and the result with the lowest free energy of

binding was identified after verifying that it represented a well-populated cluster containing

protein-ligand complexes with root mean square distances of 2.0 A.

The ligands utilized for docking were cyclo(-RGDf[NMe]V-), linear RGD, and RGDS
peptides. The cyclo(-RGDf[NMe]V-) was chosen for modeling because it was the only RGD
ligand found with X-ray crystal structure information available showing the ligand bound to
integrin, and as such makes an excellent control.'” Linear RGD was chosen since its binding
structure could be modeled by merely deleting the extraneous function groups from cyclo(-
RGDf[NMe]V-), and finally linear RGDS was modeled as it is the peptide of interest in this
thesis work although no binding conformation information was found for the terminal Ser

residue. The cyclo(-RGDf[NMe]V-) structure was retrieved from the protein data bank in
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complex with ayf; integrin receptor (ID 115g),"” and was isolated using Sybyl software (Tripos
International). Caging groups were added with the standard fragment library from Sybyl. Linear
RGD was constructed from cyclo(-RGDf[NMe]V-) by deleting extraneous functional groups.
For RGDS peptide, Ser was added using Sybyl. Structures were imported into Autodock Tools
where all hydrogens were added, Gasteiger charges calculated, and non-polar hydrogens merged.
During the docking process, the peptide backbone was held rigid while all other rotatable bonds
were treated as flexible. The Ser residue of RGDS was treated as flexible since no detailed
experimental results were found describing its integrin-bound conformation. The ayf; integrin
receptor was imported into Autodock Tools where all hydrogens were added, Kollman partial
charges assigned, and non-polar hydrogens merged. Mn>" ions were manually assigned a charge
of +2.%° Grid maps were calculated with AutoGrid, and chosen to encompass residues directly
involved in the peptide binding sites, as well as a significant portion of the integrin receptor
residues around the binding site of cyclo(-RGDf[NMe]V-) based on the solved crystal structure.
Grid maps with 60 X 76 X 60 points with a 0.375 A grid-point spacing were employed.

6.2.8 ELISA for Measuring Binding Efficiencies of Caged and Native RGDS Peptides to an
Integrin Receptor

Recombinant human integrin ayf; (R&D Systems, 3050-AV) was diluted to 2.5 pg/ml in
1xPBS buffer and 100 pl of this was coated onto the wells of an amine-binding maleic anhydride
96-well plate overnight at 4°C. Unreacted groups were blocked with 1% BSA in 1xPBS for 3h at
RT. A 10 nM solution of recombinant human fibronectin (Fn) in binding buffer (50 mM Tris,
100 mM NacCl, 2 mM CaCl,, and 2 mM MgCl,'6H,0) was prepared. Solutions containing
equivalent amounts of Fn were incubated with or without the specified peptide at a fixed molar
ratio to Fn (5,000:1, 500:1, 50:1, and 5:1 peptide:Fn). Bound Fn was detected with anti-human
Fn antibody (Sigma Aldrich, F3648) diluted 1:5,000 and incubated for 2h at RT followed by
incubation with Anti-rabbit IgG conjugated to horseradish peroxidase (Sigma Aldrich, A6154)
diluted 1:1,000 for 1 h. Secondary antibody was detected with a TMB substrate kit (Thermo
Fisher Scientific, 34021) as per product instructions. Absorbance readings at 450 nm were

recorded.
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6.3 Results and Discussion

6.3.1 Caged Peptide Synthesis

R[-]GDS and RG[D]S caged peptides were successfully synthesized using a combination
of liquid and solid phase chemistry. It was desired to compare their synthesis schemes since an
efficient synthetic route can promote more wide-spread use of these molecules in biomaterials.
First, individual amino acids were caged (Supplementary Figure 6.1). To our best understanding,
the synthetic scheme as proposed by us in this study for caged Gly has not been reported, and in
that respect it is novel. In the second stage of synthesis, these caged amino acids were
incorporated at the proper location in an RGDS peptide chain via automated Fmoc-solid phase
chemistry." This incorporation often presents challenges in the generation of caged peptides.
Bourgeault et al. were the first to successfully cage an Asp residue but failed to incorporate it
into their full endothelin-1 peptide chain.” Tatsu et al. have reported the successful synthesis of a
caged Gly-containing-peptide with 2-NB group.® However, it required a large excess of coupling
agent (10 fold). Others have attempted automated synthesis of backbone caged peptides with

. 21,22
mixed results.”

Standard solid phase peptide synthesis methods were successfully modified to
incorporate caged Asp into the RGDS chain. Thus, the time for the base-catalyzed Fmoc
deprotecting steps was minimized to half the standard time, to 3.5 minutes (with 2 deprotecting
steps/cycle of amino acid addition), after the addition of caged amino acid to prevent removal of
the 2-NB caging group. The other modification was the introduction of quadruple coupling steps
for all amino acids except that of caged amino acid. Figure 6.1A shows the RP-HPLC profile of
crude RG[D]S peptide. The major Peak “A” showed an intense peak in the mass spectrum at m/z
560 consistent with its calculated mass, while Peak “B” at m/z 474 is likely due to the formation
of deletion peptide RG[D] as a minor by-product. In comparison, the synthesis of R[-]GDS
peptide was found to be much less clean as demonstrated by the presence of multiple peaks in
the RP-HPLC profile of its crude product (Figure 6.1B). Peak “A” was attributed to the peptide
RGDS (m/z 433), missing the caging group. Peak “B” was due to the formation of [-]GDS
peptide (m/z 417) while peak “C” represented another deletion peptide, R[-]GS (m/z 458). The
last eluting peak (minor), “D” was identified as the desired R[-]GDS peptide — NH; (m/z= 555).
Thus, the major product in the synthesis was [-]GDS indicating the absence of Arg which failed
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to couple after the caged Gly addition. This is consistent with previously reported observations

by others.*"*

Because the desired product is produced in extremely low amounts, this method of
automated solid-phase synthesis is not suitable. Since further modification of the solid phase
method did not improve the synthesis, an alternate liquid phase method was followed as
previously outlined which led to an efficient yield of the correct peptide.'' Therefore, RG[D]S
synthesis is more straightforward, and can be accomplished via a more accessible automated

solid-phase synthesis route.

6.3.2 Uncaging Reaction

The rates of photolysis of the caged peptides were analyzed and compared. The % of
peptide uncaged with 365 nm light was followed by RP-HPLC. Peptide peaks were identified by
MS and by HPLC comparison to pure peptides prior to irradiation. As expected, the R[-]GDS
and RG[D]S peak intensities in the RP-HPLC chromatograms decreased consistently with
exposure time. Both caged peptides exhibited absorption maxima at a wavelength of 266 nm, but
absorb light even up to ~375 nm as expected due to the presence of the same caging group, 2-
NB.” We used 365 nm light for uncaging studies since it was shown to be effective, and was
found to be relatively safe for biological systems which could be subjected to these caged

peptides.**

Figure 6.2A plots the % of R[-]GDS and RG[D]S reacted after exposure to 365 nm light.
A plot of In[C]/[C], versus time (where [C] represents the concentration of caged RGDS peptide
and [C], the initial concentration) in Figure 6.2B showed a linear decrease indicating first order
rate kinetics as expected since the 2-NB uncaging reaction has been previously described as
apparent first order.”> The rate constant was calculated as -0.00139 + 0.00004 s (95%
confidence interval) for R[-]JGDS and -0.00404+0.00039 s (95% confidence interval) for
RG[D]S. Thus, RG[D]S reacts significantly faster than R[-]JGDS upon irradiation at a 95%
confidence level, and its rate constant value suggests this being 3-fold higher. This lends
advantage to the use of RG[D]S peptide, as less energy is required for the uncaging process,
which equates to lower light exposure times. Less energy input required also presents less
potential for side-reactions or disruptions to any biological systems to which the caged peptides

are applied.
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Figure 6.1: (A) HPLC chromatogram profiles of RG[D]S and (B) R[-]GDS peptides following
their syntheses by an automated Fmoc solid-phase method.
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RGDS regeneration could not be followed by HPLC, since RGDS eluted in the column
void fraction, which is an issue also reported by others.”® Therefore, 'HNMR spectroscopy was
used to confirm the removal of the photocage moiety from the caged peptides after UV exposure.
A solution of caged RG[D]S in D,O was analyzed via proton NMR before and after 1h UV
exposure. Peaks associated with peptide protons were largely unchanged between the two
spectra, providing evidence that the peptide chain itself remained similar after light exposure.
However, as expected, the benzylic proton peak (2H, 6=5.45 ppm) disappeared after light
exposure, due to the removal of the caging group. In addition, a new aldehyde proton peak
(6=9.3 ppm) appeared after light exposure. The expected product of uncaging is a nitroso-
aldehyde which provides further evidence that the peptide is uncaged upon near-UV light

exposure to regenerate RGDS. A similar analysis was performed earlier by us for R[-]GDS."

6.3.3 Stability of Caged Peptides to Hydrolysis

The solubility of caged peptides in aqueous medium is highly desirable for use in
biological systems. Fortunately, both caged R[-]GDS and RG[D]S were found to be highly
soluble in aqueous medium. However, it is equally important that caged peptides do not undergo
significant hydrolysis in this environment in the absence of near-UV light. Since stability during
experimental time frames is crucial for their successful implementation in biomaterials,”’ we set
out to compare the susceptibility to hydrolysis of our two caged RGDS peptides under
physiological conditions. The experimental results (Figure 6.3) showed significant differences
between the two caged peptides. After one day, almost half of the caged R[-]GDS had reacted
and by day 3, over 90% of the peptide had degraded. In contrast, the RG[D]S peptide was shown
to be quite stable over the entire study period leading to <15% degradation at four weeks. It is

clear that RG[D]S is significantly more stable in aqueous solution than R[-]GDS.

To investigate the instability of R[-]GDS in more detail, overlaid HPLC chromatograms
of R[-]GDS in aqueous solution after predetermined time points are shown in Figure 6.4A. Mass
spectrometry confirmed that peak “A” represents the original R[-]GDS (m/z 566) peptide which
disappeared with time while Peak “B” grew in intensity and was analyzed by MS to have a
molecular weight of 350. The max absorbance of this peak was seen at 265 nm similar to the 2-

NB caging group.
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Figure 6.3: Comparative hydrolysis (disappearance) of caged RGDS peptides with time at 37°C
in 1xPBS (pH 7.4) buffer. The reaction is monitored by the disappearance of the caged peptide
RP-HPLC chromatogram peak.

We hypothesized that this peak represents an Arg-Gly cyclic dipeptide with 2-NB caging group
on the amide backbone nitrogen (shown in Figure 6.4B as “dipeptide diketopiperazine”).
Bogdanowich-Knipp et al. studied the degradation pathways of RGD peptides, and found that the
mechanism primarily involves the Asp residue, which can attack and cleave the peptide
backbone to form the dipeptide Arg-Gly.”® It is therefore likely that a similar reaction also occurs
with R[-]GDS, but the presence of a strongly electron withdrawing 2-NB caging group could
make the peptide more susceptible to attack (see Figure 6.4B). In the proposed mechanism, a
diketopiperazine (DKP) is formed, since dipeptide esters readily cyclize to produce DKPs.”® The
expected molecular weight of this DKP (349) correlates well with MS data for Peak B (m/z=350)
in Figure 6.4A. Our data therefore indicated that caged RG[D]S peptide possesses increased
stability. By caging the carboxyl group on the Asp, we protect the most reactive group on the
RGDS peptide which should increase stability.
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6.3.4 Modeling Study

Three RGD ligands - cyclo(-RGDf[NMe]V-) (Cilengitide, Figure 6.5E), RGD, and
RGDS - both native and caged with 2-NB at various sites (Figure 6.5), were subjected to
automated docking with oyf; integrin receptor to compare their interactions and explore
effective locations to bind a 2-NB caging group. The study was based on known X-ray structure
data of cyclo(-RGDf[NMe]V-) bound to oyf; integrin.'” Table 6.1 shows the estimated free
energy of binding of these various ligands with ay[3; integrin receptor and suggests that placing a
2-NB caging group at different locations within the RGD sequence disrupts integrin binding to
varying degrees. Integrins bind in clusters, and ultimately the combined binding energy of a large
number of integrin-RGD complexes anchor a cell to a surface - Benedetto et al. identified 3x10°-
1.4x10* o, /cell and 5.3x10%1.1x10* Bs/cell. It is therefore likely that even small increases in

binding energy between an RGD-integrin pair will be significant.*’

As a control, we first reproduced the known X-ray crystal structure by successfully
docking cyclo(-RGDf[NMe]V-) with ayps integrin. The position of the ligand after docking
differed from the binding conformation of the X-ray crystal structure by only 0.90 A (Figure
6.6A) suggesting that the docking conditions used for analysis were reasonable (since the
original X-ray crystal structure resolution from the Protein Data Bank was given to be 3 A).
Figure 6.6B shows the overlapped image of three native RGD ligands with integrin receptor.
Docking studies predicted (Table 1) that the order of binding affinity to the integrin receptor
would be cyclo(-RGDf[NMe]V-)>RGDS>RGD which correlates well to the literature.”® The
best controlled automated docking studies will ultimately be those involving cyclo(-
RGD{[NMe]V-) due to the availability of the X-ray crystal structure for the bound conformation.
For modeling the linear peptides, we assumed that the Arg, Gly, and Asp residue backbones
bound in a mode similar to cyclo(-RGDf[NMe]V-). When Xiong et al. discovered this crystal
structure of ayPs integrin in complex with cyclo(-RGDf[NMe]V-) they cited evidence which
suggested that their crystal structure could serve as a basis for understanding the interaction of
integrins with other RGD ligands."” Though there may exist differences in reality, this
assumption may still provide some useful information concerning linear RGD and RGDS, which

are often incorporated in biomaterials.
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Figure 6.5: Chemical structure of RGD ligands caged with a 2-NB function in various locations
as used in the docking studies. Linear RGD ligand is shown caged for illustrative purposes. (A)
Caged [R]GD; (B) Caged R[-]GD; (C) Caged RG[D]; (D) Caged RG[-]D where brackets []
indicate the position of the 2-NB group (E) Structure of cyclo(-RGDf[NMe]V-).
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Table 6.1: Calculated binding energies of the final docked conformations for the native non-
caged and caged cyclo(-RGDf[NMe]V-), linear RGD, and linear RGDS peptides interacting with
the ayf3 integrin receptor

Free energy Difference in free inlzeegc:ie:-sl‘ieg?n((liucil;tllt))lle(;is
Ligand of binding energy of binding from
. . formed compared to non-
(kcal/mol) native non-caged ligand .
caged ligand
cyclo R[-]GD +0.38 +6.55 No binding
cyclo RG[-]D -1.95 +4.22 1250X
cyclo RG[D] -2.98 +3.19 220X
non-caged cyclo RGD -6.17 0
cyclo [R]GD -7.43 -1.26
RG[-]D +0.02 +4.18 No binding
RG[D] -0.78 +3.38 300X
R[-]GD -2.88 +1.28 9X
[R]GD -3.0 +1.16 7X
non-caged RGD -4.16 0
RG[-]DS -0.77 +4.42 1750X
RG[D]S -2.82 +2.37 55X
R[-]1GDS -3.3 +1.89 24X
non-caged RGDS -5.19 0
[R]GDS -5.77 -0.58

Automated docking revealed that for the RGD peptides studied, placing the caging group
at the end of an amino acid side chain was not as disruptive as placing it directly on the
backbone. Binding the 2-NB cage to a nitrogen atom on the peptide backbone resulted in the
highest binding energy to the integrin receptor. Previous experimental work with a different
caged peptide similarly found backbone caging more effective in knocking out peptide function.®
The cyclo R[-]GD peptide was found to bind with the least affinity to integrin compared to any
other caged circular RGD molecules with a positive binding energy. Figure 6.6C shows the final
docked binding conformations of all three ligands caged at the peptide backbone between Arg
and Gly. Docking predicted that for all ligands, caging at this location would interrupt integrin
binding. In the literature, Dechantsreiter et al. suggested that for the RGD sequence, close
contact between the polar amide groups of the peptide backbone adjacent to Gly and the integrin
receptor is essential for integrin-mediated cell attachment.”® Furthermore, RGD ligands caged at

this location have been used to control cell adhesion which supports this prediction.""!
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Placing a 2-NB caging group on the nitrogen atom of the Gly-Asp peptide bond was
found by automated docking calculations to produce the second highest binding energy to ayf3
integrin for circular ligands, and the highest binding energy (i.e. lowest binding affinity) for the
linear ligands. The intermolecular energy between the final bound conformation of these
backbone caged ligands and the integrin receptor is significantly increased as compared to the
non-caged native ligands and appears to be mostly the result of highly positive van der Waals
forces between the integrin and 2-NB cage. Therefore, synthesis of such a caged ligand could
make for exciting future work since caging in this location is likely to severely interrupt integrin

binding.

The Asp residue participates extensively in integrin binding with its side-chain carboxyl
group that co-ordinates with a divalent cation in the binding pocket. So, it was hypothesized that
caging the carboxyl group on its side chain would cause significant binding disruption.*’
Although the cage did interfere with integrin binding, caging the Asp residue never produced the
highest free energy of binding (i.e. lowest binding affinity) to the integrin for any ligand.
Docking results predicted a stabilizing interaction between the -NO, group of the cage and the
divalent cation in the integrin binding pocket. Figure 6.6D shows the docked conformations of

the caged Asp ligands.

The crucial Arg residue is known to make strong physical contacts with the integrin
receptor; its side chain inserts into a narrow groove on the receptor surface, where it forms salt
bridges with integrin residues. Despite these contributions to binding, caging the Arg side chain
did not produce any significant increase in the free energy of binding with the integrin receptor
by automated docking. The flexibility of the Arg side chain seemed to allow it to relocate on the
integrin surface to form energetically favorable contacts despite the presence of the caging

group, and therefore caging the Arg residue is not recommended.
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Figure 6.6: PyMOL images of the ayfs integrin receptor surface and various docked RGD
ligands: (yellow = x-ray crystal structure of cyclo(-RGDf[NMe]V-), green = cyclo(-
RGD{[NMe]V-), blue = RGD, magenta = RGDS) (A) control (B) overlapped native non-caged
ligands (C) ligands caged on backbone between Arg and Gly (D) ligands caged on Asp side
chain carboxyl.
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6.3.5 Binding of RGDS Peptides to Integrin Receptor
To determine the comparative affinity of binding for the caged versus native RGDS
peptides to an integrin receptor, a competitive binding ELISA assay was used based on protocols

by others.’'?*

In the assay, the RGDS peptides competed with fibronectin for ayfs integrin
binding. RGDS is a sequence within fibronectin that binds integrin. At a certain excess, RGDS
can displace Fn binding. The assay produced absorbance readings which correlate to increased
Fn binding or, equivalently, less peptide binding. Results are depicted in Figures 6.7 A-D. The
control consisted of Fn only which was allowed to bind to integrin receptors. As expected,
RGDS bound to the integrin receptor when present at 5 000 to 50-fold molar excess to Fn,
resulting in decreased ELISA absorbance values compared to the control. At only a 5-fold
excess, RGDS could not compete with Fn for binding. Even at 5 000x excess to Fn, the control
peptide RGES did not bind to integrin (Figure 6.7A), suggesting that integrin binding is highly
sequence specific. Both caged peptides, R[-]GDS or RG[D]S, were shown to inhibit Fn binding
only at 5 000x excess to Fn, but not at lower concentrations. This suggests that both peptides are
capable of binding partially to the integrin receptor, in agreement with docking results. However,
at 50-500X excess, RGDS inhibited Fn binding, while the caged RGDS peptides could not. This
demonstrated experimentally that the presence of a 2-NB cage on either the Asp side chain or
Arg-Gly peptide backbone amide do inhibit integrin binding. Since these results are largely
consistent with the automated docking predictions, Autodock was shown to be a useful tool to
predict the efficacy of caged peptides in inhibiting binding to their associated receptor or target

protein.

While it is important that caged peptides possess a low binding affinity to their associated
receptor as explored in the modeling work and this ELISA assay, it is also very important that
the irradiated peptides maintain a high binding affinity to their associated receptor. Ultimately, to
employ caged RGDS peptides in a cell patterning strategy it is essential to have a large
difference in binding energy with integrin receptors between the caged and uncaged/irradiated
states. Interestingly, our data revealed a significant difference in the binding of uncaged peptide
to the integrin receptor. While irradiation increased binding of R[-]GDS samples, as expected, no

such difference was observed with RG[D]S (p>0.05).
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Figure 6.7: ELISA assay results shown for various caged and native non-caged RGDS peptides
under varying conditions. Absorbance intensity at 450 nm after incubation of Fn + RGDS
peptide at various concentrations with bound ay 3 integrin receptor was plotted and compared to
control with Fn only (no peptide added). Error bars represent +/- one standard deviation from the

mean, n=3.
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So, cysteine (100 mM) was added to the reaction mixture in order to quench the reactive photo
by-product, nitrosoaldehyde, along with a decreased light exposure time (6 min).”” Although
Cys was found to interfere somewhat with Fn binding to integrin, the decrease in absorbance
from caged to uncaged RG[D]S in the presence of Cys was found to be significant at a 95%
confidence level demonstrating the binding of uncaged RG[D]S to integrin. To further support
the ability of a caged Asp to regenerate an RGD ligand, Petersen et al. have successfully used

such a caged species to control cell adhesion.”

6.3.6 Cell Patterning with R[-]GDS

One important application of these photocaged RGDS peptides is that they can be used to
control cell adhesion on biomaterials. In Figure 6.8, NIH 3T3 fibroblasts were patterned in 100
um circles using R[-]GDS, bound to a hyaluronic acid hydrogel following previously published
protocols.'’ The bound peptide was exposed to 365 nm light through a photo mask (made with
clear 100 pm circles on an otherwise dark background) to create circular adhesive spots of
uncaged RGDS on a background of cell non-adhesive R[-]GDS peptide bound to the hydrogel.

The desired circular pattern (previously unpublished) was achieved and lasted for at least 3 days

in culture.

Day 3

Figure 6.8 Cell pattern of 3T3 fibroblasts dyed with CellTracker Red™ on a hyaluronic acid
hydrogel. Hydrogel was patterned with a photomask consisting of 100um clear circles separated
by 200um dark spaces. Scale bars = 100 pm.
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6.4 Conclusions

RGD peptides have been used extensively in biomaterials and so the ability to control
their function with light through photocaging is an exciting tool to have at our disposal. We have
demonstrated that such peptides can be used to control cell adhesion on a biomaterial for cell
patterning. We also used, for the first time, automated docking software to predict effective
location/s for positioning a caging group within a peptide to disrupt bioactivity. Autodock
provided useful information concerning the interactions of caged RGDS with ayf; integrin
receptor that were largely consistent with ELISA binding results. We prepared two RGDS
peptides caged at locations of interest in the literature in order to compare properties which will
impact their use in biological applications and biomaterials. Our data revealed that RG[D]S was
more readily uncaged with 365 nm light, and was more stable to hydrolysis compared to R]-
]GDS. In addition, RG[D]S was synthesized efficiently by solid phase peptide synthesis while
R[-]GDS required a more laborious liquid phase route. However, the competitive ELISA assay
indicated that RG[D]S regenerates RGDS with less ease and may require the use of a quenching
agent. Therefore, R[-]GDS is recommended for use in short term experiments and where system
exposure to increased irradiation is not of great importance. In contrast, RG[D]S is
recommended to be used for other types of applications, but closer attention must be paid to the

conditions of uncaging to regenerate RGDS. A quenching agent should be employed in this case.
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The following work represents a conference paper published for this thesis in
the 2009 AIChE Annual Meeting, Conference Proceedings. The work found in Chapter 8 is
built from the work presented in the following. The subject of this work is single cell
micropatterning with control experiments to investigate whether cell adhesion to the pattern
occurs in an RGD-dependent manner, and the development of a co-culture pattern on an HA
hydrogel. In this work, we were able to increase the longevity of our patterning strategy from
the paper presented in Chapter 5 (2.5 days to 5 days). This was accomplished by storing gels
dehydrated at 4°C, and using directly after rehydration in 1XPBS. This work demonstrated
for the first time that photocaged small adhesive peptides, such as a caged RGDS molecule,
could be used to create co-culture patterns, and such patterning could be accomplished on a

hydrogel material.

Cell behaviors, including proliferation, differentiation, and migration, are known to
be influenced to a large extent by the nature of the surrounding microenvironment. Cell
micropatterning platforms provide us with tools to control the spatial localization of cells on
biomaterial constructs. To date, the vast majority of cell micropatterning techniques focus
on the patterning of a single cell type. However, in order to truly fabricate the highly
controlled microenvironments found in multicellular organisms, it becomes necessary to
develop simple, accessible techniques to control the spatial localization of multiple cell types
on a single construct. Herein we demonstrate our ability to create single cell type and co-
culture patterns on a hyaluronic acid hydrogel material using photo-active RGDS peptides.
As a proof of concept, NIH 3T3 fibroblasts are shown to adhere to patterned regions over
five days, and human umbilical vein endothelial cells (HUVEC) are shown co-patterned with

fibroblasts.
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7.1 Introduction

In the body, cells grow within carefully defined tissue architectures, and not in the
randomly placed fashion realized with traditional cell culture techniques. Studies are
showing that the tissue architecture itself can regulate tissue development, maintenance, and
function.! It is therefore necessary that we continue to develop tools that will enable us to
reconstruct important aspects of tissue architecture in vitro for implementation in the next
generation of cell-based devices. Achieving control over the spatial localization of multiple
cell types within a material construct is imperative for such design. By manipulating the
properties of patterned co-cultures we can also hope to optimize cell behavior to fit desired
applications. For example, liver-specific functions of hepatocytes were optimized for a drug
toxicity testing device by employing a patterned co-culture with fibroblasts and varying
pattern dimensions.” Being able to control the geometry of two cell types relative to one
another and in relation to an underlying material offers increased design parameters for

optimization when creating cell-based devices.

Figure 7.1 provides an overview of our strategy for patterning two cell types on the
same hydrogel surface. The base of our design is a hyaluronic acid (HA) hydrogel. HA is a
natural component of the extracellular matrix and, in its native state, it is non-adhesive to
cells which can assist in the prevention of off-pattern cell binding. Adhesive RGDS (Arg-
Gly-Asp-Ser) peptides bound with a photolabile 2-nitrobenzyl (NB) caging group on the
amide of the peptide backbone between the Arg and Gly residues (designated as R[-]GDS in
this study) were covalently bound to the hydrogel. The presence of this caging group
interferes with the ability of cells to recognize and bind the RGDS sequence. The photolabile
cage can be removed upon near-UV light exposure. Patterning of a single cell type was
accomplished by shining near-UV light on select regions of the functionalized hydrogel
surface through a mask to create a pattern of exposed RGDS peptides on an otherwise cell
non-adhesive background. Once the initial cell type was seeded, the non-adhesive
background was subsequently switched to become cell adhesive by shining near-UV light
over the entire surface. This allowed for the seeding of a second cell type on the patterned
surface. Recently, work with caged RGD peptides for cell adhesion control has been

documented through a couple of communication studies.>* This work shall examine some
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of the details of our patterning strategy and demonstrate how single cell-type patterns and

co-culture patterns were developed.

Surface is non-adhesive to cells Near-UV light exposure through mask

Generate pattern of adhesive RGDS

Expose entire surface to near-UV

LLTLILLITTEILLL scamoes-ameemes o

Figure 7.1: Strategy to create a patterned co-culture: RGDS peptides are caged with a
photolabile NB group and bound to a HA hydrogel to produce a cell non-adhesive surface.
Exposure to near-UV light through a mask selectively removes the NB cage to form a
pattern of exposed RGDS peptides to which a cell type, A, can bind. Subsequently, the entire
surface can be exposed to near-UV light to remove the remaining NB caging groups and
allow the seeding of a second cell type, B.
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7.2 Materials and Methods

7.2.1 Preparation of HA Hydrogels with Bound Peptide

A final fermentation-derived 4 mg/mL HA sodium salt solution (Sigma) in sterile
distilled water was prepared. A solution of 15 mg adipic acid dihydrazide in 0.5 mL of
sterile distilled water was filtered through a 0.45 pm filter and added to 10 mL of aqueous
HA solution. The pH was adjusted to 3.5 through the addition of 1 M HCI. Subsequently,
16.5 mg of filtered 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in 1 mL of
sterile distilled water was added with vigorous agitation. To the wells of a 12-well
polystyrene tissue culture plate, 1.4 mL of the reaction solution was transferred to let set.
Gelation was allowed to occur overnight at room temperature. The resulting gels were then
washed in sterile phosphate-buffered saline (PBS, pH 7.4) (Invitrogen) for 24 hours with
light agitation, followed by a 24 hour wash with sterile distilled water. Gels were then air
dried for several days and two more layers of gel were deposited atop the first in the same
fashion as that outlined above. Prior to use, gels were rehydrated to equilibrate in sterile PBS

(pH 7.4).

RGDS and R[-]GDS peptides were synthesized using solid-phase and liquid-phase
peptide chemistry methods, respectively. To bind peptides to the HA gel, a 1 mL solution
containing 25 mg/mL EDC and 15 mg/mL N-hydroxysuccinimide (NHS) in 0.1 M 2-(N-
morpholino) ethanesulfonic acid (MES) buffer was added to each HA gel. The reaction was
carried out at room temperature for 15 minutes to activate the HA carboxyl groups for
peptide binding. This procedure was repeated twice more. The gels were then washed once
in PBS (pH 7.4) to remove unreacted chemical residuals. A solution containing 0.3 mg R]-
]GDS or an equimolar quantity of RGDS in 0.1 M MES was subsequently added to the gels

and allowed to react for 2 hours, after which the gels were washed in PBS overnight.

7.2.2 Photolysis
Near-UV light from a 365 nm Longwave UV Lamp (Black-Ray B-100 Longwave
UV lamp, 100 W) was used in all UV irradiation experiments. All samples were irradiated

on a platform 10 cm from the light source. For single cell type patterning experiments, gels
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containing bound R[-]GDS were covered with a patterned mask and irradiated for 12
minutes. Following exposure, gels were rinsed with PBS and sterilized with 70% ethanol.
To pattern a second cell type, the entire single cell type patterned surface (two days post 3T3
cell seeding) was irradiated for 12 minutes in PBS (pH 7.4) followed by washing with cell

culture media.

7.2.3 Cell Culture

NIH 3T3 fibroblast cells (3T3s) and human umbilical vein endothelial cells
(HUVECs) were seeded on the experimental surfaces. 3T3 cells were routinely maintained
in medium containing Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/mL Penicillin (Invitrogen), and 0.1 mg/mL
Streptomycin. HUVECs and media were kindly provided by Dr. Suuronen at the Ottawa
Health Research Institute. Both cell lines were kept in T-75 flasks at 37°C in a humidified
environment containing 5% CO,. Prior to cell seeding on the experimental surfaces, cells
were trypsinized, centrifuged to a pellet, re-suspended in culture medium and counted using
a hemacytometer. 3T3 cells were subsequently seeded onto the experimental surfaces at a
density of 1X10* cells/cm® and HUVECs at 5X10” cells/cm”. For peptide incubation studies,
cells were seeded with 1 mg/mL soluble RGDS peptide. Live/dead cell counts were
performed using trypan blue staining followed by a hemacytometer count. CellTracker™
Red CMTPX and Green BODIPY (Invitrogen) were used to label the fibroblasts and
HUVEC:s, respectively, according to the vendor’s protocol. Cultures were examined using an
inverted phase contrast and fluorescence microscope (Olympus IX81 F), and the

observations were documented using Image-Pro Plus (Media Cybernetics).

7.3 Results and Discussion

The base of our cell patterning platform consists of a HA hydrogel crosslinked with
adipic acid dihydrazide. Cell culture studies demonstrated that 3T3 fibroblasts could not
adhere to this material. RGDS peptides were subsequently bound to the material to create an
adhesive layer; after this modification, 3T3 fibroblasts were found to adhere and spread on
the HA-RGDS material. Next, NB caging groups were bound to the RGDS peptides and then
covalently bound to the hydrogel to create a photo-responsive material, HA-R[-]GDS. As
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hypothesized, cells were unable to bind to the HA-R[-]GDS material. However, near-UV
light exposure rendered the HA-R[-]GDS adhesive to the fibroblasts which was thought to
be due to the removal of the photolabile NB caging groups to reveal freed adhesive RGDS
peptides on the gel surface. These studies on homogenous surfaces suggested that the

developed HA-R[-]GDS platform could indeed be manipulated to form cell patterns.’

It was necessary to demonstrate that the adherence of cells to the HA-R[-]GDS
surface exposed to near-UV light (denoted HA-R[-]GDS-UV) was due to cell recognition of
an uncaged RGDS peptide and not some other alteration to the surface brought on by near-
UV light exposure. The RGDS sequence is an epitope of the extracellular matrix protein
fibronectin, and cells recognize and bind to it through integrin receptors located on their
surfaces. If cell binding to the HA-R[-]GDS-UV surface is RGDS-integrin mediated, then
free RGDS peptides in solution should be able to compete with the uncaged RGDS bound to
the underlying gel. These free peptides should adhere to integrin receptors to decrease cell
adhesion to the gel. As a control, we seeded cells on an HA-RGDS surface in the presence or
absence of free RGDS peptides. As predicted, cells did not adhere significantly to the surface
in the presence of 1 mg/mL free RGDS peptides, while they bound readily in the absence of
free peptide. Note that on non-RGDS containing surfaces such as tissue culture plates, cells
were shown to adhere regardless of the presence of free RGDS peptide in the media since
binding could occur in a non-RGD dependent fashion (results not shown). Cells were shown
not to bind to the HA-R[-]GDS-UV surfaces in the presence of 1 mg/mL free RGDS peptide,
while they were shown to bind in the absence of these peptides (Figure 7.2). This served as
an indication that binding to our experimental cell patterning surfaces was indeed mediated
specifically by uncaged RGDS presented on the gel and not any other factors introduced by
the near-UV light exposure.
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Figure 7.2: (A) Phase contrast images of 3T3s on an HA-RGDS surface two hours post
seeding in the absence of soluble RGDS peptide and (B) in the presence of 1 mg/mL soluble
RGDS peptide. (C) 3T3s on an HA-R[-]GDS surface irradiated with near-UV light two
hours post seeding in the absence of soluble RGDS peptide and (D) in the presence of 1
mg/mL soluble RGDS peptide. (E) Cell densities two hours post seeding, n=2 (where “no
peptide” indicates no soluble RGDS peptide present during cell seeding on the indicated
functionalized HA surface). Scale bars = 100 um.
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The HA-R[-]GDS surfaces developed were patterned by exposing the surface to
near-UV light through a line-patterned mask. 3T3 fibroblasts were subsequently seeded on
the surface and were found to adhere to the pattern over five days as shown in Figure 7.3. By
the fifth day, fibroblasts had reached confluence on the pattern and were beginning to peel
off in confluent cell sheets. Our experience has shown that some cells typically remain after
peeling and can repopulate the surface. We have created a number of other cell patterns of
differing shapes and dimensions with 3T3s (results not shown). With the ability to create
patterns of a single cell type on our hydrogel surface established, it was desired to pattern a
second cell type on the same surface. To achieve this, we exposed a whole 3T3 fibroblast-
patterned surface to near-UV light to render the non-adhesive regions of the pattern
adhesive. UV light is known to damage cells; however near-UV light at wavelengths above
300 nm, such as that used in this study (~365 nm) is considered less likely be absorbed and
thus cause damage to biological systems.” Nevertheless, 3T3s were exposed to near-UV
light under the same conditions as the co-culture experiments for various amounts of time
and live/dead cell counts were performed one hour and three days after exposure to see if

there was an observable effect on cell survivability and proliferation.

1 day I days 5 days

Figure 7.3: Fluorescence micrographs depicting line patterns of 3T3 fibroblasts dyed with
CellTracker™ Red and grown on a HA hydrogel bound with patterned caged and uncaged
R[-]GDS peptide over five days post seeding. Scale bars = 100 pm.
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Results in Figure 7.4 show that for the near-UV light exposure conditions
investigated, no detrimental effects on 3T3 cell survival or proliferation were seen.
Therefore, the 3T3 cell pattern seen in Figure 7.5(A) was exposed to near-UV light and
immediately afterwards, HUVECs were seeded onto the surface where they began to adhere
around the original 3T3 cells to create a patterned co-culture. Figures 7.5(B)-(E) show the
co-culture at various times after near-UV light exposure and seeding of the HUVECs. It can
be seen that after one day, the cell pattern is becoming disorganized. Since the second near-
UV irradiation step exposed the entire surface to light, the entire hydrogel surface is
expected to be rendered cell-adhesive. Therefore, there is no longer a pattern of cell non-
adhesive regions which allows the cells to freely migrate over the entire hydrogel and off the

original single-cell pattern.

We are currently working towards improving this co-culture strategy. It is desired to
obtain an increased amount of control over the positioning of the second cell type seeded.
With our current approach, this second cell type is limited to adhering around the initially
seeded cells. By aligning a second mask to the original cell pattern, or using another
technology to control the location of light exposure on the surface, we could create a unique
pattern for the spatial localization of the second cell type. By repeating this process, it is
theoretically possible to seed more than just two cell types. Furthermore, by only exposing
select non-adhesive regions of the hydrogel to near-UV light for the seeding of a second cell
type, we can better ensure the protection of the initially seeded cells. While our initial
experiments suggest that cell viability is not impacted by the light exposure, more in-depth
work would be needed to ensure that other aspects of cell behavior are not affected by the

light exposure using our current cell co-culture patterning strategy.
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Figure 7.4: (A) 3T3 cell density on the surface of 12-well plates one hour post near-UV
exposure versus near-UV exposure time (n=2). (B) 3T3 cell density on the surface of 12-well
plates three days post near-UV exposure versus near-UV exposure time (n=2).

-180-



Chapter 7: Novel cell patterning platform employing caged RGDS peptides on a hydrogel

Original single cell type pattern 1 hr post seeding of second cell

Figure 7.5: Fluorescence micrographs of the original pattern of 3T3 fibroblasts prior to the
seeding of HUVECs and patterned co-culture of 3T3s (red) and HUVECs (green) at various
indicated times post-seeding of the HUVECs. Scale bars = 100 pm.
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One great advantage of our cell patterning strategy is that it is based on
biocompatible materials. HA, which forms the base of our pattern, can be found naturally in
almost all body fluids and tissues, and has been used extensively in the design of tissue
engineered devices.”® The RGD amino acid sequence can be found in a number of proteins
naturally mediating cell adhesion.” Though the NB caging molecule is synthetic, caging
groups have been bound to a number of naturally occurring molecules which have been
subsequently and successfully uncaged within biological systems for experimentation into
temporal biological phenomena.'® Due to the inherent biocompatibility of the components of
our cell patterning platform, our strategy is well adapted for use in tissue engineering or for
highly controlled studies in cell biology. To be able to control the spatial localization of
multiple cell types in a hydrogel is an exciting tool that could lead to optimization of cell
behavior through controlled cell placement and controlled interactions between cell types
within a material suitable for tissue engineering. In the future, we will be looking towards
new light sources for uncaging, such as a two-photon laser. It has the potential to uncage
peptides in three dimensions, which could form the basis of a three dimensional patterning
platform, a truly powerful tissue engineering tool. We are also working towards using our 2-
D hydrogel patterned surfaces as platforms to study interactions between biologically
relevant pairs of cell types. Such a biocompatible platform with the ability to spatially
localize multiple cell types can allow for studies to be conducted with a much higher degree
of control than that obtained with traditional cell culture where cells are randomly seeded on

a surface.

7.4 Conclusions

We have developed a cell patterning platform employing photocaged RGDS peptides
on a hyaluronic acid hydrogel with the capability to pattern a single cell type up to five days,
and the flexibility to pattern multiple cell types on the same surface. This strategy holds
great promise for more controlled studies in cell biology and future applications in tissue

engineering.
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The following paper represents the third full length research paper published for this
thesis. This work follows from that presented in Chapters 6 and 7. In Chapter 6, it was found
that R[-]GDS peptides, in comparison to RG[D]S peptides, showed the greatest difference in
binding energy to ayf; integrin receptors between their pre- and post-irradiation states. This
property is very important in patterning as it will influence the difference in the ability of
cells to bind to patterned adhesive vs. non-adhesive regions. However, in this work, it was
desired that cell patterns be maintained over a period of weeks, and it was found previously
that R[-]GDS can degrade due to hydrolysis with the proposed degradation scheme shown in
Figure 6.4. This scheme depends on a flexible peptide possessing a free terminal amine
group. Our cell patterning strategy binds the peptide’s terminal amine group to an HA
hydrogel base, so it is not free, and because the peptide is bound directly to the hydrogel, it
has limited flexibility. Because of these factors, degradation should be less likely when the
R[-]GDS peptide is bound to the hydrogel. For these reasons, it was decided to continue with
R[-]GDS peptides for the cell patterning work in this chapter.

In Chapter 7, preliminary experiments using soluble RGDS peptides were performed
to ensure that cell adhesion to the hydrogels was the result of biospecific interactions
between cell integrin receptors and the RGDS sequence. Further experiments were
conducted in this work using control RGES peptides to provide more conclusive evidence.
Experiments were also performed to examine the quantity of peptide binding to HA

hydrogels, and attempts were made to increase binding.

Therefore, in Chapter 8, we have developed and enhanced a hydrogel cell patterning
strategy based on photoactive caged RGDS peptides incorporated into a HA hydrogel, which
can be subsequently activated with near-UV light to create cell-adhesive regions within an
otherwise non-adhesive hydrogel. Furthermore, with this strategy, we have been able to
pattern multiple cell populations - either in contact with one another or held apart - on an
underlying chemically patterned HA hydrogel. The hydrogel cell pattern could be altered
with time, even two weeks after initial seeding, to create additional adhesive regions to

regulate the direction of cell growth and migration. These dynamic hydrogel cell patterns,
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created with a standard fluorescence microscope, were shown to be robust and lasted at least

three weeks in vitro.

Overall this work is novel in its development of a method to chemically pattern cells
on a hydrogel material, using photocaged small adhesive peptides (i.e. RGDS), such that
multiple cell populations can be patterned on this same hydrogel and cell patterns can be
spatio/temporally controlled so that additional adhesive regions can be created at desired

times on the cell-seeded material to control cell growth and/or migration.

8.1 Introduction

The ability to pattern cells on biocompatible materials is an exciting tool for the
development and optimization of devices for tissue engineering and biological research. In
the body, cells are organized into complex tissue architectures, and not in a random fashion
as achieved with traditional cell culture. In order to study and then reproduce these
architectures for tissue engineering applications, it is necessary to develop techniques that
can spatially localize or “pattern” multiple cell populations. Additionally, in the development
of tissues and organs, the microenvironment surrounding the cells evolves with time.
Therefore it is of great interest to develop cell patterning techniques that are dynamic and

can thus be manipulated temporally to better replicate such events.'

Of the materials investigated for applications in tissue engineering, hydrogels are
especially attractive due to their high water content in addition to their ideal mechanical and
chemical properties mimicking those of body tissues.” Hydrogels consisting of hyaluronic
acid (HA), a natural biocompatible material, have generated great interest for use in tissue
repair applications.” HA is an immunoneutral polysaccharide found throughout the human
body, and has been used in commercial medical applications since the 1960s.* It is a natural
choice for use as a base in cell patterning applications, since it is characteristically non-

adhesive in its native form, which is beneficial to prevent cells from binding off-pattern.
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Various techniques have been explored to generate cell patterns within or on
hydrogels including soft lithography methods® such as micromoulding,’ microcontact
printing,” soft embossing,® and microfluidics,” which has even been used to create co-culture

1912 1 addition, methods using laser printing'® and inkjet printing'* have deposited

patterns.
cells directly onto gels in a systematic manner. Techniques inspired by photolithography
have generated patterned polyethylene glycol (PEG) hydrogel structures with encapsulated
cells.">'® Additionally, some creative patterning strategies involving layer-by-layer hydrogel

18,19

deposition techniques'’ and stereolithography among others,”*?' have formed patterned

co-cultures in a hydrogel.

Many patterning techniques employ external stimuli such as electric fields* or
temperature changes™ to generate the cell patterns. Photopatterning harnesses light to create
cell-adhesive regions on hydrogels. Light can be controlled both spatially and temporally
with high precision and resolution using sources, such as lasers, making it an ideal choice for
pattern generation. Light-controlled biomolecule patterning techniques have created static

3D hydrogel cell patterns.***®

Dynamic patterns have also been created with light to
spatially pattern a biomolecule in a hydrogel which could be subsequently and selectively

2
removed.”’

In this work, we combined a HA hydrogel with photocaged RGDS peptides to
generate a dynamic patterned hydrogel which can be altered with time to support multiple
cell populations or guide cell growth and migration. Figure 8.1 summarizes our strategy. The
base material is a crosslinked and cell non-adhesive HA hydrogel that can be rendered cell
adhesive by conjugation with RGDS peptides. However, the peptides covalently linked to
the gel were caged via a 2-nitrobenzyl group (2-NB) bound to the nitrogen atom of the Arg-
Gly peptide backbone (referred to as R[-]GDS herein) to render the RGDS sequence
unrecognizable to cell-surface integrin receptors therefore preventing cell binding. The 2-NB
group has been used extensively in biological systems and has demonstrated compatibility
with fragile biomolecules such as DNA and proteins.? In fact, the 2-NB group is the most
commonly used caging group for caging biomolecules primarily due to ease of synthesis and

ease of binding to target molecules, such as peptides.”® Patterned cell adhesive regions were
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created on the otherwise non-adhesive HA-R[-]GDS hydrogel material by exposing selected
areas to near-UV light to remove the caging group. This was accomplished in one of the
following two ways — using a patterned photomask or a standard fluorescence microscope
with a UV filter focused on selected areas of the hydrogel. Subsequent light exposures using
a UV lamp or the microscope allow for the patterns to be changed with time creating
additional adhesive regions to seed multiple cell populations or guide cell growth and

migration of the original cell population.

To date, there is a lack of techniques capable of patterning hydrogels in a dynamic
manner to achieve patterns that can change with time and can spatially localize multiple cell
populations. The development of such techniques brings us closer to better mimicking in
vivo tissue properties in research laboratories for advanced cell biology studies with the hope
of future translation into optimized tissue engineering devices for implantation with control
over cell positioning, migration, and growth. In previous work, pioneers in caging RGDS to
control cell adhesion, Petersen et al. and Ohmuro-Matsuyama and Tatsu created single cell

- - 31,32
patterns on solid surfaces over one day in culture.””

Recently, we created a static pattern of
cells on a hydrogel for up to 2.5 days based on caged RGDS peptides.* In this work, we
have further advanced our hydrogel patterning strategy such that we can create a patterned
co-culture and other dynamic patterns on a HA hydrogel that last several weeks in culture
demonstrating the great versatility and relevance of this technique in the growing field of

hydrogel cell patterning.
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Figure 8.1: Hyaluronic acid hydrogel patterning strategy. (A) RGDS is covalently bound to
a HA hydrogel but is photocaged to prevent cell recognition and binding to the hydrogel.
(Bi) The 2-NB caging group is removed from selective regions of the hydrogel via light from
a UV lamp through a photomask or (Bii) via light focused with a fluorescence microscope
through a UV filter. Cells are able to adhere to the newly exposed RGDS regions and
additional cell adherent regions are created by either (Ci) exposing the entire hydrogel under
a near-UV lamp or (Cii) exposing select regions identified and then focused on with the
fluorescence microscope which results in (Di) a co-culture pattern with the entire hydrogel
surface rendered adhesive or (Dii) a pattern that can be changed with time with only select
adhesive regions on an otherwise non-adhesive gel.
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8.2 Materials and Methods
8.2.1 Preparation of HA Hydrogels

Hyaluronic acid sodium salt produced via fermentation (purchased from Sigma
Aldrich, St. Louis, MO) was dissolved in sterile distilled water to a final solution
concentration of 4 mg/mL and allowed to mix overnight. For crosslinking, a filtered (0.45
um pore size) solution of adipic acid dihydrazide (ADH, 15 mg) in 0.5 mL of sterile distilled
water was added to 10 mL of aqueous HA solution which was subsequently adjusted to pH
3.5 with 1 M HCI and cooled on ice to prevent premature crosslinking. This was followed by
the addition of 16.5 mg of filtered 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
in 1 mL of sterile distilled water with vigorous agitation. To the wells of a 12-well
polystyrene tissue culture plate (TCP), 1.4 mL of the resulting reaction solution was
transferred to let set. Gelation was allowed to occur overnight at room temperature. The
resulting gels were then washed in sterile phosphate-buffered saline (PBS) solution at pH 7.4
(Invitrogen) for 24 h with light agitation, followed by a 24 h wash with sterile distilled
water. This initial HA layer was air dried for several days and prior to use, gels were
rehydrated to equilibrate in sterile PBS buffer (pH 7.4). Three hydrogel layers were created
for all experiments except for those involving patterning with the fluorescence microscope,
which involved a single hydrogel layer to limit light scattering through the hydrogel. For cell
culture experiments, gels were soaked in 70% aqueous ethanol for at least 30 min for

sterilization.

8.2.2 Peptide Synthesis

Caged RGDS and RGES peptides (denoted as R[-]GDS and R[-]GES, respectively)
were synthesized via a liquid phase route as described previously.”* RGDS and RGES
peptides were prepared by automated solid phase chemistry using an Intavis AG
Bioanalytical Multipep Instrument with normal HATU/DIEA mediated Fmoc chemistry as

described earlier.*

8.2.3 Peptide Binding
To bind peptides to the HA gel, a solution consisting of 25 mg/mL EDC and 15
mg/mL N-hydroxysuccinimide (NHS) (Pierce) in 0.1 M 2-(N-morpholino) ethanesulfonic
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acid (MES) buffer was prepared. Subsequently, 1 mL of this solution was added to each HA
gel in wells of a 12-well plate at room temperature for 15 minutes to activate the HA
carboxyl groups for peptide coupling. The gels were then washed once in PBS (pH 7.4) to
remove unreacted material. The desired peptide solution was subsequently added to the gels
and allowed to react for 2 h. The peptide analysis study used 0.1 mg (0.17 umol) of R[-]GES
per gel (i.e. 26pg/cm?). The quantity of all other peptides used in the peptide analysis study
was equivalent to the molar quantity of R[-]GES added to the gels (i.e. 0.17 umol). For other
studies, 0.25 mg of R[-]GDS per hydrogel (i.e. 66pug/cm?) was used. Finally, the resulting
gels were washed in PBS (pH 7.4) overnight.

8.2.4 Analysis of Bound Peptide

A standard curve of caged R[-]GDS absorption at 300 nm versus concentration was
determined and a linear relationship identified. The initial and final concentrations of caged
R[-]GDS in solution before and after immobilization were determined using this
relationship. Concentrations of R[-]GDS in three subsequent overnight wash steps were also
determined. The subtraction of the peptide known to have washed off the hydrogel minus the
initial amount of peptide was found and expressed as a percentage of the original caged R[-

]GDS solution.

8.2.5 Light Exposure

Unless otherwise mentioned, exposure at 365 nm from a long wave UV Lamp
(Black-Ray B-100 Longwave UV lamp, 100W, UVP, Upland, CA) was employed for
photolysis of caged R[-]GDS and R[-]GES peptides. Samples were irradiated 10 cm from
the light source to produce an intensity of ~7 mW/cm” as measured by a radiometer. For
experiments where a fluorescence microscope was indicated as the source of radiation, an
Olympus IX81 F microscope was used with Olympus U-N31013-FL Filter Cube which
emits excitation light at a wavelength of 365 nm. By adjusting the size of the iris at the field
diaphragm in the fluorescent light path, the area of the hydrogel sample exposed to this near-
UV light could be controlled.
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8.2.6 Cell Culture

In this study, NIH 3T3 fibroblasts (3T3s) were used as model adherent cells. The
cells were routinely maintained in medium containing Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL Penicillin, and 0.1
mg/mL Streptomycin. Human umbilical vein endothelial cells (HUVEC) and media
(Medium 199 with 10% FBS, 1% L-glutamine, 2 pg/mL sodium heparin, 1%
Penicillin/Streptomycin, 30 pg/mL Endothelial Growth Supplement, pH 7.2) used in co-
culture studies were kindly provided as a gift by Dr. Suuronen at the Ottawa Health
Research Institute. Both cell types were kept in T-75 flasks at 37°C in a humidified
environment containing 5% CO,, and prior to cell seeding on the experimental surfaces, cells
were trypsinized, centrifuged to a pellet, re-suspended in culture medium and counted using
a hemocytometer. 3T3s were subsequently seeded onto the experimental surfaces at a
density ~ 1X10* cells/cm?, and for co-culture studies, HUVEC at ~ 5X10* cells/cm®. In 3T3
and HUVEC co-culture studies, the co-culture was maintained in HUVEC cell culture
media. Unless otherwise stated, cells plated onto the experimental surfaces were initially
maintained for 12 h, after which the surfaces were gently (and carefully) washed with fresh
media to remove non-adherent cells. Cultures were examined using an inverted phase
contrast and fluorescence microscope (Olympus 1X81 F), and observations were

documented using Image-Pro Plus (Media Cybernetics, Silver Spring, MD).

CellTracker™ Red CMTPX and Green CMFDA (Invitrogen) were used to label cells
in this study according to the vendor’s protocol. Briefly, a 10 mM stock solution of the dye
in DMSO was prepared and subsequently dissolved in DMEM to produce a 2.5 uM working
solution. Adherent cells were incubated for 45 minutes at 37°C before removing the staining

solution and replacing it with fresh media for 30 minute at 37°C. Cells were then washed in

PBS (pH 7.4) followed by incubation in fresh media.

Live/dead staining was carried out with the Invitrogen Live/Dead
Viability/Cytotoxicity Kit for mammalian cells (L3224) according to vendor’s protocol.
Briefly, a working solution containing 1 uM calcein AM and 2 uM ethidium homodimer in

serum-free DMEM was prepared and 1 mL was added to each well containing hydrogel in a
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12-well plate and allowed to incubate for 30 minutes at 37°C followed by washing and

addition of cell culture media.

Cells were counted by staining nuclei with Hoechst (Invitrogen, 34580). The number
of adherent cells per sample was determined by counting cells in 9 fields of view per sample

and taking the average.

MTT assays were conducted as a measure of cellular metabolic activity, and were
carried out using a Molecular Probes Vybrant® MTT Cell Proliferation Assay Kit (V13154)
as per product instructions. Briefly, 12 mM stock solutions of MTT in sterile 1XPBS buffer
were prepared, and 500 pL of 10% (v/v) MTT in clear media (no phenol red) was added to
each well in 12-well TCPs containing 3T3 cells and allowed to incubate for 4 h at 37°C.
Afterwards, media was removed and 1 mL DMSO was added to each well and incubated at
37°C for 15 minutes followed by mixing until crystals were fully dissolved. A plate reader

measured absorbance at 540 nm.

8.3 Results and Discussion

8.3.1 Peptide Analysis

Our cell patterning strategy was designed to make use of the biospecific interaction
between cell integrin receptors and the RGDS sequence to control cell adhesion. Our
previous study demonstrated that cells adhere well to our HA-RGDS hydrogels.* Therefore,
in this study we sought to verify that these specific interactions were the predominant
mechanism behind cell binding. In Figures 8.2A-B, it can be seen that 3T3 fibroblast cells
did not adhere to the crosslinked HA hydrogel when there was no RGDS peptide bound even
after near-UV light irradiation. Therefore, light exposure did not alter the base gel’s adhesive
properties towards the cells. In addition, it was shown that cells failed to bind to the control
hydrogel bound with R[-]GDS peptide, but did bind after near-UV irradiation (that serves to
uncage R[-]GDS) which is the main principle for this patterning methodology.
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Figure 8.2: (A) Fluorescence micrographs 12 hours post seeding of 3T3 fibroblast cells
dyed with live (Calcein AM, green) /dead (Ethidium homodimer, red) stain, and Hoechst
bound to the HA hydrogels with or without bound peptide or exposure to near-UV light as
indicated. Scale bars equal 100 pm. (B) Density of cells adhering to the various HA hydrogel
samples 12 h post seeding (n=2).
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To examine the possibility that cell binding to the irradiated HA-R[-]GDS sample
was the result of changes to hydrogel surface chemistry after light exposure and not specific
uncaged RGDS-integrin interactions, experiments with RGES were carried out. The peptide
sequence RGES differs from RGDS in having only one additional methyl group on the side
chain of an amino acid, so bound surface chemistries are essentially identical. However,
changing the Asp (D) to Glu (E) is known to abolish the cell adhesive properties of the
RGDS sequence.*® Therefore, RGES and a photocaged RGES (i.e. R[-]GES) with 2-NB
bound to the same functional group as the photocaged R[-]GDS were synthesized. Figure
8.2A shows that RGES bound to the hydrogel did indeed fail to promote cell adhesion, and
similarly cells failed to bind to photocaged R[-]GES. After irradiating the photocaged R]-
]GES, cells still failed to bind, which strongly suggested that cell binding is the result of
specific interactions between cell surface receptors and the RGDS sequence itself and not
changes in non-specific surface chemistries or other artifacts resulting from the irradiation.

In Figure 8.2B, the results were demonstrated in a quantitative manner.

The cells were subjected to Live/Dead staining, and as shown in Figure 8.2A, the
mostly green color of the live Calcein AM stained fibroblasts bound to the uncaged HA-R[-
]GDS-UV hydrogel surface which indicated that the cells were alive. This observation

provided evidence towards the in vitro biocompatibility of the material.

We then conducted experiments for a preliminary estimation of the level of R[-]GDS
peptide actually bound to the hydrogel. We initially exposed 65 pg/cm?” of R[-]GDS peptide
to the EDC/NHS activated hydrogel, but we ultimately estimated that at least 80% of this
amount was removed in subsequent washing steps. It was of interest to determine if higher
RGDS surface density could result in increased pattern resolution. Furthermore, a material’s
RGDS density is known to impact cell adhesion, and migration.’” The HA hydrogel used in
these studies was crosslinked with ADH via carboxyl groups on the HA polymer chain.
Peptide binding also occurred on HA carboxyl groups; EDC/NHS chemistry was used to
activate the carboxyl groups and subsequently bind RGDS peptides via their terminal amine
group. Therefore, decreases in crosslinking density may theoretically leave more carboxyl

groups available for peptide binding and increase the quantity of RGDS that can be bound.
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However, varying the hydrogel crosslinking density from 1 mol HA monomer (with 1 mol of
—COOH group) : 0.25 mol ADH crosslinker to 1 mol HA-COOH group: 1.5 mol ADH in
order to attempt to vary the number of free -COOH groups available for coupling with the
peptide failed to enhance the amount of R[-]GDS that could be bound (data not shown).
Despite the inefficiency of this EDC/NHS reaction step for peptide coupling, sufficient cell
adhesion occurred for cell patterning. Another important gel property impacting cell
behavior is the substrate stiffness, which can theoretically be modified by varying the degree
of crosslinking. Varying material stiffness, such as the elasticity of HA gels, has been shown
to impact cell adhesion, migration, proliferation and differentiation, and response varies with
cell type.”™’ Since the degree of crosslinking in the range studied was not found to impact
peptide binding, this property could potentially be independently varied from RGDS surface
density in the future to attempt to modify cell behavior (e.g. migration) on our cell patterning

platform towards a specific application.

8.3.2 Co-culture Studies

Since the photoactive HA-R[-]GDS hydrogel could be rendered adhesive through
near-UV light exposure, it was hypothesized that multiple cell types could be patterned on
the same hydrogel by implementing successive light exposure steps. Initially, circular
patterns of 3T3 fibroblasts (Figure 8.3) 100um in diameter separated by 200 pm non-
adhesive spaces were created via near-UV lamp light exposure through a corresponding
photomask to create circular adhesive regions of uncaged R[-]GDS for cell binding. To
adhere a second cell population, the initial cell pattern was exposed to near-UV light to
render the entire hydrogel surface cell adhesive. Immediately afterwards, HUVECs were
seeded and they were found to adhere around the initial 3T3 island patterns. Over one day,
cells moved off their original circular pattern since there no longer existed an underlying
chemical pattern on the hydrogel to prevent migration. Creating an initial pattern of multiple
cell types and then allowing for their free migration will make it possible to study cell-cell
interactions and cellular response to different microenvironments with varying pattern
geometries. It could also provide a technique to study cell self-assembly of tissue

architectures.
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Original Single Cell Type Pattern 1 hour

Figure 8.3 Patterned co-culture of 3T3 fibroblasts dyed with CellTracker' ™ Red, seeded
initially onto a near-UV patterned HA-R[-]GDS hydrogel (100pum adhesive islands separated
by 200um non-adhesive space) and HUVEC dyed with CellTracker' ™ Green seeded after
entire gel exposure to near-UV light at various time points past this second irradiation. Scale
bars equal 100 um.

8.3.3 Impact of Near-UV Light Exposure on Initially Seeded Cells

Our original co-culture strategy involved exposure of the initially patterned fibroblast
cells to near-UV light at 365 nm. Light at wavelengths greater than 350 nm is generally
considered cytocompatible,**' but this is dependent on dose and intensity so the impact of

such exposure was studied. In our previously published work it was noted that for
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approximately 70% of caged R[-]GDS molecules in solution to react, a 12-minute exposure
time was required (for a dose of 5 J/cm” at the surface of the hydrogel), and this time was
used in cell patterning experiments. For a near complete reaction of caged R[-]GDS, 30 min
exposure was sufficient.® Therefore, 3T3s grown on TCPs were exposed to 365 nm near-
UV light from a lamp for 0, 5, 12, and 30 min and the number of live and dead cells were
counted after 6 h to examine the immediate effects of UV exposure (Figure 8.4A) and after
24 h to allow time for apoptosis (Figure 8.4B). An MTT assay was also performed to

evaluate any possible impact on cell metabolism (Figure 8.4C).

As shown in Figure 8.4A, at 6 h post exposure, the majority of cells exposed for 30
min are dead. It is worthwhile to note that in comparison with the controls (i.e. no UV
exposure) there is no significant decrease in the number of live cells for cells exposed up to
12 minutes. However, at 12 minutes exposure, the MTT assay shows a significant decrease
in cell metabolism. In comparison, at one day post exposure (Figure 8.4B), there is a
significant decrease in the number of live cells at 12 min exposure as well and MTT assay
results showed a significant decrease in cell metabolism (which is positively correlated to
absorbance values) compared to controls for even a 5 minute exposure. This demonstrates
that cells exposed to the near-UV light for both 5 and 12 min did not die directly after initial
exposure, but for a 12 min exposure, some of the population had undergone cell death by
one day post-exposure, likely via apoptosis, while cells exposed for 5 min remained alive.
Live/dead staining (Figure 8.4D) at one day post exposure visibly showed that while a
number of cells remain alive after the 12 min exposure shown by the mostly green color of
the live calcein AM stained fibroblasts, cell density is decreased compared to the non-
exposed control. For 20 or 30 min exposure, all cells appear dead as evidenced by the
absence of green dye and the presence of red-dyed nuclei from ethidium homodimer. These
data indicate that the initially patterned cells are definitely impacted by the dose of near-UV
light required for effective uncaging. Therefore, we attempted to modify our technique such
that the initially patterned cells would not be exposed to near-UV light once seeded on the

hydrogel.

-198-



Chapter 8: Dynamic cell patterning of photoresponsive hyaluronic acid hydrogels

40000 40000
m Live cells *
[ Dead cells
30000 - 30000 -
~ o W Live cells
(E: g O Dead cells
» 20000 - @ 20000 -
° 3
O (&) *
*
10000 - 10000 -
0 - T T T 0
0 min 5 min 12 min 30 min 0 min 5 min 12 min 30 min
Near-UV exposure time Near-UV exposure time
C) 04 -

06 h post exposure
0.3 1 [ One day post exposure
*

MTT Absorbance

0 min 5 min 12 min 20 min 30 min
Near-UV exposure time (min)

Figure 8.4: Density of live and dead cells counted on a TCP surface (A) 6 h post and (B)
one day post near-UV exposure at 365 nm for various exposure times. (C) MTT assay
absorbance values at 540 nm of fibroblast populations exposed to 365 nm light for various
exposure times. Error bars represent +/- one standard deviation of duplicate samples. A *
indicates a significant difference from control, 95% confidence. (D) Fluorescence images of
live/dead stained fibroblasts one day post exposure for various exposure times. Scale bars
equal 100 pum.

8.3.4 Fluorescence Microscope Patterning of Multiple Cell Types

The goal of the following experiments was to form patterns of cell adhesive islands
supporting different cell populations, separated and isolated from one another by
surrounding non-adhesive regions. This underlying chemical pattern should prevent the
different cell populations from moving away from their initial pattern geometries. The use of

photomasks was avoided since the mask needs to be placed on or very near to the surface of

-199-



Chapter 8: Dynamic cell patterning of photoresponsive hyaluronic acid hydrogels

a hydrogel to form a clear pattern and friction from the mask would disrupt initially
patterned cells. Furthermore, alignment to the initial pattern while maintaining sterility was
experimentally difficult. A fluorescence microscope with a 365 nm near-UV filter for
uncaging presented a viable alternative. The initial cell pattern, stained, could be observed
via microscopy using a different, red-shifted filter or through light microscopy allowing for
alignment of the second cell pattern to the first. A second cell pattern could be generated by
adjusting the microscope’s field diaphragm opening size to create an adhesive spot of similar
size on the hydrogel where the microscope is focused followed by seeding of a second cell
population. Figure 8.5 shows two cell adhesive islands created on the HA hydrogel by
exposing the gel to light from the fluorescence microscope with the field diaphragm opened
to different degrees which demonstrates that the microscope can be used to create different
sized cell adhesive regions. The smallest adhesive island that could be generated using our

Olympus 1X81 F fluorescence microscope was approximately 300 pm.

Figure 8.5: Phase contrast micrographs of different sized circular island patterns of 3T3
fibroblast cells formed on a photoactive HA hydrogel patterned using light from a
fluorescence microscope with UV filter. Scale bars equal 100 um.

Figure 8.6A(i) shows the size and geometry of the near-UV light beam from the
inverted fluorescence microscope with the diaphragm at its smallest opening. This image
shows a population of fibroblasts growing on the surface of a TCP with a dotted white circle
drawn on to indicate the size of the field diaphragm at its smallest opening. Figure 8.6A(ii)

shows the result of using this light source to pattern fibroblasts on the surface of a HA-R]-
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]GDS hydrogel whereby the light path goes through the base of the TCP and through the
hydrogel volume to reach its surface. The cell patterned island is seen to be approximately
the same size as that in Figure 8.6A(i) even though the near-UV light for patterning had to
first travel through the bulk hydrogel. A dotted white line has been overlaid on images in
Figures 8.6 and 8.7 to compare the final cell pattern sizes to the original field diaphragm
opening size (note that the line does not indicate the exact location of light exposure during
patterning). Furthermore, it was observed that if the gel was irradiated for more than 1.5
minutes, cells adhered well beyond the intended pattern boundary throughout the gel. This
suggested a possible occurrence of light scattering due to the hydrogel matrix during

irradiation resulting in significant off-pattern uncaging at high doses of light.

Additionally, in order to achieve the patterned co-culture of different fibroblast
populations, cells on the initial adhesive island needed to reach confluence to prevent the
second cell population from mixing with the first. Note that in Figure 8.6A(ii), the cells are
not confluent as some space exists between cells on the island. As a result, in Figure
8.6A(ii1), when the second population of green cells was seeded, some adhered and mixed
with the initial pattern made up of red-dyed fibroblasts. Moreover, when the adhesive islands
were produced too close together, the resulting cell patterns were able to merge. This

demonstrates some of the limitations noted with our co-culture patterning technique.

Therefore, to improve the resulting patterns, as shown in Figure 8.6B, the initially
patterned fibroblasts, dyed red, were allowed to reach confluence and the two populations
were held further apart (approximately 2 mm apart). It can be seen that this technique was
successful in subsequently seeding multiple cell populations, the first dyed red and the
second green, on the same hydrogel material held in place on a chemical pattern of caged
and uncaged R[-]GDS. In Figure 8.6C, a pattern of two different cell populations was
created and held apart in the pm range (only approximately 250 pm apart).
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Figure 8.6: (A) (i) Fluorescence micrograph of TCP surface covered with CellTracker™
Red-dyed fibroblasts as seen with smallest field diaphragm opening size with white dashed
lines drawn surrounding this area. The remaining images show HA-R[-]GDS hydrogels
patterned with the fluorescence microscope having the field diaphragm opening at the same
size to produce circular-island patterns of fibroblasts with initially seeded populations dyed
with CellTracker™™ Red and the second with CellTracker MGreen. (ii) One cell island pattern
and (iii) second patterned cell population added to the first. (B) (i-iii) Fluorescence
micrographs of two separately patterned cell populations. (C) Phase contrast image with the
initially patterned cell population shown in red by the overlay of a fluorescence micrograph
and (D) the same patterned cell populations 25 days post seeding. Scale bars equal 100 um.
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Occasionally when reaching a dense confluence, the initially patterned fibroblasts
would peel from the hydrogel if agitated thereby preventing the ability to form of a co-
culture pattern. Therefore, washing steps after the second seeding had to be done extremely
carefully and, in fact, the timing of the second seeding had to be immediately after
confluence was reached. In addition, this patterning technique can only be successfully used
if the two cells populations chosen for patterning do not adhere atop one another. Our result
shows some minor degree of mixing of the two fibroblast cell populations regardless of the

distance at which the two populations were held apart, which we found to be unavoidable.

In Figures 8.6C and 8.6D, it can be seen that the underlying chemical pattern
adhering and separating two cell populations on the HA hydrogel was able to prevent the
two cell islands from merging with one another over a period of 25 days. In Figure 8.6C, the
phase contrast image is overlaid with a fluorescence micrograph to indicate that the two cell
populations are different, with only one being dyed with CellTracker' “Red. This image was
taken one day after seeding the second cell population. Figure 8.6D is a phase contrast image
only of the same cell populations since the dye was found to fade with time. Although cells
in the center of the adhesive islands appear overgrown by 25 days post seeding of the second

cell population, the two cell-adhesive islands remain physically separate.

In this study, we have limited our pattern geometry to circular adhesive islands.
Kikuchi et al. have shown that patterns can be created at a surface by positing a photomask
at the field diaphragm of a microscope.* Using this technique and an upright microscope to
shine the patterned light directly on the hydrogel surface in order to avoid light scattering
through the gel may allow for the formation of a larger variety of pattern geometries using a
simple fluorescence microscope. In general, the use of a standard fluorescence microscope
for producing patterns of multiple cell populations makes this technique accessible to many

laboratories dealing with biological or biomedical studies.
8.3.5 Manipulating the Pattern of A Single Cell Type with Time

To further explore the dynamic aspect of this cell patterning technique, cell patterns

were changed with time to increase the area of the underlying hydrogel adhesive region, but
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without seeding additional cells. To do so, light from the fluorescence microscope with near-
UV filter irradiated a spot directly beside, but not on, the initially seeded cells six days post
seeding when cells were confluent on the original pattern (Figure 8.7A). Over a number of
days, the cells migrated and grew to fill the newly created adhesive region of the pattern as
imaged at 14 days post initial seeding. Growth and subsequent directed migration of the
existing cells must be assumed since no additional cells were added to the pattern and the

larger adhesive region became confluent with fibroblasts.

To demonstrate the validity of this technique, we applied three subsequent light
exposure steps to guide cell migration and growth over 21 days (Figure. 8.7B). Our results
demonstrated that the dynamic hydrogel patterns can last at least three weeks and that
additional adhesive regions can be created to properly direct cell growth and/or migration
even two weeks after initial seeding. Note that very few cells adhere away from the patterned
region even after 21 days post seeding. Figure 8.7C, a control, shows that cells seeded on a
single adhesive island without subsequent light exposure steps did not migrate or grow

significantly off the island pattern during the progress of the experiment.

Others have incorporated photoactive functionalities or ligands into gels so that after
selective light exposure to “activate” the material, additional reaction steps can be performed
to bind a peptide, protein or other bioactive molecule to the hydrogel in a planned

24,2527,28
geometry.” 7

These techniques offer the advantage of a wide selection of biomolecules
for hydrogel incorporation, but the additional reaction steps required after light exposure
could impact cells previously seeded on the hydrogel limiting dynamic patterning. Our
technique, by comparison, requires no additional reaction steps after irradiation removes the
caging group. In this respect, our patterning strategy may better lend itself to applications
requiring the culture of multiple cell populations or types or patterns that are to be changed
with time in a dynamic fashion. Though our pattern is limited to the use of RGDS to form

adhesive islands, this peptide has been found to bind a wide range of cell types in the

literature including neurons, hepatocytes, fibroblasts, and endothelial cells among others.”’
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Figure 8.7: Phase contrast micrographs of fibroblasts adhering to adhesive islands on an
otherwise nonadhesive HA hydrogel patterned using light from a fluorescence microscope
with UV filter. (A) By day 6 post seeding cells fill the initial adhesive island pattern and
another adhesive island is patterned adjacent to the first. By day 14 cells fill the second
pattern. (B) On day 12 and 14 post seeding of cells, additional adhesive islands are patterned
adjacent to the original patterns and cells grow and migrate to fill the new patterns. (C) Cells
adhering to a single control adhesive island at 21 days post seeding. Scale bars equal 100
um.

-205-



Chapter 8: Dynamic cell patterning of photoresponsive hyaluronic acid hydrogels

8.4 Conclusions

Our work demonstrated that hydrogels could be patterned with near-UV light by
incorporating a photocaged RGDS peptide with a 2-nitrobenzyl group bound to the peptide
backbone nitrogen between Arg (R) and Gly (G) to produce patterned co-cultures and cell
patterns that could be dynamically altered and so change deliberately with time. Patterns
were shown to last at least three weeks in culture. This patterning technique is accessible to
average laboratories involved in biological study, since hydrogel synthesis and liquid phase
peptide synthesis can be carried out without specialized equipment and a standard
fluorescence microscope was shown to be adequate to generate basic patterns. The ability to
pattern multiple cell types and to change the pattern with time on a biocompatible hydrogel
material allows for a high degree of control over the cell microenvironment which can aid in
future studies investigating cell-cell interactions or devices for tissue regeneration.
Modification of this technique also presents the possibility for 3D patterning by merely
incorporating the peptide throughout the hydrogel volume instead of on the surface and
utilizing a light source such as a 2-photon laser able to focus light in a 3D volume, which

would further this versatile technique’s exciting potential in the field of tissue engineering.
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Chapter 9: Discussion and Conclusion

Within this chapter, research conducted and presented in the published works from
Chapters 3-8 will be discussed within the context of the major goals of this thesis, and the
novelty of the work will be highlighted as well as conclusions derived from the work.
Supplementary explanations and additional data not found in Chapters 3-8 have been added

within this discussion for increased clarity.

9.1 Literature Review and Hypothesis Development

Study for this thesis began by investigating the various methods available for cell
patterning. It was noted that relatively few patterning methods allowed for cell patterns that
could be deliberately manipulated over time to alter the original pattern or to pattern multiple
cell types. Therefore, a comprehensive literature review was conducted of works involving
multiple cell patterning, or patterned co-cultures. This review was published and presented
in Chapter 3. To the best of our knowledge, this review paper was the first published with a
focus on co-culture patterning techniques. During the course of the review it was noted that
while a variety of creative cell patterning methods had been developed, in the majority of co-
culture patterns formed, the patterns were limited. The initial cell pattern was often designed
to take on a variety of geometric shapes, but the second cell population seeded merely filled
in the spaces between the original cell pattern. This meant the two cell patterns could not be
separated from one another. Some strategies did not employ an underlying chemical pattern
to bind cells meaning cells were free to migrate after seeding, and would not necessarily hold
the cell pattern for any length of time. Other methods employed complex 3D patterns in
PDMS stamps and microfluidics channels for co-culture. However, such strategies would
present difficulties with pattern alignment if it was desired to change the patterns with time.
Considering this information, it was thought that the development of a dynamic patterning
strategy using light as a stimulus to create chemically-patterned cell-adhesive regions had the
potential to address some of the above-noted patterning challenges. Light can potentially be
used to create a wide range of different spatial patterns at different time points, and

alignment can readily be accomplished using a microscope connected to a light source.

One way to introduce light as a stimulus into a cell patterning platform is to employ

chemical photocaging techniques. As it was our goal to photocage a cell adhesive peptide
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which could be inactivated upon caging and activated again to become cell adhesive upon
light exposure, Chapter 4, published as a book chapter, was written to review caging groups
and the caging of various biomolecules in the literature to date. It also examined the
application of caging groups in materials for biological applications, such as the
development of biomaterials which can undergo light-stimulated changes to physical and
chemical properties, and applications in the development of biological devices, such as those
for controlled drug release. Our review was novel in that the majority of previous literature
reviews on the topic of photocaging focused on the chemistry of the caging groups, caging
specific molecules, or applications in biochemistry, whereas our review had a focus on

applications in biomaterials and biological devices.

9.2 Gel Development

Chapters 5-8 dealt with the experimental development and analysis of our cell
patterning platform using a hyaluronic acid (HA) hydrogel base incorporating photocaged
cell adhesive peptides towards the formation of dynamic cell patterns whereby control was
achieved over the spatial localization of multiple cell types and cells over time according to
our hypothesis. The development of our patterning strategy first began with the design of the
various system components. The first was the base HA hydrogel. A chemically crosslinked
hydrogel, as opposed to formation via physical forces, was desired for stability. ADH was
chosen for the crosslinker due to its availability, relatively low cost, ease of reaction, and use
of ADH-crosslinked HA gels in recent neural regeneration experiments.'™ The cross-linking

reaction is outlined in further detail in Figure 9.1.

The first step in the HA crosslinking reaction employed involved EDC
hydrochloride, which can react with a carboxyl group on HA to form an amine-reactive O-
acylisourea intermediate. EDC itself is water soluble allowing the reaction to take place in
aqueous solution, so that toxic solvents do not have to be washed from the final product.
However, EDC loses its reactivity over time in water and requires a slightly acidic
environment to be effective.' In the desired reaction pathway, the terminal -NH, group of the
ADH crosslinker reacts with the O-acylisourea intermediate to bind the ADH to the HA

carboxyl group. In order to crosslink the HA polymer, the free end of the same ADH
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Figure 9.1: The reaction of HA with EDC to form an ADH-modified HA polymer which
can react with another HA polymer chain to form an ADH-crosslinked HA polymer chain
which is the desired product. Undesired side reactions are illustrated producing (a)
regenerated HA, (b) a stable N-acylurea product resulting from the re-arrangement of the O-
acylurea formed from EDC binding to HA, or (¢) weakly crosslinked HA via a carboxylic
ester bond, but which can also react with ADH towards the formation of the desired product.
Image of the final, clear inverted hydrogel in a centrifuge tube (right).
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molecule must react with an EDC-activated carboxyl group on another HA chain. Several

side reactions are possible as illustrated in Figure 9.1.%

Parameters for the gelation reaction were initially modeled after the work of
Vercruysse et al. who conducted extensive studies of hydrazide-crosslinked HA.> However,
since the HA used in this work was derived from a different source, a variety of gelation
parameters were investigated for hydrogel formation. Gelation was determined by an
inversion test; if the material could maintain its shape in an inverted position after the
crosslinking reaction, it was deemed to have gelled. The parameters varied and held constant
will be briefly discussed. The concentration of HA was not varied, but kept near the
solubility limit since we desired a high concentration of HA in the final gels for pattern
resolution. The molar ratio of carboxyl groups in HA to ADH crosslinker (COOH:ADH)
was varied and gels were found to form from 1:0.25 to 1:1.5 COOH:ADH. The EDC:ADH
molar ratio was also varied from 1:1 to 3:1, with the 1:1 EDC:ADH ratio producing stable
gels and further increases in EDC produced gels that tended to shatter. When varying pH,
visibly weaker gels were formed when pH was increased above 3.5. Furthermore, NHS was
added to the reaction at a ratio of 1:1 NHS:EDC. NHS can react with the unstable o-
acylisourea ester produced by EDC to create a more stable intermediate for further reaction
with an amine group.' The reactions with NHS also produced gels, but at the lower
COOH:ADH ratios, the final reaction material remained pourable, while in comparison to
gels with no NHS, the material was a solid gel. For the above reasons, the parameters in
Table 9.1 were chosen. Final gels were clear, colorless (as seen in Figure 9.1), and showed

no visible degradation after one month at 37°C in sterile 1XPBS buffer.

Table 9.1: Conditions to form solid HA gels via EDC activation and ADH crosslinking

Parameter Current work Vecruysse et al. °
Concentration of HA in 4 g
water (mg/mL)

Aqueous solution pH 3.5 3.5
COOH:ADH 1:0.25 to 1:1.5 1:1.5
EDC:ADH 1:1 1:1

NHS (mM) 0 NI

NI = not investigated
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In order to verify the crosslinking reaction was occurring as expected, >C NMR was
used to confirm the incorporation of ADH into the final hydrogel after extensive washing
(Figure 9.2). The spectrum of lyophilized ADH-crosslinked gel was obtained in addition to
the spectrum of the HA sodium powder used in gel preparation (purchased from Sigma
Aldrich). A difference spectra was obtained from the subtraction of the ADH-crosslinked
HA spectrum from the pure HA spectrum in order to highlight the additional carbon peaks
found in the ADH-crosslinked gel. Peak assignments were determined from comparison with
the work of Pouyani et al, who pioneered studies in ADH-modified and hydrazido-modified
HA.* The new peaks seen in the ADH-crosslinked HA gel corresponded to the a-carbon of
the ADH molecule (35 ppm vs 34 ppm measured by Pouyani et al.*) and the carboxyl group
of the ADH molecule (170 ppm vs 170ppm measured by Pouyani et al.*). The difference
spectra also showed the B-carbon of the ADH molecule (26 ppm vs 25 ppm by Pouyani et
al.*). This provided evidence that ADH was incorporated into the hydrogel as expected.

It was desired to produce a base hydrogel that was cell non-adhesive to prevent
background binding of cells to the final patterning platform. Cells have receptors on their
surface capable of specific binding to HA including the receptors CD44 and RHAMM.’
However, at the same time, HA is known for its anti-adhesive properties in its pure state,
which can be attributed to its high degree of hydrophilicity.® Therefore, it was necessary to
determine the cellular adhesivity of the ADH-crosslinked HA, and this was outlined in
Chapter 5 (5.3.2, Figure 5.4). It was found that a single layer of the freshly gelled HA
material was insufficient for repelling cells. It hypothesized that this might be due to too low
a density of HA in the gel, so new gels were developed by drying the initially deposited gel
layer in order to concentrate the HA in the gel. Motokawa et al. noted that when their HA-
ADH hydrogels were dried for a day, they obtained longer release times for a drug,
erythropoietin encapsulated within the hydrogel and suggested the reason may be due to
additional crosslinking via hydrogen bonds formed during the drying process.” The dried and
rehydrated gels were visible less swollen than the original freshly gelled HA hydrogels. This
could be due to hydrogen bonding between HA chains themselves and with incorporated
ADH molecules as the gel dried. In addition, gels were layered to create three layers of

dehydrated gel bound atop one another to form the final HA hydrogel product.
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Figure 9.2: (a) Structure of ADH bound on only one side by HA via an HA carboxyl group
and (b) the structure of HA crosslinked by ADH. (¢) Solid state BC NMR spectra for pure
HA and ADH-crosslinked HA with arrows indicating new peaks. A difference spectrum was
obtained by subtracting the pure HA spectra from the ADH-crosslinked spectra. Peak
identifications obtained from Pouyani et al.!
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As noted in Chapter 5, cells no longer bound to this final hydrogel product, and so this gel

design was incorporated into our cell patterning strategy.

The next research goal with respect to the gel was to establish that peptides could be
bound to the hydrogel base material. Figure 9.3 outlines the reaction scheme using
EDC/NHS chemistry to covalently bind peptides to the HA hydrogel. Peptides were bound
via carboxyl groups remaining on HA after crosslinking. In Chapter 5, FITC-BSA was used
as a model peptide/protein with dye to enable visualization after binding, and provided
evidence that peptides or proteins could be covalently bound to the hydrogel base as follows.
FITC-BSA presented in solution to control gels without EDC/NHS activation washed away
after 22 hours such that the gel surfaces showed no fluorescence. Conversely, gels activated
with EDC/NHS and then exposed to FITC-BSA strongly fluoresced even after washing for

the same 22 hour period.

The peptide sequence RGDS was selected to create adhesive regions on the HA
peptide and was synthesized in the protein lab of Dr. Basak at the OHRI as described in
Chapter 5. Binding RGDS to the non-adhesive hydrogel was found to promote cell adhesion
as hypothesized. To better determine the gel parameters for further study, RGDS peptide was
bound to HA gels with varying amounts of crosslinker, and the same quantity of 3T3
fibroblast cells (1X10* cells/cm?) were allowed to adhere for 12 hours following the culture
procedures found in Chapter 5 before being removed and counted. Results are seen in Figure
9.4. The gels with less crosslinker — having 0.25 and 0.5 mol ADH per mol of COOH in HA
— bound significantly less cells than the gels with more crosslinker. This was unexpected
since no difference was found in the quantity of peptide that these gels could bind in Chapter
8. One explanation could be that gels with less crosslinker are expected to be weaker in
terms of compressive strength and ridgitity, and such substrate (material) mechanical
properties are known to impact cell behaviors such as adhesion and migration.*"’
Furthermore, it was observed qualitatively that the gels with less crosslinker had fewer
micro-cracks at the surface. The increased “roughness” or micro-topography of the more
highly crosslinked hydrogels may have aided in cell adhesion since cells are known to

respond to differences in material topography.''

-217-



Chapter 9: Discussion and Conclusion

o o N—
/]LOH J\OH
HA o HA o
Hydrogel /]L EDC Hydrogel N
OH —————— : <
: /
0 i o 04<
7/L ){\ NH
NHS |
o}
o
NHS = HoO—N J\
OH
o HA 0
Hydrogel ﬁ/\

- peptide - COOH

Hydrogel )L P Peptide— COOH
)O\

Figure 9.3: The reaction of HA gel with EDC and NHS to form a peptide-bound hydrogel.
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It was ultimately decided to proceed making the gel containing 1:0.75 mol COOH to
mol ADH crosslinker as the base material for the patterning platform. From preliminary
results in Figure 9.4, it can be seen that increasing the amount of crosslinker beyond this
molar ratio does not result in a significant increase in cell adhesion. Keeping the amount of
crosslinker as low as possible will theoretically leave more COOH groups available after
crosslinking. This increases chance of having free COOH groups for adherent cells to

recognize the natural HA polymer, and benefit from its bioactive properties.
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Figure 9.4: The number of cells bound per cm® of HA-RGDS gel surface for gels with
varying moles of ADH crosslinker used in the gelation reaction per mol of HA carboxyl
group.
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Another base gel modification that was investigated was the production of gels
without surface cracks (seen in Chapter 5, Figure 5.4(c)). Cracks interfered with
visualization of the cells by phase-contrast microscopy, and they created a non-homogenous
surface at the micro-scale. Several methods were attempted; gelation time was increased
from approximately 5 minutes to 30, and rehydration time for the gels was slowed by
placing them in a 100% humidified environment. However, cracking still occurred during
rehydration of the gels after drying. Literature on the prevention of polyacrylamide gel
cracking when drying gels for biochemical analysis recommended soaking the gels in 2%
DMSO with 10% acetic acid in water overnight prior to drying,'? and this method was found
to be successful for the HA gels (Figure 9.5). Unfortunately, very few cells adhered to these
gels compared to those with micro-cracks, so these gels were not used in further studies. One
potential explanation is that the micro cracks provided a topography that assists in cell
adherence to the hydrogel. It has been noted in the literature that in some instances where

materials have a naturally high energy for binding that increasing surface roughness can

increase cell adhesion. "

Figure 9.5: Dried and rehydrated patterned HA gels formed without cracks by soaking the
gels in 2% DMSO with 10% acetic acid in water overnight prior to drying. Gels were seeded
NIH 3T3 fibroblasts. Scale bars = 100 um.
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9.3 Peptide Experiments

After developing the cell non-adhesive hydrogel base capable of binding peptides,
synthesis of the caged RGDS peptide began under the supervision of Dr. Basak at the OHRI.
The first step was to decide to which function the 2-NB caging group should be added within
the Arg-Gly-Asp peptide sequence. The various options were shown in Chapter 6, Figure
6.5. The goal was to covalently bind the 2-NB cage in a critical location such that its
presence significantly interrupted binding between cellular integrin receptors and the RGDS
sequence. A combination of literature reviews and modeling work were carried out to

investigate such locations.

Previous works found that N-substituted peptide analogues are greatly restricted in
their conformational freedom, which supports caging at the amide nitrogen of the peptide
backbone."* In further support, Dechantsreiter et al. suggested that close contact between the
polar amide groups adjacent to Gly and the integrin receptor is essential for integrin
mediated cell attachment."® In support of caging the peptide backbone at the Gly residue, it
has been noted that the Gly residue lies directly on the integrin surface and makes several
hydrophobic interactions with the integrin receptor critical for RGD binding.'® Substituting
Gly for Ala, with the only structural difference between the two being a methyl group,
destroys binding activity to the a,B; integrin.'” Support in the literature also existed for
caging the side chain Asp residue which participates extensively in integrin binding. The
Asp carboxylate forms a large network of polar interactions with the integrin and one
oxygen from the group co-ordinates with a divalent cation in the binding pocket, while the
other oxygen H-bonds with the oyf; integrin amino acids, Tyr'** and Asn.*".'® Changing
even the Asp to Glu, which has only an extra methyl group, is known to abolish cell
adhesion to the RGD sequence.'” Evidence also existed supporting the caging of the Arg side
chain whose guanidinium group is known to make strong contacts with the integrin receptor.
A bidentate salt bridge binds it to the integrin residue Asp”'® while an additional salt bridge

forms to Asp'’. '

A review of the literature was also conducted to find protocols for caging these

different amino acids. A 2-NB derivative was placed on the Arg residue on the side chain
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guanidinium group in a synthesis by Wood et al.,'® and a 2-NB derivative was placed on the
side chain carboxyl group of the Asp residue by others.'”’ Other possible caging locations
include the peptide backbone amide nitrogen atoms. Tatsu et al. caged peptide backbones by
synthesizing a Gly residue with 2-NB bound to its amine group.'* Other have caged the
peptide backbone,' but to the best of our knowledge no one has synthesized a peptide with a
caging group on the amino group of an Asp, which would be necessary to synthesize RGDS

caged on the backbone between Gly and Asp.

Studies were conducted using the software, Autodock where the binding between a
cell integrin receptor and a RGDS molecule caged at different functions was modeled. We
proposed the use of this novel technique in Chapter 6 to aid in the selection of caging group
placement within peptides prior to synthesis, which has been historically difficult.*** The
software provided a predicted binding conformation and calculated a theoretical free energy
of binding for each caged RGDS ligand in addition to non-caged RGDS to compare and rank
integrin binding affinities. These studies provided theoretical insight into how the caging
group impacted RGDS-integrin binding when bound to different functions on the RGDS
peptide as discussed in Chapter 6, Section 6.3.4. The software predicted that binding the
caging group on the side chain of the Arg residue would have little impact on RGDS-integrin
binding, and so caging at this location was not explored experimentally. It furthermore
predicted that binding the caging group on the peptide backbone between Arg and Gly, and
between Gly and Asp, and on the Asp side chain carboxyl would produce an increase in the

free energy of binding to integrin to different degrees as compared to non-caged RGDS.

Since there existed no literature protocols for the caging of the amino group on Asp
(in order to cage the peptide backbone between Gly and Asp), or convenient starting
materials for such a synthesis, it was decided to proceed with synthesizing two caged RGDS
peptides; one caged on the Asp side chain carboxyl (RG[D]S) and one caged on the amide
nitrogen of the peptide backbone between Arg and Gly (R[-]GDS). Furthermore, during the
course of this thesis, two communication papers were produced whereby the authors caged
an Asp residue in an RGD peptide derivative® and a Gly residue to cage the peptide
backbone nitrogen atom between Arg and Gly in another RGD peptide derivative.”> We then
published the first full-length paper using caged R[-]GDS to form cell patterns (Chapter 5).*°

222



Chapter 9: Discussion and Conclusion

We ultimately decided to compare the synthesis of RGDS peptide caged in the two
aforementioned locations both due to our modeling and literature review results combined
with interest in the literature in caging at these two particular functions. We contrasted other
properties of the final caged peptides relevant to their application in controlling cell adhesion
(Chapter 6).”” Such a comparison had not been made in the literature previously, and was
timely considering this new interest by other groups as well as ours in caging this important

peptide sequence for light-activation.

The first step in the chemical synthesis was the addition of the 2-NB caging group to
the selected amino acids. The Gly residue was caged first via its amino group. Later, the side
chain carboxyl group on the Asp residue was also caged. Liquid phase synthesis of the caged
Gly was outlined in Chapter 5, Section 5.2,3.° An improved method was introduced in
Chapter 6, Section 6.2.2, which also outlined the liquid phase synthesis of caged Asp in
Section 6.2.1.%” Figure 9.6 shows the structure of the Gly and Asp amino acids, both caged
and not, as well as the structure of the RGDS peptide.

The next synthesis step was the incorporation of these caged amino acids into the
RGDS tetrapeptide. Each amino acid, caged and not, has an amino group on one end and a
carboxyl group on the other separated by a carbon atom termed the alpha carbon, to which is
bound the amino acid’s “side chain” which can be comprised of a variety of functions, or
hydrogen as in the case of Gly as seen in Figure 9.6. Peptide synthesis first involves
coupling two amino acids together. This is accomplished by activating the terminal carboxyl
group of one amino acid allowing for a nucleophilic attack by the amino group of a second
amino acid to form an amide, or peptide, bond. A common group of activators which were
used in this work are carbodiimides, whose chemistry was discussed in Section 9.2 with
EDC as an example.”® For peptide synthesis, DIC, another carbodiimide was used. During
peptide bond formation all of the other functional groups - including those on the side chains
and the amino group of the first amino acid and carboxyl of the second — must be protected
or blocked in a reversible manner to prevent side-reactions. To add subsequent amino acids
to the peptide chain, deprotection must occur to create a free amine and carboxyl group for

bond formation without deprotecting the other functions. At the end of peptide synthesis, all
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of the side chains must be deprotected to obtain the final product. Common protecting
groups used in this work include Boc, which is cleavable with acid, Fmoc, which is
cleavable under basic conditions, and t-butyl esters, t-butyl ethers, methyl esters, and Pbf,

which are all acid sensitive.
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Figure 9.6: (A) Structure of amino acids Glycine and Aspartic acid and the tetrapeptide
RGDS incorporating these two amino acids in the boxed locations. (B) Structure of 2-
nitrobenzyl caged Glycine and Aspartic acid.

To accomplish such synthesis steps, two general methods for the synthesis of
peptides exist including “liquid (or solution) phase peptide synthesis” (LPPS) pioneered by
Du Vigneaud in 1953,% or “solid-phase peptide synthesis” (SPPS) pioneered by Merifield in
1963.%° Using these methods, peptides have been synthesized for commercial development
with lengths generally up to tens of amino acids long, including Zadaxin for Hepatitis C
treatment containing 28 amino acids, and Preos for the treatment of osteoporosis with 84

amino acids. Both methods were explored in this work. In LPPS, the peptide synthesis steps
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are carried out in organic solutions so reaction products can be isolated and purified at every
step. However, LPPS is generally more labor intensive and time consuming as compared to
SPPS, especially as peptides become longer. SPPS involves a solid support on which the
synthesis takes place; amino acids are added to a growing peptide chain tethered to this solid
support. Because the growing peptide is bound to the solid matrix throughout synthesis,
peptide purification cannot be performed until the synthesis is over, which can result in a
complex mixture of products closely related in structure. Preparative HPLC is used for
purification post-synthesis. The major benefit of SPPS is the commercial availability of
automated SPPS synthesizers that allow for a relatively rapid synthesis. Other challenges
faced by SPPS include variability in solid-phase resin quality - even batch to batch from the
same manufacturer - and the tendency of peptides to aggregate during the synthesis
complicating deprotection and purification.’! In industry, it is common to synthesize
peptides via SPPS for laboratory investigations and small scale clinical trials due to the ease
and speed of production, and then convert to a LPPS approach for the generation of larger

quantities for increased purity and economic reasons.

LPPS steps incorporating the caged Gly into the tetrapeptide to form R[-]GDS were
outlined in Chapter 5, Section 5.2.3.%° The caged Asp was successfully incorporated into the
tetrapeptide to form RG[D]S via SPPS. We were unable to successfully synthesize R[-]GDS
via SPPS, and had to rely on LPPS. The details of these syntheses were outlined in Chapter
6.%” Note that different protecting groups were used depending on the final peptide synthesis
route. Synthesis products were analyzed by mass spectrometry and 'H NMR. LPPS allowed
for the production of gram scale quantities of purified caged tetrapeptide. Although LPPS
synthesis took weeks to complete, the synthesis could be followed via thin layer
chromatography (TLC) and purified at every step to remove byproducts. Furthermore,
intermediates could be analyzed and characterized at every step. Standard SPPS techniques
had to be modified in order to accommodate the incorporation of the caged amino acids.
Although SPPS took only several days, a complex mixture of products was obtained that
required HPLC purification. Furthermore, analysis could only be conducted on the final
crude product after synthesis complicating troubleshooting attempts and meaning protocols

could only be modified after synthesis. Finally, reaction yields were significantly lower with
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SPPS compared to LPPS. However, once a final protocol was developed for SPPS

production, ease of production and time savings were significant.

After synthesis, 'H NMR experiments were conducted on the final caged products
both pre- and post-irradiation to determine whether the uncaging reaction was occurring as
expected according to the scheme presented in Figure 9.7. The resulting caged R[-]GDS
spectrum showed two distinct sets of proton signals for the caging group prior to photolysis,
indicating the existence of two different conformations of bound 2-NB to RGDS. This can
be explained by the semi-rigid nature of the peptide backbone to which the cage is bound,
resulting in two possible binding positions. After photolysis, there is only one conformation
which would be expected for a freely rotatable caging group released into solution. For both
caged R[-]GDS and RG[D]S, the disappearance of the benzylic proton peak was observed
after photolysis, and a new aldehyde peak was observed which is consistent with the

expected uncaging reaction scheme in Figure 9.7.

Near-UV light
» + R
R /”Jf:‘:’ o N—o
H HO H
R = peptide

Figure 9.7: The expected photolysis/uncaging reaction for a 2-NB bound peptide.

After conducting and comparing the possible synthesis routes for the R[-]GDS and
RG[D]S caged peptides, the two were further compared based on several criteria including
rate of photolysis, stability to hydrolysis, and the difference in binding affinity to the oyfs
integrin receptor between the caged and uncaged peptides.”” The photolysis of both caged
peptides could be described as pseudo first order, with RG[D]s having a photolysis rate
constant approximately 3 fold higher than that of R[-]GDS. Free RG[D]S in aqueous
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solution was further found to be more stable than R[-]GDS. A competitive binding ELISA
assay was used to compare the binding affinity of RGDS, the caged peptides, and the
uncaged peptides. A description of this assay is presented in Figure 9.8 for clarity. Although
both caged peptides R[-]GDS and RG[D]S showed significantly decreased binding to
integrin receptor as compared to RGDS, the difference in binding affinity to integrin
between caged and uncaged peptide was the greatest for R[-]GDS. Therefore, although the
RGI[D]S peptide demonstrated desirable characteristics such as its ability to be synthesized
via automated SPPS, increased stability to hydrolysis, and a lower energy input requirement
for photolysis, the most important characteristic required for the establishment of a cell
patterning strategy is the difference in binding affinity between caged and uncaged forms.
R[-]GDS peptide had a significant advantage over RG[D]S in this regard, and was used for
the establishment of the cell patterning strategy in this work.

9.4 Controlling Hydrogel Cell Adhesion

Once the R[-]GDS peptide was synthesized, a series of cell culture experiments were
conducted to examine its ability to control cell adhesion to HA hydrogels. Throughout this
work, 3T3 fibroblasts were used as model animal cells. Fibroblast cells are found in
connective tissue where they synthesize ECM materials. This particular cell line was
established in 1962 by G. Todaro and H. Green, originally derived from mouse tissue, and is
capable of growing indefinitely. They were ideal as model cells for experimentation due to
their ability to be grown relatively easily in large numbers in the laboratory, and for their
adhesive properties. They require surface adhesion to survive, and so they were used to test

animal cell adhesion to our patterned materials.

For the cell adhesion experiments, a number of hydrogel samples were developed
with either no bound peptide, bound RGDS, R[-]GDS, or uncaged R[-]GDS. As
hypothesized, cells failed to bind to the hydrogel with no peptide bound as well as to the
hydrogel bound with caged R[-]GDS. However, cells did bind when RGDS was bound to the
hydrogel and when the hydrogel was bound with R[-]GDS uncaged by exposure to near-UV

light prior to cell seeding. Results were shown in Chapter 5, Section 5.3.4
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Integrin is covalently bound to the bottom of
commercial plate wells containing amine-binding
maleic anhydride groups

Block unreacted groups in well with BSA protein
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Introduce different RGDS peptides (caged or not)
to bind with integrin in the well

V' RGDS peptide (caged or not)

l’ Introduce Fn protein which is known to have a high

' ' binding affinity to integrin (and from which the
RGDS sequence is derived) to interact with the

unboundintegrin

Detect the Fn using a primary antibody specific for
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Figure 9.8: Schematic of Competitive Binding ELISA for experimental comparison of
integrin binding affinity of different RGDS peptides, caged and uncaged, and controls
including RGDS, RGES, R[-]GDS, and RG[D]S. Note that in each well a single peptide type
was analyzed.
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Two separate tests were conducted to determine whether cell adhesion to the
experimental surfaces was due to specific interactions with the RGDS peptide as
hypothesized, and not as a result of surface chemistry changes from the uncaging process or
artifacts from near-UV light exposure. In Chapter 7 (Section 7.3), cells were pre-incubated
with RGDS prior to seeding on the experimental hydrogel surfaces which were bound to
uncaged R[-]GDS. It was hypothesized that if cells were binding to uncaged RGDS on the
surface, pre-incubation with free RGDS peptide would result in cell integrin receptors
becoming saturated with soluble RGDS peptide rendering these receptors unable to interact
with the gel surface. Under these conditions cells were indeed unable to bind to the hydrogel.
The second test was illustrated in Chapter 8 (Section 8.3.1, Figure 8.2). A new caged
peptide, R[-]GES, was synthesized and bound to HA hydrogels along with RGES peptide.
RGES is structurally very similar to RGDS except for one extra methyl group. While cells
successfully attached to HA gels with bound RGDS or uncaged R[-]GDS, cells failed to
adhere to gels with the bound control peptides, RGES or uncaged R[-]GES. This second
piece of evidence further supported the hypothesis that cells are binding to the hydrogels due
to bio-specific interactions with RGDS peptides.

9.5 Patterning Experiments with a Single Cell Type

Chemical patterns of adhesive uncaged R[-]GDS peptide surrounded by cell non-
adhesive caged R[-]GDS peptides were created on HA hydrogels by shining near-UV light
through patterned photomasks on the R[-]GDS-bound gels. In Chapters 5 to 7, single cell
type patterns can be seen of either line or circle shapes with pattern resolutions in the range
of 100 um, and with patterns lasting for increasing amounts of time in culture. The lined
pattern of fibroblasts on the hydrogel in Figure 9.9 lasted at least eight days in culture. At 8
days post-seeding, cells were beginning to reach confluence and peel off as seen with cells
grown on an uncaged R[-]GDS hydrogel in Figure 9.10 at eight days post seeding. However,
it was observed that some cells would re-attach and begin to re-grow on the gel. This result
is significant as pattern longevity was significantly increased compared to studies where

others explored light-controlled cell adhesion with caged peptides.”**
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Images of cell patterns consisting of 100 um lines separated by 100 um can be seen
in Figure 9.11. Such patterns could be created consistently, and this resolution is consistent
with other hydrogel patterning strategies (reviewed in Chapter 2, section 2.5). Furthermore,
this scale is consistent with the length scale of most natural supracellular tissue structures

making it relevant for tissue engineering app1i021‘[ions.32’33

The highest resolution pattern
attempted consisted of 25 um circles separated by 35 um spaces. The results can be seen in
Figure 9.12. The results show that compared to a material which is not patterned and
completely adhesive, after three days cells on the patterned material remain mostly separated
from one another with typically only one to two cells on each island, which indicate that the
pattern influenced cell geometry. However, cells failed to adhere to many of the patterned

islands and a number of the cell-occupied islands are larger than the 25 um circular pattern.

2 days 3 days 5 days

Mask pattern

Figure 9.9: Fluorescence micrographs of 3T3 fibroblasts dyed with CellTracker' ™ Red and
grown on the HA hydrogels bound with R[-]GDS and patterned using the photomask shown
for the indicated number of days post seeding. Scale bars = 100 um.
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Figure 9.10: Phase contrast micrographs of 3T3 fibroblasts (a) bound to a HA hydrogel with
uncaged R[-]GDS peptide at 8 days post seeding and (b) peeling from the gel at 8 days post
seeding. Scale bars = 100 pm.

(a) 1 day post seeding

Figure 9.11: Fluorescence micrographs of 3T3 fibroblasts dyed with CellTracker™ Red on
HA hydrogels bound with R[-]GDS and patterned using a photomask with 100 um lines
separated by 100 um spaces at the indicated number of days post seeding. Scale bars = 100
pm.
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Figure 9.12: (a) Photomask used to pattern 3T3 fibroblasts (b) dyed with CellTracker™™
Red in a fluorescent micrograph and (¢) in a phase contrast image on HA R[-]GDS
hydrogels at 3 days post seeding. (d) Non-patterned HA-R[-]GDS where entire gel surface
was exposed to UV light and (e) HA-R[-]GDS gel not exposed to light at all for comparison.
Scale bars = 100 um.

9.6 Co-culture Patterning Studies

Co-culture patterns were created and shown in Chapter 7 (Figure 7.5) and Chapter 8
(Figure 8.3) featuring either 100 um lines or circles, respectively, filled with an initial
population of 3T3 fibroblasts surrounded by a subsequently seeded population of HUVECs.
In this technique, the background cell-non-adhesive areas surrounding the initial cell pattern
were later switched to become cell-adhesive via exposure of the whole patterning platform to
near-UV light at 365 nm allowing for the seeding of the second cell type. Other techniques
have been developed in the literature capable of generating similar co-culture patterns; they
were termed “switchable surfaces” and discussed in Chapter 3, Section 3.3.1. Several
limitations exist with these techniques; the spatial pattern of the second cell population is
limited and further, after the seeding of the second cell population, there is no potential for
seeding a third or creating additional adhesive patterns because the entire surface is filled
with cells. Furthermore, by rendering the entire surface cell adhesive, there is no longer any

chemical pattern holding the two cell populations to their initial patterned geometry; cells
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became free to migrate with time and this was seen experimentally. Note, however, that in
some cases this free migration may be desirable to, for example, monitor cell responses to
different microenvironments with different pattern geometries or to pattern cells and then

allow them the freedom to self-assemble.

With all of the patterning techniques involving “switchable surfaces,” the initial cell
population is exposed to mild conditions to switch the background non-adhesive surface to
become cell-adhesive. Previous mild stimuli explored in the literature included serum
manipulations whereby the first cells were seeded in serum-free media and the addition of
serum destroyed the non-adhesive coating rendering it adhesive.** Others included changes
in temperature,”> and exposure to charged polymeric materials for electrostatic adsorption of
adhesive materials onto a cell non-adhesive background.”® Our technique proposed exposure
of initially seeded cells to light at 365 nm.”” All of these stimuli can be expected to impact
cell behavior and may impact viability. It is likely that different cell types will be more
sensitive to some of these stimuli than others. Therefore, the nature and goal of the
experiments to be performed with a co-culture cell platform combined with cell types used
would determine which stimulus or patterning platform would be most useful. As such, we
undertook to better understand the impact of 365 nm light at different doses to our model

cells, 3T3 fibroblasts.

Initial experiments investigated the impact of 365 nm light doses on initial cell
survivability and growth. These experiments were outlined in Chapter 7, Section 7.3. Cell
counts and live/dead staining with trypan blue were conducted at one hour post near-UV
exposure and after three days post exposure upon removal of the cells. For exposure times
up to and including 15 minutes, there was no significant decrease in the number of live cells
at one hour post exposure, and at all exposure times cells grew over several days to reach
confluence in tissue culture plates. In Chapter 8, the impact of near-UV exposure was further
explored. Live/dead staining was conducted within the test plates using calcein AM to stain
the cytoplasm of live cells green and ethidium homodimer to stain the nuclei of dead cells
red at six hours post exposure and at one day post exposure. There was no significant

decrease in the number of live cells six hour post exposure for near-UV exposure times 12
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minutes and under showing high initial survivability similar to previous results in Chapter 7.
But for an exposure time of 30 min, a significant decrease was seen. Furthermore, this time,
cell metabolism was monitored via an MTT assay which showed significant decreases in cell
metabolism for all near-UV exposure times compared to non-exposed controls. In addition,
at one day post exposure live/dead staining showed a significant decrease in the number of
live cells for UV exposure times of 12 min and 30 min. Cells exposed for 12 min were likely
able to re-grow over two days; this explains the previous results in Chapter 7. Results
therefore showed that by using the aforementioned co-culture method, whereby initially
seeded cells are exposed to the UV lamp at 365 nm light (~7 mW/cm?) for 12 min as
required for uncaging, it is expected that cell metabolism will be impacted and some cells

will die, but that remaining cells have the capacity for proliferation to replace dead cells.

9.7 Dynamic Cell Patterning

Due to the inherent limitations with the co-culture patterning strategy discussed
above in addition to the potential for cell damage with near-UV light exposure, it was
desired to develop the patterning methodology further so that initial cell populations on the
patterned gels were not exposed to near-UV light once seeded and so that cell co-culture
patterns could be created with less limited geometries. In Chapter 8, a new method of light
exposure was introduced using a fluorescence microscope with a 365 nm near-UV filter. The
field diaphragm could be adjusted to change exposure size, and thus cell pattern size. In
Chapter 8, a 3T3 cell pattern was created using this technique (Figure 8.5). The cell
patterning platform was subsequently used to pattern two different cell populations, each
with circular geometries held apart from one another (Figure 8.6). This ability to do so on a
hydrogel material containing an underlying chemical pattern of adhesivity has been rare in
the literature to date (see literature reviews in Chapters 1-2). The technique was further
applied to alter the geometry of a single cell population pattern with time. In Chapter 8,
Figure 8.7 cell growth and migration was controlled via this dynamic patterning
methodology. This dynamic patterning allows for serial manipulations of the hydrogel to add
additional cell adhesive regions at selected time points to control cell growth and migration.
This ability, too, has been rare to achieve on a chemically patterned hydrogel to date (see

literature reviews in Chapters 1-2).
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Over the past decade, several strategies for hydrogel cell patterning have emerged as
reviewed in Chapter 2, section 2.4 including physical patterning. While chemical cell
patterns benefit from having underlying material chemistries generating cell-adhesive and
non-adhesive regions to hold cells in place, there do exist different physical patterns within
body tissues, and in the future it may be interesting to combine techniques. For example, a
layer of HA could be coated onto a physically patterned surface, and then an appropriate
microscope could be used to create different adhesive and non-adhesive regions within the

structure.

A variety of other promising techniques for hydrogel patterning using chemical
methods have been developed by others without the use of light as stimuli. While they offer
a variety of advantages for different applications, they cannot combine the spatial and
temporal control offered by light. For example, Vermesh et al. were able to achieve close to
a single-cell resolution and co-culture patterns by patterning cells on glass and then
transferring them onto a hydrogel.’™® Such a technique offers excellent resolution, but does
not allow for temporal control, or dynamic changes to the pattern. Furthermore, Tekin et al.
were able to use temperature as a stimulus with micromoulding techniques to create patterns
with a variety of shapes and even form co-cultures in limited geometries, but their method

was not suited for dynamic changes.”

Several methods by others have also been developed implementing light as a
stimulus for spatial control over cells. One method employs PEG acrylates using light as a
stimulus for polymerization to form the PEG hydrogel. Biomolecules are subsequently
added via light activation of remaining acrylate groups.*>***' In another method pioneered
by Shoichet’s group (as reviewed in Chapter 4), caging groups are used to block functions
such as sulfhydryl groups, which can be used to bind a biomolecule after light exposure.***
Such research is very promising as it allows for the addition of virtually any biomolecule to

the polymer, which can allow for increased flexibility in biomaterial synthesis.

Our strategy is limited to the use of RGDS to create cell adhesive regions. On the

other hand, our methodology may be better suited for co-culture and dynamic patterns. In
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our strategy, upon light exposure, the 2-NB group is released and adhesive regions are
created directly. For the required sequential exposure steps in the other strategies, acrylate
groups must be stimulated in the presence of potentially toxic photo-initiators and/or a
biomolecule must be added in solution surrounding initially seeded cells and allowed to
bind. All of the molecules in this multi-step reaction have the potential to impact already-
seeded cells. Furthermore, extensive washing steps must be used to wash away the often
“sticky” unbound biomolecules, which can create stress on cells that populate the

biomaterial.

In summary, as can be seen in the literature, there is a significant and growing
interest in patterning hydrogels which are an ideal substrate for mimicking natural tissue
physicochemical properties for both cell biology research and tissue engineering. While
there are several varieties of exciting hydrogel patterning strategies being developed, each
has distinct benefits for different applications. Our patterning strategy developed within this
thesis has distinct advantages compared to existing technology for dynamic patterning
applications, including the manipulation of cell patterns with time and patterned co-culture

formation.

9.8 Conclusion

In support of our initial hypothesis, we were able to create a cell-patterned hyaluronic
acid hydrogel using photocaged cell-adhesive peptides. The base hydrogel, consisting of HA
polymer crosslinked with ADH, was found to be non-adhesive to model animal cells.
Adhesive regions were created via the synthesis and covalent binding of RGDS peptides to
the hydrogel. These RGDS peptides were rendered light-responsive, and non-adhesive, via
the binding of a 2-NB caging group. This 2-NB group was bound to two different functions
within the peptide: to the peptide backbone amide nitrogen between Arg and Gly (termed
R[-]GDS) and to the Asp side chain carboxyl group (termed (RG[D]S). The two photocaged
peptides were modeled, compared, and contrasted. Ultimately, R[-]GDS was selected for
incorporation into gels for cell patterning. Uncaging via 365 nm light either with a UV lamp
plus patterned photomask, or a focused fluorescence microscope with a UV light source,

rendered the HA gel bound with caged R[-]GDS peptides adhesive in the regions of light

236



Chapter 9: Discussion and Conclusion

exposure. This strategy allowed for patterning of NIH 3T3 fibroblasts, the model animal

cells. This hydrogel patterning strategy further allowed for the formation of patterns

containing multiple cell populations, or patterned co-cultures. This novel technique also

demonstrated the ability to form dynamic patterns that could be changed with time.
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10.1 Introduction to Preliminary Results and Future Directions

With the hydrogel chemical patterning platform, several paths for future study are
envisioned. First of all, the HA hydrogel could now be coated into the interior of the
polymeric conduits developed by Dr. Cao’s laboratory group for SCI treatment. The HA
coating can be patterned with lanes to guide cells through the device as described in Figure
1.1a of the introduction chapter. Furthermore, 2D cell biology studies could be conducted on
the cell patterning device to determine optimal gel properties and patterns for treatment,
which can then be incorporated into the tissue engineering device. Furthermore, the works
published as part of this thesis relied on the use of 3T3 fibroblast cells as model animal cells
to test the components and functionality of our patterning platform. In the context of
developing a patterned device for SCI treatment, it would be of interest to be able to pattern
neural stem/progenitor cells (NSPCs). To this end, background information on NSPCs was
collected and some preliminary experiments were conducted using these cells. This work as
well as recommendations for future study along this path will be outlined in the following

Section 10.2.

In the introduction to this thesis, 3D hydrogels with patterned adhesive channels were
also discussed. Another branch of future work could involve the translation of the patterning
strategy developed in this thesis from 2D hydrogel surface patterning to patterning 3D
volumes of hydrogel. A change in the light source for uncaging to a 2-photon laser source,
which has the ability to focus on a volume within a material with 3-D specificity, would
assist in this translation to 3D. Background information, preliminary results, and some
recommendations for future study involving this technology can be found in Section 10.3.
To accommodate 3D patterning, the HA hydrogel chemistry used in this thesis would have
to be altered, and ideas for this future research are discussed in Section 10.4 along with
potential methods for analyzing 3D gel patterns. Please note that the work shown in this
chapter is in the very preliminary stages and should not be used to draw conclusions, but is
instead meant to inspire ideas for future research paths based on the hydrogel patterning

strategy developed in this thesis.
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10.2 Preliminary Neural Stem Cell Work
10.2.1 Introduction to Neural Stem/Progenitor Cells (NSPCs)

Twenty years ago, it was widely believed that the central nervous system (CNS),
including the human brain and spinal cord, was incapable of self-regeneration. We now
know that there exist stem cells in the adult CNS, termed neural stem cells (NSCs), which
actively proliferate throughout one’s lifetime to generate new neurons with the ability to
functionally integrate into the existing neural circuitry.'” This development offers new hope
for the treatment of neurodegenerative diseases and CNS trauma like spinal cord injuries

(SCIs).

Stem cells, including NSCs, can be defined as cells which demonstrate the following
characteristics: (1) the ability to proliferate in order to make copies of themselves over
multiple generations, (2) possess the ability to become, or differentiate, into the major cell
types present in the tissue from which they are derived, and (3) possess the ability to
regenerate the tissue from which they were isolated.” NSCs have the ability to generate new
neurons (process of neurogenesis), astrocytes, and oligodendrocytes, and to proliferate to
generate more NSCs. Neurons serve as the functional units of the nervous system and
perform the bulk of the information processing in the body. The other cells present in the
nervous system are referred to as glial cells. Glial cells are thought to be supporting cells for
neurons, and they include astrocytes and oligodendrocytes. Astrocytes are the most
numerous glia in the brain, and are found to fill the space between neurons. They appear to
regulate the chemical composition of the extracellular space surrounding neuronal cells.
Oligodendrocytes, on the other hand, surround neuronal axons with layers of insulating

. . 4
membrane to enhance signal transduction.

In the CNS, NSCs are found to mainly reside in two regions of the brain. First, is the
subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) which produces new
neurons locally in the hippocampus. The hippocampus is a region of the brain known to be
involved in memory and spatial learning. The second region is in the subependymal layer of
the lateral ventricle, also referred to as the sub-ventricular zone (SVZ)." In the SVZ, neurons

are generated continuously and have been found to migrate into the olfactory bulb, which is
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involved in the perception of odors, where they mature into interneurons. This neurogenesis
provides the brain with a level of plasticity. Existing neural circuits are altered by the
addition of new cells and the subsequent structural remodeling. Studies have also noted that
most brain injuries cause an increase in proliferation of NSCs in the SGZ and the SVZ, and
can lead to new neurons migrating to the site of injury. Thus, these cells may be used as an
endogenous repair mechanism.? Therefore, it is of great interest to implement these cells in
the future within the tissue engineering devices our lab group is designing to aid in the repair

of SCI.

10.2.2 Potential Applications of our Patterning Platform to NSC Research

First of all, our hydrogel base comprised of HA may have the potential to mimic the
natural environment of NSCs (i.e. the areas where they are found in the human body) as
follows. HA is highly expressed during CNS development when NSCs are especially active,
and even in adulthood the structural organization of the ECM in this tissue is based heavily
on HA.” HA hydrogels have been shown to exhibit mechanical properties similar to that of
brain tissue.® Furthermore, NSPCs have been seeded into 3D hydrogels incorporating HA
where they survived and matured in vivo; implanted materials comprised of HA have also
been shown in preliminary studies to minimize glial scar formation after injury, and to

promote vascularization and cell migration into damaged tissue.’

Patterning of a cell type on a material allows for increased control over the cell
microenvironment, and the microenvironment has been shown to be critical in determining
NSC behavior and function. For example, adult NSCs from the SVZ have been shown to
give rise to new hippocampal neurons when placed in the hippocampus. Alternatively, NSCs
from the SVZ that are removed from their niche to areas that are normally non-neurogenic
(do not generate new neurons), fail to give rise to new neurons. Conversely, stem cells from
normally non-neurogenic regions, when transplanted into the neurogenic SVZ have been
found to generate neurons.' Therefore, it would seem that stem cells and NSCs can be
manipulated to generate new neurons in the correct microenvironment, and so new
techniques to gain better control over the design of this environment, such as cell patterning,

are critical.
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In the body, NSCs do not exist in a randomly distributed fashion. Instead, they exist
within specific geometric patterns; in the SVZ region of the brain, cells are organized in a
distinct, highly organized “pinwheel” structure® so their geometry may be very important for
function. Preliminary studies involving the patterning of NSCs suggested that patterning
density and shape can influence differentiation.” Varying cell patterns has been shown to
impact differentiation of other stem cells; for example, stem cells cultured on smaller
adhesive islands preferentially differentiated into adipocytes (fat cells), while those on larger
sized islands were found to favor an osteogenic (bone cells) fate.'’ Therefore, NSCs could be
patterned in different geometries using our platform in vitro to investigate its impact on cell
adhesion, migration, growth, and differentiation into different cell types. Knowledge
generated from such works can be translated into improved tissue engineering device

designs employing cell patterning in vivo.

Furthermore, our hydrogel patterning strategy has been shown to support patterned
co-cultures, whereby the spatial localization of multiple cell types on the hydrogel surface
can be controlled. Studies have shown that NSC behavior, including differentiation, is highly
influenced by neighboring cells. For example, in the body, NSCs make direct contact with
endothelial cells; Tavazoie et al. found that most regenerative NSC proliferation occurs at

these sites of direct contact with vasculature.'’!?

Recent work has begun to look at systems
co-culturing endothelial cells and NSCs.'*'* Meng et al. showed that grafts containing both
cell types were able to improve NSC survival and differentiation as compared to NSCs alone
when used to treat SCL."> Astrocytes are another major cell type identified as a component of
the NSC niche,'® and co-culture of adult NSCs with astrocytes have been shown to promote
differentiation towards a neuronal cell type.” Lim and Alvarez-Buylla found that SVZ
NSCs, when cultured on a monolayer of astrocyte cells, demonstrated significant
neurogenesis and that direct cell-cell contacts played an important role in encouraging
differentiation to neurons.'” Song et al. showed that adult astrocytes from the hippocampus
were capable of directing NSCs towards a neuronal fate.'® Therefore, co-culture patterning

could be used to present these cell types to each other in geometries found in vivo. Also,

different spatial geometries could be investigated to optimize NSC survival and
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differentiation in the presence of different cell types. Results from such work could also

potentially be translated into improved tissue engineering device designs for regeneration.

Our platform can also be dynamic and change with time. Theoretically, patterns
could be slowly altered with time to add additional adhesive regions to guide where NSPCs
adhere and migrate and to control the directional growth of neurites to produce deliberate
and ordered neural networks in vitro for investigation, and eventually for in vivo tissue

engineering applications.

The versatility of our patterning platform holds many potential applications for
NSPCs. However, prior to realizing these goals, it was necessary to conduct preliminary
experiments to determine whether NSPCs could adhere and survive on HA gels bound with
RGDS peptides and whether they could be patterned. Early experiments to these ends are

described in this section.

10.2.3 Materials and Methods

Please refer to Chapter 8 for the materials and methods necessary to synthesize HA
hydrogels, RGDS peptides, caged R[-]GDS peptides, to bind peptides to the hydrogel, to
pattern with a fluorescence microscope, and for live/dead staining and imaging techniques.
NSPCs of the brain and spinal cord, from the SVZ and ependymal zone of the central canal,
respectively, in 2-3 month old female Sprague Dawley rats were harvested and cultured in
the laboratory of Dr. Eve Tsai. The NSPCs discussed herein were harvested and donated by
Dr. Tsai’s lab group.

10.2.4 Preliminary Results and Discussion

A preliminary study was conducted to investigate the cytocompatability of our
hydrogel patterning platform with NSPCs. NSPCs were harvested from the spinal cord and
the brain of rats and were cultured on the surface of both pure HA hydrogel and the gel
bound to RGDS. After one week, the cells were stained with a live/dead kit whereby live
cells were stained green with Calcein AM and dead or dying cells stained red from Ethidium

homodimer. From Figure 10.1 and 10.2, the populations of stained green cells indicate that
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the base of our patterning platform - HA hydrogel bound with RGDS peptide - is capable of

supporting live NSPCs from both the spinal cord and brain for at least one week in culture.

Preliminary visual observations noted that fewer cells tended to bind to the pure HA
hydrogels, and those that did bind tended to remain round in shape (Figures 10.1A, 10.2A)
compared to the gels with bound RGDS (Figures 10.1B, 10.2B). In the literature, hydrogels
made of pure HA were found to have low adhesivity to NSPCs."” Studies also showed that
RGDS peptides could stimulate NSC adhesion when bound to otherwise non-adhesive
surfaces.” Interestingly, linear RGDS at low densities was found to promote neurogenesis in
mesenchymal stem cells.”' Therefore, RGDS density may impact differentiation patterns and

this should be investigated in the future.

Figures 10.1 B and C contain numerous spinal-cord derived cells bound to the HA-
RGDS hydrogels. In Figure 10.1 B, many of the cells have extended neurites, and in Figure
10.1 C, some of the cells appear to have extended neurites over 100 um in length. The
extension of neurites is promising, as this is needed to establish contact with other neural
cells to form functioning neural networks. Figures 10.2 B-D show a number of brain-derived
cells bound to HA-RGDS gels with some extending neurites. From preliminary visual
observations, spinal-cord derived cells seemed to exhibit different morphologies compared
to those from the brain; they appeared to produce more cells with numerous neurites. It is too
early to draw conclusions, but in future studies it should be kept in mind that there may be
differences in behavior between the two cells types placed in similar microenvironments

which could also be studied in the future.

Interestingly, the hydrogel in Figure 10.2 C, typical of the hydrogels produced, has
lined microcracks at the edge of the hydrogel where it connected with the walls of the TCP.
In this region, the NSPCs appeared to produce neurites aligned with such microcracks.
Recent literature has also noted that NSCs can produce neurites aligned with microgrooves
or channels in polymeric materials.”> This preliminary work suggests that combining
physical patterning with our chemical patterning in the future may assist in guiding neurite

growth.
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Figure 10.1: Fluorescence images of spinal cord-derived NSPCs stained with a live/dead kit
(Calcein AM/Ethidium homodimer) after seven days of culture on the following gels: (A)
HA (B) HA-RGDS and (C) HA-RGDS (higher magnification) Scale bars = 100 pm.
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Figure 10.2: Fluorescence images of brain-derived NSPCs stained with a live/dead kit
(Calcein AM/Ethidium homodimer) after seven days of culture on the following surfaces:
(A) HA (B) HA-RGDS (C) HA-RGDS at the edge of the gel where it meets the edge of the
TCP well and (D) HA-RGDS (higher magnification). Scale bars = 100 um.

Preliminary patterning attempts were made with the NSPCs. A fluorescence
microscope was used to irradiate HA-R[-]GDS gels to produce patterned circular islands of
uncaged RGDS. Initially, few cells were harvested and upon seeding on the hydrogel, almost
none (fewer than 10-20 in 3.8 cm’ area) could be found under the microscope. In the
previous study, non-adhered NSCs were washed away within 24 hours post seeding, but in
the patterning study they were not. After five days, patterns could be seen of adhesive cells
(Figure 10.3) and some larger, floating cell clusters could be seen which were not initially
present. This could possibly indicate that some cell growth occurred above the hydrogel and

some of the cells produced adhered to the patterned regions, but this would need to be
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verified experimentally. NSCs are known to proliferate as spherical aggregates termed
“neurospheres” on non-adhesive surfaces, and form adhered monolayers on adhesive
surfaces.”’ Hydrogels made of pure HA have been found to promote cell aggregation into

19
clusters.

Figure 10.4 is a phase contrast image, and shows a circular pattern present at 12 days
post seeding. Note cells appear well-spread and dense within a confined region outside of
which few cells appear to be bound. In Figure 10.3C, a fluorescence micrograph image of
3T3 fibroblasts was taken with the microscope diaphragm in the same position as was used
to create the circular patterns seen in this study. So, the size of the circular NSPC patterns
created on the hydrogels should be of similar size to the circular region in which the
fibroblasts were viewed in Figure 10.3C. To compare, a white dashed line was drawn around
this region and placed over the NSPC patterns with the same scale. It can be seen that the
NSPC cells generally adhere within the confines of the circle, demonstrating that the pattern
sizes appear to correlate with that expected to be generated from the fluorescence

microscope exposure.

These preliminary patterns need to be repeated with different time frames and
different pattern geometries in order to draw conclusions. However, it will prove to be very
exciting if our material can be developed to exhibit the dual properties of off-pattern cell
growth in non-adhesive areas combined with adhesive region cell-binding. The ability to
direct adhesion/differentiation and encourage growth simultaneously on the same material

could offer the opportunity for interesting future work towards tissue regeneration.
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Figure 10.3: Phase contrast micrographs (A) and (B) show separate circular patterns of
neural progenitor cells at 5 days post seeding, each showing two different magnifications of
the same pattern created on HA-R[-]GDS hydrogels. (C) Image of 3T3 fibroblasts viewed
through the opening size of the microscope field diaphragm used to create the circular
patterns shown here. Scale bars = 100um.
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Figure 10.4: Phase contrast micrograph of a NSPC circular patterns at 12 days post seeding
on a HA-R[-]GDS patterned hydrogel. Scale bars = 100pm.

10.2.5 Recommended Future Directions

Some preliminary studies were carried out examining the adhesion and viability of
NSPCs on our HA-RGDS hydrogels, and it is suggested that these preliminary studies be
repeated and expanded to culture brain and spinal cord derived NSPCs on the following gel
samples: HA, HA-RGDS, HA-caged R[-]GDS, and HA-uncaged R[-]GDS. Adherent cells
could be counted, viability established, and differentiation markers explored to determine the
number of cells remaining NSPCs, or differentiating into neurons, oligodendrocytes, or
astrocytes with time. Furthermore, patterning could be attempted on different geometries to
further demonstrate that the cells can be patterned effectively. Then, as previously discussed,
future studies can be designed to evaluate how different patterning platform features — such
as different pattern geometries, the presence of another cell type in a patterned co-culture,
among others — influence NSPC behaviour and differentiation. Information generated from
2-D culture studies with these cells can later be incorporated into the design of tissue
engineering devices, such as for the promotion of tissue regeneration post-SCI, which has

been the general focus of this research group.
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One exciting potential co-culture application is the patterning of NSPCs on patterned
gels atop another cell type, like glial cells. In the early CNS, during development, neurons
migrate along radial glial cells which appear to guide them. Therefore, Mattotti et al. created
physical micropatterns of lined grooves to direct glial growth and differentiation into radial
glial-like cells and then observed that neurons could be guided along such patterned cells,
moving approximately five times longer distances at speeds almost three times as fast as
controls.”> Such a strategy using our patterning platform to pattern glial cells in order to
guide NSPCs or other neural cells in a device for SCI could result in an interesting study for

the future.

10.3 Preliminary 2-Photon Laser Work

10.3.1 Background on 2-Photon Lasers for Uncaging

The experiments conducted throughout this thesis relied on 365 nm light from either
a UV lamp or fluorescence microscope light source with near-UV filter. These light sources
resulted in single-photon excitation of 2-NB caging groups bound to RGDS peptides
whereby a single photon had the energy necessary to excite the caging group, and ultimately
generate a free RGDS peptide. Although most photosensitive molecules in biological
experiments are activated with single photon sources, there are some drawbacks to their use
when compared to the multi-photon excitation that can be employed using two-photon laser

technology.**

In order for the uncaging reaction to occur using a two-photon laser, the caged
sample must simultaneously absorb two quanta of near-infrared light (700-1100 nm) instead
of one photon of near-UV light using conventional single-photon processes. Since infrared
light is of much lower energy than UV light, two-photon processes have the potential to
cause less damage to sensitive biological and biochemical materials. The second major
advantage to the use of two-photon lasers for photoactivation is their ability to focus on a
volume of material with a high degree of 3-D spatial selectivity. The probability of two
photons being simultaneously absorbed by a caged molecule - as required for uncaging with

a two-photon laser - is proportional to the square of the light intensity. It is due to this
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relationship that two-photon excitation is often referred to as a non-linear process. This
property results in the probability being extremely low that excitation of a caged species
would occur outside the focal point of the laser in use, since only at this point are the
necessary intensities reached. This results in the excellent spatial selectivity of two-photon
processes, and in most experiments a spatial resolution of less than 1 um’ can be reached. In
a single photon process, any scattered light or unintentional light exposure can result in
uncaging reactions occurring outside of the desired area since each photon can result in a
reaction. Therefore, using a two-photon laser, a wide variety of cell patterns can theoretically
be created. Furthermore, since many animal cell sizes are on the order of tens of microns and
the two-photon laser has a resolution of at least 1 um?, patterning can theoretically reach the

single cell level.

Another potential advantage to the use of a two-photon laser is that the IR light used
is not significantly absorbed by biological materials. The absorption coefficient of water for
IR light in the range of the wavelengths typically used is very low.>* This property helps to
achieve minimum out-of-focus absorption, which allows for an increased depth penetration

of excitation light through such biological materials.**°

In fact, the light used for two-
photon excitation in fluorescence microscopy applications has been found to penetrate up to
1 mm in tissue, at which point the depth of penetration is limited by light scattering.*” All of

these advantages promote the use of a two-photon laser in future patterning studies.

There is one notable disadvantage to the use of two-photon lasers: high intensities of
light are sometimes required for certain photoreactions in order to achieve a reasonable
probability of two photons being simultaneously absorbed. It has been found that the 2-NB
family of caging groups shows relatively small cross sections for two-photon uncaging.
Two-photon cross sections (unit = GM) are proportional to the ability of the caging group to
absorb the two-photon light, and the quantum yield, which is related to the number of caging
groups that react upon absorbing the appropriate light. If the two-photon cross section is low
for a given molecule, more laser power must be used in order for uncaging to occur.** It has
been found that above 10 mW of power, which is sometimes required, damage to biological

systems due to multiphoton absorption is likely to occur; it is often cited that 2-nitrobenzyl
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derivatives typically demonstrate low quantum yields - well under 0.1 GM - which is a
recommended lower limit for biological applications.”® In addition, researchers have
sometimes found a significant time delay for the release of the caging group after
excitation.”” However, for our application, this may not be of concern, since our caged
peptides are covalently bound to the hydrogel, and so are held in place and unable to diffuse.
These often cited drawbacks to the use of 2-NB groups for 2-photon laser uncaging have
resulted in other groups designing photoactive hydrogels with other, newer, caging groups

. 2930
such as those based on coumarin.””

However, two-photon laser excitation has been utilized
in the uncaging of 2-NB groups in the literature.”’*? One of the earliest studies to utilize two-
photon excitation to remove a caging group from a molecule was carried out in 1990 by
Denk et al. This group successfully used two-photon excitation to trigger the release of
ATP, a cell’s energy source, from a 2-NB based caging group, DMNPE.*® It was desired to
evaluate whether our HA hydrogel patterning platform based on 2-NB photocaged RGDS

could be switched from cell non-adhesive to adhesive using two-photon laser technology.

10.3.2 Materials and Methods

HA-R[-]GDS hydrogels were synthesized as described earlier,* with the exception
that they were cast on microscope cover slips instead of in the wells of tissue culture plates.
Cover slips were pre-cleaned with 2N NaOH, and then pre-coated with poly-D-lysine, which
is positively charged and can therefore interact electro-statically with the negatively charged
HA hydrogel to bind it to the cover-slip surface. Hydrogel precursor solution was pipetted on
top of the cover slips, and allowed to gel. All other gel sample preparation procedures and
cell culture procedures were carried out as in Chapter 5. Two-photon laser irradiation of
samples was carried out by the laboratory group of Dr. Anis at the University of Ottawa,

SITE.

10.3.3 Preliminary Results and Discussion

Our previous work had demonstrated that non-derivatized HA hydrogels crosslinked
with ADH and containing no bound peptide failed to adhere cells. HA hydrogels bound to
caged R[-]GDS hydrogels were similarly non-adhesive to fibroblasts.** As a control, non-
derivatized gels were produced, and 3T3 fibroblast cells were seeded and allowed to adhere

to the gels for 24 hours. Another set of control non-derivatized gels were exposed to two-
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photon laser radiation prior to cell seeding. Since no peptide was bound to these gels, it was
expected that the gels would remain cell non-adhesive post-irradiation, and they did so as
seen in Figure 10.5A and B. The few cells that can be seen on these gels in the micrograph
are clumped and/or rounded in shape. These control gels provided evidence that the laser
itself is not capable of switching the HA gel material from non-adhesive to adhesive through

some artifact when the photoactive peptide is not present.

Figure 10.5C shows HA hydrogels bound to R[-]GDS peptide exposed to two-photon
laser radiation prior to fibroblast seeding. It was hoped that the laser would uncage the
peptide to produce adhesive RGDS and thus render the hydrogels adhesive. In Figure 10.5C,
numerous cells adhered and spread onto these irradiated hydrogels providing evidence that
two-photon laser exposure can be used to switch the HA-R[-]GDS hydrogels to a cell-
adhesive state. Furthermore, a visual inspection of the hydrogel macroscopically and via

light plus phase-contrast microscopy did not reveal any physical damage to the HA gel.

These preliminary results were promising considering that existing literature warns
of the inefficiency and/or ineffectiveness of using 2-photon irradiation to uncage 2-NB
groups. It should be noted that some other studies in the literature support our findings, and
have also used two-photon laser exposure to stimulate chemical changes in hydrogels
employing 2-NB cages. For example, Peng et al. designed a dextran hydrogel incorporating
2-NB and PEG which could release protein or degrade upon two-photon excitation.”> Wong
et al. created a photodegradable hydrogel consisting of PEG and a 2-NB ether moiety to
create a biocompatible photoresist. The gel was shown to be easily degraded via two-photon
laser exposure.*® Furthermore, 2-NB groups have been introduced into peptides in the past
and released via two-photon irradiation. In such a work, Shigenaga et al. irradiated peptide
samples resulting in uncaging which further served to stimulate peptide bond cleavage. The
two photon cross-section at 740 nm was estimated to be 0.23 GM for this compound, which
is well above the 0.1 GM stated in previous literature as the recommended lower limit for
biological applications.’” These studies suggest it is possible that the chemical environment
surrounding the 2-NB group can influence the ease of two-photon laser uncaging, which

could explain some of the mixed results achieved in the literature.
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(A) Control HA hydrogel not exposed to laser

(B) Hydrogel (with no bound R[G]DS) exposed to two-photon uncaging process

Figure 10.5: Fluorescence micrographs of Cell Tracker Red™ dyed 3T3 fibroblasts 24
hours post seeding on HA hydrogels without peptide and (A) no laser exposure (control) and
(B) exposed to two-photon laser radiation. (C) HA-R[-]GDS hydrogels exposed to two-
photon laser radiation. Scale bars = 100pm.
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Several other studies even suggest that the 2-NB group can be uncaged using
cytocompatible laser radiation. A two-photon laser was used successfully to free IP3
(involved in cellular Ca®" regulation) caged with a 2-NB derivative in live cells, such as
HELA cells.”®** Zhao et al. uncaged ligands for vanilloid receptors, found on neuronal cells,
which were caged with a 2-NB derivative. Two-photon excitation was shown to readily
release the ligands at light intensities cytocompatible with the neurons.* Furthermore,
Neveu et al. caged retinoic acid, involved in organ formation, with a 2-NB derivative and
demonstrated its release upon 2-photon excitation within a live zebrafish embryo using

intensities that were non-detrimental to the biological environment.*'

With the previous works in mind, and our preliminary results, there is some
promising evidence to support the use of two-photon laser radiation for uncaging 2-NB from
RGDS peptides for patterning, without damaging the HA hydrogels. Furthermore, it would
be ideal for dynamic and co-culture patterning applications if cells previously seeded within
the material, and outside the laser focal point, would remain safe if exposed to the laser path.
In their work, Wong et al., demonstrated a way to increase the 2-photon sensitivity of 2-NB,
which makes it safer to use in a cellular environment, and decreases the chances of harming
delicate biomolecules and materials. They conjugated a coumarin fluorophore directly to
their 2-NB ether caging group which enhanced the gel’s two-photon sensitivity and had the
added benefit of allowing for visualization of the areas of the gel containing the caging
group.’® If cell viability issues arose in the future, this might be a promising method to

improve the patterned biomaterial production process.

10.3.4 Future Directions

Preliminary results encourage further experimentation using a two photon laser as the
source of uncaging for cell patterning. In the future, it will be necessary to repeat these
uncaging experiments; hydrogels should be exposed to different laser powers to determine
the lowest power required for uncaging. The laser should be finely controlled to form a line
or circular pattern on the hydrogel, and verify that cells can repeatedly form this pattern upon

seeding.
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Once this is accomplished, the laser could be used to attempt to refine the resolution
of the current patterning technique. With the laser, one could potentially program a large
variety of geometric exposure patterns on the hydrogel, where we were limited to the use of

several printed masks, or the shape of the microscope diaphragm in this thesis work.

One of the exciting possibilities from this work is the future formation of 3-D
patterns. This would allow for the development of 3D hydrogels containing 3-D adhesive
channels with any number of geometries. Therefore, the implementation of the two-photon
laser for uncaging can allow the translation of our cell patterning platform to a 3-D device to

mimic in vivo conditions, with promising future applications in tissue engineering.

10.4. Hydrogels for 3D Patterning
10.4.1. Hydrogel Chemistry

Prior to creating 3D patterns within HA hydrogels, it is desirable to seed cells evenly
throughout the hydrogel volume. This can be accomplished by seeding cells in a HA pre-
polymer solution and mixing prior to gelation. It would be beneficial to modify the HA
hydrogel chemistry used in this work for this application, since gelation occurred at an acidic
pH. A literature search was performed to find an appropriate HA gel chemistry close to that
of the current work, and the following option was proposed as per the scheme in Figure 10.6.
In the proposed scheme, ADH (in 4X excess) is bound to HA using EDC but without
crosslinking, as was described by Pouyani et al.** Crosslinking of HA-ADH occurs with BS’
to form a stable hydrogel, as was also described by Prestwich’s group.* The two terminal N-
hydroxysulfosuccinimide groups of BS® are primary amine-reactive and have been found to
react readily with the hydrazide groups of ADH,* and not expected, at neutral pH, to
significantly react with bound RGDS or caged RGDS which contains no primary amines.
The activity of the peptide should therefore be protected during crosslinking. Furthermore,
since BS® can be crosslinked at neutral pH, it would be feasible to seed cells prior to

gelation.

-258-



Chapter 10: Future Directions

(A)
e}
(0]
HA —{ + H,N NH

OH SN “SNH,
EDC, o
NHS

e}
HO HA NH NH
SNH “SNH,
HA bound to ADH
o o o (HA-ADH)

EDC, NHS
2-mercaptoethanol
Arg-Gly-Asp-Ser
(RGDS

) 0
\H " " » HA-ADH bound to
RGDS - \”/ “SNH “SNH, RGDS
I | (RGDS-HA-ADH)

(B) Bissulfosuccinimidyl suberate (BS3) crosslinker

j\s N M o \\S\\/OH
HO \E) \O i o

Figure 10.6: (A) HA contains numerous carboxyl groups which react with ADH hydrazide
groups in the presence of EDC. EDC and NHS can then activate remaining carboxyl groups
for the covalent binding of RGDS. Note that 2-mercaptoethanol serves to inactivate any
remaining EDC to prevent a reaction with the subsequently added RGDS. (B) The HA
polymer bound to RGDS and ADH can be crosslinked with BS® — structure seen here.

One benefit to this proposed scheme is existing literature supporting the
biocompatibility of the final crosslinked polymer. Cui et al. found HA-ADH hydrogels with
bound RGDS to be biocompatible when implanted into the brains of rats.* Furthermore,
Motokawa et al. found HA-ADH gels crosslinked with BS® to last without full degradation

in rats for at least 3 months with no observed adverse effects.**

A preliminary study was conducted following the reaction steps to produce a

crosslinked HA-ADH-BS® hydrogel both without peptide and with RGDS bound. Both
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procedures produced a hydrogel material such that the material did not flow upon inversion.
Gels were sterilized with 70% v/v ethanol in water for at least one hour. 3T3 fibroblasts were
then cultured on the gel surfaces (as per the procedures described in Chapter 5) as seen in
Figure 10.7. Cells were observed over a period of 1.5 weeks. During this time, cells formed
large clumps, and failed to significantly adhere to the hydrogel without bound peptide
(Figure 10.7 A). On the other hand, numerous cells adhered to the RGDS-bound hydrogel
(Figure 10.7 B), and projections could be seen extending from the cells. This preliminary
qualitative study demonstrated that gels could be formed via the chemistry outlined in Figure
10.6, which included an RGDS incorporation step, and that cells will adhere to the final
RGDS bound crosslinked HA gel. However, cells remained rounded, and failed to penetrate
into the gel volume from the surface which supported the need for cell seeding prior to
polymerization. Further studies are needed to verify RGDS incorporation and quantitate the
differences in cell binding between the RGDS-HA gel and the non-peptide bound gels. This

study serves merely to provide an option for 3D gel chemistry for future work.

10.4.2 Analytical Methods for Peptide Patterning

As the patterning becomes more complex geometrically, or it is desired to move to a
higher resolution or into three dimensions, it becomes necessary to develop a method to
visualize the underlying peptide pattern of caged and uncaged RGDS. This is challenging

since both peptides possess many of the same functional groups.

Initially, attempts were made to find an antibody to bind to free RGDS to aid in
visualization. A search of the literature revealed that the antibody MAB 1926 is known to
bind to the RGD region in fibronectin.***’ Hydrogels bound to RGDS were exposed to
solutions of this antibody up to 0.01 mg/mL in 1XPBS, which was 6-7 X more concentrated
than recommended in the literature for detection,*® followed by incubation with a fluorescent
secondary antibody. Gels were incubated with each antibody for 2 hours at 37°C followed by
rinsing 3X with 1XPBS. However, the antibody was unable to bind to the shorter RGDS
sequence bound to our HA hydrogels as seen by the absence of any fluorescent signal after

the antibody binding steps. This was likely due to the short length of the RGDS peptide;
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antibodies usually bind to longer peptide sequences with the ability to take on a unique 3D

shape that the antibody recognizes.*®

(A) Native HA gel (no bound peptide)

~

Figure 10.7: Phase contrast images of 3T3 fibroblasts bound to HA-ADH gels crosslinked
with BS® with either no peptide or bound RGDS peptide 1.5 weeks post seeding with scale
bars = 100 pm.

Shimizu et al. developed an antibody with the ability to bind specifically to 2-NB
groups.® The binding of such an antibody also serves to physically enlarge the caging group,
which would theoretically further inhibit binding of integrin receptors to caged RGDS
molecules. However, Shimizu et al. also found that this antibody was unable to bind to
peptides caged on the backbone amide nitrogen atom. Thus, it is unlikely to work with our
caged R[-]GDS, but may bind to RGDS caged in other locations. Furthermore, the antibody

is not commercially available.
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Another possibility is to bind a fluorescent molecule to the 2-NB caging group for
visualization. Removal of the caging group in patterned regions would expose free non-
fluorescent RGDS so patterned regions would appear dark, while unpatterned regions would
fluoresce. Such chemistry was employed by Wong et al.*® One disadvantage to this method
is that binding a fluorescent group to the 2-NB cage could alter the energy required for
uncaging or the solubility of the caged peptide. This possibility would have to be studied.

Another possible method for pattern visualization is to purchase a commercial 2-NB
caging group bound to a fluorescing molecule, such that fluorescence is suppressed in the
caged state. Such caged fluorescent molecules could be pre-mixed with caged R[-]GDS and
bound to the HA hydrogel. In this way, irradiation would produce free RGDS for cell
adhesion, as well as free fluorescing molecules which would illuminate the previously
irradiated areas which also correspond to the cell-adhesive patterned regions. Prior to trying
this approach, it would have to be verified that cells do not bind to the caged fluorescent
molecules. Furthermore, the two caged species may require different energies of irradiation.
However, this method is much simpler than the others described. It also illuminates the
patterned cell-adhesive regions instead of the background non-adhesive regions, which

would make it easier to view adhesive patterns.

10.4.3 Recommended Future Directions

In summary, the cell patterning methodology developed in this thesis work lends
itself well to a number of future research opportunities. Studies can be continued with the
goal of incorporating cell-patterned HA hydrogels into a device for SCI treatment under
development by Dr. Cao’s laboratory group. For this application, further research can be
conducted into the behavior of NSPCs on the patterned hydrogels and final device, and the
impact of various hydrogel and patterning parameters on cell behavior, such as
differentiation. Two photon laser technology could further be used to improve patterning
resolution, and can also be used to expand our patterning strategy into 3D — a possible
second future research goal. A hydrogel synthesis protocol was suggested herein for 3D
patterning. This method can be further tested by seeding cells in 3D throughout the gel

volume, conducting tests for cell viability and cellular metabolism over time, and
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quantitating the amount of bound peptide in 3D while optimizing it for cell patterning. One

of the analytical methods previously discussed should be explored to distinguish between the

locations of RGDS molecules versus uncaged R[-]GDS in order to visualize cell adhesive

patterns in 3D. Therefore, new material research into the development a 3D hydrogel cell

patterning platform and further research into a tissue engineering application in the form of a

SCI treatment device make for exciting future opportunities based off of the current work

presented in this thesis.
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