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Abstract

The in vivo 3D extracellular matrix provides a temporal regulatory environment
of chemical cues. Understanding this dynamic environment will be crucial for efficient
drug screening, diseases mechanism elucidation, and tissue engineering. Therefore, in
vitro 3D cell culture systems with reversible chemical environments are required. To this
end, we developed a non-cytotoxic agarose-desthiobiotin hydrogel to sequester
streptavidin biomolecule conjugates (K, 10" M), which can then be displaced by the
addition of biotin (K, 10" M). Streptavidin biomolecule conjugates were simultaneously
and sequentially immobilized by changing media components. The time required for
biochemical environment exchange was minimized by increasing the surface area to
volume ratios and pore size of the hydrogels. We temporally controlled the cell adhesive
properties of hydrogels with RGD modified streptavidin to influence endothelial cell tube

formation.
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1. Introduction

1.1 3D cell culture

The transition from two-dimensional (2D, e.g. cell culture in petri dishes) to
three-dimensional (3D) in vitro cell culture is required to better mimic the in vivo
environment and to develop biomaterials for drug screening efficiency[1], disease
mechanism elucidation[2], and tissue engineering.[1,3] Cellular behaviour has been
shown to vary significantly between 2D and 3D environments because 3D cultures better
represent the chemical and mechanical properties of the natural extracellular matrix
(ECM).[4]

Cell morphology, which differs in 2D and 3D cell culture, has been shown to
strongly influence stem cell proliferation and differentiation.[5] In 2D, cells stretch and
spread on flat surfaces, however, in vivo, cells adhere in 3D environments and adopt
morphologies with greater circularity. McBeath et al. demonstrated that cell shape
influences human mesenchymal stem cell (hMSC) differentiation by controlling cell
shape with micro-patterns of adhesive ligands on polydimethylsiloxane (PDMS).[6] The
least spread out hMSCs differentiated into adipocytes, whereas highly spread hMSCs
differentiated into osteoblasts.[6] Baharvand et al. demonstrated that human embryonic
stem cell (hESC) differentiation in 3D collagen gels better mimicked in vivo conditions
than 2D collagen surfaces.[5] Rat bone marrow cell (rBMC) proliferation has also been
shown to be enhanced in 3D alginate tubular environments compared to flat 2D alginate

surfaces.[7]
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3D environments are also important in the design of ECM cancer models.[8] 3D
tumour microenvironments increase the proliferation rate of oral squamous cell
carcinoma (OSCC-3) cells compared to 2D cultures.[9] Furthermore, 3D OSCC-3
cultures secreted pro-angiogenesis factors (vascular endothelial growth factors (VEGF)
and interleukin-8 (IL-8)), whereas 2D monolayers expressed VEGF and IL-8 in non-
natural amounts.[9] Therefore, it is crucial to study cells in 3D environments that closely

mimic in vivo conditions to better understand cellular activities and efficacy of drugs.

1.2 The ECM’s biochemical environment

The ECM is a complex regulatory environment with chemical and mechanical
cues.[1,8] The remainder of the introduction will focus on the chemical environment to
provide context for the developed temporal chemical patterning system for hydrogels.

The ECM scaffold is composed of proteoglycans (e.g. versican, heparan sulfate
and chondroitin sulfate), hyaluronic acid, proteins (e.g. collagens and elastins),
fibronectin, and laminin.[10,11] Collagen is a structural protein in the ECM with high
tensile strength that contains cell adhesive and proteolytic sites.[12] Fibronectin and
laminin are ECM glycoproteins that contain cell binding domains (e.g. RGD) to anchor
cells in the ECM.[1,13] Proteoglycans mediate ECM hydration levels, and sequester
growth factors that direct cell proliferation, migration, differentiation and renewal.[11,14]
Soluble macromolecules (growth factors, chemokines, cytokines and peptides) are

sequestered within the ECM and serve as cell signaling molecules.[8,15] The ECM helps
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regulate the availability of soluble macromolecules, thus controlling their distribution,
activation and presentation.

Many proteins contain heparan binding domains for localization in the ECM.[10]
For example, fibroblast growth factors (FGFs) and VEGFs bind to ECM
proteoglycans.[10,16] The ECM acts as a reservoir for growth factors and helps establish
gradients.[10,17,18] Furthermore, growth factor activity is influenced by the
complexation between cell receptors and ECM components. [18,19] Therefore, the
chemical environment of the ECM is crucial for cellular activity and methods are being

developed to mimic the natural chemical environment.

Proteoglycan Proteoglycan
molecule complex Collagen fiber

Polysaccharide
molecule

Extracellular matrix

X = Intracellular matrix

Integrin  Microfilaments of cytoskeleton

Figure 1: The ECM is a dynamic environment, and contains mechanical and biochemical
signals for cells.[20] The ECM is composed of collagen fibers, polysaccharides and

proteoglycan complexes.
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1.3 The dynamic ECM

The ECM surrounding cells in vivo is not static, and changes in the biochemical
environment help to regulate organ development and homeostasis, stem cell fate, tissue
repair, and cancer initiation and progression.[1,10,20] For example, stem cells reside in
specialized microenvironments called the niche, where the dynamic ECM helps balance
quiescence, self-renewal and differentiation.[21,22] Disruption of this balance leads to
tissue degeneration and aging. Dynamic changes in ECM composition leading to
tumorigenic environments have been linked to several events in cancer initiation and
progression including epithelial-mesenchymal transition, deregulation of stromal cell
behavior, sustained proliferation, replicative immortality, angiogenesis, inflammation,
avoidance of immune destruction, cancer cell invasion and metastasis.[10, 23] For in vitro
evaluation of dynamic environmental changes on cellular activities, we require the ability

to manipulate the biochemical properties of cell culture materials.

1.4 Hydrogel scaffolds for biomimetic ECM environments

Hydrogels are water swollen networks of polymers crosslinked through covalent
bonds or physical interactions that mimic the structural network of the ECM.[8] Naturally
occurring polymers (e.g agarose, alginate, chitosan, collagen, hyaluronic acid and
hydroxyapatite) [24-29] and synthetic polymers (e.g. acrylamide, poly-ethylene glycol
(PEQG), polycarboxybetaine, POEGMA) [30-33] have been used as cell culture scaffolds.
Some natural polymers are native to the ECM, and may possess an innate bioactivity. To

fully control biochemical environments, the hydrogel must be composed of bio-inert
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polymers that can be derivatized with bioactive ligands. Therefore, hydrogel polymers
must also contain reactive sites for the introductive of bioactive molecules.

Hydrogels may be degradable, or non-degradable. Degradation commonly occurs
through hydrolysis, enzymatic cleavage (e.g. cell secreted MMP) [34,35] or displacement
of crosslinkers (e.g. calcium from alginate).[36,37] Non-degradable hydrogels, although
less representative of in vivo conditions, provide a permanent structure to precisely
control biochemical environments, whereas degradable hydrogels would alter the
chemical environment over time. Therefore, this thesis will focus on the use of non-

degradable hydrogels.

1.5 Controlling hydrogel pore size

Hydrogel porosity influences cell infiltration and migration. [24,38,39] Small
pores (< ~1-5 um) limit cell migration and may promote cell aggregation and necrosis.
Because hydrogel pores are usually less than 1 pm, several strategies have been
developed to create lager pores. Common methods include: (1) porogens [40]; (2) gas
foaming techniques [41,42]; (3) controlling cross-linker type and density [43,44]; and, (4)
photochemistry. [45]

(1) Porogens are degradable micro or nanoparticles embedded in hydrogels. [40,46]
Alginate porogens are commonly used because large batches can be prepared in
precise sizes, and are easily degradable by removal of the calcium cross-linker
with EDTA. [47,48] Alginate can also be modified to be hydrolytically labile to

increase particle degradation rates.
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(2) Gas foaming creates pores by generating small gas pockets dispersed throughout
the hydrogel. Foaming agents that slowly decompose into a gas are mixed into the
polymer solution before gelation is initiated. [49,50] For example, sodium
bicarbonate has been used to create pores in acrylic-acryl amide hydrogels as it
decomposes into carbon dioxide. [51]

(3) The molecular weight and concentration of hydrogel components dictate pore
size. For example, pore size of covalently crosslinked alginate hydrogels with
poly(ethylene glycol) diamines was controlled by varying the molecular weight
and weight fraction of the PEG diamines. [52]

(4) Hydrogels with photodegradable crosslinks have also been used to create well-
defined pore size distributions using light. Multi-photon chemistry can spatially

control pore sizes with 3D precision within the same hydrogel. [45,53]

1.5.1 Gelation mechanism

Hydrogels are formed by crosslinking polymers through covalent or non-covalent
bonds to form a water swollen network. Gelation may be initiated by adding a
crosslinker, changing the temperature (thermogelling), or irradiation with light.

(1) Covalent and non-covalent polymer crosslinkers. Hydrogels are commonly
formed by mixing 2 polymers with corresponding reactive groups such as azide-
DIBAC,[54] aldehyde-hydrazide,[55] thiol-maleimide or furan maleimide.[56,57]

(2) The crosslinks may be degradable or non-degradable. Non-degradable bonds are

either reversible (e.g. diels-alder adduct)[58] or hydrolytically labile (e.g.
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hydrazone).[59] Non-covalent bonds are formed through ion chelation or physical
interactions such as alginate-Ca2" or host-guest chemistry, respectively.[60,61]
(3) Thermogelling hydrogels are a subcategory of non-covalent crosslinking
hydrogels, dependent on temperature. For instance, agarose crosslinks through
hydrogen bonds that form at low temperature.[24] Agarose is a naturally
occurring polymer composed of disaccharide ((1->4)-3,6-anhydro-o-L-
galactopryanosyl-(1->3)-p-D-galactopyranose) repeat units. The agarose units, D-
galactose and 3,6-anhydro-L-galactopyranose, bind via covalent a-(1—3) and -
(1—4) glyosidic bonds. Once cooled, linear polymer chains aggregate through
hydrogen bonds to form helical quasi rigid fibers, culminating in a three-
dimensional mesh-like structure, which is stable at 37°C, whereas other polymers
such as methylcellulose are liquids at low temperature, and gel upon heating.[62]
(4) Photochemical gelation forms covalent crosslinks between polymers, most
commonly through a radical initiator.[63] For instance, polymers with
methacrylate groups crosslink in the presence of a radical photoinitiator upon

exposure to UV light.[64]

1.6 Biomolecule immobilization in hydrogels

Biomolecules such as peptides and proteins are immobilized in hydrogels to study

cells in specific 3D biochemical environments.
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1.6.1 Permanent immobilization methods

Permanent immobilization of biomolecules is achieved by reacting hydrogel
functional groups with biomolecules to form non-degradable bonds.[65] Common
strategies include nucleophilic addition, cycloadditions, photochemical reactions and high
affinity physical interactions.

(1) Nucleophilic addition: Proteins and peptides are commonly immobilized though

amino acid functional groups such as amines,[66] carboxylic acids,[67] and
thiols.[68] Amines and carboxylic acids are reacted together through carbodiimide
chemistry[66], and thiols are reacted with Michael acceptors[69]. Thiols are
commonly reacted with maleimides to form a reversible bond; the ring must be
hydrolytically opened to form the irreversible bond.[70] Nuttelman et al. modified
poly(vinyl alcohol) (PVA) hydrogels with fibronectin to promote cell adhesion.
An 11-carbon alkyl spacer was linked to PVA’s hydroxyl groups via a stable ether
linkage. The terminal acid group was activated with carbonyl imidazole (CDI for
nucleophilic attack by amines on fibronectin. [66]

(2) Cycloaddition: Biomolecules are immobilized through Diels-Alder[71] and azide
alkyne cycloadditions.[54,72] Diels Alder reactions are achieved commonly by
reacting furans with maleimides because the cycloaddition occurs at 37° C or
below. The biomolecule is usually modified with furans, and the hydrogel with
maleimides, but the reversible is also possible. To increase reaction kinetics, the
furan may be modified with electron donating groups.[73] Azide and alkyne

cycloadditions require a copper catalyst or a highly reactive (strained)
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alkyne.[72,74] Biomolecules and the hydrogel may be modified with the azide or
alkyne.

(3) Photochemical: Light initiated photoreactions for biomolecule immobilization are

typically achieved through photocages (protecting groups removed upon light
exposure)[75,76] and radical reactions[77]. Light based immobilization in
combination with multi-photon chemistry enables the creation of 3D biomolecule
patterns within hydrogels.[78] Photocages can be cleaved to yield reactive groups
for biomolecule grafting or for revealing bio-inert moieties to expose pre-
immobilized biomolecules to cells[79]. Radical biomolecule grafting can be
achieved by using vinyl polymerization or thiol-ene chemistry with
photoinitiators.[80]

(4) High affinity physical interactions: For permanent biomolecule immobilization,

only high-affinity non-covalent interactions such as streptavidin-biotin[81] and
barnase-barstar[82] can be utilized, as weaker interactions can be easily disrupted.
Proteins can be expressed with a biotin ligation sequence that is selectively
biotinylated by the bacterial BirA ligase enzyme.[83] The biotinylated proteins
are then immobilized in hydrogels modified with streptavidin.[84,85] Similarly,
proteins can be expressed as barstar fusion proteins for immobilization in barnase

modified hydrogels.[85]
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1.6.2 Reversible immobilization methods

In an effort to mimic the dynamic environment, stimuli responsive materials have
been investigated, including photochemical responsive polymers, non-covalent
interactions, and reversible covalent bonds.[86] For hydrogels to accurately mimic the
dynamic ECM, they must be amenable to multiple rounds of biomolecule immobilization
(i.e., temporal patterning). Research has gradually progressed from static systems, to
systems amenable to 1 round of immobilization/removal

(1) Photochemical reversible immobilization. Researchers have designed photoactive

hydrogels where peptides can be immobilized and removed with light.[87] For
example, RGD cell adhesive peptides that contained a nitrobenzyl linker were
immobilized in PEG hydrogels through a photo-initiated thiol-ene reaction. Light
was then used to cleave the nitrobenzyl linker, removing the RGD peptide from the
PEG hydrogel network.[87] Deforest and Tirrell have developed a photoreversible
protein-patterning system, where aldehyde-functionalized proteins are photo-
reacted with and immobilized to alkoxy-amine containing hydrogels, forming a
stable oxime ligation.[88] The proteins are then removed from the gel by cleaving
a nitrobenzyl tether between the protein and gel polymer network with light.
Proteins can re-immobilize until all the alkoxy-amines have been reacted.

(2) Non-covalent interactions. It has also been reported that peptides can be

immobilized and removed using host-guest chemistry, where napththoic acid-
modified RGD peptides were immobilized on an alginate surface coated with

cyclodextrin. The naphthoic-RGD peptides were then removed by the addition of
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the competitive adamantane-carboxylic acid-modified RGES, which has a higher
affinity for cyclodextrin.[89]

(3) Reversible covalent bonds. Researchers demonstrated the ability to reversibly

modify surfaces with the RGD peptide using reversible covalent bonds between
phenylboronic acid (PBA) and 1,2/1,3-cis diols.[90] A glass slide was
functionalized with PBA containing polymer brushes, and a modified RGD peptide
conjugated with synthetic glycopolymer chains. The modified RGD was
immobilized on the PBA modified substrate through multi-covalent interactions
between the PBA groups in grafted polymer brushes, and the cis-diol groups in the
glycopolymers. Addition and removal of the modified RGD was achieved by
adding glucose or fructose, which triggered exchange with glycopolymer chains,

allowing the release of RGD.

1.7 Current limitations

The systems described above are either only amenable to one round of
biomolecule immobilization, require specialized equipment (e.g., photochemistry) or
have only been demonstrated on 2D surfaces. To create a widely applicable method for
dynamic biochemical environments, we require the ability to repeatedly exchange

biomolecules over extended time periods with simple and translatable techniques.
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2. Goal and Objectives
2.1 Goal:
Design in vitro cell culture scaffolds for the efficient exchange of biochemical

environments to temporally control biological activity.

2.2 Objectives:

1. Develop a reversible, user-friendly temporal patterning system for peptides in
hydrogels.

2. Minimize time required for biomolecule immobilization and displacement

3. Demonstrate biological activity of dynamic biochemical environments
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3. Results
3.1 Reversible temporal patterning system for peptides in hydrogels

We have developed a method to temporally control the biochemical composition
of hydrogels by simply changing media composition. Biomolecules are immobilized
through a strong but reversible interaction, and displaced by a second molecule that
irreversibly binds to the biomolecule conjugate. This allows for the repeated and sequential
immobilization of biomolecules to dynamically tune the chemical environment of surfaces
or hydrogels. To demonstrate feasibility, we used the strong but reversible physical
interaction between desthiobiotin and streptavidin (SA) and the irreversible interaction
between SA and biotin (Fig. 2), which has previously been used to reversibly modify gold
sensors.[92] Biomolecules are introduced as SA conjugates for immobilization and

displacement.
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Figure 2: Schematic for the temporal control of biochemical environments in hydrogels. (A)
Chemistry for the immobilization of SA-peptide conjugates in AgD hydrogels, and their
displacement with biotin. (B) Procedure for the immobilization and displacement of SA-peptide

conjugates in hydrogels including washing steps to remove unbound molecules.

To immobilize biomolecules, we synthesized SA-peptide conjugates by covalently
linking a bioactive peptide to SA using thiol-maleimide chemistry. SA-RGD has
previously been shown to increase cell adhesivity of surfaces.[92] Streptavidin-
biomolecule conjugates formed between streptavidin and biotinylated growth factors are

also bioactive[93], indicating biomolecules immobilized via streptavidin remain active. In
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our system, addition of SA-peptide conjugates to desthiobiotin-modified agarose gels
resulted in peptide immobilization. SA-peptide conjugates were displaced upon addition
of biotin, which binds to SA with greater affinity than desthiobiotin (K, of 10" M versus
10""° M).[94] The newly formed biotin-SA-peptide complexes are then washed from the
hydrogel to yield agarose-desthiobiotin (AgD) hydrogels that can be re-modified with the
same or different peptide-SA conjugates. This system allows for multiple exchanges of the

biochemical environment in hydrogels over time.

3.1.1 Synthesizing AgD
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Figure 3: Synthesis of AgD from agarose and NHS-desthiobiotin.

To synthesize AgD, we first made agarose-amine and N-hydroxysuccinimide
desthiobiotin (NHS-desthiobiotin). Agarose-amine was synthesized by reacting agarose
with carbonyldiimidazole (CDI) followed by an excess of ethylene diamine. After
purification by dialysis and isolation by freeze drying, agarose-amine was reacted with

NHS-desthiobiotin to yield AgD (Fig. 3).
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The degree of amine and desthiobiotin functionalization on agarose was determined
using a fluorescamine assay with N-(2-aminoethyl) acetamide as the amine standard.
Agarose-amine had an amine substitution rate of 4.4 + 0.3 umol of amines per mmol of
agarose repeat units (mean + standard deviation, n=3). AgD retained 3.0 + 0.5 pmol of
amines per mmol of agarose (mean + standard deviation, n=3). Because the decrease in
primary amine content is due to desthiobiotin conjugation, a substitution rate of 1.4 + 0.6
pmol of desthiobiotin per mmol of agarose subunit (mean + standard deviation n=3) was
estimated. The Thermo Scientific Fluorescence Biotin Quantitation assay was used to
directly confirm desthiobiotin content, which yielded a substitution rate of 1.7 + 0.5 umol
desthiobiotin per mmol of Ag subunit (mean =+ standard deviation n=3, Fig. S1A), which
was not significantly different from the fluorescamine assay estimate (unpaired t test, p <

0.05).

3.1.2 Synthesis of SA-peptide conjugates
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Figure 4: Synthesis of SA-RGD by reacting maleimide-SA with CGRGDS and NHS-Alexa™

Fluor 488.

SA-RGD-488 was synthesized by reacting maleimide-SA with CGRGDS in PBS
pH 7.4 for 2 hours. SA modified with CGRGDS was then reacted with NHS-Alexa 488

to yield SA-RGD-488. The degree of Alexa 488 labelling was quantified by UV-Vis, and
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determined to be 1.4 Alexa 488 molecules per SA. The reaction of CGRGDS with
maleimide-SA was confirmed by MALDI-TOF/TOF before modification with Alexa 488.
The reaction resulted in a mixture of 1 and 2 CGRGDS peptides per streptavidin

monomer, which results in 4 to 8 CGRGDS peptides per streptavidin tetramer (Fig. S2).

3.1.3 Reversible binding of fluorescently labelled SA in PBS/BSA solutions

To demonstrate SA conjugate binding to AgD gels, unmodified agarose and AgD
gels were incubated in SA-488 solutions. Gels were rinsed in PBS to remove any excess,
unbound SA-488 conjugates. After 30h of rinsing in PBS, fluorescence readings from
unmodified Ag gels (n=6) approached zero, suggesting that removal of free SA-488 was
complete (Fig. SA). Fluorescence readings from AgD gels (n=6, t=4 to 48h, Fig. SA)
corresponded to an average SA concentration of 0.222 + 0.007 uM. The decrease in
fluorescence between the 4 and 48h time points was not statistically significant (unpaired
t test, p < 0.05), indicating that most of the SA-488 remained in the gels. A set of SA-488
bound AgD gels (n=16) were left in the PBS rinsing solution to determine long-term
stability of immobilized SA-488, and no significant change in fluorescence occurred
between day 13 and day 61 of rinsing (unpaired t test, p < 0.05) (Fig. S4). Fluorescence
profile as a function of depth was quantified in ~ 1.1 mm thick hydrogels (Fig. S5), and
showed a decrease in fluorescence of 59% of the entire gel. The fluorescence from the
meniscus to the bottom of the gel (~0.25 to 1.1 mm) is linear with an equation of the line
of y =-57.5x + 93 with an R-squared of 0.994. This is expected since SA-488 was soaked

into the gel from the surface. Little variation occurs over the first 100 wm, which is near
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the maximum thickness for cell-hydrogels constructs due to the limitation of oxygen and
nutrient diffusion. From the maximum fluorescence at bottom of the meniscus at 0.25 mm
in Fig. S5 to 0.35 mm, the fluorescence intensity decreased by ~4%.

When gels were exposed to a PBS/BSA solution containing a large excess of biotin
(t=48 h, Fig. 5A), fluorescence readings decreased suddenly, reaching a SA-488
concentration of 0.017 + 0.001 pM after 48 h of biotin exposure (t=96 h, Fig. 3A), a
decrease of 92%. This demonstrates that biotin displaced SA-488 from AgD hydrogels.

To demonstrate sequential immobilization, excess biotin was rinsed from the gels
(t=96 h to t=132.5 h, Fig. 5A), which were then re-exposed SA-488. The fluorescence from
unmodified agarose gels rapidly returned to baseline once exposed to the rinsing solution
while AgD gels retained SA-488 (0.27 £ 0.01 pM, t=152.2 to 196 h, Fig. 5A). Addition of
biotin (t=196h, Fig. SA) decreased the concentration of SA-488 to 0.033 + 0.002 uM
(t=228h, Fig. 3A). A third immobilization-displacement step within the same gels yielded
similar results, with 0.25 +0.01 uM SA-488 immobilized within AgD gels (t=320 to 364h,
Fig. 5A), and 0.026 + 0.002 uM of SA-488 after biotin exposure (t=414h, Fig. SA). The
average concentration of immobilized SA-488 in the three repetitions prior to biotin
exposure was 0.25 = 0.02 uM. These results demonstrate that AgD gels can predictably
bind and release SA conjugates with temporal control.

To demonstrate sequential immobilization of different SA conjugates, a parallel
experiment was performed exposing agarose (n=6) and AgD (n=3) gels to both SA-488
and SA-647 (Fig. 5B). The gels were first exposed to SA-488.0.228 + 0.007 uM SA-488

remained in the AgD gels, and dropped to 0.0106 + 0.0008 uM after exposure to biotin.

30



M.Sc. — Devang Nijsure, McMaster University — Chemical Biology

After rinsing away excess biotin, the gels were exposed to SA-647; 0.18 + 0.01 uM
remained in the AgD gels, with residual SA-488 levels dropping to 0.0105 + 0.0002 uM
during biotin exposure. Finally, the gels were exposed to both SA-488 and SA-647
simultaneously, yielding concentrations of 0.250 + 0.009 and 0.232 + 0.008 uM
respectively; both dropped to 0.016 + 0.002 pM after biotin displacement. These results
demonstrated that the AgD gels can sequentially and simultaneously immobilize a variety
of SA conjugates. Biotin displacement dropped the concentration of SA conjugates in the
hydrogels by an average of ~92% in PBS/BSA conditions (Fig. SA and B). SA
immobilization was also directly proportional to the amount added to the hydrogels.

AgD gels simultaneously bound different fluorescent SAs with immobilized
concentrations proportional to feed ratios. Gels were exposed to a combined concentration
(0.01 mg/mL) of two different fluorescent SAs at varying ratios in PBS/BSA (Fig. 5C).
SA-488 to SA-647 ratios of 3:1, 1:1, and 1:3 resulted in the immobilization of 0.16 +0.01
uM SA-488 and 0.054 + 0.004 uM SA-647,0.11 £0.01 puM of both SA-488 and SA-647,
and 0.08 = 0.01 uM SA-488 and 0.204 + 0.007 uM SA-647, respectively. The average
combined immobilized SA concentration in each ratio was 0.24 + 0.02 pM, similar to
previous experiments with 0.01 mg/mL SA feeds (Fig. SA-B). The third immobilization
round in Fig. 5B yielded bound concentrations of 0.250 + 0.009 and 0.232 + 0.008 pM

from a solution of 0.01 mg/ml of both SA-488 and SA-647.
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Figure 5: Sequential and simultaneous immobilization of SA-488 (green) and SA-647 (red) within
0.7 wt.% AgD (solid lines) and agarose (dashed lines) hydrogels in PBS with BSA (A-C) and PBS
with 1% CBS (D-F). (A) 50 pL of 0.01 mg/mL of SA-488 was added to the gels at 0, 152 and 320
h and displaced by biotin (indicated by dashed lines) at 48, 196 and 364 h (mean + standard
deviation, n = 3 for AgD and n = 6 for agarose). (B) 50 pL of 0.01 mg/mL SA-488 was added at 0
and 320 h, 50 pL of 0.01 mg/mL SA-647 was added at 152 and 320 h, and biotin at 48, 196 and
364 h (mean = standard deviation, n = 4 for AgD and n = 6 for agarose). (C) To control relative SA
concentrations, gels were exposed to solutions containing 0.01 mg/ml of SA-488:SA-647 ratios of

3:1, 1:1 and 1:3 at times 0, 152 and 320 h, respectively. Biotin was added at 48, 196 and 364 h
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(mean =+ standard deviation, n = 6 for AgD and agarose). (D) 50 uL of 0.1 mg/mL of SA-488 was
added at 0 and 170 h and displaced by biotin at 47 and 213 h (mean =+ standard deviation, n = 4 for
AgD, and n = 3 for agarose). (E) 50 puL of 0.1 mg/mL of SA-488 was added at 0 h, 50 puL of 0.1
mg/mL of SA-647 at 170 h, and biotin at 47 and 213 h (mean + standard deviation, n = 4 for AgD
and agarose). (F) Solutions of 0.1 mg/ml SA-488:SA-647 ratios of 1:3, 1:1 and 3:1 were added at
0, 170 and 344.5 h, respectively. Biotin was added at 47, 213 and 392 h (mean + standard deviation,
n =4 for AgD and n = 3 for agarose). Agarose gels without desthiobiotin (Ag) showed minimal

binding.

3.1.4 Reversible binding of fluorescently labelled SA in PBS with serum

CBS did not interfere with the immobilization and displacement of fluorescent
SAs. SA-488 bound to AgD gels with 0.1 mg/mL SA solutions in 1% CBS, exhibiting a
bound concentration of 3.2 + 0.2 uM before decreasing to 0.52 + 0.02 uM after biotin
exposure (Fig. 5D). A second exposure to SA-488 immobilized 3.0 £ 0.3 uM, and
decreased to 0.50 + 0.01 puM after biotin displacement. A parallel experiment using SA-
488 followed by SA-647 gave an initial concentration of 3.4 £ 0.2 uM for SA-488 that
decreased to 0.26 = 0.01 uM after biotin displacement, followed by retention of 2.0 + 0.1
UM of SA-647 that decreased to 0.255 + 0.005 uM after biotin exposure (Fig. SE). In 1%
CBS solutions, an average SA concentration of 2.9 uM was immobilized, and biotin
displaced ~87% of bound SA. Immobilized SA was directly proportional to amount of
SA added with 0.01 (Fig. 5A-B) or 0.1 mg/ml (Fig. SD-E) immobilizing 0.23 and 2.9
uM, respectively. To investigate tolerability of common cell culture serum concentrations

(1-10%), a 10% CBS control was investigated and confirmed that immobilization and
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displacement is not dependent on serum concentration. The relative fluorescence of SA-
488 in 1 and 10% CBS tracked very similarly in AgD gels for both 117 h before and 74.5
h after biotin addition. The simultaneous binding of different SAs was also confirmed in
1% CBS (Fig. 5F), where the combined concentration of immobilized SA was 2.2 uM.
The ratio of SA conjugates immobilized was directly proportional to the ratio of SA

conjugated added (Fig. 5C,F).

3.1.5 Immobilization and displacement of SA-RGD

SA-RGD was immobilized and displaced in AgD gels with 1% CBS. In the first
step, only SA-RGD was immobilized resulting in a concentration of ~0.64 uM (Fig. 4).
The binding of SA-RGD is less efficient than SA-488 by approximately a factor of 4,
which may be attributable to the larger and more sterically hindered SA-RGD. Then SA-
RGD and SA-647, a surrogate for another bioactive molecule, were simultaneously
immobilized at different ratios SA-RGD:SA-647 (3:1 and 1:3), demonstrating the ability
to temporally control the biochemistry/biochemical properties of hydrogels using a

bioactive peptide.
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Figure 6: Immobilization of SA-RGD-488 (green) and SA-647 (red) in AgD (solid line) and

agarose (dashed line) hydrogels in PBS with 1% CBS. Three rounds of immobilization were
performed as follows: (1) 50 uL of 0.1 mg/ml SA-RGD-488 was added at 0 h and biotin at 47 h;
(2) 50 pL of 0.1 mg/ml of total SA concentration with a 1:3 SA-RGD-488:SA-647 was added at
170 h and biotin at 213 h; and, (3) 50 pL of 0.1 mg/ml of total SA concentration with a 3:1 SA-
RGD-488:SA-647 was added at 344.5 h and biotin at 392 h. (A) Fluorescent measurement of the
gels to track SA-RGD-488 and SA-647 immobilization and displacement. (B) Fluorescence from
(A) was converted into SA concentration using calibration curves (mean + standard deviation, n=3

for AgD and n=4 for agarose).
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3.2  Decreasing the time required for exchanging biochemical environments
Ideally, chemical environments should be rapidly exchanged to study cells in

dynamic environments. Our process is limited by the diffusion of SA conjugates and

biotin. The time for chemical exchange was reduced by decreasing hydrogel volume,

increasing the surface-area to volume ratio and controlling pore size in the hydrogel.

3.2.1 Immobilization of hydrogels on glass slides

To decrease gel size and increase media contact area, we immobilized AgD gels
on the surface of microscope slides. Glass slides were cleaned in a 3M KOH bath,
subsequently washed with water and dried overnight. A 1.5%
hydroxyl(polyethyleneoxy)propyl triethoxysilane solution (provided by Prof. Mike
Brook) in dry methanol was applied and spin coated on the surface of a cleaned glass
slide (Fig. 7). After drying for 4 hours, the slides were placed in 15 mL of a 5 mg/mL
CDI solution in DCM for 24 hours. Slides were rinsed with DCM and dried again at 95°C
for 4 hours. Hydrophobic circles with an inner diameter of 5 mm were created on the
slides using a PAP pen. Then, 20 uL of'a 10 mg/mL AgD, which contains primary
amines, solution in PBS was pipetted within the hydrophobic circles (Fig. 8). Gelation

was initiated by placing the slides at 4° C for 60 minutes.
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Figure 7: Functionalizing glass slides with HO-PEG10-Si(OEt); for immobilization AgD

hydrogels.

Figure 8: 20 uL AgD hydrogels immobilized on glass slides.

3.2.2 Biochemical exchange in 20 uL. AgD gels immobilized on glass

The time required for biochemical exchange in AgD hydrogels was determined by
immobilizing and displacing SA-488. First, 40 uL of a 0.01 mg/mL SA-488 solution in
PBS was pipetted on top of the gels, and incubated overnight. Removal of unbound SA-
488 and biotin displacement of SA-488 was conducted in 200 mL of PBS with 0.5

mg/mL of BSA and PBS with 0.5 mg/mL of biotin and BSA, respectively. Hydrogel
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fluorescence was quantified using fluorescence microscopy, and images were analyzed in
ImageJ using identical square sections in multiple hydrogels. Agarose-desthiobiotin gels

not exposed to SA-488 were used as blanks.
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Figure 9: The fluorescence time profile of SA-488 immobilized in and displaced from 20 pL
AgD hydrogels conjugated to silane functionalized glass slides. Dashed line indicates the addition

of biotin.

We can observe from Figure 9 that excess SA-488 was removed from the gel
within 4 hours, whereas 30 hours was required for 60 uL. AgD gels. Biotin displacement
of SA-488 from the gel occurred within 12 hours, compared to 48 hours for the 60 pL
gels. This represents an improvement of 75% improvement for the displacement of SA-
488.

3.2.3 Controlling hydrogel pore size with alginate porogens
The pore size of AgD hydrogels were increased to further reduce the time

required for biochemical exchange. Alginate porogens were incorporated in AgD
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hydrogels to control pore size distribution. Two different porogen sizes were fabricated in

large batches from an emulsion technique.

3.2.4 Fabrication of alginate microparticles (porogens)

Alginate microparticles were prepared following an emulsification/internal
gelation protocol developed by Reis et al.[47] An aqueous dispersion of insoluble
calcium carbonate crystals (5% w/v) was sonicated for 30 minutes in milliQ water to
dissolve aggregated crystals. Then, 8.3 mL of the calcium carbonate mixture was mixed
with 50 mL of a 2wt% alginate solution in water. After 15 minutes of mixing at 500 rpm
(mechanical stirrer with propeller), 50 mL of paraffin oil containing 1.5 mL of Span 80
was added. The mixture was emulsified at 1600 rpm for a further 15 minutes. 20 mL of
paraffin oil containing 830 L of glacial acetic acid was added, followed by stirring for
an additional 60 minutes at 1600 rpm (for 10-20 pm particles) and 250 rpm (for 80-100
um particles, Fig. 11).

Particle were recovered by centrifugation and washed with mixtures of
acetone/hexane/isopropanol to remove residual oil. Particles were washed 6 times in the
solvent mixtures and centrifuged at 15,000 x g. Alginate microparticles still contained oil
as demonstrated by the addition of a hydrophobic fluorescent dye, Nile red. A Tween

20/CaCl, mixture was used to remove residual oil (Fig. 10).
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Figure 10: Confirmation of oil removal from alginate microparticles by visualization of oil
droplets with Nile Red. The first row are images of particles after washing with a Triton X 100
and CaCl, mixture. To completely remove residual oil, particles were washed with Tween

(bottom row).
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Figure 11: Mixing speeds during emulsion influenced alginate particle size. Smaller particles

(10-20 uxm) were formed are faster mixing speeds.
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3.2.5 Controlling pore size in AgD hydrogels with alginate porogens

Alginate porogens were incorporated in AgD hydrogels, and degraded with
EDTA. First, alginate microparticles were centrifuged and pelleted to volume of 200 uL.
Then, 200 uL of AgD was added to the pelleted alginate microparticles. After mixing, the
alginate and AgD mixture was pipetted into a 96 well cell culture plate, in 60 pL.
volumes. The mixtures were placed in the freezer for rapid gelation. A 0.5 M EDTA
solution was then pipetted on top of the hydrogels to degrade the alginate porogens.

Once the alginate microparticles were degraded, the porous AgD hydrogels were
labelled with 0.1 mg/mL SA-488. The experiment was conducted using both, 10-20 pm
sized particles and 80-100 pum sized particles. Confocal microscopy was used to visualize

the pores (Fig. 12).
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Figure 12: Confocal images of non-porous and porous AgD hydrogels labelled with SA-488

constructed with 10-20 ym and 80-100 pm alginate particles. Dark spaces indicate pores.

3.2.6 Porous hydrogel binding studies in PBS and serum conditions

To investigate biochemical exchange in porous (10-20 ym) AgD hydrogels, we
compared SA immobilization and displacement in: (1) 60 puLL porous AgD hydrogel in
PBS/BSA in a 96 well cell culture plate; (2) 60 uL porous AgD hydrogel in PBS/CBS in
a 96 well cell culture plate; and, (3) 20 uL porous AgD hydrogel in PBS/BSA on a glass
slide. The time required to displace immobilized SA-488 with biotin from AgD gels was
determined to be 5.67, 3.33 and 4.67 hours for 60 uL gels in PBS, 20 pL gels in PBS, and

60 pL gels in CBS (Fig. 13).
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Figure 13: Porous hydrogel binding studies with SA-488. Dotted lines indicate addition of 0.5
mg/mL biotin and BSA. (A) 60 pL porous AgD gels in PBS with BSA (in 96 well plate). (B) 20

pL porous AgD gels on glass slides in PBS with BSA. (C) 60 pL porous AgD gels in 1% CBS (in

96 well plate).
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3.3 Bioactive AgD gels with reversible biochemical environments
We demonstrated the ability to influence human umbilical vein endothelial cell
(HUVEC) tube formation with a dynamic biochemical environment, and the ability to

seed cells into AgD gels with larger pores.

3.3.1 SA-RGD bioactivity and HUVEC tube formation on temporally controlled
biochemical environments.

HUVEC:s plated on AgD gels with and without SA-RGD showed different
adhesion properties. Without SA-RGD, HUVEC: clustered and maintained a circular
morphology (circularity: 0.96+.08; Fig. 14A, C). AgD gels with SA-RGD encouraged the
attachment and spreading of HUVECs within 3h (Fig. 14B), with a circularity of
0.61+.17 which was significantly different from HUVECs on AgD gels (unpaired t-test p
<0.01, Fig. 14C). Biotin was added to the media of some AgD gels with SA-RGD after 4
h of culture. After 6 h (2 h since biotin addition), HUVECs on AgD with SA-RGD, and
SA-RGD with biotin showed initial signs of tube formation (Fig. 14E-F). After 24 h,
HUVECS formed large clusters on gels without SA-RGD (Fig. 14G). Gels with SA-RGD
formed large tube structures (Fig. 14H), contrasted by smaller tube structures on gels
with SA-RGD and biotin (Fig. 14I). Cells were stained with Calcein AM after 30 h to
highlight differences in tube formation between SA-RGD and SA-RGD with biotin
samples. Gels with SA-RGD showed large tube structures (Fig. 14K, M and N), whereas
gels with SA-RGD and biotin demonstrated smaller tube formations (Fig. 14L). Total

tube length per gel was 3380+517 um for SA-RGD, and 1340+545 um for SA-RGD with
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biotin conditions (Fig. 140, one-way ANOV A Tukey’s post hoc test, p<0.01). SA-RGD
modification of AgD gels encouraged HUVEC adhesion, and displacement of SA-RGD

with biotin after 4h hindered tube formation, demonstrating that temporal biochemical

environments influence HUVEC tube formation.
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Figure 14: HUVEC adhesion and tube formation with temporal biochemical environments.
HUVECS only adhered to AgD gels modified with SA-RGD (A, B), as evidenced by a decrease

in cell circularity (C, mean + standard deviation, n=3). Biotin was added to 3 gels with SA-RGD
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after 4 h. After 6 h, HUVECS still did not adhere to gels without SA-RGD (D), and gels with SA-
RGD (E) and SA-RGD + biotin (F) showed similar HUVEC adhesion and morphology. After 24
h, HUVEC:s clustered on the surface of AgD gels (G), formed large tube structures on SA-RGD
AgD gels (H), and smaller tube structures on AgD gels with both SA-RGD and biotin (I). After
30 h, cells were stained with Calcein AM. HUVECs remained clustered on the surface of AgD
gels (J), contained large tube networks on AgD gels with SA-RGD (K, M, N) and smaller tube
structures on AgD gels with both SA-RGD and biotin (N). Total tube length per gel was
quantified in image J (O, mean =+ standard deviation; n=3) and gels with SA-RGD showed greater

tube formation than AgD gels with SA-RGD and biotin (p<0.01).

3.3.2 Seeding fibroblast cells into porous AgD hydrogels modified with SA-RGD

Surface of the hydrogel

Figure 15: Neural stem cells were seeded onto a 0.5% agarose hydrogel mostly remained on the
surface of the gel.

Porous agarose hydrogels improve cell infiltration. As shown in Figure 15, neural
stem cells do not efficiently infiltrate 0.5 wt% agarose hydrogels (pore size of ~100 nm
[24,95]) modified with RGD. 0.5 wt% agarose is the lowest practical concentration for

cell culture due to stability limitations. To demonstrate cell seeding into agarose gels with
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larger pores, we modified porous (10-20 gm porogens) 60 yL. AgD hydrogels with SA-
RGD and seeded fibroblasts. After 24 h, cells were stained with Calcein and visualized.
Cells were visible throughout the gel as demonstrated by fluorescent image slices from a
z-stack (Fig. 16A). Cells were also found adhered to the bottom of the well, indicating

migration through the entire gel (Fig. 16B).

A B

Depth: 91.2 um Depth: 230 um Depth: 316.8 um Bottom of well

Figure 16: (A) Confocal images from a 541 pum tall AgD hydrogel labelled with SA-RGD seeded
with fibroblasts. Cells localized throughout the gel indicating the pores allowed cell migration.

(B) Mouse fibroblast cells that migrated through porous AgD hydrogels, and adhered to

the bottom of the well.

3.3.3 AgD hydrogels are non-cytotoxic

To evaluate cytotoxicity, 10,000 fibroblasts were seeded onto 3 different
hydrogels: (1) agarose gels; (2) AgD gels modified with SA-RGD; and, (3) porous AgD
gels modified with SA-RGD (Fig. 17). After 1 day of culture, cells were analyzed with a

viability assay (CellTiter 96® AQ,.,, One Solution Cell Proliferation Assay (MTS)).

ueous

Bio-inert agarose gels without any modification were used as the non-cytotoxic control.

AgD gels modified with SA-RGD had higher cell viability than agarose gels due to RGD
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promoted adhesion, and proliferation. Porous SA-RGD AgD and non-porous agarose gels
had similar cell viability, and but both gels had lower viability than non-porous SA-RGD
AgD gels. Therefore, the porous gels were non-cytotoxic but did not promote the same
level of cellular activity as non-porous gels. This is most likely due to differences

between 2D and 3D environment, which has been shown to influence cellular activity.

MTS Assay to Investigate Cytotoxicity of 3D Cell Culture
£ (Hour 2)

Hydrogel Conditions

Figure 17: AgD gels with SA-RGD were determined to be non-cytotoxic when

compared to bio-inert agarose gels by the MTS cell viability assay.
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4. Discussion

We have developed a biomolecule immobilization system for hydrogels towards
the development of 3D in vitro cell culture systems with exchangeable chemical properties.
Peptide immobilization was achieved through the desthiobiotin-SA interaction since it
forms a complex that is easily disrupted by biotin. Importantly, immobilization and
displacement was not influenced by serum concentration (Fig. S6), indicating that the
method is amenable to numerous cell culture conditions. The discovery and design of novel
binding partners is increasing rapidly due to advances in computational design, in vitro
selection and directed evolution. Therefore, this system could be redesigned with similar
dynamic properties using different binding partners, or a combination of orthogonal
binding partners to independently control the temporal patterning of different
biomolecules. Different interactions other than desthiobiotin and SA may be investigated
if the biological study will be influenced by desthiobiotin, biotin or SA.

Non-displaceable SA content is most likely due to positive charges present in AgD
hydrogels. Biotin resulted in the displacement of ~90% of SA conjugates from hydrogels
(Fig. 5); the remaining ~10% is non-displaceable and most likely due to non-specific
binding (NSB). AgD contains primary amines (pKa ~ 10) that would be protonated at
physiological pH and be at least partially responsible for the NSB of SA, which has a
reported isoelectric point of 5.0.[96] Future experiments should quench the remaining
amines to further minimize NSB.

Ideally, the temporal patterning system can be incorporated into any non-

degradable bio-inert hydrogel with minimal NSB such as Ag, PEG or dextran. The
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desthiobiotin content must remain constant over time for reproducible immobilization of
biomolecules; the scaffold must therefore be non-degradable. Ag provides a bio-inert
scaffold whose bioactivity can be readily tailored with immobilized biomolecules, which
is crucial for our temporal patterning method. Although cells are able to penetrate Ag
hydrogels, the small pore structure limits efficient cell penetration and migration.[24]
Increased pores sizes may also improve washing affinity. Larger pores can be incorporated
by introducing degradable porogens during hydrogel fabrication. Therefore, the temporal
patterning system is currently being incorporated within hydrogels with larger pores to aid
in cell seeding for future biological studies.

The desthiobiotin-SA immobilization method is amenable to any biomolecule that
can be synthesized or expressed as a SA conjugate. In this study, we covalently linked a
CGRGDS peptide to maleimide-SA; this approach is applicable to any peptide sequence
containing cysteine. The bioactivity of SA-RGD was confirmed through cell adhesion
studies (Fig. 14). Full proteins could also be immobilized by expressing them as a fusion
protein with SA[97] or covalently conjugating a protein to SA using click chemistry. For
example, maleimide-SA and a furan modified protein can be reacted together to form a
SA-protein conjugate.[98]

The concentration of immobilized factors is an important regulator of bioactivity.
For example, RGD-driven neurite outgrowth from dorsal root ganglions in 3D matrices is
biphasic, where RGD concentrations outside the intermediate range limit outgrowth.[99]
RGD concentration also influences the adhesion, proliferation and migration of

mesenchymal stem cells encapsulated within hydrogels.[100] For the system described
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here, the concentration of immobilized peptide can be varied by varying the amount of SA
conjugates added during immobilization. For instance, the addition of 50 pL. of 0.01 or 0.1
mg/ml SA solutions resulted in 0.23 and 2.2 uM immobilized SA. The immobilization of
SA conjugates results in a gradient within the hydrogel, with the highest concentration at
the surface. To explore this further, we quantified the vertical fluorescence profile of
immobilized SA (Fig. S5). Fluorescence deviated by less than ~5% over the first 100 um,
which is similar to the maximum distance between cells and capillaries in vivo.[101] Large
cell-hydrogel constructs are troublesome since they limit efficient supply of oxygen and
nutrients and removal of waste products leading to necrosis and cell death. Therefore, our
system is amenable to controlling the biochemical environment of hydrogels with similar
diffusion distances for nutrients and waste products to those found in vivo.

The removal of reagents (e.g., SA conjugates and biotin) from the gel by diffusion
is the rate limiting step for exchanging chemical environments. Minimizing washing times
by decreasing hydrogel volume and increasing contact area with media will increase the
efficiency of the system. The present study utilized 60 uL hydrogels in 96-well plates (Figs.
5-6), where only the surface of the gel is exposed to the media. To decrease washing times,
we conjugated 20 pL hydrogels to glass surfaces using an amine-reactive silane (Fig. 7).
Since the hydrogels contain 3.0 + 0.5 umol of amines per mmol of Ag, no further gel
derivatization was required. These gels allow for more efficient washing due to their
decreased size and greater surface exposure to the media. The efficiency of SA and biotin
removal was increased by ~75% when hydrogel volumes were decreased from 60 to 20 pL

(Figs. 5-6,9).
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AgD hydrogels with pores sizes ranging from 10 to 20 ym facilitated more efficient
biochemical exchange and cell seeding, as porous hydrogels increase diffusion rates.
Larger pore sizes decreased the time required for biochemical exchange from 48 h to 4.67
h hours in 60 uL gels (Fig. 13). Agarose gels prepared without porogens were not amenable
to cell infiltration, whereas AgD gels with 10-20 ym pores was permissive for cell
infiltration throughout the entire gel.

HUVEC tube formation was influenced by temporally altering hydrogel adhesivity,
which is an important regulator of tube formation.[102] HUVECs were seeded on SA-RGD
modified hydrogels. Once cell adhesion was confirmed (Fig. 14A-C), biotin was added to
some SA-RGD AgD gels. Minimal differences between SA-RGD and SA-RGD with biotin
conditions were observed after 6h of culture (2h of biotin exposure, Fig. 14E-F). After 24h
of culture (20h of biotin exposure), HUVECs formed larger tube networks on SA-RGD
gels than gels with SA-RGD and biotin, indicating decreased adhesion lowered tube
formation potential (Fig. 14H-I). After 30h of culture (20h of biotin exposure), total tube
length per gel for SA-RGD modified gels was significantly greater than gels with SA-RGD
and biotin (Fig. 14K-0). These results indicate that HUVEC tube formation can be
temporally controlled by exchanging hydrogel biochemical environments during in vitro

cell culture experiments.
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5. Conclusion

We have developed a temporal patterning system where we can immobilize
desired biomolecules for multiple rounds by taking advantage of the physical interaction
between desthiobiotin-streptavidin, which can be disrupted by biotin. We have reduced
washing times by conjugating gels to the surface of glass slides, which decrease gel
volume and increased relative gel-media contact area. We have also used alginate
microparticles as sacrificial porogens to introduce pore sizes appropriate for cell seeding
for 3D cell culture in AgD hydrogels. Overall, this porous, temporal patterning system in
a scaffold appropriate for 3D cell culture will allow us to study cell-matrix interactions.
We demonstrated the gels are non-cytotoxic and changes in biochemical environments
can influence HUVEC tube formation. We also demonstrated cell viability in porous

agarose hydrogels using an MTS assay.
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7. Appendix

Appendix A: Materials and Methods

Materials

Agarose type IX, bovine serum albumin, desthiobiotin, carbonyl diimidazole (CDI),
trimethylamine, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS), N-(2-aminoethyl)acetamide, fluorescamine and maleimide-
streptavidin were purchased from Sigma-Aldrich (Oakville, ON). Biotin was purchased
from Bioshop Canada Inc. (Burlington, ON). Alexa Fluor® 488 NHS ester, streptavidin-
Alexa Fluor® 488 (SA-488), streptavidin-Alexa Fluor® 647 (SA-647) conjugates, and
Calcein AM were purchased from Thermo Fisher Scientific (Burlington, ON). CGRGDS
peptide was purchased from Genscript (Piscataway, NJ). Human umbilical vein
endothelial cells (HUVECs), NIH 3T3 fibroblasts, endothelial cell growth medium
(EGM™-2), and calf bovine serum (CBS) were purchased from Cedarlane (Burlington,
ON). Dialysis tubing (MWCO 3,500 and 10,000 Da) was purchased from Spectrum Labs
(Rancho Dominguez, CA). PRONOVA™ ultrapure sodium alginate was purchased from

NovaMatrix (Sandvika, Norway).

Synthesis of Agarose Desthiobiotin

500 mg of agarose, 46 mg of CDI and 236 pL of triethylamine were dissolved in
50 mL of DMSO and stirred at room temperature under nitrogen. After 1h, 57 uL of
ethylene diamine was added. After 16h, the agarose solution was diluted to 1 mg/mL with
warm water and dialyzed (MWCO 3,500 da) against distilled water with 6 water
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exchanges. The polymer agarose-amine solution was lyophilized to yield 490 mg. 120 mg
of desthiobiotin was reacted with 325 mg of EDC and 200 mg of NHS in 20 mL of
chloroform under nitrogen. After one day, chloroform was removed under vacuum, solid
was re-dissolved in 20 mL of DMSO and added to 490 mg of agarose-amine and 100 pL
of trimethylamine (TEA) in 50 mL of DMSO. After stirring under nitrogen for one day,
the solution was diluted with 250 mL of warm water and dialyzed (MWCO 3,500 Da)
against distilled water with 6 water exchanges. Lyophilization yielded 410 mg of AgD.
Desthiobiotin Quantification

The Thermo Scientific Fluorescence Biotin Quantitation assay procedure was
modified to quantify desthiobiotin derivatization of AgD polymers. The provided
DyLight reporter solution was diluted 1:15 with pH 7.4 PBS, and 90 pL was mixed with
10 uL of 0.7 pg/mL agarose samples in PBS (n=3). After five minutes, fluorescence was
measured (Aex = 494 nm; Ay = 520 nm) using a plate reader. Desthiobiotin concentrations
were calculated from a desthiobiotin calibration curve of 0.5 to 6 pM solutions in PBS.

Fluorescamine assays were performed by mixing 50 pL of agarose samples in
DMSO with a 50 pL of 6 mM fluorescamine-DMSO solution with 10 mM TEA. After 30
minutes, fluorescence of the samples was measured (Aex = 395 nm; Aeyy = 485 nm) using a
plate reader (Tecan Sapphire). A calibration curve was constructed with N-(2-
aminoethyl)acetamide solutions of 5 to 320 uM.
SA conjugate binding studies in AgD hydrogels (microplate binding study)

Solutions of 0.7 or 1 wt% AgD were prepared by dissolving the lyophilized solid

in hot PBS (pH 7.4). 60 uL of AgD solutions was pipetted into 96 well plates, and cast at
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4°C for 1h; plates were then immersed in PBS for 1 days to remove remaining
unconjugated desthiobiotin molecules. 50 uL of fluorescent SA-488 in PBS with 0.5
mg/ml BSA was added over each gel. After overnight incubation, plates were immersed
in PBS with 0.5 mg/mL BSA, and fluorescence was read (Aex = 490 nm; Aeyy = 525 nim,
gain 155 for SA-488; Aex = 594 nm; Aer = 633 nm, gain 193 for SA-647). After excess
SA-488 was removed, plates were immersed in the displacement solution (0.5 mg/mL
BSA and biotin in PBS), and fluorescence was tracked over time. Plates were submerged
in PBS with 0.5 mg/mL BSA to remove excess biotin. To repeat functionalization, the
gels were then re-exposed to fluorescent SA, rinsed and exposed to biotin. To
demonstrate temporal control of the chemical environment serum solutions, all steps were
conducted in a biosafety cabinet under sterile conditions.

To demonstrate temporal control of chemical environment, variations of the
experiment were performed where gels were exposed to: (1) 0.01 mg/mL SA-488 for all
three repetitions; (2) 0.01 mg/mL SA-488, followed by 0.01 mg/mL SA-647, then 0.01
mg/mL of both SA-488 and SA-647; and, (3) 0.0075 mg/mL SA-488 with 0.0025 mg/mL
SA-647, followed by 0.005 mg/mL of both SA conjugates, and 0.0025 mg/mL SA-488
with 0.0075 mg/mL SA-647.

To calculate protein concentrations, fluorescence of 60 pL agarose hydrogels
containing known concentrations of fluorescent SAs was read.

Fluorescent Streptavidin Binding Experiments in 1% CBS
The conditions were: (1) 0.1 mg/mL SA-488 for two repetitions; (2) 0.1 mg/mL

SA-488 followed by 0.1 mg/mL SA-647; (3) 0.075 mg/mL SA-488 with 0.025 mg/mL
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SA-647, followed by 0.05 mg/mL of both SA conjugates, and 0.025 mg/mL SA-488 with
0.075 mg/mL SA-647; and, (4) 0.1 mg/mL SA-RGD-488, followed by 0.075 mg/mL SA-
RGD-488 with 0.025 mg/mL SA-647, and 0.025 mg/mL SA-RGD-488 with 0.075
mg/mL SA-647. To maintain sterility, PBS was autoclaved prior to use, fluorescent SA
solutions in PBS were filtered (0.2 pm), and experiments were performed in a biosafety
cabinet.

Conjugation of 20 pLL. AgD hydrogels to glass slides

Glass slides were cleaned in a 3M KOH solution, washed with water, and dried
overnight at 120°C. 3 or 4 drops of a 1.5% hydroxyl(polyethyleneoxy)propyl
triethoxysilane solution in dry methanol was applied and spin coated (5000 rpm for 30
seconds) on the surface of the glass slides. After drying at 95°C for 4 h, the slides were
placed in 15 mL of a 5 mg/mL solution of CDI in dichloromethane (DCM) for 24h. Slides
were rinsed in DCM and dried at 95°C for 4h. Hydrophobic circles with an inner diameter
of 5 mm were created on the slides using a PAP pen. 20uL of a 1 wt% AgD solution in
PBS were pipetted within the hydrophobic circles and gelled at 4°C.

AgD binding study with 1 wt% hydrogels (glass slides)

40 pL of 0.01 mg/mL SA-488 in PBS was pipetted on top of the gels. Washing
and biotin displacement steps were conducted in 200 mL of PBS with 0.5 mg/mL of BSA
and PBS with 0.5 mg/mL of biotin and BSA, respectively. Hydrogel fluorescence was
quantified using fluorescence microscopy, and analyzed in ImageJ using identical regions
of interest in multiple hydrogels. AgD gels not exposed to SA-488 were used as controls.

The corrected total fluorescence (CTF) was calculated using the following equation: CTF
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= Integrated Density — (Selected area x Mean fluorescence of background readings). The
average CTF of the hydrogels was then calculated (n=3, mean + standard deviation).
Alginate microparticle fabrication and pore formation within AgD hydrogels

Alginate particles were first prepared by a previously published emulsion
technique.”’” 8.3 mL of a 5% (w/v) aqueous dispersion of insoluble calcium carbonate
crystals was sonicated for 30 minutes. After sonication, the aqueous 5% w/v calcium
carbonate mixture was combined with 50 mL of a 2% sodium alginate solution, and mixed
by impeller stirring at 500 RPM for 15 minutes. 58.3 mL of a paraffin oil containing 3%
Span 80 was added to the mixture and emulsified by impeller stirring at 1600 RPM for 15
minutes. 20 mL of paraffin oil with 830 puL of glacial acetic acid was added, and the
resultant mixture was mixed for 60 minutes at 1600 RPM. The particles were isolated by
centrifugation at 15,000 x g for 15 minutes. Particles were washed 6 times with an acetone
(15%), isopropanol (10%), hexane (5%), and acetate buffer (pH 4.5, 70%) mixture,
followed by an overnight incubation in a 2% Tween 20/CaCl, solution. Particles were the
washed in a 2% Tween 20/CaCl, solution an additional 6 times. Alginate particles were
stored in a MES/CacCl, buffer solution at 4°C.

Falcon tubes containing alginate particles in a MES/CaCl, buffer were inverted to
suspend alginate particles. 100 uL of the suspended alginate particles was transferred into
each microcentrifuge tubes. The microcentrifuge tubes were then centrifuged to pellet the
large alginate particles. The supernatant was discarded, and the large alginate particles
were combined into one microcentrifuge tube using a scoopula. Simultaneously, a 1wt%

AgD gel was melted and cooled, and then mixed with the alginate particles in a 2:1 AgD
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to particle ratio. 60 pL of the mixture was dispensed into wells of a 96 well microplate.
The cell culture plate was quickly placed at 4°C for rapid gelation. After gelation, 100 uL
of 0.5M EDTA was added to each, and left overnight to degrade the alginate particles. the
gels were then immersed in PBS to remove dissolved alginate and EDTA.
Characterizing pore size in AgD hydrogels

AgD gels were labelled with SA-488 and imaged on a Nikon confocal microscope.
Cell culture plates were inverted and aligned with the 20X objective lens. First, the bright
field function and ocular lens were used to identify the surface of the microplate, and the

bottom of the hydrogel. Images of single slices, and z — stacks were acquired.

Seeding and imaging 3T3 mouse fibroblast cells within porous AgD Hydrogels

60 pL porous AgD hydrogels were incubated with 50 uL of 0.2 mg/mL SA-RGD.
After an overnight incubation, the hydrogels were washed in 250 mL of PBS. Fibroblasts
were then added to the gels in DMEM media with 10% CBS and incubated at 37°C 5%
CO, for 24 hours. Cells were then stained with 1 pL of Calcein AM. Cells were imaged
using a fluorescent microscope (BioTek Cytation?).
Evaluating cytotoxicity

The CellTiter 96® AQ,.,,, One Solution Cell Proliferation Assay (MTS) was used

to evaluate cytotoxicity of the AgD cell culture system. 60 xL. AgD hydrogels were pre-
incubated overnight in DMEM media with 10% CBS. Fibroblasts (approximately
800,000-1,000,000 cells/mL) were added in DMEM media with 10% CBS and incubated

at 37°C and 5% CO, overnight. 20 pL of CellTiter 96 AQueous One Solution Reagent
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was pipetted into each well. After a 60-minute incubation, the absorbance at 490 nm was
read.
Human umbilical vein endothelial cell (HUVEC) adhesion and tube formation assay.
10,000 HUVECs were seeded onto 60 pL 2 wt% AgD and SA-RGD modified AgD
hydrogels in EGM-2 media. SA-RGD modified AgD hydrogels were prepared by
incubating hydrogels in 200 pL of PBS with 0.05 mg/ml SA-RGD and 0.5 mg/mL BSA
for 2 days. The gels were then washed for 2 days in PBS with BSA to remove excess SA-
RGD. Brightfield images were acquired 3 h after cell seeding, and cell circularity was
determined using Image J. 4h after cell seeding, the media for 3 AgD SA-RGD gels was
exchanged to EGM-2 with 0.5 mg/ml of biotin. Media in all other samples was replenished
to maintain consistency. After 6 and 24 h, brightfield images were acquired. After 30h,
cells were stained with Calcein Am and fluorescent images were acquired. Total tube
length per well was assessed in Image J for each condition. (n=3, mean + standard

deviation)

71



M.Sc. — Devang Nijsure, McMaster University — Chemical Biology

Appendix B: Supplemental figures
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Figure S1: Desthiobiotin concentration was calculated through a fluorescent biotin
quantification assay. AgD contained 1.7 + 0.5 umol desthiobiotin per mmol of Ag

subunit.
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Figure S2: MALDI of SA-RGD. (A) MALDI of maleimide-SA showing the monomer.

(B) MALDI of SA-RGD showing the monomer. (C) Combined MALDIs of (A) and (B)

with theoretical projections of SA monomer with 1 or 2 CGRGDS peptides (dashed blue

lines). The majority of SA monomers were labelled with 1 or 2 peptides, indicating

tetrameric SA contains between 4 and 8 GRGDS peptides.
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Figure S3: UV-Vis spectrum of SA-RGD-488 showing the protein peak at 280 nm and
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the Alexa 488 peak at 495 nm.
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Figure S4: SA-488 immobilized in AgD hydrogels remains stable for over 60 days. AgD
and Ag hydrogels were incubated in SA-488 solutions then washed in PBS. Fluorescence
rapidly dropped in Ag hydrogels, but AgD fluorescence remained stable due to the

desthiobiotin-streptavidin interaction (mean + standard deviation; n=16).
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Figure SS: Vertical fluorescence profile of SA-488 immobilized in AgD hydrogels. The
rapid rise in fluorescence between ~0 and 0.25 pm is due to the meniscus of the hydrogel.
The remainder of the hydrogel (from ~0.25 to 1.1 um) saw a decrease of ~59% in
fluorescence as a function of depth. The first 200 um, the relevant distance for cell-

hydrogel constructs, only decreased ~9% in fluorescence.
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Figure S6: Immobilization and displacement of SA-488 in 0.7wt% AgD hydrogels

exposed to 1 or 10% serum. Fluorescence intensities were normalized to 100 for t=0 h. 50

uL of 0.1 mg/ml SA-488 solutions were pipetted on the gels, and left for 17 h. Gels were

then washed in ~400 mL of PBS with either 1 or 10% CBS. After 117h, 0.5 mg/ml biotin

was added to the PBS/CBS solutions to displace immobilized SA-488 (mean + standard

deviation; n=3).
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