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LAY ABSTRACT

Drugs that enable the immune system to recognize cancer have the
potential to produce numerous anti-cancer treatments, revolutionizing the field
cancer research. However, many of these drugs are clinically ineffective because
of toxic side effects from high doses required to achieve therapeutic
concentrations. Additionally, physiological transport barriers in cancers,
especially brain cancer, impede drug distribution, and make it more difficult to
reach therapeutic levels.

Delivering drugs to the correct location and for an optimal amount of time
will improve drug efficacy. Drug loaded implants mostly composed of water,
known as hydrogels, can be injected at the disease site for the slow infusion of
drug into the area. This would simultaneously decrease the need for frequent drug
administrations and decrease toxic side effects.

Here, we present the development and testing of a medical implant that
delivers drugs that redirect the immune system to recognize and kill brain tumors.
The chemical properties of the implant were optimized for safe injection into the
brain and for long term drug infusion. By extending the time of drug exposure
using the implant, drug effectiveness was increased in mice bearing human brain
cancer. Additionally, we showed the development of an in vitro model for brain
cancer where anti-cancer effects of the drug loaded implant can be easily observed
for applications in drug screening. This thesis, therefore, demonstrates how
implantable materials can increase the effectiveness of anti-cancer drugs through
efficient drug delivery.



ABSTRACT

Modern production techniques and new therapeutic targets have resulted
in the development of different antibody-based treatment modalities, increasing
the repertoire of viable drug candidates. The clinical success of immune
checkpoint inhibitors (ICIs) has generated great interest in antibody-based drugs
as cancer immunotherapeutics.

The lack of treatment options for glioblastoma, the most malignant
glioma, has expedited the investigation of antibody immunotherapeutics for
glioblastoma. However, glioblastoma’s low tumor mutational burden (TMB) and
immunosuppressive tumor immune microenvironment (TIME) render ICI
monotherapies ineffective. Furthermore, physiological barriers (blood-brain
barrier) impede drug localization, requiring high systemic doses that result in
severe immunological side effects. To address these limitations, we demonstrate
the benefit of: (1) local sustained release of antibody immunotherapeutics to
increase the duration and magnitude of anti-cancer response and, (2) combination
therapies to further promote immune cell mediated killing of glioblastoma.

With the goal of creating an implant for the local infusion of
immunotherapeutics (LIIT), herein, | describe the development of an injectable
hydrogel that incorporates an affinity based drug delivery system (DDS). Using
well known affinity interactions, a three component DDS referred to as
competitive affinity release (CAR) released a bioactive antibody for >100d. CAR
was then modified to a new system called displacement affinity release (DAR),
for the delivery of minimally modified antibody. An in situ gelling, injectable,
low-fouling poly(carboxybetaine) hydrogel was fabricated for the localization of
the DDS.

The DDS hydrogel combination was used to deliver a dual antigen T cell
engager (DATE) targeting CD133 positive glioblastoma cells in 3D embedded
spheroid cultures and a patient derived xenograft model. Controlled release of
CD133 targeting DATE increased survival benefit within the xenograft model.
Within the 3D embedded spheroid model, the combination therapy of DATE with
an aPD-1 ICI increased and sustained cytotoxic effects.

Here | developed a platform technology for the local infusion of
immunotherapeutics (LI1IT), amenable to any antibody cancer
immunotherapeutics. This project demonstrates how local infusion with
immunostimulatory drugs can increase the magnitude and duration of anti-cancer
immunotherapy in glioblastoma where physiological barriers impede drug
accumulation.
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1.1 Abstract

Biologics made from antibodies are a growing class of cancer
immunotherapeutics that facilitate immune cell mediated tumor killing. However,
their efficacies against solid tumors are limited by transport barriers, poor tumor
uptake, rapid clearance, and low maximum tolerable concentrations (MTCs),
which may lead to potentially fatal systemic side effects before reaching the
minimum effective concentration (MEC) in cancerous tissue. To increase
antibody immunotherapeutic concentrations in tumors while decreasing systemic
concentrations, local delivery vehicles for sustained antibody release are being
developed. Controlled release mechanisms are incorporated into drug delivery
vehicles to maintain the MEC within tumors. Depending on the nature and site of
the disease, different vehicles with varying material composition, porosity,

stiffness, and method of implantation are being investigated.

The local sustained delivery of immunotherapeutics is particularly difficult
for glioblastoma (GBM) due to the blood brain barrier (BBB) and rapid clearance
of antibody therapeutics from brain tissue. Here we review current immune
modulating materials, with a focus on vehicles for antibody delivery, that elicit T

cell anti-cancer responses suitable for GBM treatments.
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1.2 Antibody immunotherapeutics for cancer

Antibody immunotherapeutics (AImTs) have emerged as a leading
alternative to or combination therapy with traditional cancer treatments such as
chemotherapy and radiation; AImTs activate or direct immune effector cells (e.g.,
macrophages, natural Killer (NK) cells and T cells) to recognize and/or kill cancer
cells.>2 Several AImT scaffolds have been developed to enhance tumor killing
through different mechanisms: preventing immune checkpoint blockade, bridging
T/NK cells to cancer cells, and antibody dependent cell-mediated
phagocytosis/cytotoxicity (ADCP/ADCC; Figure 1.1). Agonist antibodies that
target co-stimulatory receptors to enhance anti-cancer immune cell functions are
also being developed.?® The lower incidence rate of serious side effects from
AImTs compared to adoptive cell therapies and cancer vaccines has led to 16

FDA approved AlmTs for cancer treatments.*

1.2.1 Monoclonal antibodies as immune checkpoint inhibitors and immune

stimulators

Many cancer cells contain immune checkpoint surface receptors that inhibit
cytotoxic T cell (CTLs) responses (Figure 1.1). Immune checkpoint inhibitors
(ICls) competitively bind the checkpoint receptors (CRs) such as PD-1 and
CTLA-4 on CTLs and PD-L1 on cancer cells to prevent CR mediated inactivation
of CTLs.! The success of the aPD-1 and aCTLA-4 inhibitors have sparked intense

research resulting in the discovery of numerous checkpoints. ICI efficacy is
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partially determined by cancer cell CR expression levels, and are therefore
effective against cancers with high CR levels (e.g. melanoma and non small cell
lung carcinoma) and not cancers with low CR levels (e.g. glioblastoma) when
administered as standalone therapies.> Recently, NK cell inactivation by the PD-
1/PD-L1 blockade was discovered, representing a new therapeutic target for PD-
1/PD-L1 ICIs.® The PD-1 checkpoint blockade have also been implicated to be
effective for the reactivation of tumor associated macrophages (TAMS),
polarizing TAMs to an inflammatory phenotype, creating a immunostimulatory

tumor immune microenvironment (TIME).®

Despite the spectacular clinical success of ICI’s, they remain mostly
ineffective in tumors with low TMB cancers such as glioblastoma (GBM) due to
the lack of an adaptive immune response. %! Therefore, other therapeutics are

being developed to promote immune cell recognition of cancer cells.

New therapeutic immune checkpoints targets are still being discovered which
also provide therapeutic benefit. Furthermore, immunostimulatory agonist
antibodies are also being investigated to stimulate immunes cells in the TIME
ultimately leading to CTL activation and recruitment resulting in an anti-cancer

effect (Table 1.1).23
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Table 1.1 Monoclonal antibodies used as ICI and immunostimulators that

enhance anti-cancer responses and reduce tumor burden.

Target Target Cell type

CTLA-411? T cells
PD-11813.14 T cells, Macrophage
m PDL-1%13 Cancer
[«5)
S LAG-3% T cells
Q0
= TIM-31° T cells
©
= VISTAY T cells
c
2 SIGLEC-10/CD24 Macrophage
o
S SIGLEC-7/CD43"® Cancer/T cells
S
5 CD47% Macrophage
- B7-H3%! Cancer
CD73% NK
TIGIT®2 T cells, NK cells
" 0X40252 T cells
.9
S 3 ICOS*# T cells
< QO
E = CD28%2® T cells
©
2= CD137/4-1BB3? T cells
o C
S 2 CD40% T cells
€ o
== GITR% T cells
£ CD27% T cells

1.2.2 Bispecific antibodies for cancer cell recognition

To target tumors with low TMB, bispecific and trispecific antibodies were

developed to enhance immune cell recognition of cancer cells without the need
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for an adaptive immune response (Figure 1.1).33% For T cell mediated tumor
killing, bi-specific T cell engagers (BiTES) were constructed to simultaneously
bind tumor associated antigens (TAAS) on cancer cells and the CD3 receptor on T
cells, which initiates T cell mediated tumor killing.>* Similar to BiTEs, bispecific
killer cell engagers (BiKEs) and trispecific killer cell engagers (TriKEs) bridge
cancer cells to the CD16 receptor on NK cells; TriKEs also promote NK cell
survival and proliferation through the incorporation of an IL-15 fusion protein as
a crosslinker between the two antibody Fab fragments.3334¢ Other AImTs induce
ADCC upon binding cancer antigens and recruiting NK cells through Fc binding;
receptor clustering on NK triggers formation of lytic synapses for cancer cell

killing.3%%
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Figure 1.1 Major classes and mechanisms of AImTs to enhance or initiate
cancer cell killing by immune cells. ICIs prevents the checkpoint blockade of T
cells and inactivation of CTLs by cancer cells. Bispecific AImTs recruit T cells to
cancer cells by binding TAAs and T cell receptors. AImTs for Fc mediated
activation recruit immune effector cells to cancer cell surfaces through Fc receptor

binding and clustering.

1.2.3 Transport barriers and the need for sustained local delivery

Although effective against blood cancers, AImTs suffer from low efficacy
against solid tumors; the dense cellular-matrix composition, impaired blood flow

and transvascular pressure gradients of solid tumors hinders therapeutic
7
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penetration and accumulation.??38% To reach therapeutic concentrations, large
intravenous (1V) doses of ICIs (up to 10 mg/kg per injection for avelumab, a PD-1
ICI) are required, which leads to side effects such as nausea, fatigue and

hyperthyroidism.*

Due to the lack of an Fc domain, tumor accumulation of BiTEs is hindered by
short plasma half-lives. To overcome half-life limitations, blinatumomab, a BiTE
for acute lymphoblastic leukemia targeting CD19, is IV infused at 5-15 pg/m?/day
(average body surface area of 1.79 m?)* continuously for 4 weeks; higher doses
(>30 pg/m?/day ) produced adverse neurological events as a result of CRS.*-44
Therefore, slow infusions are also required to avoid potentially fatal side effects
(e.g. cytokine release syndrome (CRS)). For solid tumors, intravenous infusions
of BITEs may not achieve the MEC within tumors without potentially fatal side

effects.

To minimize side effects and increase efficacy, local sustained AImT release
from intratumoral implants can decrease systemic concentrations while
maintaining concentrations above the MEC within the TIME for extended periods
of time (Figure 1.2).*° Delivery devices should sustain AImT release to maximize
the duration and magnitude of immune cell mediated tumor killing. Beyond
improved efficacy, local delivery may also decrease treatment cost by lowering

dosage and administration frequency. Section 2 defines the material properties
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and protein delivery technologies required to achieve AImT local sustained

delivery.

Systemic
Administration

Lﬁ |

High
High
Low
High
High

Tumor AlmT
concentration

Totai dose
Dosing frequency
[Drug] at disease site
Systemic side effects
Cost

/

Local Delivery

Low
Low
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Material Immune Release
Response Mechanisms

Drug
Delivery
Vehicle

Implantation

Method Drug Stability

Degradation
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Time
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Local injections
Minimum effective [ Esle=|ABI={[=1a"

Systemic
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Figure 1.2 Local sustained delivery vs systemic and local injections. Local

sustained delivery extends the period of effective AImT concentrations in the

tumor compared to systemic or local injections. Vehicles for local sustained

release are tailored by release mechanisms, implantation, degradation, AImT

stabilization (drug stability) and immune material response.
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1.3 Properties for local delivery vehicles for sustained AImTs release

Implantable local delivery vehicles must control AImT release rates while
stabilizing encapsulated AImTs. Furthermore, vehicle components and
degradation products should promote or not hinder the anti-cancer immune
response. Hydrogels, water swollen polymer networks, have been used
extensively as drug depots for localized protein delivery due to their high levels of
hydration increasing protein stability.*¢*8 By controlling hydrogel properties such
as porosity, water content and chemical properties, hydrogels can be designed
with varying drug release profiles, degradation rates, biological activity, and

implantation procedures (Figure 1.2).454

1.3.1 Minimizing deleterious immune responses to implanted materials

Typically, vehicles should have a minimal foreign body response (FBR). FBR
is characterized by the recruitment of monocytes upon implant recognition that
first differentiate towards M1 like macrophages, then towards M2 like
macrophages and the establishment of foreign body giant cells, ultimately leading
to the recruitment of fibroblasts that excrete collagen and encapsulates the implant
in a fibrous capsule, impeding drug release.*®> Currently, there is conflicting
data regarding the specific macrophage polarization which induces this response.
What can be surmised from current studies is that both M1 like and M2 like

macrophages work constitutively to produce the fibrous capsule.*®>2

10
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Implant composition,>3>4 size,* shape,* roughness,>! porosity,*®°’ fouling
properties,>*>8 and chemical modifications influence the FBR.>*>* For example,
spherical alginate microgels modified with specific chemical moieties in specific
sizes,>*%>% low-fouling zwitterionic hydrogels,>® and hydrogels with uniform
porosity®®®” have been shown to minimize or prevent the FBR. Targeting immune
cell bioactivity can also minimize the FBR. For example, immobilization of
certain proteins (e.g. CD200),% peptides (e.g. CD47 binding peptides)®* or
polysaccharides (e.g. fucoidan)®? recognized by immune cells on materials
attenuates immune and inflammatory responses. Direct modulation of
macrophage either through systemic administration of a CSFR-1 inhibitor or local
release of a CSFR-1 inhibitor have also been able to inhibit FBR when a
polydimethylsiloxane (PDMS) implant was implanted into non-human
primates.®3%* It should be noted that a partial FBR can be advantageous for some
applications; for example, the controlled vascularization of a partial FBR capsule
around an implant allows immune evasion of allogeneic transplantation of 3 cells

for intravenous infusion of therapeutic biomolecules such as insulin.®®

Immunogenic or immunosuppressive materials and degradation products that
hinder immune and anti-cancer responses should also be avoided. For example,
due to the ubiquitous use of polyethylene glycol (PEG) a large portion of the
population now produces IgG and IgM anti-PEG antibodies (~42% of blood

donors have PEG antibodies) which may limit local delivery by decreasing

11
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implant lifetime.®55” Although inherently non-toxic, adverse immune reactions to
PEG have been reported further implicating the need for PEG alternatives. Upon
intracellular degradation, poly(lactic-co-glycolic acid) (PLGA) has been
suggested to be immunosuppressive and decreases T cell proliferation and
expression of inflammatory factors.®® Degradation of poly(glycerol sebacate)
results in acidic by-products that may contribute towards mild inflammation and
fibrosis.®® Therefore, vehicle components must be carefully selected to avoid

unwanted immune responses.

1.3.2 Vehicles for maintaining AImT bioactivity

Proteins, such as AImTs, may become inactive upon aggregation or
enzymatic degradation after implantation, which is particularly important for
BIiTEs due to their susceptibility to non-specific catabolism.*> Hydrogels stabilize
proteins by hindering protease mediated degradation, preventing aggregation and
reducing protein induced immune responses. For example, encapsulation of
uricase in polycarboxybetaine (pCB) hydrogels increased protein stability
increasing stability at 65°C for over 2 h and reduce immunogenicity, evading
immune cell recognition, with no production of inflammatory cytokines.”
Encapsulation of immunogenic drugs from polyzwitterionic hydrogels have also
shown to provide a very similar benefit, evading immune related mechanisms.
Conjugation of polymers such as PEG, poly(oligoethylene glycol) methacrylate

(PEGMA) or poly-zwitterions to proteins also increases their stability while

12
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reducing immunogenicity.®” Hydrophilic polymers and hydrogels help stabilize
the protein and reduce adverse immune response, making them ideal for AImT

delivery.

1.3.3 Implantation methods

Administration of drug loaded vehicles occurs by surgical implantation,
injection, or surface application. Surgical implantation of prefabricated vehicles is
usually performed immediately after tumor resection. Injectable vehicles are best
suitable for injection into tumor resection cavities, surgically inaccessible tumors,
and treatments requiring multiple administrations.*® Microneedle patches are ideal
for surface accessible tumors such as melanoma.” Due to their minimally
invasive nature, injectables and microneedle patches have lower complication

rates than surgically implanted vehicles.

Injectable hydrogels that crosslink through biorthogonal reactions or
physical transitions (e.g. temperature) are routinely used as local delivery vehicles
to achieve in situ crosslinking gels that can occupy void cavities after tumor
resection.*”7273 Biorthogonal crosslinking chemistries include: aldehyde-
hydrazide,” Michael addition,” strain promoted azide-alkyne cycloaddition
(SPAAC),’® inverse electron demand Diels-Alder (IEDDA),”” furan-maleimide
Diels-Alder cycloaddition,’® Schiff base,’ thiol-ene/yne Michael addition® or
Staudinger ligation.! Physical crosslinking chemistries include guest-host

interactions (ex. cyclodextrin,® cucurbiturils,®® nucleoside base pairing®),

13
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temperature sensitive hydrophobic interactions, peptide self-assembly and ionic
interactions. Hydrogels crosslinked via physical crosslinks or reversible covalent
bonds can be broken through shear stress and re-assemble, often resulting in self-

healing or shear-thinning hydrogels, making them useful as injectables.82:8>8

1.3.4 Controlled implant degradation

When designing the hydrogel, the degradation rate and products will
partially determine the success of the treatment. Tunable degradation rates are
required for many release applications and degradation should primarily occur
upon complete release of the drug cargo unless the rate of degradation is related to
the release mechanism. In addition, the bioactivity, metabolism and clearance rate

of the degradation products should be considered.

1.3.5 Mechanisms of degradation

Implanted materials crosslinked through irreversible bonds can degrade
through hydrolytic,8"8 stimuli induced promoted (light,®® heat,*® magnetism,
upconversion nanoparticles®?), and enzymatic bond cleavage of the crosslinks or
polymer backbone (Table 1.2). Materials with reversible crosslinks may degrade
upon clearance of molecules upon disassociation. Materials may also degrade
through surface erosion or bulk degradation. Due to their hydrated nature,
hydrogels typically experience bulk degradation. For release applications, tuning
the rate of hydrogel degradation is necessary to optimize drug concentrations at

the disease site. Premature degradation can result in a burst release of toxic drug

14
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concentrations. Although not always desirable, permanent implants may be used,
however, fibrosis and other chronic immunological consequences are possible,

which may result in patient discomfort.

Table 1.2 Common hydrogel degradation mechanisms.

Degradation Bond, Interaction, Tuning Method
Mechanism/ Material or Recognition
Methods sequence
Hydrolytic Carbamate,® ester®? Crosslink density,
degradation/pH response polymer concentration

Schiff base,”® Furan-maleimide | Crosslink density,
diels-alder,”® supramolecular polymer concentration,

Diffusion based complexes,®8%0 hydrophobic | bond/interaction

degradation from

. i phase transitions,®*% strength
reversible crosslinks . .
electrostatically driven phase
transitions®®
Light induced (photocage, Triggered response

External trigger heat?>*°), Upconversion
nanoparticles

MMP peptide,®® hyaluronan Crosslink density,
Enzymatic degradation degradation,®’ collagen polymer concentration
degradation®®

Crosslink density. To prolong the duration of degradation, the polymer

concentration or degree of crosslinking can be increased. However, such
strategies can negatively impact the rate of release through changes in porosity
and result in a negative immunological response due to increased stiffness of the
hydrogel.*3% Degradation can impact the rate of release through the relaxation of

polymer chains resulting in changes in porosity, strategies to account for this
15
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physical phenomena and tune the time frame of the degradation would have to be

considered.

External trigger. Stimuli induced degradation can be advantageous as exogenous

signals can induce degradation at specific timepoints to best match requires for
drug delivery. For example, light induced photocleavage of nitrobenzyl based
crosslinkers degradation can be tuned through the different adjacent labile
bonds.'®° By changing the adjacent cleavable bond, the rate of stimuli induced

degradation can be tuned.

Hydrolysis and bond half-life. Bonds with well defined half-lives are also

advantageous as materials can be tuned to degrade after delivery of the drug
cargo. For example, carbamate bonds with well highly tunable hydrolysis half-
lives can yield hydrogels for short and long term drug release.® This tunability
has lead to the fabrication of hydrogels with a wide range of degradation rates

from 2 days to >100 days.®’

Reversible crosslinks and diffusion. Crosslinks formed through reversible covalent

bonds can yield hydrogels that degrade through slow diffusion of the polymer
chains, crosslinks can include furan maleimide Diels alder adducts,’® Schiff base
crosslinking,” supramolecular complexes (cyclodextrins with
PEG/adamantane,®26%0 cucurbiturils®®), hydrophobic associations®: or

zwitterionic coacervation.®® The equilibrium of the interaction, degree of
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crosslinking, and polymer molecular weight will directly correlate to the time of

degradation.

Enzymatic. Enzymatic degradation occurs if the hydrogel contains a
corresponding cleavage site within the crosslinks or polymer backbone.
Enzymatic degradation of hydrogels is routinely achieved by incorporated
hyaluronan,®” collagen®® or matrix metalloproteinase (MMP) cleavable

peptides. 6101

1.3.6 Degradation products and clearance

Clearance and biological activity of degraded products from implants play
important roles in therapeutic efficacy. Degradation products of the hydrogel can
enhance drug efficacy by working synergistically with the released drug. For
example, a ROS responsive degradable hydrogel modified with D-1MT on the
polymer backbone released an aPD-1 antibody. The D-1IMT hydrogel degradation
aided in the the ICI response against B16F10 melanoma.'®> However, degradation
products can also result in immunosuppression, such as PLGA which can supress
DC activation needed for vaccines or other immunostimulatory agents.®® The
cytotoxicity of degradation products can also be explored for therapeutic benefit.
For example, polyurethane degrades into cytotoxic aromatic isocyanates, which

can create localized cytotoxic environments to enhance cancer therapies.%

The clearance mechanism of degraded products will depend on their

chemical and physical properties. As clearance is a necessary parameter to

17
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optimize for ensuring the degraded products do not interfere with drug efficacy or
cause systemic side effects. Furthermore, the mode of clearance is important to
avoid potential accumulation of the degraded side products at specific areas which
can be toxic. For example, particles < 5.5 nm% or PEG < 50 kDa'® are cleared
by the renal system, larger degradation products mainly undergo hepatic

clearance. However, some polymers would be resorbable.

1.4 Sustained release mechanisms

Controlling the release rate of therapeutic proteins from hydrogels is
crucial to rapidly achieve and maintain MECs at the disease site by optimizing the
initial burst release and infusion rate (sustained release rate).*® If tuned correctly,
the burst release will immediately achieve the MEC in the local environment
while the infusion rate will maintain the MEC at the disease site in the presence of
clearance mechanisms.*® Without an appropriate burst release and a
corresponding infusion rate (release rate), reaching efficacious local
concentrations would not be possible. Each release mechanism has a
corresponding burst release, therefore choosing the correct release mechanism for
the specific disease is important for effective treatment regimes (Figure 1.3). The
groupings of each release mechanism with respect to their burst release and half
life in Figure 1.3 are approximations from the literature, exceptions exist that do

not align with the allocations in the figure.
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Figure 1.3 Literature values for reported burst release of hydrogel drug
delivery systems as a function of half-life and release mechanism. Half-life is
defined as the time required to release half of the initial drug loading. Interactions
systems with higher affinities result in longer half-life of release and a smaller

corresponding burst release. Although these represent common literature trends,
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there are exceptions that exist outside of the groupings highlighted here. Figure

adapted from Li and Mooney from Nat. Rev. Mater. (2016).%8

1.4.1 Controlled diffusion.

Release rates from hydrogels are controlled by altering porosity to
decrease protein diffusivity inside the gel.*’” For example, controlling polymer
branching and crosslink density using defined dendronized networks in hydrogels
extended the release of antibodies from ~5 to 100 days.'% Self-assembling peptide
hydrogels with well defined porous networks have been used to study release and
diffusion kinetics of different proteins such as lysozyme, BSA and IgG antibodies
for over 40 days in vitro, where release rates are predominantly governed by
protein hydrodynamic radius.* Peptide based hydrogels can also protect physically
entrap proteins and sustain the release of brain derived neurotrophic factor
(BDNF) for 28 days in vivo and basic fibroblast growth factor (bFGF) for up to 3
weeks. %719 protein release can also be controlled by vehicle degradation,

commonly involving hydrolysis.

1.4.2 Affinity Release

Affinity release systems decrease the apparent diffusion of proteins in
hydrogels by incorporating protein binding sites within the polymer network;
increasing the affinity of the physical interaction will decrease protein release

rates (Figure 1.4).%81% The cumulative interaction or affinity between the two
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binding partners is a sum of the electrostatic and hydrophobic interactions of the
two molecules. Although powerful, affinity release systems are susceptible to
environmental changes as well as hydrophobic and electrostatic variations of
hydrogels. Careful selection of the hydrogel components and thorough knowledge
of the disease site will provide a means to choose the correct interaction for the

specific application.

Affinity systems requires the hydrogel and protein to contain
corresponding binding partners and therefore chemical modifications may be
required.t*® Careful modification of the protein to maintain its bioactivity and
therapeutic benefit is mandatory. Binding partners with facile tuning of binding
Kinetics can be used to rapidly achieve and screen several protein release profiles

to aid in the identification of therapeutic release profiles for drugs (Table 1.3).

The first described affinity system released heparin binding proteins (e.g.
vascular endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF)) from hydrogels containing heparin sulfate.!'! PEG hydrogels with
heparin mimicking peptides sustained the release of basic fibroblast growth factor
(bFGF) for 30 days.'? Hydrogels modified with aptamers or cyclodextrins can
also control the release of proteins.8513 Reversible covalent bonds, such as furan-
maleimide Diels-Alder adducts, can mimic a non-covalent interaction and sustain

the release of peptides from PEG hydrogels.!
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Affinity controlled release of therapeutics have also been developed using
supramolecular binding. The binding of a cholesterol modified miRNA
(microRNA) to an injectable B cyclodextrin modified hyaluronan hydrogel
resulted in sustained release of the therapeutic over 20 days, promoting
cardiomyocyte proliferation and regeneration after myocardial infarction in a
mouse model & Functional recovery was observed and tissue regeneration was

also shown through sustained local delivery of the miRNA.

Guanidinium interactions between a negatively charged self assembling
peptide hydrogel with a cationic repeating peptide, have been used to prolong the
release of different growth factors from a hydrogel.**® Tunability was achieved
through the number of repeating units of the binding peptide which was
covalently attached to the growth factor. Similarly, an electrostatically driven
affinity system was developed using PLGA nanoparticles imbedded within a
hydrogel.**® Sustained release of growth factors was achieved without
encapsulation of the proteins in PLGA but was predominantly governed by

electrostatic interactions with the PLGA particle.

Table 1.3 Summary of affinity interactions for sustained release from of

biologics from hydrogels

Affinity Interaction Drug Delivered Duration of Release

(days)
Heparin/VEGF VEGF/ 4-40
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Heparin/bFGF bFGF! 4-30
- : Chondroitinase ABC*#11,
SH3/SH3 binding peptide FEGF21%, SDF-1¢1% 7-10
Aptamer/growth factor VEGF, PDGF-BB, bFGF'® 5-14
Heparin/B-NGF B-NGF2 15
Alginate-sulfate/growth VEGF, PDGF-BB, TGF-
122 1-7
factors Bl
Guanidinium/peptide EGFP, [FNal!5 14-36
interaction domain
Cyclodextrin/cholesterol MiRNA® 20
Furan Maleimide Diels Alder RGD4 1-2

1.4.3 Triggered release

Protein release triggered by external stimuli such as ultrasound, light and
magnetism, or endogenous triggers such as controlled tunable hydrolysis creates
pulsatile or accelerated release profiles to maintain the MEC (Figure 1.4); the
trigger frequency is optimized to maintain the therapeutic drug concentrations.

Common triggers include:

e Ultrasound. Ultrasound can disrupt polymer networks of self-healing gels
to release proteins with spatiotemporal control. For example, ionically
crosslinked alginate gels released stromal cell-derived factor 1o (SDF-1a)
and VEGF upon ultrasound exposure.'?3

e Light. UV-visible and NIR light has been used to control the release

proteins by cleaving photolabile bonds or producing heat (induces
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hydrogel phase transition increasing porosity), respectively. For example,
sequential delivery of two therapeutic proteins was achieved from a dual
light responsive PEG hydrogel, where each protein was released upon
wavelength specific photo-triggered degradation of covalent bonds.*?* NIR
triggered local release of bevacizumab conjugated to gold nanorods
embedded in a hydrogel patch was effective in a combination therapy
against a colon cancer mouse model.'? Release of the nanorods was
achieved through heat generated by the nanorods light absorption,
degrading the encapsulating thermosensitive dextran hydrogel.

e Magnetism. Magnetic responsive nanoparticles embedded in
thermoresponsive hydrogels, such as poly N-isopropylacrylamide,'?® can
control the release of encapsulated drug. Application of an external
magnetic field produces heat that promotes a phase transition of the
hydrogel, shrinking the hydrogel for enhanced drug release rates. Heat
dissipation reverts the hydrogel to its swollen state, decreasing drug
release rates. The heat generated is required to be below the melting
temperature (Twm) of the protein being released.

e Endogenous triggers. Proteins conjugated to hydrogels through hydrolytic

covalent bonds can achieve controlled releases upon hydrolysis. For
example, carbamate bonds with tunable hydrolysis rates controlled the
release of peptides from a PEG hydrogel.*?” The hydrolysis of the

carbamate bonds was tuned by the addition of electron withdrawing
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groups. Matrix metalloproteinase (MMP) degradable gels have also been

developed to release drugs upon MMP mediated degradation.!?®

A Affinity B Endogenous Stimuli c Exogenous Stimuli

MEC

Local Concentration
Local Concentration

Time Time

Figure 1.4 Hydrogel controlled release strategies relevant for AImT delivery
from hydrogels. A) Affinity release is the sum of non-covalent interactions
between the antibody and the hydrogel. Release is primarily governed by
interaction strength, which can be expressed as the dissociation constant. B)
Endogenous stimuli mostly refer to enzymatically cleavable peptides or hydrolytic
degradation. C) Triggered release either through light, heat, or magnetism are
considered exogenous triggers for release. D) Affinity and endogenous stimuli

aim to provide a steady release of the drug resulting in a sustained local
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concentration above the MEC. E) Stimuli responsive release uses external stimuli
to achieve local drug concentrations above MEC, often exhibiting pulsatile local

concentrations.

1.5 Local sustained delivery of AImTs to enhance cancer immunotherapies
Local and/or sustained delivery of ICls, bispecific molecules and
antibodies enhance cancer immunotherapies alone or in combination with
chemotherapy'?® and radiation therapy*° in pre-clinical models. For example,
chemotherapy is believed to enhance immunotherapies by increasing antigen
presentation for activation of endogenous T cells.**! Immunostimulatory
molecules with BiTEs have also been shown to enhance the anti-cancer immune
response and lead to greater tumor killing and survival,**%® likely due to greater

recruit or stimulation of CTLs.

1.5.1 Local administration

Local administrations of monoclonal antibodies to enhance anti-cancer
immunotherapies have been shown to be beneficial 2613 Locoregional
administrations of ICI reduces the number of clearance pathways for the antibody.
As antibodies are predominantly cleared through a tumor draining lymph node
(TLDN), effective concentrations of the antibody can be maintained at the disease
site by overloading TLDN with locoregional administrations of the antibody,

increasing half-life and thereby efficacy.®? Improvements in drug efficacy from
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TLDN overloading has been demonstrated with intratumoral administrations with
ICI’s, and immunostimulatory antibodies. For example, a combination of an
0OX40 antibody and adjuvant TLR9 agonist resulted in the eradication of
spontaneous malignancy.?® Furthermore, intratumoral administration of
immunostimulatory CD137 antibodies with aPD-1 ICI have also been shown to
provide substantial benefit.*® The success of local administrations therapeutic
antibodies and drugs provides the premise and rationale for seeking methods in
creating local sustained release systems which would invariably enhance drug
pharmacokinetic parameters by maximising both the localization, duration, and

magnitude of the elicited anti-cancer response.

1.5.2 Local delivery of IClIs

The local delivery of ICIs has drawn considerable attention due to the
enhanced therapeutic benefit from local drug delivery systems. Systemic
administrations of combination therapies often result in off target systemic side
effects,'®* therefore local delivery of ICls using hydrogels in combination with
other therapies is an effective method of treating various cancers.® ICI local
delivery has been demonstrated across different material modalities, such as
hydrogels and polymeric microneedles, with both methods enhancing the

therapeutic benefit of ICI’s.’1:102136:137

Local implantation of aPD-1 or CTLA-4 ICI antibody loaded hydrogels

are shown to provide both local and systemic anti-cancer effects, while incurring
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little systemic toxicity.’"2136.137 |_ocal administrations of ICI with combination

138 129

therapies such as TLR agonists,*® chemotherapeutics*=~ and other
immunostimulatory compounds?® have resulted in enhanced anticancer activity,
reducing tumor size and improving murine survival. These compounds enhance
tumor recognition by T cells, increasing the number of tumor infiltrating
lymphocytes (TILs) and population of activated T cells. These methods of
delivery is not limited to T cell modulating antibodies, the delivery of a CD47 ICI
antibody targeting macrophages from an in situ forming hydrogel have also
shown enhanced therapeutic benefit.”® Furthermore, by targeting macrophages,
growth of distant tumors was also inhibited, which is due innate immune system
activation through enhanced macrophage recognition of the cancer and resulting

cancer antigen presentation by the macrophages, incurring antibody production

and immune cellular reprogramming.

Microneedle patches are small polymeric needles that are easily implanted
at the disease site near a surface, the needles would typically degrade over time
releasing its drug cargo.**® The ease of administration and minimally invasive
application makes it an attractive material for delivering drug cargo to visible
tumors. Microneedle patches have been designed to locally sustain the release of
immunotherapeutic antibodies.’? Efficacy has been demonstrated in a B16F10
melanoma mouse model, where the degradation of hyaluronic acid composed

needles results in the sustained release of a aPD-1 ICI.1%7
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1.5.3 Local delivery of the immunostimulatory antibodies

Local sustained delivery of immunostimulatory antibodies is an effective
strategy to curtail immune related side effects that occur upon systemic
administration. Local activation of the immune system results in the conversion of
an immunologically cold or immunosuppressive TIME; to a hot or
immunostimulatory TIME. For example, trastuzumab and bevacizumab are
shown to display increased therapeutic benefit upon sustained release from a
hydrogel 198140141 CD4Q agonistic antibody increased efficacy upon local
sustained release from a nanofluidic device, activating T cells and providing
enhanced therapeutic benefit.14>143 This strategy can easily be translated towards
the growing number of immunostimulatory antibodies, widening the repertoire of

safe and effective drugs through enhancing pharmacokinetic properties.

1.5.4 Delivery vehicles for BiTE immunotherapies
To overcome their short half-life and poor tumor penetration, BiTEs have
recently emerged as a candidate for novel delivery vehicles. Examples of BiTE

delivery using hydrogels and secreting cells have been reported.

Hydrogels. Although local delivery of BiTEs using hydrogels has not been
reported, subcutaneous injections of BIiTE loaded hydrogels that act as
implantable infusion pumps have been employed to overcome the BiTE’s short
plasma half life. In situ gelling triblock PEG-PLA hydrogels encapsulating BiTES

that target prostate-specific membrane antigen (PSMA) were injected
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subcutaneously in a LNCaP xenograft prostate cancer mouse model.*** The
hydrogel improved BIiTE plasma half-life, T cell tumor infiltration, and survival to
>50% at 55 days, whereas no mice survived past 50 days upon IV or

subcutaneous injections without the hydrogel.

BIiTE secreting cells. Local delivery of BiTEs has been demonstrated using cells

that secrete BiTEs. One example encapsulated BiTE expressing mesenchymal
stem cells within a PEG-heparin cryogel allowing for continuous secretion of a
CD33 targeting BiTE.1* The treatment saw effective anti-tumour response in

acute myeloid leukemia mouse model.

A dual targeting therapy executed by BIiTE secreting CAR T cells results in
local release of BiTEs within the TIME.* CAR T cells targeting EGFRvIII were
engineered to secrete an EGFR targeting BIiTE. After intraventricular
administration, the dual therapy improved efficacy over CD19 BITE secreting
CAR T cells in preclinical models. Despite the presence of EGFR on non-cancer
cells, the combination therapy showed limited systemic toxicity. These results
imply that release of BiTE within the tumor was necessary for T cell anti-cancer

responses without incurring systemic toxicity.

1.6 Immunotherapy for Glioblastoma
Glioblastoma is a recurrent glioma that remains incurable with a median
survival time of 14 months from the time of diagnosis,*’ making GBM one of the

most deadly cancers.'® Immunotherapy is a promising treatment for GBM but has
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had limited success due to transport barriers, the immunosuppressive TIME, and
low tumor mutational burden (lack of adaptive immune response).**® ICIs with
and without chemotherapy have shown limited success in clinical trials, most
likely due to the lack of an adaptive immune response.***° Therefore, ICI

immunotherapies will require combination therapies.

Neo-antigen personalized vaccines have been shown to recruit TILs and
overcome the low TMB of GBM. Neoantigens refer to the tumor specific antigens
(TSA) which arise upon non-synonymous mutations.*®>%°! In a phase 1b clinical
trial, there was an increase in survival for patients treated with neo antigen
vaccines in combination with aPDL-1 antibodies as well as bevacizumab
supplementation, with a mean progression free survival of 7.6 months and a
median overall survival of 16.8 months. This indicates that the use of cancer
vaccines targeting neoantigens provides survival benefit despite the low TMB and
“cold” TIME. However, many of the patients receiving the vaccine required high

doses of immunosuppressants to decrease systemic adverse side effects.

Drugs that target TAA’s rather than TSA’s, such as CD133 and EGFR, may
be a less costly alternative that is more readily available to a broader number of
patients as they are not personalized for the specific patient. TAA’s however
typically result in off target toxicities for this reason. Recently, a study performed
by Vora et al, showed the efficacy of BiTEs and CAR T cells targeting CD133"

cells in GBM. CD133 targeting BiTESs were administered intracranially, however,
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their short half-life (ti2 ~15.6 h) in brain tissue hindered efficacy in vivo.'%?

Despite this, CD133 targeting CAR T cells, when injected intracranially, resulted
in eradication of the tumor. The data suggested that CD133 is a viable antigen

target, and the lack of BiTE efficacy was due its poor half-life in tumor tissue.

GBM T cell immunotherapies will most likely require combination therapies
to direct T cells to TAAs and improve T cell cytolytic activity within the TIME.
By targeting resident T cells, tumor associated macrophages (TAMSs), the tumor
vasculature (tumor endothelial cells (TECs)), and cancer associated fibroblasts
(CAFs), CTL infiltration and activity can be improved by altering cytokine and
chemokine expression levels.'1%148 Therefore, we will require
immunotherapeutics to direct T cells to TAAs and alter the TIME for enhanced T

cell recruitment and activity.

1.7 Conclusion and Outlook

Transport barriers, protein elimination pathways, and low tumor uptake
contribute to the low efficacy of AImTs after systemic administration.
Furthermore, the high 1V doses of AImTs required to reach the MEC increase
treatment costs and incidence rates of serious side effects such as CRS.
Locoregional administrations of the therapeutic have been shown to be efficacious
in producing pronounced therapeutic benefit in comparison to systemic
administrations by decreasing the number of elimination methods, due to regional

elimination.
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With fewer injections, local sustained delivery from implantable materials
can increase the concentration of AImTs within the tumor while lowering
systemic concentrations to decrease the rate of adverse events. There is increasing
evidence that local delivery systems can maximize the duration and magnitude of
AImT anti-cancer responses for increased tumor killing and decreased recurrence.
Material properties such as size, shape, porosity, and chemical components
influence AImT delivery and should be optimized to increase the efficacy of the
local delivery system. Materials can also stimulate the immune system directly
through immobilized immunostimulant biomolecules (CD137 and IL-2, anti-CD3
and anti-CD28) to enhance in vivo CTL activation and proliferation,®?® enhancing

the therapeutic response of AImTs.

GBM, is a cancer where immunotherapy is currently being explored as a
treatment option despite current setbacks and failures. With the advent of
numerous new treatment modalities, in the form of oncolytic viruses, vaccines,
neoantigen technology, CAR T cells, and antibody therapies, immunotherapy
remains a viable method to treat the disease. Local delivery of AImTs would
bypass physiological barriers while retaining an efficacious concentration (above

MEC), localize the treatment, and eliminate the need for systemic administrations.

Therefore, the primary objective of this thesis to combine material design
and fabrication, drug delivery, pharmacokinetics, immunology and cancer biology

towards developing an effective treatment for GBM.
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1.8 Thesis Objectives

The primary objective of this thesis is to design and fabricate an injectable

hydrogel drug delivery system to locally deliver an antibody therapeutic for the

treatment of GBM. | hypothesize that the sustained localized release from an

injectable hydrogel can improve DATE efficacy against GBM. Specific objectives

are broken down as follows:

Chapter 2 (published): Development of a long-term antibody
delivery system with easily tunable release rates. Using agarose
as a model hydrogel, tunable release of a model antibody
therapeutic, Avastin, was achieved over 100 days. Here, competing
affinities between biotin and desthiobiotin to streptavidin were
used to tune antibody release rates without further modifications to
the antibody or hydrogel. The dissolution of sparingly soluble
biotin derivative pellets imbedded within the hydrogel displaced an
immobilized antibody-streptavidin conjugate from an agarose-
desthiobiotin hydrogel. Release rates can be rapidly tuned by
altering the concentration of the sparingly soluble biotin pellets or
the solubility of the biotin derivative. The bioactivity of the
antibody-streptavidin conjugate was confirmed through cell

angiogenesis assays.
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Chapter 3 (published): Development of an injectable, low-
fouling, in situ gelling hydrogel composed of
poly(carboxybetaine) (pCB) as a vehicle for controlled
antibody release mechanisms. Poly(carboxybetaine) copolymers
were synthesized via reversible addition fragmentation transfer
polymerization (RAFT) and crosslinked in situ using strain
promoted azide-alkyne cycloaddition (SPAAC). A
poly(carboxybetaine) polymer with an upper critical solution
temperature (UCST) was also discovered, the first description in
the literature. Furthermore, it is shown that the copolymer
composition and degree of crosslinking can encourage electrostatic
interactions resulting in a phase transition of the hydrogel.
Chapter 4 (published): Development of displacement affinity
release (DAR) of antibodies from poly(carboxybetaine)
hydrogels for the delivery of minimally modified bispecific
antibodies. The tunable release of a desthiobiotin modified
Avastin was demonstrated from an in situ gelling carboxybetaine
hydrogel. Carboxybetaine hydrogels that incorporated DAR
remained low-fouling and Avastin release was tuned by altering
the concentration of the competitor binder.

Chapter 5: Demonstrate the benefit of sustained release of a

CD133 targeting DATE for glioblastoma. Release of the DATE
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1.9

results in increased tissue half-life and prolonged effective local
concentrations, increasing the duration and magnitude of tumor
killing. Combination therapy with anti-PD-1 antibody was also
shown to sustain T cell anti-cancer activity, increasing the duration
of drug efficacy in vitro. Using 3D in vitro models and patient
derived xenograft (PDX) mouse models, this chapter demonstrates
the effectiveness of local sustained release on improving DATE
mediated tumor killing.

Chapter 6: Significance of local AImT delivery and future
directions. Significance of findings would be discussed with
respect to recently developed materials, therapies and techniques

discussed in this thesis.
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CHAPTER 2. COMPETITIVE AFFINITY RELEASE FOR LONG TERM
DELIVERY OF ANTIBODIES FROM HYDROGELS
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2.1 Abstract

With increased clinical use of antibody, long term delivery strategies are needed
to decrease injection frequency and improve health outcomes. A three-component
drug delivery system was developed for competitive affinity release of a
streptavidin-antibody conjugate from agarose-desthiobiotin hydrogels via
controlled dissolution of sparingly soluble biotin derivatives. The antibody
conjugate was localized in the hydrogel through streptavidin-desthiobiotin
complexation. Dissolution of sparingly soluble biotin derivatives irreversibly
disrupts streptavidin-desthiobiotin complexation for controlled release of the
antibody conjugate. Release was tuned by altering the total biotin derivative
concentration without further hydrogel or antibody modification. We
demonstrated first order tunable release of bioactive Avastin®, a therapeutic anti-

VEGF antibody, from a non-cytotoxic system for over 100 days.

2.2 Introduction

Clinical use of antibody therapeutics is growing due to high throughput
discovery of treatment targets;*? establishment of antibody humanization!? has
also lowered incidence of side effects.>4l Antibodies account for a quarter of all
biopharmaceutical sales®® with 30 FDA approved antibodies and many more in
development.t® Antibodies are administered by frequent injectionst™ or infusions
of large doses to achieve therapeutic benefit.®l For example, the antibody

Avastin® (bevacizumab)®% and biosimilars are intravitreally injected every 4-6
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weeks to treat wet age related macular degeneration.***?1 Controlled release
formulations for localized sustained antibody release are being investigated to
maintain therapeutic concentrations with fewer injections and side effects while

improving health outcomes and patient compliance.

Sustained antibody delivery strategies currently use nanoparticles,**!
chemically modified hydrogels,[*>*4! or composite hydrogels*>*7 for controlled
release at disease sites.['®1 Water-swollen hydrogels are an attractive vehicle as
they maintain protein bioactivity*°®l and modulate release through protein-
hydrogel interactions and porosity.[*41%2°1 Hydrogel affinity release systems are
being developed for increased control over release rates, where the protein has a
specific affinity for the hydrogel.[?:??1 Early iterations took advantage of the
natural binding affinity of certain growth factors (e.g. fibroblast growth factor 2)
for heparin or other glycosaminoglycans.?>-%1 To expand affinity release to other
proteins, non-intrinsic protein-hydrogel binding interactions are being developed

using peptides, aptamers and proteins. 231

Affinity release rates are controlled by tuning the strength of protein-
hydrogel interactions. However, long term delivery is difficult to achieve because
required affinities would lower protein release below therapeutic levels. The
majority of affinity based release occurs over the first 1 to 3 weeks.[?
Furthermore, tailoring affinity may require the development of new interactions or

complex protein and hydrogel modifications.[?]
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Figure 2.1 Schematic of SA-Antibody release from AgD hydrogels with
sparingly soluble biotin derivatives. SA-antibody complexation with AgD is
disrupted by the dissolution of solid biotin derivative pellets, releasing the

antibody conjugate from the hydrogel.

2.3 Results and discussion

With the goal of keeping a constant hydrogel-antibody conjugate pair for long
term antibody delivery, a three-component system was developed for tunable
competitive affinity release. Unlike affinity systems, competitive affinity release

results from the disruption of protein-hydrogel interactions by a competitive
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binder, whose concentration and affinity influence release. The streptavidin (SA)-
antibody conjugate is captured in an agarose-desthiobiotin (AgD) hydrogel
through desthiobiotin-SA complexation, which is then disrupted by dissolution of
sparingly soluble biotin derivative pellets to competitively bind SA (Figure 2.1).
Incorporation of biotin derivatives above their solubility limit continually
replenishes the soluble fraction. Immobilized desthiobiotin has a reported Kp of
1012 M for avidin®® and SA**, and biotin derivatives have reported Kps for SA in
the nM to pM range®®. Direct measurement of biotin derivative affinities was
hindered by low solubilities, however biotins with greater agueous solubilities

could be analyzed by ITC.

An AgD polymer and 3 biotin derivatives were synthesized; boc-biotin was
commercially sourced (Figure 2.2A, Figure S 2.1). A non-degrading matrix,
agarose, was chosen to isolate the drug delivery system from hydrogel dynamics.
AgD (6.2 mmol desthiobiotin per mol of agarose repeat units) was synthesized by
coupling NHS-desthiobiotin to aminated agarose (Figure S 2.1A). Biotin
derivatives were synthesized by reacting long chain amines to biotin (Figure S
2.1B); activity of saturated biotin derivative solutions, a combination of
concentration and affinity, was characterized by HABA displacement from
Avidin.8 Values were expressed as the equivalent biotin concentration required
for the same activity. Generally, greater carbon content decreased activity, where

saturated solutions of boc-biotin, octyl-biotin, and oleyl-biotin had equivalent
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biotin concentrations of 146+1, 23+1 and 1.8+0.2 uM, respectively (Figure

2.2B); hexadecyl-biotin was below the detection limit.
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Figure 2.2 Structures and activity of biotin derivatives and corresponding
release of SA. (A) Structures of biotin derivatives. (B) Activity of saturated biotin
derivative solutions determined by HABA displacement from Avidin expressed as
equivalent biotin concentrations required for the same activity (mean + standard
deviation, n=3); hexadecyl-biotin was below the detection limit. (C-H) Release of
1.9 uM fluorescent SA from hydrogels with different biotin derivatives at 8 mM;
all graphs include SA release from AgD hydrogels without biotin derivatives
(black squares): (C) without AgD (deshtiobiotin) or biotin derivatives; (D) biotin;
(E) boc-biotin; (F) octyl-biotin; (G) oleyl-biotin; and (H) hexadecyl-biotin (mean

+ standard deviation, n=4) over a period of 40 d. (I) Release of 1.9 uM fluorescent
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SA from agarose and AgD hydrogels with different oleyl-biotin concentrations

(mean + standard deviation, n=4) over a period of 150 d.

To identify biotin derivatives for controlled release, we studied fluorescent SA
release from AgD hydrogels as a function of biotin derivative activity. 1 wt% (w
v1) AgD gels containing SA (1.9 uM) and sparingly soluble biotin derivatives (8
mM) were immersed in PBS, and fluorescence from released SA was tracked over
time. Biotin, boc-biotin, and octyl-biotin disrupted SA-desthiobiotin complexation
and produced SA release profiles similar to gels without desthiobiotin (Figure
2.2C-F). Oleyl-biotin and hexadecyl-biotin resulted in sustained SA release after
an initial burst (24.50£0.89 % and 11.60+1.30 %, respectively (Figure 2.2G-H).
AgD gels without biotin did not release SA after an initial burst due to complete
SA complexation because the desthiobiotin concentration was much greater than
the interaction’s Kp. First-order effective release rate constants (Ketf) were
calculated for gels without biotin, oleyl-biotin and hexadecyl-biotin as a function
of SA concentration (Figure S 2.7, Table S 2.1). ket for oleyl-biotin and
hexadecyl-biotin were statistically identical (p=.949) but both differed from gels
without biotin (p<0.0001). Biotin derivatives with low activity (Figure 2.2) yield

indistinguishable first-order release rates.

SA release was tuned by altering total oleyl-biotin concentration and

quantified by kess values (Figure 2.21, Figure S 2.8). 0 and 8 uM oleyl-biotin had
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low Kef, indicating little release and interference in SA-desthiobiotin
complexation. 80 UM oleyl-biotin released SA linearly (r? = 0.95) from day 12 to
150 with a kefr 4 times greater than gels without biotin. 800 and 8000 pM oleyl-
biotin further increased kefs by factors of 16.8 and 7 compared to gels without
biotin (Figure S 2.8, Table S 2.1). The faster release rate of 800 uM oleyl-biotin
indicates a higher soluble oleyl-biotin concentration, which may be due to
dissolution differences between particles of different dimensions. As expected, 8
mM oleyl-biotin in figures 2G and 21 had similar kefr (p=0.25); release curve
differences were due to the initial burst. Therefore, long term delivery is

achievable and SA release is dependent on oleyl-biotin concentration.
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Figure 2.3 SA-Avastin® synthesis, characterization, and release from AgD
with oleyl-biotin. (A) Synthesis of SA-Avastin® from Avastin®-azide and SA-
DBCO. (B) Fluorescent SDS-PAGE image of SA-Avastin®-647, SA-DBCO
reacted with azide-Cy5 fluorescent dye, and Avastin®-azide modified with Alexa-
647. Arrows highlight SA-Avastin® fluorescent band shifts indicating successful
conjugation. (C) UV absorption SEC trace (280 nm) of SA-Avastin® (red),
Avastin®-azide (blue), and SA-DBCO (green). See figure S5 for Avastin® and

SA traces. (D) Release of 2 uM fluorescent SA-Avastin® from AgD hydrogels
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with different oleyl-biotin concentrations (mean + standard deviation, n=3).
Linear regression analysis of SA-Avastin® release from AgD gels between 29

and 100 days.

To quantify SA-antibody release, we synthesized a SA-Avastin® conjugate by
Avastin®-azide and SA-DBCO cycloaddition (Figure 2.3A, Figure S 2.2A).
Avastin®-azide was first modified with NHS-Alexa-647 to ensure release profiles
directly track Avastin®. SA-Avastin® synthesis was confirmed by fluorescent
SDS-PAGE (Figure 2.3B) and size exclusion chromatography (SEC, Figure
2.3C, Figure S 2.5). SA-Avastin® biotin binding capacity was confirmed by SEC
(Figure S 2.6) and the number of biotin binding sites was determined to be
5.91+0.20 by fluorescence after saturation with biotin-fluorescein (Figure S 2.2),

suggesting ~1-2 SAs per Avastin®.

After an initial burst of ~25%, SA-Avastin® release rates from AgD
hydrogels were dependent on oleyl-biotin concentration (Figure 2.3D). Between
29 to 100 days, gels with 80, 800 and 8000 uM oleyl-biotin released SA-
Avastin® linearly (r? > 0.92) with kes 1.8, 2.1 and 3.1 times that of gels without
oleyl-biotin, respectively (Figure 2.3D, Figure S 2.9, Table S 2.1). All kefr were
significantly different from each other (p<0.0001), except 80 and 800 uM oleyl-
biotin (p=0.055). Therefore, long term release of SA-Avastin® can be tailored by

oleyl-biotin concentration. After the initial burst, 0, 80, 800, and 8000 uM oleyl-
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biotin gels released 12.8+0.3%, 19.6+0.6%, 22.7+0.6%, and 28.05+0.73% of
loaded SA-Avastin® content, respectively, slow release will continue at longer
time scale. Agarose gels without desthiobiotin released > 90% of SA-Avastin®
within 10 days (Figure S 2.3). Without oleyl-biotin, SA-Avastin® had a larger
Ketf than SA, which was mostly likely from SA-Avastin®’s decreased affinity for
biotin analogues such as desthiobiotin and biotin derivatives. A dialysis
equilibrium binding experiment between biotin-fluorescein and SA-Avastin®

yielded a Kp of ~10 nM (Table S 2.2) compared to 0.14 nM for SA¥.

Other competitive systems may be developed for applications where
desthiobiotin, biotin derivatives or SA are not suitable. Low immunogenic SAFe!
may be used for in vivo applications where immunogenicity is of concern. New
competitive binding systems with similar binding kinetics could also be
developed. The system is amenable to applications requiring transparency such as
ocular implantation,®° as oleyl-biotin concentrations < 80 uM did not decrease

gel transparency (Figure S 2.4) and sustained SA and SA-Avastin® release.

Previous affinity delivery systems utilized interactions to slow diffusional
release of proteins from hydrogels for 7-40 days.[232529401 Competitive affinity
extended protein release to 100-150 days. Competitive affinity release is governed
by the apparent affinity between the protein and the hydrogel, which is a function
of the protein’s affinity for the hydrogel (Kp for SA-Avastin® and desthiobiotin),

competing ligand (biotin derivative) concentration, and affinity of the competing
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ligand for the protein (Kp for SA-Avastin® and biotin derivative). Therefore,

competitive affinity has several opportunities to control protein release (Table S
2.3).
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Figure 2.4 Activity of modified antibody and cytotoxicity of drug delivery
components (A) Tube formation of HUVECSs seeded on the surface of Geltrex®
gels supplemented with 25 ng mIt VEGF, 0 ng mL* VEGF, 25 ng ml* VEGF +
Avastin®, and 25 ng mlt VEGF + SA-Avastin® (scale bar = 1 mm, n=3). (B)

Branch point analysis and (C) total tube length from HUVEC tube formation

70



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

assays. Condition with 25 ng mI** VEGF was significantly different from 0 ng ml-
1 VEGF, 25 ng ml* VEGF + 1 pM Avastin®, and 25 ng ml* VEGF + 1 uM SA-
Avastin® (mean + standard deviation n=3; p<0.001). (D) LSPR traces of 7 ug
mL?* SA-Avastin® (green) released after 100 days and 50 pg mL* Avastin® on a
VEGF modified chip. SA-Avastin® showed a greater signal because it was
conjugated with Alexa 647.1%2 (E) First 5 columns describe HUVEC viability in
the presence of drug delivery components normalized to positive control in EGM-
2, conditions were: 1 mg mL™ agarose (solution), 1 mg mL™ AgD (solution), 0.67
UM SA-Avastin®, and 2 mM oleyl-biotin (mean + standard deviation n=3). Last
2 columns describe HUVEC viability when seeded in direct contact with non-
cytotoxic agarose or the drug delivery system (AgD gels with 8 mM oleyl-biotin

and 1.9 uM SA-DBCO, mean = standard deviation n=3).

SA-Avastin® retained VEGF165 (VEGF) inhibitory activity, and the drug
delivery system was non-cytotoxic. VEGF inhibition was confirmed by human
umbilical vein endothelial cell (HUVEC) tube formation assays (Figure 2.4A-C).
No VEGF, SA-Avastin® and Avastin® conditions had the same degree of tube
formation, with no significant difference in branch points or tube length (p > 0.05,
Figure 2.4B-C).[*Yl The VEGF containing control had approximately twice as
many branch points and total tube length as all other conditions (p < 0.001).

Therefore, SA-Avastin® and Avastin® inhibited VEGF to the same degree. SA-
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Avastin® released at 100 days was confirmed to retain VEGF binding properties
by localized surface plasmon resonance (LSPR) binding experiments (Figure
2.4D). The system was also determined to be non-cytotoxic towards HUVECs by
comparing AgD gels containing SA-DBCO and oleyl-biotin with non-cytotoxic
agarose gels (p > 0.05, Figure 2.4E). SA-Avastin® alone was also determined to
be non-cytotoxic. When components were tested, only 2mM of oleyl-biotin
pellets in direct contact with HUVECs demonstrated toxicity, which was not
observed when cells were seeded on hydrogels containing 8 mM of oleyl-biotin
pellets (Figure 2.4E). Therefore, the system is non-cytotoxic in non or slow

degrading hydrogels.

This is the first demonstration of competitive affinity release controlled by
ligand dissolution for bioactive therapeutic antibodies amenable to long term
delivery. Antibody conjugate first-order release was tuned by varying biotin
derivative concentration instead of protein-hydrogel affinity. Long term antibody
delivery systems may prove clinically useful by decreasing injection frequency

while improving health outcomes and patient compliance.
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2.5 Supplementary Information

2.5.1 Materials and Methods

Materials. All materials were purchased from Sigma-Aldrich (Oakville, ON)
unless otherwise specified. N’-biotinyl-N’-boc-1,6-hexanediamine (Boc-biotin)
was obtained from Toronto Research Chemicals (Toronto, ON), and DBCO-
PEG4 NHS from Click Chemistry Tools (Scottsdale, AZ). Alexa Fluor™ 488
Streptavidin conjugate, Alexa Fluor™ 647 NHS ester (succinimydyl ester) and
Geltrex™ were purchased from Thermo Fisher Scientific (Burlington, ON).
CellTiter 96® AQueous One Solution Cell Proliferation Assay, human umbilical
vein endothelial cells (HUVECSs), EBM-2, EGM™-2 Bulletkit™, Calcein AM,
and fetal bovine serum (FBS) were purchased from Cedarlane (Burlington, ON)
and used as per supplied protocols. Recombinant human VEGF 165 (VEGF) was
obtained from Peprotech (Rocky hill, NJ), and Avastin® from the Boston
Children’s Hospital (BCH) pharmacy (Boston, MA). Dialysis membranes and
solvents were obtained from Spectrum Labs (Rancho Dominguez, CA) and
Caledon Labs (Georgetown, ON), respectively. Carboxyl sensor LSPR chips were
acquired from Nicoya Lifesciences (Kitchener, ON).

Synthesis of agarose-desthiobiotin (AgD). Carbonyldiimidazole (CDI, 86 mg,
0.53 mmol) was added to a solution of agarose (500 mg) in dry DMSO (25 mL)
and reacted under nitrogen. After 2h, ethylenediamine (106 pL, 1.59 mmol) and

triethylamine (TEA, 296 pL, 2.12 mmol) were added and stirred overnight under
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nitrogen. The solution was then diluted with 25 mL of warm water and dialyzed
against 5 L of distilled water (12-14k MWCO) over 3 days with a minimum of 6
water exchanges. Agarose-amine was isolated by lyophilization. Desthiobiotin
(120 mg, 0.56 mmol) was reacted with N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC, 325 mg, 1.70 mmol) and N-
hydroxysuccinimide (NHS, 200 mg, 1.74 mmol) in DMF (10 mL) overnight
under nitrogen, which was then added to a solution of agarose-amine (400 mg) in
dry DMSO (30 mL) and stirred overnight under nitrogen. The product was
purified by dialysis against 5 L of distilled water over 3 days with 6 water
exchanges (12-14k MWCO) and lyophilized to yield a white powder.
Desthiobiotin content in AgD was quantified by detecting amine loss after
desthiobiotin conjugation using fluorescamine. Agarose-amine and AgD were
dissolved at 10 mg mL™ in DMSO, 50 pL of the agarose samples were then
mixed with 50 pL of 6 mM fluorescamine in DMSQO with excess TEA.
Fluorescence was read (Ex 390 nm, Em 475 nm) after 10 minutes, and a standard

curve was constructed from N-(2-aminoethyl)acetamide.

Synthesis of biotin derivatives. EDC (117 mg, 0.61 mmol) and NHS (70 mg,
0.61 mmol) were added to a solution of biotin (100 mg, 0.41 mmol) in dry DMF
(5 mL) and stirred overnight under nitrogen. The corresponding amine (1.83
mmol) and TEA (86 uL, 0.61 mmol) were added to the reaction, which was then

left for an additional 24 h. Octyl-biotin and oleyl-biotin were precipitated with a
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saturated sodium carbonate aqueous solution, collected and washed with water
and diethyl ether (octyl-biotin: 118 mg, 81% yield; oleyl-biotin: 127 mg, 63%
yield). The hexadecyl-biotin reaction was concentrated under vacuum, and the
resulting solid was washed with distilled water followed by recrystallization in
methanol (23 mg, 12% yield). Hexadecyl-biotin: *H NMR (600 MHz, DMSO-
de): 8: 7.75 (t, J= 5.6, 1H), 4.37 (t, J=5.6, 1H), 4.16 (d, J=6.2, 1H), 3.13 (dd,
J=12,6.1, 1H), 3.04 (g, J=6.7, 2H), 2.85 (dd, J= 12.4, 5, 1H), 2.07 (t, J= 7.4, 2H),
1.65 (m, 1H), 1.52 (m, 3H), 1.28 (m, 29H), 0.90 (t, J= 6.6, 3H). Oleyl-biotin: H
NMR (600 MHz, DMSO- de): &: 7.71 (t, J=6, 1H), 5.39 (m, 2H), 4.30 (t, J= 6,
1H), 4.12 (t, J= 6, 1H), 3.09 (dd, J= 6, 1H), 3.00 (q, J= 6, 2H), 2.82 (dd, J= 12, 6,
1H), 2.23 (t, J= 9, 2H) 2.03 (t, J= 6, 2H), 1.6 (m, 1H), 1.49 (m, 3H), 1.31 (m,
28H), 0.85 (t, J= 12, 3H) Octyl-biotin: *H NMR (600 MHz, DMSO- ds): &: 7.71
(t, J=6, 1H), 4.30 (t, J= 6, 1H), 4.12 (t, J= 6, 1H), 3.09 (dd, J= 6, 1H), 3.01 (g, J=
6, 2H), 2.82 (dd, J= 12,6, 1H), 2.17 (t, J= 6, 1H), 2.03 (t, J= 9, 2H), 1.60 (m, 1H),

1.49 (m, 3H), 1.30 (m, 13H), 0.86 (t, J= 9, 3H).

Biotin derivative activity. Biotin derivative activities, a combination of solubility
and affinity, at physiological pH were determined by a HABA/Avidin
displacement assay. Saturated biotin derivative solutions were prepared by
sonicating biotin pellets in PBS for 30 minutes followed by filtering through a 0.2
pum syringe filter. Saturated biotin derivative solutions were then added to a

HABA/Avidin solution as per product instructions, and absorbance was measured
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at 500 nm. Loss of absorbance was correlated to biotin concentration, as

calculated using the HABA/Avidin complex extinction coefficient (34500 Mt cm-

1) 1

6-azido hexyl succinimidyl carbonate (azide linker) synthesis. A bifunctional
azide succinimidyl carbonate molecule was synthesized similar to a previously
reported procedure.? Briefly, 6-chloro-1-hexanol (25 g, 183 mmol) was added to
sodium azide (32.5 g, 500 mmol) in water and refluxed for 20 h. The mixture was
subsequently cooled and extracted with ethyl acetate. The organic layer was dried
over magnesium sulfate and concentrated under vacuum to yield 6-azido hexanol.
6-azido hexanol (143 mg, 1 mmol) and triphosgene (500 mg, 1.7 mmol) were
dissolved in anhydrous THF under nitrogen. 160 uL of pyridine was then added
dropwise and reacted for 10 min. The precipitate was removed by filtration and
the solution concentrated under vacuum, yielding the chloroformate as an oil. The
oil was dissolved in 15 mL of anhydrous THF with NHS (350 mg, 3 mmol).
Pyridine (250 pL) was then added and reacted under nitrogen for an additional 10
min. The resulting solution was concentrated, dissolved in ethyl acetate and
washed with 0.1 M HCI, water, sat. ag. NaHCO3, water, and brine. The solution
was dried over magnesium sulfate and concentrated to yield a yellow oil (157mg,
50.4% yield). 'H NMR (600 MHz, CDCls): &: 4.33 (t, J= 6, 2H), 3.28 (t, J= 6,

2H), 2.84 (s, 4H), 1.77 (m, 2H), 1.62 (m, 2H), 1.43 (m, 4H).
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Avastin®-azide synthesis. 4.7uL of 10 mg mL* 6-azido hexyl succinimidyl
carbonate solution in DMF was added to 500 pL of 5 mg mL™* Avastin® in PBS
pH 7.4 and reacted for 1.5 h at room temperature. Avastin®-azide was purified by
size exclusion chromatography (SEC, Superdex S200 column), and azide content
was determined by MALDI (8.6 azides per Avastin®). For release experiments,
Avastin®-azide was fluorescently labelled prior to conjugation with SA.
Avastin®-azide was reacted with 10 molar equivalents of NHS-Alexa Fluor™
647 in PBS overnight at 4°C and subsequently dialyzed against PBS at 4°C
(MWCO 13-16K). Fluorescent Avastin®-azide was determined to contain 2.12
molecules of Alexa 647 per Avastin® by UV-Vis absorption according to the

manufacturer’s procedure.

SA-DBCO synthesis. 45 pL of 10 mg mL* DBCO-PEG4-NHS ester was added
to 1 mL of 5 mg mL? streptavidin (SA), reacted overnight at 4°C and purified by
SEC (Superdex S200 column). SA-DBCO contained an average of 7.5 DBCOs
per SA as determined by UV-VIS absorption (Fig. S2A). Degree of DBCO
conjugation on SA was calculated by UV absorbance and using a formula
previously reported with DBCO and SA extinction coefficients of 12000 M-tcm*

(309 nm) and 41326 Mcm™ (280 nm), respectively.®! Formula is as follows:

Numb DBCO SA =
umber of per €309DBCO X Azg9cSA

Where the corrected Azsoc absorbance is calculated by the following equation:

A280CSA = A28OSA - (A309DBC0 - CFDBCO)
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Where CFpaco is the correction factor for DBCO at 280nm with a value of 1.089.

SA-Avastin® synthesis. 50uL of 2.5mg mL* SA-DBCO in PBS was added to
500 pL of 0.7 mg mL* fluorescent Avastin®-azide in PBS at pH 7.4, reacted
overnight and purified by SEC (Superdex S200 column). Fluorescent SA-
Avastin® (SA-Avastin®-647) synthesis was confirmed via SDS-PAGE and SEC

(Fig. 3B-C).

SA-Avastin® biotin binding capacity. Biotin binding capacity of SA-Avastin®
was confirmed by adding excess biotin-fluorescein to SA-Avastin®-647. Briefly,
100 pL of 0.7 mg mL™* SA-Avastin®-647 and 2 pL of 1 mg mL™? biotin-
fluorescein in PBS were incubated at room temperature for 1 h. SA-Avastin®-647
complexed with biotin-fluorescein was purified by automated SEC with a fraction
collector. 200 pL of each fraction was added to an opaque 96 well plate and
fluorescence was measured at wavelengths corresponding to Alexa Fluor™ 647
(Ex 651 Em 672) and biotin-fluorescein (Ex 490, Em 524) on a Biotek
Cytation5™ plate reader. A chromatogram was constructed by plotting
fluorescent intensities as a function of fraction number. Purified SA-Avastin®-
647 saturated with biotin-fluorescein was excited at 495 nm and 651 nm to
acquire emission spectrums, and calculate the number of biotin binding sites per

Avastin® in SA-Avastin®-647.

Fluorescent SA and SA-Avastin® release studies. A 2 wt% (w v') AgD

solution in PBS was mixed with Alexa Fluor™ 488 labeled SA (SA-488) and
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incubated at 37°C for 2 h. A suspension of biotin derivative in PBS was prepared
at the appropriate concentration and added to the AgD solution to yield 1.9 uM of
SA-488, and 1 wt% (w v'!) AgD. The solution was immediately dispensed into an
opaque 96 well plate and 60 pL gels were formed after incubation at 4°C for 1 h.
200 ul PBS was dispensed overtop the gels, and replaced at specific time
intervals. Released SA-488 fluorescence from the supernatant was measured
using a Biotek Cytation5™ plate reader (Ex 495 nm, Em 519 nm). SA-Avastin®-
647 release was performed similar to SA-488 with a SA-Avastin®-647

concentration of 2 uM (determined from Alexa 647 fluorescence).

HUVEC cytotoxicity assay. Cytotoxicity of individual drug delivery components
were screened by seeding 5,000 HUVECs per well in EGM-2™ media in a tissue
culture treated 96 well plate. Samples were then supplemented with different drug
delivery components: (1) PBS; (2) 1 mg mL* agarose; (3) 1 mg mL™* AgD; (4)
0.1 mg mL? (0.67 uM) SA-Avastin®; and (5) 1 mg mL* (2 mM) oleyl-biotin.
After overnight incubation (37°C 5% CO3), 20 pL of MTS reagent was added and
incubated for an additional 4 h. Absorbance (490 nm) was read, and results were
normalized to a positive control (HUVECs in EGM-2™), To screen the
cytotoxicity of the full drug delivery system, a solution of 1 wt% (w v!) AgD,
8000 uM oleyl-biotin suspension, and 0.1 mg mL™* (1.9 uM) SA-DBCO were
incubated at 37°C overnight. 60 pL gels were then formed in a 96 well tissue

culture treated plate with 1% (w v1) agarose gels as a control. Gels were sterilized
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by UV for 1h and 5,000 HUVECs in 200 pL of EGM-2 media were seeded on gel
surfaces. After an overnight incubation (37°C 5% CO3), 20 pL of the MTS
reagent was added to the media and incubated for another 4h (37°C 5% COy).

Absorbance (490 nm) was measured and normalized to agarose control gels.

SA-Avastin® bioactivity. 10,000 HUVECs were seeded on 60 pL Geltrex® gels
in 4 different media conditions: (1) EBM-2 with 0.5% FBS; (2) EBM-2 with 0.5%
FBS and VEGF; (3) EBM-2 with 0.5% FBS, VEGF, and Avastin®; and, (4)
EBM-2 with 0.5% FBS, VEGF, and SA-Avastin®. Avastin® and SA-Avastin®
were pre-incubated in EBM-2 with VEGF for 1 h at 37°C. Cells were incubated
(37°C 5% COy) for 24 h, stained with Calcein AM and imaged on a Biotek
Cytation5™ microscope. Number of branch points and total tube length were

counted according to established protocols.*®]

SA-Avastin® LSPR Binding. SA-Avastin®’s binding to VEGF165 was
confirmed by LSPR binding experiments (OpenSPR from Nicoya Lifesciences
instrument). VEGF165 was immobilized onto a carboxyl sensor chip (Nicoya
Lifesciences) via the immobilization kit provided. Briefly, the running buffer,
PBS, was flowed at 20 uL min?, aliquots of EDC and NHS were mixed at a 1:1
ratio and 200 pL was injected for 5 min to activate the carboxyl groups of the
chip. 250 pL of 8 ug mL* of VEGF165 in 10 mM sodium acetate buffer at pH 5.5
was injected for an additional 5 min. 200 pL of a blocking solution from the

provided immobilization kit was then injected for 5 min. The chip was then
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washed with running buffer until the signal stabilized. SA-Avastin® released
from AgD gels after 100 days and fresh Avastin® were sequentially injected at a
flow rate of 20 pL min™*. The chip was regenerated with running buffer at 50 L
min* for 15 min. SA-Avastin® and Avastin® were injected on a control surface
without VEGF165 to ensure non-specific binding was minimal, no signal was

observed.

Equilibrium binding of SA-Avastin® with biotin-fluorescein. 250 uL of 0.7
mg/mL of SA-Avastin® labeled with Alexa 647 was incubated with 10 pL of 1
mg/mL biotin-fluorescein overnight at room temperature. The mixture was then
purified by SEC. Fractions were collected (4 mL), transferred into a dialysis bag
(MWCO 13-16Kk) and subsequently submerged in 6 mL of PBS. Fluorescence
inside and outside the dialysis bag were taken to confirm equilibrium was
reached. Once equilibrium was reached, fluorescence was measured to determine
biotin-fluorescein concentration inside and outside of the dialysis bag, and SA-
Avastin® concentration inside the dialysis bag by comparison to calibration
curves. Samples were boiled to ensure biotin-fluorescein was unbound from SA-
Avastin® to avoid fluorescence quenching. Fluorescence from Alexa 647
provided the SA-Avastin® concentration, fluorescence from fluorescein inside the
dialysis bag provided the total (bound and unbound) biotin-fluorescein

concentration, and fluorescein fluorescence outside the dialysis bag provided the
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free (unbound) biotin-fluorescein concentration. The Kp was estimated using the

factional saturation equation:

v [biotin fluorescein]

n_ [biotin fluorescein] + Kp

Where v = [bound biotin-fluorescein]/[total SA-Avastin], n = 5.91 (number of
biotin binding sites per SA-Avastin), and [biotin-fluorescein] = the concentration

of free (unbound) biotin-fluorescein.

2.5.2 Supplementary Figures and Tables
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Figure S 2.1 Synthesis of AgD hydrogel and biotins. (A) Synthesis of AgD.

Agarose (1) was aminated with carbonyl diimidazole (i) and ethylene diamine (ii),
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then reacted with NHS-desthiobiotin (4) to yield AgD (5), where 6.2 mmol per
mol of agarose repeat units contained desthiobiotin. NHS-desthiobiotin was
synthesized by reacting desthiobiotin (3) with EDC and NHS (iii). (B) Synthesis
of sparingly soluble biotin derivatives (8) by reacting biotin (6) with EDC and

NHS (i) resulting in Biotin-NHS ester (7) followed by the corresponding amines

(ii).
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Figure S 2.2 Characterization of SA-DBCO and SA-Avastin (A) UV-Vis
spectrum of SA-DBCO (red) and SA (green). (B) Fluorescent emission spectra of
SA-Avastin®-647 saturated with biotin-fluorescein when excited at 495+9 nm

(green) and 651+9 nm (blue). Boxes represent excitation wavelengths.
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Figure S 2.3 Release of SA-Avastin® from agarose and AgD hydrogels with
oleyl-biotin. Samples are AgD (orange diamond), 80 uM oleyl-biotin and AgD
(purple triangle), 800 uM oelyl-biotin and AgD (blue square), 8000 UM oleyl-

biotin and AgD (red circle), and agarose without biotin (white circle; mean +

standard deviation n=3).
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Figure S 2.4 Percent transmittance of 1 wt% (w v1) agarose hydrogels with
different total concentrations (soluble and insoluble) of oleyl-biotin of 0 uM

(red), 8 uM (purple), 80 uM (blue), 800 uM (green), 8000 uM (yellow).
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Figure S 2.5 SEC UV (280 nm) chromatograms of purified Avastin®-azide

(blue) and SA-DBCO (orange) compared to Avastin® (red) and SA (green).
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Figure S 2.6 SEC confirmation of SA-Avastin®’s ability to bind biotin by
mixing fluorescent SA-Avastin® (modified with Alexa-647) with biotin-
fluorescein. Fluorescence traces (Ex 490, Em 524 (green) and Ex 651, Em 672
(blue)) indicate the SA-Avastin® peak (fraction 35) contained fluorescein and
Alexa-647, confirming SA-Avastin® complexation with biotin. Arrows indicate

SA-Avastin®, unreacted SA-DBCO and unbound biotin-fluorescein.
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Figure S 2.7 First-order plots of SA release from AgD gels without biotin,
8mM oleyl-biotin and 8mM hexadecyl-biotin. Only release data after day 5 was

included to analyze release without the initial burst. Effective release rates (Kefr)

are equal to the magnitude of the slope.
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Figure S 2.8 First order plots of SA release from AgD gels with 0, 8, 80, 800,
and 8000 oleyl-biotin. Only release data after day 12 was included to analyze
release without the initial burst. Effective release rates (ketf) are equal to the

magnitude of the slope.
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Figure S 2.9 First order plots of SA-Avastin® release from AgD gels with 0,
80, 800, and 8000 oleyl-biotin. Only release data after day 14 was included to

analyze release without the initial burst. Effective release rates (Kefr) are equal to

the magnitude of the slope.
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Table S 2.1 Effective release rates (Keff) assuming first order release with

respect to SA or SA-Avastin® concentrations for all release profiles.

Corresponding
figure

Protein

Biotin
derivative

Concentration
of biotin
derivative / uM

Keff / days™

2C, S7

2G, S7

2H, S7

21, S8

21, S8

21, S8

21, S8

21, S8

3D, S9

3D, S9

3D, S9

3D, S9

SA

SA

SA

SA

SA
SA-
Avastin®

SA-
Avastin®

SA-
Avastin®

SA-
Avastin®

none

Oleyl-biotin

Hexadecyl-

biotin

none

Oleyl-biotin

Oleyl-biotin

Oleyl-biotin

Oleyl-biotin

none

Oleyl-biotin

Oleyl-biotin

Oleyl-biotin

95

8000

8000

80

800

8000

80

800

8000

8.5x10™ +
1.7x10*

3.8x10°% +
3.4x10*

3.8x10° +
1.7x10*

4.4x10% +
2.2x10°

3.3x10* £
2.2x10°

1.8x107° +
6.3x10°

7.4x107° +
2.8x10*

3.1x103% +
1.6x10*

2.7x107° +
1.3x10*

4.9x107° +
2.2x10*

5.6x10°2 +
3.0x10*

8.2x10° +
2.8x10*
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Table S 2.2 Quantification of total and free biotin-fluorescein, and SA-

Avastin® from dialysis equilibrium binding experiment to calculate Kp.

[biotin- [biotin- [SA- [biotin- Kb
fluorescein] fluorescein] Avastin®] fluorescein]
(bound + free) (free) (bound)
120 nM 6.3 nM 48 nM 113.7 nM 94
nM

Table S 2.3 A comparison of traditional affinity and competitive affinity

release systems in hydrogels.

Traditional affinity Competitive affinity

Decr rate of isrupti i
ecreased rate o Disruption of the protein-

protein diffusion in hydrogel interaction by
Release mechanism hydrogels through dissolution of the biotin

protein-hydrogel derivative.
interactions.

Determined by the Kp Determined by the total
Release rate between the hydrogel biotin derivative
and protein. concentration.
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Determined by the Kp Determined by the
between the hydrogel lifetime of insoluble
and protein. biotin derivative pellets.

Length of release
limitations

Tuned by controlling the
soluble biotin’s activity
(concentration and
affinity).

Tuned by changing the
Tuning of release Ko between the
hydrogel and protein.
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CHAPTER 3. INFLUENCE OF HYDROPHOBIC CROSSLINKERS ON
CARBOXYBETAINE COPOLYMER STIMULI RESPONSE AND
HYDROGEL BIOLOGICAL PROPERTIES

Author’s Preface:
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3.1 Abstract

Poly(carboxybetaine) (pCB) hydrogels do not elicit a foreign body response due
to their low-fouling properties, making them ideal implantable materials for in
vivo drug and cell delivery. Current reported pCB hydrogels are crosslinked using
cytotoxic UV-initiated radical polymerization limiting clinical and in vivo
translation. For clinical translation, we require in situ and biorthogonal
crosslinking of pCB hydrogels that are both low-fouling and low-swelling to limit
non-specific interactions and minimize tissue damage, respectively. To this end,
we synthesized carboxybetaine (CB) random copolymers (molecular weight
(MW): ~7-33 kDa; D: 1.1-1.36) containing azide (pCB-azide) or strained alkyne
(Dibenzocyclooctyne (DBCO); pCB-DBCO) that rapidly crosslink upon mixing.
Unlike CB homopolymers and other CB copolymers studied, high DBCO content
pCB-DBCO30 (30% DBCO mole fraction) is thermoresponsive with an upper
critical solution temperature (UCST; cloud point of ~20°C at 50 g/L) in water due
to electrostatic associations. Due to the anti-polyelectrolyte effect, pPCB-DBCO3g
is salt responsive and is soluble even at low temperatures in 5 M NaCl, which
prevents zwitterion electrostatic associations. pCB-azide and pCB-DBCO with
0.05 to 0.16 crosslinker mole fractions rapidly formed 10 wt % hydrogels upon
mixing that were low-swelling (increase of ~10% in wet weight) while remaining
low-fouling to proteins (~10-20 pg cm) and cells, making them suitable for in
vivo applications. pCB-Xa1 hydrogels composed of pCB-azides, and pCB-

DBCO3o formed opaque gels in water and physiological conditions that shrunk to
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~70% of their original wet weight due to pCB-DBCOz0’s greater hydrophobicity
and interchain electrostatic interactions, which promotes non-specific protein
adsorption (~35 pg cm) and cell binding. Once formed, the electrostatic
interactions in pCB-Xa1 hydrogels are not fully reversible with heat or salt.
Although, pCB-Xa1 hydrogels are transparent when initially prepared in 5 M
NaCl. This is the first demonstration of a thermo and salt responsive CB
copolymer that can tune hydrogel protein and cell fouling properties.

Keywords: upper critical solution temperature, anti-polyelectrolyte effect,

zwitterionic hydrogels, in situ gelation, low-fouling, low-swelling, biorthogonal
click crosslinking

3.2 Introduction

Hydrogels are versatile biomaterials for localized drug and cell delivery
with numerous biomedical applications, including cancer therapies and
regenerative medicine.’® To mimic the natural extracellular environment,
hydrogels are also being used for 3D cell culture and bioprinting to increase drug
screening efficiency and better understand complex disease mechanisms.* 20
Hydrogels are prepared by crosslinking natural or synthetic polymers, such as
alginate and polyethylene glycol (PEG), into water swollen networks. Their
tunable chemical and mechanical properties make them highly versatile
biomaterials to provide specific environments for in vitro cell studies and tissue

engineering applications. For in vivo applications, hydrogels may be directly
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implanted as pre-formed gels or administered as solutions for in situ gelation upon
injection.'? In situ gelation requires covalent or physical crosslinks that form
upon mixing two or more components, or through a phase transition triggered by
an environmental change, such as temperature driven hydrophobic interaction

assembly 1316

To minimize the risk of the foreign body response (FBR), hydrogels
should be low-fouling to minimize the non-specific binding of proteins and
cells.!” Excessive protein binding alters the hydrogel’s biochemical environment
leading to unwanted cell-hydrogel interactions and may elicit an immune response
known as the FBR.!® The FBR leads to the formation of a collagenous fibrous
capsule that impedes drug and cell release from the implant.*®° Hydrogel size,
shape, roughness, porosity and chemical composition influence the FBR
intensity.1"?9-2% Because the FBR is commonly initiated by protein binding,
hydrogels that prevent protein adsorption onto their surface can mitigate or reduce
the FBR.172425 To this end, current research is investigating low-fouling polymers

for hydrogel formation.?®

Zwitterionic polymers are low-fouling materials increasingly used for
hydrogels and surface coatings for biomedical devices.!”?>?"2 Due to
electrostatic interactions with water molecules, zwitterionic polymers form a
strong water shell to prevent protein adsorption, which provides its low-fouling

properties. For example, surfaces grafted with zwitterionic polymers adsorb less
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protein than surfaces modified with polyethylene glycol, a common polymer used
for biomaterial development.?® Poly(carboxybetaine) (pCB) has been shown to
adsorb less protein (two times less than poly(sulfobetaine)(pSB)), mitigate the
FBR, and decrease the immune response towards polymer conjugates to a greater
extent than other zwitterionic polymers such as pSB.1"*3! pCB hydrogels do not
induce collagen capsule formation or an FBR three months post-implantation in

immunocompetent mice.’

For clinical applications, injectable hydrogels should be low-swelling to
prevent nerve compression, tissue damage and hydrogel displacement from the
desired site of installation.®>* Current pCB hydrogels may be limited by their
high swelling degree, which results in an increase in wet weight of 150 to
325%.2%34 To decrease hydrogel swelling ratios, the concentration of hydrophobic

groups or crosslinks in the hydrogel can be increased.3>%

pCB hydrogels have previously been formed via radical polymerization
using a UV activated photoiniator, dimethacrylate crosslinker and methacrylate
CB monomer.2°** Due to the poor tissue penetration UV light, pCB hydrogels are
usually formed prior to implantation.!” Ideally, pCB gels would be administered
through minimally invasive injections and crosslinked using bio orthogonal
chemistries. Several crosslinking chemistries have been developed for injectable
in situ gelling hydrogels®! including: (1) aldehyde-hydrazide;*® (2) furan —

maleimide cycloaddition;®’ (3) thiol-ene reaction;*® and, (4) strain promoted
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azide-alkyne cycloaddition (SPAAC).% Azide and strained alkyne functionalities
for SPAAC crosslinking are unreactive towards biomolecules and therefore do not
promote covalent protein immobilization.'***%° Biorthogonal SPAAC
crosslinking is also suitable for cell encapsulation or injectable drug and cell

delivery systems. 3942

Here, we report the synthesis and characterization of low-fouling and low-
swelling SPAAC crosslinked hydrogels formed by mixing poly(carboxybetaine-
azide) (pCB-azide,, where y represents the mole fraction percent) and
poly(carboxybetaine-dibenzocyclooctyne) (pCB-DBCO,) random copolymers for
in situ gelation (Figure 3.1). The mole fraction of azide and DBCO content was
varied to study their influence on polymer and hydrogel properties. Unlike CB
homopolymers, pCB-DBCOxo is a thermoresponsive polymer with an upper
critical solution temperature (UCST) of ~20°C in pure water due to the promotion
of electrostatic interactions by pendant DBCO groups; to the best of our
knowledge, this is the first report of a CB copolymer with an observable UCST.
Hydrogels with azide and DBCO mole fractions of 0.16 or lower produced low-
fouling (low non-specific protein and cell binding) and low-swelling (~10%
increase in wet weight) transparent hydrogels. Hydrogels with azide and DBCO
mole fractions of ~0.3 formed zwitterion electrostatic interactions that resulted in
gel shrinking (~30% decrease in wet weight) and promoted non-specific protein

binding and cell adhesion.

103



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

DBCO é@
0\\(\%

N3

Figure 3.1 Stimuli responsive pCB-DBCOz30 and its influence on hydrogel
properties. (A) Increasing DBCO content within CB copolymers results in a
temperature and salt responsive copolymer with an aqueous UCST and anti-

polyelectrolyte properties, whereas low DBCO content copolymers do not exhibit
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a UCST. (B) In situ crosslinking of low DBCO content polymers with pCB-azide
yields transparent, low-fouling and low-swelling hydrogels. High DBCO content
pCB-DBCO3o crosslinked with pCB-azides; yields opaque, fouling and de-

swelling gels due to zwitterion electrostatic associations. (C) Chemical structures

of the triazole ring (formed after SPAAC), pCB-DBCO and pCB-azide.

3.3 Materials and methods

3.3.1 Materials N-[3-(dimethylamino)propyl]methacrylamide, poly(ethylene
glycol) methyl ether methacrylate (M, 500), tert-butyl bromoacetate, 2,4,6
trinitrobenzene sulfonic acid, trifluoroacetic acid (TFA), 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid, 4,4’-azobis(4-cyanovaleric acid),
triethylamine, sodium dodecyl sulfate (SDS) and bovine serum albumin (BSA)
were purchased from Sigma Aldrich (Oakville, ON, Canada). N-(3-
aminopropyl)methacrylamide hydrochloride (APMA) was purchased from
Polysciences, Inc. (Warrington, PA). VA-044 was purchased from Toronto
Research Chemicals (North York, ON, Canada). Alexa Fluor 647 NHS ester,
Hyclone DMEM-F12, Presto Blue reagent, calf bovine serum (CBS), Calcein AM
and Hoechst stain were obtained from Thermo Fisher Scientific (Burlington, ON,
Canada). 6-azidohexyl-succinimidyl carbonate (NHS-azide) was synthesized
according previously published procedures.*® PBS at pH 7.4 contained 10 mM

sodium phosphate and 137 mM NacCl.
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3.3.2 Carboxybetaine monomer synthesis Carboxybetaine (CB) was
synthesized according to previously established procedures.** Briefly, 7.75 g of
N-[3-(dimethylamino)propyl]methacrylamide was dissolved in 100 mL of dry
acetonitrile under N». Tert-butyl bromoacetate (10 g) was added, and reaction was
kept at 50°C overnight. The reaction was cooled to room temperature and the
product was precipitated with 250 mL of ether. The white precipitate was
collected by vacuum filtration, washed with ~100 mL of ether, and dried
overnight in a vacuum oven at 60°C. The tert-butyl group was removed by
reacting 12 g of the white solid with 10 mL of TFA for 2 h at room temperature,
followed by precipitation with 100 mL of ether. The precipitate was collected,
washed with an additional 100 mL of ether and dried overnight in a vacuum oven
at 60°C. The product was then dissolved in water and lyophilized to yield 8 g
(83% yield). *H NMR (D20, 600 MHz) &: 5.63 (s, 1H), 5.34 (s, 1H), 4.10 (s, 2H),

3.53 (m, 2H), 3.28 (t, J = 6.42, 2H), 3.18 (s, 6H), 1.96 (m, 2H), 1.85 (s, 3H).

3.3.3 Nomenclature for copolymers. Poly(carboxybetaine-co-
(aminopropyl)methacrylamide) (pCB-APMA) were referenced as pCB-APMAg,
where # represents the APMA mole fraction. Therefore, pCB-APMAs’s APMA
mole fraction is 5% and CB 95%. pCB-azidex and pCB-DBCOy are referenced in
the same manner as pCB-APMA:. pCB-X hydrogels formed by mixing pCB-
azide and pCB-DBCO copolymers of similar azide or DBCO fraction are referred

to as pCB-Xs, where # represents the averaged azide and DBCO mole fraction of
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the copolymers prior to gelation. For example, pCB-Xs hydrogels are formed by

mixing pCB-azides and pCB-DBCO:s.

3.3.4 pCB-APMAx copolymer synthesis. pCB-APMAs, pCB-APMA11, pCB-
APMA 6, and pCB-APMAa3: were synthesized as follows: CB monomer (1 g) and
APMA-HCI (20 mg for pCB-APMAs, 41 mg for pCB-APMA11, 87 mg for pCB-
APMA 6, and 260 mg for pCB-APMAz1) were dissolved in 1 M acetate buffer pH
5.2. Separately, 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (2.6 mg for
pCB-APMAs, 7.3 mg for pCB-APMAu11, 7.6 mg for pCB-APMA6, and 8.8 mg for
pCB-APMAGa;) was dissolved in dioxane and added to the monomer solutions
resulting in a 1 M monomer (CB + APMA) solution of 5:1 acetate buffer to
dioxane. pH was adjusted between 3 to 4 and VA-044 was added at a 1:5 molar
equivalents compared to 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid. The
solution was transferred to a Schlenk flask and degassed with three freeze-pump-
thaw cycles under nitrogen. The reaction vessel was then immersed in a 40°C oil
bath and reacted for 3 d under constant stirring. The solution was then dialyzed

against water and lyophilized, yielding a pink powder (700-760 g).

3.3.5 pCB-DBCO synthesis. DBCO precursors were synthesized as follows: 300
mg of each polymer (pCB-APMA4, pCB-APMAu11, pCB-APMAs, and pCB-
APMA30) was dissolved in dry methanol and reacted overnight at room
temperature with NHS-DBCO ester (19.6 mg for pCB-Xs, 30.2 mg for pCB-Xiz1,

105.5 mg for pCB-X16, 280.9 mg for pCB-Xa31) and triethylamine (13.6 pL for
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pCB-Xs, 17.4 uL for pCB-X11, 30.5 uL for pCB-Xz16, 400 uL for pCB-Xa1) under
N2. An amine detection assay (TNBS) as outlined below, confirmed complete
amine consumption. The polymer was then precipitated by adding 40 mL ether
and dried overnight under vacuum. The polymer was dissolved in 5-7 mL of
water and washed with 3 x 10 mL of DCM. The water layer was collected and

lyophilized to yield ~270 mg of pCB-DBCO.

3.3.6 pCB-azide synthesis. pCB-azide was synthesized in a similar manner to
pCB-DBCO. Each polymer (300 mg) was dissolved in 10 mL of dry methanol
and reacted overnight with 6-azidohexyl-succinimidyl carbonate (NHS-azide;
13.8 mg for pCB-Xs, 21.3 mg for pCB-Xi1, 74.6 mg for pCB-X6, 227.8 mg for
pCB-Xa1) and triethylamine (13.6 puL for pCB-Xs, 17.4 uL for pCB-X11, 30.5 pL
for pCB-X6, 400 uL for pCB-Xs1). The polymer was precipitated with 40 mL of
ether and dried overnight under vacuum. The polymer was then dissolved in 5-7
mL of water and washed with 3 x 10 mL of DCM. The water fraction was

collected and lyophilized, yielding ~290 mg pCB-azide.

3.3.7 TNBS assay. Complete amine consumption of pCB-APMA after DBCO
and azide derivatization was confirmed using a 2,4,6 trinitrobenzensulfonic acid
(TNBS) assay. Briefly, 65 pL of 0.2 mg mL* pCB-APMA samples in 0.1 M pH
9.2 Borax buffer were mixed with 65 pL of a 4.2 mM TNBS aqueous solution in a

96 well plate. Samples were then incubated in the dark at room temperature for 45
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minutes and absorbance at 420 nm was measured on a Biotek Cytation 5 plate

reader. All samples were performed in triplicate.

3.3.8 Gel permeation chromatography (GPC) analysis. Polymer molecular
weights (Mw, Mn) were determined by GPC analysis using an Agilent 1260
infinity 11 GPC system equipped with an Agilent 1260 infinity RI detector, and a
GE Healthcare Superose 6 Increase 10/300 GL with 10 mM PBS running buffer.
The column was calibrated using polyethylene glycol (PEG) standards (Mn of

3,000 to 60,000).

3.3.9 Quantifying gelation time. Gelation times were determined by the vial
inversion test. Briefly, 100 pL gels in a 1.8 mL vial were formed by mixing equal
volumes of 100 mg mL™* of pCB-azide and pCB-DBCO solutions. Vials were

inverted every 15 s until flow was no longer observed.

3.3.10 Hydrogel swelling studies. Gels (100 pL) were formed in pre-weighed 2
mL microcentrifuge tubes, incubated for 3 h at room temperature and weighed to
determine initial wet weight (W,). The gels were centrifuged at 16,000 g for 5
minutes. After gels were formed, 1 mL of 10 mM PBS was pipetted over the gels
and incubated at 37°C. At specific time intervals, PBS was removed (a
Kimwipe™ was used to gently blot the gel surface) and the tubes were weighed
(Wh). 1 mL of PBS was replenished over the gels. Gel weight at each time interval
was determined by subtracting the weight of the tube, weight was normalized to

initial weight prior to swelling.
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3.3.11 Mechanical testing. The Young’s modulus of the hydrogels was
determined using a parallel plate compression method on a Cellscale
Microsquisher®. Pre-swollen cylindrical hydrogels 3 mm in diameter and 1 mm
in height were loaded onto the stage. Hydrogels underwent compressive strains
from 0 to 10% at a rate of 0 — 5 um s™. The resulting force — displacement data
was converted to stress-strain curves. Young’s moduli were estimated from the
slope of the linear regression model of the stress-strain curves at a strain of 0 —

10%.

3.3.12 Influence of temperature on phase separation temperature of pCB-
DBCOs0. pCB-DBCO30 was dissolved at 50 mg mL™ in either ultrapure water or
5 M NaCl; pCB-azide was dissolved at 50 mg mL in ultrapure water. Turbidity
measurements were performed in a quartz cuvette at a wavelength of 550 nm with
heating or cooling at a rate of 0.2°C per minute on an Agilent Cary 5000 UV Vis

NIR equipped with an Agilent Peltier heating element.

3.3.13 pCB-X turbidity as a function of gelation medium. To determine the
influence of ionic strength on electrostatic interactions within pCB-X hydrogels,
gels (60 uL) were prepared in ultrapure water, 5 M NaCl, PBS and media
(DMEM-F12 with 10% CBS) in a clear 96 well plate and incubated at 37°C. After

12 h, absorbance was read at 550 nm. All samples were performed in triplicate.

3.3.14 Influence of salt on PEGMA-X27 and pCB-Xs1 hydrogels. PEGMA-X27

or pCB-Xa1 hydrogels (60 pL) were formed in either water or 5 M NaCl and
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allowed to gel for 2 h at room temperature in a 96 well plate. The OD550 of the

gels were then measured on a Biotek Cytation 5 plate reader.

3.3.15 Swelling of pCB-Xs1 gels prepared in water. pCB-Xa1 gels (60 pul) were
formed in ultrapure water in pre-weighed 2 mL microcentrifuge tubes and
incubated for 2 h at room temperature. 1 mL of ultra-pure water or 5 M NaCl was
pipetted over the gels and incubated at room temperature for 48 h. The solutions
were then removed from the gels and tubes were weighed. Gel weight was
determined by subtracting the weight of the tube, weight was normalized to initial

weight prior to swelling.

3.3.16 pCB-Xa1 turbidity upon changes in salt concentration. 60 pL pCB-Xa1
gels were formed in ultrapure water or 5 M NaCl in a clear bottom 96 well plate
and incubated for 2 h at room temperature. Initial OD550 readings were taken
using a Biotek Cytation 5 plate reader. 200 pL of ultrapure water was pipetted
over pCB-X3; gels formed in 5 M NaCl and 200 uL. 5 M NaCl was pipetted over
pCB-Xsy gels formed in water. Gels were incubated over 7 days, and supernatant
solutions were exchanged daily to ensure complete solution exchange. OD550

measurements were then taken.

3.3.17 Fluorescent BSA (BSA-647) synthesis. AlexaFluor 647 NHS ester (15 pL
at 10 mg mL1) in DMF was added to a BSA solution (2.5 mg in 500 pL of PBS)

and reacted for 3 h at room temperature. The reaction mixture was then dialyzed
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against PBS (MWCO 12-14k) for 3 d at 4°C. The fluorescent protein was stored

at -20°C in the dark.

3.3.18 Non-specific binding of BSA-647. pCB-X gels (60 pL at 100 mg mL™?) in
10 mM PBS were formed in a 96 well plate and incubated for 3 h at room
temperature. A 60 uL 0.5 mg mL™* BSA-647 solution was pipetted onto the gels
and incubated at 37°C for 3 h. The supernatant was removed, and the gels were
washed twice with 10 mM PBS. Gels were immersed into a 240 pL solution of 10
mM PBS and 8% SDS and incubated overnight at room temperature. The mixture
was then boiled for 20 min to extract residual BSA-647 from the gels. 100 pL of
the solution was added to a black 96 well plate and fluorescence was measured
using a Biotek Cytation 5 plate reader (651 nm excitation, 672 nm emission).
Each condition was performed in triplicate. The concentration of BSA-647 in
solution was calculated using a calibration curve composed of BSA-647 solutions

of known concentration.

3.3.19 Presto Blue assay. Polymer precursors were dissolved in 10 mM PBS at
100 mg mL! and sterilized using a 0.2 um filter. 60 pL gels were prepared in a
clear 96 well plate. Subsequently, 200 uL of DMEM-F12 supplemented with 10
% CBS was pipetted over the gels and incubated at 37°C for 3 d. The media was
removed and 3,000 NIH 3T3 cells in 100 pL of media per well were seeded on the
surface of the gels. The gels were then incubated at 37°C and 5% CO,. After 24h,

12 pL of presto blue reagent was pipetted into the wells and incubated at 37°C
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and 5% CO- for 18 h to assess metabolic activity. Fluorescence was measured
using a Biotek Cytation 5 plate reader (560 nm excitation and 590 nm emission)

and normalized to a tissue culture plate control.

3.3.20 Cell adhesion assay. Gels were prepared as outlined in the Presto Blue
assay. DMEM-F12 supplemented with 10% CBS (200 uL) was pipetted over the
gels and incubated overnight at 37°C and 5% CO>. Media was then removed and
3,000 cells in 100 pL of media per well were seeded on the gel surfaces. Gels
were then incubated at 37°C and 5% CO.. After 16 h, Calcein AM and Hoechst
stains were added to the wells and incubated for 10 min at 37°C. Gels were then
imaged using a Biotek Cytation 5 imager. Opaque pCB-X31 gels were inverted for

imaging.

3.3.21 Statistical analysis. All samples were conducted in triplicate and
expressed as mean * standard deviation. All statistical analysis was performed
using GraphPad Prism 5. P < 0.05 is indicated by *, P < 0.01 by **, and P < 0.001

by ***.

3.4 Results and discussion

3.4.1 Synthesis and characterization of pCB-azide and pCB-DBCO. To
determine the influence of azide and DBCO content on CB copolymer and pCB-X
hydrogel physical and biological properties, we synthesized pCB-APMA

copolymers with 4 different CB:APMA ratios for modification with NHS-azide or
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NHS-DBCO (Figure 3.1C). In situ gelling hydrogels were formed by mixing

pCB-azide and pCB-DBCO with similar substitution rates.

To achieve reproducible polymer MW and dispersity (B < 1.4, Figure
3.2), copolymers were synthesized using reversible addition-fragmentation chain-
transfer (RAFT) polymerization at pH 3-4 to minimize hydrolysis or aminolysis
of the chain transfer agent (CTA). CB:APMA ratios were controlled by varying
feed ratios during polymerization. The number average MW (My) was kept
constant for three pPCB-APMA copolymers (~7 to 10 kDa); a larger Mn (~25 kDa)
was required for pCB-APMAs to form hydrogels to achieve a minimum number

of crosslinks for gelation after azide and DBCO modification.

Primary amines of all pCB-APMA polymers were completely reacted with
either NHS-azide or NHS-DBCO to yield pCB-azide and pCB-DBCO; amine
consumption was monitored by the TNBS assay. Relative azide or DBCO to CB
(X: CB) content was determined by *H NMR, azide or DBCO peak intensities
were compared to the methyl group of the polymer backbone (Figure S 3.1). The
azide mole fraction for the four different pCB-azide copolymers were calculated
to be 0.05, 0.11, 0.16 and 0.32; the DBCO mole fraction for the four different
pCB-DBCO copolymers were 0.04, 0.11, 0.17 and 0.30 (Table S 3.1). The azide
and DBCO mole fractions for the four pCB-APMA copolymers were in good
agreement, supporting the accuracy of the NMR quantification method. NMR’s

were conducted at low concentrations to ensure polymers were solubilized.
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Figure 3.2 Characterization of CB copolymers and phase separation response
of pCB-DBCOa0 to temperature and salt. (A) GPC characterization of pCB-
APMAx. (B) Turbidity curves for 5 wt % solutions of pCB-DBCO3o in water,
pCB-azides; in water and pCB-DBCOz0 in 5 M NaCl. 5 wt % solutions represent
the same pCB-DBCO concentration in 10 wt % pCB-X hydrogels. The UCST of

pCB-DBCOx is ~20°C.
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3.4.2 Stimuli responsive CB copolymer. Although CB homopolymers do not
exhibit a UCST, zwitterionic polymers such as pSB experience a UCST due to
intra- and interchain electrostatic association of zwitterionic groups, which can be
interrupted by the addition of counter ions.*® It has been suggested that the charge
density between the cationic and anionic groups in a pSB (3.0e nm=and -4.5 e
nm-3) are better matched for zwitterionic associations than those found in pCB
(3.0 e nm™ and -5.3 e nm™3; numbers for CB with a 2 CS between charges).*® CB
homopolymers do not have sufficient zwitterionic associations to exhibit a UCST
or anti-polyelectrolyte properties. Furthermore, significant zwitterionic
associations for CB homopolymers with a 1 CS between the charges, as explored

here, have never been reported.

The addition of rigid hydrophobic groups to SB copolymers increases their
aqueous UCST while maintaining anti-polyelectrolyte properties; hydrophobic
groups promote electrostatic interactions of zwitterionic groups by decreasing
polymer hydration.*’ In this study, we observed an aqueous UCST for pCB-
DBCOzo, the copolymer with the greatest amount of the hydrophobic and rigid
DBCO moiety (Figure 3.2B). In the presence of 5 M NaCl, no UCST was
observed for pCB-DBCOzy, indicating anti-polyelectrolyte properties. The
electrostatic interactions are also reversible upon the addition of salt; an insoluble

5 wt % pCB-DBCO3g sample at 4°C dissolved upon the addition of salt (data not
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shown). Therefore, pCB-DBCO30 in water forms salt responsive electrostatic

interactions upon cooling.

To investigate if DBCO-DBCO hydrophobic interactions also contribute
to phase separation, solutions of 5 wt % pCB-DBCO3o in water and 5 M NaCl
were heated to 90°C; phase separation due to hydrophobic DBCO interactions
would produce a lower critical solution temperature (LCST) and phase separate at
higher temperatures. No LCST was observed when samples were heated to 90°C
even in 5M NaCl, which promotes hydrophobic interactions. Therefore,
hydrophobic interactions within pCB-DBCOzo are not responsible for polymer

phase separation.

As expected, pCB-azides. in water did not display a UCST (Figure 3.2B)
because the pendant azide moiety is a less rigid and hydrophobic than DBCO,
consistent with previously reported aliphatic modifications of zwitterionic
polymers.®>> A minimum threshold of hydrophobicity is required for CB

copolymers to exhibit a UCST, which was only observed with pCB-DBCOzo.
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A Hydrogel Gelation X: CB Modification
Time Units %
pCB-X, 75s 1:20.7 4.6
pCB-X,, 135s 1:8.3 10.8
pCB-X,¢ 15s 1:5.2 16.2
pCB-X;,; <5s 1:2.3 30.7
B

Figure 3.3 Gelation of pCB-X hydrogels. (A) 10 wt % pCB-X hydrogel gelation
times in PBS, and crosslinker (DBCO or azide) mole fractions for pCB-X
hydrogels as calculated by *H NMR. (B) Photograph of inverted pCB-X

hydrogels in vials.

3.4.3 Gelation of pCB-X hydrogels. Previously reported pCB hydrogels were
formed by radical polymerization of methacrylated monomers and bifunctional
crosslinkers, which results in inconsistent crosslink densities and polymer

lengths.1"*8 The use of copolymers with well defined crosslinker mole fractions
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enables the study of azide and DBCO content on chemical, mechanical and
biological properties of copolymers and hydrogels. The crosslinking moieties
should be well distributed along the polymer chain as both monomers are
methacrylamides with similar reactivities in RAFT polymerization. However,
studies can be performed to determine the optimal rate of addition of each
monomeric subunit to achieve equal distribution of monomers through the

polymer.

Gelation was dependent on copolymer concentration, azide/DBCO
content, and polymer MW. All 10 wt % pCB-X hydrogels formed between <5 s
and 135 s (Figure 3.3A); 5 wt % hydrogels formed between 3 and 6 min except
pCB-X11, which failed to gel within 30 min (Figure S 3.2) due pCB-X11’s lower
MW than pCB-Xs and lower azide/DBCO content than pCB-X16 and pCB-Xa.
Greater azide/DBCO content decreased gelation times for hydrogels composed of
polymers with similar MW (pCB-Xu1, pCB-X16 and pCB-Xs1, Figure 3.3A).
pCB-X31 gelled instantaneously (< 5 s) due to the high azide/DBCO content when
compared to the other hydrogels. 10 wt % hydrogels were studied further because
their gelation times (compared to 5 wt % gels) are more suitable for biological in
situ gelling applications.*® In this study, the pCB-X hydrogels are non-degradable
to determine their properties independent of degradation, which is important for
long term implants. Previously, the degradation rate of azide-DBCO crosslinked

hydrogels has been tuned by introducing hydrolytic bonds adjacent to the azide
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moiety.>® Therefore, pCB-X hydrogels with different degradation rates can be

developed, if required.

3.4.4 Swelling and mechanical properties of pCB-X hydrogels. pCB-X gels
swelled less than previously reported pCB hydrogels crosslinked through radical
mechanisms; low swelling gels are required for implantation to minimize tissue
damage and compression.3? pCB-Xs to pCB-Xis gels were made in PBS and their
initial wet weight (W,) was recorded; after immersion in PBS at 37°C their
equilibrium wet weight (W) was only ~10% greater than W, (Figure 3.4A)
compared to 150 to 325% for pCB hydrogels crosslinked through radical
chemistry.*35! The lower swelling degree of pCB-Xs to pCB-Xi5 gels may be
attributed to increased hydrophobic content (e.g. DBCO) and greater control over
crosslink density, which may result in less chain reorientation after gelation.>*
pCB-X31 decreased to ~70% of its initial wet weight due to increased
hydrophobicity from higher DBCO content and CB electrostatic interactions, as

discussed in section 3.2 and 3.5.

Compression tests on pCB-X hydrogels determined that the Young’s
modulus increased with the number of crosslinkers per polymer chain (Figure
3.4B). Using NMR and GPC data, the number of crosslinkers per chain was
calculated to be 5, 3, 7 and 15 for pCB-Xs, pCB-X11, pCB-X16 and pCB-Xa:
hydrogels, respectively. pCB-X11 had the smallest Young’s modulus because it

had the least crosslinker units per polymer chain. It should be noted that polymer
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MW was determined by GPC data calibrated to PEG standards; therefore, the

number of crosslinks should only be viewed as a trend and not absolute values.

Although pCB-Xi6 and pCB-Xs: hydrogels had different swelling ratios
(Figure 3.4A), their similar stiffness (Figure 3.4B) implies that increasing
hydrophobic content and electrostatic interactions has minimal impact on
mechanical properties. pCB-DBCOsp in pCB-X31 hydrogels can form interchain
electrostatic interactions, contributing to pCB-Xas1’s unique deswelling and
turbidity properties. The CB unit within pCB-DBCO3g has 1 carbon spacer (CS)
between charges, whose electrostatic interactions have been shown to minimally
increase the mechanical strength of hydrogels.>? A CS of 2 between CB charges
increases the strength of the electrostatic interactions, which may have a greater
influence on hydrogel mechanical properties.>® Therefore, electrostatic
interactions in pCB-Xa1 hydrogels have a significant impact on hydrogel
hydration and hydrophobicity but not mechanical properties, which may be due to

the presence of salts that reduced number of electrostatic interactions.

The low pCB-X stiffness (<10 kPa) mimics the mechanical properties of
soft neural tissue.> For cell delivery applications, mechanical stiffness must be
controlled to favor therapeutically advantageous cellular activities. For example,
pCB-X hydrogels have the appropriate stiffness to deliver neural stem cells for the

regeneration of neurons.>
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Figure 3.4 pCB-X hydrogel swelling and mechanical properties. (A) pCB-Xs,
PCB-X11 and pCB-X1s hydrogels were low-swelling, and pCB-Xa1 hydrogels
shrunk when exposed to PBS. All hydrogels were first prepared in PBS, and then
immersed in PBS. W, refers to hydrogel wet weight prior to immersion in PBS.
Swelling ratios of pCB-X hydrogels with different crosslinker densities are

reported (mean =+ standard deviation, n = 3). (B) Young’s modulus of the 10 wt %
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pCB-X hydrogels formed in PBS with different crosslinker densities (mean +

standard deviation, n = 3, one-way ANOVA with Bonferroni’s post hoc test).

3.4.5 Electrostatic interactions within pCB-X hydrogels. The turbidity and
hydration of pCB-Xas1 hydrogels can be attributed to the unique properties of
pCB-DBCO3o, a temperature and salt responsive copolymer that exhibits a UCST
(~20°C) in pure water (Figure 3.2B). 10 wt % pCB-X31 hydrogels made from
pCB-azides, and pCB-DBCO3o produced opaque gels when prepared in pure
water, PBS and cell culture media (DMEM:F12 with 10% CBS), and transparent
gels in 5 M NaCl (Figure 3.5A-B), indicating the presence of anti-polyelectrolyte
properties and electrostatic associations similar to pCB-DBCO3g. pCB-Xi6 gels
were slightly turbid in water due to decreased solubility from electrostatic

associations (Figure 3.5A), but to a much lower extent than pCB-Xas;.

To help elucidate the influence of DBCO on hydrophobicity and CB
electrostatic interactions within hydrogels, we compared the transparency of pCB-
X31 to poly(oligo(ethylene glycol) methyl ether methacrylate (PEGMA) hydrogels
with azide/DBCO crosslinkers (PEGMA-X; similar crosslinker mole fraction as
pCB-Xa1 gels; Figure 3.5C). Similar to pCB, PEGMA polymers contain a
polypropylene backbone with pendant hydrophilic side chains; PEGMA contains
non-ionic poly(ethylene glycol) methyl ether side chains (MW 396 g mol™) and

pCB contains CB. PEGMA polymers have a LCST due to hydrophobic
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association of the polymer backbone and PEG groups,> which are promoted by
the addition of salt.>® When prepared in 5M NaCl, PEGMA gels decreased in
transparency, whereas pCB-Xa1 gels increased in transparency. Therefore, the
addition of salt has an opposite effect on azide/DBCO crosslinked pCB-X3; and
PEGMA-X hydrogels; pCB-X31’s response to salt is not the result of hydrophobic
DBCO interactions but the anti-polyelectrolyte effect, due to DBCO’s promotion

of CB electrostatic interactions.

To further elucidate the importance of electrostatic interactions on
hydrogel shrinking, pCB-Xaz1 gels were prepared in water and then soaked in
water or 5 M NaCl (Figure 3.5D). Immediately after preparation, the opaque gels
were weighed to determine W, and then soaked in either water or 5 M NaCl for 2
days. Gels soaked in water shrunk due to the continued formation of electrostatic
interactions that increase hydrophobicity; whereas gels soaked in 5 M NaCl did
not significantly shrink or swell because the salt prevented further electrostatic
associations within the gel. Interestingly, the gels (that were prepared in pure
water) remained opaque after immersion in 5 M NaCl, indicating the pre-formed
electrostatic associations are not reversible in pCB-Xz1 hydrogels, unlike
uncrosslinked pCB-DBCO30. pCB-X31 hydrogels were immersed in 5 M NaCl for
3 days and no effect was seen. Therefore, the formation of electrostatic
interactions increases hydrophobicity and encourages the expulsion of water,

which results in pCB-Xas1 hydrogel shrinking.
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To further probe the response of pCB-Xa31 gels to changing salt
concentrations and the dynamics of electrostatic associations, we followed the
turbidity of gels made in water and 5 M NaCl that were subsequently immersed in
5 M NaCl and water, respectively (Figure 3.5E). Similar to the gel swelling
study, gels made in water and immersed in 5 M NaCl remained opaque with no
change in transparency, further indicating that pre-formed electrostatic
associations are stable within the hydrogel. Transparent gels prepared in 5 M
NaCl and immersed in water increased in turbidity but remained less opaque than
pCB-Xsy gels initially made in water. Therefore, interchain polymer electrostatic
associations can form after gelation but to a lower extent than pCB-X31 gels
initially prepared in water, likely due to limited polymer rearrangement after the

formation of covalent crosslinks in 5 M NaCl.

Unlike pCB- DBCOz0, pCB-X31 hydrogels are not thermoresponsive. No
increase in transparency was observed when opaque pCB-X3;1 hydrogels were
heated to 60°C (Figure S 3.4). The lack of responsiveness of opaque pCB-Xaz1
hydrogels may be due to the covalent azide/DBCO crosslinks that the limit
polymer rearrangement and swelling required to increase hydrogel hydration and
disrupt electrostatic associations. Crosslinking also increases the hydrophobicity
of pCB-azides; after reaction with pCB-DBCOzo, increasing hydrogel
hydrophobic content and potential for electrostatic associations. Increasing

hydrophobic content alone should shift pCB-X3:’s UCST relative to pCB-
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DBCOz;, but pCB-Xa1 gels appeared to remain opaque even upon heating to
~90°C in the presence of 5 M NaCl (data not shown). When prepared in water,
pCB-X31 gels most likely form a stable collapsed network comprised of covalent
azide/DBCO crosslinks and interchain electrostatic associations promoted by

hydrophobic DBCO content.
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Figure 3.5 Influence of salt on pCB-X hydrogel electrostatic interactions,
turbidity and swelling. Optical density at 550 nm (OD550) was used to follow
changes in hydrogel turbidity due to phase separation. (A) OD550 of pCB-X gels
when prepared in water or 5 M NaCl. pCB-Xas1 hydrogels increased in
transparency at high ionic strength. (B) Comparison of pCB-X gel OD550 when

prepared in PBS or media (10% CBS in DMEM-F12). (C) Comparison of pCB-
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X31 and PEGMA-X gels response to gelation in water and 5 M NaCl. (D)
Swelling of pCB-Xa1 gels prepared in water followed by immersion in water or 5
M NacCl, where initial weight (W,) was measured immediately after gelation and
swollen weight (W:) was measured 2 days after immersion. (E) Change in the
OD550 of pCB-X31 gels with increasing or decreasing salt concentrations. pCB-
Xa1 prepared in water (t = 0) were immersed in 5 M NaCl (t = 7 d) and pCB-X31

prepared in 5 M NaCl (t = 0) were immersed in water (t =7 d).

3.4.6 Non-specific binding of BSA to pCB-X gels. Hydrogels that non-
specifically bind proteins may elicit a foreign body response, reducing hydrogel
effectiveness for in vivo applications. Under physiological conditions, hydrogels
must be well hydrated and not contain hydrophobic bonding pockets for protein
fouling. To characterize protein fouling to pCB-X hydrogels, the non-specific
binding of fluorescent BSA-647 on hydrogel surfaces was assessed. Hydrogels
were soaked in a solution of BSA-647 for 2 h, rinsed to remove unbound protein
and exposed to an SDS solution to extract bound protein for quantification by

fluorescence using a BSA-647 calibration curve.

Because pCB’s low-fouling properties are attributed to a strong hydration
shell,”3! pCB-Xa1’s higher degree of hydrophobicity under cell culture media
conditions will decrease hydration and increase non-specific protein binding.*® In

PBS, pCB-Xs1 hydrogel surfaces bound the most BSA at 33.8 pug cm?, the
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remaining three pCB-X gel surfaces bound 10 to 20 ug cm2 (Figure 3.6), which
is comparable to other reported low-fouling zwitterionic hydrogels with BSA
adsorption of ~ 10 to 25 pug cm.%° No significant difference was observed
between pCB-Xs, pCB-Xi1, and pCB-Xi6 (one-way ANOVA, p > 0.05). pCB-Xs1
had the greatest DBCO content and degree of electrostatic associations that both
decrease hydrogel hydration and increase hydrophobicity, which was evident

from swelling experiments where pCB-Xaz1 shrunk in PBS or water.
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Figure 3.6 Non-specific binding of BSA-647 on pCB-X hydrogel surfaces.
Non-specific BSA binding to pCB-Xs, pCB-X11 and pCB-Xzs is similar to other
reported zwitterionic hydrogels.>® The transparent, less hydrophobic pCB-Xs,
pCB-X11 and pCB-X16 gels bound statistically the same amount of BSA-647. The
opaque pCB-X31 hydrogel bound the most protein, likely due to hydrophobic

interactions. Data was expressed as ug cm™ by estimating the surface area of the
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gel in a 96 well plate (mean + standard deviation, n = 3, one-way ANOVA with

Bonferroni’s post hoc test).

3.4.7 Cell adhesion and metabolic activity on pCB-X hydrogel surfaces. To
relate cell fouling properties to the hydrophobicity pCB-X gels, the adhesion and
metabolic activity of NIH 3T3 fibroblasts on the gel surfaces were assessed. After
incubating pCB-X gels in 10% CBS in DMEM-F12 for 3 days to saturate non-
specific protein binding sites, 3,000 cells were seeded on the hydrogel surfaces.
After a 24 h incubation, the cells were stained with Hoechst and Calcein AM for
fluorescent imaging. Cells were also cultured on tissue culture plastic (TCP) as a

positive cell adhesion control (Figure 3.7A-C).

Cell adhesion increased on pCB-X hydrogels with increasing DBCO
content due to increased hydrophobicity, which promotes in protein fouling. pCB-
Xs hydrogels had the lowest DBCO content and prevented the adhesion of cells,
which formed large non-adhered clusters on the gel surface (Figure 3.7D-F). Cell
spreading and single cell adhesion were not observed on pCB-Xs gels, which have
minimal hydrophobic interactions and electrostatic associations to promote
protein binding and cell adhesion. Cells cultured on gels with intermediate DBCO
content, pCB-X11 and pCB-Xzs, formed smaller clusters compared to pCB-Xs gels
(Figure 3.7G-L.). Cell spreading and single cells were also observed on pCBXi1

and pCB-Xzs gels, indicating higher fouling surfaces than pCB-Xs. Therefore,
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pCB-X11 and pCB-Xi6 gels have slightly greater hydrophobicity than pCB-Xs gels

that results in a small increase in cell adhesion.

pCB-Xa1 gels formed significant electrostatic associations and shrunk
under physiological conditions, indicating the greater hydrophobic content
promoted protein binding and cell adhesion. Due to the high opacity and
background fluorescence, brightfield and Calcein AM images could not be
obtained for pCB-X31 gels. DNA Hoechst staining revealed a large amount of cell
spreading and single cells across the surface of the pCB-Xa1 hydrogels (Figure
3.7M). Cell adhesion results are in good agreement with non-specific BSA
binding and swelling data, where the higher protein adsorption and lower

hydration of pCB-Xas1 hydrogels encouraged cell adhesion.
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Figure 3.7 Non-specific NIH 3T3 fibroblast adhesion on pCB-X hydrogels.
Cell adhesion was greater on pCB-X hydrogels with higher DBCO content due to

increased non-specific protein binding. Cells were seeded on the surface of gels
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pre-soaked in 10% CBS in DMEM-F12 and incubated for 24 h. Cells were then
stained with Hoescht and Calcein AM. Fluorescent and brightfield images were
acquired. The opacity and high background of pCB-Xz; gels prevented the
acquisition of brightfield and Calcein AM images. (A-C) Cells cultured on TCP
were included as a positive control for adhesion. (D-F) Cells formed large non-
adhered clusters on pCB-Xs gels. (G-M) Higher crosslinker densities resulted in
increasing levels of cell adhesion, with the greatest cell adhesion on pCB-Xa1
gels. All scale bars represent 1000 pm. Higher magnification images are provided
in Fig. S3. (N) Relative metabolic activity of fibroblasts cultured on the surface of
pCB-X hydrogels as determined by the Presto blue assay normalized against a
TCP control (mean + standard deviation, n = 3, one-way ANOVA with
Bonferroni’s post hoc test). TCP was significantly different from all pCB-X
conditions (p < 0.05). Metabolic activity increased with crosslinker density due to

increased degrees of cellular adhesion.

The metabolic activity of fibroblasts on pCB-X hydrogel surfaces was
quantified to confirm cell adhesion data as adhesion increases metabolic
activity.%® Following the same trend as cell adhesion, pCB-Xs had the lowest level
of metabolic activity, according to the Presto Blue assay. pCB-X11 and pCB-Xie
hydrogels had similar intermediate levels of metabolic activity. pCB-X31
produced the greatest amount of metabolic activity (Figure 3.7N) but remained

lower than cells cultured on tissue culture plastic (TCP).
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3.4.8 Further discussion

Although many polymers exhibit a USCT, there are not many examples of
polymers that transition under mild or physiological conditions. For example,
poly(ethylene oxide) (PEO),% poly(vinyl methyl ether) (PVME)® and
poly(hydroxyethyl methacrylate (PHEMA)®? have UCSTs above 100°C.%% Some
examples of polymers with UCSTSs suitable for biological applications have been
developed. pSB copolymers with benzyl comonomers is both salt and temperature
responsive with a tunable UCST between 5 and 80°C.#” Ureido-derivatized
polymers (e.g. poly(allylurea), PU) also exhibit a UCST and have been shown to
selectively capture and separate proteins by chilling protein-polymer solutions
below the polymer’s UCST.% This work demonstrates that pCB-DBCO30 also has
a UCST under mild conditions, which may result in bioseparation applications by
capturing and releasing biomolecules or cells. pPCB-DBCO030’s UCST of ~20°C is
ideal for biomolecule applications; solutions can be chilled to 4°C for polymer-

polymer association and heated to 37°C to reverse polymer-polymer associations.

The development of low-fouling, low-swelling and in situ gelling
hydrogels, such as pCB-Xs, is critical for local drug and cell delivery in the fields
of tissue engineering and cancer immunotherapy. The regeneration of tissue after
significant trauma (e.g. stroke, heart attack, spinal cord injury) may require the
local delivery of specific biological factors, drugs and stem/progenitor cells. In

cancer immunotherapy, the local delivery of checkpoint inhibitors and immune
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cells from hydrogels has been shown to improve tumor killing and survival in
animal models.*2% For long term delivery, low-fouling gels can reduce the FBR
and prevent the formation of a fibrous collagen capsule around the hydrogel,
which would impede drug or cell release. As explained previously, low-swelling
in situ gelling hydrogels are required to prevent hydrogel displacement from the
injection site and minimize tissue compression and damage. Therefore, pCB-Xs
hydrogels have the required properties for cell and drug delivery and may prove

useful in the fields of tissue engineering and cancer immunotherapy.

3.5 Conclusions

Increasing hydrophobic DBCO content in CB copolymers promotes
intra/interchain electrostatic associations to yield temperature and salt responsive
polymers, the first such demonstration for a CB copolymer. pCB-DBCO3q
exhibits an aqueous UCST upon cooling and heating from the association and
dissociation of electrostatic zwitterion interactions. Due to the anti-polyelectrolyte
effect, pPCB-DBCO3o does not form electrostatic associations in 5 M NaCl,
preventing phase separation at low temperature. pCB-X hydrogel swelling and
fouling properties can be tuned by controlling DBCO content and gelation
medium to promote or hinder electrostatic interactions that increase hydrogel
hydrophobicity and turbidity. When pCB-DBCOxy is crosslinked with pCB-
azides, to yield pCB-Xa1, hydrogel transparency is dependent on the gelation

medium; pCB-Xa; is transparent when prepared in 5 M NaCl but opaque in water,

135



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

PBS or media. Once formed, the electrostatic associations are stabilized by the
hydrogel structure and do not easily dissociate when exposed to high salt
concentrations or temperature. Minimizing DBCO content in pCB-DBCO results
in hydrated low-fouling and low-swelling pCB-X hydrogels after in situ gelation,
which may prove useful as injectable hydrogels for applications in drug and cell

delivery.
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3.7 Supplementary Information

3.7.1 Supplementary figures
Table S 3.1 Table summarizing the pCB-azidex and pCB-DBCOx polymers.

Azide and DBCO mole fractions calculated from from *H NMR integrations.

Azide mole DBCO mole

Polymer . Az: CB Units . DBCO: CB Units
fraction fraction
pCB-Azides 5.0 1:19
pCB-DBCO, - - 43 1:22.3
pCB-Azide;, 10.8 1:8.3
pCB-DBCO, - - 10.9 1:8.2
pCB-Azide;g 15.9 1:5.1
pCB-DBCO;; - - 16.5 1:5.1
pCB-Azides, 31.8 1:2.1
pCB-DBCO, - - 29.6 1:2.4
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Figure S 3.1 'H NMR spectra of pCB copolymers compared against a
reference pCB homopolymer. Shaded regions indicate unique resonances used
for quantification of APMA (red), azide (green) and DBCO (blue). Black shaded
region (A) highlights the methyl on the polymeric backbone integrating for 3 H.
Integrations of APMA, azide or DBCO were compared to the methyl signal to

determine mole fractions.
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g Gel  Weight% Gelation time
pCB-X; 10 1m 15s
pCB-X;; 10 2m 15s
pCB-X,¢ 10 15s
pCB-X;; 10 <5s
B 5 wt%
pCB-X; 5 6m
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Figure S 3.2 (A) pCB-X gels at 10 wt % (B) pCB-X gels at 5 wt % (C) pCB-X

gels and their corresponding gelation times.

149



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

Calcein AM Bright field

B o g2
> .y 4 \§ A
. - 9 9 \

Figure S 3.3 Higher magnification images demonstrating non-specific NIH

3T3 fibroblast adhesion increased on pCB-X hydrogels with greater DBCO
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content. Lower magnification images are presented in Figure 3.7. All scale bars

represent 200 pm.
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Figure S 3.4 Turbidity curves for pCB-X gels in PBS with increasing

temperature. No significant change in turbidity was observed.
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3.7.2 Supplementary Methods

PEGMA-X27 hydrogel synthesis. PEGMA-X7 was synthesized and
characterized in a similar manner to pCB-X gels. Briefly, poly(ethylene glycol)
methyl ether methacrylate (M, 500, 1 g) and APMA-HCI (119 mg) was dissolved
in 433 uL of water. Separately, 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid (7.9 mg) and 4,4’-azobis(4-cyanovaleric acid) (1.6 mg) was dissolved in 217
uL of dioxane and added to the monomer solution. The pH of the solution was
adjusted to 3 to 4. The solution was transferred to a Schlenk flask and degassed
with three freeze-pump-thaw cycles under nitrogen. The reaction was then
immersed in a 70°C oil bath and reacted overnight under constant stirring. The
solution was then dialyzed against water (MWCO 12-14Kk) and lyophilized
yielding PEGMA-APMA;7 as a pink oil (~900 mg). The APMA mole fraction

was determine by proton NMR.

PEGMA-APMA:7 (300 mg) was dissolved in 5 mL of dry DMSO.
Triethylamine (400 puL) and NHS-DBCO (280 mg) was added and reacted
overnight under nitrogen at room temperature. The reaction was then dialyzed
against methanol followed by water and lyophilized to yield a white solid (~300

mg yield).

Separately, PEGMA-APMA:7 (300 mg) was dissolved in 5 mL of dry

DMSO. Triethylamine (400 uL) and NHS-azide (227.8 mg) was added and
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reacted overnight under nitrogen at room temperature. Similarly, the reaction was

dialyzed against methanol and then water and lyophilized (~310 mg).
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CHAPTER 4. DISPLACEMENT AFFINITY RELEASE OF ANTIBODIES
FROM INJECTABLE HYDROGELS

Author’s Preface:

The following chapter was published in ACS Applied Materials and Interfaces
under the citation:

Huynh V, and Wylie RG. Displacement affinity release of antibodies from
injectable hydrogels.

| was responsible for all the experimental design and execution in this chapter. Dr.
Wylie, and | both contributed to the analysis of the results. | wrote the first draft
of the manuscript and Dr. Wylie provided editorial input to generate the final draft
of the paper.

This article has been printed with copyright permission from The American
Chemical Society.
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4.1 Abstract

Current methods to tune release rates of therapeutic antibodies (Abs) for local
delivery are complex and routinely require bioconjugations that may reduce Ab
bioactivity. To rapidly tune release profiles of bioactive Abs, we developed a
biophysical interaction system within a neutravidin modified
poly(carboxybetaine) hydrogel (pCB-NT) that tunes release rates of
desthiobiotinylated Abs (D-Abs) using a constant hydrogel and D-Ab
combination. Herein, we delivered desthiobiotinylated bevacizumab (D-Bv), a
recombinant humanized monoclonal IgG1 Ab for anti-angiogenic cancer
therapies. D-Bv’s high affinity for pCB-NT (Kp 7.8x101° M; t12 ~ 2 h) produces
a slow D-Bv release rate (~ 5 ng d?) that is increased by the dissolution of
hydrogel encapsulated biotin derivative pellets, which displaces D-Bv from pCB-
NT binding sites. In contrast to traditional affinity systems, displacement affinity
release of Abs (DARA) does not require Ab or hydrogel modifications for each
unique release rate. D-Bv release rates were tuned by simply altering the total
biotin derivative concentration; the effective first order (Kef) and mass per day
release rates were tuned 25 and 8-fold, respectively. Local surface plasmon
resonance (LSPR) and bio-layer interferometry (BLI) confirmed D-Bv binding
affinity for the corresponding ligand and Fc receptor, demonstrating the
biophysical interaction system is amenable to anti-cancer Abs for receptor or

cytokine blockade and immune cell recruitment to cancer cells.
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Keywords: Biophysical interaction, displacement affinity release, tunable release,

therapeutic antibodies, zwitterionic hydrogels.

4.2 Introduction

New cancer therapies selectively target antigens for cytokine/receptor
blockade or immune cell recruitment, which can be achieved using antibodies
(Abs) that act as inhibitors!? or bivalent molecules for immune cell localization®
and activation on cancer cells.*® Although Abs demonstrate high in vitro potency,
clinical trials indicate low efficacy against solid tumors due to poor tumor uptake,
which necessitates frequent high-dose (> 1 g) intravenous (V) infusions®’ that
lead to fatal systemic side effects (e.g. cytokine release syndrome). To maintain
effective tumor Ab concentrations without systemic toxicity, we require vehicles
that sustain intra- or peritumoral Ab release after local injection.®1° Because
different disease states will require unique therapeutic concentrations, release
rates must be tuned to achieve maximum Ab efficacy for each tumor.'! Therefore,
we require injectable vehicles that tune Ab release without hindering anti-cancer

activities.1213
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In situ gelling hydrogels localize Ab therapeutics at disease sites to bypass
transport barriers and improve tumor uptake.'?* For example, when an Ab for
checkpoint inhibition (anti-PD1) was intratumorally injected within a poly(vinyl
alcohol) hydrogel, the survival rate in a melanoma mouse model improved by
50% over IV injections at 40 d.*® Hydrogels should be composed of low-fouling
polymers with limited tissue interactions to minimize adverse events (e.g.
inflammation, tissue damage) and maintain Ab bioactivity.'
Poly(carboxybetaine) (pCB) hydrogels are ideal for local Ab release due to its
strong hydration shell that limits nonspecific interactions!’; pCB gels have also
been shown to improve the stability of encapsulated enzymes (e.g. uricase,
organophosphorous hydrolase and chymotrypsin) while reducing their
immunogenicity.'®2° Furthermore, pCB hydrogels did not elicit a foreign body
response (FBR) in a 3-month in vivo study.?* We previously developed a hydrogel
composed of CB copolymers that is injectable, and low-fouling; the hydrogel in
situ crosslinks via strain-promoted alkyne-azide cycloaddition (SPAAC).??
Although useful for initial Ab localization, hydrogels without a control delivery
mechanism rapidly release Abs in a few days,?® which may not be sufficient for

complete tumor eradication.

To rapidly achieve different Ab release profiles, we require a system with:
1) different release rates using the same Ab and hydrogel combination; 2) limited

Ab modification to retain inhibitor or bivalent activity; and, 3) an in situ gelling,
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low-fouling hydrogel that maintains Ab activity. To this end, we developed
displacement affinity release for antibodies (DARA), a 3-component biophysical
release mechanism for desthiobiotinylated Abs (D-Abs) from neutravidin (NT)
modified pCB hydrogels (pCB-NT) where release rates are controlled by the
dissolution of encapsulated solid biotin derivative pellets (Figure 4.1). The
sparingly soluble biotin derivative pellets dissolve over time and displace D-Ab
from NT, release rates are controlled by varying pellet concentration in the
hydrogel; higher biotin derivative pellet concentrations result in greater total
surface area for dissolution, which increases the rate of biotin derivative
dissolution and D-Ab release rates from the hydrogel. We have previously
determined that the dissolution of oleylbiotin and hexadecylbiotin pellets provide
appropriate soluble concentrations for the competitive displacement of
streptavidin from agarose gels modified with desthiobiotin;? less hydrophobic
biotin derivatives, such as octylbiotin, resulted in complete streptavidin
displacement,? which leads to uncontrolled burst release profiles. NT was
selected for its neutral charge that minimizes non-specific interactions compared
to charged avidin and streptavidin. Moreover, NT is less immunogenic than avidin
and streptavidin according to cytokine release assays (CRAS) in whole rat blood.?*
Upon exposure to whole blood of Sprague-Dawley rats, NT delivery complexes
stimulated less cytokine production than avidin and streptavidin complexes. The
pCB hydrogel forms through biorthogonal SPAAC crosslinking for in situ

gelation (Figure 4.2), making it injectable for local delivery applications.??
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In this study, we released desthiobiotinylated bevacizumab (D-Bv), an
anti-angiogenic Ab that binds and inhibits vascular endothelial growth factor 165
(VEGF) for cancer treatments.?® Bv is a recombinant humanized 1gG1 Ab, and
therefore acts as a model for other IgG1 antibody therapeutics; humanized Abs
only differ in the complementarity determining region (CDR). As of 2018, 18
IgG1 antibodies have been approved by the Food and Drug Administration (FDA)

for the treatment of cancer.2®
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Figure 4.1 DARA mechanism: controlled D-Ab release from pCB-NT
hydrogels tuned by dissolution of biotin derivative pellets. (A) Dissolution of
hydrogel encapsulated solid biotin derivative pellets displaces D-Ab from pCB-
NT binding sites, which increases the rate of D-Ab release from pCB-NT

hydrogels. (B) D-Ab release rates are tuned by increasing the concentration of
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sparingly soluble biotin derivative pellets encapsulated in the hydrogel. Higher
concentrations of biotin derivative pellets decrease D-Ab complexation with pCB-
NT and increase D-Ab release rates. (C) Schematic showing the displacement and
release of D-Abs with increasing concentrations of encapsulated biotin derivative

pellets.

4.3 Materials and methods

4.3.1 Materials. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid, 4,4°-
azobis(4-cyanovaleric acid), triethylamine, desthiobiotin, biotin, N-
hydroxysuccinimide (NHS), 4-hydroxyazobenzne-2-carboxylic acid (HABA),
HABA/Avidin solution (0.3 mM HABA, 0.45 mg mL™ avidin, 0.3 M NaCl, 0.01
M HEPES, 0.01 M MgCl,, 0.02 wt% NaN3), agarose (Ag) and bovine serum
albumin (BSA), lipopolysaccharide (LPS) were purchased from Sigma Aldrich
(Oakville, ON, Canada). N-(3-aminopropyl)methacrylamide hydrochloride
(APMA) was purchased from Polysciences, Inc. (Warrington, PA, USA). 3-(3-
dimethylaminopropyl)-1-ethyl-carbodiimide hydrochloride (EDC-HCI) was
obtained from Chem-Impex International Inc. (Wood Dale, IL, USA) Alexa Fluor
647 NHS ester, Alexa Fluor 488 NHS Ester, Hyclone DMEM-F12, Presto Blue
reagent, calf bovine serum (CBS), fetal bovine serum (FBS), Neutravidin,

VEGF16s, EZ-Link™ NHS-PEG4-biotin, ebioscience ELISA kits (IL-6, TNF-a,
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IFNYy) were obtained from Thermo Fisher Scientific (Burlington, ON, Canada).
EndoMax media was obtained from Wisent Bioproducts (St-Bruno, QC, Canada).
Bevacizumab was obtained from the Boston Children’s Hospital (BCH) pharmacy
(Boston, MA, USA). LSPR chips and reagents were obtained from Nicoya
Lifesciences (Kitchener, ON, Canada). Dialysis membranes were purchased from
Spectrum Labs (Rancho Dominguez, CA, USA). 6-azidohexyl-succinimidyl
carbonate (NHS-azide), carboxybetaine, oleylbiotin pellets, and hexadecylbiotin

pellets were synthesized according previously published procedures.??2®

4.3.2 pCB hydrogel synthesis. pCB hydrogel precursors were synthesized
according to previously established procedures.?? Briefly, poly(carboxybetaine-
co-aminopropyl methacrylamide) (pCB-APMA) was first synthesized using
RAFT polymerization. To a Schlenk flask, CB monomer (1.5 g, 6.6 mmol) and
APMA-HCI (11.8 mg, 6.6 umol) were dissolved in 1 M acetate buffer pH 5.2.
Separately, 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (4.2 mg, 1.5
umol) and 4,4’-azobis(4-cyanovaleric acid) (1.4 mg, 3 pmol) was dissolved in
dioxane and added to the monomer solutions resulting in a 1 M monomer (CB +
APMA) solution of 5:1 acetate buffer to dioxane. pH was then adjusted between 3
to 4. The solution was transferred to a Schlenk flask and degassed with three
freeze-pump-thaw cycles under nitrogen. The reaction vessel was then immersed
in a 75 °C oil bath and reacted for 1 d under constant stirring. The solution was

then dialyzed against water and lyophilized, yielding a pink powder (1.2 g).
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pCB-APMA polymers were further functionalized with azide or DBCO
moieties. 500 mg of pPCB-APMA was dissolved in 5 mL of dry MeOH with 50 pL
(0.50 mmol) of triethylamine. Subsequently, NHS-azide (14 mg, 0.05 mmol) or
NHS-DBCO (20 mg, 0.05 mmol) was added and reacted overnight under N> at
room temperature. Polymers were then precipitated with 45 mL diethyl ether,
dried and dissolved in 10-15 mL of deionized water. The aqueous solution was
then extracted twice with ~ 20 mL dichloromethane (DCM) and the aqueous layer
was then dialyzed against water for 1 d with 3 exchanges (MWCO 12-14k). The
polymer was then lyophilized yielding a white powder (~ 473 mg). Polymer
composition (% mol fraction; Table S1) were determined by *H NMR upon
integrating the methylene peak in the backbone with unique resonances for pCB-
Az (hydrogen adjacent to the carbamate bond) and pCB-DBCO (aromatic DBCO

moieties) as identified in Figure S2.

4.3.3 NT-Az synthesis. 250 uL of 10 mg mL™* NT dissolved in PBS was reacted
overnight at room temperature with 8 pL of 10 mg mL™* NHS-azide dissolved in
DMF. NT-Az was then purified by automated size exclusion chromatography
(SEC) on a GE Healthcare Superdex 200. The number of azide groups per NT
was determined by MALDI mass spectrometry (Bruker UltrafleXtreme MALDI

TOF/TOF in positive ion mode).
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NT-Az was further modified with an Alexa Fluor 647 NHS ester dye.
Briefly, 2 uL of 10 mg mL™* Alexa-fluor 647 NHS ester dissolved in DMF was
added to NT-Az (5 mg mL™) and incubated for 2 h at room temperature in the
dark. The reaction mixture was dialyzed against PBS (MWCO 12k-14K) in the

dark at 4 °C over 2 d with two exchanges.

4.3.4 D-Bv and B-Bv synthesis. Desthiobiotin (5 mg, 23 umol), EDC-HCI (6.7
mg, 35 pmol) and NHS (3.2 mg, 28 pmol) was dissolved in 500 pL of N,N-
dimethylformamide (DMF) and reacted overnight at room temperature under
nitrogen. 11 pL of the reaction mixture (15 molar equivalents, 0.5 pmol) was
added to 200 uL of 10 mg mL* bevacizumab (33 nmol) in borax buffer (0.1 M
borax, 0.15 M NaCl, pH 8.5) and allowed to react overnight at room temperature.
B-Bv was synthesized similarly. Briefly, biotin (5 mg, 20 umol), EDC-HCI (5.9
mg, 31 pmol) and NHS (2.8 mg, 25 pmol) was dissolved in 500 pL DMF
overnight and room temperature under nitrogen. 11 pL of the reaction mixture (15
molar equivalents, 0.5 pmol) was added to 200 uL of 10 mg mL™* bevacizumab in
borax buffer (0.1 M borax, 0.15 M NaCl, pH 8.5) and allowed to react overnight

at room temperature.

D-Bv and B-Bv was then purified by automated SEC on a GE Healthcare
Superdex 200. The number of desthiobiotin groups per Bv was determined using

the HABA/Avidin reagent and calculated as per the provided protocol.
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D-Bv was then further modified with Alexa Fluor 488 (AF-488) NHS
ester. 2 pL of AF-488 NHS ester (10 mg mL™) in DMF was added to 100 pL D-
Bv (5 mg mL™) in PBS and reacted for 3 h at room temperature in the dark. The
reaction was then dialyzed against PBS (MWCO 12-14k) at 4 °C in the dark for 2
d with two exchanges yielding D-Bv-488. Fluorescently labelled B-Bv was

synthesized in a similar manner.

4.3.5 SPR binding kinetic studies. Binding kinetics of D-Bv to VEGF and NT-
Az was determined by localized surface plasmon resonance (LSPR) binding
kinetics studies (Nicoya Lifesciences, Kitchener, ON, Canada). A carboxylated
gold chip was modified with EDC and NHS, as per the manufacturers protocol.
Using HBS-EP (Nicoya Lifesciences) running buffer, 100 uL of a 2 ug mL*
VEGF solution was flowed (20 pL min™) across the chip. Remaining NHS-esters
were reacted with ethanolamine. For D-Bv binding studies with VEGF, D-Bv was
flowed across the VEGF modified chip at different concentrations (11, 33, 100,
and 500 nM) and signal was recorded. The chip was regenerated using pH 1.5

glycine buffer (150 pL mint) between each D-Bv injection.

To determine the binding affinity of D-Bv to NT-Az, a 500 nM solution of
D-Bv was flowed over a VEGF modified LSPR chip as previously described.
After the chip was saturated with D-Bv, NT-Az was flowed across the same
LSPR chip at different concentrations (10, 33, and 100 nM). After each run, pH

1.5 glycine buffer was used to disrupt D-Bv complexation with VEGF to

165



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

regenerate the VEGF modified chip. Ka and Kp constants were determined

through the Tracedrawer software using a 1:1 binding model.

4.3.6 Bio-layer interferometry (BLI) binding kinetic studies. To demonstrate
D-Bv’s Fc domain bound CD16a receptors, a BLI (Octet Red 96) binding kinetics
study was performed. Briefly, ThermoFischer EZ-Link NHS-PEG4-Biotin was
dissolved in water (5 mg mL™) and 5 molar equivalents was added to an 8 mg
mL? solution of CD16a dissolved in pH 6.5 PBS. Biotin modified CD16a was
purified by buffer exchange with PBS using an Amicon Centrifugal filter (10 kDa

MWCO).

Streptavidin modified BLI probes were wetted in kinetics buffer (PBS,
0.01% BSA, 0.01% Kathon, 0.002% Tween 20) for 15 min. Biotinylated CD16a
was then immobilized onto the probe by incubating 200 nM of biotinylated
CD16a with the probe in 1X kinetics buffer for 2 min. The probe was blocked
with 5 wt % milk solution for 3 min. The probe was submerged in a 1 uM biotin
solution to quench all remaining biotin binding sites. Probes were placed in a pH
2.2 10 mM glycine-HCI solution and subsequently immersed in kinetics buffer for
3 min to establish a baseline on the Octet Red 96 system. Probes were placed in
solutions of D-Bv (0.63 uM - 5 uM) for 5 min to measure association and then
kinetics buffer for 5 min to measure dissociation. Kp, kon and Koff constants were

estimated using Graphpad Prism 8 using a 1:1 binding model.
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4.3.7 NT-Az immobilization and pCB-NT HABA displacement studies NT-
Az-647 was incubated with pCB-DBCO (dissolved in PBS, 5 wt %) overnight at
room temperature. 60 uL gels containing 5 wt % pCB and 0.1 mg mL* Neu-Az-
647 were formed in a clear 96 well plate by adding 5 wt% pCB-Az to 5 wt %
pCB-DBCO with conjugated NT-Az-647. After 30 min, gels were submerged in
PBS and gel fluorescence (ex. 651 nm, em. 672 nm) and absorbance at 500 nm
was tracked over time. Once fluorescence readings were stabilized, 60 pL of a 1
M HABA solution in PBS was then added over top the gels and incubated
overnight. Fluorescence readings and A500 were read over time until A500
readings stabilized. Subsequently, 60 uL of 0.1 mg mL™* desthiobiotin was then
added over top the gels and fluorescence and A500 readings was tracked until

equilibration.

4.3.8 D-Bv and B-Bv binding and displacement. pCB-DBCO (5 wt%) dissolved
in PBS supplemented with 0.05 wt% BSA was incubated with NT-Az (0.1 mg
mL1) overnight at room temperature. D-Bv (0.05 mg mL™ or 0.025 mg mL™Y) or
B-Bv (0.025 mg mL1) was then added and incubated overnight at room

temperature in the dark.

60 uL 5 wt % pCB gels containing 0.1 mg mL™ NT-Az and 50 pg mL* D-
Bv or a combination of 25 ug mL* D-Bv and 25 pg mL™ B-Bv were formed at the
bottom of wells in a 96 well plate by adding pCB-Az (5 wt %) to the pCB-DBCO

(5 wt %) protein solutions. Gels were formed for 30 min at room temperature in

167



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

the dark and initial fluorescent readings were taken (D-Bv: ex. 495 nm, em. 519
nm; B-Bv: ex. 651 nm, 672 nm). Gels were then immersed in PBS with 0.05 wt %
BSA and fluorescence was tracked over time. Upon fluorescent reading
stabilization, 200 puL of 0.1 mg mL biotin dissolved in PBS with 0.05 wt % BSA
was added over top the gels. Fluorescence readings were taken at specific time
intervals and replenished with fresh 0.1 mg mL™ biotin solutions after each

reading.

4.3.9 D-BV release assays. NT-Az and pCB-DBCO (5 wt %) in PBS with 0.05 wt
% BSA was incubated overnight at room temperature. D-Bv-488 (50 ug mL™?)

was then added to the solution and incubated overnight at room temperature.

60 uL gels were then formed in the bottom of wells in a black 96 well
plate by mixing the pCB-DBCO (5 wt %) protein solutions with pCB-Az (5 wt %)
and a biotin derivative suspension in 0.05 wt % BSA in PBS. Gels were then
incubated in the dark at room temperature for 1 h. Initial gel fluorescence readings
were taken on a Biotek Cytation 5 plate reader (ex. 495 nm, em. 519 nm). 200 uL.
of 0.05 wt % BSA PBS solutions was then pipetted over top the gels.
Supernatants (solutions on top of the gels) were taken at specific time intervals
and replenished with 0.05 wt % BSA PBS. Supernatant fluorescence was read
using a Biotek Cytation 5 plate reader (ex. 495 nm, em. 519 nm) and D-Bv

amount was determined using a calibration curve.
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4.3.10 Displacement potential of oleylbiotin and hexadecylbiotin. Oleylbiotin
and hexadecylbiotin pellets were suspended in 5 wt % pCB, 0.05 wt % BSA
solutions at 800 uM in microcentrifuge tubes and agitated at room temperature. At
specific time intervals, the suspension was pelleted through centrifugation (16 000
g for 15 min) and 200 pL of the supernatant was collected. The pellet was then
resuspended upon addition of 200 pL of fresh 5 wt % pCB, 0.05 wt % BSA

solution. The supernatants were frozen at -20°C until further use.

The supernatants were then filtered through a 0.2 um filter and 100 pL of
the solution was added to 300 puL of the HABA/Avidin reagent (0.3 mM HABA,
0.45 mg mL* avidin) and incubated for 5 min. A500 was then read using an
Agilent Cary 100 UV Vis. A HABA/Avidin solution exposed to an excess of
biotin (1 mg mL™* 4 mM), for complete HABA displacement, was used as a
positive control for maximum change in A500. Oleylbiotin and hexadecylbiotin
potential displacement was calculated by change in A500 divided by maximum

change in A500 (from biotin displacement).

4.3.11 Cytotoxicity. NIH 3T3 fibroblasts in DMEM-F12 10% CBS (5000
cells/well in 75 pL) or human umbilical vein endothelial cells (HUVECS) in
EndoMax with 20% FBS (10,000 cells/well in 75 pL), were seeded in a 96 well
plate and incubated overnight at 37 °C 5% CO,. Subsequently, 25 uL of
individual DARA delivery components were added to screen cytotoxicity of the

following solutions in PBS with their corresponding final concentrations: pCB-
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DBCO (5 mg mL™?), pCB-Az (5 mg mL™?), pCB-APMA (5 mg mL), D-Bv (0.1
mg mL™), B-Bv (0.1 mg mL™Y), NT-Az (0.1 mg mL™), oleylbiotin (1 mg mL™),
hexadecylbiotin (1 mg mL™) and pCB-NT (5 mg mL* pCB-DBCO reacted with
and 0.1 mg mL™* of NT-Az overnight in PBS). Cells were then incubated at 37 °C
5% CO> for 24 h. For NIH 3T3’s, 11 pL of Presto blue reagent was then added to
each well and incubated at 37 °C 5% CO for 30 min. For HUVECs, 11 pL of
alamar blue was added to each well and incubated at 37 °C 5% CO. for 1.5 h.
Fluorescence was read on a Biotek Cytation 5 plate and normalized to control
wells (25 pL of PBS in 75 uL. DMEM-F12 with 10% CBS or EndoMax with 20%

FBS).

Separately, 5 wt% pCB gels with and without the DARA system (800 uM
oleylbiotin, 0.05 mg mL™ D-Bv, 0.1 mg mL* NT-Az) were formed in a 96 well
plate and incubated overnight at 37 °C 5% COz. NIH 3T3 fibroblasts in DMEM-
F12 10% CBS media (5000 cells in 100 pL) or HUVECs in EndoMax with 20%
FBS (10,000 cells in 100 uL), were then seeded on top of the gels and incubated
at 37 °C 5% CO:z for 24 h. 11 pL of Presto Blue reagent was added to each well
and incubated at 37 °C 5% CO. for 30 min. Fluorescence was read on a Biotek
Cytation 5 plate reader (ex. 560 nm, em. 590 nm). Fluorescence values were then

normalized to cells plated on pCB gels without the DARA system.

4.3.12 Non-specific cell adhesion to pCB gels. pCB1s (10 wt%), pCB2:5 (5 wt%)

and Ag (1 wt%) gels (60 puL) were formed on the bottom of a clear 96 well plate
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and allowed to gel for 30 min at 4°C. NIH 3T3 fibroblasts in DMEM-F12 10%
CBS media (5000 cells in 100 uL) or HUVECSs in EndoMax 20% FBS (10,000
cells in 100 uL) were seeded on top of the gels and incubated at 37 °C 5% CO>

for 24 h. Brightfield micrographs were acquired on a Biotek Cytation 5 imager.

4.3.13 Immunogenicity. Fresh heparinized whole human blood (1 mL; approval
acquired from the Hamilton Integrated Research Ethics Board, Project Number
5822-T) was incubated with either LPS (10 ng mL™*), pCB-DBCO (5 nM, 1 mg
mL?), NT-Az (100 nM, 6.7 ug mL), pCB-NT polymer (5 mM pCB-DBCO with
100 nM NT-Az) or pCB gels (100 uL 5 wt %) containing 100 nM NT-Az and 1
mg mL* hexadecylbiotin. Solutions were incubated for 24 h at 37 °C. Plasma was
then isolated from the whole blood by centrifugation at 2000 g for 10 min and
frozen until further use. IFNy, TNFa and IL-6 concentrations in the isolated
plasma were then quantified using eBioscience ELISA kits, according to the

provided protocols.

4.3.14 Statistical Analyses. All samples were performed in triplicate and
expressed as mean * standard deviation. All statistical analyses were performed

using GraphPad Prism 8. p < 0.05 is indicated by *, p < 0.01 by **, p < 0.001 by

*k*k
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4.4 Results and Discussion
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Figure 4.2 Preparation of pCB-NT hydrogels with encapsulated D-Bv and
solid biotin derivative pellets. (A) pCB-DBCO (blue) modified with NT-Az was
mixed with pCB-Az (green), D-Bv, and sparingly soluble biotin derivative pellets
for in situ gelation. (B) Chemical structures of pCB-Az (green) and pCB-DBCO
(blue) modified with NT-Az bound to D-Ab. Dashed circles highlight reactive
strained alkyne and Az moieties for in situ crosslinking. (C) pCB-NT hydrogels
with complete DARA systems are injectable. In situ gelling solutions of 10 puL 5
wt% pCB-NT (0.1 mg mL™ fluorescent NT-Az) with the DARA system (800 uM
hexadecylbiotin, 50 pg mL™ D-Bv) were injected into 1 wt% agarose hydrogels

using a syringe and 32 gauge needle. After 24 h, the localization of fluorescence
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at the injection site and not throughout the agarose gels indicates the system is
injectable. Non-gelling control injections without pCB-Az are presented in Figure

S4.5.

4.4.1 Synthesis of pCB-NT hydrogels for controlled release of D-Bv

We previously demonstrated that CB copolymers with <5 mol% azide
(Az) or dibenzocyclooctyne (DBCO) form in situ gelling, low-fouling pCB
hydrogels.?? Therefore, CB copolymers with 2.5 mol% Az (pCB-Az) and 2.3
mol% DBCO (pCB-DBCO) were synthesized for in situ gelation via strain
promoted alkyne-azide cycloaddition (SPAAC); DBCOs were also used as

immobilization sites for Az modified NT (NT-Az).

To prepare pCB-Az and pCB-DBCO, random copolymers of CB and N-
(3-aminopropyl)methacrylamide (APMA) were first synthesized using reversible
addition fragmentation transfer (RAFT) polymerization (Figure S 4.1), resulting
in pCB-APMA (My 71 373 g mol, M, 65 404 g mol, determined by gel
permeation chromatography (GPC) calibrated with poly(ethylene glycol) (PEG)
standards) with low dispersity (B = 1.09; Table S 4.1A). The Mw of pCB-APMA
was selected to maximize CB content (~ 97.5 mol%) and retain low-fouling
properties while maintaining sufficient amines for Az or DBCO derivatization for
crosslinking and gelation. pCB-APMA amino groups were completely modified

with N-hydroxysuccinimide ester (NHS) DBCO (NHS-DBCO) or Az (NHS-Az)
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moieties to yield pCB-DBCO and pCB-Az copolymers, respectively (Figure S
4.1). *H NMR spectra of pCB-Az and pCB-DBCO (Figure S 4.2) determined Az
and DBCO mole fractions of 2.5 mol% and 2.3 mol%, respectively (Table S

4.1B).

A single form of D-Bv was synthesized for all release experiments; the use
of a D-Bv with a single functionalization degree avoids the re-modification of Bv
for each unique release profile, which may decrease bioactivity. Bv was reacted
with NHS-desthiobiotin to yield D-Bv with an average of 4.9 desthiobiotins per
Bv, as determined by HABA/Avidin displacement assays (Figure S 4.3). For
conjugation to pCB-DBCO prior to gelation with pCB-Az, NT was modified with
NHS-Az to yield NT-Az with ~ 7.1 azides per NT, determined by MALDI MS
(Figure S 4.4). Therefore, we synthesized single pCB-DBCO, pCB-Az, and D-Bv

suitable for all release profiles in section 3.5.

To prepare in situ gelling hydrogels for controlled D-Bv release, pCB-
DBCO was first modified with NT-Az and then D-Bv, which was subsequently
mixed with a pCB-Az solution with biotin derivative pellets (Figure 4.2).
Modification of pCB-DBCO with NT-Az at the studied concentrations did not
influence hydrogel gelation time. A 200 pL mixture of 5 wt% pCB-Az with 800
1M hexadecylbiotin pellets and 50 pg mL™* of D-Bv was mixed with 5 wt% pCB-
DBCO modified with 0.1 mg mL™* NT-Az (complete DARA system) for gelation

in 9 min 45 sec according to gravitational flow analysis (Figure S 4.5A). To
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demonstrate the delivery system is injectable, 10 uL of the same solution was
injected into 1 wt% agarose gels after a 9 min pre-injection incubation in the
syringe. To confirm gelation, NT-Az immobilized on pCB-DBCO was modified
with Alexa Fluor 647 and fluorescent images were acquired at 0 and 24 h post-
injection; fluorescence remained at the injection site, which indicates the system
is in situ gelling and injectable (Figure S 4.5B-C). A control injection was
performed without pCB-Az to prevent gelation (Figure S 4.5D-E). After 24 h,
fluorescence was observed throughout the agarose hydrogel due to the diffusion

of pCB-DBCO modified with fluorescent NT-Az.

175



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

—) ——)
VEGF B D-Bve VEGF c D-BveNT-Az
250 150
D-Bv g 20 PAT - E o0 Ealbesi
: Lo — o g ~i
(=) — o — 10n
€ \T-Az 3 G 0%
C T T T T T 1 C T T T T L}
CD'] 60 0 200 400 600 800 1000 0 200 400 600 800
Time (s) Time (s)
D E 20 D-Bve CD16a
~ [D-Av]
3 15 — 5uM
= — 2.5uM
o ¢ W — T25M
o | | ? 05 — 0.63 M
_ 00 T T T T 1
200 400 600 800
Time (s)
F
Interaction K¢ (s1) ko, (M-1s) Kp (M)
D-Bv * VEGF 6.4 x 106 2.9x 104 2.2x 1070
D-Bv * NT-Az 9.7x10°% 1.2 x10° 7.8x 1010
D-Bv * CD16a 7.1x103 2.0x 104 3.6x107

Figure 4.3 D-Bv retains binding affinity for VEGF, NT-Az, and CD160. (A)
Schematic of D-Bv binding to VEGF immobilized on a gold LSPR sensor,
followed by NT-Az binding to D-Bv. (B) LSPR sensorgram demonstrating
concentration-dependent binding of D-Bv to VEGF modified gold sensors. (C)
LSPR sensorgram demonstrating concentration-dependent binding of NT-Az to a

VEGF gold sensor saturated with D-Bv. The long t12 (~ 30 h) of the D-BvV/VEGF
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complex allows for the characterization of the NT/D-Bv interaction. (D)
Schematic of D-Bv binding to CD 160 immobilized on a BLI sensor. (E) BLI
sensorgram demonstrating concentration-dependent binding of D-Bv to CD16a.
modified surfaces, indicating the Fc portion of D-Bv is available for immune cell
receptor binding. (F) Kon, Koff and Kp for D-Bv binding to VEGF, NT-Az and
CD160. Binding constants were calculated using a 1:1 binding model in

Tracedrawer software (LSPR) and GraphPad Prism 8 (BLI).

4.4.2 LSPR and BLI determined binding kinetics of D-Bv for VEGF, NT-Az,

and CD16a

To verify that desthiobiotinylation did not interfere with binding affinity
for ligands and immune cell receptors, we studied the concentration-dependent
binding of D-Bv to VEGF and CD16a, an Fcylll receptor for IgG1 Abs. The
kinetics of D-Bv binding to NT-Az was also studied to characterize the Ab
delivery system. Therefore, the association (kon) and dissociation (Koff) rate
constants for D-Bv binding to VEGF, NT-Az, and CD16a were determined.
Limited steric inhibition should occur as desthiobiotinylation should be primarily

on the Fc portion of the antibody.

Using a VEGF modified gold LSPR chip, D-Bv displayed concentration-
dependent binding to VEGF (Figure 4.3A-B), with a calculated equilibrium
dissociation constant (Kp) of 2.18 x 10"1° M (Figure 4.3F). Because of the slow

dissociation of D-Bv from VEGF (ty2 ~ 30 h), NT-Az binding to D-Bv could be
177



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

followed on a VEGF LSPR chip pre-saturated with a 500 nM D-Bv solution
(Figure 4.3A). Binding D-Bv to VEGF allowed for site-specific immobilization
and sensor regeneration with pH 1.5 buffer, removing both D-Bv and NT-Az from
the sensor. The required sequential injections (D-Bv and NT-Az) and continuous
signal measurement was possible using the LSPR instrument but not readily
achievable with BLI. NT-Az displayed concentration-dependent binding to
desthiobiotin on D-Bv (Figure 4.3C), with a Kp of 7.8 x 101 M (Figure 4.3F).
Due to proximity limitations, 1:1 binding was assumed for data processing
because NT-Az is unlikely to bind multiple desthiobiotins on immobilized D-Bv.
Furthermore, the use of excess NT-Az (~10 molar equivalents) minimized the
probability for multivalent interactions. The binding affinity of D-Bv to VEGF
and NT-Az was similar to previously published Kps (Bv — VEGF: 10° — 101! M;

NT — desthiobiotin: 1011-1013 M).25:27.28

Using CD16a modified surfaces for BLI detection, D-Bv showed
concentration-dependent binding for CD16a (Figure 4.3D-E) with a calculated
Kpof 3.6 x 10”7 M (Figure 4.3F) similar to previous reports for human 1gG1s (7.2
x 10" M).?° Therefore, the retained binding affinity for targeting ligands and
immune cell Fc surface receptors indicates that desthiobiotin modification of Abs
is tolerable for cytokine or receptor blockade (e.g. anti-angiogenesis, checkpoint
inhibitors) and immune cell recruitment (e.g. antibody-dependent cellular toxicity

(ADCCQC)). Desthiobiotin modification of IgG1 antibodies will not interfere with
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bioactivity as demonstrated by the LSPR and BLI binding studies; the achieved
degree of antibody functionalization with desthiobiotin is therefore suitable for

delivery applications.
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Figure 4.4 pCB-NT reversibly binds HABA and D-Bv for displacement by

free desthiobiotin or biotin. (A) The addition of a competitive binder
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(desthiobiotin or biotin) displaces and releases bound HABA, D-Bv or B-Bv from
pCB-NT hydrogels. (B) After immobilization of fluorescent NT-Az (Alexa Fluor
647; 4 mg mL™), hydrogel fluorescence was tracked over 65 h. No significant
change was observed indicating irreversible immobilization of NT-Az to pCB-
DBCO in pCB-NT hydrogels (n = 3). (C) HABA binding to and displacement
from pCB-NT was tracked A500; HABA increases in A500 upon NT binding.
Without HABA, the gels showed minimal A500. After addition of HABA (0.5
M), an increase in A500 was observed due to NT binding. Addition of
desthiobiotin (2.3 x 104 M) to HABA saturated pCB-NT gels, A500 decreased to
background levels, indicating complete HABA displacement. (D) The
fluorescence of pCB and pCB-NT gels with fluorescent D-Bv (333 nM) was
followed over time after submersion in PBS. D-Bv was rapidly eliminated from
pCB gels due to the lack of NT desthiobiotin binding sites. In contrast, ~ 80% of
D-Bv remained in pCB-NT gels until submersion in a 410 uM biotin PBS
solution, which rapidly displaced D-Bv from pCB-NT gels. (E) D-Bv released
faster than B-Bv from pCB-NT gels submerged in PBS with 410 uM biotin,
demonstrating B-Bv is less responsive to biotin mediated displacement due to its

longer ta.

4.4.3 Synthesis of pCB-NT gels and biotin mediated displacement of D-Bv
To achieve controlled release of D-Bv, the conjugation of NT-Az to pCB-

DBCO should occur with 100% yield to avoid additional purification steps and
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potential loss of NT-Az binding activity. To confirm complete NT-Az
conjugation, fluorescent NT-Az (modified with Alexa Fluor 647) was first reacted
with pCB-DBCO (5 wt%) before to the addition of pCB-Az to yield pCB-NT gels
(5 wt%) with a final NT-Az concentration of 4 mg mL™. To ensure complete NT-
Az conjugation, the fluorescence of pCB-NT gels submerged in PBS was
temporally tracked; hydrogel fluorescence did not decrease over 65 h (Figure
4.4B), indicating complete conjugation of fluorescent NT-Az. We previously
demonstrated that pCB gels with > 5 Az/DBCO mol% non-specifically bound
cells,?? which may hinder drug delivery applications. Because this study used pCB
gels with ~2.5 Az/DBCO mol% with 4 mg mL™ NT-Az, the immobilized NT-Az
concentration can be increased to ~ 8 mg mL™ by increasing Az/DBCO content to

5 mol%.

To demonstrate pCB-NT binds and releases biotin analogues, the
reversible binding and competitive displacement of 4-Hydroxyazobenzene-2-
carboxylic acid (HABA) was quantified (Figure 4.4A, C). HABA increases in
absorbance at 500 nm (A500) upon binding NT (extinction coefficient of 35 500
M1 cm™).% Addition of HABA (0.5 M; Kp ~ 10 M)3! to pCB-NT gels resulted
in an increase in A500 after equilibrium was reached. Subsequent addition of
desthiobiotin (2.3x10“ M; Kp 7.8x102° M) returned A500 to background levels
(Figure 4.4C), indicating complete displacement of HABA from pCB-NT.

Therefore, conjugated NT in pCB-NT gels retained its ability to reversibly bind
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and release biotin-like molecules. pCB-NT retains desthiobiotin binding and

displacement capabilities.

To demonstrate biotin mediated displacement of D-Bv from pCB-NT gels,
fluorescent D-Bv (modified with Alexa Fluor 647) was incorporated within pCB
and pCB-NT gels, and gel fluorescence was tracked over time. The absence of NT
for desthiobiotin complexation resulted in rapid D-Bv elimination from pCB gels
when submerged in PBS (Figure 4.4D). In pCB-NT gels, ~80% of D-Bv (initial
concentration of 3 mg ml™?, Figure S 4.6) remained in the gel, indicating ~ 20% of
D-Bv weakly bound pCB-NT (Figure 4.4D, Figure S 4.6). The remaining D-Bv
did not release from pCB-NT until gels were submerged in PBS with 0.1 mg mL™*
biotin (Figure 4.4D), which displaced D-Bv from pCB-NT. The controlled
displacement of D-Bv from pCB-NT gels demonstrates that the DARA method is

suitable for biotin mediated displacement and release of D-Abs from hydrogels.

Because D-Bv release relies on biotin mediated displacement from pCB-
NT gels, the t1> of the D-Bv-NT interaction will contribute to displacement rates.
To highlight the importance of the complex’s t12, we compared the displacement
of fluorescent D-Bv and biotin modified Bv (B-Bv) from the same pCB-NT gels;
D-Bv and biotin modified molecules have different t1>s of 2 h and ~ 1-4 d,
respectively.®? Immediately after gelation of pCB-NT with fluorescent D-Bv
(Alexa Fluor 488; 0.025 mg mL™) and B-Bv (Alexa Fluor 647; 0.025 mg mL™),

gels were submerged in PBS with 0.1 mg mL™ of biotin. The release of D-Bv and
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B-Bv was tracked by total gel fluorescence (Figure 4.4E). Due to its shorter tiz,
D-Bv released faster than B-Bv from the hydrogel with effective first order
release rates (Kers) of 4.3 x 10 dtand 4.1 x 102 d%, respectively (Figure S 4.7).
The high concentration of free biotin (0.1 mg mL™) produces D-Bv and B-Bv
release profiles that represent the maximum Ab release rate of each conjugate.
Due to its long tu2, B-Ab release profiles cannot be tuned to occur in in less than
multiple weeks. Therefore, D-Abs are more suitable for controlled release

applications because its shorter t1» allows for greater release rate tuning.
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Figure 4.5 Displacement of HABA from avidin upon dissolution of biotin
derivative pellets suspended in pCB solutions. (A) Oleylbiotin or
hexadecylbiotin pellets were suspended and incubated in a 5 wt% pCB PBS

solution. At different timepoints, suspensions were centrifuged to remove pellets,
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supernatants were then transferred to HABA/Avidin solutions to measure HABA
displacement from avidin by dissolved oleylbiotin or hexadecylbiotin. (B)
Structures of oleylbiotin and hexadecylbiotin. (C) HABA displacement potential
from oleylbiotin (Oleyl) and hexadecylbiotin (Hexa) pellet dissolution in 5 wt%
pCB solutions over time. The percentage of displaced HABA was quantified by
AAS500 divided by maximum AAS500 upon addition of excess free biotin, which
represents 100% HABA displacement from avidin. Oleylbiotin pellets resulted in
greater HABA displacement than hexadecylbiotin at 1, 25 and 73 h (mean +

standard deviation, student’s t-tests, n = 3).

4.4.4 Comparison of biotin derivative displacement potential

Two sparingly soluble biotin derivatives were studied to displace D-Bv
from pCB-NT gels; oleylbiotin and hexadecylbiotin were synthesized by reacting
the NHS ester of biotin with oleylamine and hexadecylamine, respectively, as
previously described (Figure 4.5B).22 Because the dissolution of biotin derivative
pellets in pCB-NT hydrogels will determine D-Bv release rates and the presence
of polymers influences dissolution,*-% we compared the displacement potential
of solid oleylbiotin and hexadecylbiotin pellets (soluble + insoluble concentration
was 800 M) when suspended in a PBS solution of 5 wt% pCB (Figure 4.5A).
Samples were centrifuged and supernatants were removed at 1, 25, 49 and 73 h
for analysis with HABA/Avidin solutions to compare the relative HABA

displacement potential from oleylbiotin and hexadecylbiotin pellet dissolution;
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HABA displacement will result in a decrease in A500.%° Results were
standardized to HABA/Avidin solutions exposed to 1 mg mL™ of unmodified
biotin for complete HABA displacement, which quantifies the maximum change
in A500 (Figure 4.5C). Oleylbiotin demonstrated greater HABA displacement at
1, 25 and 73 h (Figure 4.5C), indicating oleylbiotin will produce faster D-Bv
release rates. Oleylbiotin and hexadecylbiotin both demonstrated greater HABA
displacement at 1 h, explaining the influence of biotin derivative concentration on
the initial burst release. Compared to Chapter 2, the switch from streptavidin to
neutravidin altered the displacement of HABA. According to dynamic light
scattering measurements, the supernatants of biotin derivatives in pCB solutions
did not contain significant amounts of biotin derivative complexation (e.g.
micelles; Figure S 4.8). Therefore, the dissolution of biotin derivative pellets in

the presence of pCB can displace molecules from avidin binding sites.
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Figure 4.6 Controlled release of D-Bv (50 ug mL1) from pCB-NT hydrogels

mediated by the dissolution of sparingly soluble biotin derivative pellets. (A-

B) Conditions that achieved sustained release of D-Bv (initial concentration of 50
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pg mL™Y) from pCB-NT gels with different concentrations of encapsulated
oleylbiotin or hexadecylbiotin pellets expressed as (A) cumulative ng released or
(B) % cumulative released. (C) All studied oleylbiotin release profiles of D-Bv
from pCB-NT gels with different concentrations of oleylbiotin pellets, including
800 and 8000 uM oleylbiotin, which produced large burst releases that prevented
sustained release. (D) All studied hexadecylbiotin release profiles of D-Bv from
pCB-NT gels with different concentrations of hexadecylbiotin pellets, including
8000 uM hexadecylbiotin. (E-F) First order release plots of D-Bv from hydrogels
using different total (E) oleylbiotin and (F) hexadecylbiotin concentrations after
the initial burst release, day 3. Plots represent remaining D-Bv concentration in
pCB-NT gels as a function of time. (G) Table summarizing calculated kes, and
ng d* D-Bv release rates after initial burst (after day 3), and corresponding R?

values. All samples were performed in triplicate (mean + standard deviation).

4.4.5 Biotin derivative mediated controlled release of D-Bv from pCB-NT
gels

Controlled release of D-Bv was demonstrated by altering the total
concentration of oleylbiotin or hexadecylbiotin pellets in pCB-NT gels with 50 ug
mL™ D-Bv. As higher local D-Ab concentrations are required, we must increase
both the initial burst and sustained D-Ab release rate according to
pharmacokinetic models.*® Therefore, D-Bv release profiles where both the initial

burst and post-burst (sustained) release rates increased with higher biotin
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derivative concentrations are plotted as cumulative mass release (Figure 4.6A) and

percent cumulative release (Figure 4.6B).

Due to its greater initial displacement potential (Figure 4.5C), oleylbiotin
resulted in a larger D-Bv burst release from pCB-NT gels than hexadecylbiotin
(Figure 4.6C-D), and higher biotin derivative concentrations produced larger
bursts. After the initial burst (~ 3 d), D-Bv release followed first-order kinetics
dependent on the remaining D-Bv concentration in the hydrogel (Figure 4.6E, F).
The post-burst ng d release rate of D-Bv was then proportional to the biotin
derivative’s concentration and remaining D-Bv in the gel. Without any biotin
derivatives present, D-Bv slowly released at a rate of 5 ng d™ with a kes of 2.8 x
102 d, after an initial burst of ~ 35% (Figure 4.6A, G). Therefore, D-Bv’s affinity
and ty2 with pCB-NT (Kp ~ 7.8 x 10'1% M, t12 ~ 2 h) determines the slowest

achievable rate for D-Bv release.

To increase release rates beyond 5 ng d, oleylbiotin pellets were
incorporated within pCB-NT gels with 50 ug mL™* D-Bv. Total concentrations of
160 and 200 pM oleylbiotin allowed for controlled D-Bv release, whereas 800
and 8000 uM oleylbiotin only produced rapid burst releases over ~ 3 d (Figure
4.6C) by preventing significant D-Bv complexation with pCB-NT. 160 and 200
MM oleylbiotin showed an initial D-Bv burst release of ~ 40% and ~ 60%,
followed by controlled first-order D-Bv release over ~ 20 d with Kkefrs of 2.1 x 1072

and 5.9 x 102 d%, and release rates of 30 and 40 ng d!, respectively (Figure
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4.6C,G). These results demonstrate D-Bv release from pCB-NT gels can be tuned
by altering the total oleylbiotin concentration (~ 0-200 uM) to achieve release

rates between 5 to 40 ng d* over ~ 20 d without modifying D-Bv or pCB-NT.

Due to its lower displacement potential, > 200 uM hexadecylbiotin was
required to increase D-Bv release rates from pCB-NT gels (Figure 4.6D). In
agreement with the HABA displacement data (Figure 4.5C), hexadecylbiotin
produced a smaller D-Bv burst release than oleylbiotin at all concentrations
(Figure 4.6C-D, G). After the initial burst, 200 uM hexadecylbiotin produced D-
Bv release rates slightly faster than the no biotin controls, with a Kefr of 6.3 x 103
d! and a release rate of 12 ng d* for over 20 d. 800 uM hexadecylbiotin further
increased release rates to 30 ng d* with a ke of 1.7 x 102 d™. Interestingly, 8000
MM hexadecylbiotin increased D-Bv’s initial burst but decreased D-Bv’s sustained
release to 17 ng d* while maintaining the same kesr (1.7 X 102 d*) as 800 uM.
Therefore, hexadecylbiotin pellets at 8000 uM have a lower D-Bv displacement
potential compared to 800 uM hexadecylbiotin at longer timepoints, indicating the
soluble concentration of hexadecylbiotin does not scale proportionately with
increasing pellet concentrations. Furthermore, the release profile with 8000 uM
hexadecylbiotin is biphasic upon first order analysis (Figure 4.6F), which is most
likely due to higher soluble hexadecylbiotin concentrations at early timepoints

from mixing during hydrogel preparation.
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To determine if oleylbiotin and hexadecylbiotin pellet mixtures can be
combined for further D-Bv release rate tuning, we combined 160 uM oleylbiotin
with 800 uM hexadecylbiotin. The release profile was indistinguishable from 160
UM oleylbiotin promoted D-Bv release (31 vs 30 ng d1), indicating a of lack of

synergism (Figure 4.6A, G).

If pellet dissolution maintains near constant soluble biotin derivative
concentrations inside the hydrogel, we expect release to be first order with respect
to hydrogel D-Bv concentration. To confirm that individual release rates are only
dependent on D-Bv’s concentration over time, first-order plots of post-burst
release data as a function of remaining D-Bv concentration were constructed
(Figure 4.6E, F). The linearity of the plots indicates that process is first-order with

respect to D-Bv concentration.

Unlike traditional affinity systems where binding pairs are altered to tune
release profiles,3"% the developed DARA system can tune D-Ab release rates by
simply altering biotin derivative concentrations while maintaining a constant
binding pair (D-Bv and pCB-NT). The rate of D-Ab release is proportional to the
dissolution of the biotin derivative, which achieves near linear release between 3
and 20 d (Figure S 4.9A-C). D-Bv’s ket and mass per day release rates were
tuned 25 and 8-fold, respectively (Figure 4.6G, Figure S 4.9D), without

modifying D-Bv or pCB-NT.
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Figure 4.7 Biocompatibility of pCB-NT hydrogels and the DARA system.
CRA for (A) IFNy, (B) TNFa, and (C) IL-6 levels when pCB-DBCO, pCB-Az,
pCB-NT, and the complete DARA system were exposed to whole human

blood for 24 h. LPS and unconjugated NT-Az were included as positive controls
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for cytokine production; PBS was included as a negative control. Samples
containing pCB-NT increased cytokine production that remained lower than the
unconjugated NT-Az control (n.d. = non-detectable; One-Way ANOVA
Bonferroni post hoc test, n = 3, p < 0.05). (D) Cell viability of NIH 3T3
fibroblasts and HUVECs plated on pCB control gels and pCB-NT gels with the
complete DARA system. No decrease in cell viability was observed upon
exposure to the DARA system (n = 3, Student’s t-test, p > 0.05). (E) LSPR
sensorgram of released D-Bv, pooled from days 10 to 15, and unmodified Bv
binding to a VEGF modified gold sensor; released D-Bv retained binding affinity
for VEGF. (F-G) Fibroblasts and HUVECs did not adhere to pCB gels (pCB2s; ~
2.4 mol% DBCO/Az) used in the DARA system as confirmed by (F) metabolic
activity and (G) microscopy. In contrast, cells had greater metabolic activity and
adhesion on pCB gels with greater DBCO/Az content (pCB1s; ~ 16 mol%
DBCO/AzZ). Agarose gels and TCP were used as negative and positive controls,
respectively (One Way ANOVA Tukey post hoc test, n = 3, p < 0.05). Scale bars

are 1000 pm except for NIH 3T3 on TCP, which is 200 pm.

4.4.6 Biocompatibility of pCB-NT gels with the DARA system
Immunogenicity and cytotoxicity of the pCB-NT hydrogel and DARA
system were assessed by CRAs*® and cell viability assays, respectively. CRAs in

whole human blood or with peripheral blood mononuclear cells are recommended
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by the FDA to evaluate immunogenicity of antibody therapeutics.* In this case,
CRAs were performed by incubating hydrogel components and the complete
DARA system in fresh human whole blood for 24 h, plasma was then isolated for
quantification of [FNy, IL-6 and TNFa, known markers for inflammatory immune
responses (Figure 4.7A-C).24*° LPS was included as a positive control for IL-6
and TNFa; LPS induced production of IFNYy is variable with a reported range of 9
to 193 pg mL* dependent on the blood source.®® In our tests, LPS induced
expression of IFNy was 8.5 pg mL, which is on the lower end of the reported
range. Because NT has previously been reported to induce IFNy in rat blood,?*

unconjugated NT-Az was included as a positive IFNy control.

Only samples containing pCB-NT increased IFNy and IL-6 levels,
indicating an inflammatory response; no increase in TNFa was observed for any
tested sample. Conjugation of NT-Az to pCB decreased the production of IFNy
and IL-6 when compared to unconjugated NT-Az. Therefore, pCB polymers and
hydrogels can decrease NT immunogenicity, and improve the biocompatibility of
drug delivery systems. The conjugation of pCB to proteins has previously been
shown to reduce immunogenicity (e.g. organophosphorus hydrolase, uricase,

asparaginase).'81941.42

To further decrease immunogenicity, previously reported low-
immunogenic streptavidin mutants (e.g. LISA-314)24%3-% or biotin/desthiobiotin

binding humanized FAB fragments developed by phage display technology can
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be investigated. For cancer immunotherapy, the local production of IFNy may be
beneficial to enhance cytotoxic T cell (CTL) infiltration into tumors.*6~* IL-6 has
also been shown to increase CTL trafficking within the tumor environment.*®
Therefore, local production of cytokines by an implantable hydrogel may have

advantages for specific applications.

Together with human blood cells tested above (CRAS), fibroblasts and
endothelial cells represent the major classes of cells that many local delivery
systems encounter upon implantation; most other cell types will be application
specific. Therefore, we studied the viability of NIH 3T3 fibroblasts and HUVECs
exposed to the drug delivery hydrogel. The viability of fibroblasts and HUVECs
seeded on the surface of pCB gels was similar to cells on pCB-NT gels with the
DARA system, indicating the DARA system does not negatively influence cell
viability (Figure 4.7D); pCB gels have previously been shown not influence cell
viability.?? When components of the delivery system were screened individually,
only high concentrations of oleylbiotin (2 uM) decreased cell viability (Figure S
4.10). When the same concentration of oleylbiotin was encapsulated in pCB-NT
hydrogels, no decrease in cell viability was observed (Figure 4.7D). Therefore, the
slow dissolution of oleylbiotin in gels does not influence cell viability and the
hydrogel must be designed to avoid oleylbiotin pellet release to improve
biocompatibility. High concentrations of hexadecylbiotin (2 uM) did not decrease

cell viability, most likely due to its slower dissolution rate.
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The pCB gels used in this study were confirmed to be non-adhesive
towards fibroblasts and HUVECSs. Non-specific cell adhesion can limit Ab
transport from the hydrogel by creating a cellular barrier impeding drug elution.
NIH 3T3 fibroblasts and HUVECs were seeded on tissue culture plastic (TCP;
positive control), agarose gels (negative control), pCB gels used for the DARA
system (pCB:s, ~ 2.4 mol% Az/DBCO) and pCB gels with greater hydrophobic
Az and DBCO content (pCBzs, ~ 16 mol% Az/DBCO; Figure 4.7F-G). Cell
adhesion was assessed by metabolic activity (Figure 4.7F), which increases with
adhesion, and brightfield micrographs (Figure 4.7G). Cells seeded on pCB2s had
lower or similar metabolic activity to cells on non-adhesive agarose hydrogels,
and much lower metabolic activity that cells on TCP and pCBs (Figure 4.7F). No
cell attachment was observed on pCB:2s gels; cells formed large clusters due to
cell-cell binding (Figure 4.7G). As expected, cell adhesion was observed in the
positive TCP control. Minor cell adhesion to pCB1¢ was observed by the
formation of numerous smaller cell clusters. Consequently, pCB gels used for the
DARA system with low Az/DBCO content (~ 2.4 mol%) prevents non-specific

cell attachment and improves the biocompatibility of NT-Az and oleylbiotin.

To ensure D-Bv remained bioactive, the VEGF binding potential of
released D-Bv was confirmed from pooled released fractions between days 10 and
15. D-Bv samples flowed over a VEGF modified gold LSPR sensor displayed a

similar binding response as unmodified Bv from a stock solution, indicating
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retention of bioactivity (Figure 4.7E). Released D-Bv was also injected over
control gold LSPR surfaces without VEGF to ensure LSPR signal was not due to

non-specific binding.

4.5 Conclusions

We developed a method to control D-Bv complexation rates within pCB-
NT hydrogels (DARA) for local and sustained (first-order) release of bioactive
Ab. The dissolution of encapsulated biotin derivative pellets controls the
displacement of D-Bv from pCB-NT gels. By varying oleylbiotin or
hexadecylbiotin pellet concentrations, kest and mass per day release rates were
tuned 25- and 8-fold, respectively. Unlike most affinity systems, DARA tunes
release rates with a constant Ab (D-Ab) and hydrogel (pCB-NT) pair.
Importantly, D-Bv retained its binding affinity for both VEGF and CD16q,
indicating the single chain variable fragments (scFv) and Fc domains remained
bioactive. Therefore, the DARA method can be used to deliver IgG1 Abs for
single agent targeting (e.g. anti-angiogenesis) or bispecific mechanisms for

immune cell recruitment (e.g. ADCC).

Supporting Information

Methods for maximum D-Bv pCB-NT gel loading, gelation time determination,
injection of pCB-NT gels, DLS; polymer characterization; polymer synthesis
scheme; neutravidin characterization; D-Bv and B-Bv characterization; in situ

gelation experiments; maximum D-Bv loading in pCB-NT hydrogels; first order
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release plots of D-Bv and B-Bv from pCB-NT gels; DLS characterization of
biotin derivatives; release rate graphs of D-Bv in ng d*; and cell viability data

from DARA components.
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4.7 Supplementary Information

4.7.1 Supplementary Methods

Maximum D-Bv loading in pCB-NT gels. NT-Az (4 mg mL™) was incubated
with pCB-DBCO (dissolved in PBS, 0.05 wt% BSA, 5 wt%) overnight at room
temperature. D-Bv-488 was then added to the solution and incubated in the dark
at room temperature for 3 h. 60 pL gels containing 5 wt% pCB, 4 mg mL™? NT-
Az, 3 mg mL D-Bv-488, were formed at the bottom of a black 96 well plate by
adding 5 wt% pCB-Az to the 5 wt% pCB-DBCO solution and allowed to gel at
room temperature for 30 min in the dark. Gels were then submerged in PBS, 0.05

wt% BSA and gel fluorescence (ex. 495 nm, em. 519 nm) was tracked over time.

Gelation time determination of pCB-NT with DARA system. pCB-DBCO (5
wit%) was incubated with NT-Az (0.2 mg mL™Y) for 3 h. D-Bv (0.1 mg mL™?) was
the added and the solution was incubated overnight. 100 uL of the solution was
mixed with a 100 uL solution of pCB-Az (5 wt%) and hexadecylbiotin (800 uM)
in a glass vial. Vials were tilted at 15 s intervals and gelation time was determined

when no flow observed.

Injection of in situ gelling pCB-NT gels with DARA system into agarose
hydrogels. A solution of pCB-DBCO (5 wt%) and 0.2 mg mL™* NT-Az-647 in
PBS was incubated overnight at room temperature in the dark. 10 puL of the

solution was then mixed with 10 pL mixture of pCB-Az (5 wt%) with 800 uM
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hexadecylbiotin. 10 uL of the mixture was immediately loaded in an air-tight
Hamilton syringe with a 32 gauge needle. The mixture was incubated in syringe
for 9 min prior to injection into a 200 puL 1 wt% agarose gel. Fluorescent
micrographs were acquired using a Biotek Cytation 5 imager 0 and 24 h post-
injection. A control injection was performed under the same conditions without

pCB-Az to prevent in situ gelation.

Dynamic light scattering (DLS) measurements of biotin derivative solutions.
Pellets (hexadecylbiotin and oleylbiotin) were suspended in 650 puL of a pCB
solution (5 wt%, PBS) to a total concentration of 800 uM. After 1 h, samples were
centrifuged at 16 000 g for 15 min and the supernatant was collected. DLS was
performed on pCB solutions and supernatants using a Zetasizer Nano ZS
Instrument (Malvern Instruments, Malvern UK). Autocorrelation functions were
accumulated for two minutes at 37 °C with an angle 0 of 173° and a 4 mW He-Ne
laser operating at a wavelength of 633 nm. All measurements were performed
using a 40 puL (ZEN0040) plastic cuvette. Each measurement consisted of ten
runs, and the mean and standard deviation of five measurements are shown for
each sample. The particle diameter detection limit was 0.6 — 6 um. The viscosity
value for water and a refractive index of 1.49 was used in the analysis of all

measurements.
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4.7.2 Supplementary table and figures

Table S 4.1 pCB-APMA, pCB-Az and pCB-DBCO characterization. (A) Mw
and dispersity of pCB-APMA copolymer. (B) Composition results of pCB-Az and

pCB-DBCO copolymers from H NMR.

Polymer M, M, b
pCB-APMA 71373 65404 1.09
Polymer Mol % Azide Az: CB Units Mol % DBCO DBCO: CB Units
pCB-Az 25 1: 39
pCB-DBCO - - 2.3 1.43.4
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Figure S 4.1 Reaction scheme for pCB-Az and pCB-DBCO copolymers. CB
monomer was polymerized with APMA-HCI. pCB-APMA was then reacted with
either (A) NHS-DBCO or (B) NHS-azide yielding pCB-DBCO (blue) and pCB-

Az (green), respectively.
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C) 'H NMR spectra of pCB-DBCO (blue), pCB-Az (green) and pCB-APMA
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(red). Blue, red and green shaded area represent unique resonances to pCB-DBCO
(i), pCB-Az (ii) and pCB-APMA (iii), respectively. These unique resonances were
used to calculate mole fractions upon comparison to the backbone methylene peak
(~ 1ppm). (D) Chemical structures of pCB-DBCO, pCB-Az and pCB-APMA.
Assignments for the unique resonances are highlighted by dashed boxes labelled i,
ii, and iii to determine mole fractions.
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Figure S 4.3 Synthesis and characterization of D-Bv. (A) Synthesis of NHS-
desthiobiotin, and conjugation to Bv’s lysines. (B) A500 of a HABA-Avidin
reagent without and with D-Bv or B-Bv. The decrease in A500 (due to HABA
displacement from Avidin) was used to calculate number of desthiobiotins or
biotins conjugated to D-Bv and B-Byv, respectively, yielding 4.9 desthiobiotins

and 3.7 biotins per Bv.
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Figure S 4.4 MALDI spectra of NT and NT-Az. The greater Mw of NT-Az was

due to azide conjugation, which indicated an average of 7.1 azides per NT.
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Figure S 4.5 In situ gelation of pCB-NT gels with DARA system. (A)

Gravitational flow analysis confirmed a gelation time of 9 min 45 s for 5 wt%
pCB-NT gels (0.1 mg mL* NT-Az) with the DARA system (800 uM
hexadecylbiotin, 50 pg mL™* D-Bv). (B-C) Injection of a 10 pL 5 wt% pCB-NT

(0.1 mg mL! fluorescent NT-Az) in situ gelling solution with the DARA system
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(800 uM hexadecylbiotin, 50 pg mL™* D-Bv) using a syringe equipped with a 32
gauge needle into a 1 wt% agarose hydrogel. The mixture was incubated in the
syringe for 9 min prior to injection. Fluorescent micrographs were taken 0 and 24
h post-injection. The lack of fluorescence in the agarose gel over 24 h indicates
the hydrogel formed at the injection site. (D-E) A control injection of all
components (5 wt % pCB-DBCO, 0.1 mg mL-! NT-Az, 800 uM hexadecylbiotin,
50 ug mL* D-Bv) without pCB-Az to prevent in situ gelation. After a 9 min
incubation in the syringe, the mixture was injected into 1 wt% agarose gels using
the same procedure for B-C. Fluorescence throughout the agarose gel after 24 h

indicates the hydrogel did not form.
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Figure S 4.6 D-Bv loading in pCB-NT gels. pCB-NT gels (4 mg mL™* NT-Az)
were formed in the presence of 3 mg mL™* fluorescent D-Bv (Alexa Fluor 488)
and submerged in PBS with 0.05 wt% BSA. Fluorescence was tracked over time.

~20% of D-Bv diffused from the gel, the remaining 80% remained in the gel.
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Figure S 4.7 First order release plots of D-Bv and B-Bv from pCB-NT gels.
First order release plots of D-Bv and B-Bv (25 pug mL™?) from 5 wt % pCB-NT

gels in the presence of 0.1 mg mL™* biotin. Data corresponds to Figure 4.4E.
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Figure S 4.8 Dynamic light scattering of supernatants from the dissolution of
hexadecylbiotin (800 M) and oleylbiotin (800 pM) pellets in pCB (5 wt%o)
PBS solutions. A control (Blank) of pCB (5 wt%) in a PBS solution was
included. All samples were similar to the pCB control, indicating no significant

biotin derivative complexes (e.g. micelles) were present in the supernatant.
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Figure S 4.9 Release rates of D-Bv (50 pg mL1) from pCB-NT gels with
different biotin derivatives types and concentrations expressed as cumulative
release in ng d*. Data only represents timepoints after the initial burst (after 3 d).
(A) Release of D-Bv from pCB-NT gels with different oleylbiotin and
hexadecylbiotin concentrations. (B) Release of D-Bv from pCB-NT gels with
different oleylbiotin concentrations. (C) Release of D-Bv from pCB-NT gels with
different hexadecylbiotin concentrations. (D) Table summarizing release rates in

ng d! for each condition.
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Figure S 4.10 Viability of (A) NIH 3T3 fibroblasts (5000 cells per well) and
(B) HUVECSs (10 000 cells per well) in the presence of DARA components
normalized to TCP controls (n = 3). Concentrations were as follows: pCB-
DBCO (5 mg mL™?), pCB-Az (5 mg mLt), pCB-APMA (5 mg mL™), D-Av (0.1
mg mL™?), B-Av (0.1 mg mL1), NT-Az (0.1 mg mL™1), oleylbiotin (1 mg mL™?),
hexadecylbiotin (1 mg mL™) and pCB-NT (5 mg mL* pCB-DBCO reacted with
0.1 mg mL* of NT-Az overnight in PBS). Only oleylbiotin pellets demonstrated

cytotoxicity when directly exposed to cells at high concentrations (1 mg mL™).
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No cytotoxicity was observed when oleylbiotin pellets was encapsulated in the

pCB-NT gels (Figure 4.7D).
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CHAPTER 5. LOCAL INFUSION OF IMMUNOTHERAPEUTICS (LIIT)
FROM AN INJECTABLE HYDROGEL FOR GLIOBLASTOMA
TREATMENT
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5.1 Abstract

Antibody immunotherapeutics have poor efficacy against solid GBM
tumors, when administered locoregionally or systemically due to systemic
toxicity, physiological barriers that prevent tumor uptake, and short plasma and
tissue half lives. Furthermore, the immunosuppressive environment within GBM
tumors further decreases efficacy. Therefore, we propose to use an injectable
poly(carboxybetaine) hydrogel incorporating a tunable drug delivery system
(DAR) for the intratumoral local infusion of immunotherapeutics (LIIT), to
bypasses the blood brain barrier (BBB) and maintain therapeutic concentrations of
a dual antigen T cell engager (DATE) in tumor tissue. An in vitro 3D embedded
spheroid glioblastoma model was developed and LIIT is being applied to identify
combination therapies and an in vivo patient derived xenograft (PDX) mouse

model.

5.2 Introduction

The success of immune checkpoint inhibitors, bispecific antibodies and
chimeric antigen T cells (CAR T) have propelled immunotherapies to the
forefront of cancer treatments.' Despite the remarkable success of
immunotherapy, there has been little success with glioblastoma (GBM) and most
other solid tumors because of poor drug localization to the tumor from
physiological barriers (blood-brain barrier) and minimal adaptive immune

response due to low tumor mutational burden,* a predictor for immune checkpoint
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inhibitor efficacy.>® Additionally, GBM has an immunosuppressive tumor
immune microenvironment which further decreases the efficacy of

immunotherapies.

Various treatment modalities are being explored for the treatment of
GBM: (1) personalized neo-antigen vaccines that target tumor specific antigens
(TSAs) identified through tumor biopsies;’® (2) checkpoint inhibitors, which
show limited efficacy due to the lack of an adaptive immune response;®° and, (3)
off the shelf IV bispecific therapies that show low efficacy due to transport
barriers and rapid clearance, as well as systemic toxicity because the targeted
tumor associated antigens (TAAs) have low specificity.>'° For example, CD19
targeting immunotherapies typically result in off target neurotoxicity from killing

brain mural cells.

To overcome physiological barriers and reduce off target effects,
immunotherapeutics can be administered through local injections.'? However,
efficacy remains low as local therapeutic concentrations are not maintained with
acceptable dosing frequencies.®® Local sustained release of cancer
immunotherapeutics near the site of the disease is therefore required.’* Herein,
we locally sustain the release of a DATE to target CD133" brain tumor initiating
cells (BTICs). CD133" BTICs are associated with GBM tumor recurrence, as well
as chemo- and radioresistant and are therefore a viable target.® Similar to BiTEs,
the DATE is a bispecific antibody composed of a CD3-binding single chain
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variable fragment (scFv) linked to a CD133-binding Fab through a flexible
glycine linker. Simultaneous DATE binding to the CD3 and CD133 antigenson T
cells and BTICs?, respectively, results in major histocompatibility complex

(MHC) independent activation of T cell cytolytic pathways.

Without sustained release, CD133 targeting DATES did not hinder
CD133" tumor growth in a PDX preclinical mouse model after intracranial
injection because of their short intracranial half life of antibodies (t12 ~15h).%® To
improve DATE efficacy, we intratumorally injected poly(carboxybetaine)
hydrogels with DAR controlled release functionality, for the sustained release of
the CD133 targeting DATE (Figure 5.1). We have also demonstrated that
combination therapies of an aPD-1 antibody with DATE improves efficacy by

enhancing T cell cytolytic activity.
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Figure 5.1 Local infusion of immunotherapeutic (DATE) from an injectable
hydrogel sustains therapeutic DATE concentrations at the site of the tumor.
(@) Intracranial injections of a DATE loaded hydrogel in a mouse PDX
glioblastoma model (b) CD133 targeting DATE directs T cells to CD133" GBM
cells for tumor killing. (c) Local infusions of DATE increase accumulation of
DATE at the tumor. (d) IV injections result in poor accumulation at the site of the
tumor. (e) High dose IV administrations result in adverse side effects without
reaching therapeutic concentrations in solid tumors. (f) LIIT increases duration
above the MEC at the disease site, whereas systemic infusions do not reach the

MEC due to physiological barriers.
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5.3 Materials and methods

Materials 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid, 4,4’-azobis(4-
cyanovaleric acid), TEA, desthiobiotin, N-hydroxysuccinimide (NHS) and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich (Oakville, ON,
Canada). N-(3-aminopropyl)methacrylamide hydrochloride (APMA-HCI) was
purchased from Polysciences Inc. (Warrington, PA). 3-(3-
(dimethylamino)propyl)-1-ethyl-carbodiimide hydrochloride (EDC-HCI) was
obtained form Chem-Impex International Inc. (Wood Dale, IL). Alexa Fluor 647
NHS ester, Alexa Fluor 488 NHS ester, neutravidin, IL-15 and all flow cytometry
antibodies were obtained from Thermo Fisher Scientific (Burlington, ON,
Canada). Cy7-Azide was obtained from Lumiprobe (Hunt Valley, Maryland).
Dialysis membranes MWCO 12-14k were obtained from Spectrum Chemical
Mfg. Crop. (New Brunswick, NJ). Immunocult™ XF-T media, IL-2, Heparin,
rEGF, rhFGF, and Neurocult™ NS-A Proliferation Kit were obtained from
Stemcell Technologies (Vancouver BC, Canada). XenoLight D-Luciferin was
obtained from Perkin Elmer. InVivoMADb anti-PD-1 (aPD-1) antibody was
obtained from Bio X Cell (Lebanon, NH). CD133 dual antigen T cell engager
(DATE) was purchased from Centre for the Commercialization of Antibodies and
Biologics. 6-azidohexyl-succinimidyl carbonate (NHS-azide), carboxybetaine,
oleylbiotin pellets, hexadecylbiotin pellets, O-[1-(40methylphenylsulfonyl)-7-
azido-2-heptyl]-O’-succinimidyl carbonate (DLAz-NHS) was synthesized

according to previously published procedures.
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Methods

pCB hydrogel synthesis pCB hydrogels were synthesized as previously

described.

pCB-APMA Synthesis Carboxybetaine (CB) monomer was synthesized as
previously described. CB monomer (1.5 g) and N-(3-
aminopropyl)methacrylamide hydrochloride (APMA-HCI) were dissolved in 1M
sodium acetate buffer (pH 5). Separately, 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTA) and 4,4’-azobis(4-cyanovaleric
acid) was dissolved in dioxane first and then added to the monomer solution. The
pH of the solution was adjusted to 3-4 and then transferred to a Schlenk flask and
subject to 3 freeze-pump-thaw cycles, followed by a nitrogen backfill. The
reaction was then initiated by immersing the reaction vessel in a 70°C oil bath.
The reaction was held for 2d, then the solution was cooled and dialyzed against
pH 3-4 water for 3d and lyophilized yielding a pink powder. *H NMR was

performed determine molar % of APMA incorporation.

pCB-AzM Synthesis The degradable linker azide linker (DLAz-NHS) was
synthesized as previously described. pCB-APMA was dissolved in dry methanol,
subsequently 100 puL of TEA and 50 mg of the DLAz-NHS was added to the
solution and reacted overnight at room temperature under N.. The polymer was
then precipitated in ether. The ether was then decanted and the product was then

placed in a vacuum oven overnight (60°C) to remove residual ether. The product
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was then dissolved in water, washed once with DCM and then dialyzed against
water for 3h (MWCO 12-14k). The product was then lyophilized yielding a white

powder. *H NMR was performed determine molar % of linker substitution.

pCB-DBCO Synthesis pCB-APMA was dissolved in dry methanol, subsequently
100 pL of TEA and 50 mg of the DBCO-NHS was added to the solution and
reacted overnight at room temperature under N2. The polymer was then
precipitated in ether. The ether was then decanted and the product was then placed
in a vacuum oven overnight (60°C) to remove residual ether. The product was
then dissolved in water, washed once with DCM and then dialyzed against water
for 3h (MWCO 12-14k). The product was then lyophilized yielding a white

powder. *H NMR was performed determine molar % of DBCO substitution.

pCB hydrogel degradation studies (in vitro) 10 wt% gels (100 uL) were formed
at the bottom of pre-weighed 2 mL microcentrifuge tubes and gelled at room
temperature for 1 h. Subsequently, 1 mL PBS was pipetted over top the gels and
incubated at 37°C. At specific time intervals, PBS was pipetted off the gels, a

kimwipe was used to dab off residual PBS from the gels and gels were weighed.

pCB hydrogel degradation studies (in vivo) pCB-DBCO was dissolved in PBS
(10 wt%) and reacted with 1 uL of Cy7-Azide (10 mg mL™) for 3 days at 4°C in
the dark. This was then mixed with pCB-AzM dissolved in PBS (10 wt%), loaded
onto a syringe equipped with a 32 gauge needle and reacted at room temperature

for 3 minutes. Then 10 pL of the mixture was intracranially injected into NSG
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mice. Fluorescent images were then taken of the mice using an IVIS at specific
time points to determine the rate of degradation. Disappearance of the fluorescent

signal signifies degradation of the gel and clearance of the degradation products.

Azide modification of Neutravidin Az-NHS dissolved in DMF (10 mg mL™?)
was added to Neutravidin (NT) dissolved in PBS (10 mg mL™) and reacted for 1 d
at room temperature. NT-Az was then purified using size exclusion

chromatography. Degree of modification was determined through MALDI.

Desthiobiotin modification of DATE Desthiobiotin (3 mg), EDC HCI (11 pg)
and NHS (8 pg) were dissolved in 300 uL. of dry DMF and reacted overnight at
room temperature. 2.7 pL of the reaction mixture was then added to 200 puL
DATE dissolved in 1X PBS (4.99 mg mL™) and reacted overnight at 4°C. The
solution was then dialyzed against 1X PBS for 3 days at 4°C (MWCO 12-14k).

Degree of desthiobiotinylation was determined through MALDI.

D-DATE was further modified with Alexa-Fluor 488. Briefly, 2 uL. of Alexa-
Fluor 488 NHS ester (10 mg mL™) in DMF was added to D-DATE (4.99 mg mL"
1) in PBS and reacted overnight in the dark. The fluorescent conjugate was then
purified by dialyzing against PBS in the dark at 4°C for 2 days, yielding D-

DATE-488.

In vitro release of D-DATE from hydrogel pCB-DBCO (100 mg mL™ in PBS)
was incubated with NT-Az overnight at room temperature. D-DATE-488 was

then added to the solution and incubated overnight at room temperature in the
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dark. pCB-AzM was then dissolved in PBS and mixed with a suspension biotin
derivative in PBS. The two solutions were then mixed into a 96 well plate and
gelled for 30 minutes at room temperature in the dark, yielding 60 pL 10 wt%
pCB gels at the bottom of the 96 well plate which with 0.2 mg mL* NT-Az, 0.075

mg mL™ D-DATE and different biotin concentrations (800 uM and 200 pM).

200 pL of PBS supplemented with 0.05% BSA was then pipetted over top the
gels. The gels were then incubated at 37°C. At specific time intervals the PBS
solution was carefully pipetted off and replenished with 200 puL of PBS (0.05%
BSA) solution. The fluorescence of the supernatant solution was read using a

Cytation 5 plate reader.

D-DATE binding and cytotoxicity Cytotoxicity assays were conducted to
determine if modified D-DATE retained cytotoxic effects. 25 000 GBM FFLuc
and BT935 FFLuc cells were seeded onto a 96 well plate. Different effector (T
cell) concentrations and 50 nM (4 pg mL™?) of DATE or D-DATE were then
added. Co-culture was then incubated at 37°C, 5 % CO> for 24 h. Brightfield
micrographs were then taken of each condition. Luciferin was then added, and
luminescence was read using a Biotek Cytation 5 plate reader. Luminescence
signals were then normalized to co-cultures with the same E:T ratio without the

addition of DATE or D-DATE.
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Similarly, a dose response curve was constructed assessing the cytotoxicity of
DATE and D-DATE at different concentrations against GBMO08 FFLuc and

BT935 FFLuc cells. A 2:1 E:T ratio was used for this assay.

IL-15 and aPD-1 synergism cytotoxicity experiments IL-15 and PD-1
synergism with D-DATE was assessed through a similar cytotoxicity assay. 25
000 GBM8 FFLuc cells in XF-T were seeded onto a 96 well plate. 100 000 T cells
(resulting in a 4:1 E:T ratio) in XF-T were then added. Solutions of aPD-1 (10 pg
mL™Y), IL-15 (5 ng mL™?) and/or D-DATE (50 nM 4 pug mL™?) in PBS were then
added to the wells. Cells were then incubated at 37°C 5% CO: for 1d, 3d and 5d.
Luciferin was then added to each well and luminescence was read using a Biotek
Cytation 5 plate reader. Luminescence signals were then normalized to co-

cultures where no drug was added.
A similar experiment was performed using BT935 FFLuc cells.

Exhaustion Experiments T cells were expanded using established protocols. A
co culture of GBMO08 cells (600 000) were mixed with T cells (1 200 000 cells)
resulting in a 2:1 E:T ratio. D-DATE (4 ug mL™, 50 nM) or aPD-1 (10 pg mL™?)
were then added to the cells and the cells were incubated for 4 days at 37°C 5%
CO:s. Cells were then labelled with CD3, CD4, CD8a, LAG-3, TIM3 and PD-1
antibodies and flow cytometry analysis were performed. The exhaustion

experiments were then repeated with a 2:1 E:T ratio.
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Memory and Activation Experiments T cells were expanded using established
protocols. A co-culture of GBMO8 cells (600 000) were seeded with expanded T
cells (1 200 000 cells) resulting in a 2:1 E:T ratio. D-DATE (4 ug mL™, 50 nM) or
aPD-1 (10 ug mL™) was added and co-cultures were incubated for 10 days at 37
°C 5% CO:s. Cells were then labelled with CD4, CD45R0O and CCR7 antibodies
and flow cytometry analysis was performed. An experiment with similar
conditions was performed to measure activation markers on T cells, CD25, CD69

and CDA4.

D-DATE and aPD-1 release aPD-1 antibody was first modified with Alexa
Fluor 647. Briefly, 1 uL of Alexa Fluor-647 (10 mg mL™) in DMF was added to
30 pL oPD-1 in PBS (9.67 mg mL™) and reacted for 3 h in the dark at room
temperature. The solution was then dialyzed against PBS (MWCO 12-14k) for 2

days at 4°C in the dark.

pCB-DBCO (100 mg mL? in PBS) was incubated with NT-Az overnight at room
temperature. D-DATE-488 was then added to the solution and incubated
overnight at room temperature in the dark. pCB-AzM was then dissolved in PBS
and mixed with a suspension biotin derivative in PBS. The two solutions were
then mixed into a 96 well plate and gelled for 30 minutes at room temperature in
the dark, yielding 60 pL. 10 wt% pCB gels at the bottom of the 96 well plate
which with 0.2 mg mL2NT-Az, 0.05 mg mL™ D-DATE, 0.05 mg mL* aPD-1

and different 200 uM of hexadecylbiotin suspension.
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200 pL of PBS supplemented with 0.05% BSA was then pipetted over top the
gels. The gels were then incubated at 37°C. At specific time intervals the PBS
solution was carefully pipetted off and replenished with 200 puL of PBS (0.05%
BSA) solution. The fluorescence of the supernatant solution (ex: 495nm, em:
519nm for D-DATE; ex: 651nm, em: 672nm for PD-1) was read using a Cytation

5 plate reader.

in vivo efficacy GBM8 FFLuc (200 000 cells) were implanted into NSG mice and
allowed to grow for 7 days until the presence of a tumor was seen through IVIS.

Treatment initiates 7 days after initial implantation of the cells.

1 x 108 T cells expanded from established procedures were suspended in PBS (5
ul) and intracranially injected through a 32 gauge syringe. Subsequently,
treatments were intracranially injected through a 32 gauge syringe as follows: 10
uL of PBS; 10 uL of 1.5 mg mL*DATE (15 pg); 10 uL of pCB hydrogel (10
wt%) mixed with 1.5 mg mL™ DATE (15 pg); 10 pL of pCB hydrogel (10 wt%)
with DARA (fast; 200 uM oleylbiotin pellets; 2 mg mL™NT) and 1.5 mg mL™* D-
DATE (15 pg); 10 pL of pCB hydrogel (10 wt%) with DARA (slow; 200 uM

hexadecylbiotin pellets; 2 mg mL2NT) and 1.5 mg mL* D-DATE (15 pg).

Luciferin (100X) was injected intraperitoneally into mice at 10 pL per 1 g of
bodyweight and allowed to circulate in the mouse for 10 minutes before imaging
through the IVIS. Counts and total luminescence were used to measure tumor

burden over time.
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in vitro spheroid toxicity assay BT935 iRFP670 spheroids were produced using
an Aggrewell 800 24 well plate according to supplied protocols (with 2000 cells
per spheroid). The spheroids were grown in Neurocult complete medium (20 ng
mL?* EGF, 10 ng mL? bFGF, 2 ug mL™ heparin) overnight and then harvested.
Similarly, GBMO08 eGFP spheroids were produced using an Aggrewell 800 24
well plate (500 cells/well) with the addition of 10% Matrigel to the Neurocult
complete media. Spheroids were grown for 5 days to reach maturation.

Separately, PBMC’s were expanded via established protocols.

Hydrogels of different conditions were prepared. 5 puL of each condition was
dispensed onto the bottom of a 384 well plate and incubated for 30 minutes at
37°C to ensure gelation. BT935 iRFP670 spheroids (average concentration 5
spheroids per 10 uL) were suspended in a 1 wt% HA/ 1 wt% collagen mixture to
a concentration of 5 spheroids per 10 pL. 10 pL were then dispensed on top of the
pCB gel. Separately, T cells were also suspended in the mixture (20 000 cells per
10 pL) and 10 pL dispensed on top of the spheroids. The ECM was cured at 37°C
5% CO- for 30 minutes. 75 pL of Fluorobrite media (10% FBS, 25mM HEPES,
Glutamax supplemented), was then pipetted on top of the ECM mimic. Media was
then frequently exchanged in order to mimic clearance. Fluorescence micrographs

were taken using the Cytation 5 Imager at different time points.
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Statistical Analyses All samples were performed in triplicate and expressed as
mean * standard deviation unless otherwise specified. All statistical analyses were
performed using GraphPad Prism 8. p < 0.05 is indicated by *, p < 0.01 by ** and

p <0.001 ***,

5.4 Results and discussion

Injectable pCB hydrogels for sustained DATE release

pCB hydrogels were first synthesized, characterized and modified. The
DAR system was then incorporated into the hydrogel. Tunable release of DATE

was then demonstrated.

Injectable pCB hydrogels were fabricated as previously described
(Chapter 3) with tunable DATE release rates (DAR; chapter 4). To degrade the
hydrogel, a degradable bond (B eliminative carbamate bond) with a half-life (t12)
of 150 h was incorporated into the crosslinks.*”® Briefly, a pCB-APMA random
copolymer was synthesized using RAFT polymerization (34 969 Da, 3.5 mol %
amine, Figure S 5.1). The amines were then converted to either DBCO (pCB-
DBCO) or a degradable azide linker (pCB-AzM) resulting in a ~4 mol%
substitution according to *H NMR spectroscopy (Figure S 5.2, Table S 5.1).
Gelation occurred in 3 minutes when the hydrogel precursors pCB-AzM and
pCB-DBCO were mixed at 10 wt%. The hydrogel was confirmed to degrade over
40 days in PBS (Figure S 5.3). To assess safety and degradation of the hydrogels
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in vivo, fluorescently (Cy7) labelled hydrogels were intracranially injected into
mice (Figure S 5.4). The hydrogel or its degraded polymers were retained at the
site of injection for up to 6 weeks. It is difficult to differentiate the fluorescence
from the intact hydrogel or the degraded polymers, hence the difference between
the degradation study in vitro vs degradation in vivo, as the clearance of free
degraded polymers from the CNS is not immediate as it is in the simulated in vitro
experiment. Clearance and degradation were evident from fluorescent signals in
different parts of the body at the time points imaged (Figure S 5.4). Furthermore,
the mice successfully survived all injections of the hydrogel signifying that the
hydrogel can safely be injected with good tolerance. Therefore, it is a suitable
drug delivery vehicle for sustained local delivery of DATE in the preclinical

mouse model.

Sustained release of D-DATE

The DAR DDS was then incorporated into the pCB hydrogel for sustained
D-DATE release. DATE and neutravidin (NT) were modified with desthiobiotin
and NHS-azide respectively, resulting in shifts in MW (Figure S 5.5)
corresponding to an average of 10 desthiobiotins per a DATE and 10 Az per a
NT. DATE remained bioactive after desthiobiotin modification but the half
maximal effective concentration (ECso) against patient derived, high expressing
CD133" glioblastoma cells GBMO08 (Figure 5.2a) and BT935 (Figure 5.2b)

increased after modification. The ECsg of the modified D-DATE was shifted from
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17.5 pM and 126 pM to 106.9 pM and 1076.3 pM against GBMO08 and BT935
respectively (Table S 5.3), a 5.33 fold and 7.43 fold change in ECso. There was
also no change in cytotoxicity when varying effector to target (E:T) ratios for
GBMO08 (Figure 5.2c) and BT935 (Figure 5.2d). Although ECxo is increased,

local release can achieve intratumoral concentrations above the modified ECso.
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Figure 5.2 D-DATE is bioactive against CD133+ GBM cells. ECs dose-
response curves of D-DATE against GBMO08 (a) or BT935 (b) cellsata 2:1 E:T

ratio (n = 3, £ SD). Lines of best fit were plotted using Graphpad Prism 8 using
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the dose response curve function. E:T ratio comparison of 50 nM DATE vs D-

DATE against GBMO08 (c) and BT935 (d). (n =6, + SD)

In vitro release of a desthiobiotinylated DATE (D-DATE) was performed,
showing tunable DATE release rates for over 14 days (Figure 5.3a, b, Table S
5.2) upon varying the concentration and hydrophobicity of the competitive binder,

biotin derivatives.
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Figure 5.3 Release of bioactive D-DATE from pCB hydrogels (a) Cumulative
release of D-DATE from a pCB hydrogel (10 wt%, n = 3, £ SD). (b) First order
release graphs of cumulative release (n = 3, £ SD). -DAR refers to a hydrogel
without NT or biotin derivatives. -Biotin refers to the DAR hydrogel systems

without biotin derivatives.

To demonstrate that sustained release of DATE improves efficacy, an in

vitro co-culture with two dosing timepoints at days 0 and 5 was conducted. While
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keeping the total dose the same, dosing the DATE twice at day 0 and 5 retarded

cell growth to a greater extent than one dose at day 0 (Figure 5.4b, c). A double

dose of DATE reduced cancer cell growth to 48% and 8% of relative viability in

GBMO08 and BT935 cells respectively at day 12. Whereas a single dose of DATE

resulted did not impede cell growth with cells showing 104% and 16% relative

viability in GBMO08 and BT935 cells respectively at day 12. Showing a ~50%

reduction in viability for both cell types at day 12.
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Figure 5.4 Multiple doses of DATE prolongs T cell mediated killing of GBM

cells. Cell viability as measured through luminescence GBM cells in different

conditions over time. (a) Legend and timeline of dose additions to cells. (+)
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indicates one dose with the drug administered at day 0. (++) indicates two doses
of the drug at day 0 and a second dose at day 5. Cell viability over time of
GBMO08 FFLuc (b) or BT935 FFLuc (c) cells co-cultured with T cells (2:1 E:T

ratio) when exposed to DATE at different time points (n = 6, £ SD)

After tunable release of a bioactive D-DATE was confirmed, a preliminary
in vivo experiment was performed. GBMO8 firefly luciferase expressing (GBMO08
FFLuc) cells were implanted into NOD-SCID-gamma (NSG) mice, treatments
were administered after 7 days (Figure 5.5a). IVIS luminescent imaging was
performed to track tumor size over time (Figure 5.5b, c). There is an increase in
survival when the pCB hydrogel with DAR was implanted for sustained D-DATE
release (Figure 5.5d). GBM08 PDX tumor models showing modest increase in
survival is promising as this cell line is malignant and kills mice rapidly. For the
slowest and longest D-DATE release profile (hexa), there is a prominent
reduction in tumor size at Day 7 seen through 1VIS images (Figure 5.5b) showing

that longer D-DATE release profiles are efficacious.
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Figure 5.5 PDX glioblastoma mice with GBMO08 FFLuc intracranial tumors
treated with D-DATE sustained release hydrogels. (a) Timeline for tumor
implantation and treatment initiation. (b) In vivo bioluminescence of GBMO08
FFLuc tumors. (c) In vivo bioluminescent signals of GBMO08 FFLuc tumors with
different treatments. (d) Survival curves for different treatment groups (Kaplan

Meier test).

Although the in vivo study showed promise, survival benefit remained
minimal. To extend survival, we are exploring longer DATE release profiles and
combination therapies with IL-15 and oPD-1 antibody (Figure 5.6). Individually,
IL-15 and aPD-1 improved DATE efficacy against both BT935 (Figure 5.6a, ¢)
and GBMO08 (Figure 5.6b, d). Interestingly, no improvement was observed when
both IL-15 and aPD-1 were combined with or without DATE (Figure 5.6¢, d). To
assess if there were significant differences over time, the drug combination study

was performed with multiple timepoints (1, 3, 5 days). All timepoints showed a
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very similar trend, where the addition of IL-15 or aPD-1, but not both, improved
DATE efficacy (Figure S 5.6, Figure S 5.7). As aPD-1 is a commonly used
clinical therapy and checkpoint inhibitors in combination with a bispecific T cell
engager (such as a DATE) have been shown to be synergistic,'®?? aPD-1 was

chosen for further study as a combination therapy with the CD133 DATE.
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Figure 5.6 Combination therapy of aPD-1 or IL-15 enhance T cell mediated
killing. Combination therapy efficacies against BT935 (a, ¢) or GBMO08 (b, d)
patient derived cell lines after 5 days of culture. Relative viability of BT935 (a) or

GBMO08 (b) with combination therapies normalized to no treatment. Relative
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viability of BT935 (c) or GBMO08 (d) with combination therapies normalized to

DATE alone (n =6, = SD, one way ANOVA Tukey’s post hoc test).

Sustained release of DATE but not aPD-1 is required to improve efficacy
(Figure 5.6, Figure S 5.8); therefore, aPD-1 could be potentially introduced as a
single injection without sustained release. The addition of aPD-1 significantly
improved efficacy than either the single or double DATE conditions (Figure 5.7a,
b). At day 12, the combination DATE + aPD-1 conditions had an ~80% and
~60% reduction in GBMO08 and BT935 viability, respectively, compared with a
single supplementation of DATE (Figure 5.7c, d). Without the addition of DATE,
both cell lines proliferated and showed high levels of firefly luciferase expression
and no cytotoxicity as expected (Figure S 5.6, Figure S 5.7). Interestingly, pre-
exposing T cells to aPD-1 antibody shows a similar benefit as the simultaneous
addition of DATE and aPD-1 (Figure 5.7e). This may be due to an increase in
exhausted T cells (Tex), as seen in an increase in LAG-3 expression on the T cell,
indicative of a malfunctioning and overstimulated T cell.!®?%2* Therefore, aPD-1

does not require sustained release to improve DATE efficacy.
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Figure 5.7 Multiple DATE doses as combination therapies for enhanced

killing over time. Cell viability over time of GBMO08 FFLuc (a) or BT935 FFLuc

(b) cells co-cultured with T cells when exposed to DATE, aPD-1 antibody. (n = 6,

+ SD) Percent viability of GBMO08 FFLuc (c) or BT935 FFLuc (d) at day 12 when

normalized to DATE (+) at day 0 (n = 6, one way ANOVA Tukey’s post hoc

test). e) Percent viability of cells at day 12 when normalized to DATE (+) with the
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addition of a condition where T cells were pre-exposed aPD-1 condition and

DATE was added at day 0. Normalized to DATE (+) at day 0.

Exhaustion markers on T cells resulting from chronic exposure of DATE
and addition of aPD-1 were assessed using flow cytometry. The addition of aPD-
1 reduced the expression of PD-1 and LAG-3 expression (Figure 5.8a), which are
markers which indicate an overstimulated and exhausted T cell phenotype (Tex)
resulting in a loss of cytotoxic activity. Furthermore, pre-exposure with aPD-1
resulted in a reduced population of T cells expressing PD-1 and LAG-3,
signifying a smaller population of exhausted T cells (Figure 5.8a). There is no
change in TIM3 expression levels in either condition (Figure 5.8a). Pre-exposure
with aPD-1 showed a significant reduction in the number of cells which expressed
high levels of both PD-1 and LAG-3 from 34.8% to <20% of cells with high

expression levels of the two exhaustion markers (Figure 5.8b).

Activation and memory T cell markers were also assessed to ensure the
DATE was stimulating T cells and to investigate the influence of aPD-1. CD69
and CD25 activation markers increased upon the addition of DATE but not aPD-1
as expected (Figure S 5.9a, b). These two markers signify the activation and T
cell receptor (TCR) ligation by the DATE, which shows binding of the DATE to
the T cell.®?5% Changes in CCR7 and CD45RO (Figure S 5.9¢) expression
levels were also assessed for changes in T cell memory over time. There was a

slight increase in the CD45R0O expression levels, which is characteristic of T cell
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activation by bispecific T cell engager modalities, which corresponds well with
previous reported effect of bispecific T cell engagers which enrich T cell effector
memory (Tewm).?® Therefore, aPD-1 addition does not interfere or modulate the

primary method of T cell activation through bispecific T cell engagers.
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aPD-1 (+)

DATE (+)

Pre-expose
aPD-1
DATE (+)

Pre-expose aPD-1
+DATE

Figure 5.8 aPD-1 and DATE addition reduces expression of T cell exhaustion
markers when co-cultured with GBMO08. Flow cytometry data for T cells when
co-cultured with GBMO08 and exposed to 50 nM DATE and 10 pug mL™ of aPD-1
after 14 days with a 2:1 E:T ratio. (a) Comparison of T cell expression of
exhaustion markers PD-1, LAG-3, and TIM-3. Higher fluorescence intensity

indicates higher expression levels of the corresponding marker. (b) 2D flow
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cytometry charts of T cells expressing correlating individual cells and their

respective levels of LAG-3 and PD-1 expression.

When exposed to aPD-1, T cells showed greater cytotoxicity and lower
exhaustion marker expression. As previously hypothesized, this may be due to
increasing the lifetime of cytotoxic T cell phenotypes, which results in greater
cytotoxicity against cancer cells. Therefore, local administration of aPD-1
alongside DATE is beneficial in providing a stronger and sustained anti-cancer
response, resulting in increased survival benefit. The release of a aPD-1 antibody
does not interfere with tunable release of D-DATE (Figure S 5.10), therefore

DAR-pCB is amenable to the simultaneous release of these two antibodies.

Determining the effect of DATE and aPD-1 combination therapies on both
T cell and glioblastoma cell markers is of vital importance in optimizing
bispecific immunotherapies. There is evidence that the use of BiTEs inan T cell
exhaustion markers upregulation PD-1 and LAG-3 that corresponds to a
malfunctioning and less cytotoxic T cell. The addition of aPD-1 has been shown
to rescue T cells from this phenotype in chronic infections.?* Furthermore, there is
evidence that bispecific T cell engager therapy results in an upregulation of PDL-
1 in the cancer cells, in conjunction with the upregulation of PD-1 on the T cells,

resulting in the inhibition of cytotoxic pathways.!®21:24
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Figure 5.9 In vitro BT935 iRFP670 spheroid growth and killing as a function
of DATE delivery method. (a) 3D embedded spheroid model. Spheroids and T

cells imbedded within a 1% HA/collagen hydrogel. pCB-DAR loaded with DATE
is placed at the bottom and slowly releases the DATE over time. (b) Fluorescence
micrographs of embedded spheroids composed of BT935 iRFP670 cells (scale bar

=400 pm). (c) Fluorescence area normalized to day 0 of each condition. (d) Total
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fluorescence signal of images taken normalized to day 0 of each condition (mean

+ SD, 2-way ANOVA with Tukey’s post-hoc test).

An in vitro spheroid assay was performed to simulate in vivo glioblastoma
growth and the efficacy of DAR in vitro. BT935 expressing iRFP670 and T cells
were embedded in a 1wt% HA 1wt% collagen matrix which mimics the
components of the brain ECM (Figure 5.9a) and have been shown to promote
cancer cell invasion and proliferation.?”?® There is a decrease in spheroid
fluorescence intensity in both fluorescent area (Figure 5.9b, ¢, Figure S 5.11a)
and total fluorescence of the spheroids (Figure 5.9d, Figure S 5.11b) as time
progresses with both the DAR and DAR +aPD-1 when compared to addition of
DATE only at day 21. Indicating the effectiveness of the pCB-DAR system in
continuously infusing the environment with DATE. However, there is no
significant difference with the addition of aPD-1. Longer time periods may be
necessary to illustrate the difference. In vitro spheroid efficacy demonstrates the
effectiveness of the DAR system in sustaining therapeutic concentrations of
DATE within the system, resulting in enhanced benefit and decrease growth over

time (Figure S 5.11).

5.5 Conclusions
Here we first demonstrated that repeated dosing enhances the efficacy of a

bispecific antibody. By maintaining therapeutic DATE concentrations through
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repeated dosing of the DATE, cancer cell killing was enhanced in vitro for
extended periods of time when compared to 1 dose. Therefore, the repeated
dosing experiments demonstrated that continuous infusion of DATE in the tumor

will promote DATE mediated tumor killing.

An initial in vivo experiment demonstrates DATE loaded pCB-DAR
provides some benefit to overall survival in a GBM PDX mouse model,
increasing median survival by 2 days. We also show through the incorporation of
a tunable degradable bond, the hydrogel can be safely intracranially injected and
degraded in a mouse. Therefore, the injectable DAR system for sustained release
provides increased therapeutic benefit and enhances the therapeutic efficacy of the

DATE.

To improve DATE efficacy even further, we combined DATE with an ICI
(aPD-1) to enhance T cell mediated tumor killing; ICIs help prevent T cell
exhaustion. Through the simple addition of the ICI, greater sustained cancer cell
killing was observed when compared to repeated dosing of DATE alone.
Therefore, the addition of an ICI with the DATE is an efficacious combination

therapy.

We then developed an in vitro 3D spheroid tumor model to identify and
determine the efficacy of different therapeutic release mechanisms and
combination therapies. Treatment with pCB-DAR showed enhanced therapeutic

benefit by decreasing GBM spheroid viability over time when compared to DATE
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alone. Further providing evidence that sustained release of therapeutic DATE is

necessary for inhibition of tumor growth, and continuous tumor killing by T cells.

Lastly, an additional final in vivo experiment will also be performed
where we would increase drug loading as well as include oPD-1 as a combination
therapy for improved efficacy. By increasing both the loading of the drug and
including an aPD-1 inhibitor, we hypothesize that the in vivo experiment would

result in a significant enhancement in tumor killing and increase survival.
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5.7 Supplementary information
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Figure S 5.1 pCB hydrogel synthesis. pCB-APMA copolymer was synthesized
using RAFT. Amines were then modified to produce pCB-DBCO (red) and pCB-

AzM (blue) precursors.
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Table S 5.1 pCB polymer characterization. (a) pPCB-APMA Mw

characterization by GPC. APMA mol% determined through *H NMR. (b) pCB-

DBCO and pCB-AzM substitution percentage as determined through *H NMR.

APMA
Polymer My ‘ M, ‘ b ‘ mol%
PCB-APMA | 34969 | 30367 | 1152 | 35

b
Polymer % AzM % DBCO
pCB-DBCO - 3.8
pCB-AzM 4 -
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Figure S 5.2 'H NMR spectra of pCB-APMA (teal), pCB-DBCO (yellow) and
pCB-AzM (purple). Highlighted portion indicates peaks used to determine

substitution rate.
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Figure S 5.3 pCB hydrogel in situ crosslinking mechanism and degradation.
(@) In situ crosslinking of hydrogel through SPAAC, followed by [ elimination.

(b) In vitro hydrogel degradation in PBS pH 7.4 (n = 3, + SD).
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Figure S 5.4 In vivo degradation of a pCB hydrogel fluorescently tagged with
Cy7 in NSG mice intracranially injected. Mice survived injection and
fluorescence decreased over time indicating degradation and clearance of the

degraded polymers.
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Figure S 5.5 MALDI-MS of modified proteins. (a) MALDI-MS of DATE and

D-DATE showing ~10 desthiobiotins per DATE (b) MALDI-MS of NT and NT-

Az showing ~9 Az moieties modified on a NT-Az.

Table S 5.2 Quantitative release values of D-DATE from a hydrogel. Keff and

rate of drug infusion obtained from linear regression model through GraphPad

Prism 8.
Biotin ng d-' after 3d R? Ko R?
800 Hexa 152.2£10.2 0.910 0.180 £ 0.014 0.876
200 Hexa 106.4 + 3.7 0.975 0.047 + 0.001 0.989
800 Oleyl 98.7+9.8 0.823 0.167 £ 0.018 0.792
200 Oleyl 146.3+6.8 0.955 0.088 + 0.003 0.978
No Biotin 76.0 £ 3.6 0.958 0.028 + 0.001 0.962
-DARA 76.1+6.4 0.866 0.202 £ 0.015 0.887
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Table S 5.3 ECso values from dose-response curves of DATE and D-DATE.
Factor indicates the magnitude in shift of ECso of D-DATE to DATE from

modification. ECso values determined through GraphPad Prism 8, ECso best fit

function.
EC;, GBMO08 BT935
DATE 175+43pM | 126.0 +30.1 pM
D-DATE | 106.9 + 56.9 pM | 1076.3 + 580.0 pM
Factor 5.326 7.43
a c e
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Figure S 5.6 In vitro screening of combination therapy combinations with
DATE using GBMO08 FFLuc cells. Cytotoxicity with a 4:1 E:T ratio after 1d (a,

b), 3d (c, d) and 5d (e, f). Conditions normalized to no drug (a, c, €) and

263



Ph.D. Thesis — Vincent Huynh — McMaster University — Chemistry and Chemical
Biology

normalized to addition of DATE only (b, d, f). Addition of 50 nM DATE and 10

pg mL™t aPD-1 antibody. (n = 6, = SD, one way ANOVA Tukey’s post hoc test)).
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Figure S 5.7 In vitro screening of combination therapy combinations with
DATE using BT935 FFLuc cells. Cytotoxicity with a 4:1 E:T ratio after 1d (a,
b), 3d (c, d) and 5d (e, f). Conditions normalized to no drug (a, c, e) and
normalized to addition of DATE only (b, d, f). Addition of 50 nM DATE and 10

pg mL™ aPD-1 antibody. (n = 6, £SD, one way ANOVA Tukey’s post hoc test)).
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Figure S 5.8 Cell viability over time of glioblastoma cells normalized to no
treatment (PBS). GBMO08 FFLuc (a) or BT935 FFLuc (b) cells co-cultured with
T cells (2:1 E:T) when exposed to DATE (50 nM), oPD-1 antibody (10 pg mL™).
(+) signifies 1 dose with the drug administered at day 0. (++) signifying two doses

of the drug with the first dose at day 0 and the second dose at day 5.
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Figure S 5.9 Activation and memory markers on T cells when incubated with
DATE (50 nM) and/or aPD-1 (10 ug mL™?) after 5 days. CD69 (a) and CD25
(b) expression as T cell activation markers. CCR7 (c) and CD45RO (d) for T cell

memory influence.
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Figure S 5.10 Dual release of aPD-1 antibody (red) and D-DATE (green). (a)

Cumulative release of the aPD-1 and D-DATE from a pCB hydrogel. (b) First

order release plots of aPD-1 and D-DATE. Kefs and rate of infusion of dual

release of D-DATE (c¢) and aPD-1 (d).
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Figure S 5.11 Quantification of BT935 iRFP670 spheroid growth. (a)
Fluorescent area of spheroid over time with respect to day 0. (b) Total

fluorescence of spheroids over time with respect to day 0 (mean £ SEM).
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CHAPTER 6. CONCLUSIONS

With a growing number of approved and in-development
immunotherapeutics, biomaterials are needed to overcome transport barriers and
immunosuppressive TIMEs to improve their safety and efficacy against solid
tumors. Sustained and local immunotherapeutic delivery reduces systemic toxicity
and maintains local therapeutic concentrations to maximize the duration and

magnitude of the anti-cancer responses.™

6.1 Major Contributions

| developed an injectable poly(carboxybetaine) hydrogel with affinity
controlled release with easily tunable release rates for the intratumoral delivery of
immunotherapeutics for GBM. This thesis affirms the initial hypothesis
demonstrating that sustained local release of a bispecific antibody improves

efficacy in GBM treatments.
This thesis accomplishes the following major goals:

1. Developed an easily tunable affinity based DDS for the delivery of
a bioactive antibody. Using a non-degradable agarose hydrogel as a
model hydrogel, a competitive affinity release (CAR) mechanism
composed of strong and reversible interactions of biotin and

desthiobiotin to streptavidin was developed. The CAR DDS achieves
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easily tunable release rates of a bioactive antibody amenable for long
term applications.

2. Developed an injectable and degradable in situ gelling
poly(carboxybetaine) hydrogel using SPAAC chemistry suitable
for local and sustained antibody delivery. Using biorthogonal
SPAAC chemistry, an in situ gelling, low-fouling, zwitterionic
hydrogel was developed. Furthermore, | demonstrated the first pCB
copolymer with a UCST due to ionic interactions.

3. Introduced displacement affinity release (DAR) mechanism within
in situ gelling pCB hydrogels for the local and sustained delivery
of minimally modified antibodies and DATESs for GBM treatment.
With minimal modifications of the antibody, a displacement affinity
release (DAR) system was developed that sustained and tuned the
release of a bioactive antibody for >14 days from an injectable pCB
hydrogel. The technology was also used to sustain and tune the release
of a CD133 targeting DATE. The hydrogel with DAR remained low
fouling and the hydrogel decreased the immunogenicity of the drug
delivery components.

4. Demonstrated how this delivery system can be efficacious against a
PDX GBM mouse model. Using DAR, | achieve local infusion of
immunotherapeutics (LI1IT), using a CD133" DATE in a PDX GBM

mouse model as well as an in vitro spheroid model. | demonstrate
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pCB-DAR can tune the release of the DATE. | further demonstrate
that intracranial injections of the pCB-DAR DDS were well tolerated
in vivo and can degrade and clear within a PDX mouse model.
Furthermore, | demonstrate a survival benefit of LIIT in a GBMO08
PDX mouse model. To increase efficacy and provide a more
substantial survival benefit, I included aPD-1 antibody, thereby
changing the T cell phenotype, and showed how this enhanced cancer
killing in vitro. I the extend this and show the benefits of the DAR
using a 3D embedded spheroid model of glioblastoma invasion.
Demonstrating the efficacy of the release system in vitro, mimicking

the in vivo conditions. Allowing for real time monitoring of efficacy.

In conclusion, the work described in this thesis demonstrated that low-
fouling pCB hydrogels and displacement or competitive affinity release
mechanisms can sustain and tune the release antibodies and immunotherapeutics
for multiple weeks to maintain the MEC upon local injection into cancerous
tissue. This technology and future renditions will aid in the treatment of solid
tumors and other disease sites where antibody-based drugs encounter transport

barriers and inhibitory immune environments.
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6.2 Concluding Remarks

This thesis demonstrates the efficacy of LIIT in delivering a DATE in a
GBM PDX mouse model, providing an example of using materials to enhance
therapeutic efficacy. This thesis specifically shows development of a highly
tunable affinity based drug delivery system and an amenable injectable, low-
immunogenic hydrogel which can house said delivery system. This is the first
reported use of a 3-component affinity based hydrogel release system where
release rates were easily tuned through changing the concentration of a
competitive binder and keeping the same affinity binding partners. We then utilize
this system to locally deliver a bispecific antibody, extending the residence time
of the antibody at the disease site, and showing a therapeutic benefit ina GBM
PDX mouse model. Furthermore, we demonstrated the use of a 3D in vitro

spheroid model can demonstrate the efficacy of the delivery system.

However, translation of this treatment modality requires the delivery of
other therapies which correctly addresses the immunosuppressive GBM TIME
and a corresponding animal which is a better representation of the human immune
system. Furthermore, the current PDX mouse model requires exogenous delivery
of T cells which is not a good representation of the T cell trafficking which occurs
for effective immunotherapy. Syngeneic mouse models or humanized mice
(CD34" hematopoietic stem cell transplanted NSG mice) can also provide insight

into the immune cell recruitment without the need for exogenously implanted T
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cells. Therefore, this thesis only demonstrated how pharmacokinetic parameters of
the drug can be modulated to reach an efficacious treatment modality, translation
of this treatment modality would require and understanding of T cell trafficking to
the CNS. Additionally, the lack of a TSA or an efficacious TAA for GBM hinders
the development of new drugs. A deeper biological understanding the immune-

GBM interplay is necessary for future therapeutic modalities to be developed.

Future studies should aim towards using different affinity release
interactions to achieve a broader range of release profiles and explore using
immunomodulatory compounds that affect the TIME. Furthermore, in vivo
studies testing the efficacy of releasing DATE with the addition of an aPD-1 IClI
would be performed. The burgeoning field of immunoengineering has given rise
to new innovative methods to enhance anti-cancer therapeutic efficacy. The field
of materials science plays an important role in translating and dissecting cellular
mechanisms which address the shortcomings of developed therapies such as
enhancing the efficacy of vaccines and the effective delivery and activation of the
immune system without incurring systemic toxicity. Current research efforts are
focused on understanding the complex immune-cancer interplay and methods to
modulate these interactions to create a translatable and robust anti-cancer
response. By combining both engineering principles and a growing understanding
of cancer mechanisms can we achieve translatable and effective therapies to treat

a broad spectrum of cancers.
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