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Chapter 1

INTRODUCTION
1 Biomaterials in Ocular Therapy

A biomaterial is defined as “a substance that has been engineered to take a form which, alone
or as part of a complex system, is used to direct, by control of interactions with components of
living systems, the course of any therapeutic or diagnostic procedure, in human or veterinary
medicine”[1]. Biomaterials have gained significant attention for pharmaceutical applications
especially in the field of long acting injectables and targeted drug delivery systems. Moreover
and importantly, in recent years, many biomaterials have been investigated for the development
of ocular drug delivery systems.[2] The development of ocular drug delivery systems is a rapidly
growing field, driven by the increasing prevalence of ocular diseases such as glaucoma, age-
related macular degeneration, and diabetic retinopathy.[3-5] Novel therapeutic agents,
including new biological entities (NBEs) and new chemical entities (NCEs), have shown great
promise for the treatment of ocular diseases.[6-8] However, ocular barriers, including the corneal
and conjunctival epithelium, the blood-retinal barrier, and intraocular fluid dynamics, pose
significant challenges for efficient drug delivery to the target sites (for example the retina).[9,
10] polymeric drug delivery systems offer unique opportunities to realize sustained drug release,
improved bioavailability, and targeted delivery to the site of action, making them highly
promising materials for pharmaceutical applications. Various types of biomaterials, such as
hydrogels, polymer and lipid-based nanoparticles, and polymeric microspheres have been
extensively studied in preclinical evaluations for ocular drug delivery, showing both advantages
and challenges (see Table 1). Some biomaterials-based formulations have reached clinical
evaluation or are currently used in clinical practice as discussed in more detail in Chapter 2 of
this thesis. One notable example is Ocusert, a pilocarpine-releasing formulation that ensures
sustained release of the loaded drug for ocular conditions and boost patient compliance.[11,
12] Ozurdex, a dexamethasone PLGA implant, advances long-lasting drug delivery, particularly
for macular edema.[13, 14]

Many drug delivery biomaterials for ocular applications are polymer-based, allowing for precise
control over their physicochemical properties, including e.g. injectability, biodegradability, and
controlled release kinetics.[15] These characteristics enable them to release the loaded
therapeutics in the eye and thereby enhance ocular drug availability and duration at the aimed
site of action which makes them promising candidates for improving ocular drug therapies.
Ocular availability refers here to the extent at which a drug is absorbed and becomes available
for therapeutic action in the various components of the eye, taking into account both static
barriers (such as the cornea, dermis, retinal tissues, and retinal vessels) and dynamic barriers
(including conjunctival tissues, tear drainage, and lymphatic drainage).[16-18] These barriers
collectively impact the ability of a drug to effectively reach its target within the eye and to exert
its intended therapeutic effects.[19]

The utilization of biomaterials in preclinical research and development has the potential to
revolutionize ocular drug therapy, leading to improved clinical treatment outcomes for various
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ocular conditions.[20] This thesis focuses on exploring innovative biomaterial-based formulations

for ocular drug delivery.

Table 1 Frequently investigated ocular biomaterials in preclinical studies.

Drug Delivery Composition Advantages Disadvantages Ref.
System
Hydrogels Natural or synthetic Localized and sustained delivery,  Potential for [21-24]
polymers suitable for protein delivery, inflammation
prolonged drug release, enhanced
drug stability
Nanoparticles Natural or synthetic Improved ocular bioavailability, Potential toxicity [25-30]
(NPs) polymers, lipids, enhanced drug stability, improved
inorganic and carbon drug solubility, prolonged drug
based materials release, targeted delivery,
Intracellular delivery
Microspheres Natural or synthetic Prolonged drug release, localized  Potential for [31, 32]
polymers, lipids delivery, enhanced drug stability,  inflammation
Polymer based Synthetic polymers Approved for ocular therapy, Invasive [33-36]
implants Prolonged drug release, localized  administration, some
delivery, high loading, are not degradable,
potential for
discomfort
Contact lenses Hydrogels or silicone  Corrective eyewear, prolonged Potential for [37, 38]

polymers drug release, easy administration  discomfort

2 Polymer-Based Biomaterials

Polymeric biomaterials have an essential role in the development of drug delivery systems for
various pharmaceutical applications including ophthalmic drug delivery.[15] Polymers are made
up of repeating units of so-called monomers and can be classified based on their origin, ionic
charge, chemical and physical characteristics, and sensitivity to the surrounding environment.

The origin-based classification divides polymers into natural, synthetic, and semisynthetic
polymers.[39] Some examples of natural polymers include hyaluronic acid,[40] collagen, [41]and
cellulose.[42] Synthetic polymers often used for biomedical and pharmaceutical applications are
PEG (poly(ethylene glycol), PLLA (poly-L-lactic acid), PLGA (poly(lactic-co-glycolic acid)), PCL
(polycaprolactone), poly(oxozalines) PNIPAM  (poly(N-isopropylacrylamide)).[43-47]
Semisynthetic ~ polymers drug chitosan[48]
carboxymethylcellulose.[49]

and

used for deliver include and

The ionic charge-based classification divides water soluble polymers into cationic, anionic,
neutral, and zwitterionic polymers. This classification provides insight into the polymer’s
interactions with other molecules in the surrounding environment, such as proteins, biopolymers
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(collagen, hyaluronic acid), and even cells. For example, cationic polymers can bind to negatively
charged cell membranes, while anionic polymers can bind to positively charged proteins.
Commonly used cationic polymers include polyethylenimine[50, 51] and chitosan.[48, 52] Anionic
polymers include for example alginate[53, 54], hyaluronic acid[55-57] and dextran sulphate.[58,
59] Neutral polymers include poly(ethylene glycol) and zwitterionic polymers among which
poly(sulfobetaine methacrylate) (pSBMA)[60], poly(2-methacryloyloxyethyl phosphorylcholine)
(pMPC)[61] and polysarcosines.[62]

The degradation-based classification divides polymers into biodegradable and non-
biodegradable. Biodegradable polymers can break down in the body over time, which can be
useful for drug delivery applications where a sustained release of the drug is desired particularly
when the release is governed by the degradation kinetics of the polymer.[63] Non-biodegradable
polymers can provide longer-lasting drug delivery, but may need to be surgically removed once
they released their content. Examples of biodegradable polymers include poly(lactic-co-glycolic
acid)[64] and poly(e-caprolactone) (PCL)[65, 66], while non-biodegradable polymers include
poly(ethylene glycol)[67] and poly(N-isopropylacrylamide)[68]. Biodegradation primarily occurs
through the hydrolysis of ester bonds, but it can also involve the breakdown of urethanes, ortho
esters, anhydrides, carbonates, and more.[69, 70] Additionally, alternative biodegradation
mechanisms, including enzymatic cleavage of esters and peptide bonds, as well as the reduction
of thiol bridges, have been explored.[71]

The sensitivity to the surrounding environment-based classification divides polymers into
temperature-sensitive, pH-sensitive, electro-responsive, and photo-responsive polymers.[72] This
classification is useful for designing drug delivery systems that can be triggered to release their
payload in response to specific conditions. Temperature-sensitive polymers like poly(N-
isopropylacrylamide) and poloxamers can be used to prepare biomaterials that encapsulate drugs
or release their drug payload when exposed to a certain temperature.[68, 73, 74] PH-sensitive
polymer based materials like poly(acrylic acid) release their drug payload in response to changes
in pH.[75] Materials based on electro-responsive polymers like poly(pyrrole) and poly(3,4-
ethylenedioxythiophene) release their drug payload in response to electric fields[76-78], while
photo-responsive materials containing azobenzene-based polymers or spiropyran-based
polymers release their drug payload in response to a light trigger.[79-81] Overall, understanding
the various classifications of polymers can provide important information about their properties
and potential applications in drug delivery systems[82].

2.1 Polymer architectures and polymerization techniques

Different polymer architectures like block copolymers, branched polymers, and multi-arm
polymers (Figure 1) can be used to create biomaterials with unique properties. Homopolymers are
synthesized by polymerization of one type of monomer and copolymers are synthesized from two
or more monomers. Dendrimers, known for their tree-like structure, are typically considered
homopolymers, as they consist of repeating monomeric units that are chemically identical.[83]
Copolymers combine the properties of different types of monomers. Various types of copolymers
include block copolymers (homopolymer units arranged in blocks), random copolymers (monomer
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units arranged randomly), alternating copolymers (monomer units alternate) and gradient
copolymers (exhibit a smoothly transitioning composition along their chains).[84] In Figure 1,
various other common polymer structures are depicted, such as multi-arm polymers, graft
polymers, branched polymers, and dendrimers, all widely employed in diverse biomedical
applications.

Homopolymer Multi arm polymer

Rsteelesagetegteey

Block copolymer

W Graft copolymer

Random copolymer

osa et oty

Alternating copolymer

.:Mm Branched copolymer

Gradient copolymer

008 gs g age®

Dendrimer

Figure 1 General polymer architectures

Various polymerization techniques are available to synthesize different types of polymers. Free
radical polymerization (FRP), reversible addition-fragmentation chain transfer (RAFT) and atom
transfer radical polymerization (ATRP) are known examples of radical polymerization techniques
that enable the synthesis of diverse copolymer structures. Although there are many more well-
known polymerization techniques [85-88], this section focusses on FRP and ATRP as these
polymerization techniques were used in this thesis to synthesize the polymers used for the design
of ocular drug delivery systems. FRP is historically the most commonly used radical
polymerization technique. Controlled radical polymerizations have emerged more recently
including ATRP, which is the main polymerization technique used in this thesis.

Free radical polymerization

FRP is a basic synthesis route to obtain a variety of different polymers. In fact many of the
commercially available synthetic polymers are prepared by using this type of reaction and
provides a broad range of materials for various applications.[89] This polymerization method
forms polymers by the consecutive addition of free radical building blocks and was defined by
IUPAC in 1996 as “a chain polymerization in which the kinetic chain carriers are radicals’[84].
Thus FRP is a chain growth polymerization, [90] however, the major limitation of this technique

13
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is the limited control over molecular weight, polydispersity, and structures like block copolymers
cannot be obtained.

Atom transfer radical polymerization

Atom transfer radical polymerization (ATRP) is a well-studied controlled/living radical
polymerization (CRP) method that allows for the synthesis of well-defined polymer architectures
with tailored functionalities.[91] Professor Matyjaszewski is credited with discovering copper-
mediated ATRP, one of the most robust CRP methods.[92] ATRP is a controlled radical
polymerization process that involves reversible reactions between a "dormant species” and a
transition metal complex, typically copper, resulting in the formation of propagating radicals and
higher oxidation state metal complexes. The propagating radicals continue to grow the polymer
chain through the addition of monomers. The catalytic cycle is terminated when the halogen atom
originally associated with the transition metal complex transfers to the growing polymer chain,
leading to the formation of a new halogenated end group. This new halogenated end group
represents the final product of the ATRP process. ATRP offers certain advantages over free radical
polymerization, including better control over molecular weight and lower polydispersity.[93]
Importantly, in contrast to classical free radical polymerization, ATRP also offers the possibility
to synthesize block copolymers.[91, 94]

3 Hydrogels

Hydrogels are three-dimensional networks of hydrophilic synthetic or natural polymer chains
that are crosslinked by physical and/or chemical bonds.[95] These hydrophilic networks can
absorb large amounts of water or physiological fluids, up to 99% of their weight, while
maintaining their structure.[96] The hydrophilic character of the polymeric backbone and/or
functional groups attached to the main chain are responsible for the water absorption, while the
presence of crosslinks between the polymers keeps the structure stable.[97] Despite primarily
consisting of liquid (water), hydrogels maintain their shape and do not exhibit flow behavior,
except in some examples situations where shear is applied. This uniqueness arises from their
intermediate viscoelastic state, neither entirely liquid nor entirely solid.[97, 98] These properties
make hydrogels very suitable for numerous biomedical and pharmaceutical applications[99, 100,
114], as shown in Figure 2. hydrogels generally offer a high degree of biocompatibility as well
as desirable physical characteristics.[101, 102] Hydrogels can serve as scaffolds to provide
structural integrity to tissue constructs[103, 104], control drug[105] and protein delivery[106-
108] to tissues and cultures, and act as adhesives or barriers between tissue and material
surfaces.[43, 109, 110] The first successful use of hydrogels in biomedicine dates back to the
early 1950s when Wichtlerle and  Lim[111] designed crosslinked poly(hydroxyethyl
methacrylate) (pHEMA) for ophthalmology applications, producing the first synthetic hydrogel
used for soft contact lenses.[112, 113]
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Figure 2 The use of hydrogels in different applications.

Hydrogels possess unique properties (Figure 3) that make them attractive biomaterials for
ophthalmic applications due to their soft and elastic texture, as well as their high water
content.[115, 116] Hydrogel's highly porous structure allows for the diffusion of oxygen,
metabolites, and nutrients, facilitating contact and interaction with biological tissues.[117, 118]
Their porosity can be easily adjusted by controlling the crosslink density and affinity to water.
Hydrogels can also be designed to be injectable, and thereby minimally invasive and to degrade
over tunable time frames.[119-121] Hydrogels are suitable matrices for encapsulating drugs,
especially large biotherapeutics, within their porous structure, offering controlled and prolonged
drug release, which can result in a high local concentrations of a pharmaceutical active
substance for an extended period.[122-124] Drug release from hydrogels can proceed through
different mechanisms, such as diffusion, swelling and degaration (and combinations thereof)
depending on the formulation.[117] The controlled drug kinetics can be tuned to enhance the
efficacy of a specific treatment while reducing potential side effects.
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Figure 3 The attractive properties of hydrogels for ophthalmic drug delivery applications.
4  Crosslinking Strategies for Hydrogels

As mentioned above, the hydrophilic polymer chains in hydrogels are held together by crosslinks,
which can be either of physical or chemical nature[125, 126]. Physical crosslinking involves the
use of physical interactions, such as hydrogen bonding, hydrophobic interactions, inclusion
complexes, stereo-complexes, chain entanglements and ionic interactions, to create a three-
dimensional network.[126] On the other hand, chemical crosslinking involves the formation of
covalent bonds between polymer chains to create the network. Chemical crosslinking can be
achieved through various methods such as free radical polymerization[127], Michael-type
addition[128], or click chemistry[129] to mention a few. Crosslinking restricts the movement of
the hydrophilic polymer chains, transforming a viscous polymer solution into an elastic gel. The
physical characteristics of the hydrogel are influenced by the degree of crosslinking, whereby a
low degree of crosslinking leads to softer hydrogels, while a higher degree of crosslinking results
in stiffer hydrogels. The timing of a crosslinking procedure can be important as well. For
implantable hydrogels, the polymers are crosslinked prior to a surgical procedure. However,
crosslinking can also occur in vivo (in situ) after administration of viscous aqueous polymer
solution at a specific location in the body. The advantage of the last strategy is that a minimally
invasive manner by e.g. injection can be used for in situ gel formation.

Hydrogels that are formed by both physical and chemical crosslinks are particularly fascinating.
Physical crosslinks lead to rapid stabilization of the network after injection, while subsequent
chemical crosslinking ensures the formation of a mechanically stable polymeric network.[130-
132]

Stimuli responsive hydrogels

Stimuli responsive hydrogels are defined as materials that undergo changes in response to
stimuli. These stimuli may be of physical or chemical nature: temperature, pH, solvent, pressure,
ionic strength, light, concentration of specific biomolecules. In response to these stimuli
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hydrogels can swell, shrink, degrade or polymer solutions can undergo a sol to gel transition.
Stimuli sensitive polymers are widely applied for the design of injectable in situ forming
hydrogels.[133-135] These innovative biomaterials can be designed to be injectable and
therefore offer several benefits including patient comfort, less invasive administration and cost
reduction compared to hydrogels that require a surgical intervention prior to their

application.[136] Furthermore, the use of in situ forming hydrogels allow encapsulation of small
drugs as well as biotherapeutics and even living cells, overcoming complexities and limitations
associated with post-loading techniques[135, 137, 138]. Among the different types of stimuli
sensitive hydrogels, thermosensitive polymers are of great interest as aqueous solutions of these
polymers can be converted into hydrogels when the temperature changes.[68] When
thermosensitive polymers dissolved in water pass their lower critical solution temperature
(LCST), the polymer chains collapse and aggregate (Figure 4). Poly-(N-isopropyl acrylamide,
PNIPAM)-based polymers are one of the most studied thermosensitive systems due to their
ability to self-assemble above 32 °C.[74] In this way, aqueous solutions of these polymers form
in situ hydrogels after administration, due to a sol-gel transition from room temperature to body
temperature.

Loss of bound water 4

to bulk solution \O‘ 4
T> LCST @
—_— | * <o
—_— ,0 \
T< LCST R =
% -0 o-¥
N 7
% )
Hydrophobic

Hydrophilic

Figure 4 Thermosensitive polymer in aqueous solution: below the LCST, the polymer chains form hydrogen
bonds with water molecules. Above the LCST, hydrogen bonds between polymer and water are broken,
resulting in dehydration and self-assembly of the polymer chains.

Diels Alder Chemical Crosslinking

In this thesis, the focus is on the Diels-Alder (DA) reaction as a chemical crosslinking method. As
previously mentioned, there are several ways to achieve chemical crosslinking, such as free
radical polymerization, Michael-type addition, and click chemistry, among others. Click
chemistry, in particular, has revolutionized macromolecular synthesis and biomaterials science
due to its wide scope, high efficiency, selectivity, and ease of product purification.[139]
Importantly, many click reactions can be conducted in aqueous media under mild conditions,
making them highly advantageous.[140, 141] The Diels-Alder reaction is a type of click reaction
that has gained attention as a crosslinking method for the design of a variety of
biomaterials.[142-145] The reaction involves the addition of a dienophile to a diene, resulting
in the formation of a cyclohexene ring. This reaction can occur between various dienophiles and
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dienes, and the reaction conditions such as temperature, solvent, and the presence of a catalyst
can be varied to tailor and control the reaction rate. The DA reaction'’s reversibility by retro-DA
(rDA) allows for dynamic covalent crosslinking, where crosslinks can be broken and reformed,
and the rate of these reactions can be tuned by parameters such as pH or temperature.[146, 147]
The furan-maleimide couple, a prevalent DA crosslink (Figure 5), can undergo a progressive
degradation process under physiological conditions. It begins with a rDA reaction and proceeds
to the ring-opening hydrolysis of the maleimide group, forming inert maleamic acid. This
removes maleimide groups from the DA/rDA equilibrium, resulting in irreversible crosslink
cleavage. This chemistry holds potential for applications in ocular drug delivery to enhance
ocular therapy, a subject of recent research interest.[148, 149]

Furan Maleimide DA Adduct
[o]

R o
1 .
_R, DA reaction _R,
/ o) N — N
+ \ rDA reaction
= o
(o} R{
l Hydrolysis

o
N-Rz
H

7>, |

OH

o

Figure 5 Schematic representation of maleimide furan DA reaction
5 Nanoparticles for Ocular Therapy: Introduction to Polymeric Micelles

Nanoparticles are small particles, typically ranging in size from 1 to 200 nm, that can be made
from a variety of materials such as lipids, polymers, and metals. Nanoparticles offer distinct
advantages[27], including targeted delivery, controlled release, and convenient administration,
rendering them valuable in diverse medical applications, including ocular therapy[150, 151].
Drug loaded nanoparticles have shown great potential in ocular drug delivery by improving the
bioavailability and stability of biological entities and chemical entities for improved ocular
pharmacokinetics.[150, 152] Their small size allows them to overcome biological barriers, such
as the retina, and reach the target site with enhanced drug efficacy.[18] Nanoparticles can also
provide controlled release of drugs, protect drugs from (enzymatic) degradation, improve drug
solubility and permeability within the retinal structure.[153, 154] In current research, various
nanoparticle types are under investigation for ocular applications, among which polymeric
nanoparticles including micelles, nanogels and polymersomes and lipid nanoparticles (Figure 6).
This section will specifically emphasize polymeric micelles due to their utilization in this thesis.

Polymeric micelles: presenting flower like micelles

Polymeric micellar nanoparticles have emerged as a promising platform for drug delivery due to
their attractive physicochemical properties and the ability to encapsulate and conjugate
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different types of drugs.[155-157] They are formed by the self-assembly of amphiphilic block
copolymers in an aqueous solution, resulting in a core-shell structure.[158, 159] The
hydrophobic core can solubilize and retain hydrophobic drugs, while the hydrophilic shell
ensures their colloidal stability in aqueous environment. Micelles’ morphology and dimensions
can be precisely tailored through the manipulation of polymer composition and molecular

weight as well as by the processing conditions.[160] Amphiphilic AB diblock copolymers
assemble into star-shaped micelles above their critical micelle concentration (CMC), while ABA
triblock copolymers, characterized by a hydrophilic midblock (B) and outer hydrophobic blocks
(A), exhibit self-assembly into structures resembling flowers, which are commonly referred to as
flower-like micelles (FLM)[161, 162] (Figure 6). Remarkably, it has been demonstrated that FLM
typically boast a lower CMC and enhanced stability compared to their star-like
counterparts.[161-163] These characteristics hold significant promise for the solubilization and
delivery of hydrophobic drugs.[26] For the development of a truly impactful nanomedicine
platform for ocular drug delivery, the formulation must prioritize robust stability to prevent
premature disintegration and drug release. Although FLM generally have good stability, a
commonly employed approach to further enhance their in vivo stability involves core-
crosslinking.

Core-crosslinked micelles

Core-crosslinked polymeric micelles (CCPMs) have gained attention as a promising drug delivery
platform in recent years.[161, 164, 165] These micelles are formed by covalent crosslinking of
the hydrophobic core, providing enhanced stability. Factors such as particle size, surface charge,
and composition can influence the behavior of these colloidal particles in the ocular
environment, including biodistribution and cellular uptake[27, 154] CCPMs are highly tunable,
and can easily be modified with functional groups for conjugation of drugs, targeting moieties,
and imaging agents.[150, 155] In general, CCPMs show great potential in ocular drug
delivery[155, 166] and their ability to encapsulate and release drugs will also be presented in
this thesis.

" . Lipid
Flower like Micelle Nano particle
Micelle P
Nanogels Polymersome ANTERIOR SEGMENT @  POSTERIOR SEGMENT

Figure 6 Nanoparticles in ocular therapy, some images of particles were created with BioRender.com.
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6 Aim and Outline of this Thesis

This thesis is a product of research conducted within the OcuTher Innovative Training Network
(ITN), which aimed to train a new generation of early-stage researchers (ESRs) to tackle the
complexities of ocular drug delivery. The focus of OcuTher was the evaluation of various
compounds, including both existing drugs and potential drug candidates, in conjunction with
innovative drug delivery systems, all with the goal of treating retinal diseases like macular
degeneration, diabetic retinopathies, and ocular inflammation. The OcuTher consortium united
academic and industry experts, channeling their expertise to advance ocular therapeutics. The
research detailed in this thesis primarily contributed to development and assessment of novel
biomaterials for sustained intraocular drug delivery, and contributed to studies focused on the
biodistribution, efficacy, and safety of candidate drugs in innovative ocular formulations. This
thesis specifically aimed to address the challenges of intravitreal drug delivery by developing
sustained/controlled-release formulations based on Diels-Alder (DA) crosslinked biomaterials,
such as hydrogels and core- crosslinked polymeric micelles. The primary objectives were to create
novel injectable formulations for easy administration through small needles, providing prolonged
drug release and enhancing drug penetration into the retina.

Chapter 2 highlights hydrogel formulations for intravitreal protein delivery to the posterior
segment of the eye to improve therapeutic outcome and patient compliance. The rational design
of intravitreally administered drug delivery systems, both preclinical and clinically investigated,
is extensively discussed. The currently used polymers, crosslinking mechanisms and methods, in
vitro/in vivo models, preclinical and clinical advancements are discussed together with the
limitations and perspectives of these biomaterials.

Chapter 3, the DA reaction was exploited to crosslink hyaluronic acid-bearing furan groups (HAFU)
with 4-arm PEG10K-maleimide (4APM) to yield hydrogels that enable sustained release of
bevacizumab, a clinically used therapeutic protein for ocular therapy to treat patients suffering
from macular degeneration. The effects of polymer composition and the ratio between functional
groups on the physicochemical properties of hydrogels were systematically investigated, together
with intravitreal gel stability and protein release kinetics.

Chapter 4 describes the in vivo pharmacokinetic profile and ocular safety of hyaluronic acid-PEG-
based DA in situ forming hydrogels for sustained intraocular delivery of bevacizumab to
investigate the suitability of this formulation for ocular therapies.

Chapter 5 introduces a novel in situ forming thermosensitive hydrogel system based on two
thermosensitive ABA triblock copolymers bearing either furan or maleimide moieties. The
formulation was designed to rapidly form a polymer network at body temperature by physical
self-assembly of the thermosensitive blocks. The rapidly formed physical network is subsequently
stabilized by the DA chemical crosslinking in the hydrophobic domains of the polymer network.
The sustained release of an anti-VEGF antibody fragment with or without the corticosteroid
dexamethasone was investigated to get insight into the potential of the system as an intraocular
drug delivery system.
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Additionally, in Chapter 6, an injectable DA core-crosslinked flower-like micelle formulation was
designed using previously developed thermosensitive ABA block copolymers (where A represents
a thermosensitive block and B represents a permanently hydrophilic block). This design aims to
enhance retinal tissue penetration and intracellular drug delivery, potentially making it useful in
ocular therapy. Preliminary ocular safety and particle kinetics were evaluated in a rat eye model.

Finally, Chapter 7 provides a summarizing discussion of the findings of the research chapters of
this thesis, together with recommendations for further improvements. Furthermore, in Chapter 7
industrial development of the potential pharmaceutical product described in Chapter 3 was
discussed to gain more insights into potential upscaling of such kinds of biomaterials.
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ABSTRACT

This review highlights how hydrogel formulations can improve intravitreal protein delivery to the
posterior segment of the eye in order to increase therapeutic outcome and patient compliance.
Several therapeutic proteins have shown excellent clinical successes for the treatment of various
intraocular diseases. However, drug delivery to the posterior segment of the eye faces significant
challenges due to multiple physiological barriers preventing drugs from reaching the retina,
among which intravitreal protein instability and rapid clearance from the site of injection. Hence,
frequent injections are required to maintain therapeutic levels. Moreover, because the world
population ages, the number of patients suffering from ocular diseases, such as age-related
macular degeneration (AMD) and diabetic retinopathy (DR) is increasing and causing increased
health care costs. Therefore, there is a growing need for suitable delivery systems able to tackle
the current limitations in retinal protein delivery, which also may reduce costs. Hydrogels have
shown to be promising delivery systems capable of sustaining release of therapeutic proteins and
thus extending their local presence. Here, an extensive overview of preclinically developed
intravitreal hydrogels is provided with attention to the rational design of clinically useful
intravitreal systems. The currently used polymers, crosslinking mechanisms, in vitro/in vivo
models and advancements are discussed together with the limitations and future perspective of
these biomaterials.

Keywords: Therapeutic proteins, ocular diseases, retina, anti-VEGF’s, sustained protein release
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1 INTRODUCTION

Drug delivery to intraocular tissues is one of the major challenges faced by ophthalmologists and
formulation scientists because the eye is a highly complex, isolated and specialized organ of the
human body. The challenge of drug delivery to this organ is related to the presence of different
barriers that prevent exogenous and harmful substances from entering the posterior chamber, in
particular, the retina and optic nerve. Vision-threatening disorders are mostly related to
abnormalities in intraocular tissues, especially in the retina. The occurrence of such diseases is
rapidly increasing in industrialized countries, not only in the ageing populations but also in
younger individuals, causing a substantial health problem in modern society. It is estimated that

approximately 285 million people worldwide are visually impaired, and 39 million are completely
blind.[1, 2] These numbers are expected to double by 2050, representing a significant public
health burden.[3, 4]

Conventional eye drops containing low molecular weight drugs are the most commonly used
ophthalmic drug formulations. Although they are not suitable for the delivery of therapeutic
proteins, they represent 90% of the ocular products present in the market, which is due to ease
of manufacturing and scale-up, stability and cost-effectiveness[5]. However, after topical
instillation into the lacrimal fluid, drugs are rapidly removed from the ocular surface due to
solution drainage and systemic drug absorption across the conjunctiva that lines the inner side
of eyelids. Furthermore, the epithelia of the cornea and bulbar conjunctiva are major barriers for
drug absorption into the eye. Therefore, only a minimal amount (< 5%) of the administered drug
dose reaches the anterior part of the eye, and even a much smaller fraction (<< 1%) reaches the
posterior eye segment after topical administration of the drug formulations.[6, 7]. Thus, frequent
administration is needed to maintain drug concentrations within the therapeutic window.[4, 8]

A wide range of posterior segment eye pathologies severely impacts vision. These disorders
include neovascular age-related macular degeneration (AMD), diabetic retinopathy (DR), diabetic
macular edema (DME), retinal vein occlusions (RVO) and diseases that originate from the
alteration in the vasculature system of the retina, genetic disorders and eye tumours[9, 10]. Many
studies have demonstrated that vascular endothelial growth factor (VEGF) plays a crucial role in
the pathogenesis of retinal diseases.[11, 12] Therefore, many therapeutic approaches aim at
blocking VEGF signalling by the delivery of intravitreally injected anti-VEGF proteins.[13, 14] The
effectiveness of antibodies (bevacizumab, Avastin®), antibody fragments (ranibizumab,
Lucentis®), and soluble receptors (aflibercept, Eylea®) have been shown in the treatment of
patients with neovascular AMD.[15] However, maintaining sufficient concentrations in the retina
after intravitreal injection for an extended period is an important challenge. Monthly injections
are burdensome and have resulted in impaired patient compliance[16, 17].

In the past decades, tremendous efforts have been made to improve the disposition of drugs,
especially bioactive proteins, in the retina by using different routes of administration and drug
delivery vehicles. Several drug delivery technologies such as in-situ forming hydrogels, micelles,
liposomes, nanoparticles and ocular implants have been developed for ocular applications.[18,
19] In-situ forming hydrogels are considered attractive biomaterials, which can be engineered to
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offer several benefits, including less frequent administrations, patient comfort and cost reduction.
Furthermore, hydrogels that jellify in-situ allow loading of therapeutically active compounds
during network formation facilitating local delivery and release through a minimally invasive
procedure. In the past years, the use of hydrogel has received increased attention as ophthalmic
formulation that deliver drugs to the posterior segments.[20-24]

This present review discusses and highlights the clinical success of therapeutic proteins in the
treatments for posterior eye diseases and the major limitations in protein delivery to the posterior
segment of the eye. Anatomical and physiological barriers in ocular protein delivery are
summarized and discussed. It is further conferred how in-situ forming hydrogels can improve the
long-term release and subsequent exposure of protein-based therapeutics to the posterior
segment of the eye, especially to the retina. Different, biodegradable, natural and synthetic
hydrogels are presented together with diverse functional groups and crosslinking mechanisms
employed to obtain hydrogels with suitable drug release profiles. Guidance on the rational design
of ideal drug delivery systems to the posterior segment of the eye is provided in addition to the
critical issues related to these delivery technologies.

2 Drug administration to the posterior segment of the eye
2.1 Anatomical and physiological components of the eye

The eye is a highly complex, isolated and specialized organ of the human body. The structure can
be classified into two segments: anterior and posterior. The main structures in the anterior
chamber are the cornea, conjunctiva, iris, ciliary body, aqueous humour, lens and supporting
structures. The posterior chamber encompasses the sclera, choroid, retina, and vitreous body
(figure 1). The vitreous cavity contains the vitreous body, which is a transparent, gelatinous mass
located between the lens and the retina. The vitreous humour body is a highly hydrated three-
dimensional network of hyaluronic acid (HA) ~0.5% and collagen ~0.5% with a water content of
~99%.[25, 26] In order to perceive and recognize objects, light passes through the anterior
chamber to the posterior chamber. Light ‘travels’ the eye through the cornea, the pupil and hits
the lens, a convex and transparent disc that focuses and projects the light onto the retina, which
is located in the inner layer of the back of the eyeball. The retina is loaded with millions of
photoreceptors, which convert light energy into electrical signals that, in turn, the brain receives
as impulses to produce images. Drug delivery to the retina can be achieved by various routes such
as topical, systemic, intravitreal, sub-retinal, subconjunctival, intracameral and periocular
administration. Unfortunately, most patient-friendly administration routes, among which topical
and systemic, often result in poor drug bioavailability. Drugs administered to the eye can be
restricted by various static and dynamic barriers, as discussed in section 2.2. Particularly,
conventional formulations are unable to efficiently deliver proteins into the eye owing to these
complex barriers and elimination mechanisms. Therefore, intravitreal injectable depot
formulations may solve these limitations by bypassing these barriers and providing a sustained
release of proteins reaching intraocular tissues.
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2.2 Anatomical and physiological barriers in ocular drug delivery

In-depth knowledge of ocular barriers and pharmacokinetics is essential for the development of
effective delivery technologies to the retina. Generally, two types of barriers can be distinguished:
1) anatomical/static barriers representing the different layers of cornea, sclera, conjunctiva, and
retina blood-aqueous and blood-retinal barriers. 2) physiological/dynamic barriers including
choroidal and conjunctival blood flow, lymphatic clearance, efflux transport, nasolacrimal
drainage and tear turnover.

2.2.1 Topical administration

Topically administered eye drops are frequently used to treat anterior segment diseases
therapeutically. However, this mode of drug administration is associated with low ocular
bioavailability due to dynamic and anatomical barriers.[7] After installation to the eye, the
solution drainage in tears and eye blinking results in rapid precorneal drug loss into the
nasolacrimal duct, leading to poor absorption of small molecules (< 5%) even into the anterior
eye tissues. Importantly, protein drugs have negligible absorption to the anterior eye tissues after
topical administration.[22, 27] Most of the dose of small molecular drugs after topical
administration is absorbed into the systemic circulation via the highly vascularized nasolacrimal
duct, which in turn can result in adverse systemic effects.[5, 28-30] Depending on the drug and
the technique of application to the ocular surface, these adverse effects encompasses low blood
pressure, reduced heart pulse rate, fatigue, shortness of breath, headaches, allergic reactions and
many more.[31] The delivery of topically applied drugs to the posterior eye segment is 1-2 orders
of magnitude lower than to the anterior segment due to several reasons.[7, 32] Firstly, the flow
of aqueous humor from the posterior to the anterior chamber limits drug access to the intravitreal
cavity.[23, 33-34] Also, systemic drug distribution from aqueous humor to the blood circulation
of the iris and ciliary body reduces distribution to the posterior eye segment.[7] Finally, the lens
forms a dense barrier that limits drug penetration.[35]

2.2.2 Systemic administration

In ophthalmic therapy, systemic administration has been used to deliver antibodies, antibiotics
and carbonic anhydrase inhibitors to treat various diseases like endophthalmitis, elevated
intraocular pressure and uveitis.[29, 36-38] The presence of the blood-retinal barrier (BRB)
regulates the transfer of drugs from the blood circulation to the eye in both directions and can
be a major limiting barrier. The blood-ocular barriers consist of a posterior BRB and an anterior
blood-aqueous barrier (BAB), and together they represent an impenetrable tight barrier for
proteins and other macromolecular therapeutics larger than 2 nm in diameter.[7] The BAB is
formed by the inner non-pigmented ciliary epithelium, ciliary muscle capillaries and posterior iris
epithelium. The BRB is made up of retinal pigment epithelium (RPE) and inner retinal endothelial
capillaries (inner BRB). The RPE is a tight cellular monolayer that is located between the
photoreceptors and choroid.[39] It regulates the homeostasis of the neural retina and the outer
part of the BRB by controlling, e.g. epithelial transport, secretion, phagocytosis, spatial ion
buffering and immune modulation.[40] It is, however, challenging to quantify the permeability of
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BAB and BRB separately because, after intravitreal injection or intravenous administration, as
drugs can be eliminated from the eye through both of these barriers.[41] Furthermore, because
of these physiological barriers, high drug doses and repetitive administration are necessary to
achieve adequate therapeutic drug levels with the risk of adverse off-target effects.[42]

2.2.3 Intravitreal administration (IVT)

In clinics, intravitreal drug delivery is the only successful route of administration for
proteinaceous drugs (such as anti-VEGF compounds) to the posterior segment of the eye, because
of the proximity of the vitreous to the retina.[27, 43-45] Intravitreal administration results in high
retinal bioavailability since the drug is directly injected into the vitreous in the vicinity of the
retina. After intravitreal injection, protein drugs distribute by Fickian diffusion from the vitreous
over the surrounding ocular tissues, reaching the target sites in the retina.[7] The vitreous body
does not act as a severe barrier for the diffusion of soluble proteins. However, it might limit the
mobility of the administered delivery systems (e.g. drug-loaded nanoparticles) depending on their
physicochemical properties and design to deliver proteins to the posterior segment.[46] As
mentioned before, one of the main components of the vitreous body, besides water, is hyaluronic
acid, a hydrophilic polysaccharide with a molecular weight up to 2-3*10° Da.[7, 47] The vitreous
humour has a loose and open structure that allows rapid diffusion of low molecular weight drug
molecules since the mesh size in the vitreous network has been estimated to be ~500 nm.[7, 48,
49] Biologics generally administered through intravitreal injections do not exceed a diameter of
10 nm, e.g. bevacizumab (6.5 nm) and ranibizumab (4.1 nm), and therefore based on size only they
should not display restricted mobility in the vitreous.[47, 50] The diffusion of aggregates of self-
assembled polymers, and nanoparticulate carriers can be restricted.[51] Additionally, positively
charged molecules and particles can also be restricted because these cationic entities can bind
to the negatively charged hyaluronic acid matrix.[52] Importantly, the movement of macroscopic
hydrogels, microspheres and drug-loaded implants are significantly restricted or even absent in
the vitreous as they are bigger than the average mesh size in the vitreous network of hyaluronic
acid (500 nm). These systems can, therefore, be used as localized reservoirs for sustained drug
delivery to the retina. Drug elimination from the vitreous cavity takes place either via anterior or
posterior clearance. The anterior route involves drug diffusion in the vitreous to the posterior
chamber, followed by convective elimination in the aqueous humor outflow.[33, 53, 54] The
posterior route involves drug diffusion to the retina, followed by permeation across the blood-
retina barriers into the systemic blood circulation.[33, 55, 40] Pharmacokinetic studies suggest
that intravitreally administered biologicals are mostly eliminated from the eye by the anterior
route, while a smaller fraction of the dose (=10%) escapes across the blood-retina barrier. [41]

The posterior clearance is only relevant for therapeutic compounds that can cross the endothelial
and epithelial of blood-ocular barriers (typically only small molecular drugs).[55] These barriers
are selective, allowing passage of small molecules with lipophilic properties (smaller than 2 nm
in diameter) while restricting the permeation of large molecules.[7] For this reason, the half-lives
of low molecular weight molecules in the vitreous are typically in the range of 1-10 h, while those
of proteins and other macromolecules are in the range of several days.[55] Unfortunately, ocular
intravitreal therapies of therapeutic proteins presently applied in the clinics are associated with
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serious risks due to their frequent injections. This recurrence results in an increased risk of
hemorrhage, retinal detachment, persistent discomfort, degeneration of photoreceptors (PRs),
cataract formation, bacterial endophthalmitis and increased intraocular pressure (IOP).[7] New
delivery systems are, therefore, urgently needed to prolong the injection intervals for improved
treatments of retinal diseases and to reduce side effects. Particularly, tolerability and
biocompatibility issues, biodegradability, sterility, reproducible manufacturing and eventually
preclinical and clinical performance must be taken into consideration when developing such
delivery systems for clinical translation.

2.2.4 Other administration strategies.

Besides topical, systemic and IVT administration, some of the most actively investigated routes
to bypass barrier functions in the eye and promote localization of drugs to the back of the eye are
periocular, subretinal, intrascleral and suprachoroidal routes.[56-58] Drug and gene delivery
through each of these routes of administration can be limited by various static/dynamic barriers,
as discussed by del Amo et al.[7] and Rowe-Rendleman et al.[59] Briefly, depending on the exact
location, drug diffusion to the posterior segment after injections of drug formulations can be
limited by static barriers such as sclera, choroid, Bruch's membrane, RPE tight junctions and retina.
At the same time, dynamic restrictions can include choroidal circulation, retinal circulation,
subconjunctival-episcleral lymph and blood vessels.[60-62] Despite these limiting barriers, many
innovative drug delivery systems and strategies (such as nanoparticles, hydrogels, dendrimers,
adenovirus, microspheres and microneedles) are being investigated in animal studies and clinical
trials using periocular, subretinal, intrascleral, and suprachoroidal routes of administration.[46,
63-67]

Minimally invasive microneedle-based ocular delivery is worth mentioning as it has the
potential to revolutionize the way drug formulations are administered within ocular tissues.
Solid and hollow microneedles were initially developed for drug delivery to the skin, where
they are used to form micron-sized pores on body surfaces through which drugs can directly
enter tissue layers and therefore increase drug permeation. In recent years this technology
has been designed to be applied on the ocular surface (e.g. cornea, sclera and suprachoroidal
space) to treat diseases in the anterior and posterior segments avoiding complications
associated with ocular injections with conventional needles as discussed by Thakur Singh et
al.[68] Importantly, this delivery strategy can significantly minimize damage to the ocular
tissues, reduce patient discomfort/pain due to its micron-sized needle (typically 25-2000 um
in height) and allow precise localization of drug formulations, as shown by Park et al.[69] and
Song et al.[70] Microneedles have been used together with drug delivery systems (e.g. gel
formulations, nanoparticle and microparticle suspension) for sustained delivery.[71, 72] The
delivery of low molecular weight drugs via microneedles to the anterior segment and the
posterior segment has been extensively investigated.[69, 70, 72] While delivery of therapeutic
proteins has been developed primarily for the anterior segment, especially in the treatment
of corneal neovascularization with limited information about the treatment of posterior eye
diseases.[63, 73] Furthermore, it is essential to note that drug distribution to the posterior
segment after intrascleral or suprachoroidal microneedle injection can still be limited by the
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previously mentioned barriers. Issues concerning forces of injection, I0P, method of
injection/retraction and the overall safety of the technology are to be systematically studied
together with long term delivery of therapeutic proteins to examine the full benefits of
microneedles for ocular applications.[68]
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Figure 1 Anatomical components of the eye and frequently used routes of drug administration.
2.3 Clinical success of therapeutic proteins for intraocular diseases

During the last decade, the market of ophthalmic biologicals such as monoclonal antibodies,
peptides, aptamers and recombinant proteins has been growing enormously. In 2017, the
worldwide sales of monoclonal antibodies for various biomedical applications were estimated to
be over 98 billion US$.[74] The success of these biologicals became possible due to the
tremendous advances in the fields of genetic engineering, innovative biotechnology,
pharmaceutics, identification of druggable targets, formulation and GMP production.[75, 76]
Particularly, attention has been given to the pharmaceutical development of anti-VEGF agents to
rescue vision in retinal vascular diseases after the validation of the importance of the elevated
intraocular levels of vascular endothelial growth factor (VEGF-A). These growth factors are
responsible for the angiogenesis and neovascularization in the retina and, therefore, involved in
the modulation of posterior segment eye diseases. These diseases include age-related macular
degeneration (AMD), diabetic retinopathy (DR),[77] retinal vein occlusion with cystoid macular
edema (CME), posterior uveitis.[78] AMD and DR are the leading causes of visual impairment
worldwide.[1] The prevalence of these diseases is likely to increase with the rapid growth of the
ageing population representing a major public health burden.[1, 79]

AMD is an abnormality of the retinal pigment epithelium (RPE) that leads to the degeneration of
the photoreceptors in the macula and consequent loss of central vision in elderly individuals.
There are two main forms of AMD: neovascular (wet) and non-neovascular (dry), which affect over
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16 million people in Europe and the United States.[80] The wet form represents 90% of cases of
severe sight loss in AMD patients and usually affects both eyes. Wet AMD is known as abnormal
neovascularization in the central region of the retina.[79] This abnormality results in vision loss
due to retinal damage caused by fluid leakage and scar formation. The global cost of wet age-
related macular degeneration (AMD) market is estimated to be $6.9 billion in 2018, and in the
near future, it is expected to reach $10.4 billion by 2024.[81]

Diabetic retinopathy is the leading cause of blindness in diabetic patients and in working-age
adults.[2] It results from damages of blood vessels in the retina, resulting in leakage of blood and
other fluids into the retinal tissue followed by cloudy or blurred vision.[2, 82] Diabetic macular
edema (DME) is a swelling of the macula and a direct consequence of diabetic retinopathy. In

order to cure or slow down the progression of these conditions, bolus intravitreal injections of
therapeutic proteins and oligonucleotides such as bevacizumab, ranibizumab, infliximab,
aflibercept, pegaptanib are administered.[83] These drugs are generally administered for the
neutralization of cytokines and growth factors (Table 1). In this way, photoreceptors in the retina
are protected, and angiogenesis caused by the overexpression of vascular endothelial growth
factor (VEGF) is prevented. In 2004, the first oligonucleotide-based anti-VEGF aptamer
(Macugen®; Pegaptanib; Eyetech, Pfizer) received FDA-approval for neovascular AMD and
choroidal neovascularization (CNV) treatments.[84] The monoclonal antibody Avastin®
(Bevacizumab; Genentech) received FDA approval in 2004 for metastatic colon cancer treatment.
Importantly, bevacizumab is currently used in ophthalmology as an off-label drug for AMD,
although not yet FDA approved for these indications. Subsequently, in June 2006, a more effective
monoclonal antibody (Lucentis®; ranibizumab; Genentech) was FDA-approved for neovascular
AMD and DME therapy. Ranibizumab (48 kDa) is a Fab fragment of IgG1 and has a 17-fold higher
binding affinity for the VEGF receptor when compared to bevacizumab (149 kDa). In recent years,
ranibizumab has shown to prevent further vision loss in approximately 95% of patients and to
improve vision in 40% of the patients suffering from wet AMD.[85] Likewise, in 2011, Eylea®
(VEGF-TRAP-Eye; aflibercept; Regeneron)[86] received FDA approval for the treatment of CNV and
wet AMD.[79] Aflibercept (97 kDa) is a recombinant fusion protein (decoy receptor for VEGF) that
has a 200-fold higher affinity for VEGF than ranibizumab.[76] Moreover, anti-TNFa agents are
also used in intraocular inflammation, edematous neurodegenerative and neovascularization
diseases as TNF’s play an essential role in the pathogenesis of these diseases.[87] Adalimumab
(Humira®), a monoclonal anti-TNFa for uveitis, was FDA approved in 2016 and binds specifically
to TNFa (pro-inflammatory cytokine produced by macrophages and T-cells) and therefore results
in inhibition of the inflammatory response. Infliximab (INF) is also a monoclonal, chimeric 1gG
antibody that binds circulating and membrane-bound TNFa, but this antibody is not yet FDA
approved for uveitis or ocular inflammation.[88-90] Beovu® (brolucizumab) developed by
Novartis recently received FDA approval (October 2019) for the treatment of wet AMD (see table
1) by intravitreal injection. The protein is a potent anti-VEGF, which has a high affinity to all VEGF-
A isoforms. Clinical studies by randomly used intravitreal doses of brolucizumab 6mg and 3mg
versus aflibercept 2 mg demonstrate that Beovu was non-inferior to aflibercept in visual function
after 48 weeks.[91] Patients treated with Beovu overall showed a good improvement in their
vision and health of the eye within one year.[92] Summarizing, anti-VEGF and anti-TNFa therapies
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have been very successful in the field of ophthalmology after their FDA-approval, changing the
way vision-threatening diseases are currently treated in clinics.

Table 1: FDA approved and off-label (*) proteins/biologics for intraocular medications and dosages.

Biologics Type of Route Clinical Therapy Mw Half-life after Stand.  Ref.
biologics phase Indications  (kDa)  administration  Dose
Bevacizumab Anti - Ivt Off-label ~ Wet AMD*, 149 4.9 days human 1.25mg [45,
(Avastin®) VEGF drug DR*, DM* 4.3 days in /50ul 93]
(2004) rabbit
Ranibizumab Anti- Ivt FDA- Wet AMD, 48 2.88 days rabbit  0.5mg/  [93,
(Lucentis®) VEGF approved  DME, DR* 9 days human 50ul 94]
(2006)
Aflibercept Anti- Ivt FDA- Wet AMD, 115 7.1 days human  2mg/ [95,
(Eylea®) VEGF approved  DME, CNV, 3.63 days rabbit  50pl 96]
(VEGF (2011) DR
Trap-eye)
Pegaptanib VEGF Ivt FDA Wet AMD, 50 10 days human  0.3mg [96-
sodium inhibitor approved  DR*, DME* /90pl 98]
(Macugen®) (2004)
Adalimumab Anti- SC FDA- Uveitis 148 2 weeks in 40mg [99]
(Humira®) TNFa approved human serum
(July
2016)
Infliximab Anti- Iv/Ivt Off-label ~ Chronic 149 8.5 days (rabbit  1- [89,
TNFa for Iv non- vitreous),7-12  1.7mg/ 90,
infectious days (systemic 100 pl 100,
uveitis® human) (Ivt), 3-  101]
Sma/kg
)
Brolucizumab anti-VEGF vt FDA- Wet AMD 26 2.4 days 1.00r [91,
(Beovu®) approved (cynomolgus 6.0mg/ 92]
(October monkeys) in eye
2019) ocular
compartments

Abbreviations: Intravitreal (Ivt) injections; suprachoroidal (SC); intravenous (lv) infusion.
2.4 Limitations of protein delivery to the posterior segment of the eye

Despite the tremendous clinical success of several novel therapeutic proteins for the treatment
of vision-threatening disorders, frequent injection of these formulations cause discomfort and
adversely affect patient compliance.[102] Importantly, this class of therapeutics is hard to
formulate into long-acting delivery systems because of their structural complexity and undesired
interactions with the delivery vehicle. For instance, functional groups present in the hydrogel
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crosslinks can potentially react with OH, COOH, SH and NH, groups of the loaded protein. Further,
there are protein stability issues due to protein unfolding, denaturation and aggregation, leading
to loss of activity and even unwanted immune responses.[103-107] Intravitreal injection is the
only route of administrations used today in clinics to deliver protein-based drugs to the posterior
segment of the eye and eventually to the retina. However, this approach is painful, and often
monthly repeats of injections are needed depending on the drug and disease progression.[16,
108] Furthermore when delivering proteins using other routes of administration (e.g. topical,
systemic), the poor bioavailability to intraocular target sites is caused by their inability to cross
biological membranes as most of the therapeutic proteins are highly hydrophilic and have a high
molecular weight.[46, 109] Moreover, pharmacokinetic and cell studies have shown that the
retina, cornea and sclera have tight junctions that limit the free diffusion of large hydrophilic
molecules through these cell layers.[76, 110] So far, various attempts have been made by
formulation scientists to develop drug delivery systems that can bypass these intraocular
restrictions. However, non-targeted delivery of biologicals into the ocular tissues by any route of
administration may lead to drug distribution to other tissues, primarily through the circulatory

system. Therefore, drugs eliminated from the eye to other tissues due to ocular barriers may
eventually result in unwanted side effects and toxicity.[109]

2.5 Current delivery technologies for the posterior segment of the eye

Currently, in clinics, medical doctors have the choice between treating patients with intravitreal
bolus injections (solutions and suspensions) or drug-loaded implants to treat posterior eye
diseases.[111, 112] Nevertheless, ophthalmologists consider current drug therapeutic options
insufficient regarding effective delivery and reaching sustained therapeutic dose levels to the
retina. Intravitreal pharmacokinetics data show relatively rapid ocular clearance of most
intraocularly administered drugs. As a consequence of that, drug concentrations in the vitreous is
oscillating above and below therapeutic levels in time with multiple bolus injections (Figure
2).[113-115] Intraocular implants are currently the only delivery vehicles approved by the FDA
for sustained release of intravitreally administered (small molecular) drugs to the retina.
Monolithic (polymer matrix with homogeneous drug dispersion) and reservoir (drug particles
loaded in a core with an outer shell of a certain polymer) type of intraocular implants have been
produced, to treat both anterior and posterior segment eye diseases. For the fabrication of these
implants, both biodegradable and non-biodegradable polymers have been employed.
Biodegradable implants are generally based on poly(lactic-co-glycolic acid) (PLGA), poly(lactic
acid) (PLA), or poly(glycolic acid) (PGA), while non-biodegradable implants are mostly made of
poly(dimethylsiloxane) (PDMS), poly(vinyl alcohol) (PVA), or poly(ethylene-co-vinyl acetate)
(PEVA).[112, 116-118] These formulations are used for the controlled release of low molecular-
weight drugs, including hydrophobic steroids and hydrophilic drugs (e.g. ganciclovir), to yield
therapeutic levels for an extended period of time. The currently FDA approved slow-release
reservoir implants for intravitreal administration are summarized in table 2.
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Table 2: FDA approved intraocular implants.

Implants Year of Description Ref
approval
Yutig™ 2018 Non-biodegradable intravitreal implant using durasert™ delivery [119,120]

technology and loaded with fluocinolone acetonide (0.18mg) for
posterior uveitis, engineered to release fluocinolone acetonide over
36 months at an initial rate of 0.25 pg/day

Dexycu™ 2018 Biodegradable intravitreal implant based on the Virisome® sustained [121]
delivery technology for the treatment of postoperative eye
inflammation. This injectable implant provides sustained release of
dexamethasone (103.4mg/mL in a single-dose vial) over 1-6 months.

Iluvien® 2014 Non-biodegradable intravitreal implant made of PVA matrix encased [122-124]
in a polyimide tube and loaded with fluocinolone acetonide (0.19mg)
for the treatment of DME over 36 months.

Ozurdex® 2009 Biodegradable intravitreal PLGA implant loaded with dexamethasone [125-128]
(0.7mg) for DME and non-infectious uveitis with a six months release
profile.

Retisert® 2005 intravitreal non-biodegradable (silicone/PVA) implant loaded with [127,129]

fluocinolone acetonide (0.59mg) to treat chronic non-infectious
posterior uveitis used up to 3 years

Vitrasert® 1996 non-biodegradable (PVA/EVA) implant loaded with ganciclovir [23,130]
(4.5mq) for the treatment of viral retinitis, developed to release the
drug over a 5 to 8 month period

Unfortunately, most of these intraocular implants are generally not suitable as matrices for the
sustained release of therapeutic proteins. The polymeric matrix’s (e.g. EVA, PDMS) used to produce
such intraocular implants have a high permeability for a variety of lipophilic drugs due to their
hydrophobic characteristics.[111] However, therapeutic proteins are not easily released from
these devices due to their relatively large size and hydrophilicity. Furthermore, interactions of the
protein with these polymers may adversely affect protein stability.[103] In addition, the majority
of these intraocular implants require invasive administration methods to place the devices at the
target site, and subsequent surgical procedures are needed to remove non-biodegradable
implants. This unmet clinical need triggered research towards innovative drug delivery products
such as nanocarriers (NCs),[65, 131] encapsulated cell technologies (cells embedded in a matrix
that secrete therapeutic proteins)[132, 133] and stimuli-responsive delivery systems.[19, 134,
135] These novel drug delivery systems are currently preclinically as well as clinically studied,
particularly for protein/peptide delivery to the retina (Figure 3). Mandal et al. discuss the major
advantages and disadvantages of various preclinically/clinically developed implants and stimuli-
response delivery systems for therapeutic proteins/peptides to treat ocular diseases.[76] Several
products have shown the potential to prolong the residence time of proteins in the eye, thereby
overcoming some of the limitations of ocular drug delivery. Biodegradable products are highly
favored because these systems do not need to be removed surgically after treatment, and their
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release profiles can be engineered to reach therapeutic levels over prolonged periods. (Figure 2)
Currently, many efforts are made by both pharmaceutical companies and academic groups to
develop intravitreal implants for the sustained delivery of proteins.[136] Genentech reported the
positive phase 2 outcome of a newly developed ranibizumab port delivery system (R-PDS),[137,
138], which consists of a refillable permanent silicone-coated implant surgically inserted through
a small incision in the sclera and pars plana. The loaded ranibizumab is released into the vitreous
cavity by passive diffusion through a porous release control element based on stainless steel or
titanium.[139] This implant was able to provide sustained VEGF inhibition during 9 months of
clinical observation in neovascular age-related macular degeneration (nAMD) patients.
Interestingly, R-PDS gave visual acuity in patients comparable with monthly intravitreal injection
of ranibizumab while maintains the same anatomical results.[140] The product has the potential
of being the first device for incorporating a therapeutic protein for posterior eye delivery.
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Figure 2 Schematic representation of intraocular pharmacokinetics of drugs delivered by non-degradable
and degradable sustained delivery systems compared to frequent bolus intraocular injections.

Although there is a high demand for ground-breaking drug delivery technologies for ocular
treatments, most of the developed and investigated technologies remain at preclinical levels and
very few at the early clinical stage (Figure 3). The slow progress of these technologies is due to
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challenges in reproducibility, safety, large scale production, long term stability. The design of an
effective preclinical/clinical sustained release system that will be able to achieve regulatory
approval is imperative to move from “Bench to Bedside.”

Delivery strategies 5 o [\

Liposomes Delivery strategies

Hydrogels Ocular implants for Delivery strategies
Nanoparticles protein delivery Bolus injections

Micelles Cell-based systems Intraocular implants for small
Dendrimers molecule drugs

Ocular implants

Figure 3 Schematic representation of currently developed drug delivery strategies to the posterior segment
of the eye. Many drug delivery systems are being investigated preclinically, and some technologies have
even reached clinical evaluations. However, bolus injection and intraocular implants for small molecule

drugs are still the most used therapy to treat posterior eye diseases.
3 Hydrogels for sustained intravitreal release of therapeutic proteins
3.1 Hydrogels: general features

Hydrogels are three-dimensional networks of synthetic or natural polymer chains crosslinked by
physical and/or chemical bonds. Compared to other delivery systems that have been developed
for posterior eye diseases such as colloidal nanocarriers (NCs) or polymeric implants, hydrogels
offer several compelling advantages. Firstly, hydrogels embrace numerous biomedical and
pharmaceutical applications due to their tissue-mimicking properties and desirable soft
nature.[141-144] Secondly, hydrogels are able to absorb large amounts of water (up to 99% of
their weight) while maintaining their structure due to the presence of the crosslinks between the
hydrophilic polymer chains.[145] Therefore, hydrogels can serve as scaffolds that provide
structural integrity to tissue constructs,[146-148] and can also serve as adhesives[149, 150] or
barriers between tissues.[151] Finally, as discussed in this review, hydrogels can be designed to
control and/or sustain drug and protein release to tissues due to their network structure of
crosslinked polymer chains.[152, 153]

Interestingly, the first publication on hydrogels for biomedical applications was in the early 1950s,
when Wichterle and Lim reported on crosslinked poly(hydroxyethyl methacrylate) (pHEMA). The
aim was to create a new biomaterial for ophthalmic applications, which led later to the first soft
contact lens.[154, 155] Since this breakthrough, hydrogels have been of great interest to
biomaterial scientists, and a great variety of hydrogels with interesting and tailor-made properties
for different applications (drug delivery, wound dressing, tissue engineering, and hygiene
products) have been developed until today as recently summarized by Cascone et al.[156]
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Hydrogels can be classified according to different criteria depending on preparation methods,
source, physical properties, biodegradation and nature of crosslinking.[157] Additionally,
hydrogels can consist of homopolymers, copolymers, and/or interpenetrating networks with
different physical properties[158-160] and can also be designed using both charged and non-
charged polymers. The net charge of the network might affect the release kinetics of the loaded
drug due to electrostatic interactions between the polymeric matrix and the loaded protein.[161-
163] Different types of ocular hydrogels with varying polymer architectures and crosslinking
chemistry have been studied preclinically to deliver proteins to the posterior segment of the eye.
(Table 3) In this review, we classify intraocular hydrogels based on the origin of the polymers and
present how the studied hydrogels sustain the release of therapeutic proteins to treat intraocular
diseases. The main advantages and disadvantages of polymer-based hydrogels that are currently
evaluated in preclinical studies are presented and discussed.

3.2 Hydrogels under preclinical development for sustained intravitreal delivery of therapeutic
proteins

To improve the current strategies of intraocular delivery of pharmaceutically active proteins,
suitable delivery technologies should have the following characteristics:

1. Provide controlled and sustained release of therapeutic proteins for at least two to three
months, therefore, resulting in reduced administration frequency.

Easy to administer (minimally invasive).

Safe and compatible with intraocular tissues with no or very minimal irritation.

Do not obstruct the vision after injection and allow patient comfort.

Maintain effective local drug concentration with none to very low systemic effects

A N

compared to currently used delivery strategies in the clinic.
Maintain protein stability and activity during preparation, storage and release.

o

7. Undergo biodegradation; the degradation process can modulate the release of entrapped
proteins.

8. Possess physical crosslinking and/or bioorthogonal crosslinking chemistry.

9. Allow easy manufacturing in terms of sterilization procedures, scaling up and GMP
production.

Hydrogels are considered as one of the most promising preclinically ophthalmic biomaterials for
the sustained release of bioactive proteins to intraocular tissues. One of the most interesting
features of hydrogels is their physicochemical similarities with native tissues because they are
generally very soft and have an elastic texture with high water content. Further, mild crosslinking
conditions of polymers are presently available for preserving the activity of entrapped
biopharmaceuticals such as proteins and peptides in the hydrogels.[152, 164] The safety of
intraocular hydrogels has been evaluated in different animal models (rabbit, rat, mouse) by using
different techniques. Evaluation of the intraocular pressure after injection, fundus examination
by ophthalmoscope imaging, histological analysis and assessment of retinal function (by
electroretinogram analyses) have shown that generally speaking hydrogels are safe for
intraocular use.[165-167] Furthermore, different cell lines have been used to investigate the
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cytocompatibility of hydrogels and their building blocks, and generally, no toxic effects have been
observed with the used polymers (see Table 3).

To bypass the intraocular barriers that drugs have to pass after, e.g. topical or Iv administration
(see section 2.2), drug-loaded hydrogels can be administered by intravitreal injection in a
minimally invasive way. Importantly, hydrogels can be administered as “in-situ” forming
formulations by injection using small gauge needles into the vitreous cavity. After intravitreal
injection, the polymeric solution undergoes a sol-to-gel phase transition, entrapping and
stabilizing therapeutic proteins in their hydrated network.[157, 168] The gelation time, preferably,
is in the order of seconds to minutes to limit the rapid and unwanted distribution of proteins and
uncrosslinked polymers due to Fickian diffusion in the vitreous body. After gelation, the formed
hydrogel functions as a reservoir, providing sustained release of the loaded protein for a
prolonged period of time due to the polymer network that restricts protein mobility. Therefore,
when properly designed, this reservoir can maintain effective local concentrations of the loaded
pharmaceutically active protein in the vitreous and retina. Hydrogels have been successfully used
for the controlled release of anti-VEGF (ranibizumab, bevacizumab), anti-TNFa (infliximab), and
ciliary neurotrophic factor (CNTF) in the vitreous to protect vision as discussed in details below
in section 3.3 and section 3.4.[21, 153, 165, 169, 170] Also, insulin has been released from
hydrogel systems after subconjunctival injection to treat diabetic retinopathy.[171] Model
proteins (BSA, Fab antibody fragment, IgG) have also been extensively used to study the tunability
of hydrogel systems for release characteristics and possible unwanted or wanted interactions with
hydrogel building blocks.[172-174] Therapeutic proteins have also been loaded together with
low molecular weight drugs in hydrogels to obtain synergic effects.[152, 175, 176] To mention,
the anti-metabolic agent 5-fluorouracil (5FU) has been co-released with bevacizumab from N,O-
carboxymethyl chitosan (CMCS) hydrogels to modulate wound healing and prevent scar formation
after glaucoma filtration surgery[177] as discussed in section 3.3.2. In another study,
dexamethasone (Dex) was released in combination with bevacizumab (Avastin®) from
supramolecular PEG-PCL micelles and a-cyclodextrin (a-CD) hydrogel to treat inflammatory
corneal neovascularization in a rat model.[178] The hydrogel was obtained by mixing MPEG-PCL
micelles with an aqueous solution of a-CD due to the “host-guest” interaction between MPEG and
a-CD.[178, 179] It was shown that 70% of the loaded Avastin® was released within 5 days, and
70% of Dex was released in 1 day. Despite the rapid drug release, this Dex/Avastin® hydrogel
medication suppressed the corneal neovascularization in the studied rat model.[178]

Proteins loaded into a hydrogel can be released through different mechanisms, including
diffusion-controlled and degradation-controlled release.[180-182] Formulation scientists have
designed hydrogels capable of releasing proteins intraocularly from a hydrogel network in a
predictable and controlled manner by tailoring the crosslink density, which depends on the
polymer concentration, molecular weight, polymer architecture, and degree of polymer
modification with reactive species.[152, 183, 184] In ophthalmology and other biomedical
applications, biodegradable hydrogels are favored over non-degradable ones. Degradable ocular
hydrogels have been designed in the last decades by using both natural and synthetic polymers
and combinations thereof, selecting their building blocks as well as the applied crosslinking
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strategy with particular attention.[152] The degradation rate can be tuned by the crosslink density
and the nature of degradable linkers (by chemical and/or enzymatic hydrolysis) in the polymer
chains[183] (Figure 4). Formulation scientists exploit these parameters to design hydrogels with
predictable and controlled protein release profiles, as recently described in a review by Chang et
al.[20]

100% A R 100% 4 A

Released amount
(@]
Released amount

Time Square root

of time
°=A 0:3 =C

Figure 4 Schematic representation of the correlation between the release rate of protein therapeutics and
the mesh size (€) of the hydrogel network, as illustrated by the three hydrogels. The curves A, B and C show
different release profiles depending on the drug molecular weight and changes in hydrogel pore size over
time due to swelling and degradation. Low molecular weight drugs are generally released from hydrogels
by Fickian diffusion because their size is much smaller than the hydrogel mesh-size. On the other hand, the
release rate of larger molecules such as pharmaceutical proteins is determined by degradation and swelling
rate of the hydrogel when the protein is entrapped in the hydrogels matrix, meaning that their
hydrodynamic size is larger than the hydrogel mesh size.[185, 186] The blue A curve represents a fast first-
order release of a loaded small drug, whereas the green B curve indicates sustained first-order release of a
loaded therapeutic with a relatively low molecular weight (e.g. a Fab fragment). The release follows first-
order kinetics since the released amount is proportional to the square root of time, meaning that the size
of the loaded therapeutics is smaller than the pore size of the hydrogel and that the hydrogel is
dimensionally stable during the release time. The red C curve represents delayed-release kinetics of a
loaded therapeutic (e.g. a full IgG type antibody). Here the protein is initially entrapped in the pores of the
hydrogel and only releases when the crosslink density decreases (and thus pore size increases) over time
due to degradation.[174, 183]
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3.3 Intravitreal hydrogels based on natural polymers as matrices for the controlled release of
therapeutic proteins

Natural polymers display multiple advantages and have been used to develop drug delivery
systems.[196, 197] These advantages are related to the fact that natural polymers often display
good cell adhesion properties, and most of them are biodegradable. Specifically, polysaccharide-
based hydrogels have often been used for the development of ocular drug delivery systems and
formulations. The most frequently used polysaccharides are hyaluronic acid, alginate,
semisynthetic chitosan and dextran.[198-203] Although natural polymers display many
advantages, they also have several drawbacks related to the possible risk of infections and
immunogenicity due to complexity in their purifications from natural sources.[160] However, both
natural and synthetic polymers allow tailoring of hydrogel properties by changing the polymer
architecture and composition (Figure 5 ), initial water content and crosslink density, as well as
their degradation mechanism and kinetics which will reflect on their release profiles.

Alginate

Natural Polymer Synthetic Polymer

N_A . Based Hydrogels Based Hydrogels
on o o g o \ —————
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Figure 5 Schematic representation of hydrogel design for protein delivery to the back of the eye using
natural synthetic polymers.

3.3.1 Hyaluronic acid-based hydrogels for protein delivery

Hyaluronic acid (HA) is a negatively charged, naturally occurring polysaccharide with molecular
weights up to 10’ Da, which is abundantly present in the human vitreous body. Importantly, HA
can presently be produced via biotechnological routes reducing the risks associated with the use
of animal sources for this polymer.[204] HA, also known as hyaluronan, is a glycosaminoglycan
composed of repeating disaccharide units of D-glucuronic acid and N-acetylglucosamine. HA-
based materials have been investigated for different biomedical [205] and pharmaceutical
applications.[200, 206-208] Often, the carboxylic acids or primary hydroxyl groups are chemically
modified to obtain crosslinking functionalities.[208-211] In the field of ophthalmic protein
delivery, a few intraocular HA-based gels have been developed including enzymatically
crosslinked HA-tyramine conjugates, vinyl sulfone functionalized hyaluronic acid (HA-VS)
crosslinked with thiolated dextran (Dex-SH) using a thiol-ene reaction, and HA-tetrazine
crosslinked by catalyst-free inverse-demand Diels—-Alder reaction with PEG-bisnorbornene (Table
3). Protein release from HA hydrogels can be sustained up to a few months, depending on the
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protein net charge and size, hydrogel crosslink density and degradation kinetics. As mentioned,
HA is negatively charged, and cationic proteins (pl>7.4) can be retained in the polymer network
by electrostatic interactions.[163] In addition, protein release can also be controlled by enzymatic
degradation of HA hydrogels by hyaluronidases,[212] which are present in most human tissues,
including the vitreous.[25]

An injectable transparent in-situ forming hydrogel based on HA-VS/Dex-SH was formulated for
intravitreal delivery of bevacizumab.[165] The controlled release performance of this in situ
forming hydrogel formulation was evaluated in vivo in a rabbit eye model, and the formulation
released bevacizumab (pl ~8.3).[213] After vitreous aspiration from the rabbit eye at different time
points, the concentration of released protein was measured by using an enzyme-linked
immunosorbent assay (ELISA). Specifically, the assay determines the amount of bevacizumab that
can still bind to VEGF after being released in the vitreous. Six months after intravitreal injection
of the hydrogel formulation (40 pl) into a rabbit eye, it was shown that the gel maintained
intravitreal protein concentration above the therapeutic level (>50 ng/ml).[165] Egbu et al.
reported the sustained release of infliximab (INF; MW:149.100Da pl:8.25) from two gel systems
based on crosslinked HA for the treatment of intraocular inflammation. Tyramine-substituted HA
(HA-Tyr, 4.8 kDa) was enzymatically crosslinked in the presence of INF to form a drug-loaded gel
(HA-Tyr, INF). A second gel was prepared by the polymerization and crosslinking of NIPAM with
poly(ethylene glycol) diacrylate (PEGDA) in the presence of unmodified HA (50 kDa) and INF to
form a thermosensitive PEGDA-pNIPAAM/HA semi-interpenetrating polymer network. In vitro

release of INF from these hydrogels was studied by using a two-compartment in vitro outflow
model of the human eye, called the PK-Eye. This model was previously developed by Awwad et
al. to estimate the clearance of ocular drugs by the anterior aqueous outflow pathway. [214] The
model is made of an anterior and posterior cavity, which are separated by a cellulose membrane.
This model previously showed clearance values for the studied drugs (ranibizumab, bevacizumab,
triamcinolone acetonide) that were comparable to that observed in humans.[214] Egbu et al.
showed that the two hydrogel formulations had a controlled release of INF, with the slowest
release rate being ~25% of the loaded protein in 9 days.[169] However, important issues among
which the in vitro hydrogel cytotoxicity, in vivo biocompatibility, possible interference of protein
functional groups in the crosslinking reaction and protein activity after release from the hydrogels
were not addressed in this study. Tetrazine-modified HA and norbornene-modified poly(ethene
glycol) were used to obtain an HA-Tz/PEG-bisnorbornene hydrogel for in-situ encapsulation of a
Fab fragment (Fabl) as a model protein.[172] In this hydrogel system, a catalyst-free inverse-
demand Diels-Alder reaction between tetrazine and norbornene groups was used to exploit the
bio-orthogonal nature and protein friendly conditions of this crosslinking method (Figure 6). At
room temperature, the gelation of the soluble hydrogel precursors occurred within 3 min.[172]
Protein release kinetics showed that the hydrogels formed from 20 and 50mg/mL HA showed a
sustained release of Fabl with a daily release rate >1ug for 7 and 27 days, respectively (Figure
6A-B). Importantly, more than 95% of the loaded Fabl was released from the hydrogels
suggesting that the protein was physically entrapped and had not undergone covalent bond
formation with the hydrogel matrix.[172] The integrity of the released protein was analyzed by
size-exclusion chromatography (SEC), ion-exchange chromatography (IEC) and by liquid
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chromatography-mass spectrometry (LC-MS). The proteins maintained their structure during their
residence time within the hydrogel network at 37°C and did not carry fragments of hydrogel
precursors. Although the authors had not investigated this system for intraocular protein delivery,
the in vitro release data are encouraging and suggest that intraocular release of ranibizumab may
be achievable as well with this system. Furthermore, additional in vitro, in vivo studies,
degradability studies and protein bioactivity after been released from the gel are necessary to
ascertain whether this delivery system is indeed safe and suitable for intraocular use.
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Figure 6 Schematic representation of the reaction between tetrazine-modified hyaluronic acid and
poly(ethylene glycol) bis-norbornene at physiological conditions reported by Famili et al.[172] to form an
in situ hydrogel network. A) Release of a model Fab1l protein from an in-situ formed gel based on HA-TZ,
PEG-bisnorbornene hydrogel in PBS at 37°C. Both high (50mg/ml) and low (20mg/ml) starting polymer
concentrations resulted in hydrogels, which showed a quantitative release of Fabl, suggesting that the
protein has not undergone unwanted reaction with the functional groups present in the hydrogel building
blocks. B) Hydrogels formed from 20 and 50mg/mL HA showed a sustained release of the loaded Fabl
protein > 1 pg/day for 7 and 27 days, respectively. Data points represent mean * standard deviation of n =
3 replicates. Adapted and reprinted with permission from [172] Copyright © 2017 American Chemical
Society.

3.3.2 Intravitreal hydrogels based on chitosan

Both natural (alginate, dextran, hyaluronic acid and gelatin) and semi-synthetic polymers
(chitosan) have been successfully used to prepare different drug delivery systems for
ophthalmological applications.[215] These polymers are primarily used in the preparation of
nano- or micro technology-based drug carriers but also for the development of in situ gels for the
delivery of low molecular weight drugs such as corticosteroids, antibiotics, antimetabolites and
siRNA mainly for topical therapy.[216-224] In contrast, fewer studies are showing the potential
use of these natural polymer based materials for ocular delivery of pharmaceutical proteins.[225-
227]
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Chitosan is a cationic polysaccharide that is prepared from the natural polymer chitin after partial
or complete deacetylation. In ophthalmic applications, chitosan-based nanocarriers and in situ
forming gels have been extensively investigated for the delivery of low molecular weight drugs
mostly to prolong the release of topically administered drugs.[228-230] There are some
promising examples of chitosan-based drug delivery strategies to deliver pharmaceutical
proteins, using nano- or micro particles and hydrogels.[194, 231] The in vitro sustained release of
bevacizumab and ranibizumab from chitosan-PLGA nano- or micro- particles have been studied
by Pandit et al.[232] and Elsaid et al.[233] for posterior eye therapy. The studied chitosan PLGA
nano- or micro- particles release 15% of loaded bevacizumab within 72h of the study, while
ranibizumab showed a biphasic release profile with an initial 20% burst release followed by a
second dose after ~135 days. Although chitosan is not soluble in water at a pH of 7.4, chitosan
can be dissolved in acidic solution, and because of the charged amino groups, it is able to interact
spontaneously with anionic polymers to form a hydrogel network.[234-236] Chitosan hydrogel

systems are being studied for the delivery of small drugs such as ciprofloxacin [237],
chloramphenicol [238], and latanoprost [239]) for ocular applications.[240-242]

Xu et al. studied the sustained release of bevacizumab from an alginate-chitosan hydrogel.[194]
Specifically, the hydrogel network was formed by glycol chitosan crosslinked by oxidized alginate.
The hydrogel completely released the protein within three days. This release rate is too fast for
long term ocular treatments; therefore, more extended release profiles should be investigated.
The in vitro and in vivo toxicity in relevant models were not reported in this study.

Carboxymethyl chitosan is a water-soluble polysaccharide with good biocompatibility used to
prepare hydrogels for pharmaceutical applications. Li-Qun Yang et al. described O-carboxymethyl
chitosan (CMCS) in-situ forming hydrogels for intraocular delivery of 5-fluorouracil (5-FU) or
bevacizumab using genipin as the water-soluble crosslinker.[177] After subconjunctival injection,
the effect of this drug-loaded CMCS hydrogel in modulating wound healing and reducing
postoperative 10P values following glaucoma filtration surgery on rabbits was evaluated. As
expected, based on the molecular weight of the drugs, it was shown that that bevacizumab was
released slower (20% after 53h, by anomalous transport) from the hydrogel than 5FU (8h, by
Fickian diffusion). In vivo evaluation showed that the CMCS hydrogels were compatible with the
cornea and gradually biodegraded in the rabbit’s eye. However, the mechanism that governs the
degradation was not studied. Drug-loaded CMCS hydrogels effectively delayed subconjunctival
scar formation after glaucoma filtration surgery and controlled postoperative |OP.[177] However,
it is essential to consider that genipin can readily react with primary amines present in lysine
residues of proteins that could potentially alter the structure of the protein and its function.[243]
This hydrogel system has shown to increase the therapeutic efficacy of glaucoma filtration
surgery, and in future studies, it would be interesting to investigate their potential use as long
term protein release depot for ocular applications.
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3.4 Intravitreal hydrogels based on synthetic polymers as matrices for the controlled release of
therapeutic proteins

Hydrogels based on synthetic polymers have been used as release systems of bioactives into the
eye. Poly(ethylene glycol) (PEG), poly(2-hydroxyethyl methacrylate) (pHEMA), poly(vinyl alcohol)
(PVA), polyacrylamide (PAM), poly(D,L-lactide-co-glycolide) (PLGA), poly(e-caprolactone) (PCL) are
the most commonly used synthetic polymers to prepare ocular drug delivery systems.[215, 244,
245] PEG is a frequently used synthetic polymer for biomedical and pharmaceutical applications,
also in ophthalmology. It is a water-soluble polymer that can be eliminated from the circulation
by the kidneys up to a molecular weight of 50 kDa.[246] Since 1990, several PEG-based
pharmaceutical products have been approved by the FDA for clinical use.[244, 247, 248] Jing Yu
et al. used an in-situ covalently crosslinked PEG hydrogel for the intraocular delivery of Avastin®
(bevacizumab).[188] The PEG hydrogels were formed via a thiol-maleimide reaction between 4-
arm PEG-Mal and 4-arm PEG-SH at physiological conditions. Variation of polymer concentrations
yielded PEG hydrogels with differences in gelation time, the extent of swelling, pore size and
mechanical properties. These PEG hydrogels and their leachables were non-toxic to L-929 cells
after seven days of cell culture. Importantly, L-929 cells on the surface of this PEG hydrogel
showed a different morphology and did not proliferate because of poor cell adhesion. Since the
system is aimed to function as a long-term intravitreal reservoir, the fact that cells do not adhere
to the hydrogel surface might be beneficial to prevent undesired cell adhesion and proliferation
on the hydrogel depot. The PEG hydrogel formulation showed in vitro (PBS buffer of pH 7.4 and
at 37 °C) release of 25% encapsulated bevacizumab within 1 day and subsequently released 70%
of the loaded protein for the subsequent 14 days. Further, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) showed that no fragments with molecular weights smaller than
that of the native protein were detected. However, the authors did not show whether the activity
of the released protein was retained.[188] Besides the examples given above, many other in-situ
forming PEG hydrogels have been investigated to deliver both pharmaceutical proteins and low-
molecular-weight drugs with promising results for ophthalmic application. [173, 188, 249-251]
Imperiale et al. summarized the use of synthetic and natural polymers for ophthalmic drug
delivery.[215] Synthetic and natural polymers can be engineered to stimuli-responsive hydrogels,
meaning that they jellify or release drugs from their network in response to external stimuli (for
example, changes in temperature, oxidation, light intensity, pH, ionic strength). These hydrogels
are very attractive for ophthalmic applications as they can be formed in situ in the ocular tissues.
However, the majority of currently developed stimuli-sensitive hydrogels are focused on the
topical delivery of small molecular drugs. [218, 252-255] While, in protein delivery, light-activated
gels (section 3.4.1) and temperature-sensitive hydrogels (described in section 3.4.2), are the most
commonly developed systems for intraocular medications.

3.4.1 Photosensitive synthetic hydrogels:

Light-activated in situ forming gels are an attractive concept for intraocular delivery mainly
because light can travel to the posterior segment from the anterior segment, causing the
formation of an in situ hydrogel network. Thus, after injection or deposition of hydrogel precursors
in the eye, light can be used together with a photoinitiator to photocrosslink the gel in situ.
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Furthermore, the release of therapeutic proteins from the hydrogel depot can also be photo-
modulated, as described in section 3.5. Tyagi et al. reported about a light-activated, in situ forming
gel based on polycaprolactone dimethacrylate and hydroxyethyl methacrylate.[195] The gel
network was formed in the presence of a photoinitiator 2-dimethoxy-2-phenylacetophenone
(DMPA) and 365 nm UV light. After 10 minutes of crosslinking, the gel network was able to sustain
the delivery of bevacizumab up to 4 months in vitro after an initial 20% burst release. In vivo
studies showed sustained release in the suprachoroidal space for at least 60 days in a rat model.
Williams et al. investigated the extended-release of bevacizumab by embedding protein
containing microparticles into hydrogel matrices (based on photocurable PEG).[256] The in vitro
release profile from this system showed a zero-order release of active bevacizumab over 90 days.

Although photosensitive hydrogels may represent an interesting delivery strategy for ocular
application, several drawbacks could limit the clinical translation. The use of photoinitiators that
form free radicals upon exposure to light could potentially harm ocular tissues or the
encapsulated protein cargo. Long crosslinking times may also be an issue as the use of specific
laser light and wavelengths may not be well tolerated by the eye.

3.4.2 Temperature-sensitive synthetic hydrogels

Due to the fast in-situ gelation properties, temperature-sensitive hydrogels have been frequently
investigated as systems that slowly release therapeutic proteins to the back of the eye. After the
administration of the formulation, the change from room to body temperature triggers its
gelation. These systems are characterized by a phase transition at a certain temperature in
aqueous solutions, which is known as “lower critical solution temperature (LCST) behavior.”[257]
Thermo-responsive polymers most commonly used in the pharmaceutical field for the
formulation of injectable hydrogels are characterized by an LCST between room and body
temperature. Formulations based on this type of polymers can be used as injectable release
systems since they are liquid at room temperature and jellify rapidly at body temperature after
administration. Therapeutics can be easily loaded in these gels by dissolving/dispersing them in
the hydrogel precursor solution. After crosslinking, the encapsulated drugs will be released in a
controlled manner with kinetics depending amongst others on the size of the therapeutic agent,
hydrogel pore size and swelling/degradation. Temperature-sensitive polymers can be either
synthetic or natural origin. However, in this review, we focus on synthetic thermosensitive
polymers since they have been predominantly used to deliver and release proteins to the retina.
The most frequently investigated thermosensitive polymers are poly-(N-isopropylacrylamide)
(PNIPAM),  poloxamers (Pluronics®), poloxamines (Tetronics®), poly(methacrylamide
hydroxylpropyl lactate) (pHPMAm-lac), poly(2-ethyl-2-oxazoline)-b-poly(e-caprolactone)-b-
poly(2-ethyl-2-oxazoline) (PEOz-PCL-PEQz), and poly(DL-lactic acid-co-glycolic acid) (PLGA)-
polyethylene glycol (PEG)-PLGA (PLGA-PEG-PLGA). These polymers can be derivatized with
functional groups that allow chemical crosslinking for further stabilization of the hydrogel
network. Hydrogels obtained by covalent crosslinking of thermosensitive polymers swell below
the LCST but collapse (shrink) above the LCST.[257] Xie et al. reported the use of a
thermosensitive PLGA-PEG-PLGA hydrogel for sustained release of Avastin® to treat posterior
segment diseases.[187] The sol-gel transition of the system occurred at 26°C, as demonstrated by
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rheological studies. However, the Avastin® loaded PLGA-PEG-PLGA hydrogel showed lower
gelation temperatures of 22-24°C depending on the concentration of the protein. The authors
suggest that hydrophobic regions of the protein might interact with hydrophobic polymer
segments of PLGA-PEG-PLGA, resulting in a lower gel formation temperature. The authors also
mentioned that a similar result was reported by Park et al.[258] It should be remarked that these
hydrophobic interactions might cause undesired protein unfolding resulting in loss of its
biological activity. Furthermore, although a fast thermal transition is observed at these
temperatures (22-26°C), the LCST temperature close to room temperature might cause unwanted
gelation prior to the intravitreal injection. The authors claimed that the system slowly releases
the protein up to 14 days in vitro. However, reported data showed a 10-13% release within 8
hours, followed by marginal release (<2.5% of the loaded amount of protein) for two weeks.[187]
Nevertheless, in vivo pharmacokinetic studies (formulations were injected in rat eyes) showed that
the PLGA-PEG-PLGA hydrogel could extend the presence of Avastin® in the vitreous humor and
retina for 4 weeks (35 * 14 ng/mL) compared with bolus injection (no Avastin® was detected in
the vitreous humor after 4 weeks).[187]

PNIPAm gained substantial attention for biomedical and pharmaceutical applications after being
described by Heskins and Guillet as a temperature-dependent phase transition polymer in
aqueous solution.[259-261] This phase transition (LCST) occurs at 32°C and is suitable for the
design of in-situ gelling systems.[262, 263] PNIPAM has isopropyl (CH(CHs),) and amide (CONH)
moieties in its structure. Below the LCST, the polymer is soluble in water because of hydration of
the amide bonds, whereas above this temperature, the hydrophobic characteristics of the
isopropyl groups dominate the properties in water, resulting in polymer precipitation.[261] The
incorporation of hydrophilic monomers in the polymer chains results in an increased LSCT, while
more hydrophobic units decrease the LCST. [264] Because of its attractive characteristics, PNIPAm
based hydrogels have been studied as drug delivery systems for various applications, including
ocular therapy.[173, 265-268] However, PNIPAM based hydrogels can be very fragile and
unstable, resulting in the relatively fast release of the loaded drugs.[265, 269] Furthermore, at
high concentrations, both physically and chemically crosslinked PNIPAM-based hydrogels often
show a common phenomenon known as syneresis due to the shrinking of gel size with the
expulsion of water from the network.[270] This dehydration of the network will mediate the rapid
expulsion and release of proteins and/or cause undesired gel-protein interactions.[265] There are
different ways to enhance the mechanical stability of PNIPAM hydrogels, as reviewed by Haq et
al.[269] For instance, an interpenetrating polymer network can be formed by the incorporation of
another polymer in the hydrogel matrix to obtain a multicomponent polymeric system.[271-273]
PNIPAM can be co-polymerized with different monomers, e.g. acrylic acid (AA),[274] N, N-
dimethylacrylamide (DMA)[275] to prevent syneresis.[276, 277] Alternatively, PNIPAM
copolymerized with functional monomers can be covalently crosslinked with other
complementary polymers by, e.g. azide/alkene click chemistry, Michael addition,
photopolymerization and thiol-ene reactions to form stable hydrogels. [278-280] It should be
mentioned that pNIPAM and its copolymers with hydrophilic and/or hydrophobic monomers are
generally not biodegradable, which represents a major limitation for its use as a drug delivery
system for the eye. Nevertheless, several PNIPAM copolymers have been engineered to obtain
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networks that are degradable under physiological conditions. For example, PNIPAM copolymers
with hydrolyzable side groups can, in time, result in the formation of soluble polymer chains,
which can be eliminated by the kidneys when the molecular weight is sufficiently low.[7, 281]
Neradovic et al. developed an AB block copolymer of PEG (A block) and a random copolymer of
NIPAM and N-(2-hydroxypropyl) methacrylamide lactate (HPMAm-lactate) (B block).[282]
Interestingly, these block copolymers formed micelles at 37 °C which is above the LCST of the B
block, but after hydrolysis of the lactate side groups, the cloud point (CP) increased above 37°C
resulting in the dissolution of the polymers. Since then, other copolymers of NIPAM with
hydrolytically labile monomers have been developed.[283-287] Vernon et al. reported on the
hydrolysis-dependent degradation of NIPAM copolymerized with dimethyl-y-butyrolactone
acrylate (DBA). As shown in figure 7, after hydrolysis of DBA, the overall polymer becomes more
hydrophilic due to the formation of hydroxyl and carboxyl groups that will then promote polymer
dissolution.[285, 286] The suitability of NIPAM and DBA copolymers for injectable hydrogels for
biomedical applications was demonstrated for example by Vo et al. and Boere et al.[287, 288]
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Figure 7 Synthesis and hydrolysis of poly(NIPAAM-co-dimethyl-y-butyrolactone). Adapted and reprinted
with permission from [285] Copyright © 2007, American Chemical Society.

Imai et al. reported on a synthetic subconjunctival implanted hydrogel for sustained release of
insulin to rescue retinal neurons from apoptosis in diabetic rats.[171] The hydrogel was
synthesized by UV photopolymerization of N-isopropylacrylamide and a dextran macromer
containing oligolactate-(2-hydroxyethyl methacrylate) units. FITC-insulin was dissolved in N, N-
dimethylformamide (DMF) together with hydrogel precursors and upon UV polymerization in a
Teflon mold, FITC-insulin-loaded hydrogels were obtained. This protein was released from this
gel in vitro for least five months by a combination of degradation and diffusion, depending on the
hydrogel composition.[171] Interestingly, FITC-insulin released from the hydrogel after
subconjunctival injection could be detected on the target site (euthanized retina model) by
confocal imaging. In vivo, biosafety studies showed normal retinal histology after two months
post blank hydrogel implantation in Sprague-Dawley rats. The developed poly(NIPAm-Dex-
lactate HEMA) hydrogels showed the capacity to release biologically active insulin for 1 month
to the retina via subconjunctival implantation with the potential to minimize DR without the risk
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of hypoglycemia. Although the authors showed that there was no toxicity in the animal model,
possible residual of DMF present after preparation and purification of the hydrogel may pose a
risk for toxicity in the eye.[171] Derwent et al. developed thermoresponsive hydrogels as drug
delivery systems for ocular applications.[173] Poly(ethylene glycol) diacrylate (PEG-DA) was
polymerized with NIPAM to obtain a non-degradable hydrogel, which was used to encapsulate
bovine serum albumin (BSA) and immunoglobulin G (IgG) as model proteins. The crosslinked
PNIPAM-PEG-DA hydrogel showed a phase transition at 32°C and was injectable using a 27-30
gauge needle below this temperature. This injection was possible because, at room temperature,
the formulation is liquid but rapidly gelated within 1 minute at 37°C. The release kinetics of the
loaded proteins could be tuned by varying the ratio of PEG-DA/NIPAM and, therefore, the crosslink
density. The different hydrogels showed a rapid release within 48 hours of the loaded proteins,
which might be due to the initial volume collapse of the hydrogel in response to temperature.
Thereafter, the loaded proteins were released for three weeks. In vivo tests confirmed hydrogel
formation in the vitreous of a rat model after intravitreal injections of a FITC-labeled hydrogel
formulation. A fluorescein angiography image of the FITC-hydrogel showed the localized
formation of the gel in vitreous, and no adverse effects on the retina were observed in histological
studies.[173] Furthermore, a test on retinal function after the injection of PEG-DA crosslinked
PNIPAmM hydrogel showed a limited transient effect on retinal function without any long-term
adverse effects.[166] However, the clinical translation of this formulation is unlikely because the
gel system does not degrade under physiological conditions. Wang et al. developed a
thermosensitive and biodegradable hydrogel based on a triblock copolymer of poly(2-ethyl-2-
oxazoline)-b-poly(caprolactone)-b-poly(2-ethyl-2-oxazoline)(PEOz-PCL-PEOz) which was used as
an intraocular controlled release system for bevacizumab (Figure 8).[190] The aqueous solution
of the polymer showed a reversible sol (room temperature) —gel (physiological temperature)
phase transition to yield a hydrogel. The protein was loaded in the hydrogel by the dissolution of
bevacizumab with the PEOz-PCL-PEOz triblock copolymer at low temperature, and subsequently,
the temperature of the obtained solution was increased to 37°C. The formed hydrogel was
incubated in balanced salt solution as the standard saline for intraocular use (BSS) at 37 °C, and
the released protein was detected by enzyme immunoassay (ELISA). During the first 11 days, a
diffusion-controlled release was observed, while from day 12 to 20, the release was controlled by
a combination of diffusion and erosion. Overall, 80% of the loaded bevacizumab was released
from the hydrogel network in 20 days (Figure 8A), and the released protein was able to bind to
VEGF, demonstrating that the biological activity of the protein was preserved. However, longer-
term release profiles should be aimed as currently soluble bevacizumab is typically administered
once a month. The hydrogel hydrolytic degradation was conducted at 37°C in BSS and analyzed
by scanning electron microscope. Initially, the hydrogel surface morphology was smooth and
became more and more porous over time due to hydrogel erosion. After ten days of degradation,
pores of 10-20 pm in size were seen, and channels were observed through which the protein
could have been released. In vivo studies demonstrated that the hydrogel was formed in a
localized position in the vitreous after intravitreal injection. Histomorphology and
electrophysiology were studied on rabbit neuroretina, and normal functions were preserved two
months after injection and thus showing the safety of this system in the rabbit eye. Gregoritza et
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al. investigated the controlled release of bevacizumab from a degradable thermoresponsive
hydrogel crosslinked by Diels-alder chemistry (see figure 9).[189] The hydrogel was prepared by
reacting maleimide modified four, and eight-armed poloxamines with furyl modified four and
eight-armed poloxamines. This thermal gel showed a rapid sol-gel transition at 37°C due to its
thermosensitivity, which was stabilized by the Diels-Alder click reaction between the maleimide
and furyl groups. The obtained gels released > 90% of the loaded protein over a period of 7, 21
and 115 days, depending on the used ratios between four- and eight-armed polymers at a fixed
polymer total concentration. Furthermore, binding studies of the released antibody at 7 and 30
days demonstrated that the structural integrity of the released protein was almost fully preserved.
The hydrogel might be beneficial for the treatment of ocular neovascularization.

Rauck et al. investigated the in vivo release of bevacizumab from poly(ethylene glycol)-poly-
(serinol hexamethylene urethane) thermal hydrogels (ESHU) after intravitreal injection in a rabbit
eye.[192] Rheological studies on ESHU solution in phosphate-buffered saline showed a phase
transition at 32°C with a maximum elastic modulus at 37°C as previously described by Park et
al.[289] Rauck and co-workers analyzed samples obtained from the anterior chamber paracentesis
to quantify the concentrations of released protein using ELISA.[192] Compared to bolus
bevacizumab injections, ESHU hydrogels were able to sustain therapeutically active bevacizumab
intravitreal concentrations for nine weeks, which is ~4-5 times longer than observed after the
injection of the free protein (~2 weeks).[192]
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[190] Copyright © 2012, American Chemical Society.
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Figure 9 Schematic representation of poloxamines with multiple maleimide or furyl groups used for
hydrogel formation by Diels-Alder reaction. In vitro release of bevacizumab from 0%/30% (A), 5%/25% (B),
and 10%/20% (C) 8armPoloxamine to 4armPoloxamine ratios Diels-Alder hydrogels in phosphate buffer,
pH 7.4 at 37°C. Adapted and reprinted with permission from [189] Copyright © 2017 American Chemical
Society.

3.5 Hybrid-delivery hydrogel technologies

Besides the dispersion/dissolution of a proteinaceous drug in a hydrogel matrix, sustained
release can also be obtained by incorporating drug-loaded polymeric nanoparticles,
microparticles, micelles and liposomes in a hydrogel network, which is named hybrid-delivery
technology.[134, 226, 290] As previously discussed in section 2.2.3, drug delivery particles with
size <500nm generally diffuse rapidly in the vitreous and are rapidly cleared from the posterior
segment, especially if neutrally or negatively charged. Therefore, once loaded in hydrogels, drug-
loaded particles are immobile and thus retained at the site of administration. Rong et al. recently
evaluated the use of insulin-loaded chitosan nanoparticles/PLGA-PEG-PLGA hydrogel (ICNPH) for
a neuroprotective effect in a diabetic retinopathy rat model.[167] The primary objective of the
study was to provide evidence for its potential clinical application for DR. After subconjunctival
injection of ICNPH in diabetic rats, retinal histological and functional changes were evaluated at
different time points. The authors showed that the system was able to protect retinal function,
reduced cell apoptosis and decreased VEGF expressions compared to controls.[167] Another
intraocular hybrid nanoparticles/hydrogel delivery technology was studied by Basuki et al.[170],
who described the use of polymer-coated gold nanoparticles (AuNPs) loaded in an agarose
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hydrogel as a depot for intraocular delivery of both model proteins (BSA, 1gG) and therapeutic
proteins (bevacizumab, ranibizumab, conbercept). The system was engineered to release the
proteins to the retina by a visible light-trigger with an “on-off” release mechanism for non-
invasive repetitive dosing. The exposure of visible light (400-500 nm, 508 mW/cm?, 10 min)
caused a localized temperature increase of the hydrogel depot (up to 50 °C) due to the conversion
of photons to thermal energy by gold nanostructures. As a result, the agarose matrix underwent
a reversible reduction of the storage modulus (G’) that resulted in the triggered release of the pre-
loaded proteins. This reduction of G’ is associated with lower crosslink density, increased swelling
and thus larger mesh size of the network. The authors showed the in vitro “on-off” release of the
loaded proteins from a 2% agarose 0.01% polymer-coated gold nanoparticles (AuNPs) agarose
hydrogel (AuNPs hydrogel), and the rates were generally comparable.[170] The system showed
photo-thermal modulation after implantation of the depot loaded with FITC-BSA in the anterior
chamber of an isolated bovine eye since high intensity of the FITC-BSA was measured in the

aqueous humor after light exposure compared to suitable controls. It would be interesting to
study the photo-thermal modulation of this system after intravitreal implantation, as released
protein from the hydrogel matrix can easily diffuse to the retina. The system may have good
potential as an on-demand release of therapeutics for the treatment of various chronic diseases.
Further, the authors did neither discuss nor show data regarding the biodegradability and
elimination of the delivery system after the complete release of the loaded proteins. No toxicity
was shown to L929 (mouse fibroblasts) after 2 minutes of exposure to blue light (400-500 nm)
with increasing light intensity at a fixed distance. However, blue light can cause loss of
mitochondrial respiratory activity and therefore result in a decrease of retinal cells viability, as
shown by Godley et al.[291] Therefore, parameters such as blue light exposure time, light intensity
and wavelength should be investigated carefully and optimized to prevent undesired toxicity to
retinal tissues.

4 Current challenges for ocular protein delivery by hydrogels

Despite the many advantages of hydrogel-based protein delivery systems, several important
issues have to be addressed to develop an effective intraocular drug delivery system suitable for
clinical translation and application.

4.1 Protein stability

The physical and chemical stability of the encapsulated and released proteins is crucial at the
different stages of drug delivery system development. Ideally, the protein should retain its
complex secondary and tertiary structure and biological activity during loading, storage and
release, because the loss of structural integrity can result in unwanted immunological
responses.[104-106, 292] Hydrogels have proven to stabilize proteins by limiting their mobility
in the network structure.[293-295] However, the development of in-situ forming hydrogel
formulations with crosslinking mechanisms that do not interfere with different functional groups
in proteins (e.g. NH, and SH groups) is a major challenge. Some of the developed crosslinking
methods make use of thiol-ene, thiol-maleimide, and Diels-Alder reactions, which can result in
highly unwanted chemical immobilization of the protein molecules onto the hydrogel
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network.[296-298] The grafted proteins will only be released upon degradation of the network.
Moreover, the released proteins may still carry fragments of the network, which in turn may
compromise protein activity and might even induce immunogenicity.[106] Double-bonds, present
in compounds carrying vinyl sulfone (VS), (metha)crylate, and maleimide groups are reactive
towards thiols and amines present in proteins. Yu et al. reported that the formation of covalent
bonds between bevacizumab and HA-VS of hydrogel networks results in an incomplete release of
the encapsulated protein (less than 20% of the loaded protein was released).[296] The authors
suggest the use of De Gennes’s blob theoretical model for polymers at the semi-dilute state[299]
as guidance to reduce the chemical grafting of proteins to the vinylsulfone-thiol (VS-SH) hydrogel
network.[296] According to this blob model, polymer chains in semi-dilute solutions can interact
with each other at the entanglement points. The authors compared such polymers to the in-situ
crosslinked hydrogel state from the blob perspective in which the VS-SH hydrogel is formed by
chemically crosslinking at the entanglement points. They discussed that the covalent grafting of
proteins in the hydrogel network via reaction of, e.g. SH in the protein and VS groups of the
polymer is due to the mismatch between reactive groups and the entanglement points, leaving
many unreacted VS and SH groups. Therefore, protein grafting to the polymer chains was reduced
by using a higher degree of modification (DM) and a higher concentration of SH polymers
compared to VS polymers. This strategy was used to decrease the number of unreacted VS groups
to achieve extended-release profiles of approximately 60% unmodified proteins for 3
months.[296] As previously discussed Gregoritza et al.[189] reported that bevacizumab released
from a Diels-Alder (furan-maleimide) in-situ forming hydrogel had the same affinity for the VEGF
receptor as native bevacizumab by using ELISA assay. However, the authors did not analyze
whether the released protein contained fragments of the degraded polymer network, which
might, as mentioned before, induce unwanted immune responses. Nevertheless, the potential and
unwanted protein reactions with groups present in hydrogel precursors remain one of the major
hurdles faced today. Famili et al.[172] report the development of bio-orthogonal crosslinking
chemistries that enable in-situ protein encapsulation without competing reactions with protein
functional groups to provide sustained and complete release, as discussed in detail in section
3.3.1. The pH of the formulation is another critical parameter to consider as both very low and
high pH values can be detrimental for protein stability and activity due to irreversible
conformational changes. Further, the pH, concentration and type of buffering salt can influence
many degradation pathways such as deamidation, disulfide bond formation/exchange,
isomerization, and fragmentation.[300-302] The optimum pH value varies largely depending on
the type of protein. Generally, a weak acidic buffer is optimal for the storage of most
antibodies.[300] For example, some of the presently used antibodies such as adalimumab,
ranibizumab, and bevacizumab are formulated in slightly acidic buffers (pH 5.2, 5.5 and 6.2,
respectively, below their isoelectric points (~8.3- 8.8)[50, 303, 304] for ocular treatments.[189]

4.2 Hydrogel turbidity and viscosity

Hydrogels for intraocular delivery are often designed to be thermosensitive hydrogels. However,
some of these hydrogels (based on, e.g. PNIPAM, PLGA-PEG-PLGA, PEOz-PCL-PEQz), become
turbid at physiological temperature resulting in non-transparent hydrogels. (Figure 8B) This
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phenomenon raises the question of whether hydrogels injected in the vitreous body need to be
transparent. There are no restrictions on whether a formulation or device injected into the eye
has to be transparent or not.[164] Nevertheless, from the patient's viewpoint, transparency would
be beneficial, and accordingly, some formulation scientists conclude that transparency is a
significant asset,[165, 173, 226] Nevertheless, the human eye vitreous volume (~4 ml) is relatively
large in comparison with the typically injected formulation volume (50 pl). Therefore, hydrogel
turbidity does not seem to represent a major obstacle-when the hydrogel is injected and localized
outside of the visual path (e.g. behind the iris). Derwent et al. reported the localized presence of
a thermosensitive FITC-labeled hydrogel in an adult rat model after intravitreal injection. Laser
ophthalmoscope images demonstrated that the hydrogel formed locally, and no fluorescence
from any other location in the vitreous was observed, and thus the injected hydrogel might not
interfere with the vision. Interestingly, after two months, the hydrogel had not moved from the
site at which it was initially injected.[173] In addition, it is essential to highlight that opaque FDA

approved implants are successfully used in the clinic to treat ocular diseases.[305] However, it is
clear that bulky opaque materials/implants are not ideal for intravitreal drug delivery as they
could prevent light from reaching the retina. Therefore, since that hydrogels are swellable
materials, it is important that opaque gels do not obscure the vision by increasing in size due to
swelling and/or degradation after intravitreal implantation. Moreover, small opaque materials
should not be injected in the middle of the vitreous body to prevent any discomfort for the patient.

The viscosity of polymeric solutions during injection needs to be considered when developing an
injectable in-situ, forming hydrogel as the needle diameter used for intraocular delivery is very
small (~22-31G).[165, 190] Generally, hydrogels developed for ocular delivery have a relatively
high polymeric concentration to achieve extended-release profiles. This high concentration, in
turn, may render the injectable solution very viscous and, therefore, do not allow the use of small
needles. For this reason, research has been focused on hydrogels that have low initial viscosity,
which can increase quickly upon a sol-gel transition at the site of injection. The sol-gel change
should occur shortly after injection but not instantaneously to prevent gelation and thus clogging
in the needle during the injection procedure.

4.3 Sterilization methods, safety issues, and industrial production

The sterilization methods and safety issues are parameters that need to be taken into
consideration for the design and development of intraocular hydrogels that aim to receive
approval by registration authorities. The sterilization process of polymeric biomaterials is often
challenging, as many sterilization methods have shown to affect the properties of biodegradable
polymers profoundly.[306] The sterilization processes among which radiation, chemical
sterilization and exposure to high temperatures can cause unwanted polymer degradation and
structural changes.[306-308] Also, undesirable effects of the applied sterilization method on the
loaded proteins may be a significant issue. Therefore, preferred sterilization methods may differ
depending on the polymer/hydrogel composition and drug properties. Importantly, aseptic
production technologies and sterile filtration represent an attractive method to pharmaceutically
produce sterile hydrogel products. Saher et al. used thermosensitive (poloxamer 407 and 188) and
ion-activated Gelrite polymers (phytagel) to formulate an ocular in-situ forming gel. The authors
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concluded that for this system, sterile filtration via a 0.22-um membrane filter was a more
effective sterilization method than gamma sterilization.[309]

Hydrogel degradability is a crucial issue to consider when developing intraocular hydrogel
formulations. As previously discussed, hydrogels can be engineered to degrade by enzymatic
hydrolysis, photolytic cleavage, via ester hydrolysis or a combination of these mechanisms with
different degradation rates, depending on the desired drug release rate and specific application.
Hydrogels are generally designed to degrade into non-toxic soluble products, which can be either
be metabolized and eliminated from the body. It should be mentioned that, so far, there are very
Llimited studies describing the long-term in vivo hydrogel degradation in vitreous. However, during
material design, it is essential to scrutinize the elimination pathways of molecules used or
generated during hydrogel chemical crosslinking or degradation (such as unreacted monomer,
initiator, reactive groups and crosslinkers), as such molecules could cause local or systemic
toxicity. For example, photo-initiators, such as 2,2-dimethoxy-2-phenyl-acetophenone
(mentioned in section 3.4.1), can potentially be cytotoxic and they produce potentially harmful
free radicals.[310] Unreacted functional groups (e.g. maleimide, thiols ) and polymer fragments
can leak out of the hydrogel network during swelling and degradation to the surrounding tissues
triggering undesired side reactions. [311] To overcome these issues, research should focus on
crosslinking strategies that do not require toxic catalysts and do not generate toxic by-products
(e.g. copper-free strain-promoted azide-alkyne cycloaddition[210], inverse-electron demand
Diels-alder[312] and Staudinger ligation).[297, 313] Ideally, hydrogel network degradation should
generate biologically inert molecules or polymer fragments that can be quickly eliminated from
the eye and body. (e.g. small and hydrophilic fragments with non-reactive functional groups).

In addition, more information on intravitreal clearance of molecules with different properties
(such as size, charge, and composition) in relevant animal models that can allow animal-to-human
translation are considered valuable for the development of intravitreal dosage forms. In 2015,
Del Amo et al. analyzed data found in the literature on intravitreal pharmacokinetics in rabbits
and humans and concluded that the rabbit animal model could provide a useful prediction for
clinical translation.[314] This study did not evaluate disease state effects, which might
complement the understanding of intravitreal pharmacokinetics.

Furthermore, other safety issues that are to be considered when designing injectable in-situ
forming hydrogels for prolonged intraocular release of biotherapeutics are IOP and hydrogel
toxicity. As mentioned, hydrogels are swellable materials, and it is important that the swelling
properties of the designed hydrogels do not cause IOP. Therefore, efforts should be made to
systematically study the correlation between hydrogel swelling ratios and the risk of IOP, as not
much information has been reported until now. The toxicity of hydrogels to ocular tissues has
been tested both in animal models (rat, mouse, rabbit) and cell models (e.g. RPE cell; L-929 cells)
(Table 3). Overall, no significant toxicity has been observed using these models for many hydrogel
formulations. However, efforts should be made to evaluate the cytocompatibility of new polymer
building blocks and formulations also on other ocular cells, especially those that are relatively in
close proximity to the vitreous cavity (e.g. Ganglion cells, Muller cell, and photoreceptors). Yu et
al. demonstrated that an HA-VS/Dex-SH hydrogel was relatively safe using in vitro
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cytocompatibility tests on ARPE19 cells and "in vivo" compatibility on female New Zealand White
rabbit’s eye. Further, IOP measurement, ophthalmoscope, full-field electroretinography (ERG), and
histological studies showed that the system was compatible with the rabbit’s eye after ~ 3 months
of evaluation. [165] Other in vitro and in vivo safety tests of different intraocular hydrogel
formulations suggest that many of them are potentially safe for intraocular applications.[177,
188, 190, 289] Nevertheless, long term safety on the human eye has to be investigated.
Furthermore, despite the promising preclinical results and the economic potential of intravitreal
hydrogels, issues in industrial scale-up and production need to be adequately tackled in the
development stage. The manufacturing process and quality control should all match with the
standards of GMP and Pharmacopeia. Unfortunately, during the early preclinical research, these
crucial aspects are generally insufficiently studied as a result of lacking information in the
literature regarding scalability and process development toward GMP manufacturing of hydrogels
for ocular applications. The novelty of the approach might be the primary reason for this gap in

knowledge. This challenge is even more prominent due to the complex chemistry required to
design in situ forming hydrogel for intravitreal protein delivery. The production of polymeric
hydrogels is generally accomplished by polymerization of different monomers (mainly
hydrophilic) or by modification or functionalization of existing polymers (natural or synthetic). In
some cases, multiple synthetic steps are required first to produce the monomers or the functional
linkers and then proceed with polymerization or functionalization and crosslinking. This long and
complicated synthesis route might limit industrial production as it may not be cost-effective.
Unfortunately, another critical challenge that needs to be addressed is the issue of batch-to-batch
variation seen on the polymer synthesis (e.g. molecular weight, degree of substitution of
functional groups) and hydrogel crosslinking density which could then cause unpredictable
release profiles. Finally, it is essential to consider that intraocular polymer depot systems can
potentially be contaminated with endotoxins during the polymer production or packaging
processes. According to FDA guidelines (issued in 2015, "endotoxin testing recommendations for
single-use intraocular ophthalmic devices"), the recommended endotoxin Llimit for ophthalmic
devices is 0.2 EU/mL for the anterior and posterior segment of the eye.[315] Endotoxins cannot
be easily removed after contamination, and thus the recommended limit value should be taken
into account in starting materials and processes. Natural polymer materials may be more prone
to endotoxin contamination when compared to synthetic polymers due to difficulties in optimal
purification from natural sources.

5 CONCLUSION AND PERSPECTIVES

Intraocular drug delivery is an important challenge, considering that retinal diseases are the
leading cause of visual impairment worldwide. So far, the treatments with therapeutic proteins
still face significant limitations, including frequent intraocular injections, related adverse effects,
relatively high clearance, and high costs of the treatments. The efficiency of intraocularly injected
proteins such as bevacizumab, ranibizumab, aflibercept and infliximab has been shown, but
despite the clinical successes, sustaining sufficient concentrations in the target tissue for an
extended period is still challenging. This review describes the ideal features of hydrogels that
could solve these major limitations. In the last years, tremendous efforts have been made to
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develop injectable, fast gelling, biocompatible and biodegradable gels. However, challenges
regarding initial gel viscosity, hydrogel turbidity, crosslinking strategies, sterilization procedures,
storage conditions and long-term intraocular safety need to be addressed by formulation
scientists and ophthalmologists to facilitate their clinical translation.

The next generation of intravitreal hydrogels for improved sustained protein delivery should
move towards biorthogonal crosslinking to preserve the stability of the encapsulated bioactive
and also improve the safety profile of the used materials. Furthermore, the continuous down-
regulation of VEGF in the eye due to the prolonged release of anti-VEGF from the hydrogel depot,
might, in the long run, cause undesired side effects. Therefore, the next generation of hydrogels
depot ideally should focus on disease state triggered sustained release of anti-VEGF so that the
depot will release the drug only when there is an up-regulation of the growth factor. Hydrogel
depots that provide co-delivery of low molecular weight drugs (e.g. anti-inflammatory
corticosteroids) together with therapeutic proteins for a synergic effect might offer an attractive
platform for intraocular therapy. Overall, from a clinical standpoint, injectable hydrogels have
shown to be attractive tools for sustained protein delivery to the back of the eye. Their
administration is similar to the current clinical procedures for intravitreal injections of anti-VEGF,
but less frequent injections are potentially needed. Therefore, hydrogels may represent a useful
tool to solve the unmet needs in intraocular protein delivery to the retina in the near future.
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ABSTRACT

Retinal diseases are the leading cause of visual impairment worldwide. The effectiveness of
antibodies for the treatment of retinal diseases has been demonstrated. Despite the clinical
success, achieving sufficiently high concentrations of these protein therapeutics at the target
tissue for an extended period is challenging. Patients suffering from macular degeneration often
receive injections once per month. Therefore, there is a growing need for suitable systems that
can help reduce the number of injections and adverse effects while improving patient
complacency. This study systematically characterized degradable “in situ” forming hydrogels that
can be easily injected into the vitreous cavity using a small needle (29G). After intravitreal
injection, the formulation is designed to undergo a sol-gel phase transition at the administration
site to obtain an intraocular depot system for long-term sustained release of bioactives. A Diels-
Alder reaction was exploited to crosslink hyaluronic acid-bearing furan groups (HAFU) with 4 arm-
PEG10K-maleimide (4APM), yielding stable hydrogels. Here, a systematic investigation of the
effects of polymer composition and the ratio between functional groups on the hydrogels
physicochemical properties was performed to select the most suitable formulation for protein
delivery. Rheological analysis showed rapid hydrogel formation, with the fastest gel-formation
within 5 min after mixing the hydrogel precursors. In this study, the mechanical properties of an
ex vivo intravitreally formed hydrogel were investigated and compared to the in vitro fabricated
samples. Swelling and degradation studies showed that the hydrogels are biodegradable by retro
Diels-Alder reaction at physiological conditions. The 4APM-HAFU (ratio 1:5) hydrogel formulation
showed sustained release of bevacizumab > 400 days by a combination of diffusion, swelling and
degradation. A bioassay showed that the released bevacizumab remained bioactive. The hydrogel
platform described in this study offers high potential for the sustained release of therapeutic
antibodies to treat ocular diseases.

Keywords: Anti-VEGF; Ocular drug delivery; Mechanical Properties; Hyaluronic Acid; Injectable
Hydrogels
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1 INTRODUCTION

According to the world health organization, in 2019, approximately 2.2 billion people lived with
some sort of vision impairment worldwide. Of those, 1 billion have a preventable vision
impairment and, 39 million are entirely blind.[1] Ocular vascular diseases are among the leading
causes of vision loss at the global level. The most prevalent ones include diabetic retinopathy
(DR), diabetic macular edema (DME), and age-related macular degeneration (AMD). The number
of patients suffering from these diseases is rapidly increasing in both low and high-income
countries, not only in the ageing populations but also in younger individuals, representing a
significant public health burden. DR is a retinal disease causing vision impairment or vision loss
in diabetic patients.[2] Over one-third of diabetic patients have signs of DR, with or without DME,
making this condition one of the leading causes of visual impairment in working-age adults aged
20-71. AMD is the leading cause of irreversible blindness in elderly Europeans. Around 30-50
million people worldwide are affected by AMD, which is expected to increase in the ageing
population.[3]

Many studies have demonstrated that elevated levels of vascular endothelial growth factor (VEGF)
play a critical role in these retinal diseases' pathogenesis, resulting in neovascularization and
vaso-permeability.[4, 5] Therefore, besides photodynamic therapy and photocoagulation, many
clinical approaches aim to block VEGF signaling by delivering intravitreally injected anti-VEGF
proteins.[6] The current treatment for ocular vascular diseases includes full-length VEGF antibody
(bevacizumab, Avastin®), antibody fragments (ranibizumab, Lucentis®), and soluble receptors
(aflibercept, Eylea®).[7]

Various studies have shown the effectiveness of antibodies in significantly slowing down DR and
AMD progression by bolus intravitreal injections.[8, 9] This administration route's advantage is
related to rapid drug distribution to the back of the eye, increased therapeutic effect and reduced
systemic adverse events compared to other administration routes. Nevertheless,
ophthalmologists consider current treatment options insufficient, as repeated injections are
required to control these chronic diseases. These injections can be given at a maximum frequency
of once a month because repeated intravitreal administrations result in poor patient compliance
and are associated with several risks, such as bacterial endophthalmitis, retinal detachment, and
hemorrhage.[10, 11] Intravitreal pharmacokinetics (PK) data show relatively rapid ocular
clearance of the anti-VEGF agents (half-life around 2-14 days).[12-14] Consequently, a high drug
dose is injected into the eye, and the drug concentration in the vitreous is oscillating above and
below therapeutic levels in time when multiple bolus injections are administered. Therefore,
there is a growing need for suitable delivery systems to tackle the current limitations of
conventional drug formulations by providing sustained release of the therapeutic agents to the
back of the eye for an extended period of time, thus improving patient compliance and reducing
healthcare costs.

In the past decades, tremendous efforts have been made to improve the disposition of drugs,
especially bioactive proteins, in the retina by using different drug delivery vehicles.[15]
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Several drug delivery technologies, such as in-situ forming hydrogels, micelles, liposomes,
nanoparticles, dendrimers, microneedles and ocular implants, are currently being investigated for
ocular applications.[16-18] However, despite these efforts, antibody-carrying implants are still
currently limited on the market.[7] Genentech’s Susvimo, previously called Port Delivery
System[19, 20], is the first and currently only FDA approved refillable ranibizumab implant used
for the treatment of neovascular age-related macular degeneration[21]. The system allows
continuous diffusion of the protein from the reservoir into the vitreous.[22]

Although this implant can significantly prolong drug release to the posterior segment of the eye,
it requires invasive methods to insert the device (2.6 mm in width and 8.4 mm in length) at the
target site and also to remove it. Furthermore, during phase 1 and phase 2 clinical evaluations,
the occurrence of vitreous hemorrhage in a significant number of cases was noticed. Although
this limitation was overcome in phase 3 evaluation by modifying the surgical technique, time will
tell how practical such a system will be in ocular therapy.[23]

The use of hydrogels has received increased attention as ophthalmic formulations that deliver
drugs to the posterior segments. Hydrogels are three-dimensional hydrophilic polymeric networks
with versatile and tunable characteristics such as biocompatibility, mechanical flexibility,
tailorable release properties and transparency.[24-28] This type of delivery system offers several
benefits for ocular drug delivery compared to the current bolus injections, including less frequent
administrations, patient comfort and potentially also cost reduction. Furthermore, hydrogels that
jellify in-situ allow entrapment of therapeutically active antibodies during network formation,
facilitating local delivery and release through a minimally invasive procedure. To obtain a
formulation that releases the loaded antibody for a prolonged time, its initial mobility in the gel
matrix should be limited and increase in time due to swelling and degradation of the hydrogel
matrix.

In this study, furan-modified hyaluronic acid (HAFU) was crosslinked with 4 arm-PEG10kDa-
maleimide (4APM), yielding stable hydrogels due to Diels-Alder reaction (DA). Similar hydrogel
formulations have previously been used to enable the controlled release of extracellular vesicles,
and for the encapsulation and 3D culture of cells in tissue engineering.[29-34] Hyaluronic acid
(HA) is a polysaccharide that is abundantly present in the vitreous of the eye.[35] Therefore, HA
has been used in vitreous substitution and to replace fluid during certain eye surgeries.[36-40]
Furthermore, HA has also been used in many ocular products designed to cleanse the eyes and
offer relief from dryness in the form of eye drops.[41] HAFU was therefore selected as a building
block because of its expected compatibility with the posterior and anterior segments of the eye.
Furthermore, poly(ethylene glycol) (PEG) is one of the most used polymers in drug delivery
systems.[42, 43] After the first approved PEGylated products around 30 years ago[44], a vast
amount of clinical experience has since been gained with this polymer, making it an ideal building
block for hydrogels for biomedical applications. In addition, solely PEG hydrogel formulations
crosslinked with DA or Micheal type reactions have also been investigated for sustained protein
release [32, 33] and potential ocular applications [45].
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Different types of crosslinking chemistry have been studied in hydrogel systems to deliver
proteins to the posterior segment of the eye, as previously reviewed by Ilochonwu et al.[15]
However, slow crosslinking mechanism, permanent crosslinks and the need for toxic catalysts and
radical initiators still limit the clinical use of such systems. A major advantage of DA chemical
crosslinking is that it occurs at physiological conditions avoiding the use of potentially toxic
catalysts and initiators, commonly used in many existing crosslinking strategies for controlled-
release hydrogel delivery systems.[46, 47] However, maleimide functional groups present in the
furan-maleimide DA crosslinks can potentially react with SH and NH, groups of the loaded
protein[48], creating protein conjugates. Despite this limitation, the unique properties and
advantages of DA chemistry has been gaining increasing recognition, especially when applied in
biomedical applications.[46] Although some DA-based hydrogels for ocular drug delivery have
been previously studied as long- acting sustained delivery system for bevacizumab[31, 32] with
release profiles up to 100 days, there is limited information available on the influence of hydrogel
composition on material’s physicochemical and structural properties and how that relates to the
release profiles of therapeutic proteins.

This study aims to fill this gap by systematically examining the effects of hydrogel polymer
composition and the ratio of functional groups on a series of material’s properties, such as
gelation kinetics, injectability, mechanical properties, mesh size, degradation, and drug release
kinetics for intraocular therapy. Specifically, the present work investigates a DA crosslinked
hydrogel based on HA and PEG polymers with potential application as a long-acting sustained
delivery system for bevacizumab (and potentially for other anti-VEGF therapeutics). The
formulation was designed and aimed to be injectable into the vitreous cavity using a small needle
(29G). After injection, the aqueous polymeric solution formed a crosslinked hydrogel at the
administration site, entrapping the antibody dissolved in the same solution to obtain an
intraocular depot system.

Furthermore, the potential prospect of HAFU-4APM hydrogels for intraocular protein therapy was
examined by testing in situ gel formation in porcine eye explants. Uniquely to this study, the
elastic moduli (E) of in vitro and ex vivo formed hydrogels were determined to calculate the
hydrogel mesh size. Considering the size of the used intraocular model protein, the average mesh
size (§ avg) Of the hydrogels were designed to allow controlled release of the antibody due to a
combination of swelling, diffusion and degradation. The cytocompatibility of the formed hydrogel
and its building blocks was evaluated using retinal Muller cells (QMMUC-1).

2 MATERIAL & METHODS
2.1 Materials

Lyophilized sodium hyaluronate (HA; 24 kDa) was obtained from Lifecore Biomedical (Chaska,
MN, U.S.A). The 4-arm PEG maleimide crosslinker (4APM; 10kDa) was purchased from JenKem
Technology USA Inc. (Beijing, China). Stock Phosphate buffered saline 10x (PBS) pH 7.4 (1.37 M
NaCl, 0.027 M KClL and 0.119 M phosphates) BioReagents were purchased from B. Braun
(Melsungen,  Germany).  4-(4,6-Dimethoxy-1,3,5triazin-2-yl)-4-methylmorpholiniumchloride
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(DMTMM) was purchased from TCI EUROPE N.V. Alexa Fluor™ 750 C5 maleimide dye was
obtained from Thermo Fisher Scientific (Massachusetts, United States). All other commercial
chemicals were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands) and used as
received unless indicated otherwise. Dialysis tube membranes (molecular weight cut-off (MWCO)
10 kDa) were purchased from Fisher Scientific (Bleiswijk, the Netherlands). Avastin100 mg/4ml
Roche (100 mg of Bevacizumab, 240 mg trehalose dehydrate, 4.8 mg sodium phosphate, 1.6 mg
polysorbate 20 (tween 20) and injection water; (pH 6.2) were kind gifts from the UMC Utrecht.

2.2 Functionalization of hyaluronic acid with furfuryl-amine (HAFU)

Furan-modified HA (HAFU) derivatives were prepared by functionalizing hyaluronic acid with
furfuryl-amine groups by means of two methods. HAFU with a low degree of substitution (DS)
(30%) was synthesized by dissolving sodium hyaluronate (24 kDa; 1 g; 2.5 mmol disaccharide
units) in Milli-Q-water at a concentration of 3.2 wt/v%. After dissolution, 1 ml (1.09 g; 11.2 mmol)
of furfuryl amine was added to the solution while stirring. The pH was adjusted with 5 M HCl to
4.75, and subsequently, 1.35 g (7.0 mol) of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
was added. Next, 724 mg (6.0 mmol) N-hydroxysuccinimide (NHS) was added while keeping the
pH at 4.75. The solution was stirred at room temperature for 48 h, and the reaction was stopped
by increasing the pH to 7 using 5 M NaOH. The mixture was purified by dialysis (Mw cut-off= 14
kDa) against dilute HCL (pH 3.5) containing 100-150 mM of NaCl and finally against water at 4 °C.
The final product was obtained as a fluffy white powder after freeze-drying with a yield of 70-
80%. To obtain HA with a higher DS (50 and 83 %), HAFU was synthesized according to the
procedure described by Nimmo et al. [29] with modifications. Briefly, HA (0.40 g, 1.01 mmol
disaccharide units) was dissolved in 40 ml of MES buffer (100 mM, pH 5.51) to which DMTMM
was added at 6 (1.7 g, 6.0 mmol), or 2 (0.60 g, 2.0 mmol) molar ratio (relative to the -COOH groups
in HA) and stirred for 10 min. Furfurylamine was subsequently added dropwise at a 2 (188.8 pL,
2.04 mmol), or 1 (90 pL, 0.97 mmol) molar ratio relative to the -COOH groups in HA. The reaction
was conducted at room temperature for 24 h, and afterwards, the pH was raised to 7 (using 5 M
NaOH) to stop the reaction. Compared to EDC coupling, it was possible to quickly isolate the HAFU
polymer produced by DMTMM coupling through precipitation in ethanol/water as the reaction
byproduct remained soluble. Briefly, the products were precipitated in water/ethanol at RT with
a ratio of 1:7.5 (reaction mixture H,0: ethanol) and washed 3 times with ethanol. The precipitate
was vacuum dried to obtained HAFU derivatives as a solid white powder with a yield of 84-88%.
The different HAFU polymers were characterized with 'H NMR spectroscopy using an Agilent
400MR-NMR spectrometer (Agilent Technologies, Santa Clara, CA). Data analysis was performed
using MestReNova, and the chemical shifts were calibrated against the residual solvent peak (4.79
ppm for H,0). The ratios of the integrals of the N-acetyl glucosamine peak on the HA-backbone
were compared with the aromatic furan peaks to determine the degree of substitution. *H-NMR &
(ppm): 7.5 (OCH; 1H), 6.4 (CHCH; 2H), 4.10-3.0 (protons of HA disaccharide), 2.0 (NHCOCHs; 3H).

2.3 Preparation of hydrogels and bevacizumab-loaded hydrogels

Cylindrically shaped empty HAFU-4APM hydrogels of 100 mg were prepared at 37 °C in a plastic
mould (diameter 4 mm, 5 mm height). Specifically, equal amount of HAFU and 4APM-crosslinker
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were weighed and dissolved separately in PBS buffer (0.13 M NaCl, 2.7 mM KCl and 11.9 mM
phosphates, pH 7.4) and mixed to obtain a total polymer concentration of 5, 10, 20 or 25 wt%
unless indicated otherwise. Different molar ratios between the 4 APM crosslinker and HAFU
polymers corresponding to 1:1.9; 1:3.1; 1:5.2 approximated to 1:2; 1:3; 1:5 ratios of maleimide:
furan, respectively (calculated based on the DS of the functional groups present in the HA
polymers) were used to prepare hydrogels with different properties. Subsequently, the samples
were incubated at 37 °C for 4 hours to allow crosslinking of the hydrogels.

Bevacizumab-loaded HAFU-4APM hydrogels were prepared as described above with a slight
modification. HAFU polymers were dissolved in a mixture of PBS (0.13 M NaCl, 2.7 mM KCl and
11.9 mM phosphates, pH 7.4) and bevacizumab solution (50 ml; 25 mg/ml), while the 4APM
crosslinker was separately dissolved in PBS. Upon dissolution, the 4APM crosslinker solution was
mixed with the HAFU-bevacizumab solution and incubated at 37 °C for 4 hours to enable
crosslinking and protein entrapment. The HAFU-4APM hydrogels were loaded with either 1.25 or
1.50 mg of bevacizumab in the 100 mg hydrogels.

2.4 Invitro swelling and degradation

Crosslinked empty hydrogels (100 mg) were prepared as described in section 2.3 and placed in a
2 ml glass vial to perform the swelling and degradation test. The exact weight of the gel was
measured (Wo), after which 1 mL PBS buffer (pH 7.4) was added to the vial, which was subsequently
incubated at 37 °C. At regular intervals, hydrogel weight was determined (W,) after removal of the
PBS. Subsequently, 1 ml of fresh PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4)
was added for further incubation at 37 °C. The swelling ratio (SR) is defined as the weight at a
particular time point (W) divided by the initial hydrogel weight: SR=Wy/W.

2.5 Rheological characterization

The rheological properties of the hydrogel were analyzed using a Discovery HR-2 Rheometer (TA
Instruments New Castle, DE) with a Peltier plate for temperature control. The samples were
measured using a 20 mm diameter aluminum plate-plate geometry at a loading gap of 3000 ym
and gap value of 200 pym. For each analysis, samples of 180 pl of different liquid hydrogel
formulations were prepared as described in section 2.3 and pipetted under the geometry on the
rheometer Peltier plate. The system was covered with a solvent trap. The data were acquired at
strain values within the linear viscoelastic regime (LVR). Storage (G’) and loss (G”) moduli of the
different hydrogel formulations were measured during a time sweep at 37 °C with a frequency of
0.1 Hz and 1% strain. The gelation time (defined as the crossover point between G’ and G”) of the
different hydrogel formulations was measured at different temperatures (4, 20 and 37 °C).
Hydrogel average mesh size (§) was calculated from the G’ using the following equation [49-52] :

£ = (G Ny/RT)™?

where Na is Avogadro’s constant, R is the molar gas constant (8.3 J/K.mol), and T is the absolute
temperature in K.

101



102

Chapter 3

2.6 Synthesis of dye labelled HAFU-polymer

HAFU DS 30% (150 mg) was dissolved in 800 ul of PBS. Subsequently, 160 ul of an Alexa Fluor
750 C5 maleimide solution in DMSO (0.5 mg/ml) was added and left to react overnight at room
temperature by means of Diels-Alder reaction. Next, the solution was dialyzed against
DMSO/water (1/14) for 16 hours with 3 times solvent exchange. The product was lyophilized to
obtain fluorescently labelled hyaluronic acid-furan (HAFU-750dye) polymer as a glassy light
green powder. The covalent conjugation of the dye to HA was analyzed by Shimadzu UV 2450
Spectrophotometer. The HAFU-750dye polymer (10.5 mg/ml) and the Alexa Fluor 750 C5
maleimide dye standards (0.001-0.005 mg/ml) were dissolved in 1:9 DMSO/PBS (0.13 M NaCl, 2.7
mM KCl and 11.9 mM phosphates, pH 7.4) and the absorbance UV/VIS spectra were recorded from
200 to 1000 nm with 0.5 nm resolution. Size exclusion chromatography (SEC) was used to
discriminate the presence of free dye in obtained HAFU-750dye polymer, as shown in SI-Figure4A.

2.7 Exvivo intravitreal injection and in-situ hydrogel formation

The enucleation of porcine eyes were performed according to the previously reported protocol by
Rousou et al.[53] Briefly, enucleation is the surgical procedure by which the entire eye is removed,
including the sclera and the muscles that control eye movement are left intact. HAFU-750dye
(synthesized as described in section 2.6)-4APM hydrogels were prepared as follows: 20 mg HAFU-
750dye (furan DS 30%) and 20 mg 4APM crosslinker were dissolved separately in 100 pl and 60ul
PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4), respectively. Next, the hydrogel
precursors were mixed to obtain a 20wt% polymer solution (1:2 molar ratio of maleimide: furan).
This solution (160 pl, 200 mg) was subsequently injected into the vitreous of an ex vivo porcine
eye to allow in situ hydrogel formation. The mixture was placed in the barrel of a 1 ml insulin
syringe (needle size 29G) through a pipette after removing the plunger. Before the injection, the
eyes were brought at 37 °C in a water bath for 30 min. Next, the formulation was injected into
the eye (vitreous body). Images of the ex vivo porcine eye were taken before and 5 min after
intravitreal injection using an LI-COR Pearl® impulse imager (LICOR, Lincoln, Nebraska, USA) at
37 °C. The in situ formed hydrogel was collected from the vitreous as follows, the eyeball was
held firmly with the use of a gillies forceps, after making a small incision with a sharp blade, a
spring scissor was used to cut the sclera around the cornea starting from the opening of the
incision. Subsequently, the lens was removed, and the vitreous was carefully transferred into a
container. The hydrogels were isolated from the vitreous body, and the mechanical properties
were compared with the in vitro formed hydrogel (prepared in a plastic mould, section 2.3) after
1-hour incubation at 37 °C as described below.

2.8 DMA characterization of in vitro and ex vivo formed hydrogels

DMA 2980 Dynamic Mechanical Analyzer (TA Instruments, New Castle, DE) was used to determine
Young’'s modulus of the hydrogels. Hydrogel samples in vitro were prepared as described in
section 2.3, at 20wt% (corresponding to 1:2, 1:5 molar ratios of maleimide: furan moieties in the
polymers), wheres the same concentration and ratios of the ex vivo hydrogels were formed in
vitreous, as described in section 2.7. After extracting the hydrogels from the porcine eye vitreous



HA-PEG-Based DA in Situ Forming Hydrogels for Sustained Intraocular Delivery of Bevacizumab

body, the gels were cut to allow mechanical tests. All hydrogels (ex vivo and in vitro ) were
prepared with approximately 3x4 mm in height and diameter. The gels were placed between
parallel plates, and a force ramp was applied at a rate of 0.5 N/min up to a total force of 8 N at
room temperature. The raw data were analyzed using TA Universal Analysis software, and Young’s
modulus (E) was calculated from the slope of the linear section (from 0-22% strain) of the stress-
strain curve. Data are represented as mean * standard deviation (n=3 for in vitro gel and n=6 in 2
porcine eyes for the ex vivo formed gels).

2.9 Invitro release from hydrogel network

To determine the release of bevacizumab from the different hydrogels, bevacizumab-loaded
hydrogels (10, 16, 20 wt% with molar ratio 1:2, 1:3 or 1:5 ratios of maleimide: furan) were prepared
as described in section 2.3. The release studies were performed at 37 °C, and the in vitro release
buffer (IVR buffer) consisted of PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4)
supplemented with 0.02 % NaNs. Bevacizumab-loaded hydrogels (100 mg) were first immersed in
500 pL of PBS. After incubation, the release samples of 200 ul were taken at predetermined time
points, and 200 pl fresh IVR buffer was added. The release samples were stored at 4 °C until

analysis of protein content by size exclusion ultra-performance liquid chromatography (SE-ULPC)
on an Acquity UPLC (Waters Corporation, Milford, USA) with an FLR-detector, operated at A.x and
Aem Of 276 and 310 nm, respectively. BEH SEC column (200A, 1.7um, 4.6 mm x 150 mm; Waters)
was attached to the system and used for all measurements at room temperature. The filtered (0.2
um) mobile phase consisted of an aqueous solution of sodium phosphate 100 mM, sodium sulfate
300 mM at pH 6.7 and was operated at a flow rate of 0.3 ml/min. Sample aliquots of 7.5 pl were
injected, and the retention time of bevacizumab was 4.90 min under these conditions. The
bevacizumab calibration curve's linear range was from 7.8 pg/ml (detection limit) to 1250 pg/ml.

2.10 SDS-PAGE electrophoresis

To study possible structural modifications of the protein with hydrogel precursors, sodium
dodecyl sulphate polyacryl amide gel electrophoresis (SDS-PAGE) was performed. One ml of a
bevacizumab PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4) solution (1 mg/ml)
was incubated with 5 mg of hydrogel precursors, either HAFU (DS 30 %, 83 %) or 4APM for 1 hour
and 5 days. Bevacizumab solution (1 mg/ml) was used as a control, and Precision Plus Protein™
Unstained Protein Standards 10-250 kDa (Bio-Rad, Hercules, CA) were used for calibration.
Possible grafting of the hydrogel polymer precursors to the antibody was studied under both
reducing and non-reducing conditions. Specifically, 2 yl samples (bevacizumab-polymer solutions
or bevacizumab solution) were mixed with 7.5 pl of solution of 250 mM Tris-HCL pH6.5; 8 % SDS;
0,008 % Bromophenol Blue; 40 % glycerol with and without B-mercaptoethanol 5 % (100 mM),
and PBS was added to obtain a final volume of 30 pl. The prepared solutions were heated to 90-
100 °C for 10 min. Subsequently, samples (25 pl) and standard (3 pl) were loaded into the Bolt™
4-12 % Bis-Tris Gel (Invitrogen Thermo-Fisher Scientific, Waltham, MA) and run at 90 V for 65
minutes. Bolt MES (2-(N-morpholino)ethanesulfonic acid) was used as a running buffer. The gels
were stained with Coomassie blue (Thermo Fisher, Waltham, MA) overnight and washed 3 times
to remove excess stain. Photos were captured with the ChemiDoc (Bio-Rad, Hercules, CA).
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2.11 Bioactivity of released bevacizumab by endothelial cell proliferation assay

The bioactivity of released bevacizumab was evaluated with a previously described cell
proliferation assay[54, 55]. Human umbilical vein endothelial cells (HUVECs) were stimulated with
20 ng/ml VEGF. At this concentration, proliferation is maximal and enhanced approximately six
times compared to not stimulated cells.[55] The ability of released bevacizumab relative to that
of the native protein to inhibit HUVECs VEGF-induced cell proliferation was determined. HUVECs
(Lonza, Switzerland) were cultured until passage 2-5 in Endothelial Cell Basal Medium 2
(Promocell C-22211) supplemented with Endothelial Cell Growth Medium 2 Supplement Mix
(Promocell C-39216). Proliferation inhibition experiments were performed in assay medium
(M199 medium supplemented with 2.5 % fetal bovine serum) in 96-well plates coated with rat
tail collagen (Greiner Bio-One, the Netherlands).

Specifically, wells were filled with 50 pl of 25 times diluted in vitro release IVR sample and 50
uL of assay buffer supplemented with 80 ng/ml VEGF (final concentration 20 ng/ml) and
preincubated at 37 °Cand 5 % CO; for 1 hour. Next, 4000 cells dispersed in 100 pyL assay medium
were added resulting in a final volume of 200 pL per well (corresponding to 100 times IVR sample
dilution). Wells without cells and filled with 200 pL of assay medium served as blank. Wells with
cells stimulated with 0, 5, 10, 20, 30, 50, 100 ng/ml (final concentrations) VEGF were included as
a reference to show that a VEGF concentration of 20 ng/ml, proliferation was maximal.

Polymer solutions (3 mg/ml) of HAFU (DS 30 and 83 %) and 4APM were used as controls. Cell
proliferation was assessed after 92 hours of incubation at 37 °C/ 5 % CO, by adding 20 uL of the
Alamar Blue reagent and another four hours of incubation.[56] Fluorescence was measured (Aex
530 nm and Aem 600 Nnm) with a microplate reader (Berthold Mithras LB 940, Germany). Results are
expressed as relative cell proliferation, which is the proliferation normalized by the proliferation
of unstimulated cells. The concentration of bioactive bevacizumab was calculated from the
bevacizumab dose-dependent inhibition of VEGF stimulated HUVEC proliferation at a fixed
concentration (20 ng/ml) of VEGF stimulated HUVEC proliferation.

2.12 Cytotoxicity on Retinal Muller cells (QMMUC-1)

Possible cytotoxicity of hydrogels and hydrogel precursors in contact with cells was evaluated
using Queen’s University Murine Miiller glia Clone-1 (QMMUC-1 cells)[57]. Cells were cultured in
Dulbecco’s modified eagle medium (DMEM, low glucose) (Life Technologies, USA, Cat. No:
41965039) supplemented with 10% Foetal calf serum (Life Technologies, USA, Cat. No: 10270106)
and 1% penicillin/streptomycin (PS) (Life Technologies, USA, Cat. No: 15140122). Cells were
maintained in a humidified atmosphere with 5% CO, at 37 °C. HAFU (5 mg) with DS 30% and 5
mg 4APM crosslinker were dissolved separately in 50 pl and 40 pl PBS, respectively. After
dissolution, the hydrogel precursors were mixed to obtain a 10wt% hydrogel (1:2 molar ratio of
maleimide: furan, respectively). The formulation mixture was transferred into a 48-well plate,
partly covering the bottom of the well. After 3 hours of incubation at 37 °C, the formed hydrogel
adhered to the well's bottom. Next, OMMUC-1 cells suspended in DMEM were seeded into the
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wells at 3000 cells/well. After 1 and 5 days of incubation, pictures of the cells were taken with a
Leica DMil inverted microscope (Leica Microsystems, Germany) to investigate their morphology.

AlamarBlue® Cell Viability Assay was used to evaluate the effect of polymers and hydrogel
leachables on OMMUC-1 cells. Hydrogels were prepared by mixing 4APM aqueous solution and
HAFU (DS- 50%) aqueous solution (10 and 20 wt% ) as described in section 2.3. After crosslinking,
1 ml PBS buffer was added to the hydrogel and incubated at 37 °C for 9 days to extract possible
soluble products that were released from the hydrogel network. Furthermore, HAFU (DS 30%, 50%
and 83%) and 4armPEGmalemide crosslinker were dissolved in cell culture medium to obtain
different polymer concentration (0-5 mg/ml and 50 mg/ml). The QUMMC-1 cells were seeded in
Costar® 96-well assay plates (Costar 3904, Corning Inc., NY, USA) at a concentration of 3000
cells/ml. After 24 h, the cell medium was removed, 20ul PBS solution with either possible
leachables plus 100 pl cell medium or the polymers disolved in cell medium were added to the
cells and incubated over another 24 h. After the treatment, a medium containing 1% Alamar Blue®
(Life Technologies Inc., Gaithersburg, MD, USA) was added to the cells after washing the cells

twice with the same medium, and the plates were incubated at 37 °C for 2 hours after which the
resulting fluorescence was measured using a Glomax multi detection system (Promega,
Southampton, UK) at 544/590 nm. Control samples containing media and Alamar Blue® solution
without cells were also run as an assay control. For each test material, the results were averaged
from six wells at the same time (n=6).

3 RESULTS & DISCUSSION
3.1 Hydrogel preparation and characterization:

HA 24 kDa was chosen over higher HA molecular weights, as it is important that the final
formulations have an initially low viscosity to allow injectability through a small G needle. A
HAFU derivate with a low degree of substitution was prepared by the activation of carboxyl
groups of HA with EDC and NHS, followed by reaction of the formed activated NHS ester with the
primary amine of furfurylamine. The degree of furan substitution of HA (DS) is defined as the
number of furan-groups residues per 100 HA disaccharide units (see equation in supporting
information, SI-Figure 1). *H NMR analysis showed that HAFU with DS 30% was successfully
obtained with this method, as shown in SI-Figure 1. However, using this EDC/NHS method, the
extent of the derivation of HA with furfurylamine is limited due to some drawbacks, such as the
necessity of accurate pH control of the reaction mixture and short half-life of EDC (~4 h) in water
at pH 5.0 when compared to DMTMM which provides superior yields, as reported by D’este et al.
[58] Therefore, in order to obtain a HAFU derivative with a high DS, DMTMM was used as
activation agent. By varying the molar ratios of HA (disaccharide units)/furfurylamine/DMTMM,
HAFU with different DS were synthesized. Molar ratios of 1:2:6 and 1:1:2 yielded HAFU with DS
of 83 and 50%, respectively, as shown by *H NMR analysis (SI-Figure 1). The conjugation of
furfurylamine to the carboxylic acid on HA was further demonstrated by FTIR spectroscopic
analysis as shown in SI-Figure 2. The successful grafting of the furan groups to HA is
demonstrated by the increase and shift of the peaks at 741, 1652 and 1541 cm™ corresponding
to =C-H- bend of furan moiety, amide | stretching and amide Il bending, respectively.
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Transparent (see SI-Figure 10) and cylindrically shaped hydrogels were formed after mixing a
solution of HAFU and 4APM in PBS (pH 7.4) in a plastic mold at 37 °C due to Diels-Alder (DA)
reaction between the furan and the maleimide moieties [59] (Figure 1, reaction 1). The presence
of DA crosslinks in the hydrogel network was confirmed by FTIR of the dried hydrogel, as shown
in SI-Figure 3. The appearance of a new peak at 1459 cm™ corresponding to the C=C bond in the
Diels-Alder adduct confirms the proposed crosslinking chemistry. Hydrogels of different
compositions were obtained using different polymers at varying concentrations in buffer, as
shown in Table 1.

Table 1: Composition of the different hydrogel’s formulation

Name Exact molar ratio Polymer Used total polymer
Formulation (Maleimide/Furan) composition concentrations (wt%)
4APM-HAFU (1:2) 1:19 4APM / HAFU DS 30%  10-20-25 %
4APM-HAFU (1:3) 1:31 4APM / HAFU DS 50%  5-10-15-30 %
4APM-HAFU (1:5) 1:5.2 4APM /HAFU DS 83 %  10-20-25 %

3.2 Swelling and degradation behavior

Hydrogel swelling and degradation properties are essential factors to evaluate when developing
long-lasting hydrogels for ocular/biomedical applications. Swelling and degradation of different
hydrogels during incubation in PBS buffer (pH 7.4) and at 37 °C were measured gravimetrically.
All gel formulations first absorbed water, which caused a mass increase in time up to a maximum
swelling ratio followed by a gradual decrease in gel weight until they completely dissolved in the
buffer (Figure 2). This increase in the gel mass and thus swelling ratio is caused by the progressive
degradation of the polymer network by hydrolysis of the crosslinks by retro Diels-Alder (rDA)
reaction and subsequent water uptake (Figure 1, reaction 2). The degradation mechanism is based
on the ring-opening hydrolysis of the generated maleimide after rDA to form unreactive maleamic
acid (Figure 1, reaction 3), causing the removal of maleimide groups from the DA/rDA equilibrium
and, therefore, consequent permanent cleavage of the crosslinks. This mechanism was confirmed
by 'H-NMR of the hydrogel degradation products (see SI-Figure 7). The presence of the hydrolyzed
(ring-open) maleimide was identified, in line with previous reports by Kirchhof et al.[60]
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Figure 1 Schematic representation of hydrogel DA crosslinking reaction and potential degradation
pathways. A total of 6 reactions involved in a dynamic equilibrium in which the first step is faster than the
other reactions. There are 5 rate constants: ki, k.1, ky, ks, and ks. The k; and k-; rate constants represent the
reversible steps between reactants (HAFU and 4APM) and intermediate (DA-adduct in crosslinked gel). k; is
the forward step (1 DA reaction) and k-1 is the reverse step (2 rDA reaction). k; is the rate constant for the
irreversible hydrolysis of the maleimide in the 4APM to unreactive maleamic acid. ks and k. describe the
ring-opening rection of the DA adducts to eventually form HAFU and hydrolyzed maleamic acid in the
4APM.

Another possible pathway is caused by the direct hydrolysis of the carbonyl moiety and ring
opening of the DA adduct (Figure 1 reaction 4) with subsequent rDA reaction yielding furan and
unreactive maleic acid (Figure 1 reaction 5). However, as previously reported by Kirchhof et al.[61]
hydrogel degradation through this second pathway is not likely to occur. Gregoritza et al. and
Kirchhof et al. showed that DA hydrogels based on PEG or Poloxamine can be completely
degraded under physiological conditions by retro-Diels Alder at 37 °C.[31, 60, 61]

Figure 2A shows that, as expected, 4APM-HAFU (molar ratio of maleimide and furan 1:2,
respectively) hydrogels with 10 wt% polymer degrades faster (30 days) when compared to the
formulations with 20 and 25 wt% (100 and 120 days, respectively). Hydrogels with an equal
overall concentration of the HAFU and 4APM building blocks and crosslinked at a molar ratio of
maleimide and furan of 1:5 showed lower swelling compared the hydrogel crosslinked at a molar
ratio 1:2 (Figure 2A and 2B). Specifically, the mass of the hydrogels prepared with maleimide-
furan ratio 1:5 steadily increased in weight, after which they displayed a dissolution phase which
ended at 120 days (10wt%), 300 days (20wt%), and 360 days (25wt%) of incubation. This suggests
that with increasing furan moieties concentration, the reaction DA/rDA equilibrium shifts towards
the formation of DA crosslinks (Figure 1, reaction 1), resulting in higher hydrogel stability and
thus longer degradation time. The hydrogels of crosslinked 4APM-HAFU ratio 1:2 DA degraded
approximately three times faster than 1:5 DA hydrogels, independent of the initial polymer
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concentration (Figure 2 D) and all investigated hydrogels were found to be fully degradable.
Images of the hydrogels after 26 days of incubation at 37 °C (Figure 2C) clearly show that the
gels with ratio 1:2 lose their shape faster compared to gels prepared at ratio 1:5, due to their
faster degradation kinetics.

It is important to note that hydrogel swelling, and degradation behavior might differ in vivo due
to surrounding ocular tissue, ocular clearance and the presence of hydrolytic enzymes. In follow-
up studies, hydrogel degradation and intraocular pressure should be systematically studied in

vivo settings to rule out excessive swelling effects in the presently studied 4APM-HAFU hydrogel
formulation.
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Figure 2 Swelling and degradation characteristics of different 4APM-HAFU DA hydrogels. A) swelling ratio
of 10, 20, 25 initial wt% hydrogels prepared at ratio 1: 2 4APM-HAFU incubated at 37 °C in PBS pH 7.4. B)
swelling ratio of 10,20, 25 initial wt% hydrogels prepared at ratio 1: 5 4APM-HAFU incubated at 37 °C in
PBS pH 7.4. C) Pictures of 4APM-HAFU hydrogel (ratio 1:2 and 1:5) on day 26 of incubation at 37 °C in PBS
(pH 7.4) in comparison with hydrogel after formation. D) 4APM-HAFU (ratio 1:2 and 1:5) hydrogel
degradation time as a function the initial polymer concentration.

3.3 Rheological analysis

In order to be used as injectable, in situ forming hydrogel for intraocular drug delivery, the
formulation should possess appropriate flow during injection and gelation properties, such as
kinetics and stiffness, after injection. Rheological analysis was used to monitor the evolution of
the storage (G’) and loss moduli (G”) as a function of time at different temperatures in relation to
hydrogel compositions. A formulation composed of 15wt% polymers (molar ratio 1:3; maleimide:
furan respectively) was prepared with and without bevacizumab (1.25 mg/ml) and analyzed for
gel formation using a rheometer. This formulation (15 wt% polymers (ratio 1:3) ) was chosen as a
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model formulation with intermediate gelation kinetics in order to verify if there are any
interactions of the protein with the hydrogel network.

The G, G”, and complex viscosity (n*) were monitored over time, as shown in Figure 3 A-B. Initially,
the G’ and G” were low with a complex viscosity (n*) of 0.07 Pa.s indicating a free-flowing liquid
solution. Both moduli subsequently increased in time, and a crossover between G’ and G” (defined
here as the gelation time and corresponding to tan(6) = 1, SI-Figure 9) demonstrated network
formation due to the reaction of the maleimide and furan functionalities. Figure 3 A and B show
that the gelation time of the formulation with and without protein loading was around 17 min,
indicating that the protein did not affect the gelation kinetics. Also, the final stiffness (34-38 kPa)
was not affected by the presence of the protein. The G’ increase is dependent on the polymer
concentration (Figure 3C), as higher concentrations lead to faster gelling (Figure 3D) and stiffer
gels. As expected, the Diels-Alder crosslinking occurred faster at higher temperatures Figure 3E.
This means that depending on the composition the formulation can be kept in the fridge (4 °C)
for 1 to 3 hours, before administration to a patient. In addition, formulations with a higher furan
to maleimide molar ratio (5:1) resulted in faster gelation (within 5 min) at 37 °C, as compared to

the formulation with a 2 to 1 molar ratio of these groups (16 min). This faster gelation can be
explained by the higher probability of the furan to react with the available maleimide groups. The
relatively good stability upon storage at low temperature and the rapid and tailorable gelation
time after intravitreal administration is a substantial advantage for possible clinical use of the
formulation. The observed decrease in gelation time with an increase of temperature (from 4 to
37 °C) can be ascribed to the increased reaction rate of furan and maleimide groups. Interestingly,
it was observed that at the gelation point, 20 wt% 4APM-HAFU hydrogel formulations (molar ratio
1:2 and 1:5 maleimide: furan) had lower storage modulus with an increasing temperature, see Sl-
Figure 8. This observation indicates that overall fewer cross-links are formed at higher
temperatures, which can be attributed to a slight shift in the equilibrium of forming and breaking
of DA adducts [62-65].
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Figure 3 Time and temperature dependent rheological characteristics of 4APM-HAFU hydrogel formulation.
A-B) storage (G’) and loss moduli (G”) as a function of time of 15wt% 4APM-HAFU (molar ratio 1:3) hydrogel
formulation with and without bevacizumab. C) G’ as a function of time of 4APM-HAFU formulation with
different polymer concentrations. D) Gelation time of 4APM-HAFU hydrogels as a function of polymer
concentration. E) gelation time of 20wt% 4APM-HAFU hydrogel formulations at molar ratio 1:2 and 1:5
maleimide: furan at 37, 20, and 4 °C. F) Arrhenius plot of the natural logarithm of the gelation time as a
function of the reciprocal absolute temperature for formulations with two different maleimide: furan ratios,
1:2 (black) and 1:5 (gold). The dashed lines represent the fit of the data and the activation energy was
calculated from the slopes of the fitted lines.

The temperature-dependent gelation time of the hydrogels (Figure 3F) was used to calculate the
activation energy for the Diels-Alder adduct formation in the hydrogel system, as previously
reported for other hydrogel forming systems. [66] [67]

g: = A exp(Eo/RT)

Where g; is the gelation time, A is the pre-exponential factor, E, is the activation (kJ/mol), R and
T are the universal gas constant (8.314 J/K.mol) and the reaction temperature (in K), respectively.
The calculated activation energy was 54.5 1.1 kl/mol and 53.4 1.9 kl/mol for 1:2 and 1:5
maleimide: furan ratios, respectively, used in the hydrogel formulations. The calculated activation
energy is in agreement with previously reported values for furan-maleimide Diels-Alder systems
(51.9 ki/mol and 48.4 kl/mol). [68, 69]

3.4 Exvivo injection and mesh size determination of in situ formed hydrogels

In order to localize the formulation in the vitreous after injection, HAFU was labelled with Alexa
Fluor 750 C5 maleimide by means of Diels-Alder reaction, resulting in the formation of HAFU-
750 dye conjugate. The absence of free dye was demonstrated by SEC, as shown in SI-Figure 4A.
The chromatogram of the synthesized HAFU-750 dye polymer showed a UV signal at 750 nm,
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which corresponds to the dye fluorophore (SI-Figure 4B). From the spectrum, it is calculated that
~0.01% of the disaccharide units were labelled with the fluorophore showing a coupling efficiency
of around 50%. The injectability of HA-PEG formulations was investigated by intravitreal injection
into vitreous humor of an ex vivo porcine eye at 37 °C, using a 29-gauge needle. After injection
(5 min), the localized presence of the formulation (in green) was observed in the vitreous at the
site of injection (Figure 4C). The constrained presence within the vitreous might be due to the
differences in viscosity between the vitreous body and the gel formulation. Shafaie et al.[70]
reported the complex viscosity [n*] of vitreous humor samples from the porcine eye and human
eye was approximately 0.30 Pa.s at oscillatory stress of 1 Hz. The n* of 20wt% 4APM-HAFU
formulation was measured at a time sweep of 1 Hz frequency. As shown in SI-Figure 5D, the
hydrogel with a ratio maleimide: furan of 1:2 give a complex viscosity of 0.23 = 0.12 Pa.s, while
the hydrogel with a ratio of 1:5 showed 0.75 = 0.36 Pa.s around 3 mins after mixing of the hydrogel
building blocks. These values progressively increased in time due to further network formation,
reaching final viscosities of 6.0 kPa.s and 7.2 kPa.s, respectively SI-Figure 5C. This relatively rapid
increase in the viscosity after in situ crosslinking explains why after injection, the gel formulation
did not significantly spread in the vitreous. Furthermore, after injection of 4APM-HAFU-750dye
hydrogel formulation (160 ml, 20 wt%) and 1 hour incubation at 37 °C, the vitreous was isolated
from the porcine eye to allow extraction of the formed hydrogel (in light blue), as shown in Figure
4D. The hydrogel formed in situ upon injection in the eye showed an irregular, bean-like shape
after administration of the liquid formulation through a 29 G needle. It was found that the ex vivo

formed hydrogel had a width of 0.73 cm and a length of 0.83 cm, whereas as a comparison, a
hydrogel prepared in vitro took the shape of the mold (Figure 4E). Intravitreal injection of hydrogel
formulations has been previously investigated in ex vivo and in vivo models[71-73]. However, no
attempts have been made to rheologically characterize ex vivo formed gels. Therefore, in this
study, the mechanical properties of ex vivo intravitreally formed hydrogel were investigated for
the first time. Moreover, the mesh size of the formed hydrogel was calculated and compared to
that of the in vitro formed hydrogels. The average mesh size is an important parameter that
characterizes the hydrogel network density.[74] Therefore, the hydrogel mesh size gives
information on macromolecules’ (such as therapeutic proteins) diffusivity in the gel network,[75]
a crucial aspect to consider when developing an ocular drug delivery reservoir.
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Figure 4 In situ hydrogel formation in the vitreous body after intravitreal injection. A) Clean enucleated
porcine eye at room temperature. B-C) Fluorescent image of a porcine eye before and 5 min after intravitreal
injection at 37 °C (20 wt% HAFU-750dye/4APM ratio 1:3). D) Vitreous image after extraction from ocular
tissues, with in situ formed 4APM-HAFU hydrogel visible in green within the vitreous body. E)
Representative image of ex vivo and in vitro formed hydrogels. F) E (kPa) of in vitro (n=3) and ex vivo (n=6;
2 eyes) formed 20 wt% 4APM-HAFU hydrogels at ratio 1:2 and 1:5.

To calculate the average mesh size (€) of in vitro and the isolated ex vivo formed hydrogels, their
Young's moduli (E) were determined experimentally by compression tests (Figure 4F).[76]
Furthermore, the shear modulus values (G') taken at the plateau region of a time sweep curve was
also experimentally determined for 20 wt% in vitro formed hydrogels (SI-Figure 5A, B). The ratio
between the elastic (E) and shear (G) moduli for the in vitro formed hydrogels was used to
calculate the G’ of the ex vivo formed hydrogel, as shown in Table 2. Specifically, it was found
that for the in vitro hydrogels, a factor of 2.5 * 0.2 was experimentally determined for E and G’ at
a frequency of 1 Hz. This value is close to the theoretical ratio, with E being three times G’ [77].
Considering that the G’ of the ex vivo prepared hydrogels could not be experimentally determined,
the same factor for the in vitro formed hydrogels was used. As expected, in vitro and ex vivo gels
formed at molar a ratio 1:5 maleimide/furan had higher E (in vitro: 165+3 kPa; ex vivo 50%3 kPa)
and G’ (in vitro: 62.4* 4kPa; ex vivo 20 kPa) when compared to formulations of a molar ratio 1:2,
E (in vitro: 79£3.5 kPa; ex vivo 26%2 kPa) and G’ (in vitro: 32+3 kPa; ex vivo 10.5 kPa) see Table 2.
The higher E and G’ values for the in vitro formed hydrogels (approximately 3 times higher than
the ex vivo gels) indicate a higher crosslinking density. The obtained G' values were used to
calculate the average mesh sizes (see equation in section 2.5) of the different in vitro and ex vivo
hydrogels by applying the rubber elasticity theory with the assumption of an affine network
model, neglecting end effects of single chains and excluding physical entanglements.[52, 78] The
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ex vivo hydrogels mesh size at molar ratio of 1:5 (5.9 nm) was calculated to be smaller than at the
ratio of 1:2 (7.4 nm), as shown in Table 2.

The calculated mesh sizes of the ex vivo hydrogels are about 1.5 times greater than that of the in
vitro formed gels, which might be because when injecting the hydrogel precursors into the eye,
the polymers are diluted in the vitreous humor, which is a gelatinous tissue mainly composed of
water with small amounts of hyaluronic acid, glucose, anions, cations and collagen[79]. The
determined mesh sizes can be used to evaluate what polymer composition is suitable for releasing
a therapeutic protein of a given size. The present paper reports for the fist time examples of a
direct comparison of average mesh size (§..q) between in vitro and ex vivo formed hydrogels.
Although the ex-vivo eye is not entirely comparible to the in vivo situation, it provides a valuable
method for preclinical intraocular hydrogel characterization.

Table 2 Mesh size of in vitro and ex vivo 20 wt% 4APM-HAFU hydrogels as determined by rheological and
mechanical measurements.

Gel samples G’ (kPa) E (kPa) Mesh size (nm)
In vitro ratio (1:2) 32%3 794 5.1
In vitro ratio (1:5) 624 %4 1653 3.9
Ex vivo ratio (1:2) *10.5 26%2 74
Ex vivo ratio (1:5) *20 503 5.9

The E values of ex vivo formed hydrogels were determined as n=6 using two porcine eyeballs, while the E
values of the in vitro produced hydrogels are presented as the mean of n=3 independent experiments using
DMA. The G’ value of the in vitro gel was obtained from the mean of the plateau region of a time sweep
curve measured at a frequency of 1 Hz and a strain of 0.1 %. *Determined from the experimentally obtained
E divided by 2.5.

3.5 Invitro release and structural integrity of Bevacizumab

The in vitro release of bevacizumab from the hydrogels was studied in PBS (pH 7.4) at 37 °C. The
chosen bevacizumab dose (1.25 and 1.5 mg) corresponds to the typical amount administered in
clinics by bolus injection of 50 pl Avastin (1.25 mg bevacizumab).[80, 81] Figure 5 shows that the
release of bevacizumab from the 4APM-HAFU hydrogels is generally speaking dependent on the
hydrogel composition, and sustained release was observed for all investigated hydrogel
formulations. The release of bevacizumab from 4APM-HAFU hydrogels prepared with molar ratios
of maleimide/furan 1:2 and 1:3 lasted for 70 days, after which no protein could be detected in the
release samples. Specifically, hydrogels prepared at ratio 1:2 maleimide/furan released
approximately 55% of the incorporated bevacizumab during 70 days. In the first 13 days, the 10
wt% gel released ~29% of loaded protein while 20 wt% and 25 wt% released ~17 % of loaded
protein also during 13 days, after which the release profile was independent of the initial polymer
weight fraction of the hydrogels. This observation suggests that in the first 13 days, the mesh size
of the 10 wt% gel was larger than the protein size, and therefore, faster release was observed
from this network compared to the 20 and 25wt% gels. After 13 days, the mesh sizes of both the
low and high concentration gels are larger than the protein diameter due to significant swelling
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of the hydrogels. No significant differences in release rate were observed after day 13 as the free
volume fraction, which determines the release of proteins from hydrogels when the mesh size is
greater than the protein hydrodynamic diameter [82] as well as the gel geometries after swelling
is not very different for these gels. From these results, it can be concluded that although the
gelation time and the degradation kinetics largely depend on the initial polymer concentration
for the gels formed based on a 1:2 maleimide/ furan ratio, the release kinetics are hardly affected
by these parameters. On the other hand, 4APM-HAFU hydrogels prepared at a molar ratio of 1:3
maleimide/furan showed a two-phase release profile. The 10% gel released approximately 46%
of the loaded protein in ~16 days in an almost linear way, followed by a slower release of up to
74% of the loaded protein during the next ~54 days. The 16 wt% 4APM-HAFU hydrogel (ratio 1:3
maleimide/furan) released ~60% of the loaded protein within the first 30 days, followed by slower
release kinetics of up to 77% of loaded bevacizumab to 70 days. Interestingly, bevacizumab was
released from 4APM-HAFU hydrogels prepared at a molar ratio of 1:5 for more than 329 days, also
with a two-phase release kinetics. In the first phase, 34% of the loaded protein was released from
the 10wt% gel during 30 days and from the 20wt % gel during 50 days, while 40 % was released
from 25 wt% gel during 60 days. This was followed by the second phase of slower protein release.
After 329 days, approximately 53% of bevacizumab was released from the 10wt % gel, while 64%
was released from the 20wt% gel after 427 days. Remarkably, the 25 wt% gel prepared at a ratio
1:5 4APM-HAFU showed nearly complete bevacizumab release over the measured time frame of
427 days. For comparison, previously Kirchhof et al.[61] Gregoritza et al.[31] reported up to ~100
days of sustained bevacizumab release from DA-based hydrogels.

As reported in Table 2, the in vitro and ex vivo formed hydrogels’' mesh size is between 3.9 and
7.4 nm, and these values increase during hydrogel swelling and degradation. Therefore, it is
expected and also in agreement with the in vitro data, that the release of a monoclonal antibody
such as bevacizumab with a hydrodynamic radius of around 6.5 nm[83] is likely controlled by a
combination of swelling, degradation and diffusion and subsequently multiple phase release
profiles can be observed. However, for the ex vivo formed 4APM-HAFU (molar ratio 1:2) hydrogel,
the calculated average &, is around 7.4 nm (Table 2), which means that after 2 times swelling
the loaded protein will be released mainly by diffusion from regions with mesh size above the
size of the protein while part of the loaded protein molecules might be entrapped in the hydrogel
in regions with mesh sizes < 2x6.52 nm and can therefore only be released upon swelling and
degradation of the hydrogel.

In general, other proteins administered through intravitreal injections do not exceed a
hydrodynamic radius of 10 nm, e.g. aflibercept (5.20 nm); ranibizumab (4.1 nm).[84, 85] Therefore,
knowing the difference in hydrogel initial mesh size in vitro (5.1 -3.9 nm) and ex-vivo (7.4-5.9
nm), protein release kinetics could be potentially be predicted based on their diameter.
Nevertheless, it is essential to note that protein-network interactions might also affect drug
release rate.

The release curves of Figure 5 span a much longer time frame as compared to the degradation
curves in Figure 2 for the empty hydrogels. Noteworthy, the protein loaded hydrogels were
visually discernable in the release medium over the complete release period. This observation
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means that the protein loaded hydrogels degrade much slower compared to the empty hydrogels.
Specifically, we observed a factor 2-3 slower degradation rate for the protein loaded 4APM-HAFU
hydrogels compared to the corresponding empty hydrogels. The retarded degradation of the
protein-loaded gels may have a number of reasons. Firstly, electrostatic interactions between the
negatively charged hydrogel network and the slightly cationic bevacizumab (isoelectric point 8.3)
may play a role in retaining the protein in the gel[86]. Secondly, the encapsulated protein can act
as a chemical crosslinker when one protein molecule reacts with two or more maleimide groups
present in the polymer network. Amine and thiol residues of proteins can react with maleimides
by a Michael-type addition.[87] For bevacizumab , reactivity with amines is more likely since thiol
functionalities are disulfide bridged in this protein.[88] Free maleimide moieties available during
the formation of Diels-Alder crosslinks can potentially react with the protein both during and
after hydrogel formation. These grafted proteins can only be released upon the network's
degradation. The occurrence of these grafting reactions, leading to protein-polymer conjugates,
were indeed confirmed by SDS PAGE analysis under reducing and nonreducing conditions.
Incubation of bevacizumab for one hour with 4APM polymer resulted in the coupling of around
one PEG chain after 1 hour, and more extensive modification was observed after five days of
incubation, and approximately on the average three PEG chains were coupled to the protein as
shown in SI-Figure 6A. As expected, the HAFU DS30 and 83 did not react with the protein even
after 5 days of incubation at 37 °C, justifying the choice to dissolve HAFU in the protein solution.

When preparing a hydrogel at a molar ratio of maleimide and furan groups of 1:1, in principle,
100% conversion of both reactants is possible. However, crosslinks are formed randomly, and the
mismatched reactive groups can result in the presence of free reactive maleimide groups in the
polymer network.[89] For this reason, bevacizumab was loaded in hydrogel formulations
containing higher ratios of furan functional groups compared to maleimide groups to minimize
the presence of the latter and thus limiting protein modification. The excess furan was also
chosen to minimize possible side reactions of the maleimide with biological systems as furan is
considered to be more safe. During the release study, a significant extent of modification was still
seen for the protein released after 21 days from the 1:2 4APM-HAFU hydrogels. Nevertheless,
when proteins are linked to the hydrogels, quantitative release of modified protein from a
hydrogel matrix can still occur upon complete degradation of the network. However, complete
release was not observed in this study, likely, because large soluble conjugates composed of
multiple PEG chains and protein molecules linked together are formed, which are captured by the
precolumn in the analysis method, and consequently they are not detected. Importantly, the
extent of modification was substantially reduced by using a higher concentration of furan polymer
than maleimide polymer in a molar ratio of 5:1 respectively (SI-Figure 6B). In this hydrogel the
concentration of free maleimide groups is low and thus unwanted reaction with bevacizumab is
minimized and prolonged-release of approximately 90% native protein after 3 months was
achieved. Figure 5C shows that by increasing the furan/maleimide molar ratios of the
formulations, nearly complete release of protein was obtained (88% for 25wt% 4APM-HAFU molar
ratio of 1:5). Overall, in agreement with the swelling and degradation study, the initial polymer
concentration has a relatively small effect on the release rate when compared to the
furan/maleimide ratio.
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Figure 5 Cumulative release of bevacizumab from A) 10, 20, 25wt% ratio 1:2 4APM-HAFU hydrogels. B) 10,
16 wt% ratio 1:3 4APM-HAFU hydrogels. C) 10, 20, 25wt% ratio 1:5 4APM-HAFU hydrogels as determined
by the SEC UPLC.

The bioactivity of released bevacizumab was analyzed by a cell proliferation assay as shown in
Figure 6. The bioactivity of the released protein from 4APM-HAFU hydrogels (ratio 1:2 and 1:5)
after days 7, 29 and 60 was studied. The bioactivity of bevacizumab after longer release time
points was not measured as time-related unspecific effects, such as oxidation, deamidation,
aggregation, and adsorption to the vial surfaces are likely to occur.

Figure 6A shows that the relative cell proliferation increases approximately six times compared
to non-treated HUVECs with VEGF concentration up to 20 ng/ml and levels off at higher
concentration. Therefore, the inhibitory effect of bevacizumab was investigated for cells in the
presence of 20 ng/ml VEGF and a sigmoidal dose-response curve was observed (figure 6B). As
shown in Figure 6C, after dilution of the in vitro release (IVR) samples a 100 times to reach
concentrations within the descending range of the dose-dependent inhibition curve (0.1-0.01
ug/ml), proliferation of HUVECs was measured. ALl groups showed a significant reduction (p <
0.05) of cell proliferation compared to the maximal cell proliferation (Figure 6C), except for the
formulation 20 wt% ratio 1:2 IVR day 60, probably due to dilution close to the detection limit.
This reduction can be explained by the inactivation of VEGF due to bevacizumab in the release
samples and as expected polymer precursors (which can be present in the IVR) did not inactivate
VEGF Figure 6D. Quantitative correlation between the released bevacizumab concentration
(detected by SEC) and reduction in HUVEC proliferation cannot be directly obtained due to the
relatively high inaccuracy of the biological assay. Nevertheless, after 60 days, the released
bevacizumab from the hydrogel formulations was still able to reduce the activity of VEGF
stimulated proliferative HUVECs indicating that the released proteins were still active.



HA-PEG-Based DA in Situ Forming Hydrogels for Sustained Intraocular Delivery of Bevacizumab

c 89 8]
k=l
‘:‘s‘ 5
£ o 3
- (]
:
= 44 s
8 B
2 2 2
s k|
2 &
] T T T T T 1
°Q°\ QQQ\ Q.s\ Q\ N ,\Q \°§
&
Mg/ml
< 10
- S
=
2 S g
s £
2 [E
o s
(=% -
3 S 4]
° S
£ g 2
= S
& . T o
L X L
Day 7 Day 29 Day 60 *&z A‘(\e *&a
S & &
E3 10wt% ratio 1:2 IVR B 20wt% ratio 1:2 IVR 9‘50 ‘;2“ e"’Q
£ 10wWt% ratio 1:5 IVR B3 20wt% ratio 1:5 IVR Q¢° d Q\)°
Ea 25wt% ratio 1:2IVR = Control (no IVR) Q*v' Qy'

= 25wt% ratio 1:5 IVR
= (-) Control (20ng/ml VEGF, no bevacizumab )

Figure 6 Bioactivity of released bevacizumab from 4APM-HAFU hydrogel networks. A) Relative cell
proliferation of HUVECs stimulated by VEGF (0-100 ng/ml). B) Bevacizumab dose-dependent inhibition of
VEGF (20 ng/mL.) stimulated HUVEC proliferation. C) Bioactivity of 100 times diluited IVR samples (on days
7,29, 60) on cell proliferation of HUVECs treated with 20 ng/ml VEGF; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 and ns for p > 0.05 compared to control treated with 20 ng/ml VEGF (One-way ANOVA,
multiple comparison test) D) The effect of the polymer precursors on proliferation (cells were treated with
20 ng/ml VEGF). Data are presented as the mean *SD of three independent

3.6 Cytocompatibility studies

Possible cytotoxicity of the hydrogel polymer precursors and hydrogel on contacting cells was
evaluated using the QMMUC-1 cell line. Muller glial are a primary retinal glial cell type and
contribute to maintaining retinal structure and homeostasis.[57] Furthermore, Mdller glia are
known to play a role in the pathogenesis of diabetic retinopathy and hypoxia retinal vascular
disorders as they produce VEGF, which plays an important role in retinal inflammation and
vascular leakage in diabetic retinopathy.[90] Clearly, damage to these cells will drastically disrupt
normal retinal function. Figure 7A shows that the QMMUC-1 cells surrounding the gels adhered
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to, spread and grew on the cell culture dish with normal morphology and proliferation after 24
hours and 5 days of culture. This observation indicates that the hydrogels do not release toxic
leachables for these cells. QMMUC-1 cells located on top of the hydrogel's surface did not spread
and grow, and they were found floating with different morphology compared to the control. This
poor cell adhesion on the surface of the hydrogel might be due to the presence of a 4-arm PEG
crosslinker in the hydrogel network, as also discussed by Yu et al.[45] In another study, Nimmo et
al.[29] showed that MDA-MB-231 cells (human breast cancer cell line) placed on top of HA-PEG
hydrogels remained round for the first 24 h, after which the cells began to adopt a flattened
morphology, suggesting cell attachment. The authors discussed this was due to the expression of
CD44 cell surface antigen, a receptor for HA[91], allowing for cell interaction and potential
adhesion to the gel surface; however, a significant number of cells did not adhere to the gels and
were removed during media exchange. Nevertheless, although CD44 cell surface antigen is
expressed on mature Muller glial cells,[92] the cells did not attach on top of the gel surface but
were found in direct contact with the gel after the 5 days of study. It is essential to note that
intravitreally implanted hydrogels are not required to have cell adhesion properties when used
as drug reservoirs, as they are developed to have limited interaction with cellular tissue
surrounding the vitreous environment.

Alamar Blue® cell viability assay was used to evaluate the effect of hydrogel leachables and
polymer precursors on QMMUC-1 cells. Figure 7B shows that hydrogel leachables (from 10 and
20 wt% gel) did not affect cell viability (approximately 100% of the cells were metabolically active
after 24h exposure). This result is in accordance with the direct contact experiments.

As discussed in section 3.2, the HA-PEG hydrogels studied are fully degradable by retro-Diels
Alder reaction. This means that the hydrogel precursors could gradually detach from the network
and diffuse in the vitreous with potential toxicity to the surrounding tissues. Therefore, different
polymer concentrations of 4APM crosslinker and HAFU DS 30%, 50%, 83% (0.125-50mg/ml) were
used to evaluate cytocompatibility with QMMUC-1 cells. From the results shown in Figure 7C, it
is clear that the polymers were well tolerated by the cells up to the concentration of 5 mg/mL.
However, at a polymer concentration of 50 mg/ml, cell viability was significantly (p < 0.0001)
reduced to 75, 59, 77% for HAFU polymer with DS of 30, 50 and 83%, respectively, while more
pronounced toxicity was observed for the 4APM crosslinker, reducing the viability to 21%.
Considering that the volume of the vitreous humor in the adult human eye is approximately 4 ml
[93], it is expected that after intravitreal injection of 50 pl of PEG-HA hydrogel polymer precursors,
the concentration of the individual components in the eye would be maximally between 0.625 to
1.25 mg/ml, which is shown to be well tolerated by the QMMUC-1 cells.
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Figure 7 Cytocompatibility of hydrogel and hydrogel precursors on QMMUC-1 cells. A) The morphology of
QMMUC-1 cells after 24 hours and 5 days co-incubated in direct contact with 10wt% 4APM-HAFU hydrogel;
The location of the hydrogels and the scale bar (260 um) are indicated in the images. (B) OMMUC-1 cell
viability in the presence of hydrogel leachables from 10, 20 wt% 4APM-HAFU hydrogels after 24h
incubation. C) Cell viability (Alamar blue) of QMMUC-1 cells after 24h incubation with polymers (HAFU DS
30, 50,83% and 4APM) across concentration range of 0.125-50 mg/mL. **** p < 0.0001 compared to control
untreated cells (One-way ANOVA, multiple comparison test), (n=6).

4 CONCLUSIONS

In this study, an intravitreal in situ forming DA crosslinked hydrogel based on HA and PEG
polymers with potential application as a long-acting sustained delivery system for bevacizumab
and potentially for other anti-VEGF therapeutics was investigated. The prospect of the system for
treating retinal diseases was examined step-by-step by testing hydrogel gelation kinetics,
mechanical properties, injectability, biodegradability, sustained release of bevacizumab and
cytocompatibility to retinal cells. In summary, we showed that gelation time and hydrogel final
stiffness are strongly dependent on temperature and ratios of the reacting furan and maleimide
groups present on HA and PEG respectively. The obtained hydrogels were fully degradable at
physiological conditions due to retro Diels-Alder reaction. Formulations could be easily injected
into the vitreous body of an ex-vivo porcine eye through a 29G needle, and crosslinked hydrogels
were obtained of which the mesh size was determined mechanical analysis. To the best of our
knowledge, the reported method was the first example of a direct comparison of hydrogel mesh
size in vitro and ex vivo, providing a valuable tool for preclinical intraocular hydrogel
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characterization. The hydrogels showed no toxicity to QMMUC-1 at the used concentrations in
vitro. Concluding, 4APM-HAFU hydrogels formed at a maleimide/furan molar ratio 1:3 provide
sustained release of bevacizumab for two months. This formulation can therefore potentially be
used for therapy to replace the monthly injection by an injection every two months. For
prolonging chronic therapy, the hydrogel formulation with a maleimide/furan molar ratio of 1:5
could be considered as this formulation showed sustained release of bevacizumab for up to a
year. However, further research whether indeed bioactive protein is released during this
timeframe is needed.
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7 SUPPORTING INFORMATION

'H-NMR spectra of HAFU DS 30, 50, 83% ; FTIR spectra of HA, HAFU DS 30% and HAFU 83%; FTIR
spectra of: 4APM, HAFU DS 83% and HAFU-4APM hydrogel; SEC chromatograms and UV-vis
spectra of HAFU-750dye polymer; Rheological and mechanical characterization of 4APM-HAFU
hydrogel; SDS-page of bevacizumab and SEC chromatograms of 10-20 wt% 4APM-HAFU
hydrogels after 21-63 days of release; 'H-NMR spectra hydrogel degradation product; Storage
modulus (Pa) at gelation time of 4APM-HAFU hydrogels; Storage (G') , loss moduli (G”) and Tan
(6) in time; Image of transparent HAFU-4APM hydrogels.

In SI-Figure 1, the presence of furan protons on the HA-backbone are shown by the aromatic peak
at 6.4 (CHCH, 2 protons) and 7.5 (OCH, 1 proton) ppm. The degree of substitution (DS %) was
determined by *H-NMR using the following equation:

l;5/1
DS (%)= x 100

IZ.D

Where |75 is the integral at 7.5ppm and |, integral at 2ppm of N-acetyl glucosamine (NHCOCH:)
in native HA.
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SI-Figure 1 *H-NMR spectra of HAFU DS ~ 30, 50, 83% .D,0 was used as solvent.
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SI-Figure 2 FTIR spectra of A) HA, B) HA-FU DS 30% and C) HAFU 83%. Unmodified HA has spectral bands
at 1615 and 1410 cm™, assigned to the asymmetric and symmetric stretching vibration of the carboxylate
anion, respectively. HA spectra are also characterized by an amide Il bond at 1560 cm™. The grafting of
furan groups to HA (HAFU) after the reaction of HA with furfurylamine is indicated by shift and increase of
the peaks at 741, 1541 and 1652 cm™ from the HAFU DS 30% and even more for HAFU DS 83% derivative
corresponding to the furan moieties. The functionalization of HA with furan groups is also demonstrated
by the decrease in the absorbance of carboxylate anion (1410 cm™) peak for the HAFU DS 30% and even
more for DS 83%.
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SlI-Figure 3 FTIR spectra of: A) 4APM with arrows showing the C=C absorbance at 1466 cm™, -C=0 stretch
vibration at 1707 cm™ and the =C-H- bending vibration at 695 cm™ from maleimide. B) HAFU DS 83% with
arrows indicating bonds of amide | stretching, amide Il bending at 1652, 1541 cm™ respectively, and =C-H-
bend of furan moiety 741 cm™. C) The cross-linked HAFU-4APM hydrogel (molar ratio maleimide: furan 1:5)
showing the absence of the 695, 1466 and 1707 cm™ maleimide peaks, decreased 741, 1541 cm™ furan
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peak and the appearance of a new peak at 1459 cm™ corresponding to the C=C bond in the Diels-Alder

adduct.
A B
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SI-Figure 4 A) SEC chromatograms of HAFU-750dye polymer in black and Alexa fluor 750 C5 maleimide
dye in blue. B) UV-vis spectra of HAFU-750dye polymer in black and Alexa fluor 750 C5 maleimide dye in

blue.
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SI-Figure 5 Rheological and mechanical characterization of 4APM-HAFU hydrogel formulations. Evaluation
of storage (G’) and loss modulus (G”) as a function of time in 20 wt% 4APM-HAFU hydrogel, A) molar ratio
of maleimide/furan 1:2 and B) molar ratio 1:5. C) Complex viscosity (n*) of 20 wt% 4APM-HAFU hydrogel at
37 °C. D) Complex viscosity (n*) of 20wt% 4APM-HAFU hydrogel at 37°C time (0-3 minutes).
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SI-Figure 6 A) SDS-page of bevacizumab after incubation with hydrogel precursors at 37 °C for 1 hour and
5 days. The maleimide present in the 4APM crosslinker conjugated to the proteins, and therefore, its
molecular weight was increased. B) SEC chromatograms of 10-20 wt% 4APM-HAFU hydrogels at 1:2 and
1:5 ratio after 21-63 days of release.

SI-Figure 7 *H-NMR spectra in D,0 (between 5.6-7.6 ppm) of A) 4APM crosslinker, indicating the presence
of maleimide protons (a). B) HAFU polymer, indicating the presence of furan protons (b and c). C) Freeze-
dried degradation product obtained during swelling and degradation studies upon the complete dissolution
of hydrogel network in aqueous medium. Protons of furan (c and b) and the Diels-Alder adduct (f) are found.
No intact maleimide protons are found (a), while the protons of the hydrolyzed maleimide product were
identified (e).
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SI-Figure 8 Storage modulus (Pa) at the gelation point (here defined as the time at which G’ equals G”) of

20wt% 4APM-HAFU hydrogel formulations at molar ratio 1:2 and 1:5 maleimide: furan as a function
temperature (37, 20, and 4 °C).
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SI-Figure 9 Storage (G'), loss modulus (G”) and tan(8) as a function of time of 15wt% 4APM-HAFU (molar
ratio 1:3) hydrogel formulation with and without bevacizumab.

SI-Figure 10 Image of transparent 20 wt% HAFU-4APM hydrogels (diameter 8 mm, 4 mm height) formed at
37 °C with and without loading of bevacizumab.
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ABSTRACT
Purpose:

The pharmaceutical protein bevacizumab is commonly used off-label for treating ocular diseases
via intravitreal injections. However, frequent injections can lead to ocular complications and poor
patient compliance. To address these issues, pharmaceutical scientists have developed preclinical
depot systems for sustained delivery of this biotherapeutic. This study examines the in vivo
pharmacokinetic (PK) profile and ocular safety of an injectable, in situ forming Diels-Alder
crosslinked hydrogel composed of hyaluronic acid and PEG, loaded with bevacizumab.

Methods:

Intravitreal injections of hydrogel precursors, with and without fluorescently labeled
bevacizumab, were administered into the eyes of albino rabbits. Formulations with polymer
concentrations of 10 wt% (fast release) and 20 wt% (slow release) were injected. Ex vivo albino
rabbit eyes were used to examine the effect of vitreous dilution on hydrogel mechanical
properties and its mesh size. Albino rabbit eyes were selected as the in vivo animal model, with
five rabbits receiving the 10 wt% formulation in their right eye and the 20 wt% formulation in
their left eye. The bevacizumab concentrations were measured in aqueous humor and vitreous
samples over time after injection using fluorophotometer analysis, and subsequently the in vivo
release rate constants were calculated using a compartmental model. Ocular safety was assessed
through analysis of intraocular pressure (IOP), ophthalmic examination, fundus imaging, and
microscopic imaging of the anterior eye for empty and bevacizumab loaded hydrogel
formulations.

Results:

Consistent with the findings of the ex vivo rabbit eye study, we observed a confined stable
hydrogel within the vitreous body in vivo. Furthermore, the mesh sizes of the hydrogels formed
ex vivo and based on rheological analysis ranged from 4.0 to 8.6 nm, making them suitable for
the sustained release of bevacizumab. In vivo release results showed that the burst release (taken
as the amount of protein released during the first 24 hours) of bevacizumab from the 10 and 20
wt% formulation was 53 and 33 % of the loaded drug, respectively. Following this initial burst,
the gels gradually released the protein with first order release rate constants of 0.26 + 0.05 day™
for the 10 wt% and 0.13 = 0.02 day* for the 20 wt% formulations, respectively. One-month post-
injection, the vitreous concentrations of bevacizumab were 1.7-3.2 times higher for the hydrogel
group compared to the rabbits that received bolus injections of the same dose of the protein.
Furthermore, the 20 wt% hydrogel formulation resulted in bevacizumab concentrations 20 times
above its therapeutic concentration (0.05 pg/ml) for at least 55 days post-injection. Safety
evaluation revealed that hydrogels with fluorescently labelled bevacizumab exhibited an
inflammatory response in the posterior segment of the eye at 14 days post- injection in 4 out of
10 eyes. However, the empty hydrogels demonstrated no toxicity in the posterior segment, but
transient irritation of the anterior segment was observed in the first-week post-injection. The
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exact causes of these side-effects are however unclear at present and need further in-depth
studies.

Conclusions:

The studied hydrogel prolongs the residence of bevacizumab in the vitreous significantly
compared to bolus injection, but the safety concerns require further investigation.

Keywords: Intravitreal; Ocular diseases; AMD; DR
1 INTRODUCTION

Neovascular eye diseases, such as wet age-related macular degeneration (AMD) and proliferative
diabetic retinopathy, are recognized as the leading causes of blindness and visual impairment in
older patients worldwide.[1] While the mechanisms of ocular neovascularization are not fully
understood, studies have shown that up-regulation of vascular endothelial growth factors (VEGFs)
plays a critical role in stimulating angiogenesis and vascular permeability in the retina.[2] As a
result, anti-VEGF liquid formulations injected into the vitreous have become the standard of care
for treatment of wet AMD.[3] Pegaptanib (Macugen®), ranibizumab (Lucentis®), brolucizumab
(Beovu®), faricimab (Vabysmo™) and aflibercept (Eylea®) are FDA-approved anti-VEGF
therapeutics for the treatment of wet AMD.[4-10] Additionally, bevacizumab (Avastin®), a
recombinant humanized monoclonal IgG1 antibody that binds and inhibits VEGF, is widely used
off-label for this indication.[11, 12] Bevacizumab is an IgG type monoclonal antibody composed
of two identical light chains (214 amino acids) and two heavy chains (453 residues) containing N-
linked oligosaccharides with a molecular weight of 149 kDa.[13, 14] A single intravitreal dose of
bevacizumab for humans is typically 1.25 mg, which is equivalent to 0.5 mg of ranibizumab having
a molecular weight of 49 kDa in clinics.[5, 15, 16] Different dosing schedules, such as monthly

injections or as-needed, have been reported in clinical studies.[15] Despite the clinical success
of current anti-VEGF therapy, one limitation is the need for repeated monthly or bimonthly
intravitreal injections to maintain therapeutic effects, which is due to the relatively fast vitreous
elimination half-lives of the used biotherapeutics ranging from a few days up to 12 days in
humans.[17, 18] Even though adverse events associated with frequent intravitreal injections are
relatively rare, the substantial number of injections (exceeding 20 million per year worldwide[19])
results in a significant number of such events (e.g. endophthalmitis, retinal detachment,
hemorrhage).[20-23] Obviously, the frequent injections are burden to the patients and costly to
the health care systems. Furthermore, the intravitreal pharmacokinetic profiles of the presently
used anti-VEGF proteins are suboptimal, with very high initial concentrations, fast ocular
clearance and fluctuating drug concentrations (= two orders of magnitude) within the vitreous
body and retina.[24] To address these limitations, intraocular drug depots have been developed
to provide extended drug delivery, which thus reduce the frequency of intravitreal injections.
Genentech’s Susvimo, previously called Port Delivery System, is the only FDA-approved (October
2021) ranibizumab implant used to treat neovascular age-related macular degeneration, but this
refillable system was voluntarily recalled due to problems of reproducibility in the clinical
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use.[25-27] Also, in the phase 2 trials, a notable incidence of vitreous hemorrhage was observed
with this system. [28]

Hydrogels are promising ophthalmic biomaterials for vitreous substitution and recent progress in
hydrogel design offers excellent opportunities to sustain the release of ophthalmic drugs,
potentially improving therapeutic efficacy in ocular therapy.[29, 30] Previously, in vitro/in vivo
evaluations of in situ forming hydrogel depots have shown great potential in the controlled and
sustained release of proteins.[31-33] Particularly in-situ forming hydrogels can be easily
administered by injection using small gauge needles into the vitreous cavity. After intravitreal
injection, the polymer solution undergoes a sol-to-gel phase transition, entrapping dissolved
therapeutics in their hydrated network. In recent years, different types of intraocular hydrogels
based on varying polymer matrices and crosslinking strategies have been employed to achieve
desired drug release profiles. [30, 34-37]

The most frequently used polymers for the design of injectable hydrogels include hyaluronic acid,
alginate, semi-synthetic chitosan, dextran, poly(ethylene glycol) (PEG), and thermo-responsive
synthetic polymers such as poly(N-isopropylacrylamide) (PNIPAM) and block copolymers of
poly(lactic-co-glycolic acid) (PLGA)-PEG, etc.[38] Although many polymer-based hydrogel depot
systems have demonstrated the ability for the controlled release of therapeutic proteins in vitro,
as previously reviewed by Ilochonwu et al.[29], there are only limited studies on their PK profile
and safety in in vivo models. [31, 39-41] In the past years, PEG based hydrogels crosslinked
exploiting Diels-Alder (DA) or Michael-type reactions have been investigated as matrices for
sustained protein release and potential ocular applications were demonstrated in in vitro
studies.[32, 42]

Hyaluronic acid (HA) is a natural polymer and an essential component of the extracellular matrix
of connective tissues such as vitreous, subcutaneous tissue, umbilical cord, synovial tissue, and
synovial fluid [43]. Preclinical and clinical studies have shown that injections of HA
solutions/hydrogels with high molecular weight and high viscosity within the vitreous and
anterior chamber of monkeys, rabbits and human eyes were well tolerated and demonstrates that
this polymer can be used in various intraocular therapeutic modalities to treat vitreoretinal
diseases.[44-46] Injectable in situ forming hydrogels based on Diels-Alder crosslinking chemistry
between furan and maleimide groups have been previously shown to yield matrices suitable for
the sustained release of bevacizumab in ocular therapy.[42, 47, 48] A major advantage of Diels-
Alder chemistry is that it occurs under physiological conditions, avoiding potentially toxic
catalysts and initiators often used in other crosslinking strategies for the preparation of hydrogel
delivery systems.[48, 49] In a previous study, we introduced an HA-PEG-based hydrogel using
Diels-Alder chemistry and this research focused on in situ forming hydrogels designed for easy
intravitreal injection.[48] We systematically studied the sustained release profile of bevacizumab
in relation to gel composition. The hydrogel were formed within minutes and were biodegradable
under in vitro physiological conditions.[48] Importantly, the hydrogels exhibited extended release
of the bioactive from 30 to 400 days, showcasing potential for ocular disease treatment.[48] The
study presented here aimed to investigate the in vivo PK profile and ocular safety of hyaluronic
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acid-PEG-based Diels-Alder in situ forming hydrogels for sustained intraocular delivery of
bevacizumab to determine the suitability of this formulation for ocular therapies.

2 MATERIALS AND METHODS
Materials

Lyophilized sodium hyaluronate (HA; 24 kDa) was obtained from Lifecore Biomedical (Chaska,
MN, USA). The 4-arm PEG maleimide crosslinker (4APM; 10 kDa) was purchased from JenKem
Technology USA Inc. (Beijing, China). Phosphate buffered saline 10x (PBS) pH 7.4 (1.37 M NaCl,
0.027 M KCl and 0.119 M phosphates) was purchased from B. Braun (Melsungen, Germany).
Zirabev Pfizer, (100 mg of bevacizumab dissolved in 4 ml buffer excipient: sucrose, succinic acid,
disodium edetate, polysorbate 80, sodium hydroxide for pH adjustment, water for injections) was
a kind gift from the UMC Utrecht. The protein solution was stored at 4 °C util use. BODIPY (BDP)
fluorescein (FL) N-hydroxysuccinimide (NHS) ester was obtained from Lumiprobe GmbH (Europe,
Maryland, USA).

Methods
2.1 Hydrogel preparation

Furan-modified HA polymers (HAFU) (degree of substitution (DS) 50 and 83 %) were prepared by
functionalizing hyaluronic acid with furfuryl-amine according to a previously published protocol
by Ilochonwu et al.[48] The 4-arm PEG maleimide (4APM) was used as a crosslinker for reaction
with the furan moieties present in HAFU to obtain hydrogels.

2.1.1 Empty hydrogel preparation for in vitro and ex vivo dynamic mechanical analysis (DMA)

In order to gain a better understanding of the influence of vitreous dilution during in vivo
evaluation, it is important to assess the mechanical properties and mesh size of hydrogels formed
both ex vivo and in vitro. To this end, empty 4APM-HAFU hydrogels were prepared according to
a previously published protocol[48] with slight modifications. Specifically, HAFU (DS 50 or 83)
and 4APM-crosslinker were dissolved separately in PBS and mixed to obtain a total polymer
concentration of 10-20 wt% unless indicated otherwise. Different ratios between the 4APM
crosslinker and HAFU polymers corresponding to 1:2, 1:3 and 1:5 molar ratios of maleimide: furan,
respectively, were used to prepare different hydrogel formulations. Subsequently, 100 ul of the
formulation was either allowed to crosslink in a plastic mold (4 mm and 5 mm in height and
diameter, respectively) or injected intravitreally (needle size 29G) into an ex vivo New Zealand
rabbit eye (only 20 wt % solution were injected) and kept at 37°C for 1 hour. Before the intravitreal
injection, the eyes in a excess volume of PBS were preincubated at 37 °C for 30 minutes using a
water bath. The in situ formed hydrogels were isolated from the vitreous body and subsequently
cut for further mechanical tests. All hydrogels (ex vivo n=3 and in vitro n=3) were prepared or cut
in a cylindrical shape with dimensions of approximately 4 mm and 5 mm in height and diameter,
respectively. DMA 2980 Dynamic Mechanical Analyzer (TA Instruments, New Castle, DE) was used
to determine Young’s modulus of the hydrogels according to previously published protocol.[48]

139



140

Chapter 4

2.2 Rheological studies (10-20 wt % gel, furan/maleimide molar ratio 1:3)

The rheological properties of the hydrogel were analyzed as previously reported [48] using a
Discovery HR-2 Rheometer (TA Instruments Inc., Etten-Leur, NL) with a Peltier plate for
temperature control. The samples were measured using a 20 mm diameter aluminum plate-plate
geometry. For each analysis, samples of 180 pl of empty hydrogel formulations were prepared as
described in section 2.1.1 and placed on the rheometer Peltier plate. The distance between the
plates was controlled by the equipment during the measurement to enable a constant normal
force. The time needed to reach the crossover point between G’ and G” is defined as gelation time.
After reaching the plateau value for G’ and G” indicating complete crosslinking, an angular
frequency sweep ranging between 0.1-100 rad/s was performed. Hydrogel mesh size (§ in m) was
calculated from the G’ using the following equation[50] :

E = (G,*Nav/ RT)-U3

where N., is Avogadro’s constant, R is the molar gas constant (8.3 J/K.mol), and T is the absolute
temperature in K.

2.3 Dye conjugation to bevacizumab

BDP FL NHS-ester (389.2 Da) was conjugated to bevacizumab (149 kDa) following the
manufacturer’s protocol for labelling proteins (LI-COR, Inc. Biosciences). In brief, BDP FL NHS
ester was dissolved in dimethyl sulfoxide (DMSO) to obtain a stock solution of 10 mg/ml and
stored at -20°C until use. A sample of the Zirabev protein solution (500 pl, 12.5 mg bevacizumab)
was diluted by adding 100 ul PBS (pH 7.4) and adjusted to pH 8.5 by adding 300 pl of 1 M
potassium phosphate (pH 9). Subsequently, 10 pl of the dye stock solution was diluted with 90 pl
DMSO and this obtained solution was added to the protein solution resulting in a 3:1 dye:
bevacizumab molar ratio. The final mixture (1000 pl) was allowed to react at room temperature
for 3 h. The unreacted dye was subsequently removed with pyrogen-free water by using Zeba™
spin desalting columns equilibrated with pyrogen-free water. Characterization of labelled
bevacizumab was done by size-exclusion chromatography (SEC) using a Waters ARC UPLC Acquity
system (Waters Corporation, Milford, USA) equipped with a fluorescence detector. A Yarra 3 pm
SEC-3000 (LC column 150 x 4.6 mm) equipped with security guard cartridge was attached to the
system and used for the measurements at room temperature. Two detection channels were used
to confirm dye conjugation to the protein and discriminate between free BDP dye and labeled
bevacizumab. Channel 1 for detecting the protein (excitation at 280 nm and emission at 340 nm),
and channel 2 for detecting the BDP signal (excitation at 409 nm and emission at 509 nm). The
filtered (0.2 ym) mobile phase consisted of an aqueous solution of sodium phosphate 100 mM
and sodium sulfate 300 mM of pH 6.7 with 15% (v/v) DMSO, which was operated at a flow rate of
0.3 mL/min. Samples of 7.5 yl were injected, and the retention time of bevacizumab was 5.2 min
under these conditions. The bevacizumab calibration curve’s linear range was from 0.16 mg/mL
(detection Llimit) to 2.5 mg/ml and was used to determine the protein yield after labeling. To
calculate the dye/bevacizumab molar ratio, the UV spectrum of a bevacizumab BDP dye aqueous
solution (diluted to 0.5 mg/ml with 10% DMSO/water) was recorded (Shimadzu 2450, Japan), and
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the maximum absorbance values at 283 nm (A,s3=0.257) and 505 nm (Asos = 0.189) were used to
calculate the degree of conjugation according to the following equation 1:

BDP dye _ A505 [ Azsa ]

Bevacizumab € BDP dye € Bevacizumab

Eq.1

BDP Dye/bevacizumab is the molar ratio of BDP Dye to bevacizumab and the molar extinction
coefficient of BDP Dye (ggop pye) is 92000 L-mol™*-cm™ (according to the manufacturer) and the
molar extinction coefficient of bevacizumab (& vevacizumab) is 245850 L-mol™-cm™.[51]

2.4 Endotoxin tests

The different formulation components (polymers, protein-BDP dye and BDP-dye) were dissolved
or dispersed (BDP FL NHS-ester dye) in sterile endotoxin-free water and tested in duplicate for
endotoxin content by utilizing Pierce™ chromogenes Endotoxin Quant Kit (Thermo Scientific™)
according to the manufacturer’s instructions.

2.5 Invivo experiment in rabbits
2.5.1 Type of animals, housing and animal study permit

Nine New Zealand White female rabbits (four to five months old) were used in the studies. The
animals were housed under standard white cyclic lighting with free access to food and water. The
experiments were designed and conducted in accordance with the guidelines of the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. The procedures were
approved by the Finnish National Animal Experiment Broad (ELLA, Regional State Administrative
Agency for Southern Finland), performed under project license (ESAVI-2020-027769) and in
compliance with 3R principles (replacement, reduction and refinement) monitored by animal-
welfare body of University of Eastern Finland Lab Animal Center (UEF LAC).

2.5.2 Formulation preparation and intravitreal injection for in vivo PK experiments

HAFU (DS 50%) and 4AMP crosslinker were dissolved separately in the protein solution of
bevacizumab-BDP dye at two different polymer concentrations (10 or 20 wt%) and molar ratio
maleimide/furan 1:3. Specifically, for the preparation of six 10 wt% hydrogels, 24.0 mg of HAFU
was dissolved in 0.336 ml of the bevacizumab-BDP dye solution (12 mg/ml), while 23.9 mg of
4APM was dissolved in 0.096 ml of the same solution. For the preparation of six 20 wt% hydrogels,
53.6 mg of HAFU was dissolved in 0.322 ml of the bevacizumab-BDP dye solution, while 52.5 mg
of 4APM was dissolved in 0.105 ml of the same solution. The 4APM crosslinker protein solution
was then mixed with the HAFU protein solution in the following ratios for each injection. For one
10 wt% hydrogel preparation, 15.5 pl of 4APM-bevacizumab-BDP dye solution was added to 54.5
pl of HAFU DS 50%-bevacizumab-BDP dye solution. For the preparation of six 10 wt% hydrogels,
17.5 pl of 4APM-bevacizumab-BDP dye solution was added to 52.5 pl of HAFU-bevacizumab-BDP
dye solution. The mixtures were then immediately pipetted into a 1 ml syringe (BD Micro Fine
Insulin syringe, 0.5 ml, 30G, Becton Dickinson, Franklin Lakes, NJ, USA). A volume of 70 pl was
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prepared to account for the loss of materials during handling and the dead space in the syringe.
Next, 50 pl of the hydrogel precursor solution was immediately injected 4 mm from the limbus
trans-sclerally into the vitreous of the rabbits and allowed to crosslink in situ. Topical
oxybuprocaine (4 mg/ml) was instilled as a local anesthetic a few minutes before the intravitreal
injections. The intravitreal injection volume of the formulation was 50 pl per eye, resulting in a
bevacizumab-BDP dose of 600 pg. Six rabbits received the 10 wt% formulation in the right eye,
and the left six eyes received the 20 wt% formulation. One animal had to be excluded from the
study due to an infection (not necessarily related to the formulation) and the research proceeded
with the remaining five rabbits.

2.5.3 Intravitreal injection for in vivo safety evaluation of empty hydrogel formulation

The formulation was prepared according to section 2.5.2 with slight modification. Briefly, HAFU
(Ds 83 %) and 4AMP crosslinker were separately dissolved in PBS and the solutions were mixed
to obtain 20 wt% solution with a maleimide/furan molar ratio of 1:5. Subsequently, 70 pl of this
solution was pipetted into a 1 ml syringe (insulin needle size 30G) and injected 4 mm from the
limbus trans-sclerally into the vitreous and allowed the two hydrogel building blocks to crosslink.
Oxybuprocaine (4 mg/ml) was instilled topically as a local anesthetic a few minutes before the
intravitreal injections. The intravitreal injection volume of the empty formulation was 50 pul per
rabbit eye. In total of 6 eyes of three rabbits received the placebo formulation.

2.5.4 Fundus imaging

The pupil was dilated using topical tropicamide (one drop of Oftan Tropicamid 5 mg/mL, Santen,
Finland) instilled to each eye 15 min before imaging, and the fundus images were captured by
Micron IV Retinal Imaging Microscope (Phoenix Technology Group, Pleasanton, CA, USA) using
full color and green fluorescence sets of filters. The rabbits were under anesthesia using
subcutaneous injection of ketamine (dose 25/kg) and medetomidine (dose 0.5 mg/kg) during the
imaging.

2.5.5 Fluorophotometric studies with rabbits

In vivo PK studies in rabbit eyes were performed using fluorophotometer (Fluorotron, OcuMetrics,
Mountain view, CA, USA) as reported previously.[52, 53] Prior to the experiments, the rabbits were
anesthetized by s.c. injection of 0.5 mg/kg medetomidine (Domitor vet 1 mg/mL; Orion Pharma,
Finland) and ketamine (25 mg/kg; Ketaminol®, 50 mg/mL; Pfizer Oy Animal Health, Finland). The
pupils were dilated after topical administration of an eye drop of tropicamide (Oftan Tropicamid
5 mg/mL, Santen, Finland ). The baseline autofluorescence for each eye was measured before
intravitreal injection of hydrogel formulation loaded with BDP labeled bevacizumab. The post-
injection fluorescence signals were measured from the vitreous and aqueous humor. The
fluorophotometry scans were performed at different time points for up to 41 days.

Autofluorescence originating from the vitreous and aqueous humor was subtracted from the
measured fluorescence values. Subsequently, the remaining fluorescence signals were converted
to bevacizumab-BDP dye concentrations using calibration standards ranging from 0.4 to 400
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pg/ml. During each scan, the rabbits were under sedation by Domitor (Domitor vet 1 mg/mL; 0.3
mL/kg) given by s.c. injection. The levels of bevacizumab-BDP dye in the vitreous were
quantitated by calculating the average concentration within a specific region. This region began
at a relative distance of 3 mm from the retina and extended to 13 mm from the retina.
Atipamezole (0.2 mL/kg; Antisedan®, 5 mg/mL; Orion Pharma, Finland) was used as an antagonist
to reverse the sedation by s.c. injection.

2.6 PK simulations

PK curve fitting was performed to calculate the PK parameters for the released bevacizumab-BDP
in the vitreous and aqueous humor after intravitreal injections of 10 and 20 wt% 4APM_HAFU
hydrogels. First, the experimental values obtained from Bakri et al.[54] were used to calculate the
PK parameters for free bevacizumab (dose 600 ug) in rabbit eyes following intravitreal injections.
The model (Figure 1A and Eq 2-3) assumes previously proven anterior elimination route of
intravitreal bevacizumab.[19]

dMyi;
Eq.2 d—m = —Kyir X Myjt

t

dMaqh
Eq--” d—t = kvit X Mvit - kaqh X Maqh

Mvit and M.qn are the masses of bevacizumab in the vitreous and aqueous humor, respectively. The
mass of drug in each compartment was calculated as mass = volume x concentration. The vitreous
volume of distribution was 2500 pl [54] and the anatomical volume of aqueous humor is 325 pl.

[55] Kvit and kagn are the elimination rate constants for bevacizumab from the vitreous and the
aqueous humor, respectively. The intravitreal PK parameters of free bevacizumab were obtained
with curve fitting using PKSolver software.[56] The fittings are shown in supplement (SI-Figure
2). A compartmental model (Figure 1B) was used to describe the PK after intravitreal injection of
the hydrogels. The following differential equations (Eq. 4-6) were used to estimate the burst-
released mass and drug release rate by curve fitting.

dMg,
Eq.4 d—g‘ = —kre X (Mgel — Mp)

t

dMy;;
Eq.5 d_tt = —kyie X (Mvr + Mp) + kpe X (Mgel - Mb)

dM
Eq.6 d—atqh = kyjt X My + Mp) — kaqh X Magn

kre is the first order release rate constant for bevacizumab-BDP release from the hydrogel. M,
represents the released amount of bevacizumab during the first day post-injection (arbitrarily
taken as burst release). Mge is the initial mass of bevacizumab in the hydrogel. M, and Mg are
the amounts of bevacizumab-BDP released in the vitreous after the burst release and the mass of
bevacizumab-BDP dye within the hydrogel, respectively. All the fitting was done using least
square method using Levenberg-Marquardt algorithm. R packages (packages FME and deSolve)
and RStudio [57-59] were used for fitting.
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Figure 1 A) Compartmental PK model of intravitreal bevacizumab in rabbits. V, and V. are the volumes of
the vitreous and anterior chamber, respectively. k. and kiqn are elimination rate constants of labeled
bevacizumab from the vitreous and anterior chamber, respectively. B) Compartmental model for vitreous
kinetics of bevacizumab loaded in the hydrogel with first order in vivo release kinetics. M, is the mass of
drug released during the first day after injection. k. is the first order release rate constant of bevacizumab
from the hydrogel.

2.7 I0OP measurements

The intraocular pressure of the eyes was recorded 30 minutes after 50 pl intravitreal injection of
10 or 20% HAFU-4AMP hydrogel loaded with bevacizumab formulation by using a tonometer
(iCare PRO® tonometer, iCare Finland Ltd).

2.8 Aqueous humor samples

Aqueous humor samples were collected from the anterior chamber of the rabbits with Hamilton
syringe with G34 needle (Hamilton company, Reno, NV, USA). Anesthesia was performed with s.c.
medetomidine (Domitor vet 1 mg/ml, 0.4 ml/kg) and ketamine (Ketaminol vet 50 mg/ml, 0.4
ml/kg). The pupils were dilated with tropicamide eye drops (Oftan Tropicamid 5 mg/ml) and local
anesthesia of ocular surface was achieved by oxybuprocaine eye drops (Oftan Obucain 4 mg/ml,
Santen, Finland). Carbomer eye gel (Viscotears 2 mg/g, from Dr. Gerhard Mann chem.-pharm.
Fabric GmbH, Berlin, Germany) was administered topically to prevent corneal drying. Anesthesia
was reversed by s.c. injection of atipamezole (Antisedan vet 5 mg/ml, 0.2 ml/kg). After aqueous
humor sampling, the eyes were treated with ocular antibiotics (Oftan Chlora, Santen, Finland; 10
mg/g) and the animals received s.c injection of painkiller carprofen (Rimadyl vet 50 mg/ml, 4
mg/kg; Zoetis, Helsinki, Finland).
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The aqueous humor samples were stored at -20 °C until analysis. The fluorescence of the samples
was measured using a plate reader (PerkinElmer Wallace, Turku, Finland) with 485/535nm
excitation/emission wavelengths and the protein concentration was quantified against
calibration curve of bevacizumab BDP prepared in bovine aqueous humor (range of 80- 5000
ng/mL).

3 RESULTS AND DISCUSSION
3.1 Gelation kinetics and hydrogel mesh size of the in vitro and ex vivo formed hydrogels

Figure 2 A-B shows the rheological characteristics of 4APM-HAFU solutions where the evolution
of the storage (G) and Lloss moduli (G") as a function of time was monitored for hydrogel precursor
compositions (10 and 20 polymer wt%). After 3 h of crosslinking, the dependency of the G’ as a
function of angular frequency was examined as shown in figure 2C. As previously observed[48],
the G' and G" were initially low, indicating a free-flowing liquid solutions. However, both G' and
G" subsequently increased in time, and a crossover between G' and G" (defined as the gelation
time and corresponding with tan(8) = 1) demonstrated network formation due to the reaction of
the maleimide and furan functional groups. As expected, the gelation time of the formulation
with a higher polymer concentration of 20 wt% (13 min) was shorter than that of the 10 wt%
solution (32 min). As shown in Figure 2C, there was no dependency of angular frequency on G’
after 3 h network formation, indicative of the formation of a fully elastic gel. The 10 wt% hydrogel
showed a G’ of 18.3 kPa, while the G’ of the 20 wt% hydrogel was 72.0 kPa confirming the
formation of a stiffer gel.

Dynamic Mechanical Analyzer (DMA) was used to determine Young’s module (E) of the hydrogels
formed in situ in the vitreous body of an ex vivo albino rabbit eye. Figure 2D shows the E of
hydrogels isolated from the vitreous body after intravitreal injection of 4APM-HAFU) hydrogel
formulation (160 pl, 20 wt %) as a function of the maleimide-furan molar ratio. Figure 2D also
shows the E values of in vitro prepared gels. The measured E moduli of the in vitro and ex vivo
formed hydrogels were converted to G’ by dividing the values with 2.5 as previously reported by
Ilochonwu et al. for the same hydrogels.[48] The plateau G’ values were used to calculate the
average mesh sizes of hydrogel network using the previously mentioned equation of rubber
elasticity theory with the assumption of an affine network, neglecting end effects of single chains,
and excluding physical entanglements[50] (see equation in section 2.2) As expected, the hydrogel
mesh size of the in vitro and ex vivo hydrogels decreased with increasing ratio molar ratio of
maleimide/furan groups. To explain, the ex vivo hydrogels mesh size prepared with molar ratios
of maleimide/furan 1:2, 1:3, and 1:5 were 8.6, 8.2, and 6.9 nm, respectively (Table 1). The
calculated mesh sizes were approximately 1.7 times larger than those of the in vitro-formed gels
(Table 1), which is consistent with the previously observed 1.5 fold increase for the same
hydrogels formed in porcine eyes (Ilochonwu et al.[48]) .
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Figure 2 Rheological characteristics of 4APM-HAFU hydrogel formulation. A, B) Storage (G') and loss moduli
(G") as a function of time for the 10 and 20 wt % 4APM-HAFU (molar maleimide/furan ratio 1:3) hydrogel
formulations. C) Storage (G') as a function of the angular frequency of 10 and 20 wt % 4APM-HAFU (molar
ratio 1:3) hydrogel. D) Young’s moduli E (kPa) of in vitro (n = 3) and ex vivo (n = 3) formed 20 wt % 4APM-
HAFU hydrogels at molar maleimide/furan ratios 1:2, 1:3 and 1:5.

Table 1 Average mesh sizes of in vitro and ex vivo 20 wt % HAFU-4APM hydrogels as calculated from the
DMA mechanical measurements, *obtained from the previous publication [48]. Ratio refers to molar

maleimide/furan.

Gel samples name E kPa G’ (kPa) Mesh size (nm)
In vitro ratio (1:2) 79" 31.6 5.1

in vitro ratio (1:3) 129 51.6 4.4

in vivo ratio (1:5) 165" 66.0 4.0

ex vivo ratio (1:2) 17 6.8 8.6

ex vivo ratio (1:3) 20 8.0 8.2

ex vivo ratio (1:5) 33 13.2 6.9
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3.2 Conjugation of BDP to bevacizumab

BDP FL NHS ester dye was conjugated to lysine residues of bevacizumab. An average of 2.0
molecules of BDP FL dye per molecule of bevacizumab were conjugated based on the UV
absorbance measurements of the dye at 505 nm and the protein at 283 nm (Figure 3; equation
mentioned in section 2.3). SEC analysis of the purified bevacizumab BDP conjugate revealed a
trace amount of free BDP dye, accounting for only 0.03% of the protein peak, while achieving an
overall protein yield of 64%. The overlapping peaks at retention time of =5 min corresponds to
bevacizumab (excitation 280 and emission 340 nm; S| Figure 1 A;) and BDP FL dye (excitation
409 and emission 509 nm; S| Figure 1 C;) in the chromatogram of the purified bevacizumab BDP
Dye (SI Figure 1 B1-B2) confirming that the dye was conjugated to bevacizumab.

0.3
§ 0.2 Abs of
g protein at
o 283nm Abs of dye in the
3 0.1 / protein at
< Y 505nm
0.0 =

1 1 1 1 1 1
200 300 400 500 600 700 800
Wevelength nm

Figure 3 The UV spectrum of Bevacizumab-BDP dye (0.5 mg/ml) dissolved in water with 10% (v/v) DMSO
after purification by Zeba™ spin desalting column.

3.3 Fundus imaging

Intravitreally administered bevacizumab-BDP loaded hydrogels were monitored by fundus
imaging and fluorophotometry. Fundus images (Figure 4) showed that after the intravitreal
injection bevacizumab-BDP overlays with the hydrogel demonstrating the presence of the protein
in the hydrogel matrix. Additionally, shortly after injection, the formed protein depot system in
the vitreous was slightly larger for the hydrogels formed with 10 wt% compared with the 20 wt%
hydrogels primarily due to the faster gelation kinetics of the 20 wt% gel. At day 2 and later,
bevacizumab-BDP progressively distributed gradually over the vitreous and was retained for up
to about 41 days within the vitreous (Figure 4, SI-Figure 4-5) with decreasing intensity over time
due to gradual elimination of the protein. The eyes that received the 20 wt% formulation retained
more protein over the course of the experiment (from day 2 to 41) as compared to the eyes
injected with the 10 wt% formulation. This suggests that the 20 wt% formulation has a tighter
network structure with smaller mesh size and thus longer retained the protein than the 10 wt%
hydrogel. This tighter network is obvious from the higher G' value (see. Section 3.1). Figure 4
shows that parts of the vitreous were hazy after 14 days after intravitreal injection of the hydrogel
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formulations, which lead to an unwanted decreased visibility of the vascular markings of the
retina and the optic nerve. This haziness can potentially be attributed to both the inflammatory
response, as discussed in section 3.5, within the vitreous.

A: 10wt% HYDROGEL

Before ivt After ivt 2 days after ivt 14 days after ivt 20 days after ivt 33 days after ivt 41 days after ivt

CO®y

B: 20wt% HYDROGEL  Before ivt After ivt 2 days after ivt 14 days afterivt 20 days after ivt 33 days after ivt 41 days after ivt

@SN ®
- @8

Figure 4 Full color and green fluorescent fundus images of representative rabbit eyes (rabbit-3) before and
after day 2, 14, 20, 33 and 41 post intravitreal injection (IVT) of (A) bevacizumab-BDP 10wt% 4APM_HAFU
(1:3) hydrogel in the right eye and (B) Bevacizumab-BDP dye 20wt% 4APM_HAFU (1:3) hydrogel in the left
eye. Further, SI-Figure 4 and SI-Figure 5 show the images of the eyes of two other rabbits (2 and 4) of this

study.
3.4 PKresults

The in vivo vitreous and aqueous humor concentrations of bevacizumab-BDP were measured
using a fluorophotometer and rate constants were determined with the model as given in section
2.6 (Figure 1A-B). The experimental data, derived from the bolus injection of free bevacizumab as
reported by Bakri et al.[54] were fitted to the equations 2-3 to calculate the PK parameters of
intravitreally injected bevacizumab in its soluble form in rabbit eyes. The elimination rate
constants from the vitreous were 0.13 = 0.03 day and the aqueous humor was 13.2 * 2.6 day™.
The comparison of predicted and experimental data is shown in SI-Figure 2. The clearance of
bevacizumab from anterior chamber was =3 pl/min, a value close to the aqueous humor flow rate
in rabbits.[60, 61] This is in line with the known elimination of intravitreally administered
biotherapeutics by aqueous humor turnover.[19, 62] The elimination rates of bevacizumab from
the vitreous and aqueous humor and the compartment volumes were used to estimate the in vivo
release rate of bevacizumab-BDP from the hydrogel. Figure 5A-B shows the concentrations of
fluorescently labelled bevacizumab-BDP in the vitreous and aqueous humor of five rabbit eyes
and corresponding model fits after intravitreal injections of the hydrogels. The results
demonstrated that the burst release, arbitrarily defined as the amount of protein released during
the first day, was 332 £ 29 ug (53 of the loaded amount) for the 10 wt% 4APM_HAFU (1:3) hydrogel
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formulation and 196 * 24 ug (33 of the loaded amount) for the 20 wt% formulations. These values
exceeded the burst release in vitro (< 20 % during the 1** day) previously reported, Ilochonwu et
al [48] and can be attributed to the larger mesh size of the gels formed within the vitreous (shown
ex vivo) as compared to the gels prepared in vitro (Table 1) likely caused due to vitreous dilution
of the formulation. After burst release, the in vivo first order release rates constants of
bevacizumab-BDP from the 10 and 20 wt% hydrogel system were 0.26 * 0.05 and 0.13 # 0.02 day
! respectively. Miyake et al. demonstrated that a dose of 6 ug of intravitreal bevacizumab injection
is sufficient to inhibit the activity of VEGF in Macaque eyes.[63] After 33 days, the simulated
concentrations of bolus-injected bevacizumab in the eyes of rabbits were calculated as 3.1 ug/ml
(7.7 yg per 2.5 ml of vitreous) and 0.24 pg/ml in the aqueous humor. Hutton-Smith et al.[62]
previously showed that bevacizumab concentrations in the retina are close to its concentrations
in the vitreous. Based on the experimental findings (Table 2), the vitreous concentration of
bevacizumab released from the 10 wt% hydrogel formulation at day 33 was still 5.2 # 1.6 pg/ml
(equivalent to 12.9 + 4.0 ug of protein in the vitreous), excluding the protein still entrapped within
the gel depot. For the 20 wt% hydrogel formulation, the values were 9.9 * 1.2 pg/ml
(corresponding to 24.7 # 3.0 pyg in the vitreous) at day 33. Compared to a bolus injection of
bevacizumab, the vitreous concentrations of free bevacizumab were 1.67 £ 0.52 (10 wt% gel) and
3.21 £ 0.39 (20 wt% gel) times higher, respectively. These findings highlight the significantly
superior intravitreal retention of bevacizumab achieved by both the 10 wt% and 20 wt% gel
formulations compared to the bolus injection after 33 days. To provide further context, the 1Cso
values of bevacizumab (concentration for half maximal VEGF inhibition) are compared with the
observed concentrations of the free drug. The ICsovalues for bevacizumab against VEGF are 0.126
ug/ml for VEGFa12: and 0.219 pg/ml for VEGFases in vitro[64] Taking into account the concentration
of VEGF in diseased human eyes, Yu et al.[31] suggested that a therapeutically effective

concentration of free bevacizumab is 0.05 pg/mLl. The vitreous concentrations of free bevacizumab
due to release from the hydrogels are thus significantly higher than the ICso of this protein. In fact,
vitreous concentrations of released bevacizumab were consistently maintained at least 20 times
higher levels than the minimum therapeutic concentration (0.05 pg/ml) (Figure 5B). Thus,
sustained release of bevacizumab from the hydrogels is expected to inhibit VEGF effectively in
the vitreous and retina.
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Table 2 Pharmacokinetic parameters within the vitreous of 50 pl intravitreally injected bevacizumab-BDP
dye (dose 600 pg) released from 4APM_HAFU hydrogel (n=5, eyes) as derived from fluorophotometric
measurements. @ Not applicable.

Formulation Burst release (%)  First order release rate Bevacizumab-BDP (ug)

constant (day) in vitreous (day 33)

10 wt% 4APM_HAFU 53 0.26 £0.05 129+40
bevacizumab-BDP dye

20 wt% 4APM_HAFU 33 0.13 £0.02 247 £3.0
bevacizumab-BDP dye
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Figure 5 Fluorophotometer results of bevacizumab-BDP released from 4APM_HAFU (1:3) hydrogels. The
symbols represent the experimental concentrations (exp) of fluorescently labelled bevacizumab-BDP in the
vitreous and aqueous humor of five individual rabbit eyes after injection of 10 wt% 4APM_HAFU (1:3)
hydrogel formulation (A) and 20wt% 4APM_HAFU (1:3) hydrogel (B). The lines indicate the simulated (Sim)
concentrations using the PK parameters from data fitting (using compartmental model in Figure 1B). *These
points were not included in the simulation as the aqueous humor concentration did not exhibit the
expected one order of magnitude difference compared to the vitreous concentration, as typically seen in
the clearance of biologicals.[19, 65] C) Simulated concentrations of bevacizumab in rabbit eyes after its
intravitreal bolus injection (using compartmental model in Figure 1A)

The bevacizumab-BDP concentration in the aqueous humor released from the injected 20 wt%
hydrogel plateaued at about 1 pug/ml between 27-55 days, indicating a longer sustained release
of bevacizumab from this formulation as compared to 10wt% hydrogel (Figure 6). This is in line
with the in vitro release data showing a longer release from hydrogels with a higher polymer
content as previously described Ilochonwu at el.[48]



In Situ DA Crosslinked Hydrogel for Controlled Release of Bevacizumab in Rabbit Vitreous

0 100000 -o- RE (10 wt% formulation)
P - o .
o 10000 LE (20 wi% formulation)
g
YS 1000
SE 100
N
[%]
s 10
[
o

1+ T T T T T 1

0 10 20 30 40 50 60

Time (days)

Figure 6 Concentrations of released bevacizumab in aqueous humor of rabbits. NB: The points from day 4
and 42 are from a single animal (n=1), while day 27 (n=5), 48 (n=4) and 55 represent data of three animals.

3.5 Safety observation of bevacizumab-BDP 10 and 20 wt% 4APM_HAFU (1:3) hydrogels

The intraocular pressure (IOP) 30 minutes after injection was 7-11 mmHg (Figure 7.), which falls
within the normal range for New Zealand rabbit's eyes being typically in the range of 7-16
mmHg.[66] The normal IOP range and the fact that the measured IOP values are within this range
after the injection of the hydrogel formulations, suggests that the hydrogel injections did neither
significantly affect nor disrupt the normal intraocular pressure in the rabbit's eyes. This finding is
consistent with the clinical practice where similar volumes of intravitreal administered injections
do not cause increase in I0P.[67] However, it is important to remark that the present study did
not evaluate the long-term effects of the hydrogel formulations on intraocular pressure.
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= Lefteye
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Figure 7 The intraocular pressure (IOP) 30 minutes after injection in the right eye (with 10 wt% 4APM_HAFU
(1:3) formulation) and in the left eye (with 20 wt% 4APM_HAFU (1:3) formulation).

On 14- and 49-days post-injection, the ocular health was evaluated with a slit lamp and the
results are summarized in table 3. On day 14, two animals had inflammation in the right eye (10
wt% hydrogel injected), and two animals had inflammation in the left eye (injected with 20 wt%
hydrogels). One animal had no inflammation in eyes. All animals had some aggregates in the
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vitreous. This may be caused by aggregation of the labelled protein in vivo[68], even though the
exact identity of the aggregates is unknown. Additionally, it's important to highlight that
bevacizumab has a higher propensity for aggregate formation than other monoclonal antibodies
due to its distinctive self-association involving non-covalent interactions, as noted by Fei et
al.[69-71] On day 42 post-injection, rabbit-5 and rabbit-4, respectively, had to be sacrificed due
to severe inflammation in the left eye. Seven weeks post-treatment, uveitis was detected in the
three left eyes with additional retinal inflammation in one animal (rabbit-3). In the right eye,
rabbit 1 had uveitis. Furthermore, all parameters were normal in 2 animals (rabbit-2 and rabbit-
3), this indicates that neither abnormal nor concerning findings were observed. On day 55, the
three remaining animals were euthanized. Overall, the left eyes exhibited a more pronounced
inflammatory response compared to the right eyes, particularly after 42-49 days post injection of
the formulations. This indicates that the 20 wt% hydrogel demonstrated lower biocompatibility
compared to the 10 wt% hydrogel. Moreover, during the 42-49 day period, the right eyes displayed
reduced inflammation, and in certain cases, no significant issues were observed. Thus, the adverse
side effects after administration of the 20 wt % gel might be due to higher polymer concentration
as compared to the 10 wt% gels. The exact mechanism through which a higher polymer volume
fraction leads to increased inflammation is not understood yet, but several factors can possibly
contribute to this phenomenon. One possible explanation is related to the molecular weight of
the used hyaluronic acid (HA). HA degrades upon injection due to the actions of hyaluronidases
(HYAL1 and HYAL2), potentially leading to an inflammatory response[72, 73] via increased
cytokine activity caused by low molecular weight HA fragments.[74] In this study it was found
that low molecular weight HA may induce inflammatory responses, while high molecular weight
HA exhibits immunosuppressive effects.[74] However, the inflammatory response of chemically
crosslinked HA hydrogels upon injection into the eye has not been studied thus far. In this present
study, HA with a molecular weight of 24 kDa was crosslinked with 10 kDa PEG using a DA reaction.
Significant side effects suggest that degradation of the hydrogel network may release 24 kDa HA
that could lead to the inflammation. Our previous study demonstrated that the 4APM_HAFU
hydrogels undergo degradation through hydrolysis of the crosslinks via a retro-Diels-Alder (rDA)
reaction followed by ring-opening hydrolysis of the resulting maleimide, leading to the formation
of unreactive maleamic acid.[48] The presence of maleamic acid and furan moieties might cause
detachment of polymer fragments or protein-polymer conjugates (for example bevacizumab-
PEG), thus triggering an inflammatory response. It is important also to consider that the in vitro
degradation of the 4APM_HAFU (ratio 1:3) hydrogel took approximately 2 months (10wt%
hydrogel) and 6 months (20wt% hydrogel) [48]. In vivo degradation is expected to be faster due
to the vitreous dilution and enzymatic degradation. Other factors could also contribute to the
inflammatory response. When the hydrogel is injected into the eye, it may absorb fluid and
swell,[75] potentially causing mechanical irritation (such as vitreous blunt trauma or penetrating
trauma) and thereby triggering an inflammatory reaction.[76] Additionally, following the chemical
modification of the protein to introduce the BDP dye, the dye-labeled protein can also affect the
in vivo stability of the protein, potentially leading to protein aggregation.[68] This is because the
labeled protein differs from the original, non-labeled antibody. Finally, the released PEG
(polyethylene glycol) from the crosslinked hydrogel network may contribute, since PEG is known
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to exert immunogenic properties.[77, 78] However, in the existing literature there is no
information regarding potential ocular immunogenic reactions triggered by the release of PEG
from biodegradable hydrogels.

It is important to note that all components used in the formulation (polymer, protein, and dye)
had endotoxin levels below < 0.2 EU/mL. This translates to endotoxin concentrations of < 0.004
EU/mL per eye (considering 2.5 ml of rabbit vitreous) after a 50 pl intravitreal injection. These
concentrations far are below the limit recommended by the FDA for intraocular ophthalmic
devices, which is € 0.2 EU/mL, regardless of whether the intended site of use is the anterior or
posterior segment.[79]

Table 3 Ophthalmologists evaluated the rabbit eyes at 14 days and 49 days post-injection of 10 wt% or 20
wt% 4APM_HAFU (1:3) formulation loaded with protein. The right eye (RE) and left eye (LE) were assessed.

14 Days post RE (10%) LE (20%) 49 Days post RE (10%) LE (20%)
Injection Injection
Rabbit 1 Mild* No Inflammation Rabbit 1 Uveitis, Uveitis, Retina
Inflammation (Suspicion of Retina ok ok
retinal damage)
Rabbit 2 No Mild * Rabbit 2 All Uveitis, Retina
inflammation, Inflammation parameters ok
normal
Rabbit 3 No No Rabbit 3 All Uveitis, Retinal
inflammation, inflammation parameters inflammation
(Aggregates) (Aggregates) normal
Rabbit 4 Mild* No inflammation Rabbit 4 - -
inflammation (Aggregates) (sacrificed day 41)
(Aggregates)
Rabbit 5 Aggregates (No Severe * Rabbit 5 - =
clear V|e.w to the Inflammation (sacrificed day 41)
retina)

* Mild to a severe adverse effect as observed by fundus ophthalmic examination. All parameters
normal, indicate no abnormal or concerning findings were observed after the fundus ophthalmic
examination. Aggregates refers to accumulation of substances (proteins or cell debris) within the
vitreous humor.

3.6 Safety observation of placebo 20 wt% 4APM-HAFU (1:5) hydrogels

After observing an inflammatory response in multiple eyes 14 days post-injection of the drug-
loaded 4APM-HAFU (1:3) formulation during the PK evaluations. The safety of the 20wt% placebo
4APM-HAFU (1:5) formulation was investigated in three rabbit eyes (n=6). This investigation
aimed to determine whether the observed toxicity was at least partially caused by the dye-
labelled protein. Due to ethics, the 20wt% placebo 4APM-HAFU (1:5) formula was chosen over
(1:3), as the latter hydrogel loaded with bevacizumab-BDP dye showed an inflammatory response
(section 3.5). The 4APM-HAFU (1:5) gel showed a higher G, indicating a denser crosslinking and
thus smaller mesh size, than the 4APM-HAFU (1:3) (Ilochonwu et al.[48]). This likely leads to
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slower degradation and gradual polymer release. Figure 8 shows normal fundus images of rabbit
eyes after intravitreal injection of the placebo hydrogel. No abnormalities were identified in the
back of the eye in the six injected eyes up to 14 days post-injection. Furthermore, no abnormalities
were observed during the posterior segment evaluation using a slit lamp.

20 wt% HYDROGEL IVT

Baseline After injection 2d After injection 1w After injection 2w After injection
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3
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S

Figure 8 Fundus images of rabbit eyes before and after day 2, one week (1w) and two weeks (2w) post
intravitreal injection (IVT) of 20wt% 4APM_HAFU (1:5) hydrogel.

Transient irritation, including discomfort, redness and behavioral responses, was observed in the
anterior segment of some eyes. Figure 9 shows a microscopic image of the anterior eye and eyelid.
One day post-injection of the placebo formulation, all animals developed moderate to severe
redness in the eyelid at least in one eye and neovascularization in the sclera and conjunctiva
(indicated by the arrows in Figure 9). The irritation could be controlled by administration of
antibiotics/painkillers but flamed up upon handling the eyes during fundus imaging. Anterior
neovascularization effects were not observed with the protein-loaded hydrogel formulation.
These findings indicate successful release of bioactive bevacizumab from the hydrogel
formulation. Bevacizumab is known for its anti-angiogenic properties[64] and inhibits blood
vessel formation, resulting in the absence of redness and neovascularization in the anterior
chamber.

Seven days post-injection, the eye effects recuperated, neovascularization had ceased, and no
irritation was observed in the eyelid. The scleral lenses were normal and comparable to the eye
before injection. No additional adverse effects were observed till the experiment ended two
weeks post-injection. The biocompatibility of the placebo 20wt% 4APM_HAFU (1:5) hydrogel was
found to be better than that of the protein-loaded 10 and 20wt% 4APM_HAFU (1:3) hydrogels.
Although the exact reasons are not fully understood, some assumptions can be made based on
the in vitro behavior of the formulations from the previous work. One key factor is the slower
degradation rate of the 20 wt% 4APM_HAFU (1:5) hydrogel, which takes 300 days for complete
degradation, compared to the 20 wt% 4APM_HAFU (1:2) hydrogel, which degrades entirely in 90
days, as previously reported [48]. This trend suggests that the 4APM_HAFU (1:5) hydrogel will
degrade faster than the 4APM_HAFU (1:3) ratio. The slower degradation results in reduced loss of
polymer precursor from the gel network over time, potentially minimizing the inflammatory
response in vivo and enhancing biocompatibility. This indicates that slower degrading hydrogels
have the potential to be safer for intravitreal drug delivery applications. Another important factor
is that the 20 wt% 4APM_HAFU (1:5) hydrogel may exhibit less swelling over time compared to
the protein-loaded hydrogels (10 and 20 wt% 4APM_HAFU (1:3)) in vivo, consistent with the in
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vitro trends reported by Ilochonwu et al.[48] At day 30, the swelling ratio of 4APM_HAFU (1:5)
was approximately 4, while it was 6.5 for the 4APM_HAFU (1:2) ratio. The decreased swelling
capacity of the 4APM_HAFU (1:5) hydrogel formulation might minimize mechanical stress on the
surrounding tissue as mentioned above, thereby lowering the likelihood of tissue damage or
irritation.[75, 76] Moreover, it is important to note that in vitro cytocompatibility studies
demonstrated that neither the hydrogel nor the HA and PEG precursor exhibited cytotoxicity to
retinal Muller cells.[48] This observation highlights the necessity of considering the complex in
vivo immune response when assessing the overall safety of materials for intravitreal applications.
Taken together, these findings suggest that the development of slowly degrading hydrogels and
Llimited swelling properties is essential for the successful development of injectable hydrogel for
ocular drug delivery.

Before injection 1 Day after injection

Figure 9 Microscopic images of the anterior segment of New Zealand rabbit eye before and after intravitreal
injection of 20wt% 4APM_HAFU (1:5) hydrogel.

4 CONCLUSION

In conclusion, the hyaluronic acid-PEG-based Diels-Alder hydrogel system demonstrates its
potential as a depot for sustained release of bevacizumab in the vitreous. Higher polymer
concentrations led to improved drug retention and reduced burst release. However, the
occurrence of an inflammatory response highlights the potential influence of polymer
concentration, swelling properties, and hydrogel stability on toxicity. Moreover, labeling of
therapeutic proteins may also affect their stability in vivo, potentially leading to aggregation and
an inflammatory response. Furthermore, in depth safety evaluations are required before
progressing to translational stages to ensure the suitability of the hydrogel system for clinical
use.
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6 SUPPORTING INFORMATION
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SI-Figure 1 SEC chromatograms of A) bevacizumab at excitation emission wavelengths of 280 and 340 nm,
respectively, (A1) and excitation 409 and emission 509 nm (A2); B) Bevacizumab-BDP after purification with
a Zeba spin column at excitation 280 and emission 340 nm (B1) and excitation 409 and emission 509 nm
(B2); C) free BDP dye excitation 280 and emission 340 nm (C1) and excitation 409 and emission 509 nm
(C2).
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SI-Figure 2 Comparison of experimental data and fitted equations for estimating the PK parameters of free
bevacizumab in rabbit eyes following intravitreal injections (dots are experimental data from Bakri et al.[54]
and the lines are fitted by least square method (Model in Figure 1 A).
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SI-Figure 3 Endotoxin levels of HAFU with degree of modification 50 and 80%, 4APM , bevacizumab-BDP
dye (Bev-BDP dye), bevacizumab (Bev) and BDP dye.
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SI-Figure 4 Full color and green fluorescent fundus images of rabbit-2 eyes before and after day 2, 14, 20,
33 and 41 post intravitreal injection (IVT) of bevacizumab-BDP dye 10-20wt% 4APM_HAFU (1:3).
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SI-Figure 5 Full color and green fluorescent fundus images of rabbit-4 eyes before and after day 2, 14, 20,
33 and 41 post intravitreal injection (IVT) of bevacizumab-BDP dye 10-20wt% 4APM_HAFU (1:3).
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ABSTRACT

In the present study, a novel in situ forming thermosensitive hydrogel system was investigated as
a versatile drug delivery system for ocular therapy. For this purpose, two thermosensitive ABA
triblock copolymers bearing either furan or maleimide moieties were synthesized, named
respectively poly(NIPAM-co-HEA/Furan)-PEGe-P(NIPAM-co-HEA/Furan) (PNF) and poly(NIPAM-
co-HEA/Maleimide)-PEGe-P(NIPAM-co-HEA/-Maleimide) (PNM). Hydrogels were obtained upon
mixing aqueous PNF and PNM solutions followed by incubation at 37 °C. The hydrogel undergoes
an immediate (less than 1 minute) sol-gel transition at 37°C. In situ hydrogel formation at 37 °C
was also observed after intravitreal injection of the formulation into an ex vivo rabbit eye. The
hydrogel network formation was due to physical self-assembly of the PNIPAM blocks and a
catalyst-free furan-maleimide Diels—-Alder (DA) chemical crosslinking in the hydrophobic domains
of the polymer network. Rheological studies demonstrated sol-gel transition at 23 °C, and DA
crosslinks were formed in time within 60 minutes by increasing the temperature from 4 to 37 °C.
When incubated at 37 °C, these hydrogels were stable for at least one year in phosphate buffer
of pH 7.4. However, the gels degraded at basic pH 10 and 11 after 13 and 3 days, respectively,
due to hydrolysis of ester bonds in the crosslinks of the hydrogel network. The hydrogel was
loaded with an anti-VEGF antibody fragment (FAB; 48.4 kDa) or with corticosteroid
dexamethasone (dex) by dissolving (FAB) or dispersing (DEX) in the hydrogel precursor solution.
The FAB fragment in unmodified form was quantitatively released over 13 days after an initial
burst release of 46, 45 and 28 % of the loading for the 5, 10 and 20 wt% hydrogel, respectively,
due to gel dehydration during formation. The low molecular weight drug dexamethasone was
almost quantitively released in 35 days. The slower release of dexamethasone compared to the
FAB fragment can likely be explained by the solubilization of this hydrophobic drug in the
hydrophobic domains of the gel. The thermosensitive gels showed good cytocompatibility when
brought in contact with macrophage-like mural cells (RAW 264.7) and human retinal pigment
epithelium-derived (ARPE-19) cells. This study demonstrates that PNF-PNM thermogel may be a
suitable formulation for sustained release of bioactive agents into the eye for treating posterior
segment eye diseases.

Keywords: Hydrogel, FAB, Anti-VEGF, Dexamethasone, Diels-Alder, injectability, in situ
crosslinking
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1 INTRODUCTION

Ocular vascular diseases are one of the leading causes of visual impairment worldwide.[1-3] In
general, it has been shown that there is an increased number of pro-inflammatory cells and
increased levels of vascular endothelial growth factor (VEGF) in the posterior segment of the
diseased eye, resulting in neovascularization and vaso-permeability[1, 4]. The current treatment
consists of administering anti-VEGF antibodies or an anti-inflammatory drug such as the
corticosteroid dexamethasone (DEX), or a combination of these drug[5-9].

Despite being efficacious in controlling ocular neovascularization and inflammation, long-term
intraocular drug therapy has certain drawbacks. After [V/oral administration only a fraction of the
administered dose reaches the back of the eye due to physiological barriers preventing drugs
from reaching the retina.[7, 10] To bypass ocular barriers, clinically used intraocular drug
formulations (such as Lucentis®, Eylea®, Kenalog®-40) are administered by intravitreal bolus
injection. The advantages of this administration route above others include immediate drug
release, increased local therapeutic effects and reduced systemic adverse events[11]. The
intravitreal half-life of dexamethasone in vitreous is only 5.5 h [12], while the intravitreal half-
life of ranibizumab (an FDA approved anti-VEGF Fab fragment) is around three days. [6, 13]
Therefore, repeated injections are required for the treatment of chronic intraocular diseases[14,
15]. Although conventional drug formulations such as eye drops and injectable liquids play an
important role in ocular therapies, they are characterized by poor patient compliance and adverse
side effects [16]. Hence, to overcome these drawbacks, there is a need for new delivery systems
that provide local sustained release of loaded drugs to the retina after intravitreal injection.
Several advanced delivery systems have been developed and investigated for this purpose, such
as drug loaded surgically sutured implants, nanoparticles, liposomes, polymeric micelles,
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dendrimers, microneedles and hydrogels.[16-18] Several implants for the treatment of the
posterior segment of the eye are on the market or studied in clinical trials[18] among which the
non-biodegradable formulations Vitrasert®, Retisert®[19, 20], Medidur®, Iluvien®[21] and the
biodegradable ones Posurdex®, Ozurdex®[22, 23] and Surodex®[24]. However, these implants
all contain small molecules such as dexamethasone, ganciclovir or fluocinolone acetonide.
However, only a few biotherapeutics-carrying implants are on the market. Genentech’s Susvimo,
previously called Port Delivery System with ranibizumab[25, 26], is the first and only FDA-
approved (in October 2021) protein refillable implant based on a porous titanium release control
element used for the treatment of neovascular age-related macular degeneration[27]. Although
these implants significantly prolong drug release in the posterior segment of the eye, the majority
of these intraocular implants requires invasive administration methods to place the devices at
the target site, and subsequent surgical procedures are often needed to remove these non-
biodegradable implants.

Hydrogels, hydrophilic crosslinked polymers containing a large amount of water, are widely used
for drug delivery, tissue engineering and cell encapsulation.[28-32] Furthermore, by a proper
selection of their building blocks, hydrogels can be rendered biodegradable due to chemical
and/or enzymatic hydrolysis.[33-35] There are a few hydrogel formulations approved by the FDA
for ocular applications, among which Akten, a topical lidocaine hydrochloride ophthalmic gel.[36,
37] Several hydrogel and other delivery technologies systems are currently being investigated for
intravitreal protein delivery, as reviewed by llochonwu et al. [31] and Chang et al. [32]

In the past years, in situ forming hydrogels based on PEG and/or hyaluronic acid have received
interest for ocular drug delivery applications.[38, 39] These hydrogels showed in vitro sustained
drug release and may play an important role in advancing the currently available ocular therapy
as previously discussed by Ilochonwu et al.[38] Although significant progress has been made,
several issues still have to be addressed: 1) fast in situ gelling of the formed hydrogels is needed
as this limits polymer diffusion and dilution within the vitreous body after intravitreal injection
and 2) unwanted side reactions between polymer functional groups and loaded drugs must be
avoided. Depending on the chemical composition of the polymer building blocks, hydrogels can
be designed to respond to various stimuli, such as heat, pH and light.[40-42] An important and
attractive class of hydrogels are the thermosensitive in situ forming systems. At ambient
temperature, these formulations are low viscous aqueous polymeric solutions, and a temperature
change (from room to physiological temperature), affects the hydrophobic and hydrophilic
balance of the constituents of the polymer to induce a sol-gel transition of the formulation.[40]
Poly(N-isopropylacrylamide) (PNIPAM) is a well-studied thermosensitive polymer which displays
lower critical solution temperature (LCST) in aqueous solutions at around 32°C and this polymer
has been used as basis for preparation of thermosensitive hydrogels. This way, a liquid
formulation can be injected into the vitreous with a minimally invasive method using a small
gauge needle, avoiding a surgical intervention.[43, 44] However, the physical crosslinking is
reversible and yields gels with low mechanical properties[45]. Therefore, chemical crosslinking
has been investigated as a strategy for increasing the hydrogel strength and stabilizing the
network structure [46, 47]. For proper injectability, the physical and covalent gelation should only
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occur at the site of injection and for sure not in the applied needle which would result in
unwanted obstruction. Furthermore, after ocular administration, the crosslinking reactions
between the functional moieties should be relatively fast to avoid unwanted reactions and
modifications of co-administered pharmaceuticals and drugs. In this study, the Diels-Alder (DA)
reaction was used to stabilize the hydrogel network as chemical crosslinking strategy. In general,
DA reaction is a [4+2] cycloaddition between a diene and dienophile to form a cyclohexene adduct
and was first reported by Alder and Diels in 1929 [48]. In 2009, Wei et al. for the first time
employed DA reactions for the preparation of a hydrogel.[49] The reaction between furan and
maleimide is the most common DA reaction used for hydrogel crosslinking. However, unfavorable
reactions between maleimides and amines or thiols present in e.g. proteins limit the application
of this reaction pair for development of protein releasing hydrogels.[50] To overcome this
drawback, in the present study, the reactive functional groups were designed to be predominantly
located within the hydrophobic domains of the hydrogel polymeric network, to limit protein
reactivity with the maleimide moieties as was observed in our previous study.[38]

Therefore, to tackle the current challenges of 1) fast in-situ gelation and 2) prevention of side
reactions between therapeutics and crosslinkable groups, we designed a novel injectable
hydrogel system. This study investigates the combination of DA crosslinks with thermosensitive
gelation. The thermo-responsive DA stabilized hydrogel formulation was characterized and
evaluated as a potential drug delivery system for ocular therapy. The aim was to load the
engineered hydrogel with dexamethasone and a Fab fragment of an anti-VEGF antibody as drugs
and to investigate their gelation kinetics, degradation behavior and release profiles. Compared to
previously discussed Diels- Alder hydrogels [35, 38, 39], the anticipated advantages of the present
hydrogel system include faster in situ gelation due to thermo-responsive behavior, suitability for
simultaneous delivery in one formulation both a biotherapeutic, preventing protein modification,
and a small hydrophobic drug. Finally, intravitreal injection of the hydrogel on ex vivo rabbit eye
explant and retinal cell cytocompatibility were investigated the injection procedure, in situ gel
formation and the overall usability of this system for intraocular applications.

2 MATERIAL & METHODS
2.1 Materials

Chemicals were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands) and used as
received unless mentioned otherwise. Dichloromethane (DCM) and tetrahydrofuran (THF) were
dried on molecular sieves 24h before use. Phosphate-buffered saline was composed as follows
except mentioned otherwise: 0.13 M NaCl, 2.7 mM KCl, 10 mM Na;HPO,, and 1.9 mM KH,PO., pH
74.
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2.2 Synthesis of Polymers
2.2.1 Synthesis of PEG6kDA macroinitiator

PEG was functionalized with a-bromoisobutyrylbromide to yield an ATRP macroinitiator using a
procedure described by De Graaf et al.[51] Briefly, dehydrated PEG 6 kDa (10.0 g) was dissolved
in 100 mL dry THF at 50 °C under a nitrogen atmosphere. Triethylamine and a-
bromoisobutyrylbromide were added (1.5 eq to the hydroxyl groups). The mixture was stirred
overnight at room temperature. The formed TEA bromide salt was filtered off and the filtrate was
concentrated under vacuum, subsequently dissolved in water (20 mL) and centrifuged (5500 g, 5
min, 25 °C). The supernatant was filtered with a filter paper and the filtrate was dialyzed (3.5 kDa
MWCO) against water for two days and then freeze-dried. The product dissolved in CDCls was
characterized by 'H NMR spectroscopy. *H-NMR analysis showed the formation of a fully
functionalized PEG ATRP macroinitiator. *H-NMR (CDCls): 6 = 4.3 (t, 4H, OCHy), 3.85 (t, 4H, OCHy,),
3.65 (t, 531H, OCH,), 3.35 (t, 4H, OCH,), 1.85 ppm (s, 12H, CCHs). The absence of PEG hydroxyl
groups was confirmed by adding two drops of trichloroacetyl isocyanate (TAIC) to the NMR sample
to react with possible present unmodified OH groups [52].

2.2.2 Synthesis of P(NIPAM-co-HEA)-PEG-P(NIPAM-co-HEA) (PNH)

PEG 6 kDa macroinitiator (500 mg; 0.083 mmol) was dissolved in 20 mL H,0. Subsequently, NIPAM
(2.54 g; 22.5 mmol), CuBr (50 mg; 0.35 mmol) and 2-hydroxyethyl acrylate (HEA) (280 pL; 2.4
mmol) were added and dissolved. The solution was deoxygenated by flushing with nitrogen gas
for 15 minutes at room temperature and additionally 15 minutes on ice. The reaction was started
by adding tris[2-(dimethylaminoethyl]Jamine (Me6-TREN) (90 mL; 0.34 mmol) to the reaction
mixture, which resulted in a color change from colorless to green/blue. The reaction was carried
out for three hours on ice under nitrogen atmosphere. The reaction mixture was subsequently
dialyzed against water for 48 h at 4 °C (dialysis tube MWCO 6-8 kDa, Thermo Scientific, Bleiswijk,
the Netherlands). The product as white powder was obtained after freeze drying and is further
named as PNH. The polymer molecular weight was determined by 1H NMR and GPC. *H NMR
spectrum of PNH in D,0. & (ppm): 1.13 (6H, CH;CHCHs, NIPAM); 1.30-2.30 (backbone hydrogens);
3.68 (545H, CH,0CH,, PEG); 3.78 (2H, CH,0CO, HEA); 4.20 (2H, CH,OH, HEA); 3.87 (1H, CHsCHCH;,
NIPAM); 4.79 (D:0).

2.2.3 Synthesis of P(NIPAM-co-HEA/Maleimide)-PEG-P(NIPAM-co-HEA/Maleimide) (PNM)

PNH (1.00 g; 0.023 mmol, 43.5 kDa) was dissolved in 20 mL dry DCM by stirring for 30 minutes
on ice under nitrogen atmosphere. N,N'-dicyclohexylcarbodiimide (DCC) (107 mg; 0.52 mmol), 4-
(dimethylamino)pyridine (DMAP) (0.64 mg; 0.0052 mmol) and 6-maleimidohexanoic acid (110 mg;
0.52 mmol) and thus 0.63 eq of HEA in PNH can potentially be modified) were added and the
mixture was stirred for 1 h on ice. Next, the reaction mixture was stirred for 16 h at RT, and the
formed product was collected by filtration after dropping the reaction mixture in cold diethyl
ether. The precipitate was subsequently dissolved in 50 mL H,0, the remaining solid was filtered
off using a 0.45 pm syringe filter, and the filtrate was freeze-dried overnight. The obtained
product, further named PNM, was collected as a white powder.*H NMR spectrum of PNM in CDCls:
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& (ppm) 1.13 (6H, CHsCHCHs, NIPAM); 1.30-3.0 (backbone hydrogens); 3.68 (4H, OCH,CH,0, PEG);
4(1H, CHsCCHs, NIPAM); 4.23 (4H, OCH,CH,0) 6.71 (2H, maleimide); 7.26 (CDCLs).

2.2.4 Synthesis of P(NIPAM-co-HEA/Furan)-PEG-P(NIPAM-co-HEA/Furan) (PNF)

PNH (1.00 mg; 0.023 mmol, 43.5 kDa) was dissolved in 25 mL CDCls and stirred for 30 minutes
while flushed with nitrogen gas. Next, 3-(2-furyl)propionic acid (73 mg; 0.52 mmol; this mean
that 0.63 eq HEA in PNH can potentially be modified ), DCC (108 mg; 0.52 mmol) and DMAP (0.64
mg; 0.0052 mmol) were added and the mixture was stirred for 16 h at RT. The reaction mixture
was dropped in cold diethyl ether and the formed precipitate after filtration was subsequently
dissolved in 40 mL H,0. The remaining solid was filtered off using a 0.45 um syringe filter, the
filtrate was freeze-dried overnight, and the product, further named PNF, was collected as a white
powder. *H NMR spectrum of PNF in CDCls: 6§ (ppm) 1.13 (6H, CHsCHCHs, NIPAM); 1.30-3.0
(backbone hydrogens); 3.68 (4H, OCH,CH,0, PEG 6 kDa); 4.0 (1H, CHsCHCHs, NIPAM); 4.23 (4H,
OCH,CH,0) 6.01 (1H, CCHCH, Furan); 6.26 (1H, CHCHCH, Furan); 7.29 (1H, CHCHO, furan); 7.26
(CDCls).

2.3 Polymer Characterization
2.3.1 'H NMR spectroscopy

The synthesized polymers were characterized with *H NMR spectroscopy using a Bruker 600Hz
MR-NMR spectrometer (Bruker BioSpin GmbH). Data analysis was performed using MestReNova
Software. The chemical shifts are referred to the residual solvent peak (6= 7.26 ppm for CDCl; and
6= 4.80 ppm for D,0).

2.3.2 Cloud point determination

Samples of the thermosensitive polymers were dissolved in PBS at a concentration of 3 mg/mL
The cloud point (CP) was measured using a Jasco FP-8300 spectrophotometer (JASCO, Easton, MD)
with a water-cooled Peltier thermostatted 4-position automatic cell changer. The Spectra
Manager program was used for measuring scattering at a wavelength of 650 nm while the
temperature was raised from 4 to 40 °C at a rate of 1 °C.min’. The onset point of increased

scattering intensity is reported as CP [53].
2.3.3 Rheological characterization

The rheological properties of the formulations were studied using a Discovery HR-2 Rheometer
(TA Instruments Inc., Etten-Leur, the Netherland) with a Peltier Plate for temperature control and
solvent trap to prevent evaporation of the solvent. Empty and drug loaded PNF-PNM hydrogel
formulations with different polymer concentrations (5, 10, 15 wt%) were prepared as described in
section 2.4., after mixing the polymer/drug solutions, the resulting solution was placed under the
geometry and measured using a plate-plate geometry (aluminum, 20 mm diameter, initial gap
was 200 pm). Normal force was controlled during the experiments to enable measurements of
samples while volume changes occur. Data were processed using TRIOS Software version 5.0. The
storage (G’) and loss (G”) moduli were measured during a temperature ramp ranging from 4 up to
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37 °Cat arate of 0.5 °C.min™ and at a strain 0.5 %. Next, the sample was kept at 37 °C for 30 min
and then a frequency sweep ranging between 0.1-100 rad.s™ was performed at strain 0.5 %. The
samples were then cooled down from 37 to 4 °C at a rate of 0.5 °C.min™. From the average G’ at
37 °C, the mesh size (§ in m) of the formed hydrogels was calculated according to the following
equation[54], using Avogadro’s number (Na.,) in mol™?, R the molar gas constant in J.K*.mol?, and
the temperature (T) in K and G in Pa:

G'*N -1
= (——— 7Y
§= o) /3

2.3.4 FTIR analysis

Fourier Transform Infrared (FTIR) spectra were measured for the PNF and PNM polymers and for
a dried 10 wt% PNF-PNM hydrogel. The samples were measured as dried solid powers. The
spectra, ranging from 600 cm™ to 4000 cm™, were recorded with a Perkin Elmer Spotlight FT-IR
Spectrometer.

2.3.5 Gel permeation chromatography

Polymer samples were dissolved in the eluent, 10 mM LiCl in DMF, at a concentration of 3 mg/mL.
The number average molecular weight (M.) and polydispersity index (PDI) were determined
through gel permeation chromatography (GPC), using a Waters 2695 Alliance (Waters Corporation,
Milford, MA) with refraction Index detector and with a PLgel 5 um Mixed-D column. The analysis
was performed with the column set at 65 °C and 1 mL/min flow rate. Empower software was used
for data analysis. A calibration curve was obtained by measuring PEG standards of narrow
molecular weight (Polymer Standard Service GmbH, Mainz, Germany).

2.3.6 DMA characterization

DMA 2980 Dynamic Mechanical Analyzer (TA-Instruments, Etten-Leur, the Netherlands) was used
to determine Young’s modulus of the hydrogels as previously reported [38] Thermosensitive DA
hydrogel samples were prepared as described in section 2.4.1. The gels (diameter 2.6 mm, 5.2 mm
height) were placed between the parallel plates, and a force ramp was applied at a rate of 0.5
N/min up to a total force of 8 N at room temperature. The obtained data were analyzed using TA
Universal Analysis software and the Young’'s modulus (E) was calculated from the slope of the
linear section of the stress-strain curve. Data are reported as mean * standard deviation (n=3).

2.4 Preparation of PNF-PNM hydrogels
2.4.1 Non-loaded PNF-PNM hydrogels

PNF and PNM were separately dissolved in PBS (pH 7.4) on ice. The concentrations ranged from
3 to 20 wt% (except when mentioned otherwise). To obtain hydrogels, PNF and PNM solutions
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were mixed (weight ratio PNF/PNM 1:1, molar ratio furan/maleimide 1:1) to obtain 80 mg
hydrogel formulation (except when mentioned otherwise) at the desired total polymer
concentration (3-20 wt%). To form the gels, the polymer solutions were incubated in cylindrically
shaped plastic moulds (diameter 4.5 mm, 5 mm height) at 37 °C for 3 h (to allow full chemical DA
crosslinking). During the incubation at 37 °C, the gels shrunk and expelled some liquid. After gel
formation, the gels were transferred into glass vials for further use, either including expelled
liquid (for release experiments) or excluding expelled liquid (for degradation experiments).

2.4.2 Preparation of FAB loaded PNF-PNM hydrogels

FAB antibody (3.1 mg/mL) biosimilar to Lucentis® (Ranibizumab) was received from Boehringer
Ingelheim, Germany. This FAB antibody is a FAB fragment of the monoclonal antibody
Bevacizumab expressed in E. coli. with a mass of 48.4 kDa. The protein was delivered in a mixture
of two buffers, 54 (v/v) % buffer 1 (20 mM (CHsCOONa), 8.5 mM (CHsCOOH), 1.1 N (NH4),SO., pH
5.0) and 46 v/v % buffer 2 (20 mM (CHs;COONa), 10.5 mM (CH:COOH), pH 5.0). This buffer solution
was exchanged by PBS using a ZebaTM Spin Desalting Column (7K MWCO, Thermo Scientific) and
a 2.53 mg/mL PBS FAB antibody solution was obtained (concentration determined by SEC ULPC).
FAB loaded hydrogels were prepared according to section 2.4.1 with some modifications.
Different gel concentrations (5-20 wt%) were prepared by weighing equal amounts of PNM and
PNF, which were separately dissolved (at 4 °C within <2 h) in PBS (volume adjusted based on final
polymer concentration) and in PBS containing FAB antibody (48 uL, 2.53 mg/mL), respectively.
The obtained PNF-FAB /PNM solutions were mixed to form 80 mg hydrogel formulations (ratio
1:1 furan/ maleimide) and incubated in cylindrically shaped plastic moulds (diameter 4.5 mm, 5
mm height) at 37 °C for 3 h (to allow full chemical DA crosslinking) to obtain a PNF-PMN
hydrogels loaded with 121 pg FAB protein.

2.4.3 Preparation of dexamethasone loaded PNF-PNM hydrogels

Dexamethasone-loaded hydrogels of 80 mg were prepared according to section 2.4.1. Briefly, a
dex-PBS dispersion was obtained by sonicating 15.98 mg dexamethasone in 960 pL PBS for 10
sec before use. Next, equal amounts of PNF and PNM were separately dissolved in PBS (volume
adjusted based on final polymer concentration) and in dex-PBS (24 uL, 16.67 mg/mL) respectively,
on ice. The PNF solution was mixed with the PNM-dex suspension to obtain a total polymer
concentration of 3, 10, or 20 wt% (molar ratio 1:1 furan/ maleimide) unless indicated otherwise.

The PNM-dex dispersion was heated to 37 °C for 15 minutes prior to mixing with the cold PNF
PBS solution. The mixture was transferred into cylindrically shaped plastic moulds (diameter 4.5
mm, 5 mm height) and incubated for 3 h(to allow full chemical DA crosslinking) at 37 °C to obtain
a PNF-PMN hydrogel loaded with 400 pg dexamethasone.
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2.5 Swelling and degradation characteristics of PNF-PNM hydrogels
2.5.1 Swelling and degradation of PNF-PNM hydrogels in PBS buffer (pH 7.4)

Empty PNF-PNM hydrogels with different concentrations (5, 10, 15 wt%) were prepared as
described in section 2.4.1 (n=3). The polymer solutions were transferred into a cylindrically shape
plastic mould and the samples were incubated for 3 h (to allow full chemical DA crosslinking) at
37 °C. Only the hydrogels (without the expelled fluid, see below figure 1) were removed from the
mould and weighed in a glass vial after which 1 mL PBS (pH 7.4) was added and the gels were
incubated at 37 °C. To determine swelling and degradation of the hydrogels, at different time
points the supernatant was removed and the gel was weighed at room temperature. Afterwards,
1 mL fresh PBS was added. The swelling ratio of the hydrogel at a certain time point is defined
as the weight (W,) divided by the initial hydrogel weight (Wo).

2.5.2 Swelling and degradation of PNF-PNM hydrogels in BBS and PB buffer (pH 10 and 11)

Empty hydrogels (5 wt%) were prepared (n=3) as described in section 2.4.1. The formed hydrogels
were removed from the mould and transferred into glass vials and weighed. Next, 1 mL of either
borate buffered saline (BBS) (pH 10; 0.01 M HsBOs, 0.04 M KCl, 6 mM NaOH) or phosphate-buffer
(PB) (pH 11; 0.138 M Na,HPO., 61.8 mM NasPO.) was added and the samples were incubated at
37 °C. Subsequently, at multiple time points, the buffer was removed, and the gels were weighed,
and the swelling ratios were determined as described in (section 2.5.1).

2.6 Drug release from PNF-PNM hydrogels
2.6.1 FAB release from PNF-PNM hydrogels

Fab-loaded hydrogels were prepared as described in section 2.4.2. The crosslinked gels together
with the expelled fluid were transferred into glass vials, and subsequently 300 ul PBS with 0.02
% NaNjs (to prevent bacterial growth) was added, and the vials were incubated at 37 °C. Note that
the time point at which 300 ul PBS was added is considered as t = O for the release studies as
depicted schematically in figure 1. However, FAB had partially been expulsed (approximately, 14,
35,52 plfor 5,10, 20 wt% gels, respectively) from the hydrogels during the 3 h incubation in the
oven. The liquid which was expelled during this 3 h oven treatment was mixed with the 300 pl
PBS release medium. Release samples were taken by replacing 200 pl PBS from the vials with
200 pl of pre-warmed fresh PBS (37 °C) at multiple time points. The release samples were stored
at 4°C (company recommended storage conditions) until analysis was performed. To determine
the protein concentration, the samples were spun down at 2000 g for 5 minutes and 100 pl of the
supernatant was taken for analysis using SE-ULPC on an ARC Acquity UPLC (Waters Corporation,
Milford, USA) with an FLR-detector, operated at Aex and Aem Of 280 and 310 nm, respectively.
Results were analyzed with Empower Software (Version 3-FR5). A calibration curve was obtained
by analyzing solutions of FAB in PBS (from 1.2 to 2600 ug/mL). The standard samples (7.5 ul) and
the release samples (7.5 ul) were injected onto Phenomenex BioSep-SEC-52000 (300 x 7.80 mm)
column, and the eluent was 0.3 M sodium sulphate with 100 mM sodium phosphate monobasic
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monohydrate buffer (pH 6.7). The system was operated at a flow rate of 0.3 mL/min and the run
time per sample was 25 minutes.

Addition of

3hat37°C release medium
- @ -

Solution of PNF
and PNM on ice Release medium +

t =0 for release study

Figure 1 Schematic overview of the experimental setup of the gel formation and subsequent release study,
the expelled liquid indicates the water that was expelled from the gels during shrinking.

2.6.2 Dexamethasone release from PNF-PNM hydrogels

After preparation of the different dex-loaded hydrogels (n=3, see section 2.4.3), the gels together
with the expelled fluid were transferred into glass vials and 300 pl PBS with 1% tween (to
solubilize released dexamethasone) and 0.02 % NaNs (to prevent bacterial growth) were added
to the gels, which were subsequently incubated at 37 °C. Note that, as for FAB, the time point of
adding 300 pl PBS is considered as t = O for the release studies. The liquid which was expelled
during this 3 h oven treatment was mixed with the 300 ul PBS release medium. At different time
points samples of 200 pl were taken and replaced with the same volume of fresh PBS/Tween
buffer. The dissolution rate of dexamethasone particles in the release medium was also
determined. In detail, a dispersion of dexamethasone crystals in PBS (16.6 mg/ml) was sonicated
for 10 seconds. Subsequently, 30 ul of this dispersion was mixed with 300 ul PBS with 1% tween
and incubated at 37°C. At different time points the dispersion was spun down (at 25,000 g in RT
for 15 minutes) and 200 pl of supernatant was taken and replaced by the same volume of PBS
with 1% tween with 0.02 % NaNs. To 100 pl of the release samples or dissolution samples, 10 pl
DMSO was added to ensure full solubilization of the released dexamethasone. Subsequently, the
samples were spun down again at 25,000 g for 15 minutes. Samples of the supernatant (60 ul)
were analyzed using Acquity UPLC (Waters Corporation, Milford, MA) equipped with UPLC CSH
C18 column (100x2.1mm, 1.7 pym, 130 A, Waters Corporation). Dexamethasone was detected at
246 nm and quantification was done using a calibration curve of 0.5 to 400 pg/mL dexamethasone
in 100% acetonitrile (ACN). Gradient mobile phase was prepared using 5% ACN in water as eluent
A and 100% ACN as eluent B, both containing 1% perchloric acid as pH modifier. Samples of 5 pl
were injected, the was flow rate 0.75 ml/min and the gradient run from 0-100% B in 10 minutes.
Results were analyzed using Empower Software (Version 3-FR5, Waters Corporation, USA).

177



178

Chapter 5

2.7  FAB integrity upon incubation with PNF and PNM in buffer and after release from PNF-PNM
hydrogels

2.7.1 FAB integrity upon exposure to PNF and PNM polymers

To investigate whether the integrity of FAB upon exposure to PNF and PNM was affected, SDS-
PAGE analysis was used. PNF and PNM were separately dissolved in PBS (2 mg/ml) on ice.
Subsequently, 50 pl FAB in PBS (2.52 mg/mL) was added to 50 pl solutions of PNF and PNM, and
the obtained samples were incubated at 4 and 37 °C for 3 h and for 13 days. As control, FAB was
also incubated with 4arm-PEG10K-Maleimide (PEG-Mal; obtained from JenKem Technology, USA)
in PBS at the same concentration and conditions. After incubation, 4 pl samples were withdrawn.
Next, 18.5 ul of PBS and 7.5 uL of solution of 250 mM Tris-HCL pH6.5 also containing 8% sodium
dodecyl sulphate (SDS) 0.008% (v/v) Bromophenol Blue; and 40% (v/v) glycerol with and without
B-mercaptoethanol 5% (100 mM) were added. Hereafter, the samples and controls were heated
for 10 minutes at 90 °C to denature FAB. Subsequently, 28 ul of the samples and 5 pl of the
PageRulerTM Prestained Protein ladder (Thermo Fischer Scientific) were pipetted into the Bolt 4-
12% bis-tris-plus gel (Thermo Fischer Scientific) that was run in a Bolt MOPS SDS running buffer
(Thermo Fischer Scientific) at 100- V for 1 h. The proteins in the gel were stained with Coomassie
blue (Thermo Fischer Scientific) overnight and washed in demineralized water before imaging the
SDS gel.

2.7.2 FAB integrity after release from PNF-PNM hydrogels

FAB loaded hydrogels were prepared as described in section 2.4.2 and the release of the protein
was studied as in section 2.6.1. The integrity of the released FAB from the PNF-PNM hydrogels
was investigated using SDS-PAGE as in section 2.7.1. SDS (7.5 pl) was added to 22.5 pl of the FAB
release samples taken after 1 h, 1 day and 6 days.

2.8 Cytocompatibility of PNF and PNM
2.8.1 RAW 264.7 cell culture

RAW 264.7 macrophage-Llike mice cells (catalogue number TIB-71, ATTC, Manassas, VA, USA) were
cultured in humidified conditions at 37 °C and 5% CO, with high glucose Gibco Dulbecco's
Modified Eagle Medium (DMEM) (Sigma Aldrich, Zwijndrecht, the Netherlands) with 10% heat-
inactivated fetal bovine serum (GibcoTM Thermo Fischer scientific). Cells between passage
numbers 15 and 20 were used. The cells were detached from the culture flask using a cell scraper
and subsequently counted with a TCTM automated cell counter (Biorad). Next, the cells were
seeded in a flat bottom Greiner CellStar 96-well plate (#665090; GreinerBio-One GmbH, GE) at a
density of 100,000 cells/cm? and allowed to attach overnight prior to experiments.

2.8.2 ARPE-19 cell culture

Human retinal pigment epithelium derived ARPE-19 cells (catalogue number CRL 2302, ATTC)
were cultured in humidified conditions at 37 °C and 5% CO, with high glucose Gibco Dulbecco's
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) with 10% FBS and 1% L-glutamine.
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Cells between passage numbers 13 and 20 were used, detached from the culture flask using a
trypsin EDTA solution and counted with a TCTM automated cell counter (Biorad). Next, the cells
were seeded in a flat bottom polystyrene 96-wells plate at a density of 32,000 cells/cm? and
allowed to attach overnight prior to experiments.

2.8.3 Alamar Blue cytotoxicity assay on RAW 264.7 and ARPE-19 cells exposed to the polymers
PNF and PNM

After cell culture (see 2.8.1 and 2.8.2), the cell medium was refreshed and the cells were incubated
with 100 ul complete cell culture medium containing PNF or PNM (concentration from 0 to 5
mg/mL (n=3)). After 24 h incubation at 37 °C, the medium was refreshed and 10 pl of AlamarBlue
reagent (500 uM Resazurin sodium salt (Sigma-Aldrich) in PBS) was added per well. It is noted
that the medium was cloudy due to polymer precipitation at 37 °C. As a negative control, the
medium of 3 wells was replaced with complete cell culture medium containing 1% Triton X-100
to lyse the cells. After 15 minutes, 10 pl of the AlamarBlue reagent was added. Three empty wells
were also filled with 100 yl medium and 10 pl AlamarBlue reagent was added to correct for the
background. The 96-wells plates were incubated for 3 h at 37 °C protected from light. The
fluorescence was measured using a Fluostar OPTIMA (BMG Labtech GmbH, Ortenberg, Germany)
plate reader with a fluorescence excitation wavelength of 550 nm and an emission wavelength
of 590 nm. After background correction, the fluorescence intensities were normalized to the
intensities of cells cultured in medium without polymers.

2.8.4 Live-dead staining of RAW 264.7 and ARPE-19 cells exposed to the polymers PNF and
PNM

Cells seeded in a flat bottom glass 96-wells plate (Greiner CellStar 96-well plate #655090) were
cultured as described in section 2.8.1 and 2.8.2. The cells were incubated in medium containing
PNF or PNM (0 to 5 mg/ml) (n=2) in humidified conditions at 37 °C and 5% CO, for 24 h. Because
the medium was cloudy due to precipitation of the polymer, it was replaced by 100 pl medium
containing 3 pM Calcein AM (Cayman Chemical Company, MI, USA) and 25 pM propidium lodide

(P1) (Invitrogen Thermo Fisher Scientific). As negative control, medium of 3 wells was replaced by
medium containing 1% Triton X-100 to lyse the cells. After 15 minutes, the medium was replaced
by 100 pl medium containing 3 uM Calcein AM and 25 uM PI. The cells were incubated for at least
5 minutes before imaging. Minimal 3 images were made using a Yokogawa Cell Voyager 7000
Spinning Disconfocal Microscope with a fluorescence emission wavelength of 525 nm to visualize
the living cells and 600 nm for the dead cells. The images were further processed with Image/
processing software and the living, and the dead cells were counted using Columbus processing
software.

2.8.5 Life-dead staining of RPE-19 cells in direct contact with PNF-PNM hydrogels

Human retinal pigment epithelium cells were cultured in a flat bottom glass 12-wells plate
(Greiner CellStar glass bottom 24-well plate, #662892) in 500 ul DMEM/F12 (52,000 cells/cm?) as
described in section 2.9.2. Before cell seeding, a 10 wt% PNF-PNM solution (50 pl) was placed in
the corner of the well, and the hydrogel was formed upon incubation for 3 h at 37 °C. After
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culturing cells with the PNF-PNM hydrogel for 24 h in the wells, a life-dead staining was
performed. In short, 100 pl medium was removed and replaced by 50 pl medium containing 30
UM Calcein AM (final concentration 3 pM) and 50 pl medium containing 250 pyM PI (final
concentration 25 pM). As negative control, 50 yl medium of 3 wells was replaced by 50 pyl medium
containing 1 % Triton X-100 to lyse cells. After 15 minutes, Calcein AM and Pl were added
according to the protocol described above. Images were made and processed according to section
284

2.9 Video: Intravitreal injection of PNF-PNM hydrogel on an ex vivo rabbit eye.

The eyeball from a rabbit cadaver was enucleated within one hour after animal termination. The
eye was dissected using a scalpel to make an incision and a towel forceps to ensure control and
stability. First, the eyelids of the eye that was enucleated were opened and stabilized by clamping
them to the skin. An incision was made on the skin with a scalpel at the nasal and temporal side
of the eye by making solid lines. Subsequently, after removing the towel forceps, an incision on
the skin and periocular tissues by moving the scalpel parallel to the orbital rim was made. At this
point, the eyelids were still attached to the anterior part of the eye. Therefore, the eyeball was
slightly pulled out of the orbital cavity with the help of a towel forceps, the optic canal in the
sphenoid bone was located by touch, and the optic nerve was dissected as deep as possible.
Finally, any other remating periocular tissues surrounding the eye inside the orbital cavity
(muscles, connective tissues) were dissected, and the eyeball was entirely pulled out of the orbital
cavity. The enucleated eye was stored in PBS buffer (pH 7.4) at 0 °C to arrest the metabolic activity
of the tissues. Prior to the intravitreal injection, the eyeballs were incubated at 37 °C for 30
minutes in a water bath. Hydrogel formulations of 10 wt% were chosen to assess if the
formulation with the lowest used concentration is able to form a stable gel in an ex vivo setting.
Therefore, PNF-PNM (10 wt%, 50 pl) samples were prepared as described in section 2.4.1 and
injected into the vitreous body of the rabbit eye using a syringe with a 30 G needle. After injection,
the eye was incubated at 37 °C for 3 h (to allow full chemical DA crosslinking), after which an
incision was made to expose the vitreous body and to visualize the in situ formed hydrogel.

3 RESULTS & DISCUSSION
3.1 Polymer synthesis and characterization

Figure 2 shows the synthesis scheme of the two complementary polymers, PNF and PNM,
containing respectively furan and maleimide functional groups. TAIC assay demonstrated that
both terminal hydroxyl groups of PEG with a number average molecular weight (M,) of 6 kDa were
quantitively functionalized with bromoisobutyryl bromide groups to yield a PEG macroinitiator.
The macroinitiator was subsequently used to copolymerize HEA and NIPAM through ATRP-
polymerization to obtain PNH, an ABA triblock copolymer as shown in figure 2A. The B-block
consists of PEG for its hydrophilic properties whereas the outer A-blocks consist of two monomers,
NIPAM, to render the polymer thermosensitive, and HEA, to enable post-modification of the
thermosensitive block via coupling on its hydroxyl group. The PNH triblock copolymer after
dialysis and lyophilization was obtained with a yield of 90-95%. Its chemical composition was
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confirmed by 'H-NMR analysis (see Sl-figure 1A). The molar feed ratio of NIPAM/HEA was 90:10
(Table 1), and a ratio of 88:12 of the copolymers was measured by 'H NMR analysis. Therefore,
within the experimental error for NMR analysis, the composition of the thermosensitive A block
equals the feed ratio, which is expected since the synthesized polymer was obtained in a high
yield. The obtained polymer had an M, of 43 kDa as determined by *H NMR analysis and of 33 kDa
as determined by GPC with a polydispersity index (PDI) of 1.7. (Table 1). The cloud point (CP) of
PNH as determined by light scattering was 32 °C (Sl-figure 2), which is in accordance with
literature data for block copolymers containing PNIPAM rich blocks[55, 56]. To allow Diels-Alder
crosslinking, 67 % (feed ratio) of HEA groups in PNH were functionalized with either 3-(2-
furyl)propionic acid or 6-maleimidohexanoic acid via DCC/DMAP coupling to obtain the two
complementary thermosensitive triblock polymers PNF and PNM, respectively, as shown in figure
2B, C. The esterification of the HEA moieties was confirmed by *H-NMR (see SI-Figure 1B, C) which
showed a ratio 88:4:8 between NIPAM, residual HEA, and furan or maleimide moieties respectively
for PNF or PNM (Table 1)._ These results show that the esterification was quantitative. The M, of
the synthesized polymers was determined by *H NMR and GPC analysis. Results showed that PNF
had an M, of 44 kDa (*H-NMR) and 38 kDa (GPC) while PNM had an M, of 46 kDa both by *H-NMR
and GPC. The PDI of the polymers were between 1.6 -2.2. As expected, the CP of PNF and PNM
slightly decreased from 32 to 28 and 29 °C respectively, as PNM and PNF are more hydrophobic
than PNH.
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Figure 2 A) Synthesis of PNH by ATRP polymerization and its functionalization with B) 3-(2-furyl)propionic
acid resulting in PNF, and C) with 6-maleimidohexanoic acid resulting in PNM.
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Table 1 Characteristics of the three ABA triblock copolymers (PNH, PNF and PNM) composed of PEG mid-
block of 6 kDa with outer blocks of NIPAM (N) and HEA (H) or furan (F) or maleimide (M).

Polymer Feed Ratio Measured Ratio*  y * M, po1’ Cloud Point ©
[N]:[H]:[F}/[M] [N]:[H]:[F}/[M] (kDa)  (kDa) (°C)

PNH 90:10:NA 88:12:NA 43 33 17 32

PNF 88:4:8 88:4:8 44 38 1.6 28

PNM 88:4:8 88:4:8 46 46 2.2 29

2 Determined by *H-NMR;° Determined by GPC, ¢ Determined by light scattering.
3.2 Hydrogel formation and characteristics

Figure 3A (left column) shows vials containing aqueous solutions of either a mixture of PNF and
PNM or the separate polymers directly after dissolution at 4 °C. Subsequently, incubation of the
polymer solutions (mixture of PNF/PNM, PNF, PNM) for 2 h at 37 °C (Figure 3A, middle column)
resulted in viscous opaque solutions for the individual polymers due to physical self-assembly of
the PNIPAM domains. On the other hand, the PNF-PNM mixture under the same conditions formed
an opaque gel that lacked flow upon tilting the vial upside down (Figure 3A, middle column).
Figure 3A (right column) shows that upon cooling down the samples to 4 °C resulted again in
clear liquid solutions for both PNF and PNM. This means that reversible physical interactions are
responsible for the change in visual appearance and gel formation of the PNF and PNM systems
upon incubation at 37 °C. Importantly, and in contrast, upon cooling to 4 °C, the PNM-PNF mixture
remained a gel, which strongly suggests that DA crosslinking indeed had occurred after the
physical crosslinking and subsequent incubation at 37 °C.

Furthermore, scanning electron microscopy (SEM) analysis was performed to examine the
microstructure of freeze-dried drug-loaded hydrogels and compare it with that of empty
hydrogels. SI-Figure 10 shows different pore-type structures at three magnifications. Empty
hydrogels exhibited small, interconnected pores, while FAB protein-loaded hydrogels had larger
pores with smaller interconnected pores. Dex-loaded hydrogels displayed heterogeneous
microstructures with zones of lamellar structures and flat surfaces with smaller pores.

3.2.1 Rheological Characterization

Rheological studies were performed to study the gelation kinetics, the reversibility of both the
PNF-PNM formulation and individual polymer solutions upon heating and cooling and the
stiffness of the formed PNM-PNF hydrogels.

The temperature at which G’ (storage modulus) crosses G" (lLoss modulus) is defined here as the
gelation temperature (Tge). The PNF-PNM formulation showed a Tge at 23 °C, while the solutions
of the individual PNF and PNM solutions showed a T4 of 24 and 28°C, respectively (Figure 3B).
The G’ of the hydrogels (PNM/PNF, PNM and PNF solutions) progressively increased when the
temperature increased from Tge up to 37°C most likely due to the thermosensitive nature of the
polymers.
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After 30 min at 37 °C, the gels were stressed at a fixed strain and increasing frequency. It was
shown that the G’ of the gels based on PNF or PNM increased (for PNM from 38 to 920 Pa, for
PNF from 450 - 3200 Pa) with an increasing frequency (SI-Figure 3A). This is to be expected as
only physical crosslinks are present in the gel network. [47, 57] In contrast, after 30 min at 37°C,
the PNF-PNM hydrogel showed already a substantial higher G* (2200 Pa) at low frequency
compared to the single polymer gels that subsequently increased up 3430 Pa at higher frequency
(SI-Figure 3A). This higher G' of the PNF-PNM formulation suggests that additional chemical
crosslinks were formed. In addition, Figure 3B shows that a decrease in temperature of the
separate polymer systems resulted in a decrease of both G’ and G” which can be ascribed to the
reversible hydration of the pNIPAM blocks of the polymers. The PNM system showed almost
reversible behavior during cooling from 37 to 4 °C with a rapid decrease of G', G” (Figure 3 B1)
and complex viscosity (SI-Figure 3D) between ~30 and 25 °C, while substantial hysteresis was
observed for the PNF system (Figure 3 B2). This might be due to weak heteroaromatic m-m
stacking interaction between the furan moieties[58, 59] formed above the LCST and still present
upon cooling of the gel below this temperature.

Figure 3 B3, shows that when the PNF-PNM gel was cooled down from 37 to 4 °C, G’ remained
higher than G” and G’ decreased from 3100 to 650 Pa while cooling from 37 to 23 °C, likely
because of the loss of the physical crosslinks below the LCST. Subsequently, G" increased up to
3100 Pa at 4°C, likely because additional DA crosslinks were formed in time.

A After preparation After incubation at 37°C  After incubation at 4°C B Rheology profiles
PNM ] *  G'Heating
! G" Heating
* G'Cooling
* G" Cooling
0 5 10 15 20 25 30 35 40
Temperature (°C)
PNF *  G'Heating
G" Heating
+ G'Cooling
G"Cooling
0 5 10 15 20 25 30 35 40
Temperature (°C)
PNF/PNM
Hydrogel .+ G' Heating
G" Heating
+  G'Cooling
" G" Cooling

o 5 10 15 20 25 30 35 40
Temperature (°C)

Figure 3 A) Images of PNF, PNM, and PNF-PNM systems at room temperature shortly after dissolution of
the polymers, after incubation at 37 °C for 2 h and cooling down to 4 °C. B) Rheogrammes of PNF and/or
PNM polymer systems upon heating (4 to 37 °C) and cooling (37 to 4 °C). B1: PNM 10 wt% polymer, B2:
PNF 10 wt% polymer, and B3: PNF-PNM mixture 10 wt%, at a 0.5% strain.
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Drug-loaded PNF-PNM gels were also rheologically characterized. The plateau modulus as a
function of angular frequency at 37°C showed only minor differences between FAB-loaded, dex-
loaded, and non-loaded gels (SI-Figure 3 A, B, C). This means that the loaded drugs did not
interfere with the polymeric networks. As expected, all gels showed a higher G’ with increasing
polymer concentration, which points to a higher crosslinking density. The calculated mesh size
using the equation mentioned in section 2.3. resulted in a value of 9 nm for 20wt% gel and 21
nm for the 5wt% gel (Table 2) .

3.2.2 FTIR Characterization

FTIR characteristics of the dried hydrogels and polymers were investigated to show DA
crosslinking between the furan functionalities of PNF and maleimide functionalities of PNM after
incubation in PBS for 3 h at 37 °C. Figure 4 shows that PNF-PNM hydrogels (A), PNM (B) and
PNF(C) absorbed IR light of 1455, 1640 and 1535 cm™, which can be assigned respectively to the
CHs bending vibration, the amide | band due to the C=0 stretching vibration and amide Il band (a
combination of the N-H bending and C-N stretching vibration) [60, 61] all present in the pNIPAM
blocks of the polymers. The absorbance peak at 1737 cm™ is assigned to the C=0 stretching
vibration of the ester groups present in PNF and PNM and in the hydrogel. Furthermore, the
observed broad peaks of the CH,CH; stretching vibrations at 2800-3005 cm™ [62] are ascribed to
the PEG blocks of the PNF/PNM polymers and the hydrogel. Additionally, the spectrum of PNM
shows peaks at 1707 cm™ and at 695 cm™ which are assigned to the C=0 stretch and =C-H-
bending vibration of the maleimide group [63, 64], while in the spectrum of PNF a peak at 737
cm™? is present which is ascribed to the =C-H- bend vibration of the furan moiety[65, 66]. The
spectrum of the PNF-PNM hydrogel prepared with a molar ratio maleimide/furan 1:1 (figure 4A)
clearly showed both the absence of the bending and stretching vibrations at 695 and at 1707 cm-
!, characteristic for the maleimide groups, and at 737 cm™, characteristic for the furan group. The
absence of these peaks (indicated by the red arrow in figure 4) shows that maleimide and furan
moieties present in the PNM and PNF, respectively, were consumed during network formation,
demonstrating that DA chemical crosslinking had occurred. It is noted that the absorbance at
1459 cm™* characteristic for the formed DA-adduct[67] was not detected in the hydrogel due to
the strong interference of the PNIPAM amide Il band and CHs bending vibration at 1535 and 1455
cm™, respectively.
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Figure 4 FT-IR spectra of A) PNF-PNM dried hydrogel (molar ratio 1:1 of furan and maleimide), B) PNM, C)
PNF. Black arrows indicate the most relevant peaks and the red arrows point to the disappeared peaks after
formation of the chemically crosslinked hydrogel due to DA reaction.

3.2.3 Degradation of PNF-PNM hydrogels

During hydrogel formation at 37 °C, a concentration dependent shrinking of the gels occurred,
and the 15, 10 and 5 wt% gels lost, respectively, 65, 44 and 17% of their initial volumes. This
means that a higher extent of water expulsion and thus shrinking of the gels occurred with
increasing polymer concentration. This is likely due to higher PNIPAM content of the gel network
with increasing polymer concentration in combination with higher concentrations of the

functional groups, resulting in both a higher physical and chemical crosslink densities. SI-figure
5 shows that the hydrogels incubated in PBS at 37 °C remained stable during incubation for more
than 460 days, demonstrating that no significant degradation of the gels occurred.

Ilochonwu et al. and Kirchhof et al. [38,39] reported that DA hydrogels degraded in aqueous
solution (PBS pH 7.4) at 37 °C by retro Diels Alder (rDA) reactions to generate furan and
maleimide. The degradation of DA crosslink-based hydrogels primarily occurs through the
irreversible hydrolytic ring opening of the maleimide group. Surprisingly, under the same
conditions, PNF-PNM hydrogels did not degrade even after 460 days. This intriguing result may
be attributed to the location of the chemical DA crosslinks within the hydrophobic domains of the
hydrogel network. These domains limit water accessibility, thereby slowing down the hydrolysis
of maleimide groups. It is worth noting that network degradation can also occur through
hydrolysis of the ester bonds that connect the P (PEG) to the NF or NM blocks. Neradovic et al.[68]
observed a half-life of 34 hours for this ester bond at pH 8.5 and 37°C in a similar block copolymer.
Hence, it can be expected that at pH 7.4 and 37°C, the half-life would be approximately 340
hours. However, as mentioned before, the degradation time for PNF-PNM hydrogels at pH 7.4 is
significantly longer. To gain additional insights into the stability and degradation kinetics, 5wt%
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PNF-PNM hydrogels were incubated at 37°C in buffers with pH 10 and 11. This was done to
investigate whether hydrolysis can take place under accelerated conditions, either through rDA
or ester hydrolysis. SI-figure 5B shows that the swelling ratio of the gel incubated at pH 11 rapidly
decreased and complete degradation was observed after 3 days, while the gel incubated at pH 10
showed slight increase in swelling ratio until complete degradation between day 8 and 13. These
results demonstrate that PNF-PNM hydrogels are degradable by hydrolysis, but it is likely a very
slow process at neutral pH.

Moreover, it is crucial to consider the presence of degradation enzymes in the vitreous humor in
an in vivo situation. Esterases, hydrolases, and other enzymes are present in the vitreous humor
and possess the ability to catalyze the hydrolysis of ester bonds within the hydrogel.[69] These
enzymes have the potential to actively contribute to the degradation process, thereby influencing
both the rate and extent of hydrogel degradation within the vitreous humor.

3.3 Drug release from PNF-PNM hydrogels
3.3.1 FAB release from PNF-PNM hydrogel

Figure 5 shows that a substantial burst release was observed for the different hydrogels
depending on polymer concentration, most likely due to water, and thus also protein, expulsion
caused by dehydration of the pNIPAM domains during hydrogel formation and shrinking (figure
1). It is intuitively expected that this burst is correlated with the extent of water expulsion.
However, this was not observed since the burst was 46, 45 and 28% for the 5, 10 and 20 %
hydrogels and thus not proportional to the extent of dehydration (17, 44, 65 % for 5, 10, 20 wt%
gels, respectively).
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Figure 5 Cumulative FAB release in PBS at 37 °C from cylindrical PNF-PNM hydrogels with initial polymer
concentration of 5, 10 and 20 wt% and diameters of 3.4, 2.3, 1.4 mm and heights of 3.8, 2.6, 1.6 mm
respectively. The dimensions of the hydrogels were calculated from their weights after preparation (legend
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figure 4) assuming isotropic deswelling. The data are presented as mean * SD of three independent
replicates. For clarity, at time 300 ml buffer was added to the hydrogels and expelled fluid (see Figure 1).

It was observed that the storage moduli (see Sl-figure 3) and Young’s moduli (see SI-Figure 4)
increased with polymer weight % of the gels pointing to an increase in crosslinking density with
smaller mesh sizes (table 2), which might overall lead to lower burst release of the protein. Figure
5 further shows that during the first day, protein release was rapid, followed by a subsequent
slower release phase during the following 12 days. Figure 5 also shows that hydrogels with 5 and
10 wt% polymer content showed quantitative release of the loaded protein in 13 days, while the
20 wt% hydrogel released 83% of the loaded protein during the same time (figure 5). The
hydrodynamic radius of the FAB protein is 2.7 nm[70] (protein diameter of 5.4 nm) which is
smaller than the estimated average mesh size of the hydrogel network (see table 2). The turbid
nature of the PNF-PNM hydrogels indicates that phase separation into polymer- and water-rich
areas occurred. As a consequence, protein molecules present in the less densely crosslinked
regions of the gel network are mobile and rapidly diffuse out during the first day, whereas in the
second phase (day 1-13), protein molecules present in more densely crosslinked zones are
released. Similar biphasic release behavior of proteins from phase separated PEG/thermosensitive
hydrogels was reported by Censi et al. [71] Likely, in the hydrogel with 20% polymer, protein
molecules are entrapped in cages with pores smaller than the hydrodynamic radius of the FAB
restricting protein mobility and resulting in incomplete release.

Table 2 G’ and mesh size (§) of the PNF-PNM hydrogels calculated using equation in section 2.3.3.

Hydrogel G’ of FAB loaded gel Mesh size of FAB G’ of Dex loaded gel Mesh size of Dex
(kPa) loaded gel (nm) (kPa) loaded gel (nm)
5 wt% PNF-PNM 0.38 £0.05 225+2.38 0.46 = 0.07 21.0+3.1
10 wt% PNF-PNM 3.13+0.45 111+16 0.97 £0.15 164+26
20 wt% PNF-PNM 6.16 £ 1.27 89+18 5.12 #1 .00 94+18

To quantitatively evaluate the diffusional mass transport for FAB release, the following analytical
solution of Fick’s second law was applied. [72, 73]

M, 321 Q @ 1 (2:p+1)n
—=1-= S —21.D-t)- _ — 7 Dt
M. p e exp< ) Z 2p+ 1)2 exp Te

n=1 1n p=0

1)

where M;and M« are the cumulative amounts of FAB released at time t and infinity, respectively;
n and p are dummy variables; g. are the roots of the Bessel function of the first kind of zero order
[J0(gn)=0]; D is the apparent diffusion coefficient of the protein in the hydrogel; R and H denote
the radius and height of the cylindrical gels. In this study, the experimentally determined release
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plateau values of FAB (figure 5) were considered as amounts released at “infinite” time and thus
being the mobile fraction of the loaded protein.

The following boundary conditions apply to the derivation of this equation:

1)

U N WN
RO NS BN

Mass transport resistance in the release medium (bulk fluid) is negligible compared to
mass transport resistance in the hydrogel.

The protein is initially homogeneously and molecularly distributed throughout the gel.
FAB transport occurs in radial and axial direction of the cylindrical hydrogel.

The diffusion coefficient of the protein is not dependent on time or position.

The hydrogel does not dissolve or swell upon exposure to the medium during the release
period.

Protein release is zero at t = 0. Note that this assumption was not fulfilled in the present
study since the obtained gels after their preparation including expelled buffer/proteins
were transferred in the release medium. Thus, this expelled liquid was mixed with the
release medium att = 0.

Figure 6 shows an example for the fitting of Equation 1 to experimentally measured FAB release

from a hydrogel of 5 % polymer. As it can be seen, the agreement between the fitted curve and

actual release data is poor and Equation 1 systematically underestimates protein release at early
time points and overestimates FAB release at late time points. The same observation was made
for all other investigated hydrogels, irrespective of the polymer concentration. This poor fit is not
unexpected since some of the boundary conditions mentioned above are not valid. Since as

pointed out, the hydrogels are likely phase separated systems with water poor and water rich
regions, the release of a protein from such gels cannot be modelled with a single value for the

diffusion coefficient of the protein in the heterogeneous hydrogel matrix.
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Figure 6 FAB release from a hydrogel based on 5 % polymer. The curve shows the fitting of Equation 1 to

the experimental results (symbols). For Equation 1, the experimentally determined plateau value was
considered as M.
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3.3.2 The structural integrity of the FAB protein during formulation and after release

Figure 7A shows the coomassie blue SDS-PAGE stains (under non-reducing conditions) of FAB
incubated with PNF and PNM, at 4 °C (below LCST) and 37 °C (above LCST) for 3 h and 13 days.
The hydrophilic non-thermosensitive 4 arm PEG-Mal was used as a positive control because this
polymer has been previously shown to form protein-polymer conjugates[74, 75] due to reaction
of the maleimide functionality with SH and NH, groups of proteins. SDS-page analysis confirmed
that PEG-Mal indeed reacted with FAB already after 3 h incubation in PBS at both 4 and 37 °C,
and this reaction became more apparent after 13 days (as shown by the arrows in figure 7 A, likely
pointing to the formation of PEG adducts with two FAB molecules). Figure 7A also shows that
PNF did not react with the FAB protein upon incubation for 3 h and 13 days at both 4 and 37 °C.
However, FAB incubated with PNM for 13 days 4 °C showed a smear at higher apparent molecular
weight of ~80- 140 kDa pointing to reaction of the maleimide groups of this polymer with the
protein. Interestingly, the FAB protein did not react with PNM upon incubation at 37 °C for 13
days, likely because these groups are hidden in the hydrophobic domains of the gel formed above
the LCST and were therefore not accessible for reaction with the protein. Importantly, SDS-page
and SEC analysis of the released Fab did also not show modification of the protein (Figure 7B, C)
likely because the maleimide groups are present in the hydrophobic domains of the gels, and
moreover their concentration drops in time due to reaction with the furan groups during hydrogel
chemical crosslinking by Diels Alder reaction.

e
A N O “0040 ! B After release
R GOR DAY
e“%\i&; Y b wd e SR 2 o
& & A P A A P (SIS Y
T TR O > q%\o}\oﬁc}\'\\ AN

S S S SIS Y O (& )

JIC A I AT A D N N N A
oS oot G oo

O R N M S MM o5 140 kDa
115 kDa

80 kDa

65 kDa

50 kDa

40 kDa

140 kDa
115 kDa

“" 80kDa
" 65kDa

" 50kDa
R S NIV

~ 40kDa

30kDa
25 kDa

= KB

30 kDa

25 kDa

15kDa
10kDa

Non-reducing SDS-PAGE

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| N 3 " N Non-reducing SDS-PAGE
| 3h incubation with FAB in PBS

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

C After release

— FAB reference
20 Fab from 3wt%
— Fab from 10wt%
— Fab from 20wt%

« 15kDa
10kDa

Relative Absorbance (AU)
a
S

Non-reducing SDS-PAGE - T
L 13d incubation with FAB in PBS 10 20 30

************************* Time(min)
Figure 7 Coomassie blue SDS-PAGE stains under non-reducing conditions of FAB incubated with PNF, PNM,
and 4 arm PEG-Mal at 4 and 37 °C for 3 h and 13 days. B) Coomassie blue SDS-PAGE stains under non-
reducing conditions of FAB released from 3, 5, 10, and 20 wt% PNF-PNM hydrogels after 1 hour, 1 day, and
6 days. C) SEC-chromatogram of FAB released from 3, 10, and 20 wt% PNF-PNM hydrogels after 2 days.
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3.3.3 Release of dexamethasone from PNF-PNM hydrogels

Figure 8 shows the release profiles of dexamethasone from PNM-PNF hydrogels with different
initial polymer content and the dissolution profile of dexamethasone crystals in PBS/tween. It is
shown that the drug particles quantitatively dissolved within 5 days with ~90% within the first
day (figure 8A). On the other hand, the same figure shows that after a small burst (~5 % of the
loading) sustained and almost quantitative release (around 95% of the loaded amount) was
observed in ~35 days which demonstrate the contribution of the hydrogel in prolonging the
release of dexamethasone. Figure 8 also shows that the different gels released their content with
the same kinetics. It should be remarked that the gels have different cylindrical dimensions, and
this thus points to a different diffusivity of the drug in the gel matrices. Given the low aqueous
solubility (0.089 mg/ml) and log P (1.83) of dexamethasone[76], this drug is likely solubilized in
the hydrophobic pNIPAM domains of the hydrogel. This design strategy allows for efficient
loading and uniform distribution of dexamethasone within the hydrogel matrix. The obtained
results suggest that the weight fraction of these domains of the hydrogel with the lowest initial
polymer concentration (3wt% gel) is already sufficient to dissolve the loaded dexamethasone
dose. Indeed, the weight fraction of the hydrophobic domains is ~3 times higher than that of the
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Figure 8 A) Cumulative release profiles of dexamethasone (Dex) loaded PNF-PNM hydrogels in PBS 1%
tween at 37°C with initial polymer concentrations of 3, 10 and 20 wt% of cylinders with diameters of 3.9,
2.3, 1.4 mm and of heights 4.3, 2.6, 1.6 mm, respectively, after hydrogel formation and water expulsion.
These values are based weight measurement after hydrogel preparation assuming isotropic deswelling.
Also shown is the dissolution of dexamethasone crystals dispersed in the release buffer. B) Dexamethasone
released (in pg/day) from 3, 10, and 20 wt% PNF-PNM hydrogels.

Equation 1 was fitted to the experimentally obtained release profiles. Figure 9A shows an
example for such a fitting. As it can be seen, the experimental data are well fitted with equation
1. This was also true for the other investigated dexamethasone-loaded hydrogels, irrespective of
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the polymer concentration (Figure 9B). The following apparent diffusion coefficients of
dexamethasone in the investigated hydrogel matrices were calculated: D = (13.0 + 0.4) x 107, (3.1
+ 0.1) x 10° and (1.5 * 0.6) x 10° cm?/s for hydrogels based on 3, 10 and 20% polymer,
respectively (mean values +/- standard deviations, n = 3). These diffusion coefficients are, as
expected, substantially smaller than the reported value in water (6800 x 10° cm?/s [77]).
Equation 1 is derived under the assumption that the hydrogel structure is homogeneous, e.g. the
existence of more hydrophobic vs. more hydrophilic regions with different drug mobilities is not
considered. Thus, apparent diffusion coefficients are calculated, reflecting the overall
dexamethasone mobility in the heterogenous hydrogel matrices. The observation that the
determined apparent dexamethasone diffusion coefficient in the hydrogel decreases with
increasing polymer concentration might be explained by the increasing volume fractions of
hydrophobic pNIPAM domains in the hydrogel matrices, with lower drug mobility.

A B

100
75

50

Drug release (%)

Drug release (%)

25

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Time (d) Time (d)

Figure 9 A) Release of dexamethasone from a hydrogel based on 3% polymer. The curve shows the
fitting of Equation 1 to the experimental results (symbols). B) the overall dexamethasone release
from hydrogels based on 3, 10 or 20% polymer (as indicated in the legend). For the experimental
data points, mean values * standard deviations (n=3) are indicated.

Using the mean values of the determined apparent dexamethasone diffusion coefficients, the
drug release kinetics from different hydrogels were calculated and compared to the
experimentally measured results. Figure 9B shows the respective fitted and experimental data.
The excellent agreement between Equationl and the experimentally determined
dexamethasone release kinetics suggests that the diffusion of the drug molecules through the
hydrogel is much slower than the other phenomena and is thus the releasing-determining factor.
For instance, dexamethasone partitioning between the more hydrophobic and more hydrophilic
gel regions might is likely more rapid than drug diffusion through these regions.

Figure 8B shows that the average amount of dexamethasone released per day for the gel
formulations gradually decreased from ~100 to 0.1 pg/day over 35 days. The vitreous
concentration of dexamethasone in patients that received 400 pg bolus injection of the drug was
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25 ng/ml 3 days after intravitreal injection, with a half-life of 5.5h[12]. The only currently
clinically available sustained release formulation for intraocular dexamethasone delivery is the
Ozurdex™ implant. This intravitreal implant results between 90 and 180 days in a concentration
of 1.31+1.94 pg/ml which still improves visual acuity[78]. In clinical use, the maximum volume
for intravitreal injection in humans is 100 pL[79]. Therefore, the release rate of dexamethasone
from the PNF-PNM hydrogel is expected to be sufficient for reaching the therapeutic range both
in vitreous and retina for more 35 days after administration. As mentioned, the PNF-PNM hydrogel
formulations demonstrated controlled release of dexamethasone over a period of 35 days, with
release rates ranging from 100 to 0.1 pg/day. This resulted in vitreous concentrations ranging
from 25 to 0.025 pg/mL, considering the approximate vitreous volume of 4 mL. These
concentrations are far above the therapeutic effective concentration based on clinical experience
with the Ozurdex™ implant. It is worth noting that these concentrations still fall within the safe
range observed in clinical practice. Fonseca et al.[80] conducted a clinical study showing that
intravitreal administration of a 0.05 mL (200 ug) dexamethasone solution, with a concentration
of 4 mg/mL, was safe and effectively reduced macular thickness secondary to diabetic macular
edema (DME).

3.4 Cytocompatibility of PNF, PNM and PNF-PNM hydrogels
3.4.1 Cytotoxicity of RAW 264.7 and ARPE-19 cells exposed to PNF and PNM

The Alamar-Blue assay was conducted on RAW 264.7 and ARPE-19 cells, representing
inflammatory cells macrophages and human retina cells, respectively, to determine the cell
viability through the cells’ metabolic activity. As shown in Sl-figure 6, unexpectedly, upon
exposure of PNF to the cells, both RAW 264.7 and ARPE-19 cells showed metabolic activities over
100 % compared to the control. The highest metabolic activities (153 * 6 % for RAW 264.7 cells
and 169 £ 16 % for ARPE-19 cells) were observed for the cells incubated with solutions of the
highest PNF concentration (5 mg/mL). As a control, polymers were incubated in culture medium
without cells for 24 h at 37 °C, whereafter the AlamarBlue assay was conducted. It was found that
the polymers did not interfere with the assay. Seong et al. [81] reported that cell receptors can
interact with hydrophobic portions (hyppos) of molecules. To prevent damage due these hyppos,
cells activate repair and remodel pathways causing an increase in metabolic activity. Therefore,
the observation of the higher metabolic activity of cells incubated with PNF might be ascribed to
the hydrophobic character of the polymer at 37 °C. In contrast, reduced metabolic activities were
found for RAW 264.7 and ARPE-19 cells when incubated with solutions of increasing PNM
concentrations. Metabolic activities of cells incubated with solutions € 1 mg/mL PNM were
comparable with the positive control (cells incubated with medium only), while incubation of the
cells with > 1 mg/mL the solutions resulted in lower metabolic activities suggesting cytotoxicity.
This higher toxicity for PNM as compared to PNF, is likely caused by the maleimide groups
present, which might interact with membrane proteins resulting in a decrease in metabolic
activity of the cells.

The cell cytocompatibility of PNF and PNM was also performed using a live-dead staining on RAW
264.7 and ARPE-19 cells (SI-figure 8 and 9). In line with the results of the AlamarBlue assay, after
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24 h of incubation at the studied concentrations (up to 5 mg/mL), PNF showed no toxicity to the
RAW macrophages (Figure 8A and B). In contrast, viability was compromised for RAW
macrophages incubated with PNM in a concentration-dependent manner (Figure 8A and B).
Macrophages incubated with PNM (3-5 mg/ml) stained positive for both calcein and PI, showing
that moribund cells still had active esterases present in the cytosol. The cells incubated with PNM
at concentrations €1 mg/mL retained their viability which is in line with the results of the Alamar-
Blue assay. The results of the life-dead staining on the ARPE-19 cells retinal cells incubated with
PNF and PNM at the same concentrations exhibited the same trend as observed for the
macrophages (S| Figure 9). ARPE-19 cells and RAW 264.7 cells showed comparable amounts of
living cells after 24h incubation with PNF (Sl Figure 9 A, B). The retina ARPE-19 cells incubated
with solutions = 2 mg/mL PNM stained majorly red, whereas the viability of cells incubated with
PNM at concentration € 1 mg/mL was not compromised. Overall, it can be concluded form both
assays that PNM showed no toxic effects. However, incubation of the cells with PNM caused toxic
effects at concentrations > 1 mg/mL. Noteworthy, for the aimed application the two
complementary polymers are not administered separately but are applied as an injectable
formulation of the two polymers and thus cells are only exposed for a short time to the individual
polymers as after injection of the formulation the temperature of the gel will increase to 37 °C
(thus above the LCST) and physically and chemically crosslinked hydrogels will be formed. To
investigate whether the PNF-PNM system can be safely used as intraocular drug delivery
system, human retina cells were cultured in direct contact with a PNF-PNM hydrogel for 24 h.
Figure 10 shows the ARPE- 19 cells proliferated in close contact with the gel and the cell
viability was not affected by the hydrogel, showing the cytocompatibility of the PNF-PNM gel
(SI-Figure 7A, B).

Positive control

— 0.5mL

‘ .

Medium M . Incubate 3h at 37°C / ’ Seed cells

Negative control
Hydrogel

ARPEs with"PNF-PNM ARPES_'with‘ PNF-PNM

1% Triton X-100

Figure 10 Calcein AM and propidium iodide staining’s of ARPE-19 cells cultured in the presence of a 10
wt% PNF-PNM hydrogel. Living cells are imaged green, and dying/dead cells are red.
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4  Video: intravitreal injection of PNF-PNM hydrogel through a 30 G needle into the
vitreous body of an ex vivo rabbit eye

Injectability and syringeability are crucial for successful intravitreal drug delivery. Injectability
ensures easy drug administration via a syringe, while syringeability refers to smooth drug
withdrawal into the syringe. Optimizing these aspects enhances translational potential,
benefiting treatment. In this study, a 10 wt% PNF-PNM hydrogel formulation was easily
withdrawn and injected into the vitreous body of an ex vivo New Zealand rabbit eye. For more
information and visual demonstration, the reader is referred to video 1 showing:

e Injection of 50 uL PNF-PNM formulation through a 30 G needle.

e After injection, followed by incubation of the eyeball at 37 °C for 3 h (to allow full
chemical DA crosslinking), an incision was made to open the vitreous body.

e The hydrogel was visualized as white mass after the incision with a clear distinction from
the transparent vitreous.

The results demonstrate that PNF-PNM formulation can be easily injected through a small 30G
needle clinically recommended for intravitreal injections[82]. Furthermore, the PNF-PNM
formulation crosslinked in situ the vitreous body by physical and subsequent chemical reactions
and demonstrated its potential as a local drug delivery system for intraocular therapy. The
hydrogel used in this study was intentionally designed to form a localized depot at the injection
site. This particular characteristic of the hydrogel prevents it from dispersing throughout the
vitreous humor, as it remains confined to a specific position. By localizing the hydrogel depot
away from the visual pathway, potential disruptions to vision are minimized, as the hydrogel is
not transparent, similar to many intraocular implants.

SCAN ME

Video 1 Representation of intravitreal injection of 50 uL PNF-PNM 10wt % formulation through a
30G needle into the vitreous body of ex-vivo eye of a new Zeeland rabbit.
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5 CONCLUSIONS

In this study, thermo-gelation was successfully combined with Diels Alder chemical crosslinking
to design stable in situ forming hydrogels. This hydrogel is a versatile drug delivery system able
to release two loaded drugs with different physicochemical properties (dexamethasone and FAB
antibody fragment). The system can provide sustained release of dexamethasone for 35 days,
while the FAB protein was released for 13 days. Interestingly, the maleimide functional group
present in the hydrophobic domains of the polymer as well as in the formed hydrogel did not
react with the protein at temperatures above LCST, avoiding unwanted protein modification
during loading and release. The hydrogel is injectable through a 30 G needle and is well tolerated
by retinal cells making the developed system a potential candidate for intravitreal drug therapy.
In future directions, further preclinical and clinical investigations are necessary to determine the
optimal dosing regimen and fully understand the impact of our hydrogel system on administration
frequency. Additionally, exploring the applicability of our hydrogel system beyond ocular
therapies, considering its sustained release capabilities, may uncover opportunities for in situ
drug delivery in other applications.
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SI-Figure 1 Structures and 1H-NMR spectra of A) PNH B) PNF C) PNM.
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SI-Figure 2 Scattering intensity at a 650 nm as a function of temperature of PNH, PNF, PNM dissolved in
PBS at a concentration of 3 mg/ml. The onset point of the increased scattering intensity is reported as the
cloud point.
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SI-Figure 3 Storage modulus (G’) of PNF-PNM hydrogel with/without loaded drug as a function of angular
frequency at 37 °C after physical and/or chemical crosslinking during a temperature and time sweep at
strain 0.5 % as described in section 2.3.3. A) G’ of 10wt% empty PNF-PNM hydrogel, PNF and PNM system
with increasing angular frequency. B) G’ of 3, 5, 10, 20 wt% FAB-loaded PNF-PNM hydrogel with increasing
angular frequency. C) G’ of 3, 5, 10, 20 wt% dex-loaded PNF-PNM hydrogel with increasing angular

frequency. D) Complex viscosity as a function of temperature for empty 10wt% hydrogels made PNM-PNF,
PNF and PNM.
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SI-Figure 4 Young's moduli (E) of PNF-PNM DA hydrogels after network formation for 3 h at 37 °C as a
function of hydrogel polymer concentration as determined using dynamic mechanical analysis (DMA) at
room temperature. The results are reported as mean +/- SD (n=3).
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SI-Figure 5 Swelling ratios of PNF-PNM hydrogels as a function of time at different conditions. The swelling
ratio is defined as the weight of gels (W,) at a certain time point divided by the initial hydrogel weight (Wo)
after gelation/shrinking. Wy values at 37 °C were 66%7, 45+8 and 28%6 mg for the 5, 10, 15 wt% gels,
respectively. A) Swelling ratio of PNF-PNM hydrogels with initial polymer concentrations of 5, 10, and 15
wt% upon 460 days incubation in PBS pH 7.4 at 37 °C. This figure also shows that the swelling ratio of the
PNF-PNM hydrogels increased with increasing initial polymer concentration. The observed swelling likely
is an artifact since the weights of the gels were determined at room temperature which is below the LCST
of both PNM/PNM, which means that during sample handling the gels reabsorb water. B) Swelling ratio of
a 5 wt% PNF-PNM hydrogel incubated at 37 °C in different media: PBS (pH 7.4), BBS (pH 10), PB (pH 11).
The data are presented as mean * SD of three independent replicates.
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Sl-Figure 6 A) Metabolic activity of RAW 264.7 cells incubated in medium containing PNF or PNM for 24h
at 37 °C B) Metabolic activity of ARPE-19 cells incubated in medium containing PNF or PNM for 24h at 37
°C.
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SI-Figure 7 A: Percentages of living cells stained with Calcein AM after incubation with a PNF-PNM hydrogel

for 24 hours at 37 °C. B: Percentages of dead cells stained with Calcein AM after incubation with a PNF-
PNM hydrogel.
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SI-Figure 10 Scanning electron photomicrographs freeze dried hydrogels A) PNF-PNM hydrogel B) FAB-
loaded PNF-PNM hydrogel C) dex-loaded PNF-PNM hydrogel at magnifications of 255x, 1800x and 3000x.
C1 and C2 represent the dex-loaded hydrogel with the same magnification but different sections of the
imaged gel.
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SI-Figure 11 Schematic overview of the experimental setup of the gel formation and subsequent swelling
and degradation study. The (+) expelled liquid indicates the water that was expelled from the gels during
shrinking during hydrogel formation. The weight of the hydrogel was determined “without (-) expelled
liquid” from the hydrogel during shrinking.
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ABSTRACT
Purpose

This study aims to investigate Diels-Alder (DA) core-crosslinked flower like micelles (FLM) for as
a potential drug delivery vehicle for intraocular therapy.

Methods

Two complementary ABA triblock copolymers were synthesized. These copolymers consist of a
hydrophilic midblock of polyethylene glycol (PEG), flanked by two types of random blocks, namely
thermosensitive N-isopropylacrylamide (NIPAM) and 2-hydroxyethyl acrylate (HEA) modified with
either maleimide or furan functionalities, resulting in two distinct polymer variants: P(NIPAM-co-
HEA/Maleimide)-PEG-P(NIPAM-co-HEA/Maleimide) (PNM) and P(NIPAM-co-HEA/Furan)-PEG-
P(NIPAM-co-HEA/Furan) (PNF), respectively. The block copolymers self-assembled into flower-
like micelles in an aqueous solution above the lower critical solution temperature of the
thermosensitive block, following exposure to 50°C. Subsequent, core-crosslinking of the resulting
FLM structures was achieved through a Diels-Alder reaction between the furan and maleimide
groups present in PNF and PNM. In vitro examinations were performed to assess the size and
shape of the micelles. The cellular uptake and cytocompatibility of Flower-Like Micelles (FLM)
labeled with a fluorescent dye (BDP) were investigated using RAW 264.7 macrophages and ARPE-
19 cell lines. In vivo, ocular safety, vitreous and retinal distribution of the fluorescently labelled
FLM were investigated after intravitreal injection using a rat model.

Results

Spherically shaped BDP-dye loaded FLM were successfully prepared with hydrodynamic radius of
46.6 £ 3.2 at 37°C. Fluorescently labeled FLM were internalized by RAW 264.7 macrophages and
ARPE-19 cells within a 24-hour incubation period and demonstrated good cytocompatibility.
Intravitreal injection of fluorescently labelled FLM in the eye of rats showed a rather rapid
vitreous clearance of the FLM within two days post injection. Nevertheless, the FLM reached the
optic nerve, retinal cells and most importantly, permeate the inner limiting membrane (ILM) at
the vitreoretinal barrier. Furthermore, neither adverse effects nor retinal abnormalities were
detected by fundus and OCT images.

Conclusions

Diels-Alder core-crosslinked FLM are promising delivery vehicles to target ocular macrophages
and the sub-retinal space. However, the retention of the particle in the vitreous after
administration should be improved to obtain sustained therapeutic effects upon their loading
with e.g. an anti-inflammatory drug like dexamethasone.
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1 INTRODUCTION

In the last decades, a variety of nanoparticles, microparticles, hydrogels and polymer conjugates
has been developed and investigated for ocular delivery of therapeutics.[1-7] Recently,
researchers have directed their efforts towards utilizing innovative drug delivery systems that
target the retinal pigment epithelial cell line (RPE). This strategy targets often ocular
inflammations as well as uveitis across anterior and posterior segments of the eye. Bhattacharya
et. al.[8] and Kickova et. al.[9] have substantiated this approach, underscoring its potential for
innovative ocular disease treatment. Furthermore, macrophages and microglial cells are essential
immune cells residing in the eye and retina.[10] These cells play a significant role in releasing
pro-inflammatory cytokines such as IL-6 and TNF-alpha, which are associated with inflammatory
and hereditary retinal diseases such as age-related macular degeneration, uveitis, glaucoma, and
retinitis pigmentosa.[11-13] As a result, targeting ocular macrophages holds promising potential

in treating various ocular diseases.!* However, there is still a need for systems that deliver
therapeutics to macrophages, microglia and RPE in order to fully exploit the potential of the
approach. Particularly polymeric micelles, core-shell structures based on amphiphilic block
copolymers, are promising systems to carry and deliver hydrophobic drugs to targets in the eye.
In aqueous media and at concentrations above the critical micelle concentration (CMC), such
copolymers self-assemble into nano-sized particles with sizes ranging from 10-100 nm and can
be used to solubilize and deliver hydrophobic drugs.[14-17] The shape and size of the micelles
can be tailored by polymer molecular weight, composition and architecture. Generally speaking,
AB diblock copolymers self-assemble into star-like micelles while ABA triblock copolymers (with
a hydrophilic midblock (B)) flanked by two hydrophobic B blocks self-assemble into flower-like
micelles (FLM).[18-20] In order to have a clinically interesting nanomedicine formulation for
ocular drug therapy, the particles should ensure sufficient stability to prevent premature
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disintegration. Core-crosslinking is a frequently applied method to improve the in vivo stability
of polymeric micelles. To also enhance drug retention in the particles, core-crosslinked polymeric
micelles can be designed in which (pro-)drugs are covalently entrapped.[21] Prior research has
demonstrated the significance of nanomedicine size in enhancing therapeutic effectiveness in
ocular applications.

This study aims to develop Diels-Alder core-crosslinked FLM for intracellular drug delivery to
target vitreoretinal interface barrier. To this end a fluorescent dye with a maleimide group was
therefore covalently linked to the core of the FLM for cell uptake and in vivo studies. In the
present study, a systematic evaluation of micelles size, shape, and in vitro cellular uptake, was
used to assess whether the developed FLM's are suitable for ocular therapy. Moreover, the in vivo
ocular safety and retinal distribution of fluorescently labelled FLM were investigated after
intravitreal injection in a rat eye model.

2 MATERIALS AND METHODS

Unless indicated otherwise, all commercial chemicals were obtained from Sigma-Aldrich
(Zwijndrecht, the Netherlands) and used as received. The used PBS buffer has the following
composition: 0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4.

2.1 Synthesis of P(NIPAM-co-HEA/Maleimide)-PEG-P(NIPAM-co-HEA/Maleimide) (PNM)

The PNM polymer was synthesized and charactered according to a previously reported procedure
with minor modifications. First, P(NIPAM-co-HEA)-PEG-P(NIPAM-co-HEA) (PNH)) was synthesized
as described in a recent paper.[22] Briefly, PNH (with average PEG molecular weight (M,) of 6.0
kDa was synthesized at feed ratio of NIPAM/HEA 88:12 and the obtained polymer had a total M,
of 42 kDa as determined by *H NMR analysis. PNH (600 mg; 0.0142 mmol) was subsequently
dissolved in 10 ml dry dichloromethane (DCM) at O °C under nitrogen atmosphere. N,N’-
Dicyclohexylcarbodiimide (DCC) (112 mg; 0.54 mmol), 4-(dimethylamino)pyridine (DMAP) (0.66
mg; 0.0054 mmol) and 6-maleimidohexanoic acid (114 mg; 0.52 mmol) were added and the
mixture was stirred for 1 hour on ice. The reaction was subsequently carried out for 16 h at RT,
and the reaction mixture was thereafter dropped into cold diethyl ether to precipitate the formed
polymer. Next, the precipitate was dissolved in 25 mL H,0 and residual solids were removed by
filtration and the filtrate was freeze-dried overnight. The obtained product was collected as a
white powder. *H NMR spectrum of PNM in CDCls: 6 (ppm) 1.13 (6H, CHsCHCH;s, NIPAM); 1.30-3.0
(backbone hydrogens); 3.68 (4H, OCH,CH,O, PEG); 4.00 (1H, CHs:CHCHs;, NIPAM); 4.23 (4H,
OCH,CH,0) 6.71 (2H, maleimide). Spectrum shown in the SI-Figure 1

2.2 Synthesis of P(NIPAM-co-HEA/Furan)-PEG-P(NIPAM-co-HEA/Furan) (PNF)

PNH (600 mg; 0.0142 mmol) was dissolved in 10 mL chloroform and stirred for 30 minutes while
flushed with nitrogen. 3-(2-Furyl)propionic acid (253 mg; 1.80 mmol), DCC (373 mg; 1.80 mmol)
and DMAP (2.20 mg; 0.0181 mmol) were added and the mixture was stirred for 16 h at RT. The
reaction mixture was subsequently dropped into cold diethyl ether and the obtained precipitate
was dissolved in 25 mL H,0. The residual solids were filtered, and the filtrate was freeze-dried
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overnight. The formed PNF was collected as a white powder. *H NMR spectrum of PNF in CDCls:
6 (ppm) 1.13 (6H, CHsCHCHs, NIPAM); 1.30-3.0 (backbone hydrogens); 3.68 (4H, OCH,CH,0, PEG 6
kDa); 4.00 (1H, CHsCHCHs, NIPAM); 4.23 (4H, OCH,CH,0) 6.01 (1H, CCHCH, Furan); 6.26 (1H,
CHCHCH, furan); 7.29 (1H, CHCHO, furan). Spectrum shown in the SI-Figure 1

2.3 FLM formation
2.3.1 Preparation of empty loaded FLM

FLM were formed using a fast heating method[18, 23] where PNM with 9% maleimide substitution
and PNF with 10% furan substitution were dissolved separately at a concentration of 10 mg/mL
in PBS at 4 °C. Subsequently, equal volumes (500 pL) of the two polymer solutions were merged,
with the molar ratio of 1:1.2 between maleimide and furan (see calculation in supplementary
data). After a brief vortex mixing, the solution was transferred into a 50 °C oil bath and stirred for
3 hours. Next, the obtained FLM were cooled to room temperature, followed by filtration through
0.45 pm filter. For preparing IR samples, the FLM were further purified with a desalting column
(Cytiva HiTrap® Desalting column 5 mL, Sigma-Aldrich, Zwijndrecht, the Netherlands) followed
by freeze-drying.

2.3.2 Preparation of BDP dye-loaded FLM

BDP dye-loaded FLM (PNM:PNF BDP-Mal FLM) were prepared as described in section 2.3.1 with
some modifications. PNM (20 mg/mL) with 9% maleimide substitution and PNF (22 mg/mL) with
10% furan substitution were dissolved separately in PBS at 4 °C. Borondipyrromethene dye with
a maleimide tag (BDP-Mal, Lumiprobe GmbH (Europe), Hannover, GE) was dissolved in DMSO at
a concentration of 6.0 mg/mL at RT. Equal volumes (450 pL) of two polymer solutions were
combined, with maleimide and furan molar ratio of 1:1.3 (see calculation in supplementary data)
and the BDP-Mal dye (100 pl) was added at solvent volume ratio 1:10 DMSO:PBS at RT to obtain
an overall ratio of 1:1.3:0.3 for maleimide/furan/BDP-Mal, meaning, within experimental error,
equal molar amounts of maleimide and furan. The obtained solution was mixed and placed in an
oil bath at 50 °C while stirring for 3 hours. Subsequently, the obtained BDP FLM dispersion was
allowed to cool to room temperature and purified with a desalting column (Cytiva HiTrap®
Desalting column 5 mL, Sigma-Aldrich) to remove unreacted BDP-Mal and DMSO. HPLC (as
described below in section 2.4) was used to measure the amount of residual free BDP-Mal dye in
the obtained BDP FLM dispersion. The labeled FLM was stored at room temperature until it was
used.

2.4 HPLC analysis to determine unconjugated BDP-Mal dye in the BDP FLM dispersion

The concentration of unconjugated BDP-Mal dye in the BDP FLM dispersion (5 mg/ml) after
purification was determined by HPLC analysis (Acquity, Waters Corporation, Milford, MA, USA)
with a BEH C18 5um column. The samples were diluted in 50% H,0/acetonitrile. A mobile phase
gradient, from 5 % of eluent A (95/50/0.1 % H,O/acetonitrile/trifluoroacetic acid) to 100 of B
(100/0.1 % acetonitrile/ trifluoroacetic acid) in 25 minutes runtime was used. The injection
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volume of the samples was 20 pl, the flow rate was 1.2 ml/min and the detection was done at
500 and 280 nm.

2.5 FTIR analysis

Fourier Transform Infrared (FTIR) spectra were used to characterize PNM, PNF as well as empty
FLM. The samples were measured as dry solid powders from 600 to 4000 cm™ and recorded with
a Perkin Elmer Spotlight FT-IR Spectrometer.

2.6 Gel permeation chromatography analysis

Polymer samples were dissolved in 10 mM LiCl in DMF at a concentration of 3 mg/mL. The number
average molecular weight (M,) and dispersity (D) were determined using a Waters 2695 Alliance
(Waters Corporation, Milford, MA) with refraction index detector and with a PLgel 5 um Mixed-D
column. The analysis was performed with the column set at 65 °C and 1 mL/min flow rate.
Calibration was done using PEG standards of narrow molecular weights (Polymer Standard Service
GmbH, Mainz, Germany).

2.7 Asymmetric flow field flow fractionation analysis

Asymmetric flow field flow fractionation was performed using AF2000 system (Postnova Analytics
GmbH, Germany), equipped with an absorbance 2487 and fluorescence 2475 detector (Waters,
USA), a PN3150 RI detector (Postnova Analytics GmbH, Germany), a PN3621 MALS detector with
21 detection angles (Postnova Analytics GmbH, Germany) and a Zetasizer Nano S (Malvern
Panalytical Ltd, UK). The separation channel included a 500 pm spacer and a regenerated
cellulose membrane with a 10 kDa cutoff (Postnova Analytics GmbH, Germany). PBS pH 7.4
filtered with Omipore™ 0.1 v PTFE membrane (Merck Millipore Ltd, Ireland) was used as mobile
phase. FLM (30 pL at 2.5 mg/ml) were injected into the channel with an autosampler, focused for
7 minutes at a focus flow rate of 4.3 mL/min and crossflow of 4 mL/min, and separated using the
elution profile described in Table 1. NovaFFF AF2000 software was used to process and analyze
the raw data. A sphere model was employed for fitting MALS data and calculate the radius of
gyration. DLS data were analyzed with Zetasizer Software.

Table 1 Elution profile used for the fractionation of FLM using AF4.

Elution Time Crossflow Type Exponent
Step (min) (ml/min)
1 5 4.00 constant -
2 30 4.00t0 0.10 Power 0.2
3 30 0.10 to 0.05 Power 0.8
4 20 0.05 to 0.00 constant -
5 10 0.00 constant -
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2.8 Cellular uptake studies
2.8.1 Cell culture

RAW 264.7 macrophage cells (catalogue number TIB-71) were obtained from ATCC (Manassas,
VA, USA) and cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM) growth medium
(Sigma Aldrich, Zwijndrecht, the Netherlands), supplemented with 10 % heat inactivated fetal
bovine serum (HI-FBS). Retinal pigment epithelium derived ARPE-19 cells were obtained from
ATTC and maintained in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
(Gibco™ Thermo Fischer Scientific, Waltham, MA, USA) supplemented with 10 % FBS and 1 % L-
glutamine (Sigma Aldrich, Zwijndrecht, the Netherlands). The cells were incubated in fully
humidified conditions at 37 °C and 5 % CO; unless otherwise indicated. RAW 264.7 cells and
ARPE-19 cells were plated at 100,000 cells/cm? and 30,000 cells/cm?, respectively, in a 96-well
plate suited for confocal microscopy (Greiner BioOne, Alphen aan de Rijn, the Netherlands, catalog
number 655090). Cells were allowed to grow for 24 hours before further experiments.

2.8.2 PNM:PNF BDP-Mal FLM uptake and cytocompatibility studies

The uptake of fluorescently labeled FLM by ARPE-19 and RAW 264.7 cells was investigated.
Possible cell death induced by these FLM was simultaneously determined by Hoechst 33342
(Thermo Fisher Scientific,Bleiswijk, the Netherlands) and Pl counter-staining at concentrations of
1 pg/mL and 25 pM, respectively.[24] Calcein-AM could not be utilized as the BDP dye attached
to the FLM exhibited green fluorescence, which interferes with calcein emission. PNM:PNF BDP-
Mal FLM were prepared as described in section 2.3.2. Subsequently, these FLM were diluted with
cell culture medium to concentrations of 1-5 mg/mLl. Duplicate samples of the diluted FLM were
then added to ARPE-19 or RAW 264.7 cells by replacing the existing medium with FLM containing
cell culture medium. Cells were incubated for 24 hours at 37 °C and 5 % CO,. Subsequently, the
culture medium was replaced with fresh medium containing Hoechst 33342 and PI to stain all
cell nuclei and the nuclei of dead cells, respectively. The wells were imaged using a Yokogawa
CV7000 spinning disk confocal microscope (Yokogawa, Tokyo, Japan) with 40x magnification.
Image overlays were prepared using ImageJ (version 1.53f51).

2.8.3 Image analysis for live/dead and uptake studies

Images were analyzed using the Columbus software package (Perkin Elmer, version 2.7.1) to
quantify cytotoxicity and uptake of PNM:PNF BDP-Mal FLM. Cytotoxicity is defined as the number
of Pl-stained nuclei divided by the sum of Pl- and Hoechst-stained nuclei. Cellular uptake of
PNM:PNF BDP-Mal FLM was determined by selecting the region surrounding the nuclei and
calculating the mean fluorescence intensity per cell, which was averaged for all cells in the image.

2.9 Invivo animal studies

The in vivo experiments were designed and carried out in accordance with the European and
national legislation and ethical guidelines of the University of Eastern Finland under project
license (ESAVI -2020-027769). The procedures were designed in accordance with the 3R principle
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of replacement, reduction, and refinement. The diffusion in vitreous, retinal permeation and safety
of BDP labelled FLM after intravitreal injection was studied in 4 month old male Lister Hooded
rats (n=4). Untreated eyes served as naive control for the histological analysis (n=3). The animals
were kept under 12h light/dark cycle and housed post operation individually in IVC cages, with
food and water provided ad libitum. The cages were provided with sufficient bedding, nesting
material, and enrichment.

For the in vivo experiments, 5 pl intravitreal injections of PNM:PNF BDP-Mal FLM (20 mg/mL in
Milli-Q water) were performed to both eyes of the animals using a 32G needle (Hamilton Co, Reno,
NV, USA) under anesthesia (subcutaneous injection of medetomidine (dose of 0.4 mg/kg, Domitor
vet 1 mg/mL, Orion Pharma, Espoo, Finland) and ketamine (dose of 60 mg/kg, Ketalar/Ketaminol
vet 50 mg/mL, Pfizer Oy Animal Health, Espoo, Finland)). The pupils of the rats were dilated 15
minutes prior injections and eye imaging by applying 10 uL of topical tropicamide to each eye
(Oftan Tropicamid 5 mg/ml, Santen Pharmaceutical Co., Tampere, Finland). Local ocular surface
anesthesia before intravitreal injections was achieved by applying 10 pL of topical oxybuprocaine
(Oftan® Obucain, 4 mg/mL; Santen Pharmaceutical Co., Tampere, Finland). Topical ocular
carbomer hydrogel was applied after intravitreal injections and during imaging to prevent corneal
dryness (Viscotears®, 2 mg/g, Dr. Winzer Pharma, Berlin, Germany). Chloramphenicol eye cream
(Oftan® Chlora 10 mg/g, Santen Pharmaceutical Co., Tampere, Finland) was applied topically after
intravitreal injections, prior awakening the animals by subcutaneous injection of atipamezole
(Antisedan vet 5 mg/mL, Orion, Finland).

Eye imaging was carried out prior injection, immediately after injection and 1 and 2 days after
injection using OCT and fundus camera (Phoenix MICRON™ MICRON IV/OCT, CA, USA). For the
eye imaging 1- and 2-days post injection, the animals were sustained under isoflurane anesthesia
(Attane Vet 1000 mg/mL, Piramal Critical Care B.V., Voorschoten, the Netherlands) with flow rate
250 ml/ml with 2% isoflurane, and the ocular muscles were relaxed by 10 uL topical addition of
medetomidine (Domitor vet 1 mg/mL) prior imaging.

The OCT and fundus images were used to confirm the quality of the injections and to visualize
the distribution of the FLM in the vitreous compartment. Furthermore, the fundus imaging was
used to evaluate the retina for signs of retinal neovascularization, hemorrhages, or any other
microvascular abnormalities in the days following the injection. OCT imaging was used to non-
invasively evaluate the retinal integrity for signs of retinal detachment, subretinal fluid, holes or
any other abnormalities in the retina and signs of neovascularization.

Three days after injection, the animals were sacrificed, the eyes were collected, and incubated
overnight in 4% paraformaldehyde solution in PBS, followed by cryoprotection with sucrose
gradient treatment (10%, 20% and 30%), and embedding the tissue in cryopreservation matrix
(Tissue-Tek® OCT Compound, Sakura® Finetek, Radnor, PA, USA). Sections of 6 um thickness were
prepared, air-dried at 37°C and stored at -20 °C. DAPI (1:10 000 in PBS, Thermo Fischer Scientific)
was used to stain cell nuclei and imaging of the retinal sections was carried out using a Zeiss
Llight microscope (Axio Imager M2; Carl Zeiss AG, Oberkochen, Germany) with 20X magpnification
(EC Plan-NEOFLUAR 20X/0.5 objective, Carl Zeiss AG) using AxioCam MRm (Carl Zeiss AG). The
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retina’s were analyzed for the outer nuclear layer (ONL) thickness, and evaluated for any signs of
morphological abnormalities.

3 RESULTS AND DISCUSSION
3.1 Polymer synthesis

Figure 1 shows the chemical structures of the two complementary polymers, PNF and PNM,
containing furan and maleimide functional groups, respectively. PNF and PNM were obtained by
post modification of P(NIPAM-co-HEA)-PEG-P(NIPAM-co-HEA) (PNH), which in turn was obtained
by ATRP polymerization.[25] The mid-block consists of PEG and the outer blocks consist of two
monomers randomly polymerized, namely NIPAM to render the polymer thermosensitive and HEA
to enable post-modification of the thermosensitive block via coupling of carboxylic acid
containing moieties to the hydroxyl groups. The molar ratio of the NIPAM and HEA in of the
thermosensitive blocks of PNH was 88:12 and poly(ethylene glycol) had a number-average
molecular weight (M) of 6 kDa. PNH had a total M, of 42 kDa as determined by *H-NMR and a
cloud point of 32°C as previously reported Ilochonwu et al.[25] To enable Diels-Alder (DA) core-
crosslinking of the FLM, HEA groups in PNH were functionalized with either 3-(2-furyl)propionic
acid or 6-maleimidohexanoic acid using DCC/DMAP coupling, resulting in a yield of 90% for PNF
and 85% for PNM, respectively. The molecular compositions of the thermosensitive blocks were
determined using *H-NMR analysis (SI-Figure 1 and Sl-table 1). For PNF, the molar composition
was 88:2:10 NIPAM/HEA/furan, and for PNM, it was 88:3:9 NIPAM/HEA/maleimide. This reveals
that the modification degree of the HEA moieties was 83% for PNF and 75% for PNM, using a 1
to 1 molar feed ratio. In terms of molecular weight, PNF had an M, of 45 kDa (measured using *H-
NMR) and 38 kDa (measured using GPC), while PNM showed an M, of 46 kDa (*H-NMR) and 49
kDa (GPC). The polymer’s dispersity was 1.7 for PNF and 2.6 for PNM (see Sl-table 1). The final
polymer yields were 85% for PNM and 90% for PNF, respectively. All findings were consistent
with prior research.[25]

W%%W W{w% !
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/

PEG-NIPAM-HEA-FURAN PEG-NIPAM-HEA-MALEIMIDE
(PNF) (PNM)

Figure 1 Chemical structures of PNF and PNM.
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3.2 Micelle formation and characterization

Both PNF and PNM ABA copolymers exhibit an increase in solution turbidity above 28 °C in an
aqueous environment, demonstrating lower critical solution temperature (LCST) behavior, as
previously observed for these polymers.[25] When PNF and PNM solutions in PBS of 4 °C were
mixed and then rapidly heated above the LCST of the polymers, partial dehydration of the outer
NIPAM rich blocks of the polymers occurred, promoting their self-assembly into flower-like
micelles (FLM). FLM were formed due to the ABA structure of the polymers, a phenomenon
previously demonstrated by e.g. Zhou et al.[20] and de Graaf et al.[20, 26] and also illustrated in
Figure 2. This self-assembly results in nanoparticles with a PEG shell and a hydrophobic core
composed of the NIPAM rich thermosensitive blocks. In this core, the furan and maleimide groups
are present in a relative high concentration and subsequently undergo a so-called DA reaction
resulting in the formation core-crosslinked FLM. FTIR analysis (SI-Figure 2) revealed the absence
of peaks at 695 cm™ and 737 cm™ in the dried FLM, which are typically assigned to the =C-H-
bending vibration of the maleimide group and the =C-H- bend vibration of the furan moiety,
respectively.[27, 28] This absence demonstrates that the maleimide and furan moieties, originally
present in the PNM and PNF, were consumed during core-crosslinking formation, providing
evidence of the occurrence of DA chemical core-crosslinking. Although furan is added in slight
excess, the IR measurement is not sensitive enough to detect small amounts of remaining furan
moieties within the placebo micelles. Furthermore, it is important to note that the separate
solutions of PNF or PNM also displayed formation of FLM at 37 °C, but these structures dissociated
upon cooling below the LCST due hydration of the hydrophobic core and the absence of chemical
crosslinking between the polymer chains. BDP fluorescently labelled FLM were prepared by
addition of Mal-BDP to the solution of PNF and PNM at 4 °C followed by rapid heating. The
obtained FLM had Z-average diameters of 85 + 1 and 107 * 12 nm at 37°C for empty FLM and
BDP FLM, respectively, with PDI values between 0.09 - 0.18 (Table 2). The results were in line
with previously reported sizes of FLM based on core-crosslinked ABA thermosensitive copolymers
of similar molecular weights.[18] Further, Table 2 shows that the crosslinked FLM incubated at
4°C were slightly larger than the same FLM at 37°C (increase in diameter of 10-20%), which can
be explained by hydration and thus swelling of thermosensitive core at a temperature below the
LCST of the polymers, as also observed for other core-crosslinked FLM with thermosensitive
cores.[18] The extent of this swelling is limited, because of the presence of DA crosslinks in the
core of the FLM. It is worth noting that the absence of free/nonconjugated BDP-Mal dye in the
BDP FLM formulation was confirmed by HPLC analysis, as shown in the supporting information
Si-figure 3.
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¢ BDP-Mal in DMSO
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4°C, PBS 4°C, PBS FLM

Figure 2 Schematic representation FLM preparation. ABA copolymers PNM and PNF were separately
dissolved in PBS at 4 °C and afterwards the polymer solution and the BDP-dye (dissolved in DMSO) were
mixed and rapidly heated to 50 °C. FLM were formed with a hydrophilic PEG shell and thermosensitive
core. Subsequently, chemical core-crosslinking by DA chemistry in the thermosensitive domain occurs,
while also the BDP-dye is clicked by DA reaction into the core of the FLM.

Table 2 Characteristics of PNM:PNF FLM: The data represent the average of two independently prepared
micelle batches.

Formulation T(°C)  Z-Ave diameter PDI
(nm)
Empty PNM:PNF FLM 37 851 0.09 £ 0.00
4 952 0.10+0.01
PNM:PNF BDP-Mal FLM 37 107 £12 0.18 £ 0.05
4 120+ 23 0.17 £0.04
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3.3  Structure of PNF: PNM FLM

To gain insight into the structure of the formed FLM with the different cargos (empty and BDP-
functionalized), their radius of gyration (Ry), hydrodynamic radius (Ry) and size distribution (Table
3 and Figure 3) were determined using AF4 coupled with MALLS and DLS. With this method,
particle structure and size can be determined. The MALLS and DLS fractograms exhibit
comparable peaks for both empty and BDP-functionalized FLM, with average Ry and Ry values of
25.3+0.1 and 45.2 £ 0.7 for the empty micelles, and 25.4 = 3.8 and 46.6 £ 3.2 for the BDP labeled
micelles. These results are illustrated in Figure 3A-B and summarized in Table 3. The shape factor
(=R4/Ry ratio) of particles yields information about their structure.[29] Particles with a
homogenous rigid spherical structure have a shape factor of v/3/5 ~0.775. On the other hand for
particles with a dense core and less dense shell (core-shell structure) this factor is lower than
~0.775.[29] Finally, for spherical vesicles (e.g. polymersomes, liposomes), the scattering mass is
essentially present on the surface of the sphere resulting in a shape factor close to one.[30] Table
3 shows that the shape factor PNF:PNM FLM was between 0.56 and 0.58 which is < 0.775 pointing
to a structure composed of a dehydrated PNIPAM based core and a hydrated PEG hydrophilic shell,
as expected for this type of particle.[31]. Furthermore, in Figure 3C, fractograms recorded at 240
and 513 nm are presented. The signals at 240 and 514 nm coincide with the micellar peak
detected using MALLS and DLS. The successful functionalization of FLM with the BDP dye is thus
confirmed by the overlap of the micellar peak with the peak detected at 513 nm (corresponding
to the BDP dye's maximum light absorbance). The area under the curve (AUC) is approximately
five times higher than the background signal observed for empty FLM.

Table 3 Characteristics of the different FLM as determined by asymmetric flow field-flow fractionation
connected to multi-angle laser light scattering detector and dynamic light scattering in PBS, pH 7.4 at 37
°C. Data represent the average of one FLM batch, and two independent measurements.

Micelles Hydrodynamic Radius of Shape factor AUC® AUC®
radius gyration =Ry/Rn Abs 240 Abs 513 nm,

(Rn, nm) (Rg, nm) nm n=1 n=1

Empty PNM:PNF FLM 45207 253+0.1 0.56 £ 0.01 5.8 0.48

PNM:PNF BDP FLM 46.6*3.2 254+38 0.58 £ 0.04 6.5 5.84

2AUC = area under the curve.
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Figure 3 AF4 Fractograms of empty PNM:PNF FLM and PNM:PNF BDP-Mal FLM injected at a concentration
of 2.5 mg/ml in PBS at 37°C. A) MALLS fractogram and Ry value radius (nm) calculated by fitting MALLS
data with sphere model. B) R, radius (nm) and derived count rate (DCR) measured by the DLS detector as a
function of the elution time. C) Fractograms recorded at 240 nm (left Y-axis) and 513 nm (right Y-axis) as a
function of the elution time. Abbreviations: Abs, absorbance; KCPS, kilo counts per second.

3.4 Cell uptake BDP dye loaded FLM

The uptake of FLM labelled with the fluorescent dye (BDP) by ARPE-19 and macrophage cells was
studied using confocal microscopy. The RAW264.7 cells showed a 2-5 fold higher mean
fluorescence intensity (MFI) for the BDP signal as compared to the ARPE-19 cells (see Figure 4, in
green panels E and F). This illustrates a significantly greater uptake of the FLM by the

macrophages than by the retinal epithelial cells. This trend aligns with previous observations for
fluorescent europium-coated microparticles with a 200 pm diameter.[32] Furthermore, in Figure
4 E and F, a dose-dependent effect on the uptake of the FLM by both ARPE-19 cells and RAW264.7
cells is evident, as indicated by the increasing signal intensity with increasing FLM concentration.
Importantly, this dose-response is observed without compromising the cell viability, signifying
that the particles are well-tolerated within this dosage range. However, a notable observation is
that the uptake of FLM reached a plateau in the case of macrophages (RAW264.7 cells), whereas
this plateau was not observed with the retinal epithelial cells (ARPE-19 cells). Polymeric
nanoparticles commonly enter cells through endocytic pathways, which include phagocytosis,
pinocytosis, and receptor-mediated endocytosis.[33] Unlike macrophages, Irschick et al. [32]
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proposed that retinal pigment epithelium (RPE) cells lack classical complement receptors on their
surfaces. This suggests potential differences in how these two cell types recognize and ingest
particles due to the presence or absence of such surface receptors. Macrophages employ various
mechanisms for target recognition, including phagocytosis and receptor-mediated
endocytosis.[34] However, studies by Yu et al.[35] and Giacalone et al. [36] put emphasis that the
uptake of nanoparticles based on block copolymers of poly(ethylene glycol)-poly(propylene
sulfide) or poly(lactic acid)-poly(ethylene glycol) , by macrophages is predominantly influenced
by nanoparticle size and, to a lesser extent, charge, while receptor interactions play a minor role.
Therefore, further studies are required to gain deeper insights into the cellular uptake
mechanisms of the FLM presented in this study.
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Figure 4 Uptake of BDP-labelled cells by ARPE-19 and RAW264.7 cells, as well as living cell population
after incubation for 24 hours at 37 °C. A-D: Blue: cell nucleus (Hoechst33342); Green: FLM (BDP); Red: dead
cells (Pl); at 40x magnification. A: untreated ARPE-19 cells. B: untreated RAW267.4 cells. C: ARPE-19 cells
incubated with FLM 5 mg/ml for 24 hours at 37 °C. D: RAW267.4 cells incubated with FLM 5 mg/ml E: Mean
fluorescence intensity (MFI) (left y-axis) and cytotoxicity (right y-axis) of FLM in ARPE-19 cells. F: Mean
fluorescence intensity (MFI) (left y-axis) and cytotoxicity (right y-axis) of FLM in RAW264.7 cells. Data

represented the average of two n=2 independent measurements.
3.5 Animal studies
3.5.1 Fundus imaging

Representative fundus images of four different rat eyes after 5 pl injection of BDP-Mal FLM (20
mg/mL) are presented in figure 5 (a-d). Images were taken shortly after injection of the FLM, and
1- and 2-days post injection with normal light (left) and green filter (right). The FLM seemed to
rapidly distribute within minutes over the vitreous in three out of four eyes. In one eye (Figure 5
d), the FLM did not readily distribute in the vitreous, and green fluorescence was observed only
at the site of injection, suggesting that the FLM did not reach the vitreous cavity after intravitreal
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injection. In 3 out of 4 eyes the FLM were almost completely cleared from the vitreous within 2
days, as shown by the diminishing fluorescence signal (Figure 5 b-d). This rapid clearance of the
FLM was unexpected, as polymeric nanoparticles and liposomes of similar dimensions were
detected in the vitreous of rats up to 65 days after injection[37]. Nevertheless, it is essential to
recognize that the vitreous humor is not completely stationary and does undergo a certain degree
of dynamic flow. Although this flow is not as vigorous as the circulation of blood in the body,
there are subtle movements and currents within the vitreous. These subtle dynamics could
potentially impact the distribution of drugs and particles, depending on their specific
physicochemical properties.[38-40] Accumulation of the green fluorescent signal was observed
in the optic nerve of half of the injected eyes (Figure 5 e). This is in line with previous observation
of intravitreally administered nanomaterials[37] and indicates that the FLM had reached the
retina. One animal (Figure 5 a) showed mild trauma in one eye in the peripheral retina after
injection, which was not significant enough to exclude the animal from the studies. Most
importantly, no signs of retinal abnormalities were detected in any of the eyes.

After injection 1 day after injection

" : .

2 days after injection

LI

Figure 5 Fundus images of four rat eyes shortly after 5 pl injection of PNM:PNF-BDP FLM and 1 day and 2
days post injection (a-d). Fundus images were taken with bright light (left) to evaluate retinal health, and
green filter (right) to visualize the fluorescently labelled FLM. Green fluorescence could be seen at the optic
nerve 2 days post injection in 4 of the 8 injected eyes (e) indicating that the FLM had reached the retina.

3.5.2 Optical coherence tomography (OCT) imaging

Representative OCT cross-sections of the retina with corresponding fundus images at baseline
(A), shortly after injection (B), 1 day (C) and 2 days (D) after injection are presented in figure 6.
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The retinal morphology was non-invasively evaluated for signs of disturbances in the retinal
morphology, retinal detachment, or other adverse effects. Importantly, neither adverse effects nor
retinal abnormalities were detected based on the OCT images at the studied time-points.

Fundus

ocr

Figure 6 Fundus and corresponding OCT imaging of the retinal cross sections at baseline (A), shortly after
injection (B), 1 day after injection (C) and 2 days after injection (D). The red arrows in the fundus images
correspond to the plane in which the OCT cross-section has been taken. Vertical and horizontal scale bars
in OCT images are 110 and 130 ym, respectively.

3.5.3 Retinal morphology, and tissue permeation of BDP labelled FLM

Three days after injection, the eyes were collected, and cryosections of the retina were prepared
to evaluate retinal morphology as well as the distribution of the FLM into the deeper layers or
retina and the optic nerve. For histological analysis, 3 untreated eyes served as a control. No
changes in the outer nuclear layer (ONL) compared to the control eyes or other abnormalities
were detected in the treated eyes (supplementary data table 2). The presence of FLM was
observed in the optic nerve in 3 of the 8 injected eyes (Figure 7 A and B), and in 2 eyes
accumulation of fluorescently labelled FLM was seen around the inner limiting membrane (C).
However, in 1 eye, green fluorescent signal was detected also in the deeper retinal layers (D). The
eye in which FLM were detected in the deeper retinal layers, was also the only eye in which
fluorescent FLM were observed 2 days post injection (Figure 5 a). It is possible that at the time
the animals were sacrificed, the particles were already entirely cleared from the vitreous and the
retina, hence accurate assessment of retinal permeation and distribution would require additional
studies with shorter sacrifice timepoints to confirm this hypothesis. High accumulation of
fluorescently labelled FLM was observed in the trabecular meshwork and the ciliary body (SI-
Figure 4) indicating that the FLM were cleared from the vitreous through anterior chamber
outflow. Nevertheless, the flower-like micelles (FLM) demonstrated partial permeation of the
inner limiting membrane (ILM), a significant barrier for intraocular drug delivery when dealing
with polymeric nanomaterials. The FLM characteristics outlined in this study (see sections 3.3)
make them an appealing choice for ocular drug delivery. Previous research by Peynshaert et al.
[41] and Tavakoli et al. [42] has shown that nanoparticles with diameters below 100 nm can
penetrate the vitreoretinal interface. In contrast, Del Amo et al. [43] discussed how particles
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exceeding 500 nm face challenges in vitreous distribution. Thus, the studied spherical core-shell
FLM are well-suited for vitreous distribution and can potentially target macrophages near the
vitreoretinal interface. This targeted approach is crucial, as these macrophages significantly
contribute to the inflammatory response in retinal vascular diseases. [44, 45]

Figure 7 Distribution of fluorescently labelled FLM (indicated by white arrows) in the eyes after intravitreal
injection. Some cells that internalized the fluorescent BDP FLM can be seen at the optic nerve (A and B).
Accumulation of particles at the was observed in some eyes (C), and penetration of fluorescently labelled
particles to the deeper retinal layers was observed in 1 of the eyes studied (D).

4 CONCLUSION AND PROSPECTS

This study highlights the potential of Diels-Alder core-crosslinked FLM for ocular drug therapy.
The FLM are cytocompatible and taken up by both ARPE-19 and RAW264.7 cells. In vivo
experiments using a rat eye model demonstrated the safe administration of the FLM via
intravitreal injection, with neither observed adverse effects nor retinal abnormalities. The FLM
reached the sub-retinal space, retinal cells, and the inner limiting membrane (ILM) at the
vitreoretinal barrier. However, further efforts are required to optimize ocular pharmacokinetics
and prolong vitreous particle retention. Overall, Diels-Alder core- crosslinked FLM show

significant promise as a targeted drug delivery system. Specifically targeting the sub-retinal space
and retinal pigment epithelium (RPE), they hold great potential in the treatment of ocular
inflammatory conditions. Loading of the FLM with e.g. an anti-inflammatory drug such as
dexamethasone is a logical next step in their further pharmaceutical development. Loading can
be done by either dissolution of the drug in the hydrophobic core of the FLM or by covalent
coupling of a drug with a maleimide handle to the excess furan groups present in the core of the
FLM. The successful covalent coupling of the maleimide functionalized BDP fluorescent dye to
the core of the FLM as shown in this chapter demonstrates that the latter is a viable option. It is
stressed that a biodegradable bond has to be present in the linker that connects the drug with
the maleimide functionality to ensure sustained and/or triggered release of the native
therapeutic.
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6 SUPPORTING INFORMATION

SI-Table 1 Characteristics of PNF and PNM composed of PEG mid-block of 6 kDa with outer blocks of Nipam
(N) and HEA (H) or furan (F) or maleimide (M).

Polymer Feed Ratio Measured copolymer M.’ M, " PDI®
[N]:[H]:[FI/[M] composition ? (kDa) (kDa)
INJ:H{F)/IM]
PNF 88:0:12 88:2:10 45 38 17
PNM 88:0:12 88:3:9 46 49 2.6

2 Determined by *H-NMR; ® Determined by GPC using PEG calibration.

PNF PEG
NIPAM
Furan| NIPAM
Furan
- [
314 545.0
T T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
PNM PEG
NIPAM
NIPAM
Maleimide
1 X
52.93 !
545.0
T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
1 (ppm)

SI-Figure 1 *H-NMR spectra of PNF and PNM.
Calculation of the total ratio maleimide/furan/or BDP-maleimide in FLM

Placebo FLM:

PNM 500 pl; 10 mg/ml; units of maleimide by *H-NMR 52.93 H /2= 26.47 units

PNF 500 pl; 10 mg/ml; units of furan by *H-NMR 31.40 H= 31.40 units

Furan in solution from PNF = (5 mg /45000 Da (molecular weight PNF)) *31.40= 3.5 10 mol
Maleimide in solution from PNM = (5 mg /46000 Da (molecular weight PNM)) *26.47= 2.9 *10° mol
Therefore, final ratio of 1:1.2 for maleimide/furan

BDP-Mal FLM:

PNM 450 pl; 20 mg/ml; units of maleimide by *H-NMR 52.93 H /2= 26.47 units
PNF 450 pl; 22.2 mg/ml; units of furan by *H-NMR 31.40 H= 31.40 units
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Furan in solution from PNF = (9.99 mg /45000 Da (molecular weight PNF)) *31.40= 7.0 *10® mol
Maleimide in solution from PNM= (9.00 mg /46000 Da (molecular weight PNM)) *26.47= 5.2 *10° mol
Maleimide in solution from BDP-maleimide= (0.6 mg / 414.1 Da (molecular weight BDP-maleimide) = 1.4
*10° mol. Therefore, final ratio of 1:1.3:0.3 for maleimide/furan/BDP-maleimide

— Empty FLM
PNF
— PNM

Absorbance

~r r-r+~r~r~r -~ r-r~r~r 1 r1 1 " T1 "1 " T
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Wavenumber (cm'1)
SI-Figure 2 FT-IR spectra of empty PNM-PNF crosslinked FLM (in light-blue), PNF polymer (in grey), PNM

polymer (in black). Black arrows indicate the most relevant peaks, and the red arrows point to the
disappeared peaks after core crosslinking.

A 210 nm B 500 nm
- =— Empty FLM 1
— BDPFLM — Empty FLM
i — BDP dye i
— BDPFLM
]
Q — BDPd
g §_ ye
WA
e A RE LA R R R R LL I B N L LN BN BN L B B N
0 2 4 6 81012141618 202224 0 2 46 81012141618 20 22 24
Time (min) Time (min)

SI-Figure 3 HPLC-Chromatograms of empty FLM, BDP FLM and free BDP in the 210 and 500 nm channel.
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SI-Table 2 Retinal cryosection images of animals receiving 5 pl injection of BDP labeled FLM (animals 5-8)
and 3 untreated control animals (CTRL 1-3). Images were taken with 20x magnification.

Animal Left eye Right eye

CTRL1
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CTRL 2

CTRL 3

0 ; )
100 pm f e 4 100 um

SI-Figure 4 Accumulation of fluorescently labelled particles could be seen at the ciliary body and sclera (A
and B)

233






Chapter 7

Eyes on the Future:
Summary, Perspectives, and Industrial Development

Blessing C. Ilochonwu



236

Chapter 7

1 SUMMARY

The work described in this thesis was aimed at designing, developing, and characterizing
injectable formulations based on Diels-Alder crosslinked polymers, resulting in hydrogels and
core crosslinked polymeric micelles for intravitreal drug delivery.

Chapter 2 provides an overview of the challenges for intraocular drug delivery, emphasizing the
limitations of current formulations of therapeutic proteins and the need for sustained drug
concentrations in the target tissue. This review highlights the beneficial features of hydrogels
that have potential to overcome many of the limitations of the currently used delivery systems,
such as injectability, biocompatibility, and biodegradability. Also, the importance of
biodegradable sustained release formulations is discussed. Injectable in situ forming hydrogels
were identified as promising materials for sustained drug delivery to the back of the eye, offering
a potential solution to the unmet needs in intraocular drug therapy.

Chapter 3 focuses on the development and characterization of an intravitreal in situ forming
hydrogel. This hydrogel is based on the Diels-Alder crosslinking of hyaluronic acid (HA) and
poly(ethylene glycol) (PEG) modified with furan and maleimide groups, respectively, to serve as
a sustained delivery system for bevacizumab. This therapeutic monoclonal antibody is able to
bind to vascular endothelial growth factor (VEGF) and inhibit its activity. It is clinically used in the
treatment of retinal diseases such as age-related macular degeneration (AMD) and diabetic
retinopathy. The chapter describes various aspects of the developed hydrogel system, including
its gelation kinetics, mechanical properties, injectability, biodegradability, sustained release of
bevacizumab, and cytocompatibility with retinal cells. The hydrogels degrade completely under
physiological conditions and the degradation rate depends on concentration and ratio of the
hydrogel forming building blocks. The hydrogels release bevacizumab for up to a year, suggesting
the potential to reduce injection frequency. While the released bevacizumab remains bioactive
for at least a month, further research is needed to confirm the release of bioactive protein over a
longer period.

Chapter 4 investigates the in vivo pharmacokinetic (PK) profile and ocular safety of the developed
hyaluronic acid-PEG-based Diels-Alder hydrogels, as described in Chapter 3, for sustained
intraocular delivery of bevacizumab in rabbit eyes. Injection of the hydrogel resulted in the in situ
formation of a localized depot loaded with this therapeutic protein in the vitreous body.
Pharmacokinetic evaluations demonstrated that higher polymer concentrations led to reduced
initial bevacizumab release and increased retention of this therapeutic protein in the vitreous and
aqueous humour. Unexpectedly, the formulations also induced inflammation in the posterior
segment of the eye. The exact cause of this inflammation remains unknown, but the results
suggest a relationship between polymer concentration, hydrogel stability, and the observed
inflammation. On the other hand, more stable placebo formulations showed no inflammation in
the posterior segment and only transient irritation in the anterior segment, indicating that a more
stable and slower degrading hydrogel is better tolerated in rabbit eyes. Another potential
explanation for the inflammation observed for the drug loaded gel formulations could be related
to the released bevacizumab-BDP dye within the vitreous body. It is conceivable that the released
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protein-dye may aggregate within the vitreous body, potentially initiating an inflammatory
response. Overall, the hydrogel system demonstrates potential for sustained drug release but
requires systematic safety evaluations before further translational steps.

Chapter 5 introduces the synthesis route of two novel ABA triblock copolymers. These copolymers
consist of a poly(ethylene glycol), hydrophilic midblock (B) and outer blocks (A) primarily
composed of thermo-responsive poly(N-isopropylacrylamide), along with comonomers containing
maleimide or furan functional groups. By combining the thermogelation properties of the
polymers and Diels Alder chemical crosslinking, stable hydrogels were formed in situ. These
hydrogels exhibited remarkable versatility as drug delivery systems, facilitating the controlled
release of two distinct model drugs: the anti-inflammatory medication dexamethasone and a FAB
antibody fragment designed as a biosimilar to Ranibizumab, targeting the inhibition of VEGF.
Notably, the hydrogels showed the release of dexamethasone for 35 days and FAB protein for 13
days. Importantly, the maleimide functional groups, based on physicochemical considerations are
located in the hydrophobic domains of the polymer matrix do not interact with the protein at
temperatures above LCST, preventing undesired protein modification during loading and release.
Moreover, the hydrogel can be injected using a 30 G needle and exhibits excellent
cytocompatibility with retinal cells, making it a promising candidate for intravitreal drug therapy.

Furthermore, in Chapter 6, the ABA thermo-responsive copolymers were employed to create Diels-
Alder core crosslinked flower like micelles (FLM) potentially suitable for e.g. dexamethasone
delivery in ocular inflammatory therapy. These micelles showed good cytocompatibility and were
internalized by both retinal cells and macrophages. In vivo experiments utilizing a rat eye model
demonstrated convenient administration of the micelles via intravitreal injection, with no
observed adverse effects or retinal abnormalities. The micelles efficiently reached the sub-retinal
space, retinal cells, and the inner limiting membrane (ILM) at the vitreoretinal barrier. However,
further optimization is required to prolong vitreous particle retention. Overall, Diels-Alder core
crosslinked FLM micelles exhibit high potential as delivery system for the future treatment of
ocular inflammatory conditions by targeting the sub-retinal space and retinal pigment epithelium
(RPE).

2 PERSPECTIVES
2.1 Eyes on the Future: General Outlook
2.1.1 Tailoring Hydrogel and Micelle Characteristics for a Range of Therapeutic Agents

This thesis describes advances in the optimization of hydrogel and micellar characteristics,
enabling the sustained release of therapeutic agents with different pharmacological and
physicochemical properties. These findings provide the groundwork for establishing an adaptable
platform for injectable formulations for ocular treatments. Drugs such as dexamethasone,

bevacizumab, and ranibizumab were employed to investigate and validate the release profiles of
the designed drug delivery systems. However, numerous additional drugs used in ocular therapy
(e.g., pegaptanib, aflibercept, triamcinolone acetonide, brolucizumab, fluocinolone acetonide)
could potentially benefit from the sustained, controlled, or targeted delivery facilitated by the
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hydrogels and FLM micelles developed and described in this thesis. As a result, forthcoming
studies should investigate the release kinetics of various therapeutic agents and combinations,
offering potential treatments for a spectrum of ocular diseases.

2.1.2 Addressing Ocular Safety Concerns

Notably, significant concerns arose in Chapter 4 regarding the intravitreal injection of the
developed DA hydrogel formulation utilizing hyaluronic acid (HA) with a molecular weight of 25
kDa, suspected to contribute to inflammatory effects upon administration of the hydrogel system.
Therefore, systematic preclinical toxicity studies should be conducted to understand potential
adverse effects on ocular tissues to develop systems with acceptable biocompatibility. Scientists
are progressively delving into the correlation between HA’s degradation and its molecular weight
concerning inflammatory responses. Meszaros et al.[1] state that: “the biological functions of HA
depend on its molecular size”. Low molecular weight (LMW) HA exhibit higher toxicity compared
to higher molecular weight (HMW) HA. This difference is primarily ascribed to the variances in
structure and function between LMW and HMW HA, particularly concerning their interactions
with hyaluronidase-1.[1-3] Mi Lee et al.[4] revealed that LMW HA (<500 kDa) heightened pro-
inflammatory cytokines in macrophages, while HMW HA (>1,250 kDa) reduced cytokine
production, suggesting potential immunosuppressive effects. However, the implications of these
observations are difficult to understand. HMW HA is in the body enzymatically cleaved into
fragments of lower molecular weight. This means that in time cytocompatible HA is converted
into HA that causes inflammatory responses.

In future designs of hydrogels based on HA, it is recommended to explore the use of hyaluronic
acid (HA) building blocks with molecular weight beyond 1,250 kDa to harness the anticipated
anti-inflammatory benefits of higher molecular weight HA. The larger size of HMW-HA restricts
its penetration into tissues, thereby reducing its interaction with pro-inflammatory cells.
Consequently, this limitation results in a diminished immune response and reduced toxicity. This
effect primarily stems from its larger and more complex structure, which makes it less susceptible
to the action of hyaluronidase-1. As a result, the degradation into LMW-HA is slowed down.

Furthermore, the impact of crosslinking chemistry, network crosslink density, and stability of
hydrogels on ocular safety should be further investigated. For example the application of
crosslinkers like 4-arm PEG maleimide (as explored in Chapter 3 and 4) and glutaraldehyde
(discussed previously by Lai et al. [5]) raises concerns about potential intraocular incompatibility.
This concern stems from the fact that when these functional agents are present freely in the
vitreous body, they can trigger an inflammatory response due to their heightened reactivity.
Consequently, there is a pressing need to identify polymers and crosslinking reactions that have
demonstrated safety for intraocular use in both animal and human subjects[6, 7] (as discussed
below) . Furthermore, inflammation can also arise as a consequence of dye-labelled drug-loaded
gel formulations. It is plausible that the labelling process itself could compromise protein stability
within the vitreous, leading to the possibility of protein aggregates being formed within the
vitreous body upon release from the gel. This scenario has the potential to trigger an
inflammatory response. Therefore, careful selection of the labelling agent and testing drug



Eyes on the Future: Summary, Perspectives, and Industrial Development

stability within the vitreous body after modification is paramount. Additionally, a comprehensive
examination of factors, including protein-polymer interactions, hydrogel stability, hydrogel
swelling, and injection procedures, encompassing in vitro-in vivo comparisons, is crucial for
understanding ocular biocompatibility.

2.1.3 Crosslinking Chemistry Challenges and Bio-Orthogonal Crosslinking Chemistry

The stability and controlled drug release from hydrogels and micelles rely on effective
crosslinking chemistry. The utilization of furan-maleimide Diels-Alder crosslinking confers
valuable advantages, encompassing adjustable crosslinking kinetics, efficient drug encapsulation
and tuneable release kinetics, as demonstrated in Chapter 3 and 5 of this thesis. Its mild reaction
conditions render it an appealing choice. However, the reactivity of maleimides with thiols and
amines present in biological therapeutics poses challenges. Addressing this limitation may
involve employing bio-orthogonal crosslinking chemistry, utilizing functional groups inert to the
components present in the cargo drug. In contrast to furan-maleimide crosslinking, a catalyst-
free inverse-demand Diels-Alder reaction between tetrazine and norbornene groups[8] and
bioorthogonal click chemistry[9] may offer heightened specificity and compatibility with
biotherapeutics. While their complexity and costs may pose obstacles, advances in synthetic
chemistry can potentially mitigate these challenges. The potential merits of enhanced selectivity
and reduced off-target reactions warrant further investigation and optimization.

2.1.4 Network Degradation

The degradation of a hydrogel, a hydrophilic crosslinked network, represents a crucial factor in
the development of biomaterials aimed for delivery of protein therapeutics. This thesis
demonstrates that complete degradation of the Diels-Alder crosslinking network based on
hyaluronic-PEG matrices under physiological conditions occurred, as discussed in Chapter 3. In
contrast, no degradation was observed in the hydrophobic PNIPAM domain, as detailed in Chapter
5, also under physiological conditions. This observation suggests potential strategies to regulate
Diels-Alder network degradation rate by adjusting polymer hydrophobic/hydrophilic balance,
thereby achieving delivery systems that degrade under physiological conditions at the desired
rate.

2.1.5 Advancing Ocular Drug Delivery: Hydrogels and Micelles' Advantages and Considerations

Hydrogels and micelles offer distinct advantages and limitations for ocular drug delivery.
Hydrogels provide a local three-dimensional network conducive to drug entrapment and
sustained release. Their easily modifiable properties render them versatile for various drug types,
particularly biotherapeutics like full sized antibodies as well as antibody fragments commonly
employed in retinal therapy. However, in future, continuous efforts should be made to reduce
viscosity of the formulations to allow intravitreal injections using a small needle for patient
compliance, following the examples shown in this thesis. On the other hand, polymeric micelles
with a hydrophilic shell excel at encapsulating hydrophobic drugs in their core,[10] potentially
enhancing solubility and stability. Nonetheless, due to the rapid intravitreal clearance of particles,
as also observed in the examined PNIPAM-PEG-based FLM (Chapter 6), future research
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endeavours should focus on enhancing ocular pharmacokinetics and vitreous particle retention
to potentially prolong drug efficacy. However, the choice between hydrogels and micelles hinges
on factors such as drug properties, desired release kinetics, and target tissue characteristics.

In future investigations, it is recommended to explore the development of a next-generation
ocular drug delivery system through a synergistic approach that combines hydrogels and micelles
to optimize drug delivery and targeting within the eye. Hydrogels can proficiently be loaded with
drug loaded micelles or other types of nanoparticles, resulting in controlled/sustained and
targeted drug release, as previously demonstrated in polyplex-loaded thermosensitive hydrogels
by Fliervoet et al.[11] for localized siRNA delivery. Additionally, micelle cores can accommodate
hydrophobic drugs, and both the micelles and hydrophilic drugs like monoclonal antibodies can
reside within the hydrogel network, enabling co-delivery of drugs with differing physicochemical
and pharmacological properties. This integration has the potential to revolutionize treatments,
yielding enhanced therapeutic outcomes and elevating patients’ quality of life.

2.2 Industrial development of biomaterials: insights from the pharmaceutical product explored
in chapter 3

As extensively discussed in this thesis, injectable polymeric biomaterials have recently gained
significant attention in the pharmaceutical field as a promising materials for ocular drug delivery.
The use of many polymeric biomaterials has enabled the development of new and effective ocular
formulations with improved drug stability and availability at the site of action, and extended-
release profiles. However, an overview of the industrial perspective for the development of this
type formulations is often missing in early preclinical studies leading to unmet formulation
characteristics that hinder clinical translation and ultimately market entry. Within this thesis, a
comprehensive analysis of biomaterials for intravitreal drug delivery is provided, focusing
specifically on two delivery systems, namely hydrogels (Chapter 3 and 5) and micellar-
nanoparticles (Chapter 6). To facilitate further industrial development, it is essential to address
key factors such as scalability, sterilization techniques, storage conditions, product stability, and
finally product packaging. By considering these crucial aspects, a seamless transition from
laboratory-scale development to large-scale production can be achieved. Furthermore, regulatory
compliance and interdisciplinary collaborations are vital in the industrialization of biomaterial-
based ocular drug delivery systems. Incorporating of industrial perspectives optimizes
formulation design, anticipates obstacles, and drives advancements for improved patient
outcomes, bridging the gap between innovation and successful industrial development. To gain
valuable insights into industry advancements, particular emphasis is placed on the hydrogel
developed in Chapter 3.

2.2.1 Scale-up process

Scale-up is a crucial step in the development of any pharmaceutical product, and ocular
formulations based on polymeric biomaterials are no exception. Scale-up involves increasing the
production capacity of the formulation from laboratory scale to commercial scale. The process
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typically involves optimization of the manufacturing process, followed by process validation.
Several factors need to be considered during scale-up:

= Raw material selection: It is imperative to have access to high-quality raw materials in
substantial quantities for successful scale-up. Ensuring a reliable and commercial supply
of materials is essential to meet the increased production demands effectively.

= Selection of appropriate production equipment: The utilization of scalable equipment
plays a pivotal role in the scale-up process. For instance, reactors equipped with specific
features like controlled pressure or oxygen-free environments during polymerization
steps are commonly employed. Additionally, equipment such as spray dryers are often
utilized in biomaterial production to efficiently remove residual solvents on a large scale.
Having properly sized equipment available ensures efficient production during scale-up.

= Streamlined manufacturing process: During scale-up, it is advantageous to adopt a
simplified and straightforward manufacturing process. By minimizing the number of
process steps, efficiency is enhanced, and the potential for errors and contamination is
reduced. Establishing a well-defined and optimized manufacturing process is critical to
ensure consistent batch-to-batch product quality and reproducibility at a larger scale.

In Chapter 3, furan-modified hyaluronic acid (HAFU) derivatives were synthesized by
functionalizing hyaluronic acid with furfurylamine groups. The raw materials, including HA,
furfurylamine, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholiniumchloride (DMTMM),
and MES buffer, which can all be readily obtained from established commercial suppliers. The
synthesis process can be carried out in a standard reactor with temperature control but without
the need for specialized conditions like controlled pressure or oxygen levels. To purify the
product, a two-step manufacturing process involving ethanol precipitation and solvent
evaporation was employed, as depicted in Figure 1. To validate the feasibility of scale-up, a pilot
small-scale experiment was conducted, scaling up from 0.5 g to 10 g. This proof of concept
demonstrated the successful attainment of HAFU derivatives with two different degrees of furan
substitution of 50 and 83%. Differences in degree of substitution were established by varying the
amount of furfurylamine and coupling agent (DMTMM) in the reaction mixture (Table 1). *H-NMR
analysis confirmed that there were no significant differences in the spectra of the polymers
synthesized on 0.5 g and 10 g scales, as shown in Table 1, with yields of 80-90 %. Although from
an industrial perspective 10 g is not really a substantial amount, this experiment highlights the
further scalability and consistency of the synthesis process in achieving the desired product
characteristics for larger polymer batches.
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Figure 1 Synthesis and purification process of furan-modified hyaluronic acid (HAFU) derivatives. HAFU
derivatives were synthesized by functionalizing hyaluronic acid with furfurylamine using DMTMM as
coupling agent. Raw materials are commercially available, and synthesis can be performed in a standard
reactor. Purification involves ethanol precipitation and solvent evaporation for product refinement. Created
with BioRender.com

Table 1 Degree of substitution (DS) for different ratios of HA, Furfurylamine, and DMTMM in scaling up from
synthesis (0.5g) and pilot production (10g). DS determined by comparing N-acetyl glucosamine peak on
HA-backbone to aromatic furan peaks using *H-NMR analysis

Molar Ratio Synthesis Pilot Production
HA: Furfurylamine:DMTMM (0.5g) (10g)
1:12 DS 45% DS 55%
1:2:6 DS 80% DS 83%

2.2.2 Sterilization

Clean production and sterilization and are a crucial steps in the manufacturing process of
polymeric biomaterial-based formulations.[12, 13] The selection of a sterilization method
depends on the type and intended use of the product.[12, 14] High viscosity formulations,
including gels, creams, and ointments, are frequently used in ocular applications. Due to their
complex composition and susceptibility to microbial contamination, sterilization plays a vital role
in their manufacturing process. Various methods can be employed to sterilize objects, products,
and packaging surfaces, such as:

= Heat-based sterilization (dry and moist heat)[15-17]

= Filtration-based sterilization[18, 19]

= Radiation-based sterilization (gamma, electron beam, X-ray, and ultraviolet)[20, 21]

= Chemical sterilization (ethylene oxide, ozone, chlorine dioxide, and hydrogen
peroxide).[22, 23]
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In the context of pharmaceutical products, contaminants can be categorized as intrinsic or
extrinsic. Intrinsic contaminants are already present in the untreated or raw product, example,
polymer solutions, hydrogel or nanoparticulate dispersions, as well as in or on the packaging
materials prior to processing. Extrinsic contaminants, on the other hand, are introduced during
handling or the manufacturing process. When it comes to packaging pharmaceutical products,
two primary principles are considered: terminal sterilization, and aseptic production and filling as
discussed by Jildeh et al.[24] Terminal sterilization (refer to figure 2A) involves subjecting the
final product and its packaging containers to a sterilization process compatible with all the
materials involved. This method is commonly used for sterilizing contact lenses, implants, and
certain pharmaceutical formulations using thermal, physical, and chemical sterilization processes.

However, there are cases where medical products contain sensitive Active Pharmaceutical
Ingredients (APIs), proteins and sensitive polymers in their formulation, or they are packaged in
materials that are sensitive to heat and radiation. In such situations, aseptic production
techniques have to be employed. Aseptic filling machines sterilize the product and packaging
materials separately using suitable sterilization techniques (mentioned above). After sterilization,
they are combined under sterile conditions within the aseptic zone (refer to Figure 2B). The
machine components that come into contact with the products and packaging materials are
sterilized using validated processes, such as heat or chemical sterilization.

Product |
sterilization|

Package
sterilization

Terminal
sterilization process

Aseptic zone

______________

Sterile
product

Sterile
product

Figure 2 The flowchart visually presents the design of a filling machine in two scenarios: a) employing the
terminal sterilization concept, and b) featuring the setup of an aseptic filling machine. Adapted and
reprinted with permission from [24] Copyright © Wiley-VCH GmbH.

As discussed in Chapter 2 of this thesis, the sterilization process presents significant challenges
when it involves polymeric biomaterials, particularly those utilized in the preparation of hydrogel
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or micellar formulations. These materials often contain sensitive and reactive functional groups
that are susceptible to chemical degradation under stressed conditions applied in sterilization
protocols. Therefore, it is crucial to carefully select an appropriate sterilization method,
considering its potential impact on the properties of the polymers. Various sterilization processes,
such as radiation, chemical sterilization, and exposure to high temperatures, can cause
undesirable degradation and structural changes in certain polymers. It is important to note that
the chosen sterilization method can also have adverse effects on the loaded proteins, further
complicating the overall process. Among the available options, the aseptic filling technique
emerges as a particularly suitable approach for such materials and their pharmaceutical
formulations. This method enables the separate sterilization of the raw and precursor
biomaterials using compatible techniques. For example sterile filtration offers attractive
alternatives for the pharmaceutical production to achieve sterility without subjecting the
polymeric biomaterials to other potentially damaging sterilization processes.

Subsequently, these sterilized components can be combined with the final packaging or, in certain
cases, loaded into specialized devices (e.g., syringes or automatic injection devices) within the
controlled environment of the aseptic zone. By employing this technique, the risks associated
with undesired polymer and protein alterations can be mitigated, ensuring the functionality of
the final product.

2.2.3 Final product packaging:

The final packaging of the ocular formulations plays a crucial role in ensuring their stability and
sterility. It is essential to design the packaging be compatible with the formulation and protects
it from physical damage, light exposure, and moisture uptake while maintaining its sterility. The
selection of packaging materials depends on the specific product type and its intended use. For
instance, ophthalmic solutions are commonly packaged in single-use vials or prefilled single
chamber syringes (figure 3), while ophthalmic suspensions are often packaged in multi-dose
bottles.[25, 26] In the case of intravitreal ocular drug solution administration, prefilled syringes
are widely preferred due to their convenience and precise dosing capabilities. They offer accurate
dosing, reduce the risk of contamination, and are easy to administer. Examples of drugs delivered
using prefilled syringes for intravitreal administration include anti-VEGF agents like ranibizumab
(brand name: Lucentis) and aflibercept (brand name: Eylea), corticosteroids such as triamcinolone
acetonide (brand name: Kenalog), and antibiotics like vancomycin and ceftazidime.[27]
Additionally, an intravitreal dexamethasone implant (brand name: Ozurdex) is administered using
a specialized syringe called a "preloaded applicator,” specifically designed to contain the Ozurdex
implant and facilitate its implantation into the eye.[28]

In the context of in situ forming hydrogels, as discussed in Chapter 3 and Chapter 5, the system
typically consists of two reactive polymer components. When these components are mixed
together, they undergo crosslinking and form a network. However, this network cannot be injected
using small needles, typically ranging from 27-34 G, which are recommended for intravitreal
applications. To address this issue, dual chamber syringes can be used (see figure 3), allowing for
the separation of the formulation components. This approach proves to be highly suitable since
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the components are only mixed a few minutes before injection (see syringe 2 in figure 3) or even
mixed within the needle during the injection procedure (syringe 1 in figure 3). Specifically, in one
type of dual chamber syringe, the plunger pressure facilitates the mixing of the reactive polymer
components A and B within the needle, initiating crosslinking and the formation of a hydrogel.
Alternatively, a second type of syringe employs the plunger action to induce the movement of
liquid component B into component A, and once homogeneous mixing is assured, the formulation
can be injected. By employing these dual chamber syringes, the reactive polymer components can
be kept separately until the moment of injection, preserving their stability and maintaining their
effectiveness. The controlled mixing of the components at the right time and location ensures
the successful formation of the in-situ hydrogel, facilitating precise drug delivery and optimizing
the therapeutic outcome.

Single Chamber Dual Chamber
Prefilled Syringe Prefilled Syringes
1 2
ccC—Do —o
C D C >)

Injectable Solution
or suspension

Membrane broken
to allow mixing

__, Mixed with
the needle

Figure 3 Single and dual chamber syringe designs for intravitreal ophthalmic drug delivery formulations.
Created with BioRender.com

In Chapter 3 and Chapter 5, it is noted that the in situ forming hydrogel precursors contain
maleimide groups, which are susceptible to hydrolysis in an aqueous medium and have shown
reactivity with the protein APL. In this context, the type 2 syringe design is recommended. The
reason being that the dried polymer powder mixture (in its unreactive form) can be stored in
chamber A, while the protein solution can be stored in chamber B. This separation allows for
longer stability and shelf life, with the components only being mixed right before injection.

For example, in the case of the in-situ hydrogels discussed in Chapter 3, the dried HAFU polymer
and dried crosslinker polymer (4-arm PEG maleimide) can be combined as solid powders in
chamber A (step 1, see figure 4), while the protein solution, commonly formulated as a solution
for intravitreal proteins, is stored in chamber B. By keeping the components separate until the
point of injection, their individual stability is preserved, ensuring a longer shelf life for the
product. The mixing of the dried polymer powders and the protein solution occurs in the syringe
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during the injection process, allowing for the formation of the desired hydrogel at the targeted
site. In the development of in situ forming hydrogels containing maleimide groups, it is therefore
crucial to perform stability testing on the mixed powder formulations. This testing is necessary
to evaluate the stability of the dried polymer powders and potential premature crosslinking.
Furthermore, it is important to highlight that this manufacturing process might benefit from the
aseptic filling technique discussed above. As a result, each formulation component is sterilized
individually using the most suitable technique. Subsequently, these components are assembled
into the syringe within the aseptic zone, as depicted in Step 2 of figure 4.

Formulation Composition

Hyaluronic-Furan Step1
polymer (HA-FU) = Combination of
—_— HA-FU and 4APM
powder Membrane
. — — Protein Dry
2 - Solution | powder
| Step 2 N
+ * Transfer mto.dnal >
chamber syringe
i M v .
4arm PEG10kDa -~
maleimide (4APM) Protein solution Dry powder Aseptic Zone >
HAFU & 4APM Prefilled dual-chamber syringe
= ¥ STABILITY CHECK v INJECTABILTY CHECK
’ B v HOMOGENEITY CHECK
(after reconstitution)
Iy |
r,
¥
[}
7y

Protein solution
(Ex: Avastin)

Figure 4 Schematic representation of the manufacturing process of in situ hydrogel based on the Diels-
Alder crosslinking of hyaluronic acid (HA) modified with furan groups and poly(ethylene glycol) modified
with maleimide groups for sustained delivery of bevacizumab. Created with BioRender.com

In a pilot product development study, a visual assessment of the formulation reconstitution was
performed using the Vetter Lyo-ject® dual chamber syringe, as shown in figure 5. Compartment
A of the syringe was loaded with HAFU DS 80 %, chosen as a model polymer powder due to its
high solution viscosity compared to other polymers examined previously. Water for injection was
used to mimic the protein solution. After assembling the syringe, the excipient-only formulation
was reconstituted within 1 minute by shaking the syringe. This resulted in a homogeneous
polymer solution that was easily injectable. The successful reconstitution and the formation of a
uniform polymer solution were visually confirmed, demonstrating the effectiveness of the dual
chamber syringe system for solid- liquid formulations.
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Rapid polymer dissolution
after reconstitution at RT
(Within 1 minute mixing)
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Figure 5 Pilot product development where the successful reconstitution of the formulation was tested using
the Vetter Lyo-ject® dual chamber syringe with HAFU DS 80 and water for injection.

2.2.4 Injectability

Injectability and injection force are essential considerations in the context of intravitreal
injections (figure 4). Good injectability ensures a smooth flow of the formulation, enabling
accurate dosing and reducing trauma to the eye.[29] It allows for precise delivery into the vitreous
humour, maximizing treatment efficacy. On the other hand, injection force must be meticulously
regulated. Excessive force can cause tissue damage and complications, while insufficient force
may result in incomplete administration of the formulation and the loaded drug at the injection
site, as some of the formulation may remain within the syringe or needle.[30] Balancing the
injection force ensures effective medication delivery and minimizes the risk of adverse events.[31]
The injection of viscous formulations using small needles, such as 27 G, 30 G, and 34 G, can
present certain challenges.[30] Viscous formulations have higher resistance to flow, making it
more difficult to inject them through narrow-gauge needles. The increased viscosity requires an
increased injection force needed to administer the medication. The acceptable force during
injection depends on various factors, including the specific formulation, preferred needle size,
medical professional's comfort and patient tolerance.[30, 32, 33] According to the Congruence
Medical Solutions after conducting numerous studies in the ophthalmic space, based on user
feedback, the target injection force for manual intraocular injections should ideally be below 20
N, which is comparable to an acceptable injection force in parenteral drug delivery.[34]
Congruence’s data[34] also indicates three major ways to potentially reduce the injection force
to optima force in injection devices :

Select the right injection needle.

Increase injection time.

Use a syringe with a smaller internal diameter (in agreement with The Hagen-Poiseuille
law [35]).

In the design of polymer-based delivery systems various strategies can be employed to improve
the injectability of formulations some examples include:

= Particle size reduction: Techniques like milling, micronization, or high-pressure
homogenization can be employed to decrease the particle size of the formulation.

247



248

Chapter 7

= Rheology modifiers: Adding rheology modifiers (such as shear-thinning properties) to
alter the flow behaviour and reduce resistance during injection.

= Optimization of formulation parameters: Adjusting polymer concentration and molecular
weight, pH of the polymer solution, and temperature to modulate the injectability
characteristics of the formulation.

Therefore, it is crucial to assess the injection force of the final formulations during preclinical
evaluation. As shown in figure 6, the required injection force of the formulation developed in
Chapter 3 is below 20 N, indicating its suitability for intravitreal application. The injection force
is significantly influenced by both polymer concentration and needle size, as discussed earlier.

Strategic advancements in pharmaceutical formulations and injection techniques should focus on
optimizing injectability, reducing injection force, and ensuring efficient and comfortable delivery
of polymer-based formulations. These advancements are crucial in enhancing safety, efficacy, and
patient comfort, ultimately driving the successful clinical adoption of viscous intraocular
formulations in the field of ophthalmology.

N
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Hl 30G Needle
Hl 27G Needle
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1 1 1

Dynamic Glide Force (N)
[3,]

o
1

Figure 6 Dynamic glide force (n=3) as a function of polymer concentration and needle size for 4APM-HAFU
(ratio 1:3) formulation < 20 min after mixing hydrogel polymer precursors. Dynamic glide force represents
the force necessary to achieve smooth and consistent movement of the syringe plunger during the injection
process.

2.2.5 Product stability and storage conditions

Storage conditions play a crucial role in maintaining the stability and shelf life of ocular
formulations based on polymeric biomaterials, including protein-based ocular formulations like
ranibizumab (Lucentis) and bevacizumab (Avastin). ldentifying optimal storage conditions
involves considering formulation type, final packaging, temperature, humidity, and light
exposure.[36] Protein-based medications necessitate specific storage conditions to preserve their
integrity and functionality. Typically, these proteins should be refrigerated at temperatures
between 2 and 8 °C to prevent denaturation and degradation.[37] Protecting them from light
exposure is essential to prevent photodegradation. Additionally, controlling humidity is crucial,
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particularly for dried functional polymer precursors, as moisture absorption can lead to
degradation or physical/chemical instability of both the excipient and loaded drug of the
pharmaceutical product. To assess the suitability of the formulation approach described in figure
4 section 2.2.3, chemical stability of the HAFU and 4APM dried powder mixture was tested in a
pilot study. A HAFU and 4APM dried powder mixture was stored in a closed vial in a refrigerator
for up to 4 months at 4°C , and its structural integrity was assessed using attenuated total
reflection infrared (ATR-IR) spectroscopy to ensure the absence of the formation of chemical
crosslinks that will affect injectability. The results demonstrated that functional groups
maintained stable for up to 4 months after mixing and storage, as depicted in figure 7. On the
other hand, as evident from the absence of absorption peaks assigned to maleimide and furan
moieties, when water was introduced to the control sample mixture, complete crosslinking
occurred within 24 hours of incubation (figure 7). The obtained control hydrogel maintained its
shape and appeared visually identical to the gels prepared from fresh polymers. Furthermore, in
addition to the mentioned stability tests, thermal stability analysis using techniques like
differential scanning calorimetry (DSC) are recommended for such type of ocular formulations. To
explain, DSC measures the heat flow associated with phase transitions or chemical reactions,
providing insights into the thermal stability and behaviour of the formulation components.

-
=

Dry mix powder
‘ Of 4APM and HAFU

M B
— Control gel network

4APM-HAFU mix 1:3 months 4
— 4APM-HAFU mix 1:3 week 2

— 4APM mix-HAFU 1:3 day 1

— HAFU DS50% polymer

\ / —— 4APM polymer
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Figure 7 FT-IR spectra of HAFU DS 50%, 4APM, and mixture of HAFU DS 50% and 4APM after storage at 4
°Cin a closed vial for 1 day, 2 weeks, and 4 months, compared to the control of 4APM-HAFU crosslinked
hydrogel. The red arrows indicate the bending and stretching vibrations at 695 and 1707 cm, respectively,
which are asigned to the maleimide groups. Furthermore, the blue arrow highlights the peak at 737 cm™,

249



250

Chapter 7

corresponding to the =C-H bend vibration of the furan moiety in the HAFU polymer.The results illustrate
that the functional groups remained intact and thus did not undergo crosslinking during the 4-month
storage in closed vials at 4°C. In contrast, the control sample, upon addition of water to the mixture,
exhibited complete crosslinking within 24 hours of incubation, as indicated by the absence of peaks asigned
to the maleimide and furan moieties.

2.2.6 Regulatory considerations

The development of ocular formulations based on polymeric biomaterials, like any other
pharmaceutical product, is subject to stringent regulatory requirements that ensure safety and
efficacy. These requirements may vary depending on the country or region where the product is
intended to be marketed. For instance, in the United States of America, the Food and Drug
Administration (FDA)[38] has the authority to regulate the development and marketing of
pharmaceutical products, including ocular formulations.[39] Similarly, in Europe, the European
Medicines Agency (EMA) plays a key role in the regulation and approval process. The regulatory
requirements for ocular formulations typically encompass preclinical testing, clinical trials, and
the submission of a new drug application (NDA) to the respective regulatory authority. Preclinical
testing involves assessing the efficacy and safety of the product using animal models. Clinical
trials are conducted in controlled settings with human subjects to further evaluate safety and
efficacy. The comprehensive data obtained from preclinical testing and clinical trials are compiled
into the NDA, which includes vital information such as formulation composition, manufacturing
process, device characteristics, stability data, final packaging, labelling. Both the FDA and EMA
rigorously review the submitted NDAs to ensure that the ocular formulation send in for evaluation
is safe and effective for its intended use. The evaluation process focuses on assessing the
product's quality, efficacy, and safety profile. Once the regulatory authority approves the NDA, the
ocular formulation can proceed towards commercialization as a medical device or pharmaceutical
product, meeting the necessary regulatory requirements. This comprehensive regulatory
framework instils confidence in both healthcare professionals and patients, ensuring that these
products meet the highest standards of safety and effectiveness before they reach the market.

3 CONCLUSION

This thesis explored innovative avenues for intraocular drug delivery, offering the potential for
significant advancements in treating retinal diseases and improving the well-being of patients
with ocular conditions. The utilization of polymeric biomaterials investigated in this thesis
demonstrates great promise in enabling new drug formulations that boast improved stability,
enhanced drug availability at the target site, and extended-release profiles. However, careful
consideration of factors like scale-up, sterilization, storage, stability, packaging, and regulatory
compliance are vital for successful industrial development and ultimately clinical application. The
future of ocular healthcare holds great promise for improved treatment of retinal diseases and
ocular conditions.
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NEDERLANDSE SAMENVATTING

Dit proefschrift is het resultaat van onderzoek dat is uitgevoerd binnen het Europese OcuTher
Innovatief Training Netwerk (ITN), dat tot doel had een nieuwe generatie jonge onderzoekers op
te leiden om de complexiteit van oculaire geneesmiddelenafgifte aan te pakken. De focus van
OcuTher lag op de evaluatie van verschillende therapeutica, waaronder zowel bestaande als
kandidaat-geneesmiddelen, in combinatie met innovatieve geneesmiddelenafgiftesystemen,
allemaal met als doel om de behandeling van netvliesaandoeningen zoals maculadegeneratie,
diabetische retinopathie en oculaire ontstekingen te verbeteren. Het OcuTher-consortium heeft
academische en industriéle experts samengebracht en heeft hun expertise gebundeld om
oculaire therapieén vooruit te helpen. Het onderzoek dat in dit proefschrift wordt beschreven,
heeft voornamelijk bijgedragen aan de ontwikkeling en beoordeling van nieuwe biomaterialen
voor langdurige intraoculaire geneesmiddelenafgifte en heeft daarnaast gekeken naar de
biodistributie, werkzaamheid en veiligheid van kandidaat-geneesmiddelen in innovatieve
oculaire formuleringen. Dit proefschrift had specifiek tot doel de uitdaging van intravitreale
geneesmiddelenafgifte aan te pakken door de ontwikkeling van biomaterialen, zoals hydrogelen
en polymere micellen, voor langdurige/gecontroleerde afgifte van geneesmiddelen op basis van
Diels-Alder (DA) chemie. De voornaamste doelstelling was het creéren van nieuwe injecteerbare
formuleringen voor eenvoudige toediening via dunne naalden, het bieden van langdurige afgifte
van geneesmiddelen en het verbeteren van de penetratie van geneesmiddelen in het netvlies.

Hoofdstuk 2 geeft een overzicht van de uitdaging voor intraoculaire geneesmiddelenafgifte,
waarbij de beperkingen van huidige formuleringen van therapeutische eiwitten worden
benadrukt en de behoefte aan langdurige aanwezigheid van geneesmiddelen in het oog wordt
onderstreept. Dit overzicht belicht de gunstige eigenschappen van hydrogelen die veel van de
beperkingen van de momenteel gebruikte afgiftesystemen kunnen overwinnen, zoals
injecteerbaarheid, biocompatibiliteit en biologische afbreekbaarheid. Ook wordt het belang van
biologisch afbreekbare afgifteformuleringen besproken. Injecteerbare in situ-vormende
hydrogelen zijn geidentificeerd als veelbelovende materialen voor langdurige
geneesmiddelenafgifte naar het achterste deel van het oog, als mogelijke oplossing voor de
huidige problemen in de oculaire geneeskunde.

Hoofdstuk 3 richt zich op de ontwikkeling en karakterisering van een intravitreale in situ-
vormende hydrogel. Deze hydrogel is gebaseerd op de Diels-Alder verknoping van hyaluronzuur
(HA) en poly(ethyleenglycol) (PEG) gemodificeerd met respectievelijk furan- en
maleimidegroepen, om te dienen als een langdurig afgiftesysteem voor bevacizumab. Dit
therapeutische monoklonale antilichaam kan binden aan een vasculaire endotheliale groeifactor
(VEGF) en de activiteit ervan remmen. Het wordt klinisch gebruikt bij de behandeling van
netvliesaandoeningen zoals leeftijdsgebonden maculadegeneratie (AMD) en diabetische
retinopathie. Dit hoofdstuk beschrijft verschillende aspecten van het ontwikkelde
hydrogelsysteem, waaronder de kinetiek van gelering, mechanische eigenschappen,
injecteerbaarheid, biologische afbreekbaarheid, langdurige afgifte van bevacizumab en
cytocompatibiliteit met netvliescellen. De hydrogelen degraderen volledig onder fysiologische
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omstandigheden en de degradatiesnelheid hangt af van de concentratie en verhouding van de
polymeren in de hydrogel. De hydrogelen geven bevacizumab tot wel een jaar lang af, wat
suggereert dat de injectiefrequentie sterk kan worden verminderd. Hoewel het vrijgegeven
bevacizumab minstens een maand lang bioactief blijft, is verder onderzoek nodig om de afgifte
van bioactief eiwit over een langere periode te bevestigen.

Hoofdstuk 4 onderzoekt het in vivo farmacokinetische (PK) profiel en de oculaire veiligheid van
de ontwikkelde hyaluronzuur-PEG-gebaseerde Diels-Alder hydrogelen, zoals beschreven in
hoofdstuk 3, voor langdurige intraoculaire afgifte van bevacizumab in de ogen van konijnen.
Injectie van de hydrogel resulteerde in de in situ-vorming van een gelokaliseerd depot beladen
met dit therapeutische eiwit in het glasachtige lichaam. Farmacokinetische evaluaties toonden
aan dat hogere polymeerconcentraties leidden tot verminderde initiéle afgifte van bevacizumab
en verhoogde retentie van dit therapeutische eiwit in het glasvocht en het voorste oogvocht.
Onverwacht veroorzaakten de formuleringen ook ontstekingen in het achterste segment van het
00g. De exacte oorzaak van deze ontsteking blijft onbekend, maar de resultaten suggereren een
relatie tussen polymeerconcentratie, hydrogelstabiliteit en de waargenomen ontsteking. Aan de
andere kant vertoonden meer stabiele placeboformuleringen geen ontsteking in het achterste
oogsegment en slechts voorbijgaande irritatie in het voorste segment, wat aangeeft dat een meer
stabiele en langzamer afbrekende hydrogel beter wordt verdragen in de ogen van konijnen. Een
andere mogelijke verklaring voor de ontsteking die werd waargenomen voor de met
geneesmiddel beladen gelformuleringen zou kunnen worden gerelateerd aan het vrijgegeven
bevacizumab gemodificeerd met een fluorescent label binnen het glasachtige lichaam. Het is
mogelijk dat dit vrijgegeven gemodificeerde eiwit kan samenklonteren binnen het glasachtige
lichaam en mogelijk een ontstekingsreactie kan initiéren. Over het algemeen is het
hydrogelsysteem veelbelovend voor langdurige afgifte van medicatie, maar vereist het
systematische veiligheidsevaluaties voordat verdere stappen richting toepassing kunnen worden
gezet.

Hoofdstuk 5 introduceert de synthese van twee nieuwe ABA-triblokcopolymeren. Deze
copolymeren bestaan uit een poly(ethyleenglycol), een hydrofiel middelste blok (B) en buitenste
blokken (A) die hoofdzakelijk bestaan uit temperatuurgevoelig poly(N-isopropylacrylamide), met
comonomen die maleimide- of furangroepen bevatten. Door de thermisch gelerende
eigenschappen van de polymeren te combineren met Diels-Alder chemische verknoping, werden
stabiele hydrogelen in situ gevormd. Deze hydrogelen vertoonden opmerkelijke veelzijdigheid als
geneesmiddelafgiftesysteem waarbij ze de gecontroleerde afgifte van twee verschillende
modelgeneesmiddelen faciliteerden: het ontstekingsremmende medicijn dexamethason en een
FAB-antilichaamfragment ontworpen als een biosimilar van Ranibizumab, gericht op de remming
van VEGF. De hydrogelen maakten de afgifte van dexamethason gedurende 35 dagen en van het
FAB-eiwit gedurende 13 dagen mogelijk. Belangrijk om te noemen is dat de maleimide-
functionele groepen zich bevinden in de hydrofobe domeinen van de polymeermatrix en geen
interactie aangaan met het eiwit bij temperaturen boven de polymeer specifieke kritische
temperatuur, waardoor ongewenste eiwitmodificatie tijdens het beladen en bij vrijgeving wordt
voorkomen. Bovendien kan de hydrogel worden geinjecteerd met een dunne 30 G-naald en de
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gel vertoont uitstekende cytocompatibiliteit met retinale cellen, waardoor het een veelbelovende
kandidaat is voor intravitreale geneesmiddeltherapie.

In Hoofdstuk 6 zijn de ABA temperatuurgevoelige copolymeren gebruikt om bloemvormige
micellen (FLM) te creéren waarbij de kern is gestabiliseerd met Diels-Alder verknopingen. Deze
micellen zijn onderzocht omdat ze mogelijk geschikt zijn voor de afgifte van dexamethason bij
oculaire ontstekingstherapie. De micellen vertoonden goede cytocompatibiliteit en werden
opgenomen door zowel retinale cellen als macrofagen. In vivo-experimenten met een ratmodel
toonden aan dat de micellen gemakkelijk konden worden toegediend via intravitreale injectie,
zonder waargenomen nadelige effecten of retinale afwijkingen. De micellen bereikten efficiént
de subretinale ruimte, retinale cellen en het binnenste begrenzende membraan (ILM) bij de
vitreoretinale barriére. Er is echter verdere optimalisatie nodig om het retentievermogen van de
micellen in het glasvocht te verlengen. Samenvattend, Diels-Alder verknoopte FLM-micellen zijn
veelbelovend als afgiftesysteem voor de toekomstige behandeling van oculaire
ontstekingsaandoeningen door zich te richten op de subretinale ruimte en het retinale
pigmentepitheel (RPE).

Tenslotte biedt Hoofdstuk 7 een samenvattende discussie van de bevindingen beschreven in dit
proefschrift, samen met aanbevelingen voor verdere verbeteringen. Bovendien is in Hoofdstuk 7
de industriéle ontwikkeling van het potentiéle farmaceutische product dat in Hoofdstuk 3 werd
beschreven, besproken om meer inzicht te krijgen in opschaling van dergelijke biomaterialen.

Conclusie

De studies beschreven in dit proefschrift gaan over innovatieve oplossingen voor intraoculaire
geneesmiddelenafgifte, met als doel significante vooruitgang in de behandeling van
netvliesaandoeningen en het verbeteren van het welzijn van patiénten met oogaandoeningen.
Het gebruik van polymere biomaterialen die in dit proefschrift zijn beschreven, toont
veelbelovende mogelijkheden voor nieuwe geneesmiddelformuleringen met verbeterde
stabiliteit, verbeterde beschikbaarheid van het geneesmiddel op de gewenste locatie in het
lichaam en verlengde afgifteprofielen. Echter, zorgvuldige overweging van factoren die invloed
hebben op veiligheid, opschaling, sterilisatie, opslag, stabiliteit, verpakking en regelgeving zijn
essentieel voor een succesvolle industriéle ontwikkeling en uiteindelijk klinische toepassing. Met
alle ontwikkelingen op het gebied van nieuwe formuleringen voor oculaire ziekten ziet de
toekomst er veelbelovend uit voor de gezondheidszorg van patiénten met oogaandoeningen
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