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Chapter 1

Challenges of covalently cross-linked hydrogels and how to

overcome them






Abstract

Hardly any other biomedical material is as versatile as hydrogels. In addition to everyday applications
such as in personal hygiene or visual support, hydrogels are used for wound dressings, as biosensors, or
in tissue engineering and drug delivery. While their adaptability shown by the huge number of various
compositions is a major factor that has contributed to their success, it complicates the selection of the
appropriate type of hydrogel for a given application. In this review, we will present the key aspects of
the usage of hydrogels, their limitations and how to overcome them. The main focus will lie on
covalently cross-linked hydrogels, and a discussion of tuning their properties, such as gelation time,
mechanical strength, biodegradation, functional group stability, off-target interaction, and release.
Furthermore, more general points such as toxicity, synthesis, and sterilization will be briefly addressed.
This review is intended to introduce the reader to covalently cross-linked hydrogels and provide decision
support for the particular challenges of their application.
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Introduction

1 Introduction

Over the last few decades, hydrogels have played an important role in the field of biomedical research
due to a wide range of application options. Besides classical utilization such as personal hygiene [1] or
contact lenses [2], hydrogels have been established as versatile medical materials for tissue engineering
[3], drug delivery [4], cell carriers [5], wound dressing [6], biosensors [7], and tissue-adhesive glue [8].
The reason why they represent such an attractive material is evident from their definition. Hydrogels are
three-dimensional polymeric matrices, which are able to absorb water up to hundreds of times their
initial weight [9,10]. Thereby, the network facilitates the creation of various desired shapes with
adjustable properties, and three-dimensionality enables the embedding of bioactive molecules and cells
[11]. The hydrogel backbone usually consists of macromolecules, which are divided into natural,
semisynthetic, and synthetic polymers [12]. Prominent examples of naturally derived polymers for
hydrogel preparation are alginate [13], cellulose [14], chitosan [15], hyaluronic acid [16], dextran [17],
and starch [18]. Although natural polymers are usually non-toxic and biodegradable, they often show
adverse variabilities in molecular weight and poor mechanical properties [19]. With synthetic
alternatives, on the other side, more accurate prediction of the molecular weight is possible, leading to
facilitated tailoring of mechanical properties [12]. Poly(ethylene glycol) (PEG) [20], poly(vinyl alcohol)
(PVA) [21], poly(vinyl pyrrolidone) (PVP) [22], and siloxane [23] are just a few of many synthetic
polymers usable for hydrogel preparation. A third option, semisynthetic polymers, should also be
mentioned in this context, which are attained from natural polymers by different chemical
processes [19,24].

To create a hydrogel, the individual macromonomers have to interact with each other, either physically
or chemically. Physical interactions include molecular entanglements, ionic interactions, hydrogen
bonds, hydrophobic interactions, or complexation [12,17]. Triggers for gelation are changes in
temperature, pH value, ionic strength, or the addition of excipients [11]. On the other hand, chemical
cross-linking is the generation of covalent bonds between complementary groups, which is the subject
of this review. Chemically cross-linked hydrogels are usually characterized by higher stability and more
beneficial mechanical properties than physically cross-linked hydrogels [25]. Furthermore, they
demonstrate flexibility regarding gelation time, pore size, and degradation [25]. To enable chemical
cross-linking, the polymeric macromonomers need to be modified with complementary functional
groups. Cross-linking reactions, commonly used, can be taken from Table 1. Usually, cross-linking and,
therefore, the hydrogel preparation takes place in water. This is beneficial as the high water content of
the polymeric structure mimics the extracellular matrix of tissues and provides a three-dimensional
microenvironment for bioactive substances such as cells [26,27].

While hydrogels, in general, have been subject of research for decades, certain limitations still need to

be taken into account for biomedical applications [28,29]. For example, gelation time, stability of
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Chapter 1: Challenges of covalently cross-linked hydrogels

functional polymeric groups, and off-target interactions between polymers and bioactive molecules
influence the preparation as they can lead to changes in viscosity and complicate injection of hydrogels.
If the hydrogel is used for drug delivery, the amount and nature of the drug to be released must be kept
in mind because they are crucial for duration and loading capacity. Furthermore, stability and possible
degradation of such systems determine the time span of drug administration. All these points, in turn,
impact the release kinetics. In addition, features such as mechanical strength, toxicity, and sterility of
the respective hydrogel are pivotal for a successful application in the living tissue.

In this review, we will provide an overview of aspects that need to be considered in the development of
chemically cross-linked hydrogels to increase the chances of success for new systems, especially in the
field of biomedical applications. We will highlight gelation time, hydrogel stability and mechanical
strength, biodegradation, functional group stability, off-target interactions, loading capacity, and release
kinetics. Moreover, general limitations in toxicity, syntheses, and sterilization will be reviewed. For

each hurdle, ways for overcoming are presented, which should facilitate hydrogel preparation.

2 Gelation time

2.1 Insitu gelation

One of the most important features of hydrogels is their gelation time. A common method that allows
comparison of the time of hydrogel formation for different systems is to determine the time at which the
storage modulus (G"), representative of the elastic properties of the material, intersects the loss modulus
(G"), representative of the viscous properties. This time coincides with the gel point (tg) and indicates
the transition from a liquid-like to a solid-like behavior [30,31].

However, it should be noted that this this tg is only an approximation and the true tqe is described by
the Winter-Chambon criterion, at which scale of G’ and G" are identical with frequency
(G' ~ G" ~ w?) [32]. Nevertheless, tg at the cross-over of G’ and G"' is close to the true tge and
simplifies the characterization of gelation kinetics. Therefore, it is commonly used as tge for hydrogel

characterization.

Table 1: Examples of cross-linking reactions used for hydrogel preparation.

Cross-linking reaction with mechanism example Benefits & Limitations Refs

Diels-Alder cycloaddition + Biodegradability [33-42]

- Slow gelation

o)
o
N o g—N m - Off-target reactions
77{N A ) —
° 0
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Gelation time

Genipin coupling Easy synthesis access [43-45]
0.__OCH; o. N Slow gelation
}’s Off-target reactions
NH N
2 z‘{ P 2 Hzg N
-CH,OH A N\js
HO OH HO
Cu(I)-free Huisgen cycloaddition Bioorthogonality [46]
©® [ n=N rlazN Slow gelation
N—N=N \\f —_— ,!l // + N Y
L, Y LY
Cu(l)-catalyzed azide-alkyne cycloaddition In situ gelation [47-52]
Bioorthogonality
o ® N n=N
N—N=N \f LN \/)—§ Toxic catalyst
w{, 5(
Strain-promoted azide-alkyne cycloaddition In situ gelation [53-58]
Bioorthogonality
Laborious cyclooctyne
N—N—N + syntheses
w,
Nitrile oxide-norbornene cycloaddition In situ gelation [59,60]
Bioorthogonality
. Low nitrile oxid
+ — > | ow nitrile oxide
stability
inverse electron Diels-Alder cycloaddition In situ gelation [61-65]
Bioorthogonality
N . A%} > HN% Nitrogen formation
Imine formation Biodegradability [66-71]

NH2 .

by = L

In situ gelation

Off-target reactions
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Chapter 1: Challenges of covalently cross-linked hydrogels

Hydrazone formation Biodegradability [72-74]
In situ gelation
(0] .
;(N/NHZ . J\)’; N Off-target reactions
H R -H,0 |
'S
Oxime formation Biodegradability [75,76]
“T Off-target reactions
£ N, + 7 N2 Slow gelation
0”2 RJ\;" -HZO’ |
R
Michael-type addition In situ gelation [77-90]
o} o} Off-target reactions
T:\} Y p,s/ : Thiol oxidation
H{ o 11{ (o]
Native chemical ligation In situ gelation for oxo-  [91-93]
ester mediated variation
o [o] (o] (0]
Hom s Y ey Sdeproducs
NH, NH, Thiol oxidation
o SH /
N
H
0
Thiol-yne click chemistry In situ gelation [94]
Off-target reactions
—_— >
;\\\ ¥ Hs\)‘L A/\S/}" Thiol oxidation
Thiol-epoxy reaction In situ gelation [95]
OH Off-target reactions
HS Thiol oxidation
Ay S
Disulfide exchange In situ gelation [96-98]

P e

S

Biodegradability

Off-target reactions
Side-products
Thiol oxidation
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Gelation time

Succinimidyl carbonate and amine + In situ gelation [99-
+ Biodegradability

o o o 104]
NH, - Off-target reactions
¥ go)l}:‘ -NHS ;\HJ}: - Side-products
o}
Enzymes catalyzing cross-linking reactions: Depending on respective [105-
enzyme. In general:
- Tyrosinase 112]
- Horseradish peroxidase + In situ gelation
- Transglutaminase + Bioorthogonality
- Sortase A
- Phosphopantetheinyl transferase - Reduced loading
- Lysyl oxidase capacity

- Stability of enzymes
- Low mechanical
properties

The lower the time at which tg is reached, the faster the gelation takes place. This is particularly
important for injection into the organism. The injected solution must form a network as quickly as
possible to avoid material loss by diffusion into the surrounding tissue [113,114]. For chemically cross-
linked hydrogels, the gelation time depends on the cross-linking reaction. A variety of chemical
reactions have been suggested for in situ hydrogel preparation (Table 1). However, reactions such as
Diels-Alder (DA) reaction between furan and maleimide, oxime bond formation, genipin coupling, and
Cu(l)-free Huisgen cycloaddition are in general too slow for in situ gelation. For example, hydrogels
cross-linked via a catalyst-free Huisgen cycloaddition between azide-functionalized polymers and
dialkyne cross-linkers showed gel points of above 12 h [46]. In contrast, DA reaction led to faster
gelation, but due to tge of 36 min for a hyaluronic acid-based system and 14 min for a PEG-based
hydrogel, cross-linking still takes too much time [33,34]. Also for genipin coupling, low reaction
kinetics (tger > 18 min) were reported [43,44].

However, in general acceleration of cross-linking reactions is possible by variation of temperature, pH
value, and the numbers of functional groups. For example, increased number of functional groups is
obtained by higher polymer concentration, higher degree of functionalization, or usage of smaller
macromonomers. Kirchhof et al. showed that a decrease of the molecular weight of eight-armed PEG
precursors from 20 to 10 kDa at a constant polymer concentration resulted in a higher number of
functional groups and a decrease of tg from 34 to 14 min [34]. Moreover, increase of polymer
concentration and functionalization degree further accelerated the gelation time [35].

Some cross-linking reaction rates depend on the pH value. For example, Boekhoven et al. showed that
the formation of hydrazone bonds is preferred at lower pH values. Reaching tqe after 275 min at pH 7,
tger Was reduced to below 8 min at pH 5 [72]. This behavior can also be seen for hydrogels formed via

oxime bond formation. Acid catalyzes the oxime bond formation by aldehyde activation through
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Chapter 1: Challenges of covalently cross-linked hydrogels

protonation and acceleration of the dehydration step [75,76]. Working at a pH in the range between
1.5-2.5 the gelation time of PEG-based hydrogels was not detectable due to very fast gelation, whereas
at pH 7.4 the system reached tge only after 5 h [76].

Another way to increase the gelation kinetics is to exploit the temperature dependence of chemical
reactions. Temperature increase from 37 to 50 °C almost halved tge from 13 to 7 h for genipin-cross-
linked hydrogels [43]. Decrease in the gelation time was also reported for hydrogels cross-linked via
DA reaction when heated above 37 °C [36].

At this point, however, it must be mentioned that these variations are not always practicable. Due to an
increase in polymer concentration, cross-linking density of hydrogels increases, which in turn affects
other properties such as mesh size, stability, or release kinetics. High temperatures or solutions with too
acidic or basic pH are not eligible for in vivo use. Hence, switching to chemical reactions with higher
reaction Kinetics is often the simplest approach.

While photoinitiated cross-linking reactions can be used for the preparation of in situ forming hydrogels
[113,115], only cross-linking reactions that do not need an external trigger are mentioned in this section.
For this, several reactions have been suggested. A prominent example is the Cu(l)-catalyzed azide-
alkyne cycloaddition (CUAAC) introduced in 2002 [116,117]. This Cu(l)-catalyzed cycloaddition of
azides to alkynes to form 1,2,3-triazoles represents a regiospecific version of the Huisgen cycloaddition.
In 2006, Ossipov et al. were the first to develop a hydrogel cross-linked via CUAAC [47]. The reaction
between alkyne- and azide-modified PVA was initialized by Cu(l) and the gelation was observed within
1 min. Since then, a high number of CUACC-hydrogels were developed, showing fast gelation already
at room temperature [48,49]. At 37 °C, even higher reaction rates can be achieved [50]. Besides
temperature variations, changes in Cu(l)-concentrations impact the gelation time. For example,
increasing the Cu(l) concentration from 5 to 10 mmol/I resulted in a decrease of tg from 1594 to 78 s
for cellulose-based hydrogels [51]. However, usage of Cu(l) poses an obstacle as it is toxic towards
tissues and cells already at low quantities [118,119].

To overcome this, the metal-free strain-promoted azide-alkyne cycloaddition (SPAAC) was introduced
[120]. In this reaction, the triple bond of the alkyne is destabilized by ring strain, leading to a catalyst-
free activation of the alkyne and fast reaction rates with azide groups [121]. Alkynes commonly used
are 4-dibenzocyclooctynol, oxanorbornadiene, and cyclooctyne [122]. With SPAAC gelation times
below 2 min are possible [53,54]. Furthermore, the reaction rate can be raised by substitution of alkynes
with electron-withdrawing groups such as fluorine [53].

A further way to increase the reaction kinetics of the classical Huisgen 1,3-cycloaddition is the exchange
of the azide group with nitrile oxide and the use of norbornene as complementary group for the nitrile
oxide-norbornene cycloaddition [123]. For hydrogel formation, the unstable nitrile oxide can be
generated in situ from a hydroximoyl chloride under physiological conditions (pH 7.4) [59]. Only then
cross-linking with norbornene is possible. In this way, Truong et al. were able to develop a variety of

PEG- and gelatin-based hydrogels, of which the fastest gelling formulation reached tqe after 10 s [59,60].
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Gelation time

Reversing the electron distribution between the two reactants of the classical DA reaction, which usually
takes place between an electron-rich diene and an electron-poor dienophile, leads to the so-called inverse
electron DA (iEDDA) reaction between an electron-poor diene and an electron-rich dienophile [124].
Tetrazine is commonly used as diene, whereas different counterparts are possible for the dienophile such
as norbornene and trans-cyclooctene [125]. While tge was found to be within a range of 15 to 144 s for
a multitude of hydrogels cross-linked via iEDDA reaction between tetrazine and norbornene [61,65],
the reaction of tetrazine with trans-cyclooctene led to an even faster second-order rate and complete gel
formation only after seconds [63,64].

A further cross-linking strategy for in situ forming hydrogels represents the Schiff base formation, which
is obtained by the reaction of aldehyde or ketone groups with amines, hydrazides, or hydroxylamines.
Thereby, imines, hydrazones, or oximes are formed [126]. As mentioned before, the formation of oxime
bonds is too slow for a fast in situ gelation at physiological conditions. In contrast, Kageyama et al.
achieved complete gelation below 3 min via hydrazone formation [73]. Similarly, injectable hydrogels
were prepared with amine-functionalized chitosan and aldehyde-functionalized hyaluronic acid within
3 min [66,67].

The Michael-type addition, which is a 1,4-addition of nucleophiles to an a,f-unsaturated carbonyl
compound, is a very prominent cross-linking reaction example for in situ forming hydrogels. In 2001,
Elbert et al. introduced the reaction between multi-armed PEG-acrylates and PEG-dithiol for the
preparation of in situ forming hydrogels [77]. Yet, the Michael-type addition is not limited to thiols;
amines can also be used as donors. With the so-called aza-Michael-type addition, polyamidoamine
dendrimer hydrogels were completely solidified within 1 to 2.5 min [78]. Additionally, acrylates can be
replaced by maleimide and vinyl sulfone groups, leading both to gelation times with thiol-modified
hydrogel precursors below 1 min [79,80].

Another approach for gelation is the native chemical ligation (NCL) between thiol groups of cysteine
and thioesters, which was developed as chemo- and regioselective reaction for chemical ligation of
peptides. The underlying mechanism includes two steps. First, the thiol group of cysteine reacts with a
thioester to form a new thioester. Subsequently, this intermediate rearranges via an S-to N-acyl migration
with the amine group of the cysteine to an amide bond [91]. While hydrogels cross-linked via NCL take
several hours to be completely formed, the exchange of the thioester with an oxo-ester dramatically
accelerates the hydrogel formation and results in gelation times of less than 1 min [92].

Moreover, several other chemical reactions were successfully used for the preparation of in situ forming
hydrogels and should be mentioned briefly. For example, thiol-yne click chemistry was introduced in a
PEG-based system for the in situ gelation [94]. Under physiological conditions, the base-catalyzed
reaction reached tg after 87 s. As a different thiol-mediated strategy for in situ gelation, the thiol-epoxy
reaction was introduced by Gao et al. [95]. With epoxy-modified poly(N,N-dimethylacrylamide-co-
glycidyl methacrylate) copolymers and thiol-modified poly[oligo(ethylene glycol)mercaptosuccinate],

gelation times between 27 and 98 s were achieved. The disulfide exchange reaction represents a further
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Chapter 1: Challenges of covalently cross-linked hydrogels

thiol-based cross-linking reaction for the preparation of in situ hydrogels. Navath et al., for example,
succeeded to develop hydrogels that gelled within 30 s by mixing solutions containing thiopyridyl-
terminated poly(amidoamine) dendrimers and thiol-modified eight-armed PEGs [98]. Furthermore, a
well-known cross-linking reaction for hydrogel formation represents the reaction between
N-hydroxysuccinimide (NHS)-activated esters and amines to form a carbamate linkage [100]. While
this reaction was developed for the modification of peptides, it can also be used for cross-linking of
hydrogels. As an example, Buwalda et al. developed PEG-poly(amidoamine) hydrogels cross-linked via
this reaction with very fast gelation kinetics allowing the use as in situ forming material [101].
Enzymatic reactions represent a special, biological method for in situ gelation. Thereby, the formation
of covalent bonds between different functionalized hydrogel precursors is catalyzed by a variety of
enzymes. The advantage of this cross-linking strategy is that usually mild reaction conditions are
required such as neutral pH, aqueous milieu, and mild temperature, making this approach promising for
cell- and protein-based applications [127]. Enzymes that were successfully established for rapid gelation
of hydrogels are tyrosinase [106], horseradish peroxidase [107], transglutaminase [109], and
sortase A [110] to name only a few.

As last point, the opportunity of dual gelation should be mentioned. This method is a combination of
various cross-linking mechanisms. In addition to the combination of physical and chemical cross-linking
such as thermo- or pH-dependent gelation accompanied by covalent cross-linking [40,128], the
simultaneous use of two chemical reactions to form an interpenetrating polymer network (IPN) was

successfully introduced to decrease the gelation time [129].

2.1 Tuning of gelation time

In the previous section, the possibilities to achieve fast gelation kinetics were shown. In this part, tuning
of the gelation time for in situ gelling systems is the subject of the discussion. As already mentioned, tgel
is the decisive criterion for evaluating the gelation time. However, this point also reflects a certain
threshold. Once a system has reached its tge, it should no longer be subjected to shear forces that could
damage the network already formed. Otherwise, inhomogeneous areas could form and change the three-
dimensional integrity, impacting mechanical properties and release kinetics [81]. To avoid this for in
situ gelling systems, fast mixing and injection are required, which complicates the administration
process. In addition, too high reaction kinetics could cause clogging the needle due to the premature
hydrogel formation during injection, resulting in incomplete administration [113,114]. Therefore, it is
desirable to tune the gelation kinetics depending on the respective application.

One method to slow the reaction kinetics is to lower the number of functional groups present at the
hydrogel precursors. In this way, the likelihood for one group to find its counterpart is reduced, so the
system needs more time for sufficient hydrogel formation. Besides decreasing polymer concentration,

increasing molecular weight or reducing the modification degree of the used hydrogel precursors are
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possible approaches for a reduced number of functional groups and, therefore, an extended gelation
time [130]. However, all these changes have in common that they lead to a lower cross-linking density
that influences mechanical strength, stability, and, in the case of drug delivery systems, release Kinetics.
Therefore, different ways for tuning the gelation time are required.

Since covalent hydrogel bonds are created by chemical reactions that usually depend on temperature,
hydrogel preparation at lower temperatures seems to be a promising approach. For example, Famili et
al. showed that the gelation time of a hyaluronic acid-based system cross-linked via the iEDDA reaction
between norbornene and tetrazine increased from 0.3 min at 37 °C to 3.1 min at 20 °C [131]. A further
temperature decrease caused an even longer gelation time. Therefore, sufficient time should be available
to mix and inject the hydrogel liquid at 20 °C. After injection, the reaction rate is accelerated due to the
heat transfer from the surrounding tissue, leading to an increase in the reaction rate and a rapid hydrogel
formation at the operating site. Besides hydrogels cross-linked via iEDDA reaction, lower temperatures
were also exploited for systems using other cross-linking reactions [50,77]. Nevertheless, this tuning
method is limited since the occurrence of pain at the injection site due to low temperatures affects patient
compliance.

A more promising approach that does not require changes in number of functional groups or temperature
is chemical modification of the functional groups. Usually, chemical modifications are used to accelerate
reaction kinetics for faster gelation but the exact opposite, slowing the reaction rate, is also possible in
this way. The underlying mechanism is the frontier molecular orbital theory. The reactivity and, hence,
the reaction time can be approximated by the gap size of the highest occupied molecular orbital (HOMO)
of one reaction partner and the lowest unoccupied molecular orbital (LUMO) of the complementary
partner. Reducing the HOMO-LUMO energy gap increases the reaction kinetics, whereas a larger gap
causes slower reaction rates. For example, smaller HOMO-LUMO energy gaps and, therefore, faster
reaction rates are achieved via methyl substitution of furan for the DA reaction and substitution of
electron-withdrawing groups (EWG) on the dipolarophile for the 1,3-Huisgen cycloaddition
[46,132,133]. However, the underlying principle can also be used to slow down the reaction rate. For
the iEDDA reaction, electron-donating substituents on the tetrazine ring raise the LUMO, and
incorporation of EWGs lowers the HOMO of the dienophile. Previously, we showed that methyl
substitution of tetrazine and oxygen incorporation in norbornene led both to a tenfold longer gelation
time of eight-armed PEG-based hydrogels cross-linked via the iEDDA reaction [65]. Tgel Was reached
after 31 s for an unmodified hydrogel system, whereas usage of methyl-tetrazine or 7-oxanorbornene
increased tqe significantly to approximately 300 s.

Bi et al. showed that the gelation time of hydrogels cross-linked via Michael-type addition is
dramatically affected by the electron density of the alkenyl groups [80]. The higher alkene electron
density, the slower the cross-linking rate. Vinyl sulfone groups with a higher electron density were found
to gel slower (gelation after 30 s) than maleimide groups (gelation after 8 s), facilitating the hydrogel

handling.
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Chapter 1: Challenges of covalently cross-linked hydrogels

Similar to the Michael-type addition, a higher electron density and, thus, a higher LUMO of the alkyne
moiety results in slower reaction kinetics for the SPAAC [134]. Additional to the electron density, ring-
strain stability of the cyclooctynes influences the reaction rate as mentioned above. The large humber
of alkynes, which show different reactivity [121], allows the SPAAC to meet the most diverse
requirements.

A side effect of the functional group substitution is the steric hindrance of the cross-linking reaction. In
general, the longer or more bulky the substitution group, the more the reaction is interfered and the
higher is the distortion energy, which leads to a decrease in the reaction rate [135].

In the case of enzymatically cross-linked hydrogels, labor-intensive functional group modifications can
be avoided. Here, it is sufficient to add less enzymes to reduce the reaction rate [106,107,111,136]. For
example, gelation via a strain-promoted oxidation-controlled cyclooctyne-1,2-quinone cycloaddition
(SPOQC) could be tuned by the concentration of mushroom tyrosinase [105]. With an enzyme
concentration of 2000 units/ml mushroom tyrosinase, gel formation was achieved already after
approximately 1 min, whereas 100 units/ml increased the time of gel formation to 20 min.

3  Mechanical properties

Due to their high water content, hydrogels often show reduced mechanical properties. Therefore, even
low forces can affect their integrity and nature, resulting in unusable materials. This represents a
significant disadvantage for various applications. In the field of drug delivery, for example, accelerated
release and even dose dumping can occur when the hydrogel matrix is damaged. For tissue engineering,
hydrogels should have similar high mechanical properties as the surrounding tissues [137]. Additionally,
low mechanical strength complicates the characterization of these hydrogels. Hence, mechanical
properties are decisive criteria for the production and use of hydrogels.

A T B o

il |

|

Figure 1: Common test methods to examine the mechanical properties of hydrogels. Tensile (A) and compressive
testing (B) for determination of the tensile and the compressive modulus and oscillatory rheology (C) for
measurements of the complex shear modulus.
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Mechanical properties

To examine mechanical properties, various mechanical test methods have been suggested, including
tensile and compression testing, local indentation, and frequency-based tests such as shear rheometry or
dynamic mechanical analysis [138]. In this review, we will focus on tensile and compression testing as
well as oscillatory shear experiments since they represent the standard test methods (Figure 1).

Tensile and compression testing are performed in opposite directions. For tensile testing, dog bone-
shaped samples are stretched [139]. By the ratio of tensile strain to tensile stress, Young’s modulus
(tensile modulus) is obtained. On the other hand, the ratio of compressive strain to compressive stress
determined by uniaxial compression of the sample is used to calculate Young’s modulus of compression
(compressive modulus) [139]. Tensile and compressive moduli indicate both the stiffness of a hydrogel
and can be taken as the resistance of an elastic body against the deflection of an applied force [139].
Furthermore, tensile or compressive strength are defined as the maximal tensile or compressive stress
that a material is able to withstand [138].

To investigate the viscoelastic behavior of hydrogels, oscillatory shear experiments are performed.
Thereby, the viscous (“liquid-like”) and elastic (“solid-like”) parts of the polymeric material are
measured [140]. After applying shear stress (a*) or shear strain (y*), the complex shear modulus (G*)
can be measured as a function of various parameters such as time, temperature, or frequency according

to equation (1):

g
G"'=G"+i6" = — (1)

- *

The storage modulus (G') is the real part of G*, whereas the loss modulus (G'') is the imaginary part
[141,142]. G' indicates the energy of the hydrogel that restores after applying a force. On the contrary,
G'' represents the energy loss due to viscous flow [143]. By measuring G*, the course of a system’s
stiffness and strength during cross-linking can be determined. When hydrogel polymerization is
considered complete, the absolute value of G* (|G *|) shows the final strength and stiffness of the system.
Often only G’ is reported to assess stiffness. The reason for this is that with advanced polymerization
G* is mainly described by G, which exceeds G by several decades for hydrogels with high stiffness.

To enhance the chances for biomedical use, it is advantageous if the mechanical properties of a hydrogel
can be adapted to the respective task. Thereby, tensile and compressive modulus as well as the complex
shear modulus can be controlled via cross-linking density and polymer chain length [27]. This can be
explained by the number of elastically active chains, which is related to the moduli in the classical theory
of rubber elasticity [34,144]. The more elastically active chains are present in the system, the higher the
mechanical stiffness and strength of the hydrogel. One way to obtain a higher cross-linking density is to
increase the polymer concentration, leading to more available functional groups and a higher likelihood

of forming cross-links. This was shown for a variety of systems for the tensile and the compressive
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modulus [38,65,73,145,146] as well as for the complex shear modulus [34,65,68,82,95]. Another option
to change the number of elastically active chains is a shift of the molecular mass between cross-links,
which is achieved by varying the chain length of the polymer backbone between the cross-links. For
example, by using PEG macromonomers with lower molecular weight at a constant polymer
concentration, mechanical properties are increased [146,147]. Higher functionalization degree of the
macromonomers used also resulted in smaller polymeric chain length between the cross-links and,
therefore, improved mechanical strength [35,54,148].

A special way to tune the chain length between the cross-links are redox-responsive protein-based
hydrogels, as described by Kong et al. [144]. Due to an engineered disulfide bond, the used protein can
switch its conformation between folded and unfolded, leading to different chain lengths and, hence,
differences in mechanical strength. For the folded conformation caused by the oxidizing condition, the
chain length between the cross-links decreased and the tensile modulus was found to be 40 kPa. Under
the reducing condition, the protein unfolded, resulting in an increase of the chain length and a lower
tensile modulus of 10 kPa.

Further hydrogels with mechanical properties responsive to external stimuli like temperature, light, pH,
or ions have been developed [149-151]. However, changes in physiological temperature or pH represent
an obstacle for the in vivo use [152]. Moreover, external stimuli, in general, complicate the use of such
systems as they require additional treatment.

A promising approach to obtain stiff hydrogels that can be formed in situ are IPNs. Those systems are
formed by two or more networks that are interlaced but not covalently connected [153]. In this way,
hydrogels with low mechanical properties can be combined to increase stiffness and strength. IPNs are
generated by simultaneous cross-linking strategies that do not interact with each other. For example, via
orthogonal proceeding iEDDA reaction and thiol-yne click chemistry the formation of a double network
consisting of a loose and a dense network was possible [129]. Thereby, the tensile and the compressive
modulus were increased approximately fivefold from 2.49 MPa and 44 kPa to 15.56 MPa and 220 kPa
for the IPN compared to the single dense network cross-linked singularly via thiol-yne click chemistry.
Semi-interpenetrating polymer networks (SIPNs) have to be distinguished from IPNs since per
definition linear or branched macromolecules can be separated from the consisting polymer network
without breaking chemical bonds [153]. SIPNs can be prepared by the simple addition of a second
polymeric material. In this manner, cellulose nanocrystals or unfunctionalized hyaluronic acid-enhanced
mechanical strength of physically and chemically cross-linked hydrogels significantly [71,154].

A similar approach to improve the mechanical performance is the incorporation of particles into
hydrogels. In 2002, Haraguchi and Takehisa developed the first so-called nanocomposite hydrogel
composed of water-swellable inorganic clay and specific polymers [155]. Due to the nanoscale of the
clay particles, an increased interface for the interaction between polymer and particles is created [137].
By tuning this interaction, mechanical properties can be adjusted to the various requirements [156].

Based on this principle, nanocomposite hydrogels with very high mechanical strength can be formed by
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using graphene oxide nanosheets [157]. For example, the compressive moduli of poly(acrylic
acid)/gelatin composite hydrogels were found to be in the range of 6 to 16 MPa as a function of the
amount of graphene oxide.

At the end of this section, it has to be mentioned that for the preparation of hydrogels with well-defined
network architecture and tunable mechanical properties, synthetic polymers are preferred [12]. Natural
polymers, on the other hand, often show variabilities in molecular weight and reduced mechanical

strength, complicating tuning of mechanical properties.

4  Degradation

Mechanical properties of hydrogels are the essential criterion for sufficient stability of hydrogels during
application. Adversely, degradation limits the timeframe, in which the hydrogel can be used. Thereby,
it is desirable if the material does not have to be surgically explanted at the end of therapy, which
detrimentally affects patient compliance and causes further personnel costs. Instead, degradation and
erosion without remaining matrix residues would be beneficial. Here, it should be noted that degradation
refers to the actual bond cleavage reaction, whereas erosion designates the loss of mass from the polymer
matrix [158]. In this section, we will elucidate how biodegradation and erosion can be achieved for

chemically cross-linked hydrogels.

4.1 Cross-links

Erosion of chemically cross-linked hydrogels requires a target for various chemical degradation
processes in the polymer matrix. Two common possibilities can be mentioned here. For the first

degradation pathway, the cross-links are regarded as the vulnerable point (Table 2).

Table 2: Examples of reversible cross-linking reactions used for preparation of biodegradable hydrogels.

Reversible cross-linking reaction Possible degradation mechanism
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Chemical reactions with a kinetically reversible nature can be used to make the cross-links cleavable
[159]. The reaction must therefore exhibit dynamic covalent chemistry. After polymerization, the
initially free complementary functional groups of the macromonomers have reacted, shifting the
dynamic reaction equilibrium to the side of the product. However, some groups remain free and
unreacted in the hydrogel network. In addition, the dynamic equilibrium causes the cross-linking
reaction to proceed in the opposite direction on a small scale, increasing the number of free functional
groups. This allows macromonomers that are no longer linked to the hydrogel network to diffuse out of
the hydrogel matrix into the surrounding tissue, continuously removing functional groups from the
equilibrium [84]. In this way, based on Le Chatelier’s principle, the reaction equilibrium shifts further
to the educt side. Additionally released macromonomers accelerate this process, and the hydrogel
erosion increases until it finally dissolves completely.

The DA reaction between furan and maleimide and its counterpart the retro-Diels-Alder (rDA) reaction
are connected via dynamic equilibrium [160]. The possibility of degradation of hydrogels cross-linked
via DA reaction was initially described for physiologically irrelevant areas [161]. For example, rDA
reaction was assumed to occur significantly only at temperatures above 37 °C [84]. To achieve rDA
reaction at lower temperatures, the solvent had to be changed to N,N-dimethylformamide, which

represents an obstacle for in vivo use. However, hydrogels prepared from multi-armed PEGs
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functionalized with furan and maleimide were described by our group to dissolve under physiological
conditions after 1 to 63 days depending on polymer concentration, branching factor, and molecular
weight [34]. The underlying mechanism was found to be the hydrolysis of free maleimide groups, which
leads via ring-opening to unreactive maleamic acid [39]. These groups were thus irreversibly removed
from the reaction equilibrium, making the hydrogel biodegradable. Since then, various biodegradable
systems have been prepared via DA reaction [35,37,38,40]. As a benefit, the stability of DA hydrogels
could be controlled by the number of elastically active chains. The more cross-links present in a system,
the longer they take to be cleaved and the higher the stability of the hydrogels.

Beside the DA reaction, there are more cross-linking reactions known, showing dynamic covalent
chemistry. Especially in the field of self-healing materials, these cross-linking reactions can be found.
Here, it is important that the hydrogel network regenerates after it is disrupted to form covalent bonds
again [162]. These self-healing materials are also usually biodegradable. A prominent example are
hydrogels cross-linked via dynamic Schiff base reactions [162]. After the reaction of aldehyde or ketone
groups with amines, hydrazides, or hydroxylamines, an equilibrium is established that can be shifted
back toward the reactant side by removing individual macromonomers and functional groups, thereby
generating a biodegradable polymer [69,70]. While Schiff base cleavage takes place faster at low pH
[163], complete dissolution occurs also under physiological conditions [70].

A further cross-linking reaction that is used for self-healing hydrogels is the boronate ester formation
[164,165]. Exploiting this chemistry, 50% of a hyaluronic acid-based hydrogel eroded within two weeks
[166]. Increasing the polymer concentration led to more elastically active chains and, therefore, higher
stability. In contrast, faster erosion was achieved via additional added H.O,, causing C-B bond breakage
and irreversible hydrogel damage.

Disulfide exchange is also a member of dynamic covalent cross-linking reactions. This reaction forms
redox-responsive disulfide bonds, representing a target for hydrogel erosion. A method to synthesize
hydrogel precursors for disulfide exchange reaction is to use thiopyridyl functionalization [96]. After
contact to thiol-functionalized moieties, a hydrogel can be formed by the thiol-disulfide exchange
reaction [126]. These disulfide bonds can dissociate in a reductive environment, making the hydrogel
biodegradable [167]. For example, due to the presence of free thiol groups such as glutathione (GSH),
which ubiquitously exists in the human organism, new disulfide bonds are created, and the hydrogel
starts to erode [97].

Similar to the disulfide exchange formation, the succinimide thioether formed via a Michael-type
reaction between maleimide and thiol moieties can be cleaved in a reducing environment [161]. The
degradation mechanism includes a covalent bond exchange in the presence of additional thiol
compounds under physiological conditions [83,168]. Succinimide thioethers were found to be broken
by GSH as well. The rate of the degradation could be tuned by the Michael donor reactivity, e.g., higher
reactive aromatic thiols degraded faster than aliphatic thiols [168]. However, controlled degradation

requires an exact concentration of free thiol groups at the operation site to maintain uniform degradation
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of both cross-links, disulfide, and thiol-maleimide adduct. This represents a drawback since this does
not seem practicable in vivo.

In addition, some cross-links can be directly cleaved by water. These include the reaction of NHS-
activated esters with amines to form carbamates [102]. These carbamates undergo hydrolysis, which is
triggered by the presence of large water amounts. The underlying mechanism of the carbamate
degradation is an E1cB elimination reaction during which an unstable isocyanate is formed [169,170].
This intermediate reacts with water to disintegrate into a primary amine and carbon dioxide, which
accelerates degradation by its removal. The erosion time can be controlled by using different leaving
groups. Thereby, resonance stabilized groups such as phenols speed up the degradation kinetics [169],
whereas aliphatic alcohols lead to higher stability [99]. Considering the amine component, an increase
of the steric hindrance leads to a decrease in the carbamate stability, while a higher pK, value results in
higher stability [171].

4.2  Hydrogel backbone

The second opportunity to design biodegradation into hydrogels offers the hydrogel backbone itself.
This is achieved in a labor-saving manner by selecting polymers that are enzymatically cleavable.
Dextran, chitin, chitosan, hyaluronic acid, collagen, fibrin, gelatin, keratin, or starch represent a
multitude of natural polymers for the preparation of enzymatically degradable hydrogels [41,45,172—
176]. Besides relying on endogenous enzymes at the operation site such as collagenase, hyaluronidase,
or lysozyme, embedding of exogenous enzymes into the hydrogel matrix in advance is possible to
achieve erosion [177]. In the case of assessment of endogenous enzyme decomposition, hydrogels are
incubated in enzyme solutions for in vitro experiments to simulate physiological conditions.

In contrast, if enzyme-stable polymers are used for hydrogel preparation, peptide sequences sensitive to
specific enzymes can be synthesized into the hydrogel backbone. As a benefit, thiol or amine groups of
these peptides are possible reactants for cross-linking reactions such as Michael-type addition or
carbamate formation. For example, Lutolf et al. incorporated peptide substrates for matrix
metalloproteinase into four-armed PEG macromonomers [85]. The thiol groups of these peptide
sequences cross-linked with vinyl sulfone-functionalized four-armed PEGs via a Michael-type addition
to form hydrogels as matrices for in situ bone regeneration. Incubated in buffer, the hydrogels degraded
after addition of matrix metalloproteinase.

Similarly, branched PEG was functionalized with a collagenase substrate [100]. Hydrogel formation
was achieved between substrates amine group and PEG macromonomers bearing succinimidyl
carbonate functionalities. Hydrogel incubation in phosphate buffer containing collagenase resulted in
complete dissolution after 10 to 19 days.

However, the limitation of hydrogels cleavable via endogenous enzymes is their reproducible

degradation, which depends on the amount of enzyme present. Due to varying enzyme concentration
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among patients and body parts, degradation, erosion, and associated properties such as release kinetics
are challenging to predict [177]. Considering enzymes that are embedded during hydrogel formation,
the already low loading capacity of hydrogels is further decreased for drug delivery applications [28].

To overcome this, hydrolytically cleavable groups can be incorporated into the hydrogel backbone
(Table 3). In a labor-saving way, this can be done during the functionalization of the hydrogel
precursors. For this hydrolysis-prone groups are used to link macromonomers to the functional group

needed for the cross-linking reaction.

Table 3: Examples of hydrolytically cleavable groups used for preparation of biodegradable hydrogels.

Hydrolytically cleavable groups Hydrolysis mechanism
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Very common coupling groups are amides. For this, well-known coupling reagents such as N,N-
dicyclohexylcarbodiimide, NV, N'-diisopropylcarbodiimide, or 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide, which were developed for peptide synthesis, are used [46,62,115]. However, amides are highly
stable under physiological conditions and degrade faster only after shifting the pH to the acidic or
basic [55]. Switching to carboxylate esters, which can be incorporated with similar coupling reagents,
leads to a much higher susceptibility to hydrolysis at physiological conditions. For example, PEG-based
hydrogels with ester groups showed a fivefold increase in hydrogel mass and complete dissolution after
about 60 days, while amide groups lead to hydrogels without swelling and high stability for at least
150 days [115]. Modifying four-armed PEG macromonomers via amidation and esterification, a
SPAAC cross-linked hydrogel platform with a predictable disintegration time was developed by Xu et

al. based on the stability differences of amide and ester groups [56]. Changing the ratio of non-labile

29



Chapter 1: Challenges of covalently cross-linked hydrogels

amide linkages to labile ester-linkages in hydrogels, the decomposition time at pH 7.4 ranged from 18
days to no hydrogel dissolution by 250 days. However, the stability of carboxylate ester groups depends
on the hydrogel formulation that can be seen for a multitude of hydrogels degradable through ester
linkers. For example, high stability was found for a PEG-based system cross-linked via iEDDA reaction
with complete dissolution only after 186 to 560 days [65], whereas hydrogels using nitrile oxide-
norbornene click reaction disintegrated within 25 days [60]. The reason for this is that degradation time
depends on the specific position of the linkage and the chemical nature of the leaving group [56]. If the
leaving groups are stabilized, for example, by resonance, inductive, and steric factors, the ester
hydrolyzes usually faster [178-180]. Destabilizing effects, on the other hand, lead to higher pK, values,
reducing the stability of the leaving group and, thus, stabilizing the ester bond.

These stabilizing and destabilizing effects of neighboring groups can also be found for hydrolytically
cleavable carbonate ester and carbamate linkages. For example, Ricipato et al. prepared
dihydroxyacetone-based hydrogels that contained two types of carbonate ester linkages, each with
different neighboring groups: those that were connected to two PEG chains and those that connected
only one PEG chain to dihydroxyacetone [181]. The ketone present on the dihydroxyacetone was found
to lead to complete degradation of the carbonate linkage due to an intramolecular nucleophilic attack on
the carbonate ester linker after 7 h, whereas the carbonate linker connecting two PEG chains remained
stable [182]. The introduction of an additional carbon unit between the carbonate ester linkages and the
ketone group caused higher stability, indicating ketones supporting effect on degradation. This was
confirmed by the preparation of hydrogels containing no ketone group that showed the significantly
highest stability.

More stable carbonate ester linkages were successfully introduced in dextran via carbonylimidazole-
activated hydroxyethyl methacrylate [183]. After radical polymerization, a hydrogel was formed with
carbonate ester linkers for hydrolytic cleavage. These hydrogels showed complete dissolution after
30 days.

However, the introduction of carbonate ester groups as hydrolytically cleavable linkages requires
usually toxic phosgene derivatives during synthesis. Therefore, utmost care must be taken, and
purification must guarantee complete decontamination.

Carbamates can also be introduced into the hydrogel backbone as cleavable linkages [184]. The
decomposition mechanism as well as neighboring groups affecting stability are the same as for hydrogels
cross-linked via carbamate formation (section 4.1).

For sake of completeness, the possibility of incorporating photolabile linkers such as nitrobenzyl or
coumarin derivatives into hydrogels should be mentioned [55,159]. However, an external light source
is required for complete degradation. This method is usually applied to allow the remaining hydrogel
matrix to degrade rapidly only at the end of the therapy, instead of the hydrogel eroding slowly over

time.
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5 Functional group stability

First estimations of the hydrogel performance can be made by knowing the number of available
functional groups of the hydrogel precursors. The more functional groups present, the more likely the
formation of a higher number of elastically active chains, resulting in a denser polymeric network. This
has an impact on different hydrogel features. As discussed in section 3, mechanical properties are
enhanced by a higher cross-linking density. Moreover, a denser network generates smaller meshes. This
in turn influences the release kinetics for drug delivery [185]. Therefore, to make accurate statements
about hydrogel properties and to achieve high preparation reproducibility, the number of functional
groups has to remain as constant as possible from synthesis through storage to preparation. However,
there are various chemical processes during storage and preparation that can affect the nature of the
functional groups and, in the worst case, completely inactivate them for polymerization (Table 4),
making preparation of reproducible hydrogels difficult. In the following, functional groups prone to
deactivation are presented and methods to protect them are outlined.

Table 4: Examples of functional groups that show stability issues.
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Maleimide is used for hydrogel preparation via DA reaction or Michael-type addition. It is well known
that maleimide groups hydrolyze under physiological conditions via a nucleophile attack of OH", causing
ring opening to maleamic acid [39]. While this sensitivity to hydrolysis is advantageous considering
biodegradation of DA hydrogels, it leads to complications during hydrogel preparation. To avoid
hydrolysis and, therefore, loss of maleimide moieties, maleimide-functionalized macromonomers must
be dissolved in aqueous solution only right before preparation. Moreover, gelation time is important.
The faster gelation, the fewer maleimide groups are subject to hydrolysis in solution. To address this
shortcoming of the slow DA reaction, several strategies have been suggested. The most straightforward
way is to lower the pH since maleimide exhibits high stability in acidic environment [39,186]. However,
this is less feasible regarding patient compliance. A more suitable approach is to introduce neighbor
groups with stabilizing nature such as steric and inductive effects. Knowing that additional hydrophobic
alkyl groups connected to maleimide have resulted in increased hydrolytic stability [187],
6-aminohexanoic acid and 12-aminododecanoic acid were incorporated between each arm of an eight-
armed PEG macromonomer and maleimide [35,38]. Besides an inductive electron-donating effect, that
stabilizes the C-N-C bond of maleimide, this caused an accelerated enolization of the carbonyl group,
increasing the electron density [188]. Both effects slowed down the nucleophile attack of OH", leading
to increased stability. While the maleimide groups of maleimide-functionalized eight-armed PEGs
showed a half-life of 170 min in phosphate buffer (pH 7.4) at 37 °C, half-lives were more than doubled
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with the incorporation of the 6-aminohexanoic acid and even more than tripled with
12-aminododecanoic acid.

A different concept represents the anhydrous hydrogel preparation. To protect maleimide groups from
hydrolysis, polymerization of an eight-armed PEG-based system was carried out at temperatures leading
to melting of the hydrogel precursors (i.e., above 40 °C) under anhydrous environment, unlike the
conventional hydrogel preparation that takes place in water [37]. Only after incubation did this polymer
take up water and swell to become a hydrogel. Compared to the conventional hydrogel preparation, no
loss of functional groups could be detected.

The reaction between liquid succinimidyl carbonate- and amine-functionalized four-armed PEGs has
also been used for the preparation of water-free hydrogels [102-104]. Although the authors did not
compare functional group stability between the anhydrous and the conventional hydrogel preparation,
the water-free environment should protect succinimidyl groups from hydrolysis and rearrangements,
which are known to occur in basic buffer [189]. Nevertheless, these hydrogel precursors should not be
stored in liquid but in solid state at temperatures below -20 °C. Otherwise, mobility is sufficiently high
for self-cross-linking between succinimidyl carbonate moieties and unfunctionalized hydroxy groups,
which are still present after synthesis [102]. Even though water-free hydrogel preparation has so far
been achieved only via DA reaction and carbamate or carbonate formation, anhydrous preparation
should also be suitable for other cross-linking reactions that involve hydrolysis-sensitive groups.
Another moiety prone to hydrolysis is tetrazine, used as a diene in the iEDDA reaction. Tetrazine
decomposes in basic as well as acidic milieu [190]. Due to the fast reaction rate of the iEDDA reaction,
hydrolysis during gelation can be neglected. However, preparation is still an obstacle. Tetrazine-
functionalized precursors should be dissolved in water only for a short time and, thus, cannot be stored
in solution for an extended period without major loss. To examine stabilizing effects of substituents on
tetrazine, Karver et al. performed stability tests with differently modified tetrazine in fetal bovine serum
at 37 °C [191]. 60% of a monosubstituted tetrazine was found to degrade after 10 h. The second
substitution with a methyl group protected tetrazine from disintegration almost completely, whereas an
electron-withdrawing substituent enhanced decomposition. Hence, the substitution of electron-donating
groups stabilized the tetrazine ring but lead to reduced reaction kinetics. However, if improved tetrazine
stability is required, a high reaction rate can be retained by using a dienophile with an increased
reactivity such as trans-cyclooctene.

The reaction between nitrile oxide and norbornene is a member of the 1,3-dipolar cycloadditions [123].
In contrast to stable azides commonly used as 1,3-dipoles, the majority of nitrile oxides are chemically
unstable [192]. They show dimerization to furoxanes and 1,4,2,5-dioxadiazines [192,193]. To avoid
nitrile oxide loss, Truong et al. presented the in situ generation of nitrile oxides for the preparation of
hydrogels [59,60]. In this approach, the more stable hydroximoyl chloride was used as a precursor. After
administration and combination with norbornene moieties, hydroximoyl chloride reacted at the

operating site to nitrile oxide without requiring any catalyst to form the hydrogel.
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The SPOQC is based on a similar principle. Here, catechol moieties are oxidized to 1,2-quinone
functionalities by the addition of, e.g., sodium periodate or mushroom tyrosinase [105]. These additional
components are a prerequisite for the proceeding of the cross-linking reaction with alkynes. Even though
this reaction was developed to achieve spatiotemporally controlled gel formation [105,194], this
provides additional beneficial protection of reduction-sensitive 1,2-quinones [195].

Other redox-sensitive groups used for hydrogel preparation are thiols. They tend to form disulfides,
especially with increasing pH and temperature [196]. For example, thiol-functionalized PEG
macromonomers showed low stability over only a few minutes after dissolving in 0.3 M triethanolamine
(pH 8), impacting storage and hydrogel preparation negatively [86]. Therefore, it is often necessary to
treat them with a reducing agent such as dithiothreitol to ensure no present disulfides. Usually, this is
done before use to reduce any disulfides, which is extremely cumbersome and costly. To avoid these
steps and to provide necessary protection against moisture and oxygen, thiol-modified macromonomers
have to be stored under inert gas at low temperatures [86].

A different type of reactivity impairment of functional groups shows trans-cyclooctene, which reacts
with tetrazine via iEDDA reaction. Here, isomerization to the more stable cis-derivative can occur [197].
This has a negative impact on the gelation time because the cis-isomer exhibits a 106-fold lower rate
constant compared to the trans-isomer [198]. Triggers of this isomerization are of different nature.
Besides the presence of thiols, copper-containing proteins can be the reason [199,200]. Temperature and
light sources can also cause the reactive trans-cyclooctene to become a cis-isomer [201,202]. Rossin et
al. found that a trans-cyclooctene tag could be deactivated in vivo by interaction with copper-containing
proteins [200]. Shortening the distance of a linker between trans-cyclooctene and a lysine residue
increased the steric hindrance. This in turn interfered with the interaction between trans-cyclooctene
and serum proteins and, hence, stabilized trans-cyclooctene.

A further way to improve trans-cyclooctene’s stability was to design conformationally strained trans-
cyclooctene derivatives, as described by Darko et al. [203]. By synthesizing a cis-dioxolane-fused trans-
cyclooctene, electron density decreased, stabilizing trans-cyclooctene against isomerization.
Additionally, increased hydrophilicity of trans-cyclooctenes due to functionalization with dioxolane is
advantageous regarding the use for agueous systems such as hydrogels [204].

The introduction of ring strain-promoted dipolarophiles was a major achievement for the stride of
CuAAC to SPAAC, as reaction rate was maintained while avoiding toxic copper catalysts. However,
due to destabilization via ring strain, cyclooctynes are very reactive. They are air-sensitive and can
polymerize or rearrange to more stable isomeric hydrocarbons [205,206]. To store cyclooctynes,
complexation with B-cyclodextrin has been described [207]. For this, difluorobenzocyclooctyne was
trapped in a stable inclusion complex with B-cyclodextrin, which could be stored as lyophilized powder.
However, prior to use, B-cyclodextrin had to be removed by organic solvents, being very cumbersome

regarding hydrogel preparation with cyclooctyne-functionalized macromonomers.
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A more promising way to stabilize cyclooctynes is to replace a carbon atom with larger sulfur, leading
to thiacyclooctynes [208]. In this way, the destabilizing ring strain is relieved via ring expansion. In
comparison, unmodified cyclooctyne oligomerized during concentration and storage, whereas
thiacyclooctyne was stable. However, lowering the ring strain decreases the reaction kinetics.

In contrast, the incorporation of nitrogen causes an increased ring expansion due to the shorter carbon-
nitrogen bond. Different than expected it was possible to store aza-dibenzocyclooctyne over months at

room temperature without polymerization [209].

6  Off-target interaction

Chemically cross-linked hydrogels are often used for the delivery of cargo including small and large
molecules as well as cells. Thereby, during in situ encapsulation, the cross-linking reaction should be
inert towards the cargo unless it is requested. Otherwise, interaction could result in covalent bonds
between the hydrogel matrix and the embedded substances [210]. This in turn can cause changes in
activity up to complete inactivation of the cargo [87,211]. Furthermore, release kinetics depend on the
possibility to diffuse freely out of the matrix. An unwanted tethering to the network leads to a delayed
or even incomplete release and, hence, compromises the therapy [28,212]. At worst, conjugates of

hydrogel residues and cargo can cause immunogenic response [211].

Scheme 1: Example of an off-target reaction between maleimide moieties and a protein’s amine groups. Image
from the RCSB PDB (www.rcsh.org) of PDB ID 6LZM [213] was created with Mol* viewer [214].

Cross-linking reactions are sensitive towards various functionalities (Scheme 1). For example, genipin
coupling, Schiff-base formation, and carbamate formation involve amine groups [99,126]. DA reaction,
Michael-type addition, thiol-yne click chemistry, radical polymerizations, and disulfide exchange show
reactivity to nucleophile groups (e.g., thiol and amine groups) [126]. Since thiol and amine groups are
present for many molecules used as cargo, especially proteins, side reactions occur. To verify this, the
degree of side reactions during different cross-linking reactions was measured for lysozyme [210]. Only
38.9, 70.3, and 29.3% of lysozyme were found unreacted for the DA reaction, Michael-type addition,
and a radical polymerization, respectively.

One way to circumvent unwanted interactions is the bioorthogonal cross-linking strategy. The key
feature of this approach is the use of cross-linking reactions, whose functional groups show high

reactivity and selectivity to the respective counterpart as well as inertness to biological
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functionalities [47]. CUAAC, SPAAC, SPOQC, nitrile oxide-norbornene cycloaddition, and iEDDA
reaction are all postulated to be bioorthogonal [47,54,59,105,124]. However, caution is necessary
because side reactions in the presence of biomolecules, especially proteins, are not completely excluded
[177]. For example, during the iEDDA reaction between tetrazine- and norbornene-modified PEG
macromonomers, approximately 11% of the model protein lysozyme were modified [65]. Side reactions
between nucleophile thiol groups and electrophile tetrazines were indicated as the reason [215].
Interaction with nucleophiles was also described for cyclooctynes, 1,2-quinones, and nitrile oxides
[209,216,217]. Nevertheless, only a very small amount of the cargo should react with these cross-linking
reactions, leaving the main part unmodified. Additionally, by increasing the molar ratio of the functional
groups towards the less reactive moiety, off-target reactions are further reduced.

The reactivity of cargo’s amines and thiols can also be lowered by pH changes. Acidic environment
leads to protonation of amines to ammonium groups and prevents thiolation of thiols, decreasing the
nucleophilicity of both, amines and thiols [177,218]. For example, reduced side reactions at pH 4 have
been shown for the DA reaction and Michael-type addition [212]. In contrast, an increase to pH 9 caused
a very high amount of modification. While working at lower pH is advantageous against off-target
reactions, patient compliance does not allow injection of solutions with too low pH value as mentioned
before. In addition, unphysiological pH may influence the stability of the cargo such as proteins [219].
A completely different approach represents hydrogel loading after gelation via post-fabrication
equilibrium partitioning [211]. Thereby, the cross-linked hydrogel network is incubated in a
concentrated solution containing the cargo [12]. In this way, the hydrogel gets loaded. Since almost all
functional groups have reacted, interaction with the cargo is reduced to a minimum, and cargo integrity
is ensured. However, this method can only be used if the cargo can diffuse into the network, which
requires a smaller hydrodynamic diameter of the active substance than the mesh size of the hydrogel.
Moreover, control of the quantities loaded into the hydrogel represents an obstacle [211], and loading
after gelation is not feasible for in situ gelation. Therefore, different approaches are required.
Considering protein-polymer interaction, the human growth hormone was precipitated by adding zinc
ions or linear PEG before gelation to protect it from side reactions during cross-linking via Michael-
type addition [88]. Thereby, precipitates prepared with zinc ions additionally dissolved more slowly,
leading to a more controlled release. However, precipitation might cause protein degradation and
denaturation [210].

As an approach based on solvation, Censi et al. exploited hydrophilic and hydrophobic areas in a
hydrogel to prevent proteins from modification during photopolymerization [220]. An ABA triblock
copolymer consisting of thermosensitive methacrylated poly(N-(2-hydroxypropyl)methacrylamide
lactate)s (A-blocks) and hydrophilic PEG (B-block) was used as hydrogel backbone. Dual cross-linking
was carried out via thermogelation and UV polymerization of the methacrylate groups with Irgacure
2959 in the hydrophobic domains of the hydrogel. Thereby, proteins preferred to reside in hydrophilic

chemically non-cross-linkable areas, preserving their activity during cross-linking.
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Suppressing side reactions between hydrogel precursors and proteins can be achieved via “shielding” of
proteins [90,210]. Different polyanions were investigated for their ability to reduce side reactions. The
ionic interaction between polyanions and proteins resulted in the formation of colloidal particles and
protected them from unwanted protein-polymer conjugation. In this way, dextran sulfate completely
prevented side reactions during DA reaction. This “shielding” mechanism was also successfully used
for other cross-linking reactions and polyanions. For example, approximately 71% of lysozyme
incubated with vinyl sulfone- and thiol-functionalized methoxy PEG at pH 7.4 and 37 °C for 1 day were
PEGylated. The addition of poly(acrylic acid) significantly decreased the PEGylated lysozyme amount
to 29%. However, poly(acrylic acid) was not able to decrease lysozyme PEGylation during a radical
polymerization. Furthermore, as the authors stated, protein-polyanion complexation might affect the
chemical integrity and activity of the protein. Before using polyanions for “shielding” of proteins, the
right polyanion-protein formulation must be evaluated to ensure preservation of protein activity.
Besides maintaining functional group stability, as mentioned in section 5, we showed that the anhydrous
hydrogel preparation prevented also proteins from interacting with functional groups of hydrogel
precursors [37]. For this, we prepared a powder blend consisting of a 1:1 mixture of furan- and
maleimide-functionalized eight-armed PEGs and the model protein lysozyme. After heating above the
melting point of the PEG derivatives, a three-dimensional network was formed via DA reaction in the
molten state. The protein did not dissolve in the PEG melt and remained in solid state during the whole
polymerization process. Hence, no interaction between the enzyme and PEG macromonomers was
possible. This was confirmed via SDS-PAGE and activity assessment. However, after incubation in
water, the remaining free functional groups might react with lysozyme, which dissolved after water
contact. To check this, the release of the model protein from the hydrogels was analyzed. Lysozyme was
found to freely diffuse out of the hydrogel matrix without activity impairment, indicating no subsequent
side reactions. This water-free encapsulation of solid material is similar to the hot-melt extrusion with
poly(lactic-co-glycolic acid) (PLGA) that was already used to embed proteins in polymeric
implants [221].

7 Release

Since hydrogels represent a very crucial and important tool in the field of drug delivery, this topic will
be examined in more detail. The fact that hydrogels are able to deliver a wide range of drugs from small
molecules over large proteins up to cells distinguishes them as a very versatile technology. Their three-
dimensional structure, which serves as transport vehicle for embedded bioactive molecules, is the reason
why drug delivery is possible at all. Due to the high amounts of water (up to 99%), hydrogels provide a
microenvironment similar to tissues, which is beneficial for the stability of sensitive substances such as
biopharmaceuticals. Furthermore, hydrogels can protect biopharmaceuticals from degradation via

inwardly diffusing substrates such as enzymes, cytokines, T-lymphocytes, and antibodies. For example,

37



Chapter 1: Challenges of covalently cross-linked hydrogels

Su et al. embedded cells that secreted insulin to achieve glucose-stimulated release into PEG-based
hydrogels cross-linked via NCL [93]. The incorporation of a cytokine-inhibitory peptide preserved the
bioactive cargo from damage induced via cytokines and increased cell viability. Moreover, these drug
delivery systems can prolong half-lives of biologics, which usually vary between days to weeks after
administration, making repeated injections necessary to maintain therapeutic levels for long-term
treatment [185]. To address this, hydrogels are able to release therapeutic proteins in a controlled manner
over the desired timescale [222]. Thereby, the requirement of only a single injection increases patient
compliance and reduces health expenditure.

In general, release from hydrogels depends on factors concerning both the hydrogel network and the
drug itself. These include swelling and degradation of the network, drug diffusivity, hydrodynamic
diameter of the drug, and hydrogel mesh size [223-225].

Swelling and degradation of the hydrogel network impact the mesh size present in the hydrogel.
Thereby, mesh size increases by cleavage of linkages (degradation) and network expansion due to the
inwardly diffusing water (swelling) [223]. The more proceeded swelling and degradation the larger the
mesh sizes. Therefore, both factors directly impact the release kinetics of drugs from the hydrogel
network. As degradation was already the subject in section 4, we will focus on the remaining issues.
The diffusivity of a drug is a physicochemical parameter that affects passive diffusion through
barriers [226]. In the case of drug release from hydrogels, diffusivity describes the extent to which the
hydrogel network influences diffusion and, therefore, can be used for the prediction of release kinetics.
For the determination of drug diffusivity, the drug diffusion coefficient in pure solvent (D) is calculated

according to the Stokes-Einstein equation (2):

kT
Do = (2)
6mnTy

wherein k is the Boltzmann constant, T the temperature, n the viscosity of the solvent, and ry the
hydrodynamic radius of the drug.

Thereby, 1 of the drug can be determined via several methods such as dynamic light scattering [227],
electrophoresis [228], pulsed field gradient NMR spectroscopy [229], viscometry [230], and size
exclusion chromatography [231].

However, in hydrogels, the presence of a cross-linked network leads to steric hindrance and frictional
drag [223,232], whose extent is described by polymer concentration and composition. All these factors
impact drug diffusivity. To take this into account, the network structure can be related to the drug

diffusivity in hydrogels (Dy) by a free-volume approach suggested by Lustig and Peppas [224,233]:
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o= (1-9) ) ©

In this equation (3), & is the average mesh size in the hydrogel network, Y is the ratio of the critical
volume required for a successful translational movement of the solute molecule and the average free
volume per solvent molecule [232], and v, is the polymer fraction in swollen state.

The last point affecting the release kinetics is the average mesh size present in a hydrogel network. To
examine the mesh size of hydrogels, various methods have been suggested. Techniques that allow the
determination of the mesh size and its distribution include small-angle X-ray scattering [234], small-
angle neutron scattering [22], NMR spectroscopy [42], neutron spin-echo spectroscopy [22], differential
scanning calorimetry [235], rheology [79], and swelling studies [99]. The latter is the most common
method to get information about the average mesh size. It is based on the equilibrium swelling theory.
By using a modified Flory-Rehner equation (4) the number of moles of elastically active chains in the
hydrogel network (v,) can be calculated [77,236,237]:

o= I —va9) + vy + 215] .
e 1
V1v2c [(b)§ _ 2 (vZS) ( )

V¢

f V¢

V, is the volume of dry polymer, V; is the molar volume of the swelling agent, ; is the Flory-Huggins
interaction parameter of the used polymer in water, and f is the functionality number of the
macromonomers. The polymer fraction of the hydrogel after cross-linking (v,.) and the polymer fraction
in swollen state (v,;) are experimentally determined based on Archimedes’ principle of buoyancy.
Finally, the average network mesh size () is obtained by equation (5) [38,238]:

1
21 2

2m 1
_ 3 p 2
§ = Vg l(veMr> Ca )

wherein [ is the average bond length along the polymer backbone, m,, is the total mass of polymer in
the hydrogel, M, is the molecular mass of polymer’s repeating unit, and C,, is the Flory characteristic
ratio.

Since swelling, degradation, and diffusivity in the hydrogel network are connected to the average mesh

size, we will focus on the relation between mesh size and the hydrodynamic diameter of the cargo.
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Figure 2: Release kinetics described by the ratio between hydrodynamic radius of the embedded cargo (1) and
mesh size of the hydrogel (¢). Rapid diffusion-controlled release for 2ry; << & (A), more sustained release for
2ry = & (B), and delayed release for 2ry > & (C). For C, complete release is achieved by mesh size increase due

to swelling and degradation. Images from the RCSB PDB (www.rcsh.org) of PDB ID 6LZM [213] and 1CF3 [239]
were created with Mol* viewer [214].

If a drug is encapsulated into a hydrogel network without covalent or physical attachment, the network

mesh size and the hydrodynamic diameter of the drug determine how fast the cargo gets released
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(Figure 2). The drug is only able to leave the network if its hydrodynamic diameter is smaller than the
mesh size of the hydrogel. Therefore, embedding drugs with significantly smaller hydrodynamic
diameters than the mesh size of the hydrogel leads to a very fast diffusion-controlled release. Usually,
the release is maintained over hours to a day at most [223]. This is what most hydrogels are prepared
for. Using drugs with a hydrodynamic diameter in the range of the mesh size, the release gets more
sustained. To achieve delayed release, the hydrodynamic diameter of the cargo has to be larger than the
mesh size. In this case, the molecules are entrapped in the network, and diffusion out of the matrix is
only enabled by mesh size increase through hydrogel swelling or degradation [65]. This release behavior
is degradation- or swelling-controlled.

For a sustained release over an extended time, the mesh size distribution gets more important. Due to
the inhomogeneities caused by the polymerization process, the hydrogel network consists of a variety
of differently sized meshes, whereas the mesh size is given as an average value [42,225]. If the average
mesh size is smaller than the hydrodynamic diameter of the drug, the drug can only pass larger meshes.
During this period, a reduced release is observed. If the network does not expand, the release would
gradually stop, and still remaining cargo would be entrapped in the hydrogel. To continue the controlled
release, the meshes have to enlarge. This can be achieved by the incorporation of cleavable groups in
the hydrogel backbone, as described in section 4. By the degradation time of these functional groups,
the release time can be controlled. Slowly degrading groups can prolong the release. For example, we
developed hydrogels with slowly hydrolytically cleavable ester groups [65]. Using a polymer
concentration of 15% (w/v) led to hydrogels being stable for more than 500 days. The average mesh
size was found to be approximately 4.1 nm. When embedding glucose oxidase with a hydrodynamic
diameter of 8.6 nm [228], a sustained release over more than 250 days was achieved.

This method is ideal for large drugs such as therapeutic proteins. For smaller molecules, a different
approach is required because hydrogel mesh size can only be reduced to a limited extent [223]. For
example, covalent tethering of the cargo to the hydrogel network represents one way to control the
release of smaller molecules from the hydrogel. In this way, complete initial release via diffusion is
prevented and the drug is only released when the linkage between drug and tether is cleaved. The
mechanisms causing cleavage of the linker are similar to those that lead to hydrogel degradation
(e.g., hydrolysis, oxidation, enzymes) as described in section 4. Hammer et al. showed that lysozyme
can be released over a time of 28 days despite having a hydrodynamic diameter of 3.8 nm that is
significantly smaller than the average mesh size of the used 5% (w/v) four-armed PEG-hydrogels that
was found to be in the range of 16.3 to 21.2 nm for comparable hydrogels [52,99,240]. Due to covalent
binding of lysozyme to the hydrogel backbone, a reduced initial release was obtained [52]. The use of
differently stable carbamates as biodegradable linkages between lysozyme and the hydrogel backbone
allowed the tuning of the release time from 4 to 28 days. The possibility of tailoring the time of release
that can also be seen for other linkages [57,58] is advantageous, as it can be adjusted for various needs

of the respective application. However, one obstacle of tethering molecules to the hydrogel backbone is
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that the conjugation may decrease the bioactivity of fragile drugs such as proteins and peptides [211].
Additionally, released fractions of the tethers or drug hydrogel conjugates can lead to unwanted
immunogenic responses.

To circumvent this, tethering to the hydrogel backbone can also be achieved by exploiting physical
interactions such as electrostatics or hydrophobicity. In this case, the drug is non-covalently linked to
the hydrogel backbone and enabled to be released when the interactions are reduced by hydrogel erosion
or inwardly diffusing water. For this, hydrogel backbones that contain drug affine functionalities are
synthesized. Huynh and Wylie modified agarose with desthiobiotin to extend the release of a
streptavidin-bevacizumab conjugate from agarose-desthiobiotin hydrogels [222]. The underlying
mechanism was the streptavidin-desthiobiotin complexation that led to an extended release of
bevacizumab over 100 days. As a further advantage, the release kinetics of the antibody could be tuned
by altering the biotin concentration.

Besides the use of drug affine functionalities in the hydrogel backbone, additional unconnected
macromolecules can be embedded into the hydrogel that exhibit affinity to the respective drug. Thereby,
these macromolecules are larger than the mesh size of the hydrogel and are retained in the network. The
polyanion heparin is one such macromolecule that was successfully used to tune the release of cationic
growth factors [90,241]. In this way, the amount released of the vascular endothelial growth factor from
hyaluronic acid-based hydrogels was reduced from 30 to 21% for hydrogels containing 0.03% heparin
and to 19% for 3% heparin compared to hydrogels without heparin after 42 days [90].

A release of antibodies over 100 days is also possible by using self-assembling peptides as hydrogel
scaffolds as shown by Koutsopoulos and Zhang [242]. Thereby, embedding of the human
immunoglobulin G (IgG) was carried out via self-assembling in the presence of an electrolyte solution.
Due to the affinity between protein and peptide, 1gG could be released over an extended time of more
than 100 days.

Based on the similar principle, Wang et al. developed an injectable PEG-based hydrogel for the affinity-
controlled release of neurotrophin-3 [89]. The incorporation of peptides into the hydrogel resulted in a
threefold slower release than unmodified PEG-hydrogels. The release kinetics could be changed by the
ratio of peptides to proteins in the hydrogel. By using three different peptides, the authors additionally
showed how the affinity to the respective peptide influenced the protein release.

However, one limitation of using physical affinity for tuning the release kinetics is the limited broad
applicability. For affinity-controlled release, the matching affine group has to be found that seems not
possible for every drug.

Another way to delay the release is to increase the drug size. This can be done via encapsulation of the
drug into a carrier material such as particles. Subsequently, these particles are embedded into hydrogels.
Due to an adjustable size, the particles release can be tailored based on the aforementioned principle of
hydrogel mesh size. As the last step, degradation of the released particles leads to the liberation of the

drug. For the preparation of different particle sizes, various methods have been used, thus far. PLGA

42



Release

microspheres containing dexamethasone were prepared using a solvent evaporation method [243].
Embedding into PVA-based hydrogels resulted in a release over 120 days with different release kinetics
depending on the microsphere size.

Peng et al. incorporated biodegradable poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX)
nanoparticles into chitosan-based hydrogels for the long-term release of insulin [244]. Compared to the
release of free insulin that lasted 15 days, the PHBHHX nanoparticles significantly prolonged the release,
as only approximately 20% of the protein was released after 30 days.

While the use of mediated carrier systems makes the extended controlled release of small molecules
possible, loading capacity gets impacted for larger drugs such as proteins. Here, the additional
embedding of material decreases the already limited loading capacity of common hydrogels [28].

This limited loading capacity represents a common obstacle for a variety of hydrogels. For example,
hydrogels prepared for the release of small hydrophobic molecules generally show low loading capacity
due to the poor water solubility of these drugs. A way to increase the number of hydrophobic drugs in
hydrogels was described by Ci et al. [245]. They used in situ crystallization of 10-hydroxycamptothecin
that was triggered after shifting the pH value and occurred after gelation. In this manner, an increased
amount of drug could be loaded and released over 30 days.

Regarding the delivery of therapeutic proteins, the application becomes more challenging. Here, the
presence of higher molecular weight proteins causes more imperfections in the network during cross-
linking. Thereby, the cross-linking density decreases with more present proteins, which in turn
accelerates the release kinetics [246]. Thus, typical loading capacities of conventional hydrogels for
sustained release are in a range of 0.01 to 1.0 mg/ml (i.e., approximately 0.001 to 0.1% (w/w)) [247].
Since the tolerable injection volume of subcutaneous injections is below 2 ml [248,249], this low loading
capacity is especially a challenge for the maintenance of a sufficient plasma concentration of antibodies
over a therapeutic time of months to years.

To overcome this limitation, the addition of clay nanoparticles in alginate-based hydrogels resulted in
an increased loading capacity of 8 mg/ml (i.e., approximately 0.8% (w/w)) [247]. The authors suggested
that the large negative surface of the nanoparticles adsorbed the positively charged insulin-like growth
factor-1 mimetic protein conjugated with a linear PEG chain, which caused the assemblance into
microparticles. Additional to the higher loading capacity, the release kinetics were slowed and extended
by this increased protein amount. While this approach seems promising, a loading capacity of hydrogels
should be ideally in the order of 10% (w/w) [28].

To achieve such high loading, our anhydrous preparation of PEG-based hydrogels can be used [37]. Due
to the absence of water, more proteins can be embedded without detrimentally impacting the cross-
linking density. Loading capacities of 5, 10, and 15% (w/w) did not impact the release kinetics and led

to similar releases over 100 days. Furthermore, even higher loading capacities seem possible in this way.
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8  General considerations and obstacles

In the last section, general considerations considering hydrogel preparation will be subject of the
discussion. One important aspect of a successful biomedical hydrogel application is cytocompatibility.
The more toxic, the more unlikely a hydrogel will be considered for in vivo use. Toxicity can occur for
different steps of a hydrogel preparation. If toxic educts are used during the synthesis, the purification
steps have to guarantee no remaining educts in the final product. Further, the right choice of the polymer
backbone is crucial. For example, natural polymers can evoke immunogenic reactions [12]. Therefore,
switching to synthetic polymers that can be designed to the respective requirements is often
advantageous. Also, the right cross-linking reaction has to be considered. Functional groups such as
maleimide, acrylate, or aldehyde that show toxicity for example via cross-reactivity to the tissue or via
changing the pH should be avoided if the benefit of using them does not outweigh the disadvantages
[126,212]. Likewise, catalysts can cause severe damage to biomolecules at the operating site [118]. The
copper ions used for the CUAAC reaction cause harm to proteins, nucleic acid, polysaccharides, and
lipids even at low concentrations either by themselves or as a result of the formation of reactive oxygen
species [119]. Therefore, the CUACC should be exchanged by a copper-free alternative. Moreover, the
creation of non-toxic products and side-products is a vital characteristic of cross-linking reactions. Here,
reactions generating potential toxic side-products such as NCL or oxidizing environment harmful to
cells such as the SPOQC should be used with careful consideration [64,167].

Another aspect that affects the usability of hydrogels are the syntheses of the respective hydrogel
precursors. Materials that are easy to synthesize and store are superior to polymers, which are laborious
and cumbersome to produce. In this way, money can be saved, which is a crucial factor for development.
For example, the syntheses of the cyclooctynes for the SPAAC reaction and the trans-cyclooctene for
the iIEDDA reaction involve multiple difficult synthesis steps, which makes the syntheses and the
produced polymer very expensive [54,177,250]. This in turn is disadvantageous for scale-up syntheses
[59]. As a further example, the tetrazine groups of the iIEDDA reaction require expensive nitrile
compounds as educts. Furthermore, the yields of tetrazine synthesis are quite low, especially for
additionally substituted tetrazines [61,65]. Additionally, water-sensitive functional groups also pose an
obstacle, as they require water-free handling and storage. Otherwise, hydrolysis would reduce the
number of reactive groups adversely impacting the reproducibility of the hydrogel preparation.

The last point to be mentioned regarding hydrogel preparation is sterilization. Since hydrogels are used
in the human organism, sterilization or aseptic preparation are mandatory. Otherwise, contaminated
material could lead to major health concerns. Different sterilization methods are known for already
formed hydrogels but as hydrogels are aqueous materials with well-defined architecture, care has to be
taken to ensure that the properties of the three-dimensional network are maintained as much as possible.
A case-by-case consideration is required for each hydrogel and bioactive substance contained in the

hydrogel. Each hydrogel responds differently to the respective sterilization method. Changes due
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to sterilization may include reduction of swelling, accelerated release kinetics, decrease in surface
roughness, and increase in free-radical concentrations [251]. Sterilization methods used for hydrogels
include steam heat, ionizing irradiation, gases, and liquids [252].

Another approach is sterilization prior to hydrogel formation, which concerns in situ forming hydrogels.
To avoid any damage on the hydrogel precursors and their functional groups, handling with care is
required as well. For example, polymers such as poly[N-(2-hydroxypropyl)methacrylamide] and PVP
show lower sensitivity to ionizing radiation than PEG and poly(2-ethyl-2-oxazoline) [253]. A less
aggressive sterilization method is sterile filtration through a filter membrane with a maximum pore size
of 0.22 um. However, highly concentrated solutions lead to an increase in viscosity and, thus, complicate
filtration. Furthermore, dissolution of these hydrogel precursors in a suitable sterilizing liquid such as
ethanol is also possible. After sufficient time, the solvent has to be removed. However, until

administration, work has to be carried out under sterile conditions.

9 Conclusion

Due to their complex three-dimensionality, chemically cross-linked hydrogels are a versatile material
for biomedical applications such as tissue engineering, drug delivery, and personal hygiene. However,
to increase the prospects of successful hydrogel development, a wide range of criteria has to be weighed.
For example, hydrogels with tunable mechanical properties and stability are beneficial in the field of
tissue engineering. In contrast, when used as a depot system for active pharmaceutical ingredients,
factors such as release kinetics or off-target interaction should be taken into account in the selection of
the respective hydrogel formulation. Biodegradation, gelation rate, and stability of the functional groups
are further features that are crucial for the handling and the performance of hydrogels. In addition, it is
also important to take a closer look at aspects that are often neglected such as toxicity, synthesis, and

sterilization.
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Goals of the thesis

Besides applications such as tissue engineering, wound dressing, and contact lenses hydrogels serve as
powerful platform for the preparation of drug delivery systems to treat various diseases [1,2]. Especially,
in situ forming hydrogels being used as drug depots are advantageous since they can be administered
simply via injection [3]. Thereby, more benefit of hydrogels is achieved with the ability to release the
cargo continuously over a long timescale avoiding booster injections and increasing therapeutic success.
In this regard, there are many approaches among hydrogel cargo combinations for a multitude of
diseases. A very attractive opportunity is the delivery of biopharmaceuticals. In recent years, a great
deal of effort has been invested in the research and development of this class, which includes a broad
spectrum of pharmaceutical drugs originating from biological sources [4]. Due to their suitable size,
therapeutic proteins in particular show great potential for the controlled release from the three-
dimensional structure of hydrogels. These proteins are used for the treatment of various diseases such
as age-related macular degeneration, cancer, rheumatoid arthritis, or psoriasis [5-8]. Conventionally,
they are injected intravenously at a specific interval to maintain therapeutic levels. For example, the
human epidermal growth factor receptor 2 monoclonal antibody trastuzumab is administered once every
three weeks over a time of a year for the treatment of early-stage breast cancer [9]. However, the
systemic administration of high doses of these proteins might cause side effects such as cardiac
dysfunction or immune reactions [10]. Here, the use of hydrogels as drug depots is of great benefit in
the delivery of therapeutic proteins since high antibody doses can be avoided while maintaining the
therapeutic level over a long timescale, leading to reduced side effects.

While a high quantity of literature reveals the effort that was devoted to this field, there are still
limitations complicating the successful usage of hydrogels for protein delivery as described in
Chapter 1. Even though water compared to alternative solvents such as NMP or DMSO is beneficial
regarding compatibility and creating a microenvironment for biopharmaceuticals similar to tissues [11],
many of these obstacles originate from its use. For example, the presence of water can impact the
stability of the hydrogel precursor and the protein and can facilitate off-target reactions between
functional groups of the polymer moieties and the cargo [12,13]. Furthermore, polymeric systems with
a high amount of water often show reduced mechanical properties and low drug loading capacity [14].
Thereby, an obvious exchange of water to an organic solvent would only shift the issue. Therefore, the
goal of the thesis was to develop anhydrous in situ forming hydrogels for the controlled release of
proteins over an extended time. In this way, the benefits of hydrogels as protein delivery systems were
maintained while avoiding the water-related drawbacks of conventional hydrogel preparation.

To enable solvent-free cross-linking, the mobility of the macromonomers has to be ensured by another
way for competitive groups to find and react with each other. In the first approach, furan- and maleimide-
functionalized eight-armed poly(ethylene glycol) (PEG), which were used for the preparation of
conventional hydrogels so far, were investigated for solvent-free polymerization via Diels-Alder (DA)
reaction and the ability of embedding proteins. This was to be achieved by working above the melting

point of these precursors. In this way, hydrolysis-prone maleimide groups should be protected and off-

67



Chapter 2: Goals of the thesis

target reactions between proteins and polymer moieties prevented. In addition, due to the absence of
solvent, more space should be provided for the cargo, leading to an increased loading capacity without
the release kinetics being impacted by the loading level (Chapter 3).

The DA reaction between furan and maleimide offers many benefits (e.g., no toxic side-products,
reversible cross-linking, no requirement of catalysts). However, the slow reaction kinetics does not
allow the DA reaction for the preparation of in situ forming hydrogels. To solve this, the fast-proceeding
inverse electron demand Diels-Alder (iIEDDA) reaction between norbornene and tetrazine could be used
as cross-linking reaction. As additional advantage, this reaction exhibits bioorthogonality resulting in
reduced off-target reactions with proteins in aqueous solution. To assess the suitability of the iEDDA
reaction as cross-linking reaction in combination with multi-armed PEG macromonomers for the
preparation of protein delivery systems, eight-armed PEGs were modified with norbornene and
tetrazine. The resulting conventional hydrogels were characterized regarding gelation time, off-target
reaction, stability, and protein release (Chapter 4).

As mentioned above, the iEDDA reaction between norbornene and tetrazine shows a substantially
higher reaction rate than the classical DA reaction without losing the same benefits. Only reversibility
is no longer feasible due to the additional formation of nitrogen. To prepare biodegradable hydrogels,
the incorporation of cleavable groups into the hydrogel precursors is necessary. To achieve this, different
hydrolyzable groups were synthesized into the macromonomers, and the degradation time of the
hydrogels was measured. Moreover, the impact of the cleavable groups on the gelation time, mechanical
properties, and release was investigated (Chapter 5).

Finally, an administration of a water-free protein depot via simple injection would be superior to surgical
implantation regarding patient compliance and personnel costs. In this way, complementarily modified
macromonomers that are liquid below body temperature would lead to the formation of a protein
delivery system after contact. However, eight-armed PEGs show melting points above 37 °C. Therefore,
four-armed PEG macromonomers with a small molecular weight that are liquid even at low temperatures
were functionalized with norbornene and tetrazine. The polymerization time, mechanical properties, and
polymer structure were analyzed as a function of the chemical nature of the used functional groups.

Moreover, biodegradation and protein release were evaluated (Chapter 6).
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Abstract

Hydrogels are very attractive materials to embed biologics for controlled release over long timescales.
However, aqueous preparations pose certain obstacles regarding protein integrity, stability of functional
groups, and loading capacity. To overcome these obstacles, the Diels-Alder reaction of furyl- and
maleimide-functionalized eight-armed poly(ethylene glycol) (PEG) was used for the polymer
preparation in the melt. The water-free reaction was investigated for protein interactions, protein- and
maleimide group stability, and protein loading capacity. The melt polymerization was found to be highly
protective against protein PEGylation and maleimide hydrolysis. The polymer gels were evaluated as a
potential release system for biologics, achieving controlled release of the model protein glucose oxidase
over a time period of 100 days. Furthermore, the loading could be increased to 15% (w/w) without
influencing the release kinetics. This work represents a promising-preparation method for degradable
and water-free drug delivery systems that can be used to encapsulate biologics for controlled release.
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Introduction

1 Introduction

Although hydrogels are promising materials for releasing biologics over long periods of time [1],
aqueous processing is challenging for some systems. First, commonly used cross-linking reactions like
Michael-type addition, Diels-Alder (DA) reaction, or radical polymerization tend to allow for side
reactions with the embedded proteins [2]. Nucleophilic amino acid residues such as cysteine and lysine
are particularly affected [3]. These side reactions can result in loss of bioactivity, delayed or incomplete
protein release, and increased risk of an immune response [4,5]. To prevent uncontrolled cross-linking,
Gregoritza et al. [6] used polyanions to “shield” the embedded proteins. However, only positively
charged proteins can be protected by this strategy. Van de Wetering et al. [7] showed that precipitation
of proteins such as human growth hormone by zinc ions or linear poly(ethylene glycol) (PEG) protects
the protein from reaction with gel precursors during gelation. Nonetheless, protein aggregation and
denaturation are not completely prevented during precipitation. Moreover, additional excipients are
required for both the shielding and precipitation of proteins, which could negatively impact the already
limited loading capacity. Furthermore, the presence of water is pivotal to the question of protein stability.
Many of them are prone to chemical degradation in water [8,9] and should only be dissolved right before
application to avoid unnecessary water contact. In addition to protein activity loss, functional groups of
the polymer precursors such as maleimides and tetrazines tend to undergo hydrolytic degradation in
water. While tetrazine groups degrade under both acidic and basic conditions [10,11], maleimide groups
are especially prone to hydrolysis in basic solutions via OH"-catalyzed ring opening [12]. Because the
degradation products are unreactive and result in poorly cross-linked systems, materials containing these
functional groups require fast processing after dissolution in water. A final concern is the poor loading
capacity of conventional hydrogels that severely limits their applicability [13,14]. A desired loading of
around 10% (w/w) often results in a less cross-linked system that leads to fast and uncontrolled drug
release.

All of these drawbacks of conventional hydrogel preparation could be overcome by embedding proteins
in the solid state. For this, the polymeric material needs to be processed in the absence of water at a
temperature above its melting point. Embedding proteins in solid state, e.g., via hot-melt extrusion, has
been carried out successfully with well-known polymers, such as poly(lactic-co-glycolic acid) (PLGA)
[15]. But the high temperatures required to produce long-term release implants can induce protein
denaturation [16]. Combining extrusion with melt polymerization via high temperature DA reaction
between furan and maleimide-modified macromers has already been performed in material engineering
for the synthesis of self-healing polymers [17-19]. However, the applied temperatures were above
80 °C, which could, as mentioned before, harm the integrity of temperature-sensitive proteins.
Therefore, to date, no protein depot system has been developed via cross-linking by DA reaction in the

melt at temperatures suitable for proteins.
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The aim of this study was to establish protein-loaded polymer hydrogels via melt polymerization. For
this purpose, a blend of furyl- and maleimide-functionalized multi-armed PEGs were prepared. After
melting at protein-compatible temperatures, furan and maleimide groups undergo DA reaction and form
a three-dimensional network. The melt polymerization was followed by rheology to determine
polymerization time and the gel point. The stability of the functional groups was investigated, and
possible interactions with the model protein lysozyme were explored. Afterwards, swelling and
degradation studies were performed, and cytotoxicity was assessed. Finally, the polymers were loaded
with different amounts of the model drugs lysozyme and glucose oxidase (GOx), and the in vitro release

was analyzed.

2  Materials and methods
2.1 Materials

Deuterated chloroform, N,N’-dicyclohexylcarbodiimide, diisopropyl azodicarboxylate,
3-(2-furyl)propanoic acid, Eagle’s minimum essential medium (EMEM), fetal calf serum (FCS), GOXx
(Type X-S, from Aspergillus niger), hydrazine monohydrate, N-hydroxysuccinimide, lysozyme (from
chicken egg white), anhydrous methanol, N-methoxycarbonylmaleimide, micrococcus lysodeikticus,
protein LoBind Eppendorf tubes, QuantiPro™ BCA Assay Kit, sodium bicarbonate, and anhydrous
tetrahydrofuran were purchased from Sigma-Aldrich (Taufkirchen, Germany). Eight-armed PEGs with
molecular masses of 10 kDa (8armPEG10k), 20 kDa (8armPEG20k), and 40 kDa (8armPEG40Kk) were
received from JenKem Technology (Allen, TX, USA) and functionalized with furyl (e.g., 8armPEG10k-
furan) and maleimide groups (e.g., 8armPEKG10k-maleimide) as previously described [20].
Phthalimide and anhydrous sodium sulfate were received from Acros Organics (Geel, Belgium).
Cyclohexane and dichloromethane were purchased from Fisher Chemical (Loughborough, UK). Diethyl
ether (technical grade) was obtained from Jacklechemie (Nuremberg, Germany). Ammonium persulfate,
barium chloride dihydrate, 1,4-dioxane, glacial acetic acid, glycine, hydrochloric acid, di-potassium
hydrogen phosphate trihydrate, sodium azide, sodium dihydrogen phosphate monohydrate, sodium
hydroxide, and triphenylphosphine were received from Merck KGaA (Darmstadt, Germany). lodine
solution and tetramethylethylenediamine were purchased from Carl Roth GmbH & Co. KG (Karlsruhe,
Germany). Acrylamide/bis-acrylamide (37.5:1) solution, bromophenol blue sodium salt, and Coomassie
brilliant blue G-250 were obtained from Serva Electrophoresis GmbH (Heidelberg, Germany). Glycerol,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and sodium dodecyl sulfate
(SDS) were purchased from PanReac AppliChem (Darmstadt, Germany). 2-Amino-2-hydroxymethyl-
propane-1,3-diol was received from Affymetrix (Santa Clara CA, USA). Ethanol was purchased from
Labochem International (Heidelberg, Germany). Gibco Dulbecco’s phosphate-buffered saline was

received from Life Technologies (Darmstadt, Germany). Mouse fibroblast cells were a kind gift from
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the group of Prof. Armin Buschauer (University of Regensburg). Purified water was freshly prepared

using a Milli-Q water purification system from Millipore (Schwalbach, Germany).

2.2  Production of polymer precursor blends

For production of 8armPEG-furan and -maleimide blends, precursors with similar molecular weight
were used. For example, equal amounts of 8armPEG10k-furan and 8armPEG10k-maleimide were added
to cyclohexane. Subsequently, the suspension was minced and mixed using an Ultra-Turrax
homogenizer adjusted with a Thyristor Regler (all Ika, Janke & Kunkel, Staufen, Germany) to yield
small and uniform particles. The solvent was evaporated by vacuum drying to obtain a polymer

precursor blend.

2.3 Differential Scanning Calorimetry (DSC)

To study the melting points of the different blends, DSC measurements were carried out using a DSC
2920 (TA Instruments, Eschborn, Germany). Each blend was weighed and sealed into an aluminum pan
(SieberAnalytik G. Sieber, Meiningen, Austria). An empty pan was used as a reference. Throughout the
experiment, nitrogen gas with a flow rate of 65 cc/min was used to purge the cell. Blends were heated
from 0 °C to 100 °C with a heating rate of 10 °C/min. To evaluate the raw data, TA Universal Analysis

2000 software was used.

2.4 Rheological characterization

Oscillatory shear experiments were performed on a Malvern Kinexus Lab+ rheometer (Malvern, Kassel,
Germany) using an 8 mm parallel plate geometry with a gap size of 500 um at a constant frequency of
1.0 Hz. After casting 30 mg of a precursor blend onto the lower plate of the rheometer, vacuum was
applied using a vacuum chamber (Figure 1) to avoid air bubbles that could cause falsely high
measurements of the stiffness of the system [21]. To ensure fast and complete melting, temperatures
approximately 4 °C above the respective melting point were used, i.e., 45 °C for 8armPEG-
macromonomers with a molecular weight of 10 kDa, 52 °C for 20 kDa, and 58 °C for 40 kDa. As soon
as the blend was melted, vacuum was stopped, the vacuum chamber was removed, and the experiment
was started immediately. Storage modulus (G'), loss modulus (G'’), complex shear modulus (G*), and
phase angle (§) were measured as a function of time. The gel point, which is the cross-over point of G’

and G", was determined for all polymers.
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Figure 1: Vacuum chamber for bubble free melting of the polymer precursor blends.

2.5 Preparation of melt polymers

Polymers were prepared by heating the dry powder blends in a Vacuum Compression Molding (VCM)
tool (MeltPrep GmbH, Graz, Austria) equipped with a low-pressure lid for 16 h. Each blend was allowed
to melt approximately 4 °C above its specific melting point as explained in section 2.4. To avoid air
bubbles, vacuum (50 mbar) and a slight compression force were applied. After completion of the

polymerization, the VCM tool was cooled (0.05 °C/min) to room temperature.

2.6  General characterization

To determine the cross-linking mechanism, FTIR-spectra of 8armPEG10k-furan, 8armPEG10k-
maleimide, and an 8armPEG10k melt polymer were recorded using an Agilent Cary 630 FTIR (Agilent
Technologies, Santa Clara, USA).

The polymerization was monitored by UV-VIS spectroscopy. A blend of 8armPEG10k-furan and
8armPEG10k-maleimide were cast on an LVis plate (BMG Labtech, Ortenberg, Germany). The blend
was heated at 45 °C, and UV-VIS spectra were recorded at predetermined time points on a microplate
reader (BMG Labtech, Ortenberg, Germany).

The structure of 8armPEG10k melt polymers was imaged after polymerization, after incubation for 1
day in water, and after incubation for around 100 days in water with scanning electron microscopy

(SEM). Before imaging, the incubated polymers were freeze-dried.

2.7  Stability of functional groups

To investigate a possible decrease in the number of functional groups after melt preparation, absorbance
of both precursors was recorded and compared to conventional hydrogel preparation. For melt
preparation, both 8armPEG10k-furan and 8armPEG10k-maleimide were separately processed
according to section 2.2 and 2.5. To mimic conventional hydrogel preparation, 10 mg of each precursor
were separately dissolved in 1 ml of 50 mM phosphate buffer (pH 7.4) and stored at 37 °C for 16 h.
After the different treatments, 10 mg/ml solutions in 50 mM phosphate buffer (pH 7.4) were used to
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measure the absorbance of furan at 260 nm and maleimide at 299 nm using a microplate reader (BMG
Labtech, Ortenberg, Germany). A 10 mg/ml solution of the non-functionalized 8armPEG10k served as

blank. Each precursor was referenced to the respective fresh precursor solution.

2.8 Influence of preparation on proteins

The influence of the melt polymerization on proteins was examined by processing lysozyme with each
precursor. Therefore, blends with 10% (w/w) lysozyme, equivalent to a 5% loaded melt polymer, and
either 8armPEG10k-furan or 8armPEG10k-maleimide were produced as described in section 2.2. The
blends were then stored under vacuum for 16 h at 58 °C. After cooling, PEG macromolecules were
removed from lysozyme by dissolving and washing in anhydrous methanol. Lysozyme was
subsequently dried. The activity of lysozyme was measured as described by Shugar [22] with
modifications according to Gregoritza et al. [6]. To visualize possible PEGylation, SDS-PAGE was used
following methods described in the literature [2]. Results were compared to the effects of conventional
hydrogel preparation on lysozyme. For this preparation, 7.5% (w/v) solutions of one hydrogel precursor
and 10% (w/w) lysozyme treated with methanol were dissolved, imitating a hydrogel with a polymer
concentration of 15% (w/v) and a loading of 5% (w/w). These solutions were stored at 37 °C for 16 h
in 50 mM phosphate buffer (pH 7.4). Both methods were referenced to lysozyme treated with methanol.

2.9 Swelling and degradation studies

For swelling and degradation studies, melt polymers from each precursor blend (approximately 20 mg
each) were prepared as described in section 2.5. The melt polymers were then transferred to a protein
LoBind Eppendorf tube and incubated in 5 ml of a 50 mM phosphate buffer (pH 7.4) with 0.02% sodium
azide at 37 °C in a shaking water bath. Swelling and degradation was studied as previously
described [23].

2.10 Cytotoxicity

Cytotoxicity of the melt polymers was assessed according to 1ISO 10993-5:2009 (Biological evaluation
of medical devices, part 5: Tests for in vitro cytotoxicity) by using extracts as previously described [24].
In brief, approximately 20 mg of melt polymers were produced from 10, 20, or 40 kDa macromonomers.
Extracts were prepared by incubating the melt polymers in 2 ml of EMEM supplemented with 10% FCS
for 24 h at 37 °C. 10,000 mouse fibroblast L-929 cells were seeded per well in 96-well microtiter plates.
The cells were cultivated overnight. 100 pl of extract was added to each well. 0.1% SDS was used as
negative control and pure medium was used as positive control. Six replicates of each sample were

produced. The medium was removed after 24 h of incubation. 200 pl of a 1.5 mM MTT solution was
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added to each well, removed after 6 h of incubation, and replaced with PBS containing 10% SDS.
Samples were incubated for 16 h at room temperature. Subsequently, the absorbance at 570 and 690 nm
was measured using a FluoStar Omega microplate reader. To calculate cell viability, the difference in

absorbance at 570 and 690 nm was calculated. The results were normalized to the positive control.

2.11 Release studies and analytics

Polymer precursor blends containing 5% (w/w) lyophilized powder of GOx or lysozyme were produced
using precursors with a molecular weight of 10 kDa as described in section 2.2. For example, to prepare
a precursor blend containing 5% (w/w) GOx, 95 mg 8armPEG10k-furan, 95 mg 8armPEG10k-
maleimide, and 10 mg GOx were added to cyclohexane, mixed, and vacuum dried. Melt polymers
loaded with 5% (w/w) protein were produced from around 20 mg of this blend as described in section
2.5. For comparison, DA hydrogels loaded with 5% (w/v) lysozyme with a polymer concentration of
10% (w/v) were prepared from the same precursors. All polymers and hydrogels were transferred to
protein LoBind Eppendorf tubes and incubated in 5 ml of 50 mM phosphate buffer (pH 7.4) with 0.02%
sodium azide. The release experiments were performed in a shaking water bath at 37 °C. At regular time
points, 300 ul samples were withdrawn and replaced with fresh buffer. The withdrawn samples were
stored at 2-8 °C until further analysis. The lysozyme concentration was determined using a FluoStar
Omega fluorescence microplate reader (BMG Labtech, Ortenberg, Germany). The GOx concentration
was quantified with a BCA assay. To investigate the loading capacity, melt polymers with a loading of
10 and 15% (w/w) glucose oxidase were produced, and release experiments were performed as
mentioned before.

To determine the impact of the preparation method on proteins, the enzymes were analyzed after release.
For lysozyme released from melt polymers and conventional DA hydrogels, activity after
13 and 30 days was determined. The activity was compared to that of a fresh enzyme solution with the
same concentration.

Samples of GOx taken after one day of incubation were investigated using size-exclusion
chromatography (SEC). GOx incubated for one day with 8armPEG10k-maleimide served as positive
control. The experiment was carried out using an Agilent 1260 Infinity Il HPLC system (Agilent
Technologies, Waldbronn, Germany) equipped with a fluorescence detector on a Tosoh G3000SW XL
column (Tosoh Bioscience, Griesheim, Germany) at 30 °C. 20 pl samples were injected, and the analysis
was performed at a flow rate of 0.45 ml/min for 40 min. The mobile phase was a 50 mM phosphate
buffer (pH 7.4). For detection, an excitation wavelength of 278 nm and an emission wavelength of

340 nm were used.
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2.12 Statistical analysis

All experiments were performed in triplicate, and the results are shown as mean + standard deviation.
Statistical significance was assessed using one-way ANOVA. Post hoc analysis was determined by
Tukey’s test (GraphPad Prism 6.0, GraphPad Software Inc., La Jolla, CA, USA).

3  Results and discussion

3.1 Polymer preparation and mechanical characterization

Blends of 8armPEG-furan and 8armPEG-maleimide were produced for water-free polymer preparation
to ensure homogeneous cross-linking of the macromonomers after melting. An Ultra-Turrax was used
to mince and mix the PEG particles suspended in cyclohexane (Scheme 1). Cyclohexane was chosen
because the insolubility of PEG in cyclohexane prevents the precursors from reacting prematurely.
Additionally, this organic solvent stabilizes the active conformation of certain enzymes, e.g., a-amylase

[25], which may protect them during the mincing and mixing process.

Scheme 1: Preparation of the protein-containing precursor blend. First, cyclohexane was added to a blend of furyl-
and maleimide-functionalized 8armPEG (yellow particles) and protein (red particles), and the insoluble powder
was mixed by an Ultra-Turrax. Subsequently, the blend was vacuum dried to yield a homogeneous powder blend.

DSC measurements (Table 1) revealed that the melting point of the 8armPEG10k blend is below 41 °C
- a considerably lower processing temperature than that used to make traditional PLGA implants for the
long-term release of proteins [26,27]. Blends of larger macromolecules containing longer PEG chains
had higher melting points because of their higher molecular weight. The low melting points of

8armPEGs were exploited to avoid thermal denaturation of the embedded proteins.
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Table 1: Melting point of 8armPEG precursor blends consisting of macromonomers with different molecular
weights.

Molecular weight [kDa] Melting point [°C]
10 40.7+0.4
20 47.8+0.2
40 53.9+0.0

The DA reaction was confirmed as cross-linking reaction by FTIR and UV-VIS spectroscopy
(Figure S1 and S2). After melting, sufficient molecular mobility of the macromonomers is ensured so
that furan and maleimide groups can find each other and start cross-linking (Scheme 2). However, the
DA reaction is known to progress slowly at low temperatures in solution and in the molten state [28,29].
Therefore, we investigated the polymerization time of each melt polymer using oscillatory shear
experiments. For the polymer prepared from the 8armPEG10k precursors, the slope of the complex shear
modulus after 960 min was negligible compared to the increase at the beginning (Figure 2A). Hence,

960 min was considered as the completion time for the polymerization.
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Scheme 2: Cross-linking of 8armPEG-furan and 8armPEG-maleimide via DA reaction in molten state. The
precursor blend is heated above its melting point. The polymerization is initiated directly after melting.

The gel point served to compare the polymerization of polymers with different molecular weights
(Figure 2B). Polymers made of larger macromonomers took longer to reach their gel point
(47.4 £ 1.1 min for 8armPEG10k, 54.7+1.7 min for 8armPEG20k, and 74.3 + 3.5 min for
8armPEG40K) because their higher viscosity after melting leads to diminished mobility: 21.7 + 5.7 Pa-s
for 8armPEG40k and 13.0 + 1.3 Pa's for 8armPEG20k compared to 5.6 + 2.3 Pa's for 8armPEG10k
(Figure S3). In addition, the number of molecules per mass unit is reduced for larger molecules. Because
polymer samples of equal mass were used for rheological characterization, the number of molecules
decreased for 8armPEG20k to a half and for 8armPEG40k to a quarter compared to 8armPEG10k. This
reduces the number of reactive groups present, therefore decreasing the likelihood of every functional

group finding its corresponding counterpart and forming an active chain [20].
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Figure 2: Melt polymerization of 8armPEG10k-furan and 8armPEG10k-maleimide followed by oscillatory
rheology (A). Complex shear modulus (|G*|) and phase angle (§) were recorded as a function of time. All
oscillatory measurements were performed about 4 °C above respective melting points with a frequency of 1.0 Hz
using an 8 mm parallel plate geometry with a gap size of 0.5 mm. Gel points (i.e., the cross-over points of ¢" and
G'"") of melt polymers prepared from macromonomers with a molecular weight of 10, 20, and 40 kDa (B). Levels
of statistical significance are indicated as *p < 0.05, ***p < 0.001 and ****p < 0.0001.

Consequently, all polymers were allowed to polymerize for 16 h, which we considered an adequate time
to account for the different mobility in each blend. To ensure reproducibility, the VCM tool was chosen
as reaction vessel. Polymerization was performed approximately 4 °C above the blend’s melting point
to compensate for the temperature gradient in the VCM tool and to ensure fast and complete melting.
After 16 h, the melt polymers were cooled at a rate of 0.05 °C/min to prevent stress that could lead to

cracks in the matrix.

3.2 Functional groups’ stability and protein interactions

Many cross-linkers used for hydrogel preparation (e.g., tetrazine, maleimide, and carbonate groups) are
known to hydrolyze in water to form inactive products [30-32]. Melt polymerization is an attractive
water-free preparation method that is able to run in the absence of any solvent. In this way, the functional
groups are protected from hydrolysis. To confirm this assumption, the effects of melt polymerization
and conventional hydrogel preparation on functional group stability were investigated by UV
spectroscopy (Figure 3). A decrease of the maleimide content to 14.8 + 0.4% was found for conventional
hydrogel preparation due to hydrolysis [33,34]. In contrast, melt polymerization did not change the
number of maleimide groups (103.2 £ 1.5%). As expected, no chemical degradation was observed for
the furan groups with either preparation method (103.5 = 5.4% after conventional preparation and
106.7 £ 0.7% after melt polymerization). Therefore, more functional groups are available for cross-

linking in the molten state, leading to a more homogeneous and stable system.
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Figure 3: Content of maleimide and furan groups on the respective functionalized 8armPEG10k macromonomers
after storage in phosphate buffer (pH 7.4) for 16 h (solution) and in molten state at 58 °C for 16 h (melt) referenced
to fresh precursor solutions, respectively. Level of statistical significance is indicated as ****p < 0.0001.

In addition to hydrolysis, maleimide groups are also prone to reacting with nucleophilic amino acid
residues on proteins, which can tether the protein to the hydrogel matrix and lead to denaturation.
Therefore, activity and PEGylation of the model protein lysozyme were investigated for melt
polymerization and conventional hydrogel preparation. First, the activity of lysozyme was examined
(Figure 4A). Methanol-treated lysozyme was used as reference, and had an activity of
28092 + 1120 U/mg. No significant difference was found when lysozyme was processed with
8armPEG10k-furan by either the conventional hydrogel preparation (27180 + 585 U/mg) or the melt
polymerization (28604 + 934 U/mg). After incubation with 8armPEG10k-maleimide in buffer
representing conventional hydrogel preparation, the lysozyme had no detectable activity. To determine
the reason for this complete inactivation, SDS-PAGE was performed (Figure 4B). No band of lysozyme
could be found, indicating the absence of free enzyme. In contrast, mixing and heating the lysozyme
with molten 8armPEG10k-maleimide did not cause a significant decrease in its activity
(26802 + 768 U/min) or increase in PEGylation. Processing lysozyme with 8armPEG10k-furan did not
lead to PEGylation with either preparation method. Only incubation of the enzyme with maleimide
groups in buffer resulted in PEGylation, which can be explained by Michael-type addition of
nucleophilic amino acid residues of the enzyme with maleimide groups [2]. Summarized, melt
polymerization protects functional groups from hydrolysis and prevents proteins from off-target

interactions during matrix formation.
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Figure 4: Lysozyme activity determined before (LYS) and after storage either with 8armPEG10k-maleimide
(Maleimide) or 8armPEG10k-furan (Furan) in phosphate buffer (pH 7.4) for 16 h (solution) or in the melt of one
precursor at 58 °C for 16 h (melt) (A). SDS-PAGE of lysozyme before (LYS) and after storage either with
8armPEG10k-maleimide (Maleimide) or 8armPEG10k-furan (Furan) in phosphate buffer (pH 7.4) for 16 h
(solution) or in the melt of one precursor at 58 °C for 16 h (melt) (B). Level of statistical significance is indicated
as *¥***p < 0.0001.

3.3 Swelling studies

Swelling and degradation behavior are pivotal considerations for designing drug delivery systems.
Adequate stability of the system is important to guarantee controlled release of therapeutic proteins over
a long timescale. On the other hand, biodegradation is necessary to avoid having residual matrix material
left at the end of treatment. To examine the swelling and degradation behavior, the polymers were
incubated in phosphate buffer (pH 7.4) at 37 °C, and the relative mass increase was measured (Figure 5).

Additionally, the change of the structure was followed by SEM imaging (Figure S4).
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Figure 5: Swelling and degradation of melt polymers made from precursors with different molecular weights in
phosphate buffer (pH 7.4) at 37 °C.
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After reaching a maximum, the masses of all polymers started to decrease, and the polymers were fully
degraded after 54 days (8armPEG40k), 75 days (8armPEG20k), and 150 days (8armPEG10k). This can
be explained by the water uptake of the polymers and the reversibility of the DA reaction resulting in
free macromonomers that are removed from the polymer matrix by diffusion [35]. Polymers prepared
with smaller macromonomers were more stable. This result is in accordance with the observation of
Kirchhof et al. [20] for hydrogels prepared from the same PEG derivatives. More elastically active
chains are present in polymers made of smaller macromonomers that have to be broken via retro-DA
reaction, resulting in higher stability of the polymer.

3.4 Release of lysozyme and GOx

When polymers are used as a carrier system for proteins in an aqueous environment, swelling of the
polymers to hydrogels poses a threat to the proteins as they are dissolved in the incoming water and
subjected to interactions with any remaining unreacted maleimide groups. To investigate such possible
off-target interactions, the chemical integrity of released protein was assessed. For comparison,
conventional DA hydrogels were prepared with a polymer concentration of 10% (w/v) of 10 kDa
precursors. Melt polymers and DA hydrogels were loaded with 5% (w/w) lysozyme. Lysozyme was
chosen because it has a small hydrodynamic radius of approximately 1.9 nm [36]. It has already been
shown that lysozyme is rapidly and completely released from DA hydrogels prepared with 10% (w/v)
of 10 kDa precursors when it is prevented from off-target interactions. In contrast, without protection,
lysozyme was released degradation-controlled due to covalent binding to the hydrogel network [6].
Therefore, the same result was expected for the melt polymers. The release experiments were performed
in 50 mM phosphate buffer (pH 7.4) with 0.02% sodium azide at 37 °C. The shape of the release curve
shows that lysozyme was released from the melt polymer only by diffusion (Figure 6A). Additionally,
the high burst release of 84% after 1 day and the complete release after 10 days implies that no covalent
binding to the polymer network occurred. In contrast, 44% of lysozyme was released from the
conventional hydrogel after 1 day, and it was completely released after 30 days when the hydrogel was
degraded. These findings suggest that there was no covalent binding of the protein when embedded via
melt polymerization. To confirm this assumption, the activity of the enzyme after 13 and 30 days was
measured for both methods (Figure 6B). The activity of the enzyme released from conventional
hydrogels decreased to 85.9 + 3.2% after 13 days and 40.0 = 2.7% after 30 days, suggesting that the
enzyme was PEGylated. However, when released from the melt-polymerized matrix, the lysozyme did
not have a significant decrease in activity after 13 days (97.6 + 1.6%) or 30 days (97.7 £ 1.4%). This
demonstrates that there was no interaction between lysozyme and cross-linker in the melt polymerization

method.
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Figure 6: Release of lysozyme from 8armPEG10k melt polymers and 8armPEG10k-hydrogels (A). Lysozyme
activity after release from melt polymers and hydrogels after 13 and 30 days (B). Activities were referenced to the
activity of a fresh lysozyme solution (LYS). Levels of statistical significance are indicated as ***p < 0.001 and
***%p < 0.0001.

In summary, the results of release and activity measurements show that melt polymerization avoids
PEGylation not only during cross-linking but also during incubation in water, making the melt polymer
a promising matrix material for preventing off-target interactions of proteins to be released.

The next experiment was to assess the ability of the polymers as drug delivery systems for a controlled
release over time. This was investigated with GOx, which has a molecular weight of 160 kDa [37] and
is, therefore, a good surrogate for common therapeutic proteins with similar molecular weights such as
bevacizumab or trastuzumab [38,39]. GOx was embedded in a polymer made of the 8armPEG10k
precursors. This polymer was selected because it has the lowest melt temperature, the highest stability,
and, presumably, the smallest mesh sizes. Moreover, this polymer did not show considerable
cytotoxicity inthe MTT assay (Figure S5). The release experiments were performed in phosphate buffer
(pH 7.4) at 37 °C.

For polymer loaded with 5% (w/w) lyophilized GOx powder, an initial release of approximately 10%
was found after 1 day (Figure 7A). This burst release can be attributed to free protein adsorbed to the
surface of the implant that immediately dissolved in the buffer. Around 30% of GOx was slowly released
over 38 days followed by a faster release. After 100 days, the protein was completely released. The
biphasic behavior can be explained by the distribution and the development of mesh sizes and the
diffusion path that the protein has to pass. Initially, both wide and narrow mesh sizes are present, but
proteins are only released via meshes wider than the hydrodynamic diameter. Small meshes lead to
protein retention. Larger proteins are only released if the network mesh size increases. After 40 days,
the majority of the meshes expanded sufficiently, allowing a considerable amount of the protein to be
released, which is additionally amplified by the decreasing diffusion path of the protein as polymer

degradation occurs.
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The released protein was analyzed by SEC-HPLC to confirm its integrity and investigate the impact of
the melt preparation on high molecular proteins (Figure S6). Samples from day one of incubation were
examined to assess the influence of preparation and avoid unspecific protein degradation. Fresh GOx
and 8armPEG10k-maleimide-incubated GOx served as positive and negative control, respectively. Both
the released GOx and the fresh GOXx solution showed one peak at a retention time of 16 min, indicating
that only intact GOx was present. Incubation of the enzyme with 8armPEG10k-maleimide resulted in a
size increase due to PEGylation. Thus, the structure of GOx did not change after melt polymerization
and release. Neither PEGylation nor fragmentation occurred during the melt embedding, which makes
the melt polymerization via DA reaction a successful approach to maintain the integrity of embedded

proteins.
A 120+ B 120+
1004 éém 1004
= P g ;
3 80 Sf_gﬁ 2 804 il
© 3] = L
o [} 2
2 [
o 604 o 604
= 2
5 f s
3 404 g 401
2 A
20+ @fﬂp 20- 5%
f 0,
7 - 10%
0% o ' 15%
0 20 40 60 80 100 120 0 25 50 75 100
Time [d] Time [d]

Figure 7: Release of 5% (w/w) GOx from 8armPEG10k melt polymers (A). Release of 5, 10, and 15% (w/w) GOx
from 8armPEG10k melt polymers (B).

Finally, the loading capacity was determined (Figure 7B). For this purpose, melt polymers loaded with
10 and 15% (w/w) GOx were prepared, and the in vitro release was compared to a 5% (w/w) GOXx
polymer. Interestingly, the difference was minimal, and the release curves of all polymers were similar.
The protein was released completely after 100 days for all loading quantities. These results are very
promising, especially when considering that the loading capacity of conventional hydrogels is very low
with only a few percent of protein that can be accommodated. High drug loading could influence the
release kinetics [40]. Therefore, the volume of the hydrogel has to be increased if a higher drug dose
with the same release behavior is desired. On the contrary, our polymerization method can be used to
increase the drug dose without increasing the volume of the drug system. This is particularly important

for use in patients because smaller implants lead to greater compliance.
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4  Conclusion

DA hydrogel manufacturing via melt polymerization represents a highly promising method to prepare
drug delivery systems for controlled protein release. Due to the water-free preparation, maleimide
groups are protected from degradation, which results in a higher cross-linking density compared to
conventional DA hydrogels obtained by polymerization in water. Additionally, solid state embedding
of proteins prevents interactions with functional groups of the polymer and maintains the in vitro activity
and integrity. The controlled release of up to 15% (w/w) GOx over 100 days showed that these polymers

can be used as highly loaded drug delivery systems for high molecular weight proteins.
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1 Mechanism of melt polymerization
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Figure S1: FTIR spectra of 8armPEG10k-furan, 8armPEG10k-maleimide, and the melt polymer prepared from
both precursors. The decrease of absorption characteristic for furan (1543 and 738 cm') and maleimide (1707 and
697 cm™) indicated the occurrence of the DA reaction. Additionally, adduct band at 1770 cm™ confirmed the
formation of the DA adduct.
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Figure S2: UV-VIS absorption spectra following the melt polymerization. The peak at 299 nm characteristic for
unreacted maleimide decreases due to the formation of the DA adduct and the corresponding conjugation loss.
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Figure S3: Shear viscosity of precursor blends after complete melting depending on molecular weight. Level of
statistical significance is indicated as **p < 0.01.
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Figure S4: SEM images of 8armPEG10k-polymers after melt polymerization (A and B), after swelling 1 day (C
and D), and after swelling around 100 days (E and F). Images B-D were taken after freeze-drying of the swollen
polymers.

4 Cytotoxicity

Although PEG is FDA approved [1] and its derivatives are commonly used excipients in the
pharmaceutical field, these polymers had to be analyzed regarding possible toxic effects on cells.
Unreacted macromonomers and potential side products of the precursor synthesis might have cytotoxic
effects. To assess cytotoxicity, an MTT assay was carried out in accordance with ISO 10993—5:2009.
To avoid additional stress for the cells due to contact between cells and polymers, extracts were
produced by incubating all polymers in 10% FCS EMEM for 24 h. Subsequently, the extracts were
administered to the cells, and the cytotoxicity was assessed using pure medium as positive control and
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medium containing 0.1% (w/v) SDS as negative control. The relative cell viability was 78.3 + 5.6% for
polymers prepared from precursors with a molecular weight of 10 kDa, 77.5 + 4.0% for 20 kDa, and
65.7 = 2.7% for 40 kDa. Polymers prepared from the smaller precursors showed similar cell viability
and passed the 70% threshold value stated in ISO 10993. Only the polymers consisting of 8armPEG40k
did not pass the threshold. A decrease in cell viability after exposure to the extracts can be explained by
the acidic degradation product of maleimide groups. Maleamic acid can decrease the pH of the medium.
Additionally, after the polymerization process, unreacted functional groups are still present in the
polymer. Maleimide groups in particular have toxic potential to the cells due to their electrophilic nature.
For further investigation, in vivo experiments are necessary to examine the biocompatibility of the DA
melt polymers.

100+
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Figure S5: Viability of L-929 cells after incubation with extracts from melt polymers. Medium containing
0.1% (w/v) SDS was used as negative control. 70% cell viability (dotted line) indicates the threshold for
cytocompatibility. Levels of statistical significance are indicated as ****p < 0.0001.
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5 HPLC-SEC of GOx

FLD1

GOx released | FLD1A

GOx reference | FLD1A

GOx PEGylated | FLD1A

rel. Response

)

Retention time

Figure S6: Size exclusion chromatogram of the released GOx (blue) compared to fresh GOx (purple) and with
8armPEG10k-maleimide-incubated GOX (turquois). The experiment proved the integrity of the released enzyme.
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Abstract

Off-target interactions between reactive hydrogel moieties and drug cargo as well as slow reaction
kinetics and the absence of controlled protein release over an extended period of time are major
drawbacks for chemically cross-linked hydrogels for biomedical applications. In this study, the inverse
electron demand Diels-Alder (iIEDDA) reaction between norbornene- and tetrazine-functionalized eight-
armed poly(ethylene glycol) (PEG) macromonomers was used to overcome these obstacles. Oscillatory
shear experiments revealed that the gel point of a 15% (w/v) eight-armed PEG-hydrogel with a
molecular weight of 10 kDa was less than 15 s, suggesting the potential for fast in situ gelation.
However, the high-speed reaction kinetics result in a risk of premature gel formation that complicates
the injection process. Therefore, we investigated the effect of polymer concentration, temperature, and
chemical structure on the gelation time. The cross-linking reaction was further characterized regarding
bioorthogonality. Only 11% of the model protein lysozyme was found to be PEGylated by the iEDDA
reaction, whereas 53% interacted with the classical Diels-Alder reaction. After determination of the
mesh size, fluorescein isothiocyanate-dextran was used to examine the release behavior of the hydrogels.
When glucose oxidase was embedded into 15% (w/v) hydrogels, a controlled release over more than
250 days was achieved. Overall, the PEG-based hydrogels cross-linked via the fast iEDDA reaction

represent a promising material for the long-term administration of biologics.
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Introduction

1 Introduction

Since the first report of a hydrogel for biological use by Wichterle and Lim [1], hydrogels have reached
a position of great prominence in biomedical research, especially in the field of drug delivery [2]. They
are particularly useful for the development of minimally invasive injectable protein delivery systems if
they fulfill certain requirements. First, the chosen cross-linking reaction has to be fast enough to ensure
instant gelation after injection. To this end, the Diels-Alder (DA) reaction, oxime click chemistry, or
classical Cu(l)-free Huisgen cycloaddition have been suggested [3-5]. Due to their relatively long
gelation times, they are not suitable for in situ gelation under physiological conditions. In addition,
reactions fast enough for in situ gelation often require toxic catalysts or additional initiators. For
example, the copper catalyst involved in the copper-catalyzed azide-alkyne cycloaddition is toxic to
healthy tissue even at low concentrations [6]. Furthermore, free-radical polymerization and thiol-ene
click chemistry can lead to possible toxic side reactions with proteins or tissues [7,8].

On the other hand, the high reaction rate is at odds with the requirement that the gelation time is precisely
controlled in order to facilitate injection handling and to avoid premature viscosity increase which would
result in the clogging of syringe needles. Bi et al. demonstrated how to influence the reaction kinetics
of the Michael-type addition by changing the electron density of alkenyl structures [9]. However, alkenyl
groups represent a target for unwanted side reactions with nucleophilic residues of proteins such as
amine and thiol groups [10]. As a different approach, the gelation time of the strain-promoted oxidation-
controlled cyclo-octyne-1,2-quinone cycloaddition is adjustable by the concentration of mushroom
tyrosinase [11]. Even if the use of toxic substances can be avoided, the addition of enzymes could have
a negative effect on the already limited loading capacity of common hydrogels [12].

A final demand is that the cross-linker must be selective for its counterpart to avoid off-target reactions
with the protein cargo as well as proteins in the tissue of the injection site. Hence, reactions that are
susceptible to amine structures or nucleophiles like Schiff-base reactions, genipin coupling,
B-aminoacrylate formation, and o-phthalaldehyde condensation pose too great a risk of interacting with
proteins or body tissues [13-15].

To overcome these obstacles, the use of inverse electron demand Diels-Alder (iIEDDA) reaction
represents a promising approach for the preparation of in situ forming protein delivery systems. The
electron-rich norbornene and the electron-poor tetrazine interact efficiently and rapidly in bioorthogonal
and catalyst-free reaction that generates only negligible amounts of nitrogen gas but no toxic side
products [16-18]. These attractive characteristics have made iEDDA chemistry very appealing for
biological applications like synthesizing hydrogels for cell encapsulation [19,20] and protein delivery
[21,22]. While the release of therapeutic proteins over long periods of time from months to years could
be advantageous for the therapy of diseases like cancer, rheumatoid arthritis, or age-related macular
degeneration [23-25], no hydrogels based on iEDDA cross-linking via norbornene and tetrazine groups

have been developed for long-term protein release thus far. Commonly used approaches for long-term

105



Chapter 4: In situ forming iEDDA hydrogels

release rely on the inclusion of drug-loaded micro- or nanoparticles into hydrogels [26,27], leading to a
further decrease of the already limited drug loading capacity of hydrogels [12]. Yet another way to
prolong the release from hydrogels is to exploit the affinity of the drug for groups incorporated into the
hydrogel backbone such as heparin [28], biotin derivatives [29], or peptides [30] which is, however, of
limited broad applicability. Tuning the characteristics of a hydrogel itself is a more appealing alternative.
A wide range of drugs could be released in a controlled way based on their size relative to the hydrogel
mesh size and without the need for additional excipients. For this, the use of the iEDDA reaction is
advantageous because its bioorthogonality reduces side reactions with proteins that makes it ideal for
protein delivery [21]. Moreover, iEDDA reaction is irreversible [19] but in combination with
hydrolytically cleavable groups such as ester groups the degradation time of the hydrogels can be
controlled and hydrogels with tailored stability for long-term release applications can be developed.

In this study, poly(ethylene glycol) (PEG) based iEDDA hydrogels with tunable reaction kinetics were
prepared for the release of high molecular weight proteins over months to years. To prepare hydrogel
precursors, eight-armed PEGs were modified with either tetrazine or norbornene functional groups. The
hydrogel formation was monitored via oscillatory shear experiments. We investigated the effects of the
number of functional groups, temperature, and functional group modification on reaction kinetics.
Additionally, hydrogel stiffness and Young’s modulus of compression (compressive modulus) were
determined depending on the polymer concentration and the molecular weight of the used
macromonomers. The bioorthogonality of the iEDDA reaction was examined and compared to the
classical DA reaction. Afterwards, cytotoxicity was assessed. To further characterize the hydrogels,
mesh sizes were calculated and swelling and degradation studies were performed. To explore the
feasibility of the controlled release of large molecules from the material, fluorescein isothiocyanate-
dextran (FITC-dextran) with a molecular weight of 150 kDa was embedded and released from hydrogels
of different concentrations. Finally, the model protein glucose oxidase (GOx) was loaded into the

hydrogels and the release was analyzed.

2 Materials and methods
2.1 Materials

Anhydrous acetonitrile, deuterated chloroform (CDCls), anhydrous dichloromethane (DCM),
N,N’-dicyclohexylcarbodiimide (DCC), diisopropyl azodicarboxylate (DIAD), anhydrous
N,N-dimethylformamide (DMF), FITC-dextran with a molecular mass of 150 kDa, furan,
3-(2-furyl)propanoic acid, Eagle’s minimum essential medium (EMEM), absolute ethanol, anhydrous
ethyl acetate, fetal calf serum (FCS), glacial acetic acid, GOx (Type X-S, from Aspergillus niger),
hexane, hydrazine monohydrate, N-hydroxysuccinimide (NHS), lysozyme (from chicken egg white),
maleimide, N-methoxycarbonylmaleimide, micrococcus lysodeikticus, methoxy PEG with a molecular

weight of 5 kDa (mPEG5k), exo-5-norbornenecarboxylic acid, Pierce™ Unstained Protein MW Marker,

106



Materials and methods

protein LoBind Eppendorf tubes, QuantiPro™ BCA Assay Kit, sodium bicarbonate, sulfur, and
anhydrous tetrahydrofuran were purchased from Sigma-Aldrich (Taufkirchen, Germany). Eight-armed
PEGs (8armPEG) with molecular masses of 10 kDa (8armPEG10k), 20 kDa (8armPEG20Kk), and 40 kDa
(8armPEG40k) were received from JenKem Technology (Allen, TX, USA). 4-dimethylaminopyridine
(DMAP), phthalimide, and anhydrous sodium sulfate were received from Acros Organics (Geel,
Belgium). DCM p.a. was purchased from Fisher Chemical (Loughborough, UK). Diethyl ether
(technical grade) was obtained from Jacklechemie (Nuremberg, Germany). Ammonium persulfate,
barium chloride dihydrate, 1,4-dioxane, glycine, hydrochloric acid, di-potassium hydrogen phosphate
trihydrate, pyridine, silica gel 60 (0.063—-0.200 mm), sodium azide, sodium chloride, sodium dihydrogen
phosphate monohydrate, sodium hydroxide, sodium nitrite, and triphenylphosphine were received from
Merck KGaA (Darmstadt, Germany). 3-(4-Cyanophenyl)-propionic acid was obtained from abcr GmbH
(Karlsruhe, Germany). lodine solution and tetramethylethylenediamine were purchased from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany). Acrylamide/bis-acrylamide (37.5:1) solution, bromophenol
blue sodium salt, and coomassie brilliant blue G-250 were obtained from Serva Electrophoresis GmbH
(Heidelberg, Germany). Glycerol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and sodium dodecyl sulfate (SDS) were purchased from PanReac AppliChem (Darmstadt,
Germany). 2-Amino-2-hydroxymethyl-propane-1,3-diol (TRIS) was received from Affymetrix (Santa
Clara CA, USA). Ethanol was purchased from Labochem international (Heidelberg, Germany). Gibco
Dulbecco’s phosphate-buffered saline was received from Life Technologies (Darmstadt, Germany).
Mouse fibroblast cells were a kind gift from the group of Prof. Armin Buschauer (University of
Regensburg). Purified water was freshly prepared using a Milli-Q water purification system from

Millipore (Schwalbach, Germany).

2.2 'Hand **C NMR Spectroscopy

'H and *C NMR spectra were recorded in CDCls using a Bruker Avance 111 400 spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany). The end-group conversions of 8armPEGs were calculated by
comparing the integral of the proton peak of the respective functional group to the integrated PEG

backbone proton peak at 63.75-3.40 ppm.

2.3 Synthesis of 3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid

3-(4-(1,2,4,5-Tetrazin-3-yl)phenyl)propanoic acid was synthesized similarly to previously published
protocols [31]. 3-(4-Cyanophenyl)propionic acid was used instead of 4-cyanophenylacetic acid. The

yield was 58%.
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Scheme 1: Chemical structures of differently functionalized 8armPEGs. The hydrogel precursors had molecular
weights of 10 kDa, 20 kDa, or 40 kDa. 8armPEG-ETPI was obtained in endo and exo form. For simplification,
8armPEG-ETPI is only shown in exo position.

2.4 Synthesis of tetrazine-functionalized 8armPEGs (Scheme 1)

To synthesize tetrazine-functionalized 8armPEGs with a molecular weight of 10 kDa
(8armPEG10k-Tz), 20 kDa (8armPEG20k-Tz), and 40 kDa (8armPEG40k-Tz), the procedure was
adapted from a previously published protocol for the esterification of multiarmed PEGs [32]. In brief,
3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid (4.3-fold of PEG-OH groups) and DCC (2.2-fold of
PEG-OH groups) were dissolved in a mixture of anhydrous DCM and anhydrous DMF and stirred for
30 min at 0 °C. Afterwards, the precipitate was filtered. The filtrate was combined with a solution of
8armPEG-OH in anhydrous DCM with pyridine (4.3-fold of PEG-OH groups) and DMAP (0.4-fold of

PEG-OH groups). After the solution was stirred overnight in an ice bath, it was washed with 5% sodium
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bicarbonate solution twice and brine once, dried over sodium sulfate, and then filtered and concentrated
via rotary evaporator. Then, the product was precipitated by dropwise addition of cold diethyl ether. For
purification, the crystallization step was repeated. The precipitate was collected by filtration and dried
under vacuum. The yield was 81% for 8armPEG10k-Tz, 90% for 8armPEG20k-Tz, and 87% for
8armPEG40k-Tz. The degree of end-group conversion was 81% for 8armPEG10k-Tz, 78% for
8armPEG20k-Tz, and 77% for 8armPEG40k-Tz, as determined by *H NMR spectroscopy.

2.5 Synthesis of 3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid

3-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid was synthesized as described for
3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid with the following modifications. One equivalent of
3-(4-cyanophenyl)-propionic acid, one equivalent of anhydrous acetonitrile, and two equivalents of
sulfur were combined in a microwave reaction tube. 17 equivalents of ethanol were added to obtain a
suspension upon mixing. Afterwards, hydrazine monohydrate (eight-fold to nitrile group) was added,
and the vessel was sealed. The mixture was heated to 50 °C for 24 h. The next day, DCM and a sodium
nitrite solution (10-fold to nitrile group) were added. Subsequently, an excess of acetic acid (60-fold to
nitrile group) was added slowly during which the solution turned bright red in color. The product was
extracted with DCM. The organic phase was dried over anhydrous sodium sulfate, filtered, and
concentrated under reduced pressure. The residue was purified using silica gel chromatography to yield
6% product. For a synthesis of methylphenyl substituted tetrazine with a higher yield, the reader is
referred to the work by Zhan et al. [33].

2.6 Synthesis of methyl-tetrazine-functionalized 8armPEG10k (8armPEG10k-methyl-Tz)
(Scheme 1)

For the esterification of 8armPEG10k with methyl-substituted tetrazine, the protocol of section 2.4 was
slightly varied. 3-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid was used instead of
3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid. The yield was 86%, and the degree of end-group
conversion was 76%, as determined by *H NMR spectroscopy.

2.7 Synthesis of norbornene-functionalized 8armPEGs (Scheme 1)

Norbornene esterified 8armPEGs with a molecular weight of 10 kDa (8armPEG10k-Nb), 20 kDa
(8armPEG20k-Nb), and 40 kDa (8armPEG40k-Nb) were synthesized as previously described [34].
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2.8 Synthesis of 3,6-epoxy-1,2,3,6-tetrahydrophthalimide-substituted 8armPEG10k
(8armPEG10k-ETPI) (Scheme 1)

3,6-Epoxy-1,2,3,6-tetrahydrophthalimide (ETPI) and 8armPEG10k-ETPI were synthesized as
previously described for 4armPEG10k-ETPI [35]. The yield was 69%, and the degree of end-group
conversion was 81%, as determined by *H NMR spectroscopy.

2.9 Functionalization of mMPEG5k

MPEG5k-furan and mPEG5k-maleimide were synthesized as previously described [10]. The
esterification of mMPEG5k with norbornene and tetrazine groups was achieved according to the protocol
of 8armPEG-Nb and 8armPEG-Tz, respectively. The yield was 68 and 41%, and the degree of end-
group conversion was 97 and 98%, as determined by *H NMR spectroscopy for mPEG5k-norbornene
and mPEG5k-tetrazine, respectively.

2.10 iEDDA hydrogel preparation

For iEDDA hydrogel preparation, macromonomers with similar molecular weight were used. Equal
molar amounts of 8armPEG-Nb and 8armPEG-Tz were separately dissolved in water. After combining
both solutions, 200 ul were transferred into cylindrical glass molds (7 mm inner diameter) and allowed
to gel for 1 h at 37 °C, leading to hydrogels with an overall polymer concentration of 5, 10, and
15% (w/v). For example, 14.5 mg of 8armPEG10k-Nb and 15.5 mg of 8armPEG10k-Tz were dissolved
in 100 pl water, respectively. The gelation started immediately after mixing both solutions leading to a
15% (w/v) 8armPEG10k-hydrogel.

2.11 iEDDA hydrogel characterization

Rheological experiments were carried out on a Malvern Kinexus Lab+ rheometer (Malvern, Kassel,
Germany) with a 25 mm parallel plate geometry, an oscillation frequency of 1.0 Hz, and a strain of 1%.
After casting 270 pl of the combined precursor solutions, the upper plate was lowered to a gap size of
500 pum, and the experiment was started. Storage modulus (G'), loss modulus (G''), and complex shear
modulus (G*) were measured over time. The cross-over point of G’ and G’ was regarded as the gel point.
The absolute value of the complex shear modulus (|G*|) was determined after 30 min when
polymerization was considered complete. To reduce water evaporation, a solvent trap was used.

The average mesh sizes () of the hydrogels were determined using the equilibrium swelling theory
[36,37]. In brief, hydrogels were prepared as described in section 2.10. The matrices were weighed in
air and hexane before and after swelling in Milli-Q water for 1 day at 37 °C. The gel volumes after cross-

linking (V) and after swelling (V;5) were calculated based on Archimedes’ principle of buoyancy.
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Afterwards, the hydrogels were freeze-dried to determine the dry polymer volume (V;,). The density of
PEG was taken as 1.12 g/ml [35]. The polymer fraction of the hydrogel after cross-linking (v, = V,/Vjc)
and the polymer fraction in swollen state (v,; = V,/Vs) were calculated. A modified Flory-Rehner

equation (1) was used to calculate the number of moles of elastically active chains in the hydrogel
network (v,) [38-40]:

v, = b [n(1- U251) + vps + X1 V5] )

[z

V; is the molar volume of solvent (18 mi/mol) [41], x, is the Flory-Huggins interaction parameter of
PEG in water (0.426) [42], and f is the branching factor of the macromonomers (eight for 8armPEG).
& was obtained by [43]:

1
_1 2

2m 1
_ p
&E=v,31 (Ve Mr) 2 ()

In equation (2), [ is the average bond length along the PEG backbone (0.146 nm) [44], m,, is the total
mass of polymer in the hydrogel, M, is the molecular mass of the PEG repeating unit (44 g/mol), and
Cy is the Flory characteristic ratio (four for PEG) [44].

The compressive modulus was determined according to a modified version in the literature [45].
Hydrogels with a volume of 200 ul were prepared as described in section 2.10. For 8armPEG10k-
hydrogels, polymer concentrations of 5, 10, and 15% (w/v) were used. 8armPEG20k- and 8armPEG40k-
hydrogels consisted of 5% (w/v) polymer. First, hydrogel diameter and height were determined using a
caliper. Hydrogel cylinders were cast on the lower plate of an Instron 5542 materials testing machine
(Norwood, MA, USA). Subsequently, the samples were compressed uniaxially at a speed of 1 mm/min.
Compressive force (N) and compressive strain (%) were recorded as a function of time. The linear part

of the curve between 10 and 20% compression was used to calculate the compressive modulus.

2.12 Cytotoxicity

Cytotoxicity of the hydrogels was assessed according to 1SO 10993-5:2009 (Biological evaluation of
medical devices, part 5: Tests for in vitro cytotoxicity) by using extracts as previously described [46].
In brief, 10,000 mouse fibroblast L-929 cells per well were seeded in a 96-well microtiter plate and
cultivated overnight. 15 % (w/v) 8armPEG10k-, 8armPEG20k-, and 8armPEG40k-hydrogels with a
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volume of 200 pl were prepared as described in section 2.10. The hydrogels were incubated in 2 ml of
EMEM supplemented with 10% FCS for 24 h at 37 °C. The extracts were prepared by separating the
supernatants from the hydrogels. 100 ul extract was added to each well. 0.1% SDS served as the negative
control, whereas pure medium was used as the positive control. For each sample, at least six replicates
were prepared. After 24 h of incubation at 37 °C, the medium was removed and replaced with 200 ul of
a 1.5 mM MTT solution. The MTT solution was removed after 6 h of incubation at 37 °C. PBS
containing 10% SDS was added, and the samples were incubated for 16 h at room temperature. The
absorbance at 570 and 690 nm was measured using a FluoStar Omega microplate reader (BMG Labtech,
Ortenberg, Germany). The difference in absorbance at 570 and 690 nm relative to the positive control
was used to calculate cell viability. The viability was normalized to the positive control. 70% cell
viability indicates the threshold for cytocompatibility [46-48].

2.13 Protein interaction with DA cross-linking reactions

The influence of classical DA reaction and iEDDA reaction on proteins was investigated according to a
modified protocol [10]. Lysozyme was incubated with different functionalized mPEG5kK derivatives in
50 mM phosphate buffer (pH 7.4) at 37 °C in a shaking water bath for 1 day. To simulate the DA
reaction, 0.5 mg of lysozyme was dissolved with 9.15 mg of mPEG5k-furan and 9.15 mg of mPEG5k-
maleimide. iEDDA reaction was mimicked by incubating 0.5 mg of lysozyme with 9.15 mg of mPEG5k-
norbornene and 9.15 mg of MPEG5k-tetrazine. After incubation, PEGylation of lysozyme was examined
by SDS-PAGE as previously described [49]. In brief, polyacrylamide gels of 14% cross-linking were
prepared. Lanes were loaded with 5 pg protein. A constant voltage of 120 V and a decreasing current of
68 mA were applied. The gels were stained with Coomassie Brilliant Blue G-250. The ChemiDoc™ MP
gel imaging system was used for imaging. The relative abundance was calculated by the band intensity
via Image Lab™ (all Bio-Rad Laboratories GmbH, Munich, Germany). PEG was visualized by iodine
staining as described by Natarajan et al. [50].

The activity of the enzyme was measured by following a modified version of the method described by
Shugar [10,51]. In brief, lysozyme solutions were diluted with 70 mM phosphate buffer (pH 6.2) to a
concentration of 0.01 mg/ml. To 100 pl of the diluted lysozyme solutions, 2.5 ml of a micrococcus
lysodeikticus suspension (0.015%) in the same buffer was added. The change in optical density was
measured for 6 min at 25 °C using a Kotron UVIKON 941 spectrophotometer (Kotron Instruments

S.p.A., Milan, ltaly). The slope of the absorbance was used for the calculation of lysozyme activity.

2.14 Swelling and degradation studies

Swelling and degradation studies were performed similarly to those previously described [37].

Hydrogels with a volume of 200 pl were prepared as described in section 2.10. After weighing, the
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hydrogels were transferred to protein LoBind Eppendorf tubes and incubated in 5 ml of a 50 mM
phosphate buffer (pH 7.4) containing 0.02% sodium azide at 37 °C in a shaking water bath. The gels
were separated from the buffer and weighed at various intervals. Afterwards, the hydrogels were
incubated in 5 ml fresh buffer solution. The degradation was considered complete when no remaining

material could be detected.

2.15 Release of FITC-dextran and GOx

iEDDA hydrogels made of precursors with a molecular weight of 10 kDa were chosen to assess the
release kinetics of protein drug surrogates. The polymer concentrations of 5, 10, and 15% (w/v) were
investigated. For the release of FITC-dextran, 200 ul hydrogels containing 2 mg of FITC-dextran were
prepared. For the release of GOx, the hydrogels contained 0.4 mg of GOx. For example, to prepare a
hydrogel with 15% polymer concentration containing FITC-dextran, 14.5 mg of 8armPEG10k-Nb were
dissolved in 100 pl of a solution with a FITC-dextran concentration of 20 mg/ml. To this mixture, 100 pl
of a solution containing 15.5 mg of 8armPEG10k-Tz was added. After mixing, the hydrogel was formed
after 1 h at 37 °C. The hydrogels were transferred into 5 ml LoBind Eppendorf tubes and incubated in
5 ml of 50 mM phosphate buffer (pH 7.4) with 0.02% sodium azide. The release experiments were
carried out in a shaking water bath at 37 °C. At regular time points, samples were withdrawn and
replaced with fresh buffer. Only 300 pl were removed to keep possible mechanical stress as low as
possible. Additionally, over a long-term release, we expected concentrations in the medium to be very
low and wanted to avoid falling below the detection limit. The amount of FITC-dextran was determined
via fluorescence using a fluorescence microplate reader (BMG, Labtech, Ortenberg, Germany) [35].
GOx was quantified with a BCA assay.

2.16 Statistical analysis

All experiments were performed with at least three samples, and the results are shown as mean
standard deviation. Statistical significance was assessed using one-way ANOVA. Post hoc analysis was
determined by Tukey’s test (GraphPad Prism 6.0, GraphPad Software Inc., La Jolla, CA, USA).

3 Results and discussion

3.1 Synthesis of norbornene- and tetrazine-functionalized PEG derivatives
3-(4-(1,2,4,5-Tetrazin-3-yl)phenyl)propanoic acid was successfully synthesized using the method
reported by Qu et al. [31]. Yields of 58% were achieved. Furthermore, the replacement of DCM by

acetonitrile as a second nitrile compound led to methyl-substituted tetrazines. 8armPEGs were

functionalized with 3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid via DCC chemistry according to
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previously published protocols for esterification of PEG derivatives with norbornene groups [32,34].
With this method, end-group conversions were obtained in a range of 76-81%, which is satisfactory for
cross-linking. The combination of the tetrazine synthesis and the PEG esterification represents a cost-
effective and easy way for the production of functionalized polymers in the range of 10 g or higher.
Since tetrazine synthesis and subsequent functionalization of polymers used for hydrogel preparation
have so far usually been accomplished in the milligram range [52], this method represents a more

efficient approach.
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Scheme 2: Hydrogel formation via iEDDA reaction of 8armPEG-tetrazine and 8armPEG-norbornene in water (A).
For simplification, only one isoform of the iEDDA adduct is shown. Degradation of the hydrogel due to ester
hydrolysis (B).

3.2 Rheological characterization and tuning of the reaction rate

A fast reaction rate is a key requirement for the use of covalently cross-linked hydrogels as in situ
forming depot systems. Directly after injection into the organism, the liquid should start to gel and create
a three-dimensional network (Scheme 2A) that embeds proteins rapidly to avoid loss by diffusion into
the surrounding tissue. The gel point of the iEDDA hydrogels was investigated by oscillatory shear
experiments. This point indicates the transition from a liquid-like to a solid-like behavior and is a critical
design factor for in situ forming hydrogels. Figure 1 shows a representative rheogram of a 15% (w/v)
8armPEG10k-hydrogel. Immediately after the start of the experiment, a very fast increase of G’ can be
observed, which reaches a plateau after approximately 300 s. The gel point was found to be at

14.7 £ 1.5 s (Figure 2A), which shows the ability of rapid in situ gelation.
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Figure 1: Rheogram of a 15% (w/v) 8armPEG10k-hydrogel with an inset showing the gel point. Storage (G") and
loss modulus (G'") were measured as a function of time. A 25 mm parallel plate geometry with a gap size of 500 pm
at an oscillation frequency of 1.0 Hz was used.

While this fast reaction rate is necessary to form in situ depots, it also poses some challenges. In general,
hydrogels should not be subjected to shear forces once they have reached the gel point so as to maintain
an intact network. Additionally, gelation that occurs too quickly could lead to clogging of the injection
needle resulting in incomplete administration [53]. These characteristics of hydrogels make handling
more difficult because the injection procedure after combining the precursor solutions must be very
quick. To overcome this limitation, various parameters were changed, and the adjustability of this
system towards longer gelation times was investigated. The first method to increase the gelation time
was to decrease the number of functional groups. This could be achieved by reducing the polymer
concentration of the functionalized 8armPEG10k derivatives (Figure 2A) or by increasing the molecular
weight of the 8armPEG macromonomers (Figure 2B). For the first case, a polymer concentration of
10% (w/v) resulted in an insignificant decrease of the gelation time to 21.1 + 1.2 s. In contrast, a
reduction of the concentration from 15 to 5% (w/v) led to a significantly longer gelation time of
30.9 £ 8.1 s. For all further rheological experiments, a polymer concentration of 5% (w/v) was used. In
this way, differences were more apparent due to the lower number of functional groups. Another option
to decrease the number of functional groups was to use larger macromonomers. By only changing the
molecular weight of the macromonomers, but not the concentration or the branching factor, the number
of functional groups was halved for 8armPEG20k and quartered for 8armPEG40k. A gelation time of
81.8 + 9.2 s was found for the 8armPEG20k-hydrogel and 123.7 + 7.6 s for the 8armPEG40k-hydrogel.
As expected, larger macromonomers prolonged the gelation time significantly. This is in accordance
with the results found for DA hydrogels prepared with similar macromonomers [35,54]. Due to the
reduced number of functional groups, the likelihood that two different functional groups find each other
and react to form an elastically active chain is decreased. Furthermore, 8armPEGs with higher molecular

weight consist of larger PEG chains, which are bulkier and more difficult to access than smaller ones.
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For completeness, the influence of various molar ratios of the functional groups on the gelation time
was investigated (Figure S1). No significant difference could be found for tetrazine norbornene ratios
of 1:2 and 2:1. A further increase in ratio was not investigated, since the risk of remaining unreacted
tetrazine groups interacting with thiol groups of proteins increases for biomedical applications [55]. On
the other hand, an increased amount of norbornene led to poor hydrogel formation. Poor to no gelation
due to changing the ratio of the used hydrogel precursors has already been described in the
literature [56].
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Figure 2: Gelation times of iEDDA hydrogels prepared with 8armPEG10k derivatives with polymer
concentrations of 5, 10, and 15% (w/v) (A) and gelation times of 5% (w/v) iEDDA hydrogels prepared with
8armPEG derivatives with molecular weights of 10, 20, and 40 kDa (B). All experiments were performed at 37 °C.
Levels of statistical significance are indicated as *p < 0.05, ***p < 0.001, and ****p < 0.0001.

Temperature is another parameter that can be altered to influence the reaction rate. Since it has been
shown that the gelation time of iEDDA cross-linked hydrogels can be increased by reducing the
temperature [21], a decrease of the gelation temperature should also slow down the reaction rate of the
8armPEG system. Therefore, gelation at lower temperatures was investigated and compared to gelation
at body temperature, which is 37 °C (Figure 3). A decrease in temperature from 37 to 20 °C led to a
significant increase in the gelation time from 30.9 £ 8.1 to 60.3 + 0.6 s. A further reduction of the
temperature resulted in a higher difference. The gelation time determined at 10 °C was 212.7 £ 5.1 s,
significantly longer than at 37 °C. These findings show that at 20 °C both precursor solutions can be
mixed and handled. The time would suffice for injection without the risk of clogging the syringe. After
injection, the reaction rate of the injected solution would increase due to the heat transfer from the

surrounding tissue towards the gel and would favor the formation of a monolithic depot [57].
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Figure 3: Gelation time of 5% (w/v) iIEDDA hydrogels prepared from 8armPEG10k derivatives at 10, 20, and
37 °C. Levels of statistical significance are indicated as ***p < 0.001 and ****p < 0.0001.

A final parameter for tuning the reaction rate is the change of the chemical nature of the cross-linkers
(Figure 4). The principle of the iEDDA reaction is based on the reaction of an electron-poor diene
(tetrazine) and an electron-rich dienophile (norbornene) [58]. Our approach was to change the electron
density of the groups either by attaching functional groups or atom exchange. For electron-poor tetrazine
groups, it is known that groups substituted on tetrazine have a tremendous impact on the reaction
rate [59]. If the substituent is an electron donor, the electron density increases and the kinetics of the
iEDDA reaction will be slowed down. Additionally, steric hindrance due to substitution also adversely
affects the reaction rate [59,60]. Hence, tetrazine groups were modified with electron-donating methyl-
substituents (Scheme 1). The methyl-substituent decelerated the gel point 10-fold (301.3 + 7.6 s),
indicating a significant increase in the gelation time. In contrast, norbornene represents an electron-rich
dienophile. Therefore, the exchange of a carbon atom by a more electron negative oxygen should lead
to a lower electron density and a reduced reactivity that ultimately results in a slower reaction rate. To
obtain respective norbornene derivatives, 8armPEGs were functionalized with the adduct of the classical
DA reaction between furan and maleimide (Scheme 1). Similar to the iEDDA hydrogel cross-linked
with the methyl-substituted tetrazine, 8armPEG10k-ETPI slowed the gelation time significantly to
297.5+63.3s.
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Figure 4: Gelation time of 5% (w/v) iEDDA hydrogels at 37 °C. Hydrogels consisting of 8armPEG10k-Nb and
8armPEG10k-Tz (A) were compared to hydrogels prepared from 8armPEG10k-Nb and 8armPEG10k-methyl-Tz
(B) and hydrogels prepared from 8armPEG10k-ETPI and 8armPEG10k-Tz (C). Levels of statistical significance
are indicated as ***p < 0.001.

After determination of the gelation time, stiffness described by the absolute value of the complex shear
modulus (|G *|) and the compressive modulus were measured as a function of polymer concentration and
molecular weight of the precursors (Figure 5). Raising the polymer concentration from 5 to 15% (w/v)
(Figure 5A) increased |G *| significantly from 1.8 + 0.1 to 55.7 + 4.1 kPa. This can be explained by the
physical entanglements and the number of elastically active chains formed during cross-linking [61].
For 15% (w/v) hydrogels, the highest number of cross-links and entanglements are created, resulting in
the significantly highest stiffness. In contrast, the number of possible elastically active chains formed
during cross-linking was reduced for 10% (w/v) polymer concentration, decreasing the overall stiffness
of the system. A concentration of 5% (w/v) further reduced the number of elastically active chains and
led to the significantly lowest |G*| for the 8armPEG10k-hydrogels. Besides |G*|, the compressive
modulus also depends on the number of elastically active chains. The compressive modulus significantly
increased from 7.9 + 0.3 to 135.1+21.9 kPa by increasing the polymer concentration from 5 to
15% (w/v) (Figure 5B). Using macromonomers with a higher molecular weight, |G*| and the
compressive modulus should decrease due to the lower number of possible cross-links. However,
increasing the molecular weight of the precursors used for 5% (w/v) 8armPEG-hydrogels, we found
significantly higher |G*| (Figure 5C) and compressive modulus values (Figure 5D) for hydrogels
prepared from higher molecular weight macromonomers. This paradoxical outcome can be explained
by the gelation time and nitrogen formation. Because 8armPEG10k-hydrogels showed the fastest
gelation, the network formed very rapidly, leading to a less homogeneously cross-linked system with an
increased number of defects. Additionally, for the 8armPEG10k-hydrogels, more nitrogen bubbles were
created at the same polymer concentration, contributing to further irregularities in the hydrogel network.

Together, these defects further reduce the cross-linking density and lead to a lower mechanical strength
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of the respective hydrogels [62]. In contrast, the significantly longer gelation time and the reduced
nitrogen production of the 8armPEG40k-hydrogels resulted in a more uniform cross-linked system with

the highest |G*| and compressive modulus values.
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Figure 5: Absolute values of the complex shear modulus (|G*|) of 8armPEG10k-hydrogels with polymer
concentrations of 5, 10, and 15% (w/v) (A). The compressive modulus of 8armPEG10k-hydrogels with polymer
concentrations of 5, 10, and 15% (w/v) (B). |G| of 5% (w/v) 8armPEG-hydrogels prepared with macromonomers
with a molecular weight of 10, 20, and 40 kDa (C). Compressive modulus of 5% (w/v) 8armPEG-hydrogels
prepared with macromonomers with a molecular weight of 10, 20, and 40 kDa (D). Levels of statistical significance
are indicated as **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3.3 Protein interaction during DA reactions

Bioorthogonal reactions are achieved by using functional groups with high selectivity to their reactive
counterpart under physiological conditions [63]. Thus, minimal side reactions occur, and interactions
with biomolecules in the reaction surroundings are avoided as much as possible. The iIEDDA reaction
between norbornene and tetrazine groups is one such bioorthogonal reaction, making it an ideal
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candidate for protein delivery [64]. Inadvertently tethering proteins to the matrix could cause a delayed
or even incomplete release that complicates drug administration [65]. Also, interactions with the
hydrogel components could cause structural damage to the protein that could make it immunogenic [66].
To investigate potential interactions with proteins, we incubated the model protein lysozyme with
norbornene- and tetrazine-functionalized mPEG5k to imitate the iEDDA gelation process and then
evaluated the extent of PEGylation and the activity of the lysozyme. These results were compared to
lysozyme incubated with furan- and maleimide-functionalized mPEG5k, representing classical DA
gelation. The mPEGS5kK derivatives were used rather than 8armPEGs because cross-linking conditions
could be simulated without gel formation that would hinder the analysis of reaction products [10]. First,
the activity of the enzyme was analyzed (Figure 6). Native lysozyme had an activity of
37338 £ 565 U/mg, but after incubation with the DA reaction monomers, it significantly decreased to
24709 % 1963 U/mg. In contrast, the incubation with the iEDDA monomers led to a slight, but not
significant, activity increase (39857 + 261 U/mg). The activity changes can be explained by possible
PEGylation of the enzyme [67-69]. For the DA reaction, the presence of maleimide-functionalized
MPEG5k resulted in a PEGylation of lysozyme lysine residues via Michael-type addition. PEGylation
occurs in particular for the lysine residues Lys33 and Lys97 [10]. Thereby, activity decrease can be

attributed to PEGylation of Lys97 that is located in a region necessary for substrate interaction.
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Figure 6: Lysozyme activity after incubation with different cross-linking reactions. The activity was determined
for native lysozyme prior to incubation (LYS), after cross-linking via iEDDA reaction with norbornene- and
tetrazine-functionalized mPEG5k (iEDDA), and after cross-linking via DA reaction with furan- and maleimide-
functionalized mPEGS5k (DA). Levels of statistical significance are indicated as ****p < 0.0001.

Next, SDS-PAGE was used to visualize the PEGylation state of the enzyme after incubation with the
iIEDDA and DA reaction monomers (Figure 7A). Protein PEGylation was confirmed by iodine staining
(Figure S2). Native lysozyme resulted in one band, indicating no molecular modifications. For the
iEDDA reaction, an additional band, which means PEGylation with one PEG chain, was found. The
amount of free enzyme was 88.7 £ 0.8%. In contrast, only 46.9 *+ 2.0% unmodified lysozyme was found
for the classical DA reaction. 42.3 + 1.1% of the enzyme was PEGylated once and 10.8 £+ 1.4% twice.
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The reason for the high amount of PEGylated protein is the Michael-type addition of nucleophile amino
acid residues of lysozyme with maleimide groups as explained above [70]. Therefore, the iEDDA
reaction resulted in a significantly higher amount of unmodified, active protein. To determine which
functional group interacted with lysozyme, the enzyme was incubated only with mPEG5k-norbornene
or mPEGb5k-tetrazine (Figure 7B). An additional band was found for lysozyme after incubation with
MPEGb5k-tetrazine, whereas no PEGylation could be seen after incubation with mPEG5k-norbornene.
24.8 £ 0.8% of lysozyme was PEGylated by mPEG5k-Tz, which indicates a possible cross-reaction with
thiols due to the electrophilic nature of tetrazine [55]. For hydrogel formation, the iEDDA reaction of
tetrazine with norbornene takes place preferentially, which protects the protein and causes only a small
amount of PEGylation. This significantly lower interaction with proteins makes the iEDDA reaction a
more promising candidate for protein delivery than the classical DA reaction.
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Figure 7: SDS-PAGE of lysozyme after incubation in 50 mM phosphate buffer (pH 7.4) at 37 °C with furan- and
maleimide-functionalized mPEG5k (DA) and with norbornene- and tetrazine-functionalized mPEG5k
(iIEDDA) (A). SDS-PAGE of lysozyme after incubation in 50 mM phosphate buffer (pH 7.4) at 37 °C with
norbornene (Nb)- and tetrazine (Tz)-functionalized mPEG5K, respectively (B). All gels were stained with
Coomassie brilliant blue. Lysozyme incubated in 50 mM phosphate buffer (pH 7.4) at 37 °C (LYS) and a protein
molecular weight marker (MW) were used as the references for both gels. Molecular weight is presented in kDa.

3.4 Swelling and degradation studies

For use as long-term drug delivery systems, hydrogels should show high stability during administration.
To examine the influence of polymer concentration and molecular weight on stability and degradation

of the iEDDA hydrogels, swelling and degradation studies were performed. Hydrogels that did not show
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cytotoxicity (Figure S3) were investigated. The hydrogels were incubated in phosphate buffer (pH 7.4)

at 37 °C, and the change of mass was determined at specific time points (Figure 8).
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Figure 8: Swelling and degradation of iEDDA hydrogels in 50 mM phosphate buffer (pH 7.4) at 37 °C. 5% (w/v)
iEDDA hydrogels prepared with 8armPEG precursors with a molecular weight of 10, 20, and 40 kDa (A).
8armPEG10k-hydrogels prepared from polymer concentrations of 5, 10, and 15% (w/v) (B).

Initially, the relative mass of all hydrogels decreased due to syneresis, which occurs alongside solvent
expulsion and network collapse of the hydrogel network after incubation in buffer as previously
described for other PEG-based hydrogels [71]. Afterwards, the mass started to increase continuously.
For hydrogels with the same polymer concentration of 5% (w/v), swelling behavior depended on the
molecular weight of the macromonomers used for the hydrogel preparation (Figure 8A). The higher the
molecular weight, the faster the mass increase and the degradation. After reaching a maximum,
8armPEG10k-hydrogels degraded after 438 days, 8armPEG20k-hydrogels after 242 days, and
8armPEG40k-hydrogels after 186 days. Complete dissolution occurs due to hydrolysis of ester bonds
(Scheme 2B). Enhanced stability was achieved not only by using smaller macromonomers but also by
increasing the polymer concentration (Figure 8B). Both changes result in an increased number of ester
groups that take longer to dissolve. Increasing the polymer concentration of an 8armPEG10k-hydrogel
from 5 to 10% (w/v) prolonged the dissolution time to 473 days. The use of an even higher concentration
of 15% (w/v) led to very high stability. In this case, the hydrogels were dissolved after 530 days. This
high stability makes these hydrogels candidates for use as long-term release systems. Interestingly,
5% (w/v) 8armPEG10k-hydrogels showed the lowest degree of swelling of all hydrogel compositions.
This can be explained by the lower stability compared to 10 and 15% (w/v) hydrogels. Approximately
at 380 days, the 10 and 15% (w/v) 8armPEG10k-hydrogels reached a critical degree of degradation with
sufficient free end groups to accelerate hydrogel swelling without significant material erosion. However,
at this point too many ester groups were already hydrolytically cleaved in the 5% (w/v) 8armPEG10k-
hydrogels preventing the hydrogel from any further swelling but rather entering into a process of erosion.

Moreover, compared to hydrogels prepared from larger macromonomers, 8armPEG10k precursors
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resulted in hydrogels with smaller chain length between the cross-links. As previously described, the
degree of swelling decreases with reduced PEG chain length for hydrogels of equal polymer

concentration [72].

3.5 Release of FITC-dextran and GOx

In the previous sections, the applicability of the iEDDA reaction as cross-linking reaction for an
8armPEG-based system was confirmed considering reaction kinetics, cross-reactivity, and stability. In
the last experiment, the release kinetics were analyzed, as they are the most crucial attribute of a protein
delivery system. In many cases, uniform release over the therapy timeframe is desired. Besides hydrogel
swelling, polymer degradation, and drug diffusivity, drug release depends on the hydrogel mesh size
and the hydrodynamic diameter of the embedded protein [73-75]. If the mesh size is smaller than the
hydrodynamic diameter of the protein, the drug will be retained in the matrix [76]. Only after the
network swells will the drug be released. To investigate the release kinetics of the iEDDA hydrogels,
the model substance FITC-dextran with a molecular weight of 150 kDa was embedded in 8armPEG10k-
hydrogels with different polymer concentrations. The release kinetics were analyzed (Figure 9) with
regard to the respective average mesh sizes, which were determined as previously described [35]. The
hydrodynamic diameter of 150 kDa FITC-dextran is approximately 18 nm, as described in the literature
[77]. Therefore, hydrogels with smaller mesh sizes should be selected to guarantee controlled release.
Polymer concentrations of 5% (w/v) (10.3 £ 0.4 nm), 10% (w/v) (5.6 £ 0.2 nm), and 15% (w/v)
(4.1 £ 0.2 nm) resulted in average mesh sizes smaller than the hydrodynamic diameter of FITC-dextran
(Table S1). Hence, all hydrogels should be suitable as delivery systems for this type of FITC-dextran.
However, after a high burst release of 89% (5% hydrogel) and 58% (10% hydrogel), FITC-dextran was
completely released by day 4 and day 19 for the 5 and 10% (w/v) hydrogels, respectively
(Figure 9A and B). Only 15% (w/v) hydrogels were able to release FITC-dextran over a long time
(Figure 9C). The initial FITC-dextran release of around 17% was followed by a faster release. After
19 days, 33% of FITC-dextran was released continuously over 239 days. The release experiment was

stopped after approximately 75% of FITC-dextran had been released from the hydrogels.
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Figure 9: Release of 150 kDa FITC-dextran from 8armPEG10k-hydrogels in 50 mM phosphate buffer (pH 7.4)
at 37 °C. Hydrogels were prepared with polymer concentrations of 5% (w/v) (A), 10% (w/v) (B), and
15% (wiv) (C).

There are different reasons for the fast release from 5 and 10% (w/v) hydrogels and why the equilibrium
swelling theory for mesh size determination seems not to fit the results. First of all, the values of mesh
sizes determined by swelling studies are only reference points. While they represent the average mesh
size, the release depends on the mesh size distribution. By using low field NMR, Kirchhof et al. found
that the most abundant mesh size of a comparable 10% (w/v) 8armPEG10k-hydrogel, cross-linked via
DA reaction, was nearly twice as big as the value of the average mesh size [78]. However, although
similar mesh size values of 5.8 + 0.1 nm were found for 10% (w/v) 8armPEG10k-hydrogels cross-linked
via DA reaction compared to our 10% (w/v) 8armPEG10k-hydrogels cross-linked via iIEDDA reaction,
DA hydrogels were able to release FITC-dextran in a more controlled manner [78]. The most notable
difference between these systems is the presence of bubbles created by the nitrogen gas, which is
generated during the polymerization. They could have a larger impact on the actual mesh size than

expressed by the calculation. Moreover, FITC-dextran is polydisperse [79]. Thus, smaller chains can
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release quickly while leaving larger ones behind. These larger chains in turn are able to migrate in a
wormlike manner via “reptation” out of the hydrogel networks [80]. Finally, the mesh sizes were
determined for pure hydrogels. The presence of an additional high molecular weight substance
influences the cross-linking density that can result in larger mesh sizes and a faster release. This can be
observed when comparing the release kinetics of different amounts of FITC-dextran from 10% (w/v)
8armPEG10k-hydrogels. Our hydrogels were loaded with 1% (w/v) FITC-dextran. In contrast,
comparable DA hydrogels that controlled release over 30 days contained only 0.1% (w/v) FITC-
dextran [78]. Therefore, the functional groups of the DA hydrogels were less hindered during cross-
linking and able to form a denser network. To achieve an extended controlled release, the polymer
concentration was further increased to 15% (w/v), resulting in a higher cross-linking density. In this
way, the influence of the discussed aspects is reduced, and FITC-dextran is released over a very long
time of more than 250 days in a controlled way.

It is known that drug release from hydrogels does not necessarily correlate exclusively with mesh sizes.
According to Rehmann et al. mesh sizes serve as an indicator but are not the only parameter that
determines drug release from hydrogels [73]. Therefore, concrete release experiments remain pivotal to
assess the potential of a hydrogel to control the release of a drug.

With the release of FITC-dextran, we wanted to investigate if these hydrogels can be used for controlled
release applications. Since several commonly used therapeutic proteins such as monoclonal antibodies
have a smaller hydrodynamic diameter, we decided to proceed with a protein of similar size [77,81].
Therefore, GOx with a hydrodynamic diameter of 8.6 nm was chosen as a model protein for the release
experiments (Figure 10) [82]. Based on the result for the release of FITC-dextran, only hydrogels
consisting of 15% (w/v) polymer were considered for the GOXx release experiments. Lower polymer
concentrations were unsuited to retain the larger dextran with time (Figure 9A and B) and would have
accelerated the release of the smaller GOx even further. After 1 day, a slight burst release of around 7%
was observed due to initial network contraction. Subsequently, 30% was released faster over 62 days
due to the swelling of the network that facilitates diffusion of the enzyme out of the matrix. After this
phase, the release slowed. During this period, the network might retain the protein in the inner layer. At
approximately 80 days, a drop can be seen. Considering the cumulative nature of this release study, we
did not expect a decrease in the release. However, due to the low amount of GOx released over this long
timescale, small errors such as drawing too small of a quantity have high impact on the release curve.
The release was increased only after 225 days, as hydrolysis of the ester bonds enlarged the meshes
allowing the protein to escape the gel. After 265 days, the experiment was ended, and 75% of GOx had
been released by this point.

This auspicious release behavior could be used for the administration of biologics, for which it is
important to maintain therapeutic levels over a long time. Examples of potential applications are the
treatment of early-stage breast cancer or age-related macular degeneration. Here, the antibodies

trastuzumab or bevacizumab are administered repeatedly over a year that can lead to injection-related
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complications in the patient [25,83]. Additionally, trained personnel are required, representing a burden
to the health system in the case of repetitive administration [83]. This could be overcome by using a
controlled release system such as ours. A single injection creates a depot from which biologics are
released, and frequent injections can be avoided, leading to higher compliance for the patients and
reduced personnel costs.
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Figure 10: Release of GOx from 15% (w/v) 8armPEG10k-hydrogels in 50 mM phosphate buffer (pH 7.4) at
37 °C.
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Nevertheless, the long release time of our 15% (w/v) hydrogel may represent an obstacle for some
therapeutic proteins regarding activity. However, hydrogels can provide a protective environment
against protein degradation. Huynh and Wylie, for example, showed that bevacizumab released after
100 days from an agarose-based hydrogel retained VEGF binding properties [29]. Therefore, further

research is required for the application as an in vivo depot system.

4  Conclusion

The controlled release of GOx over more than 250 days makes the iEDDA reaction between norbornene
and tetrazine groups attached to multiarmed PEGs highly promising for the preparation of in situ gelling
long-term protein delivery systems. Biodegradation of these hydrogels could be obtained by
esterification of the PEG macromonomers. Additionally, reduction of protein cross-linker interactions
due to the bioorthogonal nature of the iEDDA reaction enabled 89% of the protein to remain active and
non-PEGylated. Furthermore, the ability to influence the high reaction rate by changes in cross-linker
concentration, temperature, and chemical structure represents a promising approach, especially for use

in the field of medical applications.
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1 Rheology
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Figure S1: Gelation time of 5% (w/v) 8armPEG10k-hydrogels at three different tetrazine and norbornene ratios

(Tz:Nb).
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Figure S2: SDS-PAGE of lysozyme after incubation in 50 mM phosphate buffer (pH 7.4) at 37 °C with furan-
and maleimide-functionalized mPEG5k (DA) and with norbornene- and tetrazine-functionalized mPEG5k
(iEDDA) (A). SDS-PAGE of lysozyme after incubation in 50 mM phosphate buffer (pH 7.4) at 37 °C with
norbornene (Nb)- and tetrazine (Tz)-functionalized mPEG5k (B). SDS-PAGE of furan- and maleimide-
functionalized mPEG5k (DA) and norbornene- and tetrazine-functionalized mPEG5k (iEDDA) after incubation
in 50 mM phosphate buffer (pH 7.4) at 37 °C, indicating migration of PEG for the iEDDA lane. All gels were
stained with barium iodide. Lysozyme incubated in 50 mM phosphate buffer (pH 7.4) at 37 °C (LY'S) and a protein
molecular weight marker (MW) were used as the references for gels A and B. Molecular weight is presented in

kDa.
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3 Cytotoxicity
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Figure S3: Viability of L-929 cells after incubation with extracts from 15% (w/v) 200 pl 8armPEG-iEDDA
hydrogels that were made with precursors with molecular weights of 10, 20, and 40 kDa. Extracts were prepared
by incubation of hydrogels in 2 ml of EMEM supplemented with 10% FCS for 24 h at 37 °C. 0.1% (w/v) SDS in
cell medium served as the negative control. Cytotoxicity of the hydrogels was assessed with an MTT assay
according to 1ISO 10993-5:2009 (Biological evaluation of medical devices, part 5: Tests for in vitro cytotoxicity).
70% cell viability (dotted line) indicates the threshold for cytocompatibility. All hydrogels showed no cytotoxicity
due to cell viability values above 100%.

4 Mesh size

Table S1: Average mesh size (¢) of 8armPEG10k-hydrogels prepared with polymer concentrations of 5, 10, and
15% (w/v).

Precursor Concentration (% (w/v)) & (nm)
5 10.3+0.4
8armPEG10k 10 56+0.2
15 41+0.2
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5 Spectroscopic data

3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid
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Figure S4: 'H NMR spectrum of 3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid

'H NMR (CDCls, 400 MHz): & (ppm) = 2.78 (t, 2H, ~C(O)CH,CH,Ar), 3.09 (t, 2H, ~C(O)CH.CH,A),

7.47 (d, 2H, Ar), 8.57 (d, 2H, Ar), 10.20 (s, 1H, -N=CH-N=).
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Figure S5: 3C NMR spectrum of 3-(4-(1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid

13C NMR (CDCls, 100 MHz): § (ppm) = 192.54, 176.68, 166.53, 157.89, 146.06, 130.01, 129.56,

128.75, 34.82, 30.73

LRMS (ESI) calculated for C11H11N4O2* (MH*) 231.0882, found 231.0881
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3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid
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Figure S6: *H NMR spectrum of 3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid
'H NMR (CDCls, 400 MHz): & (ppm) = 2.77 (t, 2H, —-C(O)CH2CH:Ar), 3.08 (t, 2H, —C(O)CH2CH-A),
3.09 (s, 3H, CHsAr), 7.44 (d, 2H, Ar), 8.52 (d, 2H, Ar).
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Figure S7: 3C NMR spectrum of 3-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid
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30.67,21.28

LRMS (ESI) calculated for C12H14aN4O2" (MH™) 245.1039, found 245.1034
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Abstract

Eight-armed poly(ethylene glycol) (PEG) hydrogels cross-linked via inverse electron demand Diels-
Alder reaction between norbornene and tetrazine groups are promising materials for long-term protein
delivery. While a controlled release over 265 days was achieved for 15% (w/v) hydrogels in our previous
study, the material showed high stability over 500 days. In this study, hydrolyzable linkers were
incorporated into the PEG-norbornene precursor structure to reduce the degradation time. To this end,
3,6-epoxy-1,2,3,6-tetrahydrophthalimide, carbamate, carbonate ester, and phenyl carbonate ester were
introduced as degradable functional groups. Oscillatory shear experiments revealed that they did not
affect the in situ gelation. All hydrogel types had gel points of less than 20 s even at a low polymer
concentration of 5% (wi/v). Hydrogels with varying polymer concentrations had similar mesh sizes, all
of which fell in the range of 4 to 12 nm. All hydrogels passed the 70% threshold of cytotoxicity
assessment according to I1ISO 10993-5:2009. The inclusion of phenyl carbonate ester accelerated
degradation considerably, with complete dissolution of 15% (w/v) hydrogels after 302 days of
incubation in 50 mM phosphate buffer (pH 7.4). Controlled release of 150 kDa fluorescein
isothiocyanate-dextran over a period of at least 150 days was achieved with 15% (w/v) hydrogels.
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Introduction

1 Introduction

In situ forming hydrogels are of great importance in the field of protein drug delivery because they can
be injected in a much less invasive procedure as compared to implantation, which decreases cost and
improves patient compliance [1-3]. One way to achieve in situ gelation in delivery systems is the
formation of covalent bonds between pre-functionalized hydrogel precursors by using chemical cross-
linking [2]. To improve the material’s potential for medical use, it is of utmost importance that these
delivery systems do not have to be removed by explantation at the end of the therapy, but rather degrade
into water-soluble products leading to polymer erosion and complete hydrogel dissolution. While
degradation refers to the actual bond cleavage reaction, erosion designates the loss of mass from the
polymer matrix [4]. For complete hydrogel erosion of covalently cross-linked hydrogels, there are two
common degradation mechanisms. A simple approach is using cross-linking reactions of kinetically
reversible nature [5]. These cross-links are cleaved by the removal of educts from the reaction
equilibrium leading to degradation of the hydrogel network. For example, the degradation mechanism
of hydrogels cross-linked via Diels-Alder (DA) reaction between furan and maleimide relies on the
hydrolysis of maleimide groups to non-reactive maleamic acid [6,7]. However, the DA reaction is not
ideal for in situ gelation due to its slow reaction kinetics [8-10]. Further examples of biodegradable
materials are systems cross-linked via Schiff base reactions such as imines and their derivatives
including hydrazones and oximes [11,12]. Unfortunately, the hydrogel formation via Schiff base
reactions poses a high risk for off-target reactions with cargo or molecules at the injection site by reactive
groups such as ketones and aldehydes [13,14]. This could additionally lead to structural damage to the
embedded protein cargo or changes in the release kinetics [15]. Therefore, cross-linking reactions with
higher reaction rate and selectivity are required.

A promising reaction is the inverse electron demand Diels-Alder (iIEDDA) reaction between norbornene
and tetrazine groups [16]. In addition to its fast reaction kinetics, the iEDDA reaction is bioorthogonal
and highly efficient without using a catalyst or producing toxic byproducts [17-19]. The major drawback
to the iEDDA reaction is that it is irreversible and, therefore, via iEDDA reaction cross-linked hydrogels
require a different degradation pathway to make them degradable. Here, erosion can be achieved by
incorporating hydrolytically, oxidatively, or enzymatically cleavable groups as predetermined breaking
points into hydrogel precursors [5]. Polymers such as chitin, chitosan, dextran, and hyaluronic acid allow
for enzymatic cleavage [20-23]. However, enzymatic degradation complicates the control and
predictability of degradation because enzyme concentrations vary spatially within the tissue as well
between individuals. When enzymes are added to the polymer matrix in an attempt to solve this problem,
the loading capacity of the hydrogel is reduced, which is less than ideal [24].

To overcome this drawback, passively hydrolyzable functional groups need to be incorporated into the
polymer backbone. Prominent examples are ester, amide, carbamate, and carbonate ester groups that
degrade at different rates [25-28].
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The goal of this study was to prepare poly(ethylene glycol) (PEG)-based hydrogels that degrade at
different rates. For this purpose, 3,6-epoxy-1,2,3,6-tetrahydrophthalimide (ETPI), carbamate, carbonate
ester, and phenyl carbonate ester were introduced into the norbornene-functionalized eight-armed PEG-
hydrogel precursor as hydrolytically cleavable groups. Hydrogel formation was based on an iEDDA
reaction of norbornene- and tetrazine-functionalized macromonomers. The gelation was evaluated by
rheology to determine gel point and stiffness. Additionally, Young’s modulus of compression
(compressive modulus) was measured. The degradation time of the hydrogels was investigated as well
as cytotoxicity and the mesh size. Finally, the hydrogels were loaded with fluorescein isothiocyanate-
dextran (FITC-dextran) with a molecular weight of 150 kDa to determine the in vitro release kinetics.

2 Materials and methods
2.1 Materials

4-Aminophenol,  anhydrous  acetonitrile,  deuterated chloroform  (CDCls),  anhydrous
dichloromethane (DCM), N,N’-dicyclohexylcarbodiimide, diisopropyl azodicarboxylate, anhydrous
N,N-dimethylformamide (DMF), 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS), deuterated
dimethyl sulfoxide (DMSO), N,N’-disuccinimidyl carbonate (DSC), Eagle’s minimum essential
medium (EMEM), absolute ethanol, anhydrous ethyl acetate (EtOAc), fetal calf serum (FCS),
FITC-dextran with a molecular mass of 150 kDa, 3-(2-furyl)propanoic acid, glacial acetic acid, hexane,
hydrazine monohydrate, N-methoxycarbonylmaleimide, 5-norbornenecarboxylic acid (mixture of endo
and exo), protein LoBind Eppendorf tubes, pyridine, QuantiPro™ BCA Assay Kit, sodium bicarbonate,
sulfur, anhydrous tetrahydrofuran (THF), triethylamine (TEA), and triphosgene were acquired from
Sigma-Aldrich (Taufkirchen, Germany). Eight-armed poly(ethylene glycol) with a molecular mass of
10 kDa (8armPEG10k) and methoxy poly(ethylene glycol) with a molecular weight of 5 kDa (mMPEG5kK)
were purchased from JenKem Technology (Allen, TX, USA) and functionalized with amine, maleimide,
and tetrazine groups as previously described [29-31]. 4-Dimethylaminopyridine (DMAP), phthalimide,
and anhydrous sodium sulfate were received from Acros Organics (Geel, Belgium). Cyclohexane p.a.
and DCM p.a. were obtained from Fisher Chemical (Loughborough, UK). Diethyl ether (technical
grade) was purchased from Jacklechemie (Nuremberg, Germany). O-(Benzotriazol-1-yl)-N,N,N' N'-
tetramethyluronium-hexafluorophosphate (HBTU), citric acid monohydrate, hydrochloric acid, silica
gel 60 (0.063-0.200 mm), sodium azide, sodium dihydrogen phosphate monohydrate, sodium
hydroxide, sodium nitrite, thionyl chloride, and triphenylphosphine were purchased from Merck KGaA
(Darmstadt, Germany). 5-Norbornene-2-methanol and 5-norbornene-2-methylamine were obtained
from TCI Chemicals (Eschborn, Germany). 3-(4-Cyanophenyl)-propionic acid was obtained from abcr
GmbH (Karlsruhe, Germany). Tetramethylethylenediamine was purchased from Carl Roth GmbH &
Co. KG (Karlsruhe, Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

and sodium dodecyl sulfate (SDS) were received from PanReac AppliChem (Darmstadt, Germany)
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Ethanol was purchased from Labochem international (Heidelberg, Germany). Gibco Dulbecco’s
phosphate-buffered saline was acquired from Life Technologies (Darmstadt, Germany). Mouse
fibroblast cells were a kind gift from the group of Prof. Armin Buschauer (University of Regensburg).
Purified water was freshly prepared using a Milli-Q water purification system from Millipore

(Schwalbach, Germany).

2.2 Hand *C NMR Spectroscopy

'H and 3C NMR spectra were recorded using a Bruker Avance 111 400 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany). To calculate end-group conversion, the integral of the alkene proton

peak of norbornene groups was compared to the integral of the PEG backbone peak at $3.75-3.40 ppm.

2.3 Synthesis of N-((bicyclo[2.2.1]hept-5-en-2-yl)methyl)-3-(furan-2-yl)propanamide

3-(2-Furyl)-propanoic acid chloride was synthesized as previously described [32]. Amidation was
performed using a modified version of the synthesis described in literature [33]. In brief, 3-(2-furyl)-
propanoic acid chloride was dissolved in anhydrous THF (10 ml), and the solution was added to a stirred
solution of 5-norbornene-2-methylamine and pyridine (1.1 eq) in anhydrous THF (15 ml) at 0 °C.
Afterwards, the mixture was warmed to 20 °C, at which it was maintained overnight. It was then diluted
with water (60 ml), extracted with EtOAc (3x30 ml) and dried over anhydrous sodium sulfate. The
solution was concentrated by rotary evaporation. The crude product was purified by column

chromatography. The yield was 70%.

2.4 Synthesis of 8armPEG10k-ETPI-Nb (Scheme 1)

A mixture of 8armPEG10k-maleimide and N-((bicyclo[2.2.1]hept-5-en-2-yl)methyl)-3-(furan-2-
ylpropanamide in anhydrous ethyl acetate (10 ml) was stirred for 3 days at room temperature.
Afterwards, the product was precipitated in cold diethyl ether three times. The residue was dissolved in
ethyl acetate and extracted with water four times. The aqueous layer was washed twice with diethyl
ether and filtered. Subsequently, the product was extracted with DCM three times, and the organic phase
was dried over sodium sulfate. The solvent was concentrated, and the product was precipitated several
times with cold diethyl ether. Finally, the product was dried under vacuum. The yield was 98%, and the

degree of end-group conversion was 64%, as determined by *H NMR spectroscopy.
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2.5 Synthesis of N-(4-hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide

5-Norbornene-2-carboxylic acid, 4-aminophenol, and TEA were dissolved in anhydrous DMF. HBTU
was dissolved in anhydrous DMF. Both solutions were combined and stirred for 2 h at room temperature
under argon atmosphere. Subsequently, the solvent was evaporated. The residue was dissolved in ethyl
acetate, washed with HCI solution (pH 3), brine and water, and dried over sodium sulfate. After
evaporation of the solvent, the product was further purified by column chromatography. The yield was
96%.

2.6 Synthesis of 4-(bicyclo[2.2.1]hept-5-ene-2-carboxamido)phenyl (2,5-dioxopyrrolidin-1-yl)

carbonate

N-(4-Hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide was dissolved in anhydrous acetonitrile,
and pyridine and DSC were added. The solution was stirred for 18 h at room temperature. Afterwards,
the solvent was concentrated, DCM was added, and the formed solid was filtered off. The solvent was
completely evaporated, and the residue was taken up in ethyl acetate to give a suspension. The organic
phase was washed with 5% citric acid twice and brine once and dried over sodium sulfate. The solvent

was evaporated and, finally, vacuum dried. The yield was 80%.

2.7 Synthesis of 8armPEG10k-carbamate-Nb (Scheme 1)

8armPEG10k-NH; and 4-(bicyclo[2.2.1]hept-5-ene-2-carboxamido)phenyl (2,5-dioxopyrrolidin-1-yl)
carbonate were dissolved separately in anhydrous acetonitrile. The two solutions were combined, and
TEA was added. The solution was stirred for 18 h under argon atmosphere. Afterwards, the precipitate
was filtered off and the solvent was evaporated. The residue was taken up in DCM and the suspension
was centrifuged several times to separate the precipitate. Subsequently, the product was crystallized
with diethyl ether. The crystallization step was repeated several times. The product was finally vacuum
dried. The yield was 71% and the degree of end-group conversion was 83%, as determined by *H NMR

spectroscopy.

2.8  Synthesis 8armPEG10k-carbonate-Nb (Scheme 1)

5-Norbornene-2-methanol, triphosgene, and TEA were dissolved in anhydrous DCM at 0 °C and stirred
for 3 h. A solution of 8armPEG10k and DMAP in anhydrous DCM was added, and the combined
solution was warmed up to room temperature. The solution was stirred 2 days. Then, the solvent was
evaporated, and the residue was dissolved in anhydrous THF. Subsequently, the suspension was

centrifuged, and the precipitate was removed. This step was repeated. Afterwards, the product was
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precipitated with cold cyclohexane several times and dried under vacuum. The yield was 55% and the

degree of end-group conversion was 79%, as determined by *H NMR spectroscopy.

2.9  Synthesis of 8armPEG10k-phenyl carbonate-Nb (Scheme 1)

N-(4-Hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide, triphosgene, and TEA were dissolved in
anhydrous DCM at 0 °C and stirred for 3 h. A solution of 8armPEG10k and DMAP in anhydrous DCM
was added and the combined solution was warmed up to room temperature. The solution was stirred for
2 days. Then, the solvent was evaporated. The residue was taken up in anhydrous THF. Subsequently,
the suspension was centrifuged, and the precipitate was removed. This step was repeated. Afterwards,
the product was precipitated with cold cyclohexane several times and dried under vacuum. The vyield

was 98% and the degree of end-group conversion was 71%, as determined by *H NMR spectroscopy.

2.10 Hydrogel preparation and characterization

For hydrogel preparation, equal molar amounts of norbornene- and tetrazine-functionalized
8armPEG10k-precursors (Scheme 1) were dissolved separately in water. After combining both
solutions, 200 pl were transferred into cylindrical glass molds. The solution was allowed to gel for 1 h

at 37 °C. The overall polymer concentrations were 5, 10, and 15% (w/v).

2.11 Hydrogel characterization

Oscillatory shear experiments were performed on a Malvern Kinexus Lab+ rheometer (Malvern, Kassel,
Germany) at 37 °C with 25 mm parallel plate geometry, gap size of 500 um, constant oscillation
frequency of 1.0 Hz, and a strain of 1%. Storage (G'), loss modulus (G''), and complex shear modulus
(G*) were recorded over time. The cross over point of ¢’ and G'* was regarded as the gel point. The
absolute values of the complex shear modulus (|G *|) were determined after 30 min when polymerization
was considered complete. Water evaporation was reduced by using a solvent trap. Only hydrogels with
a polymer concentration of 5% (w/v) were analyzed because higher concentrations resulted in faster
gelation, which complicated handling.

The determination of the average mesh size (&) was carried out according to the equilibrium swelling
theory [28,34]. The gel volumes after cross-linking (1) and after swelling (V) were determined using
Archimedes’ principle of buoyancy. With the PEG density taken as 1.12 g/ml [30], the dry polymer
volume (V;,) was obtained after freeze-drying the hydrogels. Subsequently, the polymer fraction of the
hydrogel after cross-linking (v, = V,/V;.) and in swollen state (v, = V,/V,s) were calculated. The
number of moles of elastically active chains in the hydrogel network (v,) was calculated by means of a

modified version of the Flory-Rehner equation [35-37]:
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— 2
Vv, = Vp . [ln(l st) + Vs t )(11]25] (1)

e -re

Parameters required for equation (1) are the molar volume of solvent, V;, (18 ml/mol for water) [38],
the Flory-Huggins interaction parameter of PEG in water, y;, (0.426) [39], and the branching factor of
the macromonomers, f, (eight for 8armPEG). The average network mesh size (§) was calculated as
suggested by Canal and Peppas [40]:

§=v31 (Zm") c,% (2)

In equation (2), [ is the average bond length along the PEG backbone (0.146 nm) [41], m,, is the total
mass of polymer in the hydrogel, M,. is the molecular mass of the PEG repeating unit (44 g/mol), and
C, is the Flory characteristic ratio (four for PEG) [41].

The compressive modulus was determined according to the literature [31]. In brief, 5% (w/v)
8armPEG10k-hydrogels with a volume of 200 pl were prepared for all linkers as described in section
2.10. The diameter and height of the hydrogels were measured. After casting the hydrogel cylinders on
the lower plate of an Instron 5542 materials testing machine (Norwood, MA, USA), the samples were
compressed uniaxially at a speed of 1 mm/min. Compressive force (N) and compressive strain (%) were
monitored over time. The compressive modulus was calculated by using the linear part of the curve

between 10 and 20% compression.

2.12 Cytotoxicity

To assess cytotoxicity according to 1SO 10993-5:2009 (Biological evaluation of medical devices, part
5: Tests for in vitro cytotoxicity), extracts were prepared and analyzed via MTT assay as previously
described [42]. In brief, 200 pl 15% (w/v) 8armPEG10k-hydrogels were prepared for all linkers as
described in section 2.10. These hydrogels were incubated in 2 ml of EMEM supplemented with 10%
FCS for 24 h at 37 °C. Afterwards, extracts were prepared by separating the supernatant from the
hydrogels. Meanwhile, mouse fibroblast L-929 cells were seeded in a 96-well microtiter plate at a
density of 10,000 cells per well and cultivated overnight. 100 pl extract was added to each well. 0.1%
SDS was used as negative control and pure medium served as positive control. At least six replicates
were prepared for each type of hydrogel. After 24 h of incubation at 37 °C, the medium was replaced
with 200 pl of a 1.5 mM MTT solution. After 6 h of further incubation at 37 °C, the MTT solution was
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replaced with PBS containing 10% SDS, and the samples were incubated for 16 h at room temperature.
Finally, the absorbance at 570 and 690 nm was measured using a FluoStar Omega microplate reader
(BMG Labtech, Ortenberg, Germany). Cell viability was calculated by the difference in absorbance.
The viability was normalized to the positive control. For best evidence, hydrogel formulations with the
highest polymer concentration of 15% (w/v) were investigated. By using extracts, contact between

hydrogels and cells was prevented, which could lead to a negative impact on the cells due to abrasion.

2.13 Swelling and degradation studies

Swelling and degradation studies were performed according to literature [28]. For all linkers,
8armPEG10k-hydrogels with polymer concentrations of 5, 10, and 15% (w/v) were prepared as
described in section 2.10. The hydrogels were weighed after cross-linking and transferred to LoBind
Eppendorf tubes. 5 ml of a 50 mM phosphate buffer (pH 7.4) with 0.02% sodium azide was added and
the hydrogels were incubated at 37 °C in a shaking water bath. At predetermined time points, the
hydrogels were weighed and incubated in 5 ml of fresh buffer solution. Complete dissolution was
achieved when no remaining material could be detected.

2.14 Release of FITC-dextran

To assess the influence of the biodegradable linkers on the release kinetics, FITC-dextran was used as
model substance. 2 mg of 150 kDa FITC-dextran was embedded in 200 pl hydrogels with a polymer
concentration of 15% (w/v). To prepare a hydrogel containing FITC-dextran, the respective norbornene-
functionalized precursor was dissolved in 100 pl of a solution with a FITC-dextran concentration of
20 mg/ml. To this mixture, 100 pl of a solution containing equal molar amounts of 8armPEG10k-Tz
were added. Gelation was carried out for 1 h at 37 °C. The hydrogels were transferred into 5 ml LoBind
Eppendorf tubes and incubated in 5 ml of 50 mM phosphate buffer (pH 7.4). The release experiments
were performed in a shaking water bath at 37 °C. At regular time points, samples were withdrawn and
replaced with fresh buffer. The samples were stored at 2-8 °C for further analysis. A FluoStar Omega
fluorescence microplate reader (BMG Labtech, Ortenberg, Germany) was used to quantify the FITC-

dextran concentration.

2.15 Statistical analysis

All experiments were performed in triplicate, and the results are shown as mean + standard deviation.
Statistical significance was assessed using one-way ANOVA. Post hoc analysis was determined by
Tukey’s test (GraphPad Prism 6.0, GraphPad Software Inc., La Jolla, CA, USA).
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3 Results and discussion
3.1 Synthesis of PEG-Nb-derivatives with different biodegradable linkers

To introduce various cleavable groups as predetermined degradation points into hydrogels, different
polymer functionalization mechanisms were used. For all the linkers synthesized for this work, end-
group conversions ranging from 64-83% were achieved, which is satisfactory for cross-linking and
comparable to other multiarmed PEG modifications [30,43]. The new biodegradable groups were
synthesized into the PEG-norbornene precursor rather than the more reactive tetrazine groups to prevent
hydrolysis and possible side reactions. Tetrazine-functionalized precursors were synthesized by
esterification as previously published [31]. For the carbamate linker, a phenol was chosen as the leaving
group. Carbamates consisting of phenols are chemically more labile than those made of aliphatic
alcohols due to their lower pK, values [44,45]. Using aliphatic alcohols as the leaving group for
carbamate linkers would even lead to higher stability than the corresponding ester [46]. Similar to the
carbamate linker, a phenol group was used as the leaving group for the phenyl carbonate ester linker to
accelerate degradation. Overall, the syntheses presented here are a straightforward and cost-effective
method to produce norbornene-functionalized multiarmed PEGs with different cleavable groups.

3.2 Gelation time and mechanical properties

In situ forming systems are advantageous because they undergo gelation rapidly, thus avoiding material
loss from the injection site. The gel formation rate can be characterized by the gel point, which is the
time of the cross-over point of storage (G') and loss modulus (G'"). This point is where the transition
from liquid-like to solid-like behavior occurs [47]. The gelation for each hydrogel was followed by

oscillatory shear experiments.
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Figure 1: Rheograms of 5% (w/v) 8armPEG10k-hydrogels with ETPI linker (A), carbamate linker (B), carbonate
ester linker (C), and phenyl carbonate ester linker (D) with insets showing the gel points of one representative
hydrogel for each type. Storage (G") and loss modulus (G') were determined over time at 37 °C. All experiments
were carried out at an oscillation frequency of 1.0 Hz using a 25 mm parallel plate geometry and a gap size of
500 pm.

Figure 1 shows the rheograms of 5% (w/v) hydrogels with different degradable linkers. A very fast
increase of G’ ending in a plateau can be seen for all hydrogels. Gel points (Figure 2) of 16.6 £ 0.6 s
(ETPI linker), 9.9 £ 6.0 s (carbamate linker), 12.2 + 8.7 s (carbonate ester linker), and 5.9 + 3.8 s (phenyl
carbonate ester linker) were found, indicating very rapid in situ gelation already for a low polymer
concentration of 5% (w/v). Even though differences in the gelation time were not found to be significant
for the ETPI linker, lower end-group conversion of the macromonomers could explain the increased

gelation time for that linker.
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Figure 2: Gelation time of 5% (w/v) 8armPEG10k-hydrogels containing ETPI linker, carbamate linker, carbonate
ester linker, and phenyl carbonate ester linker (PC) at 37 °C.

In addition to the gel point determination, rheology was used to measure the stiffness of the hydrogels
after 30 min, when gelation was considered complete (Figure 4A). The absolute value of the complex
shear modulus of hydrogels with the ETPI linker was found to be the significantly highest
(2.7 £ 0.2 kPa). ETPI is the DA adduct between furan and maleimide. Since this DA adduct contains a
norbornene derivative (7-oxanorbornene), it is possible that tetrazine reacts with the additional
norbornene derivative as well as the unmodified norbornene groups. Previously, it was shown that
tetrazine-functionalized 8armPEGs formed hydrogels with ETPI-functionalized 8armPEGs [31]. To
check if tetrazine groups reacted with the incorporated ETPI linker, 'H NMR spectroscopy was used.
An aqueous mixture of 8armPEG10k-ETPI-norbornene and 8armPEG10k-tetrazine would make a
highly cross-linked hydrogel, which could not have been investigated with classical *H NMR
spectroscopy. Therefore, we used linear MPEG5k-tetrazine instead of 8armPEG10k-tetrazine so that the
reaction products stayed in solution after polymerization and could be detected by 'H NMR
spectroscopy. To determine the prevalence of the side reaction between tetrazine groups and
7-oxanorbornene, norbornene groups were used in excess to tetrazine groups. First, spectra of
8armPEG10k-ETPI-norbornene and mPEG5k-tetrazine dissolved in D,O with DSS as internal standard
were recorded (Figure 3A and B). To maintain the same norbornene and DSS concentrations, solid
MPEGb5k-tetrazine was added to the NMR tube containing 8armPEG10k-ETPI-norbornene. After
incubating at 37 °C for 1 h, the spectrum of the formed product was measured (Figure 3C). The
disappearance of signal d indicated the complete consumption of tetrazine. The peaks at 6.63, 6.50, and
6.34 ppm represented the protons of the alkene bond in 7-oxanorbornene in the exo and endo positions
(signal b). The protons at position c appeared as three peaks at 6.24 and 6.15 (endo) and 5.95 ppm (exo).
Using the ratio of tetrazine to norbornene groups and integrating the peaks of the functional groups
related to the internal standard, it was possible to calculate the percentage of groups that had reacted.

Besides the decrease of the proton peak for the alkene bond at position c, the peaks of the protons at
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positions a and b decreased, indicating a side reaction of tetrazine with the ETPI linker. 82.5% of the

unmodified norbornene and 17.5% of the 7-oxanorbornene were found to react with tetrazine groups.
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Figure 3: 'H NMR spectra of 8armPEG10k-ETPI-Nb (A), mPEG5k-Tz (B), and the product between
8armPEG10k-ETPI-Nb and mPEG5k-Tz after reaction in D-O at 37 °C for 1 h (C). All spectra were recorded in
D,0O with DSS as internal standard.

These findings suggested that there are twice as many norbornene derivative groups present compared
to tetrazine groups. This increases the likelihood for a tetrazine group to find a cross-linking counterpart
for hydrogel formation. Consequently, the number of elastically active chains increases, giving the
product a higher stiffness compared to systems with equimolar amounts of tetrazine and norbornene. No
significant difference in stiffness was obtained for hydrogels containing carbamate (1.7 = 0.4 kPa) or
carbonate ester (1.8 + 0.2 kPa) as cleavable linkers (Figure 4A). The significantly lowest stiffness was
found for the hydrogel with the phenyl carbonate ester linker (0.9 + 0.3 kPa). This type of hydrogel is

expected to degrade most quickly due to its high lability, which also has a negative impact on stiffness.
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Similar behavior was found for the compressive modulus (Figure 4B), which is defined as the ratio of
compressive stress to compressive strain. Hydrogels with the phenyl carbonate ester linker showed the
significantly lowest values (1.4 + 0.2 kPa). Besides higher stiffness, the ETPI linker also had a
significantly higher compressive modulus (9.0 + 0.4 kPa) because of the increased number of binding
partners for tetrazine groups. Hydrogels containing the carbamate (5.0 £ 1.0 kPa) and carbonate ester

linkers (4.7 + 0.8 kPa) did not show any significant differences in compressive modulus.
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Figure 4: Stiffness represented by the absolute value of the complex shear modulus (|G*|) after 30 min of gelation
time for 5% (w/v) 8armPEG10k-hydrogels containing ETPI linker, carbamate linker, carbonate ester linker, and
phenyl carbonate ester linker (PC) (A). The compressive modulus of 5% (w/v) 8armPEG10k-hydrogels containing
ETPI linker, carbamate linker, carbonate ester linker, and phenyl carbonate ester linker (PC) (B). Levels of
statistical significance are indicated as *p < 0.05, **p < 0.001, ***p <0.001, and ****p < 0.0001.

3.3 Cytotoxicity

Carbonate ester and carbamate groups are targets for nucleophilic groups such as amines and alcohols.
Contact with proteins can lead to interactions, including covalent bonds. Additionally, synthesis residues
of educts such as phosgene and its derivatives can cause toxicity [48,49]. To exclude toxicity,
cytocompatibility of all hydrogels consisting of different biodegradable linkers was assessed (Figure 5).
For hydrogels with different biodegradable linkers, cell viabilities of 98.2 £ 4.1% (ETPI), 100.7 + 5.1%
(carbamate), 96.2 + 4.9% (carbonate ester), and 89.1 + 4.2% (phenyl carbonate ester) were found.
Hydrogels containing the ETPI and carbamate linkers both had minimal impacts on viability. The higher
stability imparted by the ETPI and carbamate linkers might have protected the cells from detrimental
interactions and resulted in no toxicity. In contrast, carbonate ester and phenyl carbonate ester as
biodegradable linker resulted in significant viability decreases. The reason for this becomes apparent
upon examining the syntheses of 8armPEG10k-carbonate-Nb and 8armPEG10k-phenyl carbonate-Nb,
which included phosgene and its derivatives. Possible educt residues after purification could explain the
observed decreases in the cell number. Additionally, the phenyl carbonate ester linker is expected to

degrade faster than the carbonate ester linker due to the incorporation of a phenyl elimination group.
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Therefore, nucleophilic residues from the cells can preferentially attack the electrophilic structure. In
summary, all hydrogels exceeded the 70% threshold value of I1ISO 10993 clearly. However, in vivo

biocompatibility tests are necessary for a full evaluation of toxicity.
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Figure 5: Viability of L-929 cells after incubation with extracts from 15% (w/v) 8armPEG-iEDDA hydrogels that
contained ETPI (A), carbamate (B), carbonate ester (C), and phenyl carbonate ester (D) as biodegradable linkers.
0.1% (w/v) SDS in cell medium served as negative control. The dotted line at 70% cell viability indicates the
threshold for cytocompatibility. All hydrogels passed this threshold showing no cytotoxicity. Statistical
significance was assessed relative to the positive control, which was pure medium. Levels of statistical significance
are indicated as **p < 0.01 and ****p < 0.0001.

3.4 Swelling and degradation studies

The aim of this study was to investigate the influence of the different hydrolytically cleavable groups
on the stability of 8armPEG10k-hydrogels. In contrast to former studies, the ester group of the PEG-
norbornene precursor was replaced by a new cleavable linker, while the ester group of PEG-tetrazine
was unchanged [31]. In this manner, we should be able to decrease the long degradation time of
8armPEG10k-hydrogels cross-linked via iEDDA reaction with two incorporated ester groups as
designated breaking points (Scheme 2).

To examine the stability of these hydrogels, swelling studies were performed. All hydrogels were placed
in 50 mM phosphate buffer (pH 7.4) at 37 °C, and the development of the relative mass was followed
over time. The degradation time was defined as the time for complete dissolution of the hydrogels. For
each linker, hydrogels were prepared with polymer concentrations of 5, 10, and 15% (w/v) to meet
diverse application requirements (Figure S1). To better see the difference in mass change, Figure 6
shows the relative mass development of all hydrogels prepared with an overall polymer concentration
of 5% (w/v).
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Scheme 2: Degradation of 8armPEG10k-hydrogels due to the hydrolytically cleavage of different linkers.

For ETPI and carbonate ester, we observed swelling behavior similar to that of hydrogels containing
two ester groups. After a decrease in the relative mass due to syneresis and network contraction, the
hydrogels started to take up water, leading to slow bulk degradation with simultaneous mass increase
[26,50]. For 400 days, no mass decrease was seen, and no faster degradation was obtained with either
of these linkers. Carbamate groups also led to a volume contraction followed by a larger mass increase.
However, the hydrogel mass started to decrease after reaching a maximum at 175 days due to linker
cleavage and erosion. After 409 days, the hydrogel matrix still eroded, and no faster degradation could
be detected. In contrast, no mass increase could be found for hydrogels containing the phenyl carbonate
ester linker. For this linker, the hydrogel eroded from beginning to complete erosion after 153 days. The
phenyl carbonate ester linker degraded faster than the carbonate ester linker because of resonance
stabilization in the phenyl leaving group. This degradation results in a diffusion of the free
macromonomers from the hydrogels to the surrounding solution and mass loss starting immediately
after incubation with buffer. Interestingly, hydrogels containing the phenyl carbonate ester linker were
the only hydrogel type that showed differences in swelling behavior for higher polymer concentrations
(Figure S1D). After surface erosion over 109 days, the remaining matrix of the 10 and 15% (wi/v)
hydrogels started to gain mass. At this point for the 5% (w/v) hydrogels, most of the phenyl carbonate
ester groups were already cleaved, preventing the hydrogel from swelling, and resulting in complete
dissolution after 153 days. Only small differences in degradation time were detected for 10 and
15% (w/v) hydrogels. 15% (w/v) hydrogels completely dissolved after 309 days, whereas 10% (w/v)
hydrogels were more stable and took 315 days to dissolve fully. We expected the more concentrated
hydrogels to be more stable because 15% (w/v) hydrogels should have the largest number of elastically
active chains and phenyl carbonate ester groups, which should take the longest to be completely
degraded. This was already described for similar 8armPEG-hydrogels [51,52]. However, the 15% (w/v)

hydrogels had the fastest gelation times, which caused them to have more irregularities compared to the
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10% (wi/v) hydrogels. Therefore, the 10% (w/v) hydrogels had more time to form a more homogeneous

network during gelation, causing them to have similar stability to the 15% (w/v) hydrogels.
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Figure 6: Swelling and degradation of 5% (w/v) 8armPEG10k-hydrogels containing ETPI, carbamate, carbonate
ester, and phenyl carbonate ester (PC) as hydrolytically cleavable groups in 50 mM phosphate buffer (pH 7.4) at
37°C.

The degradation mechanism (Scheme 3) of carbamate and carbonate ester involves the nucleophilic
attack of water and the formation of carbon dioxide [53,54]. In neutral milieu, a Bac2 mechanism is
advanced for the carbonate ester hydrolysis [55]. Thereby, carbonate ester groups can show higher
stability than ester groups [53]. On the other hand, introducing a resonance-stabilized leaving group
results in lower stability as seen for the phenyl carbonate ester linkers. Carbamates hydrolyze via an
E1cB elimination reaction mechanism [56,57]. An unstable isocyanate intermediate is formed, which
reacts with water to form an amine and carbon dioxide. Again, a resonance-stabilized leaving group
increases the degradation rate. For the ETPI linker, the hydrolysis of free maleimide groups removes
maleimides from the reaction equilibrium, enhancing the retro-Diels-Alder reaction and degradation of
the hydrogel. Previously, we showed that 5% (w/v) 8armPEG40k-hydrogels cross-linked via DA
reaction containing one ETPI group per cross-link dissolved after approximately 10 days, whereas
5% (w/v) 8BarmPEG40k-hydrogels containing two ester groups per cross-link were completely dissolved
after about 60 days [52,58]. Therefore, we assumed a significant difference in degradation time.
However, no faster degradation could be found. The reason for this is that ETPI linkers are a target for
tetrazine groups reacting as described above (Figure 3C). These additional cross-links are not subject to
hydrolysis, making the system more stable. Hence, the ETPI linker is not a suitable hydrolyzable
functional group for degradable hydrogel synthesis cross-linked via iEDDA reaction. However, for
cross-linking reactions such as Schiff base formation or condensation reactions with no reactivity

towards norbornene functionalities, the ETPI linker could be used.
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In summary, only the incorporation of the phenyl carbonate ester linker into the 8armPEG10-Nb
precursor led to faster degradation compared to our former hydrogels with two ester groups, which

dissolved after 438 days.
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Scheme 3: Degradation mechanism of ETPI (A), carbamate (B), carbonate ester (C), and phenyl carbonate ester
linker (D) in water.

3.5 Mesh size and FITC-dextran release

After thoroughly characterizing the hydrogels synthesized with different biodegradable linkers, FITC-
dextran release from the hydrogels was examined. First, the mesh sizes of hydrogels made with different
polymer concentrations were determined. In addition to degradation behavior and drug diffusivity, the
mesh size of a hydrogel is a pivotal factor in drug release Kinetics [59-61]. It is necessary to choose a
hydrogel with a mesh size in the range of the hydrodynamic diameter of the drug for controlled release
over time without delay. The mesh sizes were compared to 8armPEG10k-hydrogels cross-linked via
iEDDA reaction with two cleavable ester groups. Since for this hydrogel type, a controlled release of
FITC-dextran over a time of more than 250 days could be achieved [31], the mesh sizes of the hydrogels
with the new degradable linkers should be in the same range.

Table 1 shows the average mesh sizes of all hydrogels at three different polymer concentrations. For all
four biodegradable linkers, mesh sizes comparable to our previously published values of iEDDA-
hydrogels were found [31]. For the successful release of FITC-dextran from 8armPEG10-hydrogels, a
polymer concentration of 15% (w/v) with an average mesh size of 4.1 + 0.2 nm was used. Therefore,
the same polymer concentration was chosen for the release experiments with the biodegradable linkers,

with mesh size values of 4.4 £ 0.6 nm (ETPI), 4.6 £ 0.1 nm (carbamate), 4.2 = 0.0 nm (carbonate ester),
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and 4.9 £ 0.5 nm (phenyl carbonate ester). Differences in the mesh sizes of the various 15% (w/v)

8armPEG10k-hydrogels were not significant.

Table 1: Average mesh size of 8armPEG10k-hydrogels consisting of different biodegradable linkers. All
hydrogel types were prepared with polymer concentrations of 5, 10, and 15% (w/v).

Linker Concentration (% (w/v)) & (nm)
5 11.4+0.6
ETPI 10 6.2+04
15 4.4 +0.6
5 119+1.0
Carbamate 10 6.8+0.4
15 46+0.1
5 10.6 £0.3
Carbonate ester 10 58x0.1
15 42+0.0
5 102+1.2
Phenyl carbonate
10 7.4+0.3
ester
15 49+05

The release of 150 kDa FITC-dextran from all hydrogel types with a polymer concentration of
15% (w/v) was examined to investigate the influence of the linker on the release kinetics. FITC-dextran
was chosen as a model substance because of its high stability in phosphate buffer [62]. Figure 7 shows
the release kinetics of FITC-dextran from the various hydrogels. For all hydrogels, controlled release
over 150 days can be seen. The initial release varied from about 20% for the ETPI and carbonate ester
linkers to approximately 13% for the carbamate and phenyl carbonate ester linkers. After the initial
release, the model substance was released in a fast manner over 20 days for the ETPI and carbonate ester
linkers. Subsequently, FITC-dextran was released continuously until the experiment was stopped.
Thereby, FITC-dextran was released faster from hydrogels containing the ETPI linker.

Carbamate or phenyl carbonate ester linkers led to a slower initial release of the model substance
followed by continuous release over the respective time frame. Subsequently, hydrogels with the phenyl
carbonate ester linker released the FITC-dextran more quickly because of their lower stability, which
resulted in faster mesh size increases and less hindered diffusion from the network. Interestingly, the
amount released over the first 90 days was lower for the carbamate and phenyl carbonate ester linkers
compared to the ETPI and carbonate ester linkers. Hydrogels with carbamate and phenyl carbonate ester
share different swelling kinetics compared to the other hydrogels. Differences in swelling behavior most

likely affect the release kinetics because of their influence on the network density.
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Conclusion

In a recent study, we showed that it is possible to prepare a controlled release system based on
8armPEGKk-precursors cross-linked via the iEDDA reaction between norbornene and tetrazine groups
[31]. The model substance FITC-dextran with a molecular weight of 150 kDa was released over an
extended time of 265 days. In contrast to other long-term release approaches that rely on the inclusion
of additional substances such as micro- and nanoparticles [63,64] or incorporation of drug affine groups
into the hydrogel backbone [65-67] the high stability and slow swelling behavior of the hydrogel itself
were exploited. This is advantageous as no additional excipients are required, and arbitrary therapeutic
proteins can be embedded in the hydrogel network without concern for their affinity. However, an overly
long release time can cause challenges regarding protein stability, such as denaturation and activity loss.
To shorten the release time, four different degradable groups were incorporated in the hydrogel
backbone. Only the phenyl carbonate ester linker was found to degrade faster than the ester groups in

our previous study.
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Figure 7: Release of FITC-dextran with a molecular weight of 150 kDa from 15% (w/v) 8armPEG10k-hydrogels
containing ETPI linker, carbamate linker, carbonate ester linker, and phenyl carbonate ester linker (PC). The
release experiments were carried out in 50 mM phosphate buffer (pH 7.4) at 37 °C.

The release experiments showed that the hydrogels with different hydrolyzable linkers were able to
release a model substance with hydrodynamic diameter similar to common antibodies in a controlled
manner over an extended time. These systems could be used to create drug depots for biologics like
bevacizumab, ranibizumab, and trastuzumab to treat diseases such as early-stage breast cancer or age-
related macular degeneration over long treatment periods while avoiding frequent injections and leading
to higher patient compliance [68,69].

4  Conclusion

The introduction of different hydrolyzable groups as predetermined breaking points into multi-armed

PEG-hydrogels led to a tunable degradation time. While hydrogels consisting of carbonate ester linkers
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prepared from alcohols did not show faster degradation than the previously published hydrogels with
ester groups, changing the leaving group from an alcohol to a phenol decreased the stability and
accelerated hydrogel degradation. Furthermore, all of the biodegradable linkers we tested still formed
hydrogels with rapid in situ gelation processes and consistent mesh sizes. Additionally, carbamate
groups caused a change in swelling behavior. All hydrogels achieved controlled release of FITC-dextran
for more than 150 days regardless of the type of hydrolyzable linker. The hydrogel syntheses presented
here are promising methods for the creation of materials tailored to many diverse biomedical

applications.
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Figure S1: Swelling and degradation of 5, 10, and 15% (w/v) 8armPEG10k-hydrogels containing ETPI linker (A),
carbamate linker (B), carbonate linker (C), and phenyl carbonate linker (D) in 50 mM phosphate buffer (pH 7.4)
at 37 °C.
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2 Spectroscopic data
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Figure S2: 'H NMR spectrum of N-((bicyclo[2.2.1]hept-5-en-2-yl)methyl)-3-(furan-2-yl)propenamide

'H NMR (CDCl;, 400 MHz): & (ppm) = 3.23 (m, 2H, -HNCH.CHR,-), 5.91-6.15 (m, 2H,
—HC=CH-, endo and exo), 6.04 (m, 1H, Ar), 6.28 (m, 1H, Ar), 7.30 (m, 1H, Ar).
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Figure S3: 13C NMR spectrum of N-((bicyclo[2.2.1]hept-5-en-2-yl)methyl)-3-(furan-2-yl)propenamide

13C NMR (CDCls, 100 MHz): § (ppm) = 24.34, 30.15, 35.27, 38.91, 42.50, 43.75, 44.27, 49.61, 105.71,
110.44, 132.09, 137.86, 141.31, 154.55, 171.61
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8armPEG10k-ETPI-Nb
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Figure S4: 'H NMR spectrum of 8armPEG10k-ETPI-Nb

'H NMR (CDCls, 400 MHz): & (ppm) = 3.63 (s, -OCH,CH,-), 5.18 (d, 8H, -R,CHOCHR-, endo) 5.21
(d, 8H, —-R,CHOCHR-, ex0), 5.93 (m, 8H, -HC=CH-, endo), 6.05 (m, 16H, -HC=CH-, exo), 6.16
(m, 8H, -HC=CH-, endo), 6.24-6.50 (16H, -CH=CH-, endo and exo).
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N-(4-hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide
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Figure S5: 'H NMR spectrum of N-(4-hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide

'HNMR (DMSO, 400 MHz): & (ppm) = 5.83 (m, 1H, -HC=CH-, endo), 6.13 (m, 1H, -HC=CH-, endo),
6.17 (m, 2H, -HC=CH-, exo0), 6.61-6.67 (m, 2H, Ar, endo and exo), 7.28-7.37 (m, 2H, Ar, endo and
exo0), 9.07 (s, 1H, HOAr, endo), 9.10 (s, 1H, HOAr, exo), 9.41 (s, 1H, —-C(O)NHAr, endo), 9.65 (s, 1H,
—C(O)NHA, exo).
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Figure S6: 13C NMR spectrum of N-(4-hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide

3C NMR (DMSO, 100 MHz): § (ppm) = 28.39, 29.90, 41.05, 42.26, 43.88, 43.98, 45.57, 46.08, 47.11,
49.57, 114.86, 114.95, 120.83, 121.01, 131.23, 131.85, 136.28, 136.98, 137.92, 152.93, 171.22, 172.93
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4-(bicyclo[2.2.1]hept-5-ene-2-carboxamido)phenyl (2,5-dioxopyrrolidin-1-yl) carbonate
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Figure S7: 'H NMR spectrum of 4-(bicyclo[2.2.1]hept-5-ene-2-carboxamido)phenyl (2,5-dioxopyrrolidin-1-yl)

carbonate

'H NMR (DMSO, 400 MHz): & (ppm) = 2.85 (s, 4H, (O)CCH,CH,C(0)), 5.85 (m, 1H, -HC=CH-,
endo), 6.16 (m, 1H, —-HC=CH-, endo), 6.19 (m, 2H, -HC=CH-, exo), 7.24-7.32 (m, 2H, Ar, endo and

exo), 7.61-7.72 (m, 2H, Ar, endo and exo), 9.85 (s, 1H, (O)CNHAr), 9.92 (s, 1H, (O)CNHAr).
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Figure S8: 13C NMR spectrum of N-(4-hydroxyphenyl)bicyclo[2.2.1]hept-5-ene-2-carboxamide

13C NMR (DMSO, 100 MHz): § (ppm) = 25.42, 28.26, 42.28, 44.25, 46.13, 49.57, 114.85, 120.22,

120.66, 131.67, 137.24, 145.04, 150.36, 169.73, 172.08
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8armPEG10k-carbamate-Nb

45000

PEG
b H\'/bc 40000
Seeth
b
o a

o~ J o
I’{ NN I-35000
H
30000
25000
cocl,
20000
F 15000
-1
a 0000
b =
=
[+ L
#NMMAA N
to
\ : : : : : : : : : : : : : : : )
8.0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

1 (ppm)

Figure S9: *H NMR spectrum of 8armPEG10k-carbamate-Nb

'H NMR (CDCls, 400 MHz): 8 (ppm) = 3.63 (s, -OCH.CH-0-), 6.01 (m, 8H, -HC=CH-, endo), 6.13
(m, 8H, -HC=CH-, ex0), 6.16 (m, 8H, -HC=CH-, exo), 6.28 (m, 8H, -HC=CH-, endo), 7.02-7.19
(16H, Ar), 7.45-7.53 (16H, Ar).
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Figure S10: *H NMR spectrum of 8armPEG10k-carbonate-Nb

'H NMR (CDCls, 400 MHz): & (ppm) = 3.65 (s, -OCH,CH,0-), 3.88-4.04 (m, 16H, -OCH,CHR,-),
4.18-4.29 (16H, -OCH,CH;0-), 5.95 (m, 8H, -HC=CH-, endo), 6.07 (m, 16H, -HC=CH-, ex0), 6.15
(m, 8H, -HC=CH-, endo).
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8armPEG10k-phenyl carbonate-Nb
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Figure S11: *H NMR spectrum of 8armPEG10k-phenyl carbonate-Nb

'H NMR (CDCls, 400 MHz): & (ppm) = 3.63 (s, -OCH.CH.0-), 4.37 (m, 16H, -OCH,CH,0-), 6.02
(m, 8H, -HC=CH-, endo), 6.14 (m, 8H, -HC=CH-, ex0), 6.17 (m, 8H, -HC=CH-, ex0), 6.29 (m, 8H,
—HC=CH-, endo), 7.08-7.20 (16H, Ar), 7.52—7.61 (16H, Ar).
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Abstract

Water-free preparation of protein delivery systems has the potential to overcome limitations of hydrogel
depot systems such as off-target reactions, functional group hydrolysis, and limited loading capacity.
However, a major roadblock in the development and use of these systems is administration as
implantation is often required. In this study, we developed a biodegradable and water-free injectable
protein delivery system via inverse electron demand Diels-Alder reaction between norbornene- and
tetrazine-functionalized four-armed poly(ethylene glycol) macromonomers. 1:1 mixtures of these
precursors gelled rapidly in situ, taking less than 11 s to reach their gelation point. Methyl substitution
of tetrazine slowed the gelation time and increased the cross-linking density, whereas oxygen
incorporation into norbornene changed the mechanical properties. Introduction of hydrolytically
cleavable groups enabled biodegradability. Using carbamate and phenyl carbonate ester groups, we
could tune the stability. Controlled release of the protein surrogate glucose oxidase was achieved over
a period of 500 days. The novel preparation method presented here is a promising step towards the
development of water-free injectable protein depots for controlled drug delivery.
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Introduction

1 Introduction

Hydrogels play a major role in the field of drug delivery. The large number of research papers published
shows how much research effort has been devoted to the topic in recent years [1-3]. In this context,
delivery over an extended time is possible primarily with hydrogels, which exert chemically covalent
cross-links and, thus, exhibit higher stability [4,5]. However, polymerization in agueous environments
presents hurdles in the drug delivery system design process. For example, hydrolysis-prone functional
groups, such as maleimide or tetrazine, degrade to form unreactive species, which negatively affect the
cross-linking density and release kinetics [6,7]. In addition, water-based systems have limited drug
loading capacity [8]. Increasing the amount of drug often leads to faster and less controlled release.
Another issue is off-target reactions that can occur between precursor functional groups and the drug
being loaded into the gel. This is particularly relevant when the drug is a protein, which can have many
different reactive moieties [9,10]. Unintentional covalent tethering between the drug and the hydrogel
matrix compromises chemical integrity and drug release [11].

Fortunately, these obstacles can be overcome using water-free hydrogel preparation [12]. For this
approach, blends of furan- and maleimide-modified eight-armed poly(ethylene glycol) (PEG) precursors
were heated above their respective melting points. The molten macromonomers gained sufficient
mobility to undergo a Diels-Alder (DA) reaction and form a three-dimensional network. While these
systems showed extremely promising results with regard to functional group stability, off-target
interactions, drug loading capacity, and controlled protein release over 100 days, the in vivo
administration represents a major drawback. Because the DA reaction is slow and the macromonomers
used have melting points above body temperature, in situ gelation and, therefore, direct injection into
the organism is precluded. Instead, the gels must be implanted.

To overcome this limitation, the inverse electron demand Diels-Alder (iEDDA) reaction between
norbornene and tetrazine can be used. Besides high reaction kinetics, this cross-linking reaction excels
in terms of efficiency, stability, and bioorthogonality without losing the benefits of the classical DA
reaction such as not requiring a catalyst and avoiding the formation of toxic side products during
polymerization [13-16]. Additionally, it has already been demonstrated that this reaction can be used
for the preparation of water-based protein delivery systems to achieve controlled release [17,18].
However, we believe that this reaction can also benefit from water-free processing to prevent protein
PEGylation via thiol-tetrazine interaction, which occurs in conventional hydrogels [19].

To avoid the issue of a melting point above body temperature, four-armed PEG macromonomers with a
molecular weight of 2 kDa (4armPEG2k) instead of eight-armed PEG precursors with a molecular
weight of 10 kDa (8armPEG10k) are used. These smaller macromonomers and their derivatives are
liquid even at room temperature, which is a tremendous advantage for drug delivery systems since they
allow for direct injection into the organism requiring only minimally invasive surgery [20]. Moreover,

due to the absence of evaporating solvents, implants can also be prepared by 3D printing [21].
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Kelmansky et al. have already shown that “neat biogels” can be prepared in a water-free manner through
cross-linking with amine- and succinimidyl carbonate-functionalized 4armPEG2k precursors at 37 °C
[22,23]. However, their material contained succinimidyl carbonate groups, that covalently bound to the
tissue after injection. Such a material would also interact with amine groups from embedded protein
drugs. Moreover, they did not achieve controlled protein release over long periods of time [23].

The goal of this study was to utilize our prior knowledge of melt polymerization, iEDDA reaction, and
degrading linkers, to design a water-free system that forms immediately after combining two liquid
polymers [12,19]. For this, norbornene- and tetrazine-functionalized 4armPEG2k macromonomers were
used as polymer precursors. The cross-linking reaction was confirmed via FTIR and UV-VIS
spectroscopy. Polymerization behavior was monitored using oscillatory rheology. The influence of
chemical modifications of norbornene and tetrazine groups on the gelation time, complex shear
modulus, and Young’s modulus of compression (compressive modulus) was analyzed. Additionally, we
determined the stability of polymers containing different hydrolytically cleavable linkers. Scanning
electron microscopy (SEM) was used to examine the structures of these polymers. Finally, protein
delivery was assessed using the model protein glucose oxidase (GOX) to investigate the release behavior

under physiological conditions.

2  Materials and methods
2.1 Materials

4-Aminophenol, anhydrous acetonitrile, deuterated chloroform (CDCIs), anhydrous dichloromethane
(DCM),  N,N’-dicyclohexylcarbodiimide,  diisopropyl  azodicarboxylate, anhydrous  N,N-
dimethylformamide (DMF), N,N -disuccinimidyl carbonate, absolute ethanol, anhydrous ethyl acetate,
glacial acetic acid, GOx (Type X-S, from Aspergillus niger), maleimide, hydrazine monohydrate,
5-norbornenecarboxylic acid (mixture of endo and exo), protein LoBind Eppendorf tubes, pyridine,
QuantiPro™ BCA Assay Kit, sodium bicarbonate, sulfur, anhydrous tetrahydrofuran, triethylamine, and
triphosgene were purchased from Sigma-Aldrich (Taufkirchen, Germany). 4armPEG2k was obtained
from JenKem Technology (Allen, TX, USA). 4-Dimethylaminopyridine, phthalimide, and anhydrous
sodium sulfate were received from Acros Organics (Geel, Belgium). Cyclohexane p.a., DCM p.a., and
methanol p.a. were purchased from Fisher Chemical (Loughborough, UK). Diethyl ether (technical
grade) was purchased from Jacklechemie (Nuremberg, Germany). O-(Benzotriazol-1-yl)-N,N,N’ N'"-
tetramethyluronium-hexafluorophosphat, citric acid monohydrate, hydrochloric acid, silica gel 60
(0.063-0.200 mm), sodium azide, sodium chloride, sodium dihydrogen phosphate monohydrate, sodium
hydroxide, sodium nitrite, and triphenylphosphine were obtained from Merck KGaA (Darmstadt,
Germany). 3-(4-Cyanophenyl)-propionic acid was obtained from abcr GmbH (Karlsruhe, Germany).
5-Norbornene-2-methanol was obtained from TCI Chemicals (Eschborn, Germany). Purified water was

freshly prepared using a Milli-Q water purification system from Millipore (Schwalbach, Germany).
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2.2 H NMR spectroscopy

'H NMR spectra were recorded in CDCls; using a Bruker Avance 111 400 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany). For calculation of end-group conversion, the integrated proton peak of
the respective functional group was compared to the integrated PEG proton peak at 63.75-3.35 ppm.
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Scheme 1: Chemical structures of differently functionalized 4armPEG2k macromonomers. For simplification,
8armPEG-ETPI is only shown in exo position.

2.3 Synthesis of tetrazine-functionalized 4armPEG2k (4armPEG2k-Tz) (Scheme 1)

4armPEG2k-Tz was synthesized as previously described for 8armPEG10k-Tz [19]. The resulting
product was purified using silica column chromatography with a mixture of methanol and DCM. The

degree of end-group conversion was 90%, as determined by *H NMR spectroscopy.
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2.4 Synthesis of methyl-tetrazine-functionalized 4armPEG2k (4armPEG2k-methyl-Tz)
(Scheme 1)

4armPEG2k-methyl-Tz was synthesized as previously described for 8armPEG10k-methyl-Tz [19]. The
resulting product was purified using silica column chromatography with a mixture of methanol and

DCM. The degree of end-group conversion was 95%, as determined by *H NMR spectroscopy.

2.5 Synthesis of norbornene-functionalized 4armPEG2k (4darmPEG2k-Nb) (Scheme 1)

4armPEG2k-Nb was synthesized as previously described for 8armPEG10k-Nb [24]. The resulting
product was purified using silica column chromatography with a mixture of methanol and DCM. The
degree of end-group conversion was 98%, as determined by *H NMR spectroscopy.

2.6 Synthesis of 3,6-epoxy-1,2,3,6-tetrahydrophthalimide-substituted 4armPEG2k
(4armPEG2k-ETPI) (Scheme 1)

4armPEG2k-ETPI was synthesized as previously described for 4armPEG10k-ETPI [25]. The degree of
end-group conversion was 97%, as determined by *H NMR spectroscopy.

4armPEG2k-carbamate-Nb

ot

¢

4armPEG2k-carbonate-Nb

drt AT %b

4armPEG2k-phenyl carbonate-Nb

Scheme 2: Chemical structures of 4armPEG2k-Nb precursors containing different hydrolytically cleavable
linkers.
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2.7 Synthesis of 4armPEG2k-Nb precursors containing different hydrolytically cleavable
linkers (Scheme 2)

4armPEG2k-amine (4armPEG2k-NH.) was prepared according to a previously published procedure for
4armPEG10k-NH, [26]. 4armPEG2k-carbamate-Nb, 4armPEG2k-carbonate-Nb, and 4armPEG2k-
phenyl carbonate-Nb were synthesized according to protocols for 8armPEGI10k derivatives
(Chapter 5). The degree of end-group conversion was 85% for 4armPEG2k-carbamate-Nb, 81% for
4armPEG2k-carbonate-Nb, and 71% for 4armPEG2k-phenyl carbonate-Nb, as determined by *H NMR
spectroscopy.

2.8 Polymer preparation

For polymer preparation, equal volumes of the functionalized macromonomers were combined and
stirred until a homogeneous mixture was obtained. For example, 10 pl of 4armPEG2k-Nb and 10 pl of
4armPEG2k-Tz were combined. Subsequently, the polymers were allowed to gel for 1 h at 37 °C. The
gelation started immediately upon stirring and formed a 4armPEG2k-polymer.

2.9 Polymer characterization

Rheological experiments were performed on a Malvern Kinexus Lab+ rheometer (Malvern, Kassel,
Germany) with an 8 mm parallel plate geometry, a shear strain of 1%, and an oscillation frequency of
1.0 Hz. After casting 10 pl of each precursor liquid onto the lower plate, the mixture was stirred.
Afterwards, the upper plate was lowered to a gap size of 500 um, and the experiment was started. Storage
(G"), loss (G""), and complex shear modulus (G*) were measured as a function of time at 37 °C. The
cross-over point of G" and G was regarded as gel point. The absolute value of G* (|G*|) was determined
after 1 h.

To determine the compressive modulus, 4armPEG2k-polymers were prepared in a cylindrical shape.
For example, 10 pl 4armPEG2k-Nb and 10 pl 4armPEG2k-Tz were casted into a silicone mold with a
diameter of 5 mm and mixed. Polymerization was carried out at 37 °C for 1 h. Afterwards, polymer
diameter and height were measured using a caliper, and the polymer cylinders were placed onto the
lower plate of an Instron 5542 materials testing machine (Norwood, MA, USA). The polymers were
compressed uniaxially at a speed of 1 mm/min. Compressive force (N) and compressive strain (%) were
recorded as a function of time. The compressive modulus was calculated from the linear part of the

curve between 10 and 20% compression.
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2.10 FTIR spectroscopy

FTIR-spectra of 4armPEG2k-Nb, 4armPEG2k-Tz, and 4armPEG2k-polymer were recorded using an
Agilent Cary 630 FTIR (Agilent Technologies, Santa Clara, USA).

2.11 UV-VIS spectroscopy

Polymerization was monitored by UV-VIS spectroscopy. A mixture of 4armPEG2k-Nb and
4armPEG2k-methyl-Tz was placed on an LVis plate, and UV-VIS spectra were recorded over a time of
1 h on a microplate reader (all BMG Labtech, Ortenberg, Germany).

2.12 Scanning electron microscopy (SEM)

The structures of polymers prepared with 4armPEG2k-Nb and 4armPEG2k-Tz, 4armPEG2k-Nb and
4armPEG2k-methyl-Tz, and 4armPEG2Kk-ETPI and 4armPEG2k-Tz were imaged using a Zeiss SEM
EVO MA 10 (Carl Zeiss Microscopy GmbH, Jena, Germany).

2.13 Swelling and degradation studies

Swelling and degradation studies were performed in 50 mM phosphate buffer (pH 7.4) with 0.02%
sodium azide at 37 °C in a shaking water bath as previously described [12]. Polymers prepared with
10 ul 4armPEG2Kk-Nb and 10 pl 4armPEG2Kk-Tz were weighed after cross-linking to determine the exact
mass. Subsequently, they were incubated in 5 ml buffer. At predetermined time points, the polymers

were separated from the buffer, weighed, and incubated in 5 ml fresh buffer.

2.14 Release of GOx

For the GOx release experiment, 4armPEG2k-polymers containing approximately 1 mg GOx were
prepared. For this, 4 mg GOx was mixed with 38 pl 4armPEG2k-Nb. Subsequently, 9.5 ul of this
mixture was combined with 9.5 pl of 4armPEG2k-Tz and mixed again. Polymerization took place at
37 °C for 1 h. The polymers were transferred into 5 ml LoBind Eppendorf tubes and incubated in 5 ml
50 mM phosphate buffer (pH 7.4) with 0.02% sodium azide. The release experiments were performed
in a shaking water bath at 37 °C. At regular time points, 300 ul samples were withdrawn and replaced

with an equal volume of fresh buffer. The GOx concentration was quantified using a BCA assay.

2.15 Statistical analysis

All experiments were performed with at least three samples, and the results are shown as
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mean * standard deviation. Statistical significance was assessed using one-way ANOVA. Post hoc

analysis was determined by Tukey’s test (GraphPad Prism 6.0, GraphPad Software Inc., La Jolla, CA,
USA).

3  Results and discussion

The goal of this study was to develop a water-free injectable hydrogel that forms a three-dimensional
network via rapid in situ gelation for the controlled release of therapeutic proteins. We decided to
introduce norbornene and tetrazine groups, which undergo rapid iEDDA reaction, into 4armPEG2k
precursors, which are liquid even at room temperature, to create an injectable system. All polymer
precursor syntheses had high end-group conversion, with values of at least 90% (Scheme 1), which is
comparable to other multi-armed PEG modifications [27-29].
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Scheme 3: Solvent-free polymerization via iEDDA reaction between 4armPEG2k-Nb and 4armPEG2k-Tz. For
simplification, only one isoform of the iEDDA adduct is shown.

3.1 Cross-linking

Mixing 4armPEG2k-Nb and 4armPEG2Kk-Tz resulted in immediate formation of a three-dimensional
polymer network (Scheme 3). To monitor the cross-linking process, FTIR spectra of 4armPEG2k-Nb,
4armPEG2k-Tz, and 4armPEG2k-polymer were recorded (Figure 1A). Both precursors showed peaks
at 2866 and 1096 cm corresponding to PEG [30]. Additionally, the carboxyl stretching of the ester

groups was detectable at 1729 cm, indicating the successful functionalization of the 4armPEG2k
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macromonomers [31]. The band for the cis disubstituted alkene in norbornene appeared at 712 cm™®
(4armPEG2k-Nb) [32], and the band for the tetrazine ring was at 1349 cm™ (4armPEG2k-Tz) [33].
Besides the characteristic bands of PEG and ester groups, the FTIR spectrum of the 4armPEG2k-
polymer displayed decreases of the specific peaks attributed to norbornene and tetrazine, proving

polymerization via iEDDA reaction.
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Figure 1: FTIR spectra of 4armPEG2k-Nb, 4armPEG2Kk-Tz, and 4armPEG2k-polymer, which was prepared via
iEDDA reaction at 37 °C for 1 h (A). UV-VIS spectra during the polymerization of 4armPEG2k-Nb and
4armPEG2k-methyl-Tz via iEDDA reaction (B). UV-VIS spectra were recorded in 5 min intervals for 1 h. The
arrow indicates the reaction course.

Polymerization via iEDDA reaction can also be monitored by UV-VIS spectroscopy, since the pink
color of the tetrazine disappears during the cross-linking reaction [34]. UV-VIS spectra of a mixture of
4armPEG2k-Nb and 4armPEG2k-methyl-Tz were recorded in the range of 350-800 nm (Figure 1B).
Measurements were made in 5 min intervals for 1 h. Methyl-substituted tetrazine is known to react more
slowly than unsubstituted tetrazine due to increased electron density and steric hindrance [7]. Therefore,
4armPEG2k-methyl-Tz was used as the precursor to capture the reaction progress more clearly. Initially,
the mixture showed a peak at 546 nm, indicating the presence of tetrazine [35]. Over time, consumption
of tetrazine via reaction with norbornene led to a gradual reduction in absorbance. After 1 h, the
polymerization was considered complete as no further decrease was apparent. In summary, FTIR and
UV-VIS spectroscopy confirmed the iIEDDA reaction as the mechanism of cross-linking reaction for the

4armPEG2k-polymers.

3.2 Rheological characterization

Since our goal was to create an injectable, rapidly gelling, water-free protein depot system, the viscosity
of 4armPEG macromonomer mixtures over time was of paramount significance. The desired viscosity

profile has low viscosity initially to facilitate injection and then increased viscosity as the material
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hardens and develops sufficient stiffness. To demonstrate this feature of our system, polymerization was

monitored using oscillatory shear experiments.
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Figure 2: Rheograms of 1:1 mixtures of 4armPEG2k-Nb and 4armPEG2k-Tz (A), 4armPEG2k-Nb and
4armPEG2k-methyl-Tz (B), and 4armPEG2k-ETPI and 4armPEG2k-Tz (C). G’ and G" were measured as a
function of time at 37 °C. An oscillation frequency of 1.0 Hz, an 8 mm parallel plate geometry, and a gap size of
500 um were used for all experiments.

First, polymers consisting of 4armPEG2k-Nb and 4armPEG2k-Tz were analyzed (Figure 2A). After
starting the experiment, the storage modulus (G'), which represents the elasticity of the system,
immediately increased and reached a plateau after 500 s. The polymerization was considered complete
at that point because only a marginal increase was observed thereafter. Next, the gel point, which is the
cross-over point of G’ and the loss modulus (G'"), was measured to assess the time needed for in situ
gelation. This point marks the transition from a liquid-like to a solid-like state [36]. The rapid gelation
time of 10.6 £ 0.6 s (Figure 3) is sufficiently fast to assure instant embedding of proteins in a three-
dimensional polymer network after injection into the organism, minimizing uncontrolled protein loss

via diffusion into the surrounding tissue.
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Figure 3: Gelation time of 4armPEG2Kk-polymers cross-linked via iEDDA reaction at 37 °C. Polymers consisting
of 4armPEG2k-Nb and 4armPEG2k-Tz (A) were compared to polymers prepared with 4armPEG2k-Nb and
4armPEG2k-methyl-Tz (B) and polymers prepared with 4armPEG2K-ETPI and 4armPEG2k-Tz (C). Levels of
statistical significance are indicated as ****p < 0.0001.

While rapid gelation is necessary for this application, a gelation time below 11 s presents a challenge
for biomedical applications because the precursor mixture must be mixed and injected within that very
short time frame. Exposure to shear forces once the system is beyond its gel point is undesirable because
this affects the structural integrity of the polymer matrix, leading to changes in release kinetics and, in
the worst case, dose dumping. Thus, we used chemical modifications of norbornene and tetrazine to
reduce the gelation time as shown for conventional 5% (w/v) 8armPEG-hydrogels [19]. The reaction
kinetics depend on the energy between the diene’s (tetrazine) lowest unoccupied molecular orbital
(LUMO) and the dienophile’s (norbornene) highest occupied molecular orbital (HOMO). Adjusting the
energy difference between these frontier molecular orbitals can be used to slow down the reaction
rate [37,38]. The larger the LUMOiene-HOM O Odienophile €nergy gap, the slower the reaction [39]. Raising
the LUMO via methyl substitution of tetrazine or decreasing the HOMO via oxygen incorporation of
norbornene increases the LUMOuiene-HOMOuienophite €nergy gap [38]. For a polymer consisting of
4armPEG2k-Nb and 4armPEG2k-methyl-Tz, G’ plateaued after 2500 s due to methyl substitution of
tetrazine (Figure 2B). The gelation time was significantly increased to 454.2 + 50.5 s (Figure 3).
Interestingly, introducing oxygen into norbornene had no effect on the time to reach the plateau
(Figure 2C) or the gelation time (11.6 + 1.55). It is possible that the increase of the LUMOgiene-
HOMOyienophite €Nergy gap does not lead to a noticeable effect in the gelation time for a system consisting
of 100% polymer. The very high number of functional groups and the absence of water in this system
compared to conventional 5% (w/v) hydrogels, for which a significant effect on the gelation time was
found, minimize the impact of the oxygen on the reaction time [19]. In contrast, the 4armPEG2k-methyl-
Tz macromonomer reduced the reaction rate because the methyl substituent provided additional steric
hindrance [7].
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Figure 4: Absolute values of the complex shear modulus (|G*|) (A) and the compressive modulus (B) of
4armPEG2k-polymers consisting of 4armPEG2k-Nb and 4armPEG2k-Tz (A), 4armPEG2k-Nb and
4armPEG2k-methyl-Tz (B), and 4armPEG2k-ETPI and 4armPEG2k-Tz (C). Levels of statistical significance are
indicated as *p < 0.05, **p <0.01, and ***p < 0.001.

Oscillatory rheology was also used to determine the stiffness of the different polymers, which is
quantified by the absolute value of the complex shear modulus (|G*|) after 1 h (Figure 4A). Polymers
prepared from 4armPEG2k-Nb and 4armPEG2k-methyl-Tz showed the highest stiffness
(72.8 + 2.6 kPa). Using 7-oxanorbornene modified macromonomers resulted in the significantly lowest
stiffness (24.3 + 8.3 kPa). In general, a higher cross-linking density and, therefore, a higher number of
elastically active chains increases the stiffness of polymeric networks like hydrogels [25,40]. Hence,
polymers consisting of 4armPEG2Kk-Nb and 4armPEG2k-methyl-Tz should have formed the densest
network since they have the longest gelation time, which gives them more time to form elastically active
chains than systems with faster gelation times. However, this could not be confirmed by the compressive
modulus, which is the ratio of compressive stress to compressive strain and is used alongside stiffness
to describe mechanical properties of three-dimensional networks [41]. The measured compressive
moduli were found to be exactly the opposite of the stiffness (Figure 4B). Introduction of oxygen into
norbornene gave the significantly highest compressive modulus (63.7 + 8.4 kPa), and the methyl
substitution of the tetrazine ring gave the lowest one (15.3 + 10.9 kPa). This was surprising, as both the
stiffness and the compressive modulus depend on elastically active chains and, hence, the cross-linking
density of materials. We were able to explain this discrepancy by visualizing the different cross-linked
materials using SEM imaging (Figure 5). For each polymer composition, we could see pores that were
formed by nitrogen produced during the iEDDA reaction. The largest nitrogen bubbles were observed
in the polymer prepared with 4armPEG2k-Nb and 4armPEG2k-methyl-Tz, which also had the longest
gelation time. Apparently, the slower reaction rate led to coalescence of the nitrogen into larger bubbles,
which are energetically preferred due to the reduced surface area. In contrast, faster gelation time
resulted in smaller nitrogen bubbles. Interestingly, polymers containing the 7-oxanorbornene contained

the smallest bubbles. These differences in network structure explain the seemingly contradictory results

201



Chapter 6: Injectable anhydrous PEG polymer liquids

from the measurements of stiffness and the compressive modulus. The polymers prepared with
4armPEG2Kk-Nb and 4armPEG2k-methyl-Tz had more time for gelation, leading to higher cross-linking
density but larger nitrogen bubbles. The high cross-linking density increased the stiffness that is
measured by applying low forces parallel to the material surface as during the oscillatory shear
experiments. In contrast, compression of these polymers results in a rapid irreversible collapse of

matrices containing large bubbles, leading to a decreased compressive modulus for the same material.
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Figure 5: SEM images of the 4armPEG2k-polymers prepared with different precursors: 4armPEG2k-Nb and
4armPEG2k-Tz (A), 4armPEG2k-Nb and 4armPEG2k-methyl-Tz (B), and 4armPEG2k-ETPI and
4armPEG2k-Tz (C).

3.3 Swelling and degradation studies

In the previous sections, the cross-linking reaction and the mechanical properties were investigated. In
the following experiments, we characterized the stability of the polymeric matrices, which is important
for in vivo applications. To succeed as a controlled release system, a polymeric depot must remain
sufficiently stable for the course of treatment, and ideally it would also biodegrade and negate the need
for further surgeries to remove the material at the end of therapy. Stability and erosion of polymer
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matrices prepared with 4armPEG2k-Nb and 4armPEG2k-Tz were investigated in 50 mM phosphate
buffer (pH 7.4) at 37 °C. The polymers were weighed at specific time points, and the change in relative
mass was calculated (Figure 6). While incubating in buffer, the mass of the polymers increased for
21 days, followed by a phase with negligible mass changes that lasted approximately 100 days. After
that, the polymer swelled slowly for the next 300 days. After 450 days, the polymer mass started to
decrease, signaling the beginning of complete dissolution. The experiment was stopped after 538 days.
While the polymers did not completely dissolve in this time, these depot systems should completely

erode due to the hydrolytically cleavable ester bonds [24,42].
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Figure 6: Swelling and degradation of polymers made with 4armPEG2k-Nb and 4armPEG2k-Tz. 4armPEG2k-
polymers were incubated in 50 mM phosphate buffer (pH 7.4) at 37 °C. At predetermined time points, the masses
of the polymers were measured.

In our previous work, we incorporated different hydrolytically cleavable linkers into the backbone of
conventional hydrogels to accelerate degradation (Chapter 5). Carbamate, carbonate, and phenyl
carbonate were used as designated breaking points. Incorporation of phenyl carbonate groups resulted
in faster degradation, whereas carbonate and carbamate linkers did not reduce degradation time.
Nevertheless, we tested all three groups in the 4armPEG2Kk-system because each linker had a different
impact on the release kinetics of 8armPEG10k-hydrogels. Therefore, we wanted to show that
incorporation of these groups is also possible for 4armPEG2k-macromonomers to increase the
versatility of the new system. Since the water-free 4armPEG2k-system showed very high stability for
over 500 days, only the first 200 days were compared to the classical polymers (Figure S1). Similar to
the polymers containing two ester groups, all polymer types showed fast swelling at the beginning,
followed by a reduced mass increase. For the carbamate and phenyl carbonate ester linkages, continuous
swelling was observed to approximately 200 days. Since these polymers cross-linked without water,
more elastically active chains are present. and the effects of the different linkers become noticeable
much later than in the conventional hydrogels of our previous work. Therefore, further experiments over

an extended timescale are needed. However, these swelling and degradation studies showed that it is
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possible to prepare 4armPEG2k-polymers from hydrolyzable groups other than esters, which

emphasizes the versatility of this novel delivery system.

3.4 GOx release

Controlled release is a critical feature of drug delivery systems. For successful medical applications, the
drug should be continuously released over the course of therapy. Conventional hydrogels prepared in
water are mainly used for short-term protein delivery. For extended protein release, modifications of the
hydrogel backbone or the incorporation of additional excipients are usually required [43-46]. Also,
conventional hydrogels have a limited capacity for protein loading because higher drug loading impacts
the mesh sizes and ultimately leads to faster and less controlled release. Therefore, to achieve
therapeutically relevant plasma levels of the therapeutic protein, a very high hydrogel volume is
required [8]. To address this problem, we established the water-free preparation of 8armPEG10k-
hydrogels via the DA reaction, with which we were able to achieve a drug content of at least 15% (w/w)
[12]. However, these water-free hydrogels have to be prepared at temperatures above 40 °C and have
polymerization times over 16 h and, hence, cannot be directly injected. The 4armPEG2k-system cross-
linked via the rapid iEDDA reaction we present in this work solves these injection issues, but the

question of protein loading and release remained.
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Figure 7: Release of GOx from polymers made with 4armPEG2k-Nb and 4armPEG2k-Tz in 50 mM phosphate
buffer (pH 7.4) at 37 °C.

GOx was chosen as a model protein for these experiments because it has a hydrodynamic radius of
4.3 nm and a molecular weight of 160 kDa, which makes it an ideal surrogate for antibody drugs [47—
49]. The release experiments were carried out in phosphate buffer (pH 7.4) at 37 °C to simulate
physiological conditions (Figure 7). The release kinetics showed three distinct phases. Approximately
25% of the protein was released after 1 day of incubation in buffer. This burst release was followed by
the continuous release of 35% of the protein over the next 50 days. In this phase, the protein was able

to diffuse out via polymer meshes that were larger than its hydrodynamic diameter. However, the high
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cross-linking density of the small 4armPEG2k-precursors also created meshes smaller than the protein,
which contained the remaining enzyme and prevented any detectable release between 50 and 150 days.
Only after 150 days, when the mesh sizes increased due to swelling and degradation, did the release start
again. This is in accordance with the results found for the swelling and degradation studies (Figure 7),
where the polymer mass increased after a long period without mass changes. Cleavage of the ester
groups led to constant release over the following 300 days. After 475 days, the release experiment was
stopped, and by this time, 85% of GOx was released. This release behavior shows that the 4armPEG2k
macromonomers in combination with the iEDDA reaction between norbornene and tetrazine groups can
be used for the preparation of water-free protein delivery systems that achieve long-term controlled
release.

This system might be better suited to deliver proteins with smaller hydrodynamic diameters. They would
be able to diffuse out of the mesh in the phase between 50 and 150 days, when the hydrogel meshes are
static, leading to steady release. This could be useful for the delivery of endogenous hormones and their
synthetic derivatives, which have hydrodynamic diameters smaller than GOXx, because the constant
release profile would produce stable hormone levels. However, more detailed experiments would be

necessary to explore the full potential of our polymer system for protein and peptide delivery.

4  Conclusion

We successfully developed a water-free protein delivery system that is formed via rapid iEDDA reaction
between norbornene and tetrazine groups. Liquid 4armPEG2Kk-precursors enable the direct injection of
this system into the organism. The polymers were able to embed the model protein GOXx into a three-
dimensional network and release the enzyme over a period of 475 days in a controlled manner.
Biodegradability was obtained by incorporating ester groups into the macromonomers. Additionally,
carbamate and phenyl carbonate ester groups can be used to tune biodegradability for specific
applications. Furthermore, the reaction rate and mechanical properties can be varied by methyl
substitution of tetrazine groups or oxygen incorporation into norbornene to meet diverse application

requirements.
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extended controlled release applications via rapid in situ gelation
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1 Swelling and degradation studies
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Figure S1: Swelling and degradation of 4armPEG2k-polymers containing carbamate, carbonate ester, and phenyl
carbonate ester (PC) as hydrolytically cleavable groups in 50 mM phosphate buffer (pH 7.4) at 37 °C. At
predetermined time points, the masses of the polymers were measured.
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Figure S3: *H NMR spectrum of 4armPEG2k-methyl-Tz
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Figure S4: 'H NMR spectrum of 4armPEG2k-Nb

'H NMR (CDCls, 400 MHz): & (ppm) = 3.40 (s, 8H, RsCCH,0-), 3.63 (s, -OCH,CH.0), 4.24-4.12
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Figure S5: 'H NMR spectrum of 4armPEG2k-ETPI

'H NMR (CDCls, 400 MHz): & (ppm) = 2.85 (s, 4H, -C(O)CHRCHRC(O)-, exo), 2.88 (s, 4H,
—C(O)CHRCHRC(O)-, endo), 3.41 (s, 8H, RsCCH20-), 3.64 (s, —-OCH,CH,0-), 5.25 (s, 8H,
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—CH=CH-, exo).
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Figure S6: *H NMR spectrum of 4armPEG2k-carbamate-Nb
'H NMR (CDCls, 400 MHz): & (ppm) = 3.61 (s, -OCH,CH,0-), 6.00 (m, 4H, -HC=CH-, endo), 6.14
(d, 8H, -HC=CH-, ex0), 6.29 (m, 4H, -HC=CH-, endo), 7.02 (8H, Ar), 7.44 (8H, Ar).
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Figure S7: *H NMR spectrum of 4armPEG2k-carbonate-Nb

'H NMR (CDCls, 400 MHz): & (ppm) = 3.63 (s, -OCH,CH,0-), 4.15-4.29 (8H, -OCH,CH,0-), 5.94
(m, 4H, -HC=CH-, endo), 6.07 (m, 8H, -HC=CH-, exo0), 6.15 (m, 4H, -HC=CH-, endo).
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Figure S8: *H NMR spectrum of 4armPEG2k-phenyl carbonate-Nb

'H NMR (CDCls, 400 MHz): § (ppm) = 3.63 (s, ~OCH2CH20-), 4.37 (m, 8H, ~OCH,CH,0-), 6.02
(m, 4H, ~HC=CH-, endo), 6.14 (m, 4H, ~-HC=CH-, exo0), 6.17 (m, 4H, ~HC=CH-, ex0), 6.29 (m, 4H,
~HC=CH-, endo), 7.08-7.20 (8H, Ar), 7.52-7.61 (8H, Ar).
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Summary

1 Summary

Since the first mention of the term hydrogel in 1960 [1], a lot of work has been put into research and
development of this polymeric material. While the high versatility makes many different applications
possible, the use as transport vehicle is particularly promising. The reason for this is the well-defined
architecture of the three-dimensional structure that creates cavities, in which cargo can be embedded.
After contact with an aqueous solution, hydrogels deliver the cargo with release kinetics depending on
diffusion, degradation, or swelling. Used in the human organism, hydrogels can release encapsulated
drugs to treat various diseases. Thereby, an extension of release time is primarily achieved via
chemically cross-linked hydrogels due to their increased stability. For example, the monoclonal
antibody bevacizumab embedded in chemically cross-linked hydrogels could be released in a controlled
manner for the treatment of age-related macular degeneration over 100 days [2]. Such a drug depot
would be ideal to avoid repeated antibody injections associated with high personnel costs and reduced
patient compliance.

However, delivery of proteins by using chemically cross-linked hydrogels still has its limitations
(Chapter 1). Off-target reactions between proteins and the functional groups of the hydrogel precursors
can cause delay of release, activity changes of the protein, and even immunogenic reactions [3-5]. In
addition, the number of embedded proteins is limited [5]. Usually, a loading capacity of below 1% (w/v)
is common. The reason for these drawbacks is the use of water, which also poses a threat to the stability
of hydrolysis-prone hydrogel precursors.

The goal of this thesis was to develop chemically cross-linked hydrogels for the extended release of
proteins that circumvents the limitations caused by water and other solvents. For this, the polymerization
had to be carried out in an anhydrous environment to obtain polymers that swell to hydrogels after
absorption of water. Due to the definition that hydrogels are hydrophilic polymeric networks that are
produced by any technique able to trigger polymeric cross-linking [6], these polymers can be considered
anhydrous hydrogels.

To check if solvent-free cross-linking can be used to prepare hydrogels, furan- and maleimide-
functionalized eight-armed poly(ethylene glycol) (PEG) macromonomers were homogeneously mixed.
After heating above the melting point, rheology revealed polymerization in molten state. In addition,
decreasing the molecular weight of the macromonomers resulted in lower melting points favorable for
the embedding of thermolabile proteins. The absence of water prevented not only the hydrolysis of
water-sensitive maleimide groups but also off-target reactions between maleimide and nucleophilic
amine residues of proteins. In this way, proteins could be embedded unmodified in a denser hydrogel
network. Incubation of these polymers in an aqueous solution showed a water uptake up to 35-fold of
the polymer mass. Thereby, stability varied between 54 and 150 days depending on the molecular weight
of the macromonomers. Additionally, the complete release of the low molecular weight protein

lysozyme within 10 days without activity loss showed no interaction between protein and unreacted
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polymer moieties after incubation in an agueous environment. Finally, the model protein glucose
oxidase (GOx), whose molecular weight and hydrodynamic diameter are similar to common antibodies,
was released from anhydrous hydrogels over 100 days in biphasic behavior. Increasing the loading level
from 5 to 15% (w/w) did not impact the release kinetics. Moreover, neither modification nor
fragmentation were detected for the released protein, indicating the protective nature of these anhydrous
protein depots (Chapter 3).

Despite prevention of off-target reactions and functional group hydrolysis and achieving protein release
in a controlled manner, immediate anhydrous gelation in the organism is not possible with the Diels-
Alder (DA) reaction between furan and maleimide. Therefore, the fast-proceeding inverse electron
Diels-Alder (iEDDA) reaction between norbornene and tetrazine was introduced, which was not used
to prepare hydrogels for the long-term release of proteins thus far. Besides the fast reaction rate, this
reaction is bioorthogonal in an aqueous environment. Before the preparation of anhydrous hydrogels,
conventional hydrogels were prepared to study the potential of the iEDDA reaction in combination with
multi-armed PEGs. Aqueous mixtures of norbornene- and tetrazine-modified eight-armed PEGs showed
gelation times below 1 min, complicating the injection due to premature gel formation. To facilitate
handling, variations in polymer concentration, temperature, and chemical structure were applied.
Additionally, a denser hydrogel network achieved by using a higher polymer concentration or smaller
macromonomers resulted in increased mechanical properties. Then, lysozyme was used to examine off-
target reactions in an agueous environment. Modifications of only 11% of the model protein indicated
the superiority of the iEDDA reaction over the DA reaction regarding unwanted side reactions. By
incubation in 50 mM phosphate buffer (pH 7.4), hydrogel stability was found to be in the range of
186 and 530 days, depending on polymer concentration and molecular weight of the hydrogel precursors
used. To assess the suitability of multi-armed PEG-hydrogels cross-linked via the iEDDA reaction for
the application as a high molecular weight protein delivery system, GOx was embedded. The controlled
in vitro release over more than 265 days proved the 15% (w/v) eight-armed PEG-hydrogels as highly
promising injectable long-term protein delivery system (Chapter 4).

Although an extended release was achieved over more than 265 days, this long timeframe represents an
obstacle regarding protein stability. For example, activity maintenance is not guaranteed for therapeutic
proteins stored at 37 °C for a long time [7]. In addition, the material residues would remain in the
organism beyond therapy time due to slow degrading ester groups. Therefore, hydrogels with an
adjustable degradation time would be favorable. To this end, 3,6-epoxy-1,2,3,6-tetrahydrophthalimide
(ETPI), carbamate, carbonate ester, and phenyl carbonate ester were introduced as hydrolyzable linkers
into the PEG-norbornene precursor. First of all, the impact of the linkers on the in situ gelation was
studied. Gel points of less than 20 s even at a low polymer concentration of 5% (w/v) for all hydrogels
revealed immediate gelation. Additionally, the effect of the linkers on the mechanical properties was
analyzed by rheology and compressive testing. The ETPI linker resulted in the highest hydrogel stiffness

due to the formation of an increased number of cross-links, determined by NMR spectroscopy. In
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contrast, the reduced stability of the phenyl carbonate ester linker led to hydrogels with the lowest
mechanical properties. Since hydrogel precursor syntheses required toxic starting material, the hydrogel
variants were examined considering cytocompatibility. All hydrogels passed the cytotoxicity
assessment. Due to the goal of this chapter that was to shorten the erosion time of eight-armed PEG-
hydrogels cross-linked via iEDDA reaction, the stabilities of 5% (w/v) hydrogels with different
hydrolyzable linkers were determined. All hydrogels were stable at least 400 days except hydrogels
containing the phenyl carbonate linkers, which showed complete erosion after 153 days. An increase in
polymer concentration led to higher stability over more than 300 days for this hydrogel type, showing
the potential of tuning the erosion time. The mesh sizes of the different hydrogels were found to be in
the range of comparable hydrogels prepared with eight-armed PEGs, which were successfully used for
protein delivery. In the final experiment, the release from all hydrogels was analyzed. A controlled
release of 150 kDa fluorescein isothiocyanate-dextran over at least 150 days was achieved for all
hydrogels (Chapter 5).

The iEDDA reaction was successfully introduced for the preparation of in situ forming delivery systems
with varying degradation times. However, these drug depots were water-based, and off-target reactions,
loading capacity, and functional group stability still limited the use of these hydrogels. To overcome
these drawbacks and to achieve the goal of the thesis, the acquired knowledge regarding anhydrous
hydrogel preparation, in situ gelation by using the iEDDA reaction, and tuning of erosion time was
transferred to four-armed PEG macromonomers with a molecular weight of 2 kDa that are liquid at the
operating temperature below 37 °C. For this, the macromonomers were functionalized with norbornene
and tetrazine. Mixing of both precursors led to the formation of polymers, for which the iEDDA reaction
was confirmed as cross-linking reaction by FTIR and UV-VIS spectroscopy. To prove the ability of in
situ gelation, the liquid macromonomers were mixed and gelation time was determined. The polymers
showed rapid gelation with gel points below 11 s. Chemical modification of norbornene and tetrazine
groups led to changes in gelation time, stiffness, and three-dimensional structure. Despite the
incorporation of various hydrolyzable groups, the polymers showed high stability of at least 200 days.
In the final experiment, the suitability of this system for the delivery of proteins was investigated. For
this, the protein GOx was embedded. The polymers were able to release the protein over a time of more
than 475 days in a controlled manner, indicating the high potential of this polymeric material
(Chapter 6).

2 Conclusion

In this thesis, anhydrous hydrogel preparation, rapid in situ gelation, and biodegradation were
investigated and transferred to liquid multi-armed PEGs to accomplish the goal of developing an
injectable anhydrous protein delivery system that exhibits instant gelation. Water-free polymerization

via DA reaction was achieved by heating furan- and maleimide-modified eight-armed PEG
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Chapter 7: Summary and conclusion

macromonomers above their melting points. The absence of water prevented detrimental off-target
reactions of proteins and protected hydrolysis-prone maleimide groups from degradation. Moreover, in
contrast to conventional hydrogels formed in water, the loading capacity could be increased by a
multitude without affecting the release kinetics. Due to the ability of long-term protein release, these
polymers could serve as protein delivery implants for the treatment of various diseases. To accelerate
the gelation, the bioorthogonal iEDDA reaction between norbornene and tetrazine was introduced and
conventional hydrogels were prepared. While immediate gelation was achieved, tuning the reaction
Kinetics via polymer concentration, temperature, and chemical modification facilitated the
administration. Due to the long-term protein release, it is promising to further analyze this material for
the delivery of biologics. In the next step, the hydrogel erosion time was modified by the incorporation
of different hydrolyzable groups. Hydrogels with different stability and erosion behavior were prepared.
In this way, hydrogel dissolution can be tuned depending on therapy time. Finally, the iEDDA reaction
was transferred to liquid four-armed PEGs, and anhydrous protein delivery systems with instant gelation
were realized. Thus, a protein depot was developed that can be injected into the organism for the
extended controlled release without the disadvantages of water-based hydrogels. Summarized, these
materials combined with techniques to tune gelation time, erosion time, and mechanical properties are
major improvements for the delivery of high molecular weight proteins. All limitations of conventional
water-based hydrogels could be overcome by anhydrous hydrogel preparation. As a next step, the
delivery of suitable biologics for the treatment of a certain disease should be examined, and in vivo
experiments regarding biocompatibility, stability, and release should be performed. Additionally, the
results presented in this thesis could serve as the basis for further research not only in the field of protein
delivery but also for vaccination or tissue engineering. For example, hydrogels with large mesh sizes
could be used for the continuous delivery of cargo with a larger hydrodynamic diameter such as lipid
nanoparticles or virus vectors used for the vaccination of SARS-CoV-2, reducing vaccine side effects
and avoiding booster shots. In conclusion, the conventional and anhydrous hydrogels presented in this

thesis represent highly promising materials for a multitude of biomedical applications
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Abbreviations

3D

ANOVA

BCA

CuACC

DA

DCC

DCM

DMAP

DMF

DSC

DSC

DSS

EMEM

EtOAC

ETPI

EWG

FCS

FITC-dextran

FTIR

GOx

three-dimensional

analysis of variance

bicinchoninic acid

Cu(l)-catalyzed azide-alkyne cycloaddition
Diels-Alder
N,N’-dicyclohexylcarbodiimide
dichloromethane

4-dimethylaminopyridine
N,N-dimethylformamide

differential scanning calorimetry
N,N’-disuccinimidyl carbonate
2,2-dimethyl-2-silapentane-5-sulfonate sodium salt
Eagle’s minimum essential medium

ethyl acetate
3,6-epoxy-1,2,3,6-tetrahydrophthalimide
electron withdrawing group

fetal calf serum

fluorescein isothiocyanate-dextran
fourier-transform infrared spectroscopy

glucose oxidase
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HBTU O-(benzotriazol-1-yl)-N,N,N', N'-tetramethyluronium-hexafluorophosphate
HOMO highest occupied molecular orbital

HPLC high-performance liquid chromatography

iIEDDA inverse electron demand Diels-Alder

[e]€ immunoglobulin G

IPN interpenetrating polymer network

ISO International Organization for Standardization

LUMO lowest unoccupied molecular orbital

Lys lysine

LYS lysozyme

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

MW molecular weight marker

Nb norbornene

NCL native chemical ligation

NHS N-hydroxysuccinimide

NMR nuclear magnetic resonance

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PC phenyl carbonate ester

PEG poly(ethylene glycol)

4armPEG2k four-armed PEG macromonomers with a molecular weight of 2 kDa
8armPEG10k eight-armed poly(ethylene glycol) with a molecular mass of 10 kDa
8armPEG20k eight-armed poly(ethylene glycol) with a molecular mass of 20 kDa
8armPEG40k eight-armed poly(ethylene glycol) with a molecular mass of 40 kDa
MPEG5k methoxy poly(ethylene glycol) with a molecular weight of 5 kDa
PHBHHXx poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
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PLGA poly(lactic-co-glycolic acid)

PVA poly(vinyl alcohol)

PVP poly(vinyl pyrrolidone)

rDA retro-Diels-Alder

SDS sodium dodecyl sulfate

SEC size-exclusion chromatography

SEM scanning electron microscopy

SIPN semi-interpenetrating polymer network

SPAAC strain-promoted azide-alkyne cycloaddition

SPOQC strain-promoted oxidation-controlled cyclooctyne—1,2-quinone

cycloaddition

TEA triethylamine

THF tetrahydrofuran

Tz tetrazine

uv ultraviolet

VCM vacuum compression molding
VEGF vascular endothelial growth factor
VIS visible

229






Symbols

|G
Gl

G”

Flory characteristic ratio

Flory-Huggins interaction parameter
diffusion coefficient in the hydrogel
diffusion coefficient in water

phase angle

viscosity

branching factor of macromonomers
complex shear modulus

absolute value of the complex shear modulus
storage modulus

loss modulus

shear strain

Boltzmann constant

average bond length along the polymer backbone
total mass of polymer in the hydrogel
relative molecular mass

angular frequency

hydrodynamic radius

shear stress

temperature
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tgel
Ve

V¢

VUas
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gel point

number of moles of elastically active chains
polymer fraction of the hydrogel after cross-linking
polymer fraction of the hydrogel in swollen state
molar volume of solvent

gel volume after cross-linking

gel volume after swelling

dry polymer volume

average network mesh size

ratio of the critical volume required for a successful translational movement

of the solute molecule and the average free volume per solvent molecule
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