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1 | Introduction

1.1 Enzymatic polyester synthesis

In recent years, various polymers have been investigated for a wide range of pharmaceutical
and biomedical applications [1-4]. Among synthetic polymers, aliphatic polyesters have
advanced significantly due to their promising biodegradability and biocompatibility making
them desirable candidates for biomedical uses [5-7]. Indeed, biodegradability and
biocompatibility are highly preferable in the biomedical field since polyesters can undergo an
enzymatic degradation in vivo as the ester bonds are susceptible to cleavage by a range of
enzymes into non-toxic biocompatible monomers without eliciting any adverse effects [8-10].
For this, various biodegradable polyesters such as poly(lactic acid) (PLA) and poly(lactic-co-
glycolic acid) (PLGA) have been broadly used as biodegradable drug delivery system (DDS)
owing to their tailored properties [11-13]. Despite great success, PLA- and PLGA-based drug
carriers exhibit a relatively low capacity for drug loading and commonly an undesirable initial
burst release of the drug [14-17]. Furthermore, aggregation and instability of therapeutics
caused by a pH drop inside the DDS after polymer degradation resulted in undesirable
immunogenic response [18, 19]. Thus, there was a need for the development of novel systems
with tunable degradation behaviors by introducing various functional groups along the polymer
backbones. Examples include biodegradable polyesters containing biocompatible components
such as, tartaric acid, 1,8-octanediol, and non-steroidal anti-inflammatory drugs (NSAIDs) like
ibuprofen or naproxen as pendant groups [20, 21] or salicylic acid containing polymers that
undergo hydrolytic degradation to release salicylic acid and the biocompatible linker, adipic
acid [22]. With these polymers, controlled drug release was achieved without initial burst effect.
Alternatively, linear biocompatible and biodegradable polyesters were synthesized via
enzymatic methods. For instance, poly(glycerol adipate) (PGA) (Figure 1(A)) is an
enzymatically synthesized biodegradable polyester with promising properties for
nanoparticulate drug carrier systems [23]. One of its advantages over PLA/PLGA is the
presence of free pendant hydroxyl (OH-) groups along its backbone, which allow further
functionalization in order to alter the physicochemical properties of the polymer for specific
applications [24]. Beside PGA, poly(D-sorbitol adipate) (PDSA) (Figure 1 (B)), an

enzymatically synthesized sugar-based polyester, was subsequently designed with high
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tendency to form well-arranged nanoparticles [25] as well as polymer networks with potential
application as drug carriers [26]. Most recently, PGA and PDSA were successfully applied in
the field of protein-polymer conjugation [27, 28].

(A) (B)
oH 0 OH OH 0
o _A_0 {\0/\1/‘\1/\/0\"/\/\)4\
0 n OH OH 0] n
Poly(glycerol adipate) Poly(D-sorbitol adipate)
PGA PDSA

Figure 1. Chemical structures of (A) the poly(glycerol adipate) backbone and (B) the poly(D-sorbitol
adipate) backbone.

In general, polyesters can be synthesized via two pathways: (1) step-growth polycondensation
of diols/polyalcohols and diacid/diesters or polycondensation of hydroxyacids/hydroxyesters,
and (2) ring-opening polymerization (ROP) of cyclic monomers such as lactones and other
cyclic diesters [29, 30]. Each of these methods exhibits some advantages and disadvantages.
For instance, polycondensation reaction has the advantage of using a variety of monomers
derived from renewable resources with low costs. Nevertheless, this process operates under
severe conditions as high temperature (above 150 °C) and vacuum for the continuous removal
of by-products and thus, shifting the reaction equilibrium in the forward direction. As a result,
undesirable side reactions, i.e. dehydration of diols or B-scissions of polyesters to form acid and
alkene terminal groups, resulting in anhydride and acetaldehyde, often occur especially when
thermally or chemically unstable monomers such as, epoxy and vinyl moieties are used [31].
On the contrary, polyester synthesis via ROP does not require any by-products removal and
accordingly, high molar mass polymers products can be produced under relatively mild reaction
conditions. However, these traditional pathways for the synthesis of polyesters are catalyzed by
a broad range of catalysts, such as tin, zinc, calcium, cobalt, acetates of manganese, and many
other metal-based catalysts [31, 32]. Residual metals in these catalysts are difficult to remove
and therefore, have an adverse impact on the environment [31]. As a consequence, the resulting
polyesters with metal traces are not suitable for pharmaceutical application due to their toxicity.
Other than these concerns, most metal-based catalysts lack selectivity, leading to uncontrolled
branching of polyesters. Owing to these issues, in vitro enzyme-catalyzed polyester synthesis
has been investigated as an environmentally benign process which promotes the synthesis of
linear polyesters under mild reaction conditions [33-37]. Enzymatic synthesis of polyesters has

significant advantages compared to conventional chemical pathways including (a) high ability
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to catalyze polycondensation or ROP without multiple protection/deprotection steps, however,
protection/deprotection are considerd as critical steps for enzymatic polymerization while using
some highly polar monomers such as L-tartaric acid [38], (b) high ability to control enantio-,
regio-, and chemoselectivity, (c) tunable catalytic activity under mild reaction conditions with
few by-products, (d) low toxicity and recyclability of biocatalysts especially, in their
immobilized form, which in turn reduces the production cost, (e) renewable martials, (f) ability
to work in organic solvents as well as in bulk conditions, and (g) ability to degrade the
synthesized polymers by changing the conditions [39-42]. On the other hand, however, the use
of enzymes has some drawbacks such as (a) limited thermostability, (b) narrow specificity, (c)
low conversion vyields, (d) high amount of catalyst is required, and (e) sometimes impure

biocatalysts are obtained mainly, when whole cells are used [31, 43].

1.1.1 Enzymes for polyester synthesis

Enzymes are proteins that catalyze all biochemical reactions in living organisms as well as in
industrial processes [44]. Enzymes are able to accelerate the rate of chemical reactions as they
lower the energy of activation through the formation of an enzyme-substrate complex [45].
They adapt to different substrates via a conformational change according to the lock-and-key
model, also known as induced fit hypothesis, proposed by Emil Fischer in 1894 [46]. Enzymes
are classified into six categories based on the type of chemical reactions they catalyze [47]:

1) Oxidoreductases (EC1) catalyze oxidoreduction reactions through the transfer of electrons
from one substrate to another. Examples include peroxidases, reductases, dehydrogenases,

oxygenases, and laccase.

2) Transferases (EC2) catalyze functional group transfer reactions from one substrate (act as
a donor) to another (act as an acceptor). The functional groups include methyl, glycosyl,
acyl, carboxyl, amino, and phosphate. An example of transferases is transglutaminase

(TGase, protein-glutamine y-glutamyltransferase, EC 2.3.2.13) [48].

3) Hydrolases (EC3) catalyze hydrolytic reactions, i.e. they promote the cleavage of C—O,
C—N, C—S, and O—P bonds in proteins, carbohydrates, and fats during the digestion
process by addition of water molecules. An example of hydrolases is lipases or

triacylglycerol acylhydrolases (EC 3.1.1.3) [49].

4) Lyases (EC4) catalyze either the formation of new double bonds or rings by removing
functional groups from the substrate (e.g., dehydratases) or the addition of functional

groups to double bonds (e.g., carboxylase).
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5) Isomerases (EC5) catalyze structural changes or rearrangements within one molecule.

Examples include racemases and epimerases.

6) Ligases (EC6) such as, DNA ligases which catalyze ligation or joining of two molecules
using an energy source usually through the hydrolysis of a diphosphate bond in adenosine
triphosphate (ATP) or other triphosphates. Another important group of enzymes that
catalyze the movement of atoms or molecules across the membrane or their separation
within membranes through the hydrolysis of ATP, has been classified under a new class of

translocases (EC7).

Different enzyme classes have been used as biocatalysts for in vitro enzymatic polymerization.
This includes oxidoreductases (e.g., peroxidase and laccase), transferases (e.g., PHA synthase),
hydrolases (e.g., lipase and cellulase), and ligases (e.g., cyanophycin synthetase) [50]. Some
examples of enzymatically synthesized polymers are polyesters [51], polyamides [52], vinyl
polymers [53], and polysaccharides [54]. To date, polyesters are amongst the most intensively
studied polymers in the enzymatic polymerization field and lipases are the most efficient
biocatalysts for polyester synthesis by virtue of their high catalytic reactivity, selectivity, and
thermal stability [50].

1.1.2 Biocatalysis using lipases

In general, lipases (triacylglycerol lipase, triacylglycerol acylhydrolase, EC 3.1.1.3) belong to
the hydrolase class of enzymes that catalyzes the hydrolysis of the ester bonds of triacylglycerol
to yield di- and monoglycerides, glycerol, and fatty acids in vivo as well as the synthesis of
esters in vitro under anhydrous conditions [49]. They are widespread distributed in nature and
can be found in plants, animals, and microorganisms (e.g., bacteria, fungi, and yeast), in order
to metabolize lipids [55]. These enzymes can be extracted from animal sources as well as from
several microorganisms and then applied as biocatalysts for in vitro synthesis of polyesters [33,
56]. Among different lipases, microbial lipases exhibit high stability, selectivity, and substrate
specificity. In addition, ease and lower production cost of microbial lipases make them
favorable for commercial use [57]. In 1984, Okumura et al. first studied the synthesis of ester
oligomers from various dicarboxylic acids and polyols catalyzed by lipase from Aspergillus
niger [58]. Afterwards, many different lipases have been utilized for in vitro polyester synthesis
[59]. However, lipase B derived from Candida antarctica (CAL-B) has shown the best catalytic
efficiency for this purpose due to its high chemo-, regio- and stereoselectivity, catalytic

reactivity, and thermal stability especially, in its immobilized form [60, 61]. By definition,
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chemoselectivity refers to the enzyme remarkable selectivity to a specific functional group in
the presence of other functional groups. For example, CAL-B was found to exhibit a greater
selectivity for alcohols than for thiol acyl acceptors in a transacylation reaction [62].
Regioselectivity is the preference of lipases towards a specific ester bond, primary or secondary,
in the glycerol backbone. For example, CAL-B was found to show higher selectivity towards
primary OH-groups compared to the secondary ones in the enzymatic synthesis of poly(glycerol
adipate) (PGA) [63]. Stereoselectivity refers to an enzyme selectivity to a particular
stereoisomer in the presence of other isomers in the same reaction. For example, the enzymatic
stereoselectivity of lipase towards the a-anomer in the deacylation reaction of ao,f-D-

ribofuranosides [64].

Candida antarctica lipase B (CAL-B) is a globular protein that is composed of 317 amino acid
residues with a molar mass of 33 kDa. It belongs to the o/p hydrolase fold that consists of eight
parallel B-sheets flanked by a number of a-helices on both sides. The structure of CAL-B was
determined by Uppenberg et al. in 1994 (Figure 2) [65].

Figure 2. 3D structure of lipase B derived from Candida antarctica (PDB code 4K5Q) [66]. The structure is
drawn using PyMOL (The PyMOL Molecular Graphics System, Schrédinger, LLC). Ser105, His224, and
Aspl87 residues represent the catalytic triad of CAL-B. The structure given in the green box belongs to serine

which is considered as an essential residue for the lipase catalytic activity.

As shown in Figure 2, the active site of CAL-B contains a catalytic triad which is made up of
three amino acids, a serine (Serl05) as nucleophile, a histidine (His224), and aspartic acid
(Aspl87). The active site of CAL-B possesses an oxyanion hole (Thr40 and GIn106) which
stabilizes the oxyanion formed in the tetrahedral intermediate [67]. Additionally, this catalytic

center is covered by a highly mobile and lipophilic a-helical domain called lid which regulates

5
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the access of substrates to the active site of lipase, i.e. the lid opens at the lipid-water interface

to yield an active enzyme conformation with a catalytic center accessible to substrates [68].

A generally accepted catalytic mechanism of lipase-catalyzed acylation and deacylation is
shown in Scheme 1. In the acylation step, the imidazole group of the His residue serves as a
general base catalyst for deprotonation of the OH-group of the catalytic serine (-CH20H). As a
result, nucleophilicity of the catalytic serine increases in order to attack the carbonyl group of
the susceptible substrate. The first product (R-OH) leaves the active site and the first tetrahedral

intermediate is formed with a negative charge on the oxygen of the carbonyl group.

His o His /E
o _ _/Ser /lk ' o \— _/Ser R OR
o) HO R* OR 0 Q
Asp/ﬁ]/ H-N_N ( Asp/ﬁ( H-N\/g
Q) O
o Free enzyme Enzyme-Substrate (ES) Complex

RH
Estenﬁed prodrﬁ

His His
/Ser Ser
R - R
0 oo )
...... y-H O-H-N, [

Asp {’N o3 ASp/ﬁ]/ 0’5{ fO\)g@
¢ "NH r’ N NH

RH HN 0 N

Oxyanion Hole
First Tetrahedral Intermediate

k>R'—0H

Second Tetrahedral Intermediate

HN, o
T e .
His His

I I )Ser
o /T ARy o - O R
0 BEN_N 4 O HN_N Y
Asp N <T Asp N
o R" /\([)r HNO
—QOH NH

Enzyme-Substrate (ES) Complex Acyl-Enzyme Intermediate
Scheme 1. Catalytic mechanism of lipases, adapted from [67, 69].

This intermediate is stabilized by the oxyanion hole (GIn106, Thr40) through three hydrogen
bonds. In the deacylation step, a nucleophile (either water in case of hydrolysis or an alcohol in
case of alcoholysis) further attacks the carbonyl carbon of the acyl-enzyme intermediate,

releasing an esterified product and regenerating the enzyme in its native form [67].
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The catalytic activity and stability of the enzyme is highly dependent on a number of parameters
including enzyme immobilization, enzyme type and concentration, water content, reaction

temperature and time, solvent nature, and chain length/feed ratio of monomers used.

Effect of enzyme immobilization: The use of soluble enzymes as catalysts in biocatalytic
processes is limited by their poor stability under certain reaction conditions as well as their high
production cost and a lack of recycling and reusing [70]. To overcome these shortcomings,
enzyme immobilization on a solid support has been established. Enzyme immobilization can
be defined as the attachment of the enzyme molecules to the surface of a solid support,
maintaining their catalytic activities. There are three major methods for enzyme
immobilization: 1) binding to a solid support via adsorption, ionic immobilization, or covalent
binding, 2) cross-linking (e.g., by glutaraldehyde), and 3) inclusion or entrapment in gels or in
membrane reactors [71]. Basically, the most commonly employed method is the covalent
immobilization since the enzymes are covalently bonded to the functional groups present on
the support. The formation of covalent bonds usually depends on the functional groups present
on the surface of the enzyme as well as on the support. The reactive e-amino group of lysine
(Lys) is frequently used for the covalent interactions with the support as it is mainly located on
the enzyme surface. On the other hand, a number of supports having reactive groups like epoxy
rings and activated carbonyl groups are usually chosen [72]. Enzyme immobilization on a solid
support can result in enhanced enzymes stability and activity by increasing their tolerance at
high temperatures and in organic solvents as well as recyclability of the enzymes. For example,
Mahapatro et al. reported the solvent-free polycondensation of adipic acid and 1,8-octanediol
using immobilized CAL-B to obtain higher molar mass polyesters compared to those obtained
when free CAL-B was utilized [73]. The most widely used commercial biocatalyst is Novozym
435, where the lipase B is immobilized on a hydrophobic macroporous carrier resin,
poly(methyl methacrylate-co-butyl methacrylate) (PMMA-co BMA). Novozym 435 has shown
a significant stability and recyclability under different reaction conditions [74]. Despite many
merits of enzyme immobilization, it also has some potential drawbacks including substrate

diffusional limitations and blocking of the support pores by products [71, 72].

Effect of enzyme type and concentration: Other important parameters that can influence the
enzyme’s catalytic activity are the enzyme type and concentration. For example, Uyama et al.
[75] investigated the polymerization of sebacic acid with 1,4-butanediol at 60 °C under solvent-
free conditions in the presence of five commercially available lipases of different origin, i.e.

lipases derived from Candida antarctica (CAL-B), Mucor miehei (lipase MM), Pseudomonas
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cepacia (lipase PC), Pseudomonas fluorescens (lipase PF), and Porcine pancreas (lipase PPL).
The results showed that the polyester was obtained only in the presence of CAL-B. This fact is
supported by its high catalytic activity and selectivity for polyester synthesis. Mahapatro et al.
[73] studied the effect of enzyme concentrationon on the CAL-B-catalyzed polymerization of
1,8-octanediol and adipic acid. They found that an increase of the catalyst concentration from
0.1 to 10 wt% resulted in higher molar mass polymers. In contrast, increasing the CAL-B
concentration from 10% to 20% for the polymerization reaction of 1,12-dodecanedioic acid and
1,8-octanediol has shown a positive impact on obtaining polymers with higher yield with no
significant effect on the molar mass. This is, probably, due to a sterical hindrance and restriction
of enzyme activity when long chain substrates are used [76]. Most recently, Perin et al. [77]
studied the influence of CAL-B amount on the degree of branching of poly(glycerol sebacate)
(PGS). A relatively high degree of branching (41%) with a number of dendritic units along the
PGS chains was achieved, when using a CAL-B amount of 13.6 wt % at 40 °C under dry

reaction conditions.

Effect of water content: Apart from the influence of enzyme type and concentration, the water
content can also affect the catalytic activity of CAL-B. As previously reported, a trace amount
of water within the enzyme active site, known as “surface bound water”, plays an essential role
in maintaining the enzyme activity and conformational flexibility [78]. Nevertheless, any
increase in the water content of the reaction can result in polymers with low molar mass as the

number of propagating chains increases [33].

Effect of reaction temperature and time: In addition to the water content, temperature and
reaction time greatly affect enzyme reactivity and selectivity. For instance, lipases exhibit
remarakable stability and catalytic activity at elevated temperatures up to 95 °C. Nevertheless,
any further increase in the temperature results in enzyme inactivation and, therefore, polymers
with low molar mass can be produced [79, 80]. Azim et al. [80] stated the CAL-B-catalyzed
synthesis of poly(butylene succinate) (PBS) at different temperatures (60, 70, 80, and 90 °C) in
bulk as well as in diphenyl ether. PBS precipitates were obtained at 80 °C after 5-10 h reaction
time, resulting in low molar mass polymer. In order to maintain a homogeneous reaction
mixture, temperature was elevated from 80 to 95 °C after 21 h reaction time. As a result, a
considerable increase in the number average molar mass (M,) of PBS was observed. The authors
also noticed that there was no significant increase in M, after a reaction time of 72 h. Wu et al.
[81] reported the synthesis of renewable semicrystalline poly(p-thioether ester) via CAL-B-
catalyzed polycondensation of methyl 3-((11-hydroxyundecyl)thio)propanoate (MHUTP)

8
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derived from castor oil applying different polymerization conditions like reaction temperature
(50, 70 and 90 °C) and time (2, 6, 10, 24, 48 and 72 h). It was found that the highest M, was
achieved at 90 °C after 72 h reaction time. On the other side, many reports explained the
temperature effects on enzyme selectivity. For example, Taresco et al. [82] synthesized PGA
via CAL-B-catlayzed polycondensation reaction of glycerol and divinyl adipate (DVA) at
different temperatures. They found that the molar mass of PGA was considerably reduced upon
increasing the reaction temperature from 50 to 70 °C along with an increase in the degree of
branching (5-30%), i.e. the selectivity of CAL-B towards primary OH-groups decreased at

higher reaction temperature, resulting in polymers with higher degree of branching.

Effect of solvent nature: Beside the mentioned parameters, the solvent used for enzymatic
polymerization plays a crucial role in enzyme stability and activity. The use of hydrophilic
solvents results in hydrogen bond formation between water molecules and the active center of
the enzyme, which in turn is distorting its catalytic conformation and thus, reducing its activity
[83]. Conversely, the use of hydrophobic solvents with low polarity (log P value between 1.9
and 4.5) such as n-hexane, diphenyl ether, and toluene preserves the enzyme catalytic activity
by leaving a water layer on its surface as a protective sheath [30, 84]. Additionally, it is
important to consider the solubility of all monomers in the solvent used as well as other solvent
properties like its boiling point and its reactivity under specific reaction conditions [84]. Such
solvents like diphenyl ether having a relatively high boiling point were found to be preferred
solvents for enzymatic polymerization. For example, Linko et al. [85] reported the enzymatic
synthesis of poly(1,4-butyl sebacate) with a molar mass of 42,000 g mol when dipheny! ether
was used. Likewise, poly(butylene succinate-co-itaconate) (PBSI) with high M, value was
obtained in diphenyl ether. These results suggest that CAL-B has more accessibility in this
solvent, which in turn leads to a greater growth of polymer chains [86]. As green alternative
solvents, ionic liquids (ILs) have been used for enzymatic polymerization. Yoshizawa-Fujita et
al. [87] demonstrated the lipase-catalyzed ROP of lactide in four different ILs. The data
revealed that the monomer conversions and the My values of poly(lactide) (PLLA) obtained
from ILs were higher than those of bulk and solution polymerization, while the polymer yields
were comparatively lower than those obtained from bulk polymerization due to the high
solubility of PLLA in ILs.

It is worth noting that the enzymatic polymerization can be conducted under solvent-free
conditions (bulk) as well. Uyama et al. reported the lipase-catalyzed regioselective

polymerization of activated ester, divinyl sebacate, and triols in bulk [88]. The use of activated
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ester affords irreversible process as the by-product, vinyl alcohol, tautomerizes to acetaldehyde
which can be evaporated at the reaction temperature. Another recent study reported by Lang et
al. described the synthesis of PGS analogues in bulk using CAL-B as a catalyst and 1,8-
octanediol, glycerol, and sebacic acid as monomers to produce poly(glycerol-1,8-octanediol-
sebacate) (PGOS) with enhanced physicochemical properties for various biomedical
applications [89]. Under these conditions, the enzyme is dispersed within the reactants mixture,

resulting in highly efficient polymerization reaction [90].

Effect of chain length and feed ratio of monomers: Other critical parameters that can affect
the enzyme’s catalytic activity are the chain length and feed ratio of monomers applied. Uyama
and Kobayashi have polymerized DVA with different glycols using lipase derived from
Pseudomonas fluorescens in isopropyl ether for 48 h [91]. Results showed that an increase in
the diol chain length from ethylene glycol to 1,6-hexanediol resulted in polyesters with higher
molar mass. Nevertheless, a further increase in diol chain length from C6 to C10 has greatly
decreased the My values. In another study, an increase in the polymer molar mass obtained from
the enzymatic polymerization of 1,8-octanediol with dicarboxylic acids was observed.
However, a further increase of the diacid chain length from C10 to C14 resulted in polymers
with lower My value [76]. Mahapatro et al. [92] showed that the systems with longer chain
length diacids (sebacic acid and adipic acid) as well as diols (1,8-octanediol and 1,6-hexanediol)
exhibit higher reactivity than those with shorter chain length (succinic acid and glutaric
acid/1,4-butanediol). Accordingly, the use of diacids/its derivatives and diols having medium

chain length is preferred to achieve polymers with an optimum molar mass.

In the line of monomers ratio, it has been shown that an increase in the acid derivative
concentration e.g., vinyl esters, led to a higher transesterification rate and conversion. While,
increasing the alcohol concentration has been found to reduce the reaction rates due to a dead-
end inhibition complex formation by alcohol with the enzyme active site [93-95]. For instance,
enzyme Kinetic constants such as, maximum reaction rate (Vmax), Substrate concentration at
which the reaction rate is half Vmax (Michaelis constant, Km), and inhibition constant (K;) were
determined and the data showed that the lipase-catalyzed esterification reaction follows the

ping-pong bi-bi kinetic model.

Further, the CAL-B-catalyzed polymerization of glycerol and oleic acid applying different
molar ratios was reported. Authors observed that the formation of the highest molar mass

polymer with low branching degree was achieved after 24 h reaction when equimolar
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monomers ratio was applied [96]. In a recent research, the influence of monomers feed ratio on
the polymer structure and molar mass was described. For instance, PGS with the highest molar
mass was obtained when equimolar feed ratio of sebacic acid/glycerol was applied. The data
also revealed that any deviation from equimolarity between the monomers led to a change in
the polymer structure like, the use of higher glycerol feed resulted in the formation of more
linear polymers with fewer dendritic units while, an increase in the sebacic acid feed yielded

polymers with high degree of branching and less glyceride end groups [77].

To sum up, any change in the monomers feed ratio would be an efficient approach toward the
control of the polymer structure by changing the polymer molar mass, end group functionality,

and degree of branching.

1.1.3 Enzymatic polymerization by lipases
Lipase-catalyzed polycondensation (PC)

Lipase-catalyzed polycondensation is defined as the lipase-catalyzed esterification and
transesterification between diacids or their activated esters with diols/polyalcohols or self-
polycondensation of hydroxyacids/hydroxyesters under anhydrous conditions. It has
significantly developed as a method for polyester synthesis, especially, polyesters having
pendant functionalities at the polymer backbone, also known as functional polyesters [97].
Polycondensation reactions are commonly reversible as they are accompanied by the release of
low molar mass by-products, thus, an efficient removal of these by-products is critical in order
to shift the equilibrium towards products [98]. In general, monomers derived from plant oils
(triglycerides) of varying fatty acid compositions are used for enzymatic synthesis of functional
polyesters [99, 100]. The presence of fatty acid chains at the polymer backbone has shown to
enhance some of its physical properties. Glycerol is obtained from biodiesel production and
emerged as a cheap easily available, non-toxic, and biocompatible monomer for the synthesis
of functional polyesters [63, 101]. Besides, other multihydroxy alcohols (polyols) derived from
the hydrogenation of sugar molecules, e.g., xylitol and galactitol, were also used for this
purpose [102]. Neverthless, these polyols are soluble in highly polar solvents which negatively
affect the enzyme activity. On the other hand, many diacids with different chain lengths have
been subjected to enzymatic polymerization such as, malonic acid, succinic acid, glutaric acid,
adipic acid, and sebacic acid. However, these traditional diacids often exhibit less reactivity,
resulting in low molar mass products. Hence, many approaches have been established to

overcome this concern. As previously mentioned, the use of activated esters such as, vinyl esters
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as acyl donors has gained a graet attention as they result in an easily removable by-products
(vinyl alcohols) which rapidly tautomerize to give the corresponding aldehydes, making the
reaction irreversible [103]. As a consequence, it is not necessary to apply certain conditions
such as, vacuum or high temperatures for by-product removal, which in turn allows to maintain
the regioselectivity of lipase and to produce linear polyesters [88]. Kline et al. [63] first reported
the enzymatic synthesis of PGA using glycerol and DVA as monomers and Novozym 435 as a
catalyst. During the polymerization process, most vinyl groups undergo enzyme bounded
water-induced hydrolysis side reaction resulting in the formation of polyesters terminated with
carboxylic acid end groups [90]. In some cases, some of these vinyl end groups are remaining
at the end of the reaction and are able to react with different functional groups via Michael
addition reaction. In order to overcome this reaction, polyester synthesis using dimethyl esters
such as, dimethyl adipate (DMA), which is considerably cheaper than DVA and more suitable
for large-scale production of polyesters, has been reported. In this regard, Naolou et al. [104]
used glycerol and DMA as monomers for the enzymatic synthesis of PGA. Results showed that
the M, values obtained from the reaction of DMA are lower than that of DVA within a longer
reaction time. This is due to the librated by-product, methanol, which cannot be easily removed.
To shift the reaction equilibrum towards the polymer synthesis, a continous removal of
methanol is required using a specific experimental set up with molecular sieves packed into a

soxhlet apparatus on top of the reaction vessel.

Lipase-catalyzed ring-opening polymerization (ROP)

Enzymatic ROP of lactones and other cyclic diesters with different ring sizes has been
extensively studied for biomedical applications [105]. By comparison with polycondensation
reaction, enzymatic ROP is not accompanied with by-products (water or alcohol) affording
functional polyesters with favorable molar mass in good yields [37]. The first report of a lipase-
catalyzed ROP of 6-membered ring §-valerolactone and 7-membered ring e-caprolactone was
reported by two research groups, in 1993 [106-108]. Subsequently, enzymatic synthesis of
different polymers via ROP and copolymerization of substituted and unsubstituted lactones
with various ring sizes along with lactides, macrolides, cyclic carbonates, and cyclic
depsipeptides has been extensively investigated as an efficient alternative to organometallic-
based catalytic polymerization [84, 109]. In particular, the use of CAL-B has proven to be the
most effective catalyst for the ROP of e-caprolactone and other lactones having different ring

sizes. In addition, the effect of ring size on the enzymatic ROP reactivity has been explored, i.e.
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larger ring-sized monomers having lower ring strain exhibit higher reactivity for enzymatic

ROP than small and medium ring-sized in contrast to non-enzymatic processes [110].

Combination of lipase-catalyzed ring-opening polymerization (ROP) and polycondensation
(PC)

Combination of lipase-catalyzed ROP and PC for developing novel polymeric structures with
unique properties has been established. For example, Namekawa et al. [111] reported the
enzymatic synthesis of complex polyesters from lactones, divinyl esters, and glycols using

lipase as catalyst through combination of ROP and PC.

1.1.4 Synthesis and applications of graft copolymers

Graft copolymer consists of a linear polymer backbone and randomly distributed side chains
(branches) of a different composition along the backbone. For instance, the polymer backbone
and the branched side chains are two different homopolymers as well as the branched chains
might be homopolymers or copolymers. Three main strategies have been developed for the
synthesis of graft copolymers; (1) “grafting onto” strategy, (2) “grafting from” strategy, and (3)
“grafting through” strategy [112].

The "grafting from™ method is carried out by the preparation of a macromolecular backbone
with distributed initiation sites (macroinitiators) capable of initiating the polymerization of a
second monomer, resulting in graft copolymers. These initiation sites can be introduced onto
the polymer backbone before polymerization or after the first step of polymerization. Well-
defined graft copolymers with high grafting density are prepared by this method, especially,
when controlled radical polymerization such as, atom transfer radical polymerization (ATRP)
or ring-opening metathesis polymerization (ROMP) being applied for grafting reactions. In this
approach, there is no unreacted macroinitiator and thus, purification of the final graft copolymer
is not required in contrast to the “grafting onto” and “grafting through” routes. However, these
grafting reactions are performed in diluted systems and require several steps of protection and
deprotection which result in long reaction times as well as loss of monomers. The “grafting
onto” method involves a coupling reaction between end-functionalized graft chains with
randomly distributed functional groups along the polymer backbone. Such techniques are
applied to synthesize these graft copolymers including free radical polymerization, anionic
polymerization, ATRP, and living polymerization. Despite presenting some drawbacks such as
limited grafting density and the need for additional purification steps to remove unreacted side

chains, this technique has the advantage of preparing well-defined graft copolymers since
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precise characterization of the polymer branches can be achieved before being grafted. The
“grafting through” or macromonomer method is performed in two steps including the synthesis
of macromonomers with polymerizable terminal groups and their copolymerization with co-
monomers to obtain the brush structure. This approach has the advantage of preparing graft
copolymers with controlled grafting density (a defined number of side chains per repeating unit)
by controlling the molar ratio of monomers to macromonomers during the polymerization
process. Due to the low reactivity of macromonomers and high steric hindrance of the
propagating chain end, the complete conversion of macromonomers is not achievable.
Therefore, a tedious purification step is necessary for the removal of unreacted
macromonomers. It is worth noting that the synthesis of graft copolymers can be achieved by
one of these mentioned methods or by a combination of “grafting from” and “grafting onto”

strategies [113].

The presence of functional pendant groups in the polymer backbone offers the potential for
further conjugation with side chains having a variety of functional groups, which in turn tailor
the physicochemical properties of polyesters [114]. Therefore, they have been used for many
advanced applications. Parrish et al. [115] prepared aliphatic polyesters having pendent
acetylene groups by controlled ROP and then grafted with poly(ethylene glycol) (PEG)-azide
side chains as well as with various oligopeptides by “click” chemistry to produce amphiphilic
graft polyesters that might be applied for a range of biomaterial applications such as tissue
engineering and drug delivery. In another study, Lenoir et al. [116] prepared a-chloro-e-
caprolactone and then copolymerized this monomer with e-caprolactone to obtain chloro-
functionalized caprolactone. These pendant activated chlorides of the copolymer were used to
initiate the “grafting from” of poly(methyl methacrylate) and poly(butenyl benzoate) by ATRP.
Later on, they used the same copolymer and substituted all pendant chlorides by azides to
further react with alkyne functionalized chains having ester, amine, and ammonium groups. In
addition, alkyne-functionalized PEG was grafted to poly(e-caprolactone) (PCL) resulting in
amphiphilic copolymers [117]. Naolou et al. [118] prepared aliphatic polyesters with pendant
azide groups via CAL-B-catalyzed polycondensation of 2-(azidomethyl)-2-methylpropane-1,3-
diol and DVA and then grafted with alkyne-PEG side chains via “click” reaction resulting in

well-defined water soluble graft copolymers.

Many reports have described the synthesis of graft copolymers based on PGA. PGA is a
glycerol-based polyester with one pendant secondary free OH-group per repeating unit which

renders the polyester hydrophilic. These free OH-groups along the PGA backbone have been
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used for further modifications with a variety of molecules, such as fatty acids, amino acids, and
many therapeutics. Kalinteri et al. [23] stated the esterification reaction of various amounts of
different fatty acyl substituents with the pendant OH-groups along the polyester backbones to
form amphiphilic comb-like polyesters able to self-assemble into well-defined nanoparticles
with a very low toxicity for beneficial use in the field of nanoparticulate drug delivery system.
Another study carried out from the same research group described the synthesis of
functionalized PGA with different fatty acids as well as with the amino acid, tryptophan, for
optimized preparation of nanoparticles based on surface energy determinations [119]. Likewise,
our group has reported the modification of the PGA backbone with fatty acids of various lengths
at different substitution degrees, in order to obtain comb-like polymers that can undergo
nanophase separation between the side chains and the polymer backbone. Based on the degree
of substitution, nanoparticles with various morphologies (lamellar and polygonal nanoparticles)
were obtained. Owing to their biodegradability and non-toxicity, they were applied in the field
of drug delivery [120, 121]. Afterwards, the relationship between the structure of amphiphilic
comb-like fatty acid modified-PGA and its molecular arrangement at the air/water interface was
investigated [122]. In another study, the synthesis of biodegradable graft copolymer,
poly(glycerol adipate)-graft-(poly(e-caprolactone)-block-poly(ethylene oxide)) (PGA-g-(PCL-
b-PEQ)) was reported. Initially, poly(glycerol adipate)-graft-poly(e-caprolactone) (PGA-g-
PCL) was prepared by ROP of e-caprolactone using the OH-groups of PGA as initiators. Then,
PGA-g-(PCL-b-PEO) was synthesized by grafting of azide-terminal PEO monomethylether
(mPEO-N3) onto PCL blocks by copper-catalyzed azide—alkyne cycloaddition (“click”
reaction) [123]. Authors also studied the crystallization and melting behavior of PGA-g-(PCL-
b-PEQ) in addition to its phase behavior at the air/water interface [124, 125]. Saleem and co-
workers reported the synthesis of biodegradable PGA-based copolymer, poly(glycerol adipate-
co-m-pentadecalactone) (PGA-co-PDL), via CAL-B-catalyzed ring-opening copolymerization
reaction of DVA, glycerol, and lactone monomers with tunable thermal properties and
amphiphilicity. PGA-co-PDL before and after modification with PEG has been formulated into
nanoparticles (NPs) or microparticles (MPs). These biodegradable NPs and MPs were further
used for drug delivery [126-128]. Jbeily et al. [129] studied the modification of hydroxyl
pendant groups of the PGA backbone with ATRP macroinitiators, followed by the subsequent
grafting-from ATRP of glycerol monomethacrylate (GMA) to produce well-defined
amphiphilic graft copolymers able to self-assemble in aqueous solutions. In a recent study, PGA
was grafted with different amounts of hydrophobic fatty acid side chains and hydrophilic PEG

side chains to form grafted polyesters able to self-assemble into NPs for delivery of hydrophilic
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and lipophilic drugs as well as to sterically stabilize cubosomes via controlling the degree of
grafting of hydrophilic and hydrophobic moieties [130].

Due to the tunable properties of PGA such as biodegradability and biocompatibility, it has been
also used for the conjugation with a variety of drug molecules. The conjugation of PGA-co-
PDL to ibuprofen was reported and the results showed that the ester linkages formed between
the polymer and ibuprofen were highly stable, thus, the rate of drug release was slower
compared with the unconjugated drug form [131]. Wersig et al. stated the grafting of PGA with
the anti-inflammatory drug indomethacin in order to develop promising prodrugs for sustained
drug release [132]. Suksiriworapong et al. [133] reported the first polymer-anticancer drug
methotrexate conjugate with PGA. These conjugates showed promising properties in terms of
biocompatibility, stability, and enzymatic degradability. Subsequently, authors studied
comprehensively the enzymatic degradation of PGA [10]. They found that the enzymatic
degradation rate of PGA depends to a highly extent on the enzyme type and polymer
modifications with various side chains. Beside PGA, sugar-based polyesters, namely PDSA and
poly(xylitol adipate) (PXA) were successfully grafted with stearic acid side chains at different
degrees of substitutions to produce amphiphilic polymers able to self-assemble into NPs [25].
In recent research studies, PGA and PDSA were subjected to protein conjugation using

microbial transglutaminase (mTGase) as a catalyst [27, 28].

1.2 Protein-polymer conjugation

Therapeutic proteins are an important class of drugs that often exhibit low toxicity, high potency
and selectivity as well as have shown to be effective in the treatment of a wide range of diseases
such as, diabetes, anemia, multiple sclerosis, human immunodeficiency virus (HIV), cancer and
other diseases [134, 135]. However, these therapeutics in their native form have some
limitations for instance, short circulating half-life (t1), susceptibility to enzymatic degradation
and rapid renal clearance, and immunogenicity [136]. Many therapeutic proteins exhibit short
half-lives in plasma and therefore, daily administration of these therapeutics is required. For
example, erythropoietin (EPO), a glycoprotein hormone that mainly regulates the generation
and maintenance of red blood cells (RBCs) and has been widely used as a therapeutic agent to
treat anemia, exhibits a fairly short ti> in vivo [137-139]. Many attempts, therefore, have been
made to improve the bioavailability of proteins through introducing additional glycosylation
sites into proteins [140], amino acids substitutions [141], generation of fusion protein via

recombinant DNA technology [141], covalent lipid modifications of proteins [142], and
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especially the covalent attachment of synthetic polymers to therapeutic proteins (Figure 3) that

results in improved pharmacokinetic properties of the native proteins [143].

«<Polymer chain

Enhanced therapeutic potency

/ Enhanced solubilit
/ Y
A x Enhanced bioavailability

Enhanced stability

Protein-polymer conjugation

Figure 3. Protein-polymer conjugation influence on many pharmacokinetic properties of the native proteins.

Protein-polymer conjugates comprise a class of hybrid molecules that have been widely applied
in therapeutic fields due to the unique combination of the stability and multifunctionality of
synthetic polymers with the biological activity of proteins. The first covalent attachment of
PEG, also known as PEGylation, to bovine serum albumin (BSA) and bovine liver catalase
using cyanuric chloride as a coupling agent was reported by Abuchowski et al. [144, 145]. The
data revealed that PEGylation of proteins resulted in conjugates with enhanced in vivo ty2 and
lower immunogenicity in comparison with the native proteins. Subsequently, many research
studies have been performed applying different proteins. For instance, granulocyte colony-
stimulating factor (GCSF) displays a short circulating ti2, around 24 h and hence, Do et al.
[146] studied the effect of polymer conjugation on the activity and plasma circulation of GCSF.
The conjugation of hydrophilic PEG (20 kDa) to the amine terminus of GCSF resulted in
bioconjugates with similar biological activity of native GCSF. Interestingly, this study showed
increased plasma ti» of GCSF from 24 h to 72 h upon PEGylation. Similarly, plasma ti, of
PEGylated erythropoietin has shown to be remarkably prolonged compared with that of native
protein [147, 148]. Other authors stated that the effects of polymer conjugation on the protein
activity and pharmacokinetics are mainly dependent on the conjugation site and the polymer
molar mass. Kim and co-workers investigated the covalent attachment of methoxy
poly(ethylene glycol) (mPEG) (750 and 2000 Da) chains to the amino groups of N-terminal
phenylalanine B1 (PheB1) or lysine B29 (LysB29) residues of human insulin [149]. The in vivo
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activity of insulin was observed to increase by 4 and 12% for mPEG750 conjugated at PheB1
and LysB29, respectively. However, the conjugation of mMPEG2000 at PheB1 and LysB29 led
to a decrease in its bioactivity by approximately 15%. The data also showed that mPEG750
conjugated at PheB1 and LysB29 exhibited an increase in the ti2 of human insulin from 12 h to
18.4 and 4.3 days, respectively. While, MPEG2000 conjugated at PheB1 and LysB29 displayed
half-lives of 20.7 and 8.6 days, respectively.

According to the literature reviewed, it is evident that PEG is widely used as a gold standard in
the field of protein conjugation since several PEGylated proteins are already approved by the
Food and Drug Administration (FDA) and used clinically as therapeutics e.g., PEG-L-
asparaginase (Oncaspar) used to treat acute lymphoblastic leukaemia, PEG-GCSF (Neulasta)
used to prevent neutropaenia associated with cancer chemotherapy, PEG-adenosine deaminase
used for severe combined immunodeficiency, PEG-interferon (IFN)a2a (PEG-asys) and PEG-
IFNo2b (PEG-Intron) used for the treatment of Hepatitis C [134]. Despite its great
achievements in the field of protein/drug conjugation, there have been some concerns about
PEG safety which limit its use in this field. Although PEG is considered safe, it has been
reported that chronic use of PEGylated therapeutics can cause vacuoles accumulation in organs
like, kidney, liver, and spleen due to its non-biodegradability [150, 151]. Furthermore, the
repetitive administration of PEGylated therapeutics as well as PEGylated liposomes, PEGylated
nanoparticles, and PEGylated micelles has been shown to cause immunogenic response known
as accelerated blood clearance (ABC) phenomenon resulting in high clearance and loss of
therapeutic efficacy. In this respect, clinical studies of PEGylated uricase (Pegloticase) have
shown that formation of anti-PEG antibodies is associated with increased Pegloticase clearance,
reduced therapeutic efficacy, and increased risk of infusion reactions (IRs) [152-154].
Alternatives to PEG have been investigated for protein conjugation such as
poly(vinylpyrrolidone) (PVP), dextran, polysialic acids (PSAs), hyaluronic acid (HA), dextrin,
hydroxyethyl starch (HES), poly(2-ethyl 2-oxazoline) (PEOZ), polyolefins carrying N-
hydroxypropyl, sulfonate, oligo ethylene glycol, PGA, and PDSA. Along with that, the
modification of protein with synthetic polypeptides, also known as poly(a-amino acid)s or
PEPylation was investigated as a promising approach to obtain therapeutic conjugates with

longer circulation ty2 and lower immunogenicity [27, 28, 155].

Beside therapeutic proteins, many enzymes e.g., cellulase, lipase, xylanase are used in industrial
processes. Hence, polymer conjugation with these proteins can potentially impact their activity

and stability. Ge et al. [156] reported the conjugation of lipase with hyperbranched aromatic
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polyamides which resulted in enhanced lipase activity and stability compared to the native
lipase. This work showed also that conjugated lipase exhibited a significant activity and stability

in organic solvents or at elevated temperatures.

1.2.1 Synthesis of protein-polymer conjugates

The conjugation of proteins to small molecules or synthetic polymers is usually achieved via
one of three synthetic strategies: grafting to, grafting from and grafting through. Indeed, these
conventional chemical procedures are not sufficiently selective resulting in heterogeneous
mixtures of protein conjugates. In particular, the conjugation reactions with the abundantly
present e-amine groups of Lys residues on the protein surface led to a heterogeneous conjugate
mixture with reduced protein bioactivity [157, 158]. Therefore, the development of site-specific
protein-polymer conjugation was widely explored. Since cysteine (Cys) residues having free
thiol groups are rarely present in protein sequences, genetic incorporation of Cys residues at a
specific site of protein is applied as an effective approach to achieve site-specific conjugation.
In this sense, protein modification can be carried out via either exchange reaction with disulfide-
containing reagents or alkylation with electrophiles containing compounds and Michael
acceptors, especially maleimides [159]. Besides, aromatic residues, such as tyrosine, were used
for protein conjugation via Mannich-type reaction [160]. Additionally, N-terminal amine can
be used for the site-specific attachment of different molecules or polymers [161]. Such
techniques have been utilized for the development of well-defined bioconjugate including,
ATRP, nitroxide-mediated radical polymerization (NMP), reversible addition fragmentation
chain transfer polymerization (RAFT), ROMP, and “click” chemistry. Basically, they use either
amino acids present within the protein structure or non-natural amino acids/different functional
groups that can be introduced into proteins [162]. For example, Gao et al. [163, 164] reported
the in situ ATRP growth of a PEG-like polymer, poly(oligo(ethylene glycol) methyl ether
methacrylate) [poly(OEGMA)], with low polydispersity and high yield from the N-terminus of
myoglobin or C-terminus of green fluorescent protein (GFP). This resulted in significantly

improved pharmacological properties of proteins.

Apart from these approaches, enzyme-catalyzed bioconjugation provides a viable alternative to
achieve a site-specific protein conjugation under mild reaction conditions. This includes the use
of phosphopantetheinyltransferase [165], formylglycine generating enzyme (FGE) [166],
sortase [167], farnesyltransferase [168], biotin ligase [169], lipoic acid ligase [170], N-

myristoyl transferase [171], and mTGase. In particular, mTGase from Streptomyces
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mobaraensis have been considered one of the most favored candidates for this purpose [172-
174].

1.2.2 Transglutaminases

Transglutaminases (TGases, protein-glutamine y-glutamyltransferases, EC 2.3.2.13) belong to
the transferase class of enzymes that cross-link proteins by catalyzing an acyl transfer reaction
between y-carboxamide groups of peptide or protein-bound glutamine (GlIn) residues, which
act as acyl donors, and a variety of free primary amine groups including the e-amino group of
Lys residues, which act as acyl acceptors. This reaction results in the formation of isopeptide
bonds between proteins accompanied with the consequent loss of ammonia (Figure 4). In the
absence of free primary amine groups, TGase catalyzes the deamination reaction of Gin

residues, where water or alcohol molecules act as acyl acceptors [48, 175].

Acvl donor Acvl acceptor

TGases a7 \
NH, + H,N—R ——e b /) A
’ mn AR ZCe
7 & 4o’
Glutamine residues  Primary amines/ e-(y-glutamyl-) lysine bond (Isopeptide bond)

Lysme residues

Figure 4. TGase-mediated cross-linking reactions between protein-bound Gln and Lys residues which result

in the formation of isopeptide bonds.

So far, TGases have been isolated from animal and plant tissues as well as from
microorganisms. Indeed, tissue TGase isolated and purified from guinea-pig liver was the first
and only commercially available TGase until the late 1980s. However, tissue TGase is calcium
(Ca?*)-dependent which leads to protein destabilization in some food proteins. In addition, the
rare source and complex purification process to produce tissue TGases resulted in very high
cost of the enzymes that in turn limited their applications on a large industrial scale.
Consequently, research efforts have been made to obtain TGases from microbial sources, which

are generally cost-effective and easy to produce in high quantities and purity [176].

1.2.2.1 Microbial transglutaminases

Compared to eukaryotic TGase, mTGase is a monomeric simple protein with a relatively low

molar mass, Ca®*-independent, and significantly stable over a wide range of pH-values and
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temperatures [176]. In 1989, Ando et al. [177] reported the first mTGase from a strain of
Streptomyces mobaraensis. mTGase is a monomeric enzyme consisting of a 331 amino acid
single polypeptide chain with a molar mass of 37.9 kDa. It possesses an o/p folding class that
consists of eight B-strands surrounded by 11 a-helices forming a disk-like structure (Figure 5)
[178]. The enzyme active site has a catalytic triad comprised of cysteine (Cys64), histidine
(His274), and aspartic acid (Asp255) residues. The thiol group of the Cys64 residue plays an

essential role in the catalytic activity of mTGase.

Figure 5. 3D structure of mTGase (PDB code 11U4) [178]. The structure is drawn using PyMOL (The
PyMOL Molecular Graphics System, Schrédinger, LLC). Cys64, His274, and Asp255 residues represent the
catalytic triad of mTGase. The structure given in the green box belongs to Cys which is considered as an

essential residue for the mTGase catalytic activity.

The proposed mechanism by which TGase catalyzes isopeptide bond formation between
proteins is illustrated in Scheme 2. The catalytic mechanism of mTGase proceeds via a
nucleophilic attack by the enzyme's catalytic Cys64 at the susceptible Gln residue (acyl donor)
of a protein (step (A)). In step (B), Asp255 donates a proton, which results in the formation of
a first thioester intermediate along with a consequent release of ammonia as a by-product (step
(C)). Subsequent nucleophilic attacks by an amine substrate (acyl acceptor) at the carbonyl
group of the intermediate and by Asp255 at a proton of the acyl acceptor lead to the formation
of a second thioester intermediate (step (D)). In steps (E) and (F), the cross-linked product is

released from the intermediate and the free enzyme is regenerated [178].
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Scheme 2. Catalytic mechanism of mTGase, adapted from [178].

In general, the optimal temperature for mTGase activity ranges between 45-55 °C and varies
among different species. For instance, mTGase from Streptomyces mobaraensis exhibits
maximum activity at 55 °C, while the optimum temperature of mTGase derived from
Streptomyces cinnamoneum and Streptomyces griseocarneum is 45 °C. The optimum pH for
mTGase activity ranges between 5 and 8 and some activity was reported at pH 4 or 9. The
activity of mTGases can be affected by the presence of Zn?*, Cu?*, Hg?* and Pb?* ions which
bind to the thiol group of Cys in the catalytic center, resulting in loss of activity [176]. The
selectivity and catalytic efficiency of mTGase is based on the amino acid sequence adjacent to
the GIn and Lys residues. In this regard, MalesSevi¢ et al. [179] investigated the effect of flanking
amino acids of donor GIn residue and acceptor Lys residue for the recombinant Streptomyces
mobaraensis mTGase catalytic efficiency. It was found that hydrophobic and basic residues
especially, arginine, tyrosine, and leucine have a significant preference at GIn+1 and GIn-1
while, the presence of negatively charged amino acids at GIn-1 inhibits the TGase activity. They
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also found that proline residue is accepted by mTGase at GIn-1 but not at GIn+1. Furthermore,
no peptide with Lys residues at GIn+1 or GIn-1 was recognized by mTGase which is explained
by their inter- or intramolecular cross-linking with other reactive groups. Regarding the acyl
acceptor substrates, it was stated that peptides with aromatic amino acids adjacent to the Lys
residue as well as peptides containing two Lys residues show the highest mTGase activity.
While, peptides having negatively charged amino acids at Lys+1 or Lys-1 are not accepted by
mTGase. In addition, the selectivity of mTGase is based on the conformational features of the
substrates since the GIn and Lys residues recognized by TGases as acyl donor and acceptor
substrates, respectively, are located in highly flexible and unfolded regions of a protein [180].
Spolaore et al. [180] studied the site-specific derivatization of avidin using mTGase. The results
showed that avidin was modified at the level of Lys127 which is located in the flexible/unfolded
C-terminal region of the protein. Another study carried out from the same research group
reported the site-specific mTGase-catalyzed conjugation of IFNa2b at GIn101 and Lys164

residues which are embedded at the level of flexible protein regions [181].

1.2.2.2 Applications of microbial transglutaminases

Regarding its applications, mTGase is widely used in the food industry to modify the
appearance and texture of the protein-rich food like meat and fish and to enhance the gel
strength of cheese and yogurt [182, 183]. Apart from that, it is used to increase the tensile
strength of wool and leather [182, 184] and to produce biodegradable protein films [185].
Another field of application is the site-specific modification of therapeutic proteins, which is
considered as a powerful technique to improve their pharmacokinetic properties. Sato et al.
[186] reported a method for site-specific modification of recombinant human interleukin-2 to
PEG using mTGase. Subsequently, the PEGylation of recombinant GCSF, human growth factor
(hGH), apomyoglobin (apoMb), salmon calcitonin (sCT), and cytochrome ¢ (cyt ¢) as well as
the HESylation (i.e. conjugation with HES) of a model protein, dimethylcasein (DMC),
catalyzed by mTGase were reported [187-191]. Besides, PGA was used for the mTGase-
mediated conjugation reaction with DMC under mild reaction conditions [27]. The successful
formation of PGA-DMC conjugates was promising to expand the research scope to use
therapeutic proteins that may contribute to the biomedical field. Thus, PDSA was successfully
conjugated with a therapeutic protein, recombinant human erythropoietin (rHUEPO), at its
transition temperature Tm in the presence of a thermostable variant mTGase-TG!®. The data
showed that only rHUEPO-PDSA conjugates with high molar mass were obtained because of

multi-site conjugation [28]. Furthermore, the site-specific conjugation of polyacrylamide
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grafted with multiple mTGase-recognaizable substrates to functional proteins with a Lys tag by
mTGase for immunological biosensing applications and the mTGase-mediated conjugation of
DNA aptamer with enhanced GFP were stated [192, 193]. mTGase has also been utilized in the
field of antibody-drug conjugates (ADCs), which are considered as promising agents for the
treatment of tumors. For example, Strop et al. [194] developed an enzymatic method for site-
specific antibody-drug conjugation using mTGase and lately, the successful site specific
conjugation of drug-linker constructs to a fully glycosylated immunoglobulin G (1gG)-type
antibodies using mTGase was reported [195]. In addition, mTGase has other applications
concerning protein immobilization e.g., the successful mTGase-mediated site-specific
immobilization of functional proteins such as Escherichia coli alkaline phosphatase (AP) on
solid surfaces and magnetic particles, providing an efficient approach to generate a variety of

protein-based solid formulations for biotechnological applications [196, 197].

It is worth noting that some cross-linking reactions catalyzed by mTGase require high
temperatures with retained mTGase activity. Therefore, many attempts have been made to
produce mTGase variants with higher activity and thermostability. Marx et al. [198]
established, for the first time, a screening method applied to a randomly mutated pro-
transglutaminase resulting in thermostable and heat-sensitive variants of mTGase. It was stated
that seven mutants (S2P, S23 L, Y24 N, G257S, K269E, H289Y, and L294 M) engineered by
error-prone polymerase chain reaction (epPCR) exhibit a remarkably improved thermostability
at 60 °C, especially, S2P with single amino acid substitutions, i.e. the exchange of Ser close to
the N-terminus against proline, showed 270% increased ti/2 at 60 °C as well as higher specific
activity at 37 °C. Afterwards, saturation-site mutagenesis of these seven “hot spots” along with
DNA-shuffling was conducted in order to further improve the thermal stability of mTGase. As
a result, the most thermostable mutant, the triple mutant S23V-Y24N-K294L showed a 12-fold
improved ti2 at 60 °C and a 10-fold higher t12 at 50 °C compared to the wild-type mTGase
[199]. In another study, a novel mTGase mutant with enhanced activity and thermostability was
obtained via direct evolution strategy, i.e. it exhibits a 1.95-fold specific activity and a 1.66-
fold higher t12 at 50 °C compared to the wild-type mTGase [200]. Jiang et al. [201] applied the
atmospheric and room temperature plasma (ARTP) mutagenesis to enhance the fermentation
production of TGase from Streptomyces mobaraensis for various applications in the food
industry. Ohtake et al. [202] utilized genetic code expansion to enhance the thermostability of
mTGase from Streptomyces mobaraensis. By introducing 3-chlorotyrosines at positions 20, 62,

and 171, variant mTGase with a 5.1-fold longer ty2 than that of the wild-type enzyme at 60 °C
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was obtained. Recently, Bohme et al. [203] represented a novel thermoresistant recombinant
variant TG® of mTGase using E. coli BL21Gold (DE3) cells for the production of recombinant
proteins. Their study based on a combination of previously determined amino acid substitutions,
i.e. S2P, S23Y-Y24 N, H289Y, and K294L, resulted in a mTGase-TG*® variant with a 19-fold
improved t1» = 38 min at 60 °C compared to the wild-type mTGase. On the other hand, and for
mTGase applications in food processing, it is preferable to carry out the cross-linking reactions
under low temperature conditions. Thus, heat-sensitive mTGase variants with high activity at
low reaction temperatures are favorable [198]. These strategies explain the structure-activity
relationship of mTGase which in turn provides preliminary information on its tailored catalytic

activity to fit real industrial requirements by protein engineering.

To sum up, mTGase has emerged as a versatile tool for enzymatic bioconjugation due to its
high selectivity and catalytic activity under mild conditions. Apart from its widespread

applications in the food industry, mTGase has proved its potential in biomedical research.

1.3 Polymer networks and hydrogels

Polymer networks are three-dimensional (3D) cross-linked macromolecules with a wide range
of biomedical and industrial applications. In general, polymer networks can be formed by
chemical cross-linking of polymer chains through stable covalent interactions, reversible
physical gelation via noncovalent interactions, or by a combination of both. These networks
exhibit some specific mechanical properties like high porosity, elasticity, and swelling ability
that can be tuned towards the desired properties for their intended application [204].
Hydrophilic polymer networks with a tunable capacity to retain a massive amount of water or
biological fluids, known as hydrogels, display great biocompatibility as their mechanical
properties can be modulated in order to match those of biological tissues and cells [205, 206].
Their affinity to absorb water is mainly attributed to the presence of hydrophilic functional

moieties like sulphate, carboxylic acid, hydroxyl, amine, and amide groups.

In the 1960s, poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels were first applied as soft
contact lenses [207]. In the following decades, hydrogels have been investigated for various
biotechnological and biomedical applications due to their tunable properties like flexibility,
hydrophilicity, and biocompatibility. Such applications include, cosmetics and hygiene
products, microfluidics, wound dressings, scaffolds for soft tissue engineering, and drug
delivery systems [208]. Due to their porous structure, hydrogels have been used for the localized

and sustained release of biologically active agents in which the therapeutics sustained release
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can be controlled by modifying polymer molar mass and composition. The use of controlled
release hydrogel formulations is regarded as a vital approach to allow less frequent
administration of therapeutics as well as to protect them from enzymatic degradation [206]. For
example, the hydrogel contact lenses have been utilized as ocular drug carriers in order to

enhance the bioavailability of many ophthalmic therapeutics [209].

Generally, the therapeutics release can be achieved by various mechanisms controlled by
diffusion, swelling, chemical, and environmentally-based stimuli (e.g., temperature, pH-value,
light, etc.) [208, 210]. Diffusion-controlled drug release is the most frequently used mechanism
for releasing drugs from hydrogels. This system is represented by two main types, reservoir and
matrix devices. In a reservoir delivery system, the drug core is covered by a hydrogel membrane
which can be capsule, cylinder, or slab. Here, the drug can be sustainably released from the
center of the system. Whereas in a matrix system, the drug is dispersed throughout a hydrogel
and its release is proceeded by the network's meshes or pores. In swelling-controlled drug
release, the drug is dispersed in glassy polymers and the swelling starts when the polymeric
network is in contact with biological fluids, allowing the diffusion of drugs. Chemically-
controlled drug release is based on a chemical reaction that occurs within a delivery system to
initiate the drug release from hydrogels. This includes reversible or irreversible reactions
between the polymeric network and releasable drug as well as polymer chains cleavage through

hydrolysis or enzymatic degradation.

PEG-based hydrogels have been widely explored as controlled drug carriers and as anti-
adhesive biomaterials owing to the excellent properties of PEG such as, biocompatibility and
hydrophilicity. Graham et al. [211, 212] reported the sustained release of prostaglandin E2 and
morphine from PEG hydrogels through diffusion controlled release. Although PEG is non-
biodegradable, it still remains one of the mostly investigated systems, especially, upon
copolymerization with biodegradable polyesters such as, PLGA and PLA in order to obtain
biodegradable hydrogels [213, 214]. The preparation of hydrogels based on biodegradable
polymers has shown to offer unique advantage in the field of drug delivery as they offer a
controlled release of various therapeutic agents over a long period of time, which in turn
improve the bioavailability of these therapeutics. In this regard, many biodegradable and
naturally occurring biopolymers, synthetic polymers, or blends of synthetic and natural
polymers (hybrid) have been extensively investigated. Natural biodegradable hydrogels such
as, alginate and sodium alginate/collagen have shown to provide a sustained drug release [215,

216]. Despite the fact that natural polymers have excellent biocompatibility, they exhibit low
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stability and poor mechanical properties and thus, they have been blended with synthetic
polymers having well-defined structures that can be modified to promote desirable properties
[217]. For instance, early research reported on cross-linked blends of biodegradable poly(vinyl
alcohol) (PVA) and collagen or hyaluronic acid for the release of recombinant human growth
hormone [218]. More recently, hydrogels based on PVA were applied as controlled drug
delivery in cancer treatment through swelling-controlled release, i.e. the drug is released upon

exposure to biological fluids [219].

Furthermore, aliphatic polyesters, especially, PLA has been extensively studied in the
preparation of networks for biomedical applications. Nevertheless, the hydrophobicity and the
high glass transition temperature of PLA together with the lack of pendant functionality limit
its application in the biomedical field. Therefore, PLA were cross-linked with hydrophilic
synthetic polymers or polysaccharides to form hydrogels with tunable properties [220].
Alternatively, our group described the synthesis of polymeric networks based on enzymatically
synthesized functional polyester PDSA. Authors further introduced some PEG side chains to
the PDSA backbone which results in hydrophilic networks with higher swelling ability that may
serve as promising materials for drug delivery system [26]. Moreover, the synthesis of
hydrogels based on enzymatically synthesized functional polyester PGA was stated [221].
These biodegradable hydrogels can be used further for potential pharmaceutical applications

such as, sustained-release carriers of various hydrophilic drugs.

1.3.1 Classification of hydrogels

In general, hydrogels can be categorized into three main classes as homopolymer, copolymer,
interpenetrating network (IPN), and semi-IPN based on their preparation method. For instance,
homopolymers consist of one type of monomers while, copolymers composed of more than one
type of monomers with at least one hydrophilic component. In contrast, IPNs or multipolymer
hydrogels consist of different types of cross-linked polymer chains and semi-IPNs comprise of
cross-linked and linear polymers. Besides, hydrogels can be further classified based on their
charge into nonionic, anionic, cationic, ampholytic, or zwitterionic as well as on their physical
structure into amorphous with random structure, and semi-crystalline. An important hydrogel
classification is based on the type of cross-linking interactions between polymer chains, which
can be either chemical or physical [222]. Physical hydrogels are formed when the cross-linking
between polymer chains is caused by non-covalent forces such as, ionic/electrostatic forces,
hydrogen bonding, stereo-complex formation, and hydrophobic interactions. These hydrogels

are reversible, i.e. they are mechanically weak and fragile upon exposure to environmental
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changes (e.g., temperature or pH-value). While, chemically cross-linked hydrogels are prepared
by covalent cross-linking between polymer chains and hence, they do not possess a reversible
response to external stimuli. Compared to physical hydrogels, covalent cross-linked polymers
have an improved swelling behavior, controlled biodegradability, and mechanical strength,

which make them more suitable for pharmaceutical applications [223].

1.3.2 Synthesis of chemically cross-linked hydrogels

To achieve chemically cross-linked hydrogels, several approaches have been established, for
example, classical esterification reaction of carboxylic acids and alcohols, free radical
polymerization, high energy radiation, enzyme-induced cross-linking, and “click” chemistry
including copper-catalyzed azide-alkyne cycloaddition (CuAAC), strain-promoted azide-
alkyne cycloaddition (SPAAC), Diels-Alder (DA) reactions, Schiff base/oxime formation, and
Michael addition reactions [223, 224].

For instance, a simple and convenient method for hydrogels preparation is the Steglich
esterification reaction of carboxylic acids and alcohols with the help of carbodiimides as
coupling agents and 4-dimethylaminopyridine (DMAP) as a catalyst [26]. Besides, free radical
polymerization of low molar mass monomers in the presence of cross-linking agents has been
considered as a versatile technique for the preparation of hydrogels. Initially, the reactions are
started by a sequential addition of free radical initiators such as, ammonium persulfate (APS),
potassium persulfate (KPS), and 2-2'-azobisisobutyronitrile (AIBN) or by applying UV-,
gamma- or electron beam-radiation. In this method, vinyl monomers like acrylic acid,
acrylamide, and vinyl chloride radically polymerize in the presence of cross-linking agents to
produce chemically cross-linked hydrogels. Chemically cross-linked hydrogels can be further
prepared through high energy radiation. It is mainly dependent on the presence of light-sensitive
functional groups. For example, chitosan-based hydrogels have been synthesized by
incorporating azide and lactose as light-sensitive groups. After exposure to UV light, azide
groups were converted into nitrene and then bound to amine groups of chitosan to form a
hydrogel in a very short time [225]. This approach offers simple and relatively fast formation
of hydrogels as well as lower cost production compared to the chemical strategies. Another
potential route for hydrogel synthesis is the enzyme-induced cross-linking of macromolecules
under physiological conditions. In this regard, Sperinde et al. [226] reported the formation of a
hydrogel network by cross-linking reaction of glutaminamide-functionalized PEG with a Lys-
containing polypeptide using TGase. As previously mentioned, TGase is a cross-linker enzyme

that can form isopeptide bonds between substrates. Besides, other enzymes like peroxidases,
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tyrosinase, phosphopantetheinyl transferase, lysyl oxidase, and phosphatases were investigated
in this respect [223, 224]. Further, utilization of “click” chemistry for the synthesis of
chemically cross-linked hydrogels developed rapidly since it benefits from high selectivity,
high product yields under mild reaction conditions, and fewer side reactions [224, 227]. Figure
6 highlights a summary of main “click” chemistry strategies that have been used to produce

hydrogels.
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Figure 6. Summary of “click” chemistry strategies which have been used in the synthesis of hydrogels,
adapted from [227].

Cross-linking through copper-catalyzed azide-alkyne cycloaddition (CUAAC): It is a highly
selective cycloaddition between terminal alkynes and azides to form 1,4-disubstituted 1,2,3-
triazoles. Hydrogels utilizing CUAAC chemistry benefit from fast reaction rates and high yields.
However, it requires the use of a copper (1) catalyst, which may result in many adverse effects
in the biomedical field. Hence, the use of copper-free strategies has been developed and is listed

below.

Cross-linking through strain-promoted azide-alkyne cycloaddition (SPAAC): It is a metal-
free alternative to CUAAC. This reaction is based on the increased reactivity of inherent ring

strain of cyclooctyne groups to achieve efficient cross-linking under catalysts-free conditions.

Cross-linking through Diels-Alder (DA) reaction: DA is a highly specific cycloaddition
between a diene (furan or its derivatives) and maleimide groups to form stable hydrogels.
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Interestingly, this reaction is free from by-products and can be employed in the absence of

catalysts, initiators, or coupling agents.

Cross-linking through Schiff base formation: It is usually occurred by the reaction between
amino/ hydrazide and aldehyde groups to result in hydrogels via forming an imine bond under
mild conditions. This method is preferred for biomedical applications since unbound aldehyde

groups can adhere to living tissues or organs while preserving the cross-linked hydrogels.

Cross-linking through oxime formation: It is usually occurred by the reaction between an
aminooxy/hydroxylamine group and an aldehyde or ketone to generate hydrogels via a highly

stable oxime bond under physiological conditions.

Cross-linking through Michael addition: The Michael addition reaction, also termed as
conjugate addition, is a versatile synthetic approach for the addition of nucleophiles, referred
as Michael donors, to electron-deficient a,B-unsaturated carbonyl, e.g., vinyl esters, vinyl
ketones, vinyl sulfones, vinyl phosphonates, acrylamides, and maleimides which act as Michael
acceptors to produce a new single bond. For this reaction, various nucleophiles bearing
heteroatoms beside carbon nucleophiles have been utilized. Examples include, nitrogen (aza-
Michael), sulfur (thiol-ene based Michael), alcohol (oxa-Michael), and phosphorous (phospha-
Michael) to create C—N, C—S, C—O and C—P single bonds, respectively. The major advantages
of Michael addition reactions involve high selectivity under ambient conditions and desirable
reaction rates [228], thereby, their applications are diverse, especially, for the synthesis of
different polymer architectures including linear, hyperbranched, dendritic, and polymeric
networks such as, hydrogels [229]. Hubbell and co-workers were the first to report the synthesis
of PEG-based hydrogels through a cross-linking of vinyl sulfone-terminated PEG macromers
and oligopeptides containing Cys (thiol-reactive amino acid) via thiol-ene based Michael
addition reaction [230]. Subsequently, this approach has become a popular strategy for the
synthesis of hydrogels. To avoid the badly smelling thiol containing precursors as well as the
side reaction products (disulfide bond formation), other efficient approaches like aza-Michael

addition reactions have been developed.

Aza-Michael addition has drawn a great interest towards modern organic synthesis for C-N
bonds formation to generate important compounds such as B-aminocarbonyls and N-containing
heterocycles that are found in many antibiotics and other bioactive molecules. This method was
described in 1874 [231], which includes the addition of amine groups (Michael donors) to
electron deficient alkenes (Michael acceptors). Previously, these reactions were performed in

the presence of strong acid, base, or metal-based catalysts which have undesirable effects on
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the environment. As a result, the use of several heterogeneous catalysts has been developed
such as Amberlyst-15, silica-supported sulphuric acid, silica-supported aluminum chloride,
basic aluminum oxide, graphene oxide, metal organic frameworks, and polymer-supported
catalysts (polystyrene-supported aluminum chloride). Furthermore, the aza-Michael additions
of amines to methyl acrylates catalyzed by microwave-assisted irradiation and ultra-sound
irradiations have been reported [232]. It is worth noting that many efforts have been made to
shift towards environmentally benign and facile method for the aza-Michael reaction. For
example, the aza-Michael addition of amines using acidic alumina under solvent-free conditions
and the aza-Michael addition of amines catalyzed by lipases [232, 233]. Moreover, no catalyst

is needed in some cases as amine groups can act as nucleophiles and bases.

Aza-Michael addition of amines to alkenes has been widely used to prepare polymers that act
as degradable pro-drug conjugates or as carriers for protein delivery to generate thermosets and
silicon-based macromolecules and to produce functional biomaterials [234]. The utility of aza-
Michael addition chemistry for the synthesis of chemically cross-linked hydrogels has also been
established, especially, for biotechnological and biomedical applications. In a previous study
by Southan et al. [235], the aza-Michael addition of amino-functionalized polymers to acrylate
and acrylamide cross-linkers for the synthesis of hydrogels was stated. They studied the
influence of the reaction conditions (e.g., pH-value) on the cross-linking and degradation rate
of the formed gels. In another study, well-defined hydrogels based on PEG were synthesized
via aza-Michael addition of amine functional groups to acrylate [236]. Hoffmann et al. [237]
reported the preparation of hydrogel through a nucleophilic addition of multiple amine groups,
present along the polyethyleneimine (PEI) backbone, to an activated carbon-carbon double
bond present on PEG-based polyesters. Retailleau et al. [238] described the synthesis of
polymeric networks via a combination of aza-Michael addition of diamines to diacrylates and
radical photopolymerization. A novel type of polyamidoamine (PAMAM) dendrimer hydrogel
was successfully developed based on aza-Michael addition chemistry under catalyst-free
conditions. These hydrogels are biocompatible and, therefore, can be used for drug delivery and
tissue engineering [239]. Most recently, the aza-Michael addition of primary amines to vinyl
end groups of enzymatically synthesized PGA under catalyst-free conditions to generate
hydrogels based on biodegradable and biocompatible polyester was reported [221]. These
hydrogels with tunable properties prepared by aza-Michael addition reaction can serve as a new
platform for pharmaceutical applications such as carriers for sustained release of hydrophilic

drugs and biodegradable implants for controlled drug delivery.
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Overall, through the efforts of researchers, it is believed that copper-free click reactions display
many significant benefits including, high reaction rates, selectivity, excellent biocompatibility,
versatility, less by-products, and high product yields making them promising approaches for

the synthesis of hydrogels with a great potential within the field of tissue engineering and

therapeutic delivery.
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Polyester syntheses via enzymatic polymerizations of bio-based monomers provide an
opportunity for achieving green polymer chemistry. A part of research in green chemistry
focuses on the use of highly regioselective CAL-B to produce biocompatible and biodegradable
polyesters with numerous functionalities. These functionalities along the polyester backbone
provide an access to versatile pathways for further modification with a variety of fatty acids,
amino acids, and drugs to afford grafted polymers with tunable physicochemical properties for
pharmaceutical applications. The first aim of the present work is to generate functional
polyesters by enzymatic transesterification between either DVA or DMA and glycerol as well
as between DVA and D-sorbitol using CAL-B, resulting in PGA, poly(glycerol adipate)(M)
(PGA(M)), and PDSA, respectively. These functional polyester backbones are then grafted with
side chains terminated with primary amine groups through simple Steglich esterification
reaction to obtain new biodegradable amine-grafted polyesters that are suitable for being

utilized in different applications like protein-polymer conjugation and hydrogel formation.

Over recent years, many proteins produced by recombinant DNA technologies have become
powerful therapeutics for treating various diseases such as, anemia, cancer, diabetes, and many
others. Despite this success, therapeutic proteins often suffer from poor stability, short
bioavailability, and immunogenicity. Thus, a number of valuable techniques have been
explored to enhance their pharmacokinetics whilst maintaining biological activity. One
approach that is gaining considerable attention to address these challenges is the covalent
attachment of polymer chains to proteins. The resulting conjugates exhibit a unique
combination of properties which can be tuned to prompt a desired effect. For this purpose,
various chemical methods have been routinely utilized. However, many of them can have
deteriorating effects on the protein molecules. Hence, the second objective of this work is to
apply the synthesized amine-modified polyesters for the covalent attachment with different
proteins using enzymatic approach as a green and mild alternative to the conventional chemical
procedures. To achieve this, amine-modified PGA(M) is synthesized, characterized by *H NMR
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, and gel permeation
chromatography (GPC). Then, amine-modified PGA(M) is applied for the conjugation reaction
with a model protein, DMC, using a highly thermoresistant variant mTGase-S2P. DMC is
chosen for this work as it can act only as an acyl donor for mTGase whereas all Lys residues
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are blocked by methylation, thus, it is an appropriate substrate to test the conjugation with acyl
acceptors without undergoing any self-cross-linking within the protein molecules. Furthermore,
some positive and negative control experiments are performed to further confirm our results.
Here, the main investigation centers on the use of sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) as a direct proof technique to detect the resulting protein-polymer

conjugates.

Another objective is to further expand the application of this enzymatic approach using
therapeutic proteins-based conjugation that can improve their biological performance. In order
to accomplish this, amine-modified PDSA is prepared, well characterized by *H NMR
spectroscopy and GPC, and subsequently subjected for the conjugation reaction with rHUEPO
using another thermoresistant variant mTGase-TG in the presence of N- and O-glycans as
well as after treatment with peptide-N-glycosidase F (PNGase F). Since the sites of mTGase
modification are mainly located in flexible-unfolded chain segments of the protein, the
enzymatic protein-polymer conjugation is carried out at the T of rHUEPO, where half of the
protein is in the unfolded state. As a proof of principle study, the well-known substrate for
mTGase, i.e. monodansyl cadaverine (MDC), is used for the enzymatic conjugation with
rHUEPO along with many different control experiments in order to support our findings. To
analyze the formed conjugates, SDS-PAGE, matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry, and liquid chromatography-electrospray-linear ion
trap-tandem mass spectrometry (LC-ESI-LIT MS) are conducted.

The final aim of this work is to design polymeric networks based on a biodegradable and
biocompatible PGA using aza-Michael chemistry. This approach is a good choice for this
purpose as it benefits from being facile, mild, and a catalyst-free method to produce polymeric
networks with great potential for various pharmaceutical applications, especially, in drug
delivery system. For this, enzymatic polymerization of glycerol and DVA results in linear PGA
terminated with some electron-deficient carbonyl groups (vinyl end groups) serving as aza-
Michael acceptors. By acylation, PGA is grafted with side chains bearing free amine groups
which form aza-Michael donors able to undergo aza-Michael addition to the vinyl end groups
of PGA to finally result in the synthesis of hydrophilic PGA-based networks (hydrogels) under
catalyst-free conditions. The bulk properties of the PGA backbone and amine-modified PGA
are investigated by GPC, high-resolution (HR) MALDI-TOF mass spectrometry, *H NMR, **C
NMR, and FTIR spectroscopy. To analyze the network structure, FTIR and solid state *C
single-pulse (SP) magic-angle spinning (MAS) NMR spectroscopy are conducted while to
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investigate the network defects and dynamics, tH double-quantum (DQ) NMR experiments are

performed.
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The published results are presented in this chapter. The research aims to introduce an
environmentally benign approach for the synthesis of biocompatible and biodegradable
polyesters using highly regioselective CAL-B as well as to apply these polyesters in the field
of mTGase-mediated protein-polymer conjugation and polymeric networks formation via aza-
Michael addition chemistry. The investigated polyesters for protein-polymer conjugation
purpose are synthesized by enzymatic polytransesterification reaction of glycerol with DMA
and D-sorbitol with DVA using CAL-B to obtain PGA(M) and PDSA, respectively. By direct
grafting of OH-groups along the PGA(M) backbone with side chains bearing primary amine
groups along with hydrophilic PEG side chains, water soluble amine-modified PGA(M) is
designed to act as an acyl acceptor substrate for mTGase and then applied for the conjugation
reaction with DMC beside a series of control experiments using a variant thermostable
mTGase-S2P. The published results of amine-modified PGA(M) synthesis and its conjugation
with DMC catalyzed by mTGase-S2P are presented in chapter 3.1. This enzymatic approach
can also be used for the conjugation of fully biodegradable polyesters with therapeutic proteins
which may have a positive impact on their biological efficacy. Therefore, PDSA is further
investigated for the conjugation reaction with rHUEPO using a variant mTGase-TG*® which
exhibits higher thermostability than mTGase-S2P. By direct modification of OH-groups along
the PDSA backbone with side chains having primary amine groups, amine-modified PDSA is
prepared to serve as an acyl acceptor substrate for mTGase and subsequently subjected for the
mTGase-TG*-mediated conjugation with rHUEPO at its transition temperature Tr in addition
to a series of control experiments. The published results of amine-modified PDSA synthesis
and its conjugation with rHUEPO mediated by mTGase-TG* are presented in chapter 3.2. The
investigated polyester for polymeric network formation purpose is synthesized by enzymatic
polytransesterification reaction of glycerol with DVA using CAL-B to achieve PGA having
some vinyl end groups. Upon direct grafting of OH-groups along the PGA backbone with
amine-terminated side chains, aza-Michael addition of these amine groups to vinyl end groups
of PGA and the formation of hydrophilic PGA-based networks under catalyst-free conditions

are explored and discussed in the published results presented in chapter 3.3.
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3 | Results

3.1 Paper I:

Conjugation of amine-functionalized polyesters with dimethylcasein using
microbial transglutaminase?

The conjugation of polymer chains to proteins has been widely employed for many industrial
and biomedical applications. Although proteins have numerous advantages as therapeutic
drugs, some shortcomings when used in their native form, such as short in vivo circulation time,
poor stability, low solubility, and immunogenicity limit their clinical applications. Many
attempts, therefore, have been made to covalently attach water soluble polymers to these
proteins which can improve their solubility and bioavailability as well as their therapeutic
potency. For this purpose, various chemical and enzymatic approaches were investigated to
prepare protein-polymer conjugates especially, the mTGase-mediated conjugation reactions
under mild conditions have gained a significant attention in the field of protein-polymer

conjugation.

To this aim, the feasibility of using the mTGase-mediated reaction to conjugate DMC with a
biodegradable and water soluble polyester is investigated. In the following publication, PGA
(M) was synthesized by enzymatic transesterification between glycerol and DMA, chemically
modified with side chains having free primary amine groups as well as with hydrophilic
mPEG12 side chains, thoroughly characterized by *H NMR spectroscopy, FTIR spectroscopy,
and GPC, and then applied for the variant mTGase-S2P-catalyzed conjugation reaction with
DMC. DMC-PGA(M) conjugates generated by this approach were detected by SDS-PAGE
technique. This enzymatic procedure is promising for a mild conjugation of various therapeutic
proteins with biodegradable and highly water soluble polyesters that may potentially enhance

their pharmacokinetics and therapeutic performance.

The author contributions of the following article are: R. Alaneed, M. Pietzsch, and J. Kressler
designed research. R. Alaneed performed all experiments with characterizations. T.
Hauenschild performed the FTIR measurements. K. Mader supervised and complemented the
writing. R. Alaneed wrote the first draft of the paper. R. Alaneed wrote the paper in the final

form with revisions by M. Pietzsch and J. Kressler.

1The following article is adapted with permission from (Conjugation of amine-functionalized polyesters with dimethylcasein
using microbial transglutaminase; Razan Alaneed, Till Hauenschild, Karsten Méder, Markus Pietzsch, and Jorg Kressler. J.
Pharm. Sci., 109, 981-991 (2020) DOI: 10.1016/j.xphs.2019.10.052). Copyright (2020) American Pharmacists Association.
Published by Elsevier Inc. All rights reserved. The link to the article on the publisher’s website is:
https://doi.org/10.1016/j.xphs.2019.10.052. No changes were made.
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Protein-polymer conjugates have been used as therapeutics because they exhibit frequently higher
stability, prolonged in vivo half-life, and lower immunogenicity compared with native proteins. The first
part of this report describes the enzymatic synthesis of poly(glycerol adipate) (PGA(M)) by trans-
esterification between glycerol and dimethyl adipate using lipase B from Candida antarctica. PGA(M) is a
hydrophilic, biodegradable but water insoluble polyester. By acylation, PGA(M) is modified with 6-
(Fmoc-amino)hexanoic acid and with hydrophilic poly(ethylene glycol) side chains (mPEG12) rendering
the polymer highly water soluble. This is followed by the removal of protecting groups, fluo-
renylmethyloxycarbonyl, to generate polyester with primary amine groups, namely PGA(M)-g-NH;-g-
mPEG12. 'H NMR spectroscopy, FTIR spectroscopy, and gel permeation chromatography have been used
to determine the chemical structure and polydispersity index of PGA(M) before and after modification. In
the second part, we discuss the microbial transglutaminase—mediated conjugation of the model protein
dimethylcasein with PGA(M)-g-NH,-g-mPEG12 under mild reaction conditions. SDS-PAGE proves the
protein-polyester conjugation.

© 2020 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Conjugation of functional polymer side chains to proteins has
been extensively studied during the last few decades for various
industrial and biomedical applications.' The advantages of proteins
as therapeutic agents include low toxicity, high selectivity and
specific activity, as well as they have contributed significantly to-
ward the successful treatment of many diseases such as cancer,
diabetes, anemia, multiple sclerosis, and others.> Nevertheless,
therapeutic proteins have some drawbacks when used in their
native form, for example, their short circulation half-life, suscep-
tibility to proteolytic degradation, and immunogenicity, which
have limited their clinical use.> The covalent attachment of syn-
thetic polymers, as, for example, poly(ethylene glycol) (PEG) to
these native proteins, results in better water solubility and

* Correspondence to: Jorg Kressler (Telephone: +49-345-55-25-800) and Markus
Pietzsch (Telephone: +49-345-55-25-949).
E-mail addresses: markus.pietzsch@pharmazie.uni-halle.de (M. Pietzsch), joerg.
kressler@chemie.uni-halle.de (J. Kressler).

https://doi.org/10.1016/j.xphs.2019.10.052

improved the therapeutic potency of proteins.* For this purpose,
Abuchowski et al.” have introduced the first covalent attachment of
PEG to bovine serum albumin (BSA). Subsequently, they have re-
ported that PEGylation improved many pharmacological properties
of proteins, that is, increased circulation half-life and reduced
immunogenicity.° As a result, several FDA-approved protein-PEG
conjugates are currently available in market for clinical use, for
example, PEG-adenosine deaminase, PEG-L-asparaginase, PEG-
interferon-a-2b, PEG-interferon-o-2a, PEG-urate oxidase, PEG-
granulocyte colony-stimulating factor, PEG-growth hormone re-
ceptor antagonist, and PEG-erythropoietin.” PEG has achieved great
success in protein conjugation because of its hydrophilicity and
biocompatibility. Although PEG has been regarded long time as
nonimmunogenic, recent findings clearly show evidence that PEG
antibodies can be formed and impact the pharmacokinetics and
pharmacological performance.®' Therefore, the search for PEG
alternatives has increased within the last years. Examples include
poly(vinyl alcohol), dextran, poly(N-vinyl pyrrolidone), poly(maleic
acid),'! N-(2-hydroxypropyl) methacrylamide,'> poly(2-ethyl-2-
oxazoline),”® and hydroxyethyl starch (HES). Among these poly-
mers, HES conjugation was extensively studied. Besheer et al. have

0022-3549/© 2020 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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reported the use of HES in nanoparticle (NP) stabilization'* and in
protein conjugation using microbial transglutaminase (mTGase) as
biocatalyst."”

Generally, various chemical strategies have been developed over
the past years to prepare protein-polymer conjugates. However,
some of these traditional pathways are not selective, which resul-
ted in a heterogeneous mixture of protein conjugates with reduced
bioactivity. Hence, an alternative approach to produce these con-
jugates through enzymatic procedures has been extensively
developed because of high catalytic activity and high selectivity of
the enzymes under mild reaction conditions as compared with
other chemical catalysts. mTGase-mediated conjugation is one of
the most promising enzymatic procedures for selective protein
cross-linking.'®!”

mTGases (protein-glutamine vy-glutamyltransferase) are en-
zymes that crosslink proteins by catalyzing an acyl transfer reaction
between fy-carboxamide groups of peptides or protein-bound
glutamine residues (which act as an acyl donor) and different free
primary amine groups, for example, the e-amino group of lysine
residues (which act as an acyl acceptor), with the consecutive loss
of ammonia as by-product. This reaction results in the formation of
highly protease-resistant isopeptide bonds between proteins.'®
mTGase was first isolated from Streptomyces mobaraensis and re-
ported by Ando et al. in 1989."°

mTGase is widely used in the food industry.”® Another field of
application is the site-specific modification of therapeutic proteins,
for example, Sato et al.’! have reported a site-specific modification
of recombinant human interleukin-2 with PEG using mTGase.
Subsequently, the PEGylation of recombinant granulocyte colony-
stimulating factor,”> and human growth factor catalyzed by
mTGase were reported.”> Afterward, Strop et al.>* developed an
enzymatic method for site-specific antibody-drug conjugation us-
ing mTGase. Recently, Spolaore et al.>> studied the reactivity of
human IFNa-2b toward mTGase.

This article is divided into 2 main parts, which explain in detail
the synthetic pathway for the preparation of protein-polyester
conjugate. First, we describe the full syntheses of amine-
functionalized polyester starting from poly(glycerol adipate)
(PGA(M)) backbone, where the symbol (M) refers to the PGA syn-
thesis using dimethyl adipate (DMA) as a monomer instead of using
divinyl adipate (DVA). PGA(M) is then modified with 6-(Fmoc-
amino)hexanoic acid [6-(Fmoc-Ahx)] side chains followed by the
removal of protecting groups to produce the amine-functionalized
polyester (PGA(M)-g-NH,-g-mPEG12), where 12 is related to the
number of repeating units of PEG chains. Second, we describe the
conjugation between dimethylcasein (DMC) and amine-
functionalized PGA(M) using mTGase (S2P), a variant possessing a
single amino acid exchange resulting in higher thermoresistance
and higher specific activity compared with the wild type?® under
mild reaction conditions.

Experimental
Materials

Lipase B derived from Candida antarctica immobilized on an
acrylic resin (Sigma-Aldrich, St. Louis, MO), commercially known as
Novozyme (N435), was dried over phosphorus pentoxide (P,0s) at
4°C for 24 h before use. P05 (>99%), 4-(dimethylamino)pyridine
(DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC-HCI), silica gel (SiO5, 0.03-0.2 mm), dialysis mem-
branes (having a cut-off molar mass of 1000 g mol~'), and
deuterated chloroform (CDCls, 99.8%) were purchased from Carl
Roth (Karlsruhe, Germany). 6-(Fmoc-Ahx) 98% was purchased from
Alfa Aesar (Kandel, Germany). Glycerol (>99.5%), DMA (>99%), PEG

monomethyl ether (mPEG) 550 g mol~' (mPEG550 g mol ;
denominated as “mPEG12"”), succinic anhydride (>99%), N,N-DMC,
monodansylcadaverine (MDC), fB-casein, dimethyl sulfoxide
(DMSO, anhydrous), and magnesium sulfate (MgS0O4, anhydrous,
>99.5%) were obtained from Sigma-Aldrich (Steinheim, Germany).
Dichloromethane (DCM, anhydrous, 99.9%) was obtained from
Acros Organics (Schwerte, Germany). All chemicals were used as
received without further purification. All HPLC-grade solvents such
as tetrahydrofuran (THF), ethyl acetate, tert-butylmethylether,
chloroform, and acetone were purchased from Carl Roth (Karls-
ruhe, Germany).

Preparation of Recombinant (mTGase-S2P) and Purification

The recombinant enzyme was produced following the same
procedure used by Sommer et al.>’ A typical procedure to obtain
mTGase (S2P) was as follows: the inactive pro-enzyme (pro-
mTGase S2P) was activated by cleaving with proteinase K, and then,
the activated enzyme was purified by immobilized metal affinity
chromatography. Aliquots were stored at —80°C. In advance of the
cross-linking experiment, the specific activity of mTGase-S2P was
determined by hydroxamate-based colorimetric assay.

Methods

NMR Spectroscopy

TH NMR spectra were recorded on a VNMRS spectrometer 400
MHz (Agilent Technologies) at 27°C using tetramethylsilane as an
internal calibration reference. Approximately 30-40 mg of polymer
was dissolved in 0.8 mL of deuterated solvent (CDCl3). Later, NMR
spectral data were interpreted using MestRec (v.4.9.9.6) software
(Mestrelab Research, Santiago de Compostela, Spain).

Gel Permeation Chromatography

Gel permeation chromatography (GPC) measurements (num-
ber-average molar mass (M;), weight-average molar mass (M),
and polydispersity index (PDI) (Mw/My) for PGA(M), PGA(M)-g-6-
(Fmoc-Ahx), PGA(M)-g-6-(Fomc-Ahx)-g-mPEG12, and PGA(M)-g-
NH;-g-mPEG12 were performed on a Viscotek GPC max VE 2002
using HHRH Guard-17360 and GMHH-N-18055 columns and
refractive index detector (VE 3580 RI detector, Viscotek). DMF +
0.01 M LiBr was used as mobile phase in a column kept at 25°C and
calibrated with poly(methyl methacrylate) standards. For all sam-
ples, the concentration was 3 mg mL~, and the flow rate was 1 mL
min~'. The data were analyzed using Origin 8 software.

FTIR Spectroscopy

The IR spectra were recorded at 25°C and 256 scans with a
Bruker Vector 22 FT-IR spectrometer. For the production of 13 mm
KBr pellets, a hydraulic press was used and an associated pressing
tool of Perkin-Elmer. During the measurements, the KBr pellets
were permanently flushed with a stream of dry air, to counteract an
air moisture influence that could interfere with the measurements.
Exclusively dry KBr was used for sample preparation. The KBr
pellets were pressed using a sample concentration of ~1.5 mg
sample per 150 mg KBr. The FTIR spectra were interpreted using
OMNIC Spectra Software.

SDS-PAGE
SDS-PAGE was performed according to the method reported by

Laemmli.?® This technique is based on separation of protein-
containing samples depending on their size. All samples were



R. Alaneed et al. / Journal of Pharmaceutical Sciences 109 (2020) 981-991 983

resolved using 12.5% separation gel (resolving gel) and 4.5%
stacking gel. After the conjugation experiments, all samples were
mixed with SDS sample buffer (1:1 ratio), heated for 3 min at
95°C, and then cooled down to room temperature. After that, 5 pL
of protein ladder and 10 pL of each sample were loaded into the
wells. Here, the protein ladder used is a protein molar mass
marker (Fermentas Life Sciences, St. Leon-Rot, Germany). The
electrophoresis was carried out in a 2-step mode. The first run was
at 300V, 80 mA, for 6 min. This was followed by the second run at
300 V, 60 mA, for 40 min (for 2 gels). For band visualization, both
gels were stained with Coomassie Brilliant Blue G-250 overnight.
Then, both gels were incubated with destaining solution to
remove the unbound dyes from the gels until the desired contrast
between the bands and the gel background was achieved (around
3 h).

Synthesis

Synthesis of Poly(Glycerol Adipate) (M)

PGA(M) was obtained by polytransesterification reaction be-
tween glycerol and DMA following the procedure used by Naolou
et al.>% as shown in Scheme 1a. A mixture of glycerol (11 g, 120
mmol), an equimolar amount of DMA (23.8 g, 120 mmol), and 13 mL
anhydrous THF were charged in a 250 mL 2-neck round-bottom
flask equipped with a Soxhlet extractor (150 mL), which was con-
nected to a reflux condenser. The Soxhlet extractor was filled with
molecular sieve (54, 105 g) and 100 mL anhydrous THF. The reac-
tion mixture was stirred using a magnetic stirrer for 30 min at 50°C.
Then, the reaction was started by the addition of Novozyme (N435)
(0.72 g, 2 wt% of the total mass of the monomers). To remove the
by-product, methanol, the pressure was reduced gradually to 300

0
a o
\0)‘\/\/\[( ~ " Ho/ﬁ/\OH
o OH

Dimethyl adipate (DMA)
CAL-B

THF
300 mbar
50°C,48 h

Glycerol

o

0.
(o) (0) ~
Poly(glycerol adipate)(M) *
PGA(M)

b

6-(Fmoc-amino)hexanoic acid | EDC-HCI, DMAP
6-(Fmoc-Ahx) DCM, 0°C-RT, 24 h

o on 0
H| 0. 0.
()/Y\() \)\/ o
Q X o y
0

Poly(glycerol adipate)(M)-g-6-(Fmoc-amino)hexanoate
PGA(M)-g-6-(Fmoc-Ahx)

EDC-HCI, DMAP

0
/OV\()*,,\/OT(\)LQH DCM, 0°C-RT, 24 h
\ o

¢
"{O/Y\O/(L/\/\A{O\j\/z\”/\/\/n}o/ H{O/\fowo\j\/z

0 % Y d 0
DMSO, RT, 4 h
B

NH, ' ’<NH
o
O
Poly(glycerol adipate)(M)-g-6-(Fmoc-amino)hexanoate-g-mPEG12
PGA(M)-g-6-(Fmoc-Ahx)-g-mPEG12

\

<

[
0/
0 v

PGA(M)-g-NH,-g-mPEG12

Scheme 1. Synthetic route to (a) poly(glycerol adipat) (M) (PGA(M)), (b) PGA(M)-g-6-(Fmoc-Ahx), (c) PGA(M)-g-6-(Fmoc-Ahx)-g-mPEG12, and (d) PGA(M)-g-NH,-g-mPEG12.
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mbar. As a result, the mixture of THF and methanol was collected in
the Soxhlet extractor and methanol was captured by the molecular
sieve. The resulting mixture was stirred for 48 h at 50°C. At the end
of the reaction, 50 mL of THF was added, and the product was
passed through Whatman filter paper to remove the enzyme beads,
and THF was evaporated by rotary evaporation at 60°C under
reduced pressure. In the last step, the crude product was dried
overnight under vacuum at 35°C to remove the residual THF. The 'H
NMR spectrum of PGA(M) is shown in Figure 1. 'H NMR (400 MHz,
CDCl3)  [ppm]: 5.28 (m, 1H), 5.10 (m, 1H), 4.36-3.99 (m, 6H), 3.65
(s, 3H), 3.58 (dd, ] = 11.5, 6.1 Hz, 2H), 2.48-2.20 (m, 4H), 1.75-1.53
(m, 4H). IR (KBr) v(cm™!): 3470 (v(—OH)), 2953 (va5(C—H)), 2875
(vs(C—H)), 1726 (v(C=0)), 1463 (3s(C—H)), 1392-1280 (C—H (w,t)),
1264-1180 (va5(C—0—C)), 1144-1080 (vs(C—0—C)) and (C—H (p)),
1075-1055 (d(—OH)), 982-733 (C—H (p)).

Synthesis of Poly(Glycerol Adipate) (M)-g-6-(Fmoc-Amino)
Hexanoate

PGA(M) with a molar mass My, of 2600 g mol~! was modified
further with 6-(Fmoc-Ahx) via Steglich esterification reaction®® in
the presence of EDC-HCI, which was used as an esterification pro-
moting agent catalyzed by 4-(dimethylamino)-pyridine (DMAP) to
yield PGA(M)-g-6-(Fmoc-Ahx) as shown in Scheme 1b.

In a 100 mL 3-neck round-bottom flask, PGA(M) (1.5 g, 7.42
mmol) was dissolved in 20 mL anhydrous DCM and cooled with an
ice bath for 20 min. This was followed by the addition of 6-(Fmoc-
Ahx) (intended conversion of 20 mol% of all OH-groups, 0.52 g, 1.47
mmol). Afterward, DMAP (50 mg, 0.4 mmol) and EDC-HCI (0.84 g,
4.4 mmol) were dissolved in 10 mL of DCM and added dropwise to
the polymer solution over 20 min. The mixture was stirred at room
temperature for 24 h to yield a yellowish solution. The solution was
then filtered, and the most of DCM was removed by rotary evapo-
rator at 30°C under reduced pressure. The grafted polymer was
eluted with HPLC grade ethyl acetate through a silica gel column to
remove the excess of 6-(Fmoc-Ahx). Further separation was also
performed by column chromatography using HPLC-grade acetone

as an eluent. The eluent containing the product was concentrated
on rotary evaporator under reduced pressure, and the crude
product was further purified by precipitation into cold diethyl ether
2 times followed by drying to yield highly viscous, yellowish
product. The total yield was 70 wt%. The molar mass of PGA(M)-g-
6-(Fmoc-Ahx) was calculated on the basis of mol% degree of
grafting from 'H NMR spectrum (Fig. 2a). PDI was determined by
GPC in DMF + 0.01 M LiBr as PDI = 1.8.

TH NMR (400 MHz, CDCl3) 3 [ppm]: 7.75 (d, ] = 7.5 Hz, 2H), 7.58
(d,] =74 Hz, 2H), 7.38 (t,] = 7.5 Hz, 2H), 7.29 (t, ] = 7.4 Hz, 2H), 5.25
(d, ] = 66.1 Hz, 1H), 5.09 (m, 1H), 4.38—3.56 (m, 9H), 3.66 (s, 4H),
3.16(s, 2H), 2.36 (m, 6H), 1.65 (m, 6H), 1.51 (s, 2H), 1.38-1.24 (m, 2H).
IR (KBr) v(cm™1): 3470 (v(—OH), 3455, v(—NH)), 2953 (vas(C—H)),
2875 (vs(C—H)), 1726 (v(C=0)), 1535 (3(R—NHC=0)), 1452
(ds(C—H)), 1384-1280 (C—H (w,t)), 1260-1180 (v,5(C—0—C)), 1144-
1075 (vs(C—0—C)) and (C—H (p)), 1075-1055 (3(—OH)), 753, 760
(=CH (Y)).

Synthesis of Succinylated mPEG12

Carboxylic acid—terminated mPEG12 was synthesized to
convert the hydroxyl (OH) groups into carboxylic acid (COOH)
groups to couple these chains to polymer repeating units via
Steglich esterification reaction. Succinylated mPEG was synthesized
according to the procedure reported by Lu et al.>' with slight
modifications. The synthesis was carried out by the reaction of
mPEG12, with a molar mass M, of 550 g mol~, with succinic an-
hydride in the presence of DMAP as a catalyst to produce succi-
nylated mPEG12 with a molar mass of 650 g mol~'. The number 12
corresponds to the number of repeating units in PEG chains. In a
250 mL 3-neck round-bottom flask equipped with reflux condenser
with a CaCl;, drying tube, mPEG12 (10 g, 18 mmol) was mixed with
an excess of succinic anhydride (3.6 g, 36 mmol) in 100 mL chlo-
roform. This was followed by the addition of DMAP (0.122 g, 1
mmol). The reaction mixture was stirred for 24 h at 30°C. The
resulting solution was washed 3 times with brine solution and the
organic layer was released into a 250 mL beaker, dried over
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Figure 1. 'H NMR spectrum of PGA(M) in CDCl5 at 27°C.
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Figure 2. "H NMR spectra of (a) PGA(M)-g-6-(Fmoc-Ahx), and (b) PGA(M)-g-6-(Fmoc-Ahx)-g-mPEG12 in CDCl3 at 27°C.

magnesium sulfate (MgS0,), and stirred for 15 min. The inorganic
salts were filtered over a funnel through Whatman filter paper, and
the filtrate was collected in a 250 mL round bottom flask and
concentrated to a small volume by rotary evaporator at 30°C under
reduced pressure. Then, the crude product was purified by
recrystallization in ethyl acetate and dried overnight under vacuum
at 35°C. "H NMR (400 MHz, CDCl3) 3 [ppm]: 4.26-4.20 (m, 2H), 3.71-
3.52 (m, 44H), 3.37 (s, 3H), 2.68-2.56 (m, 4H).

Synthesis of Poly(Glycerol Adipate) (M)-g-6-(Fmoc-Amino)
Hexanoate-g-mPEG12

PGA(M)-g-6-(Fmoc-amino)hexanoate was modified further
with succinylated mPEG12 via Steglich esterification (see Scheme
1c) according to the same procedure described previously to yield
PGA(M)-g-6-(Fmoc-Ahx). The amounts used for this reaction were
as follows: PGA(M)-g-6-(Fmoc-Ahx) (1 g, 4.9 mmol), succinylated
mPEG12 (intended conversion of 80 mol% of all OH-groups, 2.5 g,
3.8 mmol), DMAP (0.14 g, 1.15 mmol), and EDC-HCI (1.8 g, 9.4
mmol). This modification was performed to afford the water solu-
bility of the polymer. The purification steps were performed by
dialysis against distilled water using regenerated cellulose mem-
brane having a cut-off molar mass of 1000 g mol~! for 2 days to
yield water-soluble, yellowish product. Total product yield was 70
wt%. The molar mass of PGA(M)-g-6-(Fmoc-Ahx)-g-mPEG12 was
calculated on the basis of mol% degree of grafting from 'H NMR
spectrum (Fig. 2b). PDI was determined by GPC in DMF +0.01 M
LiBr as PDI = 1.7. 'TH NMR (400 MHz, CDCls) & [ppm]: 7.75 (m, 2H),
7.58(d,]J=7.5Hz, 2H), 738 (t,] = 7.5 Hz, 2H), 7.29 (t,] = 7.4 Hz, 2H),
5.25(q,] = 5.2 Hz, 1H), 4.38-3.56 (m, 11H), 3.71-3.52 (m, 44H), 3.6
(s,4H), 3.37 (s, 3H), 3.18 (s, 2H), 2.68-2.56 (m, 4H), 2.36 (m, 6H), 1.65
(m, 6H), 1.51 (s, 2H), 1.38-1.24 (m, 2H).

Deprotection of Fluorenylmethyloxycarbonyl (Fmoc) Groups

Deprotection of Fmoc protecting groups was carried out
following the procedure used by Hock et al.,>? with a slight modi-
fication. PGA(M)-g-6(Fmoc-Ahx)-g-mPEG12 with a molar mass My
of 11,500 g mol~!, ~ 1 g was dissolved in anhydrous DMSO (8 mL),
and the resulting solution was stirred at room temperature. After
4 h, the reaction was quenched by precipitation twice into an excess
cold tert-butylmethylether to remove the by-product (dibenzo-
fulvene) and most of DMSO. After drying under nitrogen flow for
1 h, PGA(M)-g-NH;-g-mPEG12 was obtained as shown in Scheme
1d. 'TH NMR (400 MHz, CDCl3) & [ppm]: 5.25 (d, ] = 10.5 Hz, 1H),
4.38-3.56 (m, 6H), 3.71-3.52 (m, 44H), 3.6 (s, 3H), 3.20 (d, 2H), 3.37
(s, 5H), 2.68-2.56 (m, 4H), 2.36 (m, 6H), 1.65 (m, 6H), 1.51 (s, 2H),
1.38-1.24 (m, 2H). IR (KBr) v(cm™') = 3470 (v(—OH)), 3387
(V(—NHy)), 2953 (v,5(C—H)), 2875 (vs(C—H)), 1726 (v(C=0)), 1651
(3s(—NHy)), 1452 (34(C—H)), 1384-1280 (C—H (w,t)), 1260-1180
(vas(C—0—C)), 1144-1075 (vs(C—0—C)) and (C—H (p)), 1075-1055
(3(—0H)), 982-733 (C—H (p)), 700 (—NH; (w)).

Reaction of PGA(M)-g-NH,-g-mPEG12 With DMC

DMC was modified with the synthesized polymer, amine-
functionalized PGA(M) using mTGase (S2P). One hundred micro-
liter of PGA(M)-g-NH;-g-mPEG12 (with a concentration of 60 mg/
mL) was added to 100 pL of DMC (with a concentration of 5 mg/mL)
and dissolved in 50 mM phosphate buffer, pH 8. One sample was
taken and boiled with SDS buffer at 95°C for 3 min. Afterward, 100
pL of 15 U/mL mTGase-S2P was added to start the reaction. Then
the reaction mixture was incubated at 37°C for 120 min. Samples
were taken after 15, 30, 60, and 120 min and boiled with SDS buffer
for 3 min. Finally, all samples were analyzed by SDS-PAGE and
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stained with Coomassie blue. As controls, (1) 100 pL of DMC was
added to 100 pL of MDC followed by the addition of mTGase-S2P, as
MDC is a well-known substrate for mTGase. Then the gel was
exposed to UV light (excitation filter 365 nm, emission filter 520
nm) and (2) a negative control, DMC and mTGase-S2P, was used to
prove that no self—cross-linking of DMC could happen because its
amine groups are methylated, (3) as a positive control, f-casein and
mTGase-S2P, was used to investigate the ability of mTGase to cross-
link B-casein.

Results and Discussion
PGA(M) Characterization

Amine-functionalized polyester, PGA(M)-g-NH,-g-mPEG12, was
successfully synthesized from PGA(M) backbone in several steps via
the above described methods. PGA(M) is biodegradable polyester,
that is, it undergoes an enzymatic degradation into nontoxic
monomers, glycerol and adipic acid, as the ester bonds are sus-
ceptible to cleavage by a range of enzymes. Swainson et al.>* have
reported that the enzymatic degradation of poly(glycerol adipate)
mainly depends on the enzyme and various modifications of
polymer backbone. In the case of polymer modifications, the sus-
ceptibility of enzymatic degradation will be affected because the
polymer becomes more stable after introducing side chains along
its backbone as well as the increased steric hindrance, for example,
the enzymatic degradation of PGA-PEG occurs at a slower rate than
in the case of unmodified PGA. The reason for this is that PEG is
hindering sterically the enzyme access to the polymer backbone
that can slow the release in vivo.** Furthermore, Meng et al.>> have
reported PGA NP uptake and metabolism by DAQY cells and the
results showed that the intracellular degradation of NPs is faster
than in cell culture medium in vitro. In addition, Suksiriworapong
et al® have discussed the degradation of methotrexate-
poly(glycerol adipate) analogs once internalized in the cells.
Weiss et al.>’ have investigated the use of NPs based on stearic
acid—modified poly(glycerol adipate) as biodegradable drug car-
riers in vivo. Initially, the enzymatic synthesis of PGA(M) was car-
ried out by transesterification reaction between glycerol and DMA
in equimolar ratio. Although, use of DVA in the synthesis of PGA is
more efficient as higher molar mass polymers are produced, here
DMA is used because the synthesized PGA from DVA has some vinyl
end groups that are able to undergo cross-linking reaction with the
primary amine groups according to Aza-Michael addition

reaction.>® Because lipase B derived from Candida antarctica reacts
more preferably with the primary hydroxyl groups than secondary
hydroxyl groups, linear PGA(M) with pendant OH-groups should
be obtained. Synthesis of aliphatic functional polyesters using
enzymatic catalysts as biocatalysts can be considered as an envi-
ronmentally benign synthesis process that provides a good direc-
tion to achieve “green polymer chemistry.”*" This avoids typical
esterification catalysts based on tin, which are toxic and not good
for the environment.*! Enzymatic polycondensation pathway,
especially lipase/esterase-catalyzed polymerization in organic
medium has many advantages,*>*> such as (1) they are stable in
organic media and can catalyze the reverse reactions in nonaquous
media, resulting in transesterification reactions, (2) they operate at
mild temperature where the chemical polycondensation does not
work at this temperature and does not yield a linear polymer, (3)
due to their high enantioselectivity and regioselectivity in organic
media, protection-deprotection steps are not required, (4) simple
enzyme immobilization which increases its stability in organic
media.

The polymer structure is investigated by 'H NMR spectroscopy
given in Figure 1. It shows the resonances of the methylene and
methine protons of the glycerol part as well as the 2 methylene
resonances of the adipic acid part. The presence of peaks at 5.28
and 5.10 ppm corresponding to the methine protons of 1,2,3-
trisubstituted and 1,2-disubstituted glyceride units, respectively,
indicates some lack of enzyme regioselectivity during polymeri-
zation reaction toward primary hydroxyl groups.***> The peak at
3.65 ppm belongs to the methyl end group of methyl adipate. The
molar mass and PDI are determined by GPC in DMF + 0.01 M LiBr.
The number average molar mass is M, = 2600 g mol~! with a de-
gree of polymerization of 13 and a PDI of 1.8. The low number
average molar mass (M,) obtained from the reaction of DMA
instead of DVA is due to the resulting by-product, methanol, which
shifts the equilibrium direction toward the monomers.

Modification of PGA(M) With 6-(Fmoc-Amino)Hexanoic Acid

In the second synthesis step, 6-(Fmoc-Ahx) was reacted with the
OH-groups of the PGA(M) backbone via Steglich esterification re-
action in the presence of DMAP and EDC-HCI as catalysts. The
grafting of 6-(Fmoc-Ahx) to the polymer backbone is successfully
achieved and confirmed in the 'H NMR spectrum by the appear-
ance of signals corresponding to the methylene protons of the 6-
(Fmoc-Ahx) side chains in addition to the resonance of the Fmoc

—PGA(M)

Increasing
molar mass
—

— PGA(M)-g-6-(Fmoc-Ahx)
—PGA(M)-g-6-(Fmoc-Ahx)-g-mPEG12

— PGA(M)-g-NH,-g-mPEG12

373 4?0 4?7 5t3 6?0 6t7 7t3 8?0 8?7 9?3 10'.0

Retention time (min)

Figure 3. GPC traces of PGA(M) before and after modification with primary amine groups and mPEG side chains in DMF + 0.01 M LiBr at RT.



R. Alaneed et al. / Journal of Pharmaceutical Sciences 109 (2020) 981-991 987

Table 1

Molar Masses and PDI of PGA(M) Before and After Modification
Polymer M, (g mol™1) PDI
PGA(M) 26007 (DP = 13) 1.8°
PGA(M)-g-6-(Fmoc-Ahx) 3400° 1.8°
PGA(M)-g-6-(Fmoc-Ahx)-g-mPEG12 11,500° 1.7¢
PGA(M)-g-NH,-g-mPEG12 10,000° 1.7

2 M, of PGA(M) backbone and polydispersity index (PDI) are obtained from GPC
using DMF+ 0.01 M LiBr as eluent.
b M, is calculated on the basis of mol% degree of grafting from 'H NMR spectra.

(RNHC=0) proton at 3.66 ppm and the resonances of the aromatic
rings labeled with (t, u, v, w, and s). The peak labeled with (r) re-
flects the methylene protons of fluorenylmethyloxycarbonyl pro-
tecting groups (see Fig. 2a). The degree of grafting is calculated
quantitatively from the integral value of peak (e) represented in the
TH NMR spectrum of unmodified PGA(M) (Fig. 1), and the integral
values of peaks (e) and OH-groups represented in the 'H NMR
spectrum (Fig. 2a) using the following equation:

% degree of grafting = [e (modified PGA)-[e (1,2,3-trisubstituted
part(unmodified PGA))/[e (modified PGA)-[ [e (1,2,3-trisubstituted
part(unmodified PGA))] + [—OH

Analysis of the 'TH NMR spectrum for the grafted polymer shows
that the degree of grafting is 16 mol% (~2 amine residues per
polymer chain) (in which a theoretical value of 20 mol% grafting
with respect to OH-groups was applied). Although the polymer is
modified with 2 amine groups per chain, it is still water insoluble.
The GPC traces of PGA(M)-g-6-(Fmoc-Ahx) in Figure 3 also show a
slight shift of the peak to shorter retention time indicating a slight
increase in the polymer molar mass after grafting. The molar
masses and polydispersities are given in Table 1.

The grafting is further investigated with FTIR spectroscopy. In
Figure 4, the FTIR spectra of PGA(M) before and after grafting with
6-(Fmoc-Ahx) side chains are given. After modification, 3 charac-
teristic bands appear indicating the successful formation of
PGA(M)-g-6-(Fmoc-Ahx), that is, the appearance of the Fmoc
(RNHC=0) stretching and bending vibration at 3455 and 1535
cm™ ', respectively, in addition to the bending vibration of Fmoc
aromatic rings at around 753 and 760 cm™ .

Modification of PGA(M)-g-6-(Fmoc-Ahx) With Succinylated
mPEG12

Because PGA(M)-g-6-(Fmoc-Ahx) is water insoluble, some hy-
drophilic side chains were introduced to the polymer backbone as

depicted in the Scheme 1¢, to afford the desired water solubility. For
this purpose, mPEG12 with a molar mass of 550 g mol~! was used.
Initially, mPEG12 was reacted with succinic anhydride in the
presence of DMAP as a catalyst to modify the polymer with these
side chains via Steglich esterification reaction and yield PGA(M)-g-
6-(Fmoc-Ahx)-g-mPEG12, while 12 corresponds to the number of
repeating units. In the light of pharmaceutical application and by
taking into account that the use of high molar mass PEGs can cause
kidney clearance problems,*® low molar mass PEG having 550 g
mol~! (12 repeating units) was used.

TH NMR spectroscopy measurements prove the successful
grafting reaction. The 'H NMR spectrum of PGA(M)-g-6-(Fmoc-
Ahx)-g-mPEG12 with the peak assignments is shown in Figure 2b.
The multiplet signal (x) in the range of 2.68-2.56 ppm is assigned to
the succinyl protons, multiplet signal (y’) in the range of 3.71-3.52
ppm is assigned to the methylene protons of the repeating units,
and the singlet signal (z) at 3.37 ppm corresponds to the methyl
protons. The high intensity of the peaks belonging to the mPEG12
side chains indicates very high degree of grafting (excess was
applied, ~80 mol%). The PDI is obtained from GPC measurements.
Analysis of the GPC traces in Figure 3 indicates that the grafting is
accomplished with the absence of unreacted mPEG12 chains as a
unimodal distribution of the GPC trace occurs. GPC analysis also
shows that after modification, the peak shifts to smaller retention
times related to an increase of the molar mass and a decrease of the
PDI. Table 1 summarizes the molar masses and PDI of the grafted
polymers.

Deprotection of Fmoc Protecting Groups and Formation of PGA(M)-
g-NH>-g-mPEG12

The removal of the protective groups, fluorenylmethylox-
ycarbonyl (Fmoc), was achieved via a facile method under mild
reaction conditions (see Scheme 1d), to yield functional polyester
with side chains terminated with primary amine groups acting as
mTGase substrate for protein conjugation. Deprotection of Fmoc
groups is confirmed by the disappearance of Fmoc aromatic pro-
tons between 7 and 8 ppm as given in Figure 5. The chemical
structure of PGA(M)-g-NH,-g-mPEG12 is confirmed by the shifting
of the methylene protons (p) connected to the amine group
downfield. Moreover and from the integration values, it is noticed
that the Fmoc (RNHC=0) protons (q) disappear and the primary
amine protons appear at 3.37 ppm, labeled with (q’).

FTIR spectroscopy is also used to verify the structure of the
formed polymer. Figure 6 shows the disappearance of the Fmoc
group’s vibration at 753 and 760 cm~! assuming the complete
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Figure 4. FTIR spectra of PGA(M) and PGA(M)-g-6-(Fmoc-Ahx) at RT in the spectral range between 4000 and 400 cm™~". Bands arise from the following vibrations: (a) OH stretching,
v(—OH)), (b) C—H asymmetric stretching, vas(C—H), (c) C—H symmetric stretching, vs(C—H), (d) C=0 stretching, v(C=0), (e) C—H scissoring bending, 8;(C—H), (f) C—H wagging and
twisting, C—H (w,7), (g) C—O—C asymmetric and symmetric stretching, v,ss(C—0—C), (h) —NH stretching, v(—NH), (i) R—NHC=0 bending, 3(R—NHC=0), and (j) R—CH=CH, out of

plane bending, =CH ().
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Figure 5. "H NMR spectrum of PGA(M)-g-NH,-g-mPEG12 in CDCls at 27°C.

removal of the protective groups and formation of primary amine
(—NH;) groups. Furthermore, it reveals the disappearance of the
Fmoc (RNHC=O0) vibration and appearance of the primary amine
stretching and bending vibrations at 3387 (overlapped with OH
groups) and 1651 cm™!, respectively.

The GPC traces presented in Figure 3 prove the deprotection as
the peak shifts slightly to a longer retention time (reduction of the
molar mass from 11,500 to 10,000 g mol™!) because of the removal
of Fmoc groups. GPC results are given in Table 1.

Polymer-Protein Conjugation

PGA(M)-g-NH,-g-mPEG12 was subsequently conjugated to
DMC via the reaction between the glutamine residues of DMC and
the primary amine groups along the polymer backbone using the
cross-linker enzyme mTGase. As previously reported and ac-
cording to the results obtained by Ohtsuka et al.'® the use of
aliphatic amines with more than 4 carbon atoms as spacers is
desirable as they can be identified as substrates by mTGase.
Therefore, the polymer was modified with n-alkyl side chains
containing 6 carbon atoms that are terminated with primary

amine groups to provide a good substrate for mTGase (acyl
acceptor).

For this experiment, DMC was used as a model protein which is
well-known to act as an acyl donor only because all amine groups of
lysine residues are protected by methylation.'” Therefore, it is
beneficial to investigate the conjugation of DMC to the amine-
functionalized polyester to prevent any possibility for self—cross-
linking of DMC in the presence of mTGase. In the case of thera-
peutic proteins containing free primary amine groups, mTGase
catalyzes the formation of protein oligomers (dimer, trimer, or
higher molar mass oligomers) in the absence of amine-
functionalized polymer because of the cross-linking between the
lysine (Lys) residues of one protein molecule and the glutamine
(GIn) residues of another protein molecule. Although, using an
excess of amine-functionalized polymer results in the formation of
protein conjugates (monoderivatives) as main products. Therefore,
the production of protein oligomers as by-products will be reduced
accordingly.”*>?° The formed conjugates are analyzed by SDS-PAGE
for a direct proof as shown in Figure 7.

It reveals the appearance of the conjugate on the SDS gel as
higher molar mass band at the interface between the stacking and
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Figure 6. FTIR spectrum of PGA(M)-g-NH,-g-mPEG12 at RT in the spectral range between 4000 and 400 cm~". Three characteristic bands for primary amine groups appeared as (1)
—NHj, stretching, v(—NHy), (2) —NH, scissoring bending, d(—NH), and (3) —NH, wagging, —NH; (w).
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Figure 7. Image of SDS-PAGE gel for the coupling of PGA(M)-g-NH,-g-mPEG12 with
DMC using mTGase-S2P. Lane 1: molecular weight marker; Lane 2: PGA(M)-g-NH,-g-
mPEG12 and DMC (without mTGase-S2P); Lanes 3-7: PGA(M)-g-NH,-g-mPEG12 and
DMC in the presence of mTGase-S2P after 0, 15, 30, 60, and 120 min, respectively. Lanes
4-7 show the conjugate product (polymer and DMC) at the interface between the
stacking and separation gels (the product intensity increased with the time and pure
DMC is disappeared after 120 min).

separation gels after a period of 15 min (lane 4). By increasing the
reaction time, the same bands with higher intensity appears (lanes
5, 6, 7), whereas the band of unreacted DMC almost completely
disappears after a period of 2 h (lane 7), indicating that the polymer
is successfully conjugated to DMC in the presence of mTGase.
Because DMC has 65 glutamine residues and the polymer has 2
amine groups per chain, only conjugates with large molar masses
and high molar mass distribution are formed. Further analyzing the
SDS gel in Figure 7, it can be noted that the formed bands exhibit
some smearing effect on the gel. This might arise from the presence
of PEG side chains along the polymer backbone, which can interact
with the SDS gel and form long tailing bands.*’ The high degree of
grafting with hydrophilic PEG side chains (~80 mol% grafting with
respect to OH-groups) affirms the high water solubility of the ob-
tained protein-polymer conjugate, which was represented as a
clear solution in phosphate buffer at pH 8.

For further investigations, some control experiments were car-
ried out. Figure 8 shows the results of SDS-PAGE for the 3 controls
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Figure 8. Image of the SDS-PAGE gel for controls used in the experiment. Lane 1:
molecular weight marker; Lane 2: MDC and DMC (without mTGase-S2P); Lanes 3-5:
MDC and DMC in the presence of mTGase-S2P after 0, 60, and 120 min, respectively.
Lane 6: only DMC; Lanes 7-9: DMC and mTGase-S2P as a negative control after 0, 60,
and 120 min, respectively. Lane 10: B-casein only; Lane 11-13: f-casein and mTGase as
a positive control after 0, 60, and 120 min, respectively.
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Figure 9. Fluorescence image of the SDS-PAGE gel for the used controls. Lane 1: MW
marker; Lane 2: MDC with DMC without mTGase-S2P; Lanes 3-5: MDC with DMC in
the presence of mTGase-S2P after 0, 60, and 120 min, respectively. The arrow indicates
2 fluorescence bands which confirm that DMC was coupled with MDC after 60 and
120 min. Lane 6: only DMC; Lanes 7-9: DMC and mTGase-S2P as a negative control
after 0, 60, and 120 min, respectively. Lane 10: -casein only; Lanes 11-13: B-casein and
mTGase as a positive control after 0, 60, and 120 min, respectively.

used. In the first control experiment, MDC, a fluorescent dye, was
incubated with DMC in the presence of mTGase. MDC is a well-
known substrate for mTGase, which carries an alkyl side chain
with one primary amine group to act as an acyl acceptor. Therefore,
it is used widely to prove whether the glutamine residues of the
protein are accessible to the catalyst mTGase.*® Lanes 3, 4, and 5 in
Figure 8 correspond to the reaction of MDC with DMC in the
presence of mTGase. After exposing the SDS gel to UV light, high
molar mass fluorescence bands appear after a period of 60 and
120 min (lanes 4 and 5 in Fig. 9), indicating the successful conju-
gation between MDC and DMC.

As a negative control, DMC was incubated with mTGase (lanes 7,
8, 9 in Fig. 8). The absence of higher molar mass bands confirms
that no self—cross-linking of DMC appears. As a positive control, -
casein was incubated with mTGase (lanes 11, 12, 13 in Fig. 8). The
results reveal the appearance of high molar mass bands at the
interface between the stacking and separation gels (lanes 12 and
13), and on the top of the stacking gel (lane 12) that confirms the
formation of cross-linked aggregates with large molar masses, that
is, self—cross-linking of f-casein via lysine and glutamine residues
in the presence of mTGase occurs.

As an outlook, the biodegradability of poly(glycerol adipate) has
a potential advantage over PEG or also over modified meth-
acrylamides. Etrych et al.*® have, for example, reported a new
strategy to couple water-soluble and drug-loaded methacrylamides
with protein as a new type of antibody-drug conjugate that opens a
new approach for the application of targeted drug delivery. In
accordance with our findings, further experiments on different
therapeutic proteins to investigate their conjugation with the
amine-functionalized polymer via mTGase are in progress. The use
of this enzymatic procedure for the conjugation of therapeutic
proteins to a biodegradable and water-soluble polymer can
improve the effectiveness of therapeutic proteins by increasing
protein solubility and stability and by reducing protein immuno-
genicity. Moreover, by reducing kidney clearance of small proteins,
protein-polymer conjugates can be used to prolong plasma half-life
of therapeutic proteins.””

Conclusions

PGA(M), a biodegradable polyester, was modified with PEG side
chains for water solubility and side chains terminated with primary
amine groups to give PGA(M)-g-NH,-g-mPEG12 with approxi-
mately 2 amine groups per polymer chain. We showed that the
amine-functionalized polyester, PGA(M)-g-NH,-g-mPEG12, acted
efficiently as an acyl acceptor for the reaction with DMC catalyzed
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by mTGase under mild reaction conditions. Overall, the results
provided evidence that the conjugation was successful by the
appearance of high molar mass conjugates with increasing time
intervals and the disappearance of pure DMC after a period of 2 h.
This enzymatic approach for protein conjugation with biodegrad-
able and highly water soluble polymers could be promising by
further expanding the scope of research to therapeutic protein-
based conjugation that can improve their pharmacokinetic and
therapeutic performance. This procedure can also be used for the
formation of protein-polymer conjugates using well-defined
NPs,”">? or cubosomes based on hydrophobically modified PGA.>*
In conclusion, this study proves that the modification of PGA(M)
with side chains carrying primary amine groups succeeded in
developing a new substrate for mTGase.
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3 | Results

3.2 Paper II:

Microbial transglutaminase-mediated formation of erythropoietin-polyester
conjugates?

Therapeutic proteins have contributed significantly to the treatment of many diseases. Among
these therapeutics, EPO has been applied to treat anemia associated with renal failure and cancer
chemotherapy. Despite its therapeutic uses, EPO exhibits a fairly short ty2 in vivo and thus, the
development of new EPO derivatives via peptide addition or through a covalent conjugation
with water soluble polymers have been studied. In this regard, the accessibility of rHUEPO
towards mTGase with the aim of obtaining novel rHUEPO conjugates based on a biodegradable

and water soluble polyester is investigated.

In the following publication, a mTGase-recognizable substrate having primary amine groups
was synthesized based on PDSA. Initially, PDSA was enzymatically synthesized in the
presence of CAL-B, chemically modified with side chains terminated with primary amine
groups, thoroughly characterized by *H NMR spectroscopy and GPC, and then applied for the
variant mTGase-TG-catalyzed conjugation reaction with rHUEPO at its T = 54.3 °C. SDS-
PAGE was used to confirm the formation of rHUEPO-PDSA conjugates in order to prove that
the amine-modified PDSA is accepted as a substrate for mTGase-TG?®. To further support our
results, amine-modified PDSA was partially labelled with UV-detectable fluorescent dye,
rhodamine B-isothiocyanate, to detect high molar mass fluorescent bands on SDS-PAGE. This
enzymatic approach resulted in rHUEPO conjugates that may potentially contribute to improve

its in vivo efficacy.

The author contributions of the following article are: R. Alaneed conceptualized the work,
performed the experiments, wrote the original draft including the figures/scheme, and made the
final version. M. Naumann carried out the MS analysis and wrote the MS part. M. Pietzsch
conceptualized the work, supervised and complemented the writing, editing and finalization of
manuscript. J. Kressler conceptualized the work, supervised and complemented the writing,

editing and finalization of manuscript.

2The following article is adapted with permission from (Microbial transglutaminase-mediated formation of erythropoietin-
polyester conjugates; Razan Alaneed, Marcel Naumann, Markus Pietzsch, and Jorg Kressler. J. Biotechnol., 346, 1-10 (2022)
DOI: 10.1016/j.jbiotec.2022.01.001). Copyright (2022) Elsevier B.V. All rights reserved. The link to the article on the
publisher’s website is: https://doi.org/10.1016/j.jbiotec.2022.01.001. No changes were made.
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ARTICLE INFO ABSTRACT

Keywords:

Erythropoietin (EPO)

rHuEPO conjugates

Thermoresistant microbial transglutaminase
Amine-grafted poly(D-sorbitol adipate) (PDSA-
§NH,)

Biodegradability

Erythropoietin (EPO) is a glycoprotein hormone that has been used to treat anemia in patients with chronic
kidney disease and in cancer patients who are receiving chemotherapy. Here, we investigated the accessibility of
the glutamine (Gln, Q) residues of recombinant human erythropoietin (rfHUEPO) towards a thermoresistant
variant microbial transglutaminase (mTGase), TG'® with the aim of developing novel rHuEPO conjugates that
may potentially enhance its biological efficacy. As a model bioconjugation, we studied the reactivity of rHUEPO
towards TG'® with a low molar mass amine group containing substrate, monodansyl cadaverine (MDC). The
reactions were carried out at a Ty, of 54.3 °C, the transition temperature of rHuEPO. Characterization by SDS-
PAGE and mass spectrometry confirmed the conjugates formation. Then, we examined the conjugation of
rHuEPO with a biodegradable and biocompatible polyester, poly(D-sorbitol adipate) (PDSA). To achieve this,
PDSA was enzymatically synthesized using lipase B from Candida antartica (CAL-B), chemically modified with
side chains having free primary amine (NH,) groups that can be acyl acceptor substrate of TG'®, thoroughly
characterized by 'H NMR spectroscopy, and then applied for the TG'®-mediated conjugation reaction with
rHuEPO. rHuEPO conjugates generated by this approach were identified by SDS-PAGE proving that the amine-
grafted PDSA is accepted as a substrate for TG'®. The successful conjugation was further verified by the detection
of high molar mass fluorescent bands after labelling of amine-grafted PDSA with rhodamine B-isothiocyanate.
Overall, this enzymatic procedure is considered as an effective approach to prepare biodegradable rHUEPO-
polymer conjugates even in the presence of N- and O-glycans.

1. Introduction (Lai et al., 1986; Skibeli et al., 2001; Jelkmann, 2013). In the last decade,

rHuUEPO has been used as a therapeutic agent to treat anemia associated

Erythropoietin (EPO), a glycoprotein hormone produced mainly by
peritubular cells in the kidney as well as by the liver during fetal life, is
the main regulator of red blood cells (RBCs) production and mainte-
nance (Suresh et al., 2020; Graber and Krantz, 1978; Jacobs et al., 1985).
In 1985 (Jacobs et al., 1985; Lin et al., 1985), DNA technology has been
used for the large-scale production of recombinant human erythropoi-
etin (rHUEPO) through the cloning of the EPO gene and expression in
Chinese hamster ovary cells (CHO). The primary structure of rHUEPO
consists of a 165 amino acid single polypeptide chain stabilized with two
intra-chain disulfide bridges. It is a heavily glycosylated protein since
40% of the total mass is composed of carbohydrates covalently attached
at three N-linked glycosylation sites and one O-linked glycosylation site

* Corresponding authors.

with renal failure (Eschbach et al., 1987; Cody and Hodson, 2016),
cancer chemotherapy (Glaspy, 2014; Madeddu et al., 2018), HIV
infection (Henry et al., 1992; Guan et al., 2020), neurological diseases
(Rey et al., 2019; Sun et al., 2019), and recently COVID-19 (Ehrenreich
et al., 2020). Although, such formulations under the brand names
EPOGEN® and PROCRIT® have been proven to be effective for the
treatment of anemia, these protein therapeutics exhibit a fairly short
half-life in vivo and therefore, many studies have been made to prolong
the therapeutic residence time in vivo and delay the renal clearance.
Elliot et al., 2004 and Su et al., 2010 have introduced an additional
glycosylation site in rHUEPO to obtain EPO analogs with higher bioac-
tivity and prolonged plasma half-life. Lee et al., 2006 have developed
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(B)

APPRLICDSR VLERYLLEAK EAENITTGCA 30

EHCSLNENIT VPDTKVNFYA WKRMEVGQQOA 60

VEVWQGLALL SEAVLRGQAL LVNSSQPWEP 90

LOLHVDKAVS GLRSLTTLLR ALGAQKEAIS 120
PPDAASAAPL RTITADTFRK LFRVYSNFLR 150
GKLKLYTGEA CRTGD 165

Fig. 1. (A) 3D structure of EPO (PDB code 1BUY) (Cheetham et al., 1998). The structure is drawn using PyMOL (The PyMOL Molecular Graphics System,
Schrodinger, LLC), (B) Amino acid sequence of rHUEPO (Jelkmann, 1992). The glutamine (Gln, Q) residues potential sites of modification are shown in red. Three
N-linked glycosylation sites (Asn24, Asn38, and Asn83) and one O-linked glycan (Ser126) are shown in blue.

new EPO derivatives via peptide addition at the carboxy terminus of
human EPO with an enhanced circulation half-life. In recent years,
PASylation of rHUEPQ, i.e. the addition of repetitive blocks of the amino
acids proline, alanine, and serine (PAS) at the C-terminus, has contrib-
uted to improve its in vivo bioactivity (Hedayati et al., 2017). Further-
more, poly(ethylene glycol) (PEG) has been widely used for the covalent
modification of recombinant EPO, referred as PEGylation, in order to
improve its pharmacokinetics (Hoffmann et al., 2016). Despite the sig-
nificant success of PEG, some drawbacks such as its
non-biodegradability and immunogenicity have limited its clinical use
(Hoang Thi et al., 2020; Moreno et al., 2019). Beside PEG, biodegradable
polymers have been investigated for EPO conjugation. For example, the
conjugation of a novel erythropoietin mimetic peptide (EMP) to biode-
gradable hydroxyethyl starch (HES) with enhanced biological efficacy
has been developed (Greindl et al., 2010; Kessler et al., 2012). In the
field of protein conjugation, most of the approaches exclusively rely on
chemical procedures which require harsh conditions, hence, a mild
enzymatic approach using microbial transglutaminase (mTGase) has
been established (Sato, 2002). For example, the US patent, US0116322
Al, discloses the formation of EPO conjugates with a non-antigenic
hydrophilic polymer wherein a mTGase was employed as a catalyst
(Pool, 2006). Besheer et al., 2009 have reported the enzymatic bio-
conjugation of HES to a model protein, dimethylcasein (DMC) using
mTGase. Also, we recently reported a variant microbial trans-
glutaminase (mTGase-S2P)-mediated conjugation of amine-modified
poly(glycerol adipate) to DMC (Alaneed et al., 2020). Microbial trans-
glutaminase (mTGase; protein-glutamine y-glutamyltransferase, EC
2.3.2.13) is an enzyme that catalyzes the formation of protease-resistant
isopeptide bonds between the y-carboxyamide groups of glutamine (Q)
residues (—CONHa, acyl donors) and primary amine groups as well as
the e-amine group of lysine (K) residues (—NHj, acyl acceptors), with the
loss of ammonia (NH3) as a by-product (Strop, 2014). mTGase is
intensively used in food industry (Santhi et al., 2017) as well as in
biomedical field (Deweid et al., 2019; Chan and Lim, 2019). mTGase
was optimized by directed evolution techniques for increased ther-
moresistance allowing reactions at elevated temperatures (Marx et al.,
2008; Buettner et al., 2012; Bohme et al., 2020).

In this work, we investigated the reactivity of Q residues of rHuEPO
towards the variant mTGase, TG16, with the aim to obtain novel rHUEPO
conjugates at elevated temperatures. The rHUEPO polypeptide sequence
contains seven Q residues (Fig. 1) that could be potential sites for
modification using TG!®. As a proof of principle study, we utilized

monodansyl cadaverine (MDC), a well-known fluorescent substrate for
transglutaminases for the conjugation with rHUEPO. The formed con-
jugates were analysed by SDS-PAGE as well as by mass spectrometry
(MS) after proteolytic digestion of the modified rHUEPO. After suc-
cessful investigation, rHUEPO was conjugated with a water soluble,
biocompatible, and biodegradable polyester, i.e. amine-grafted poly(D-
sorbitol adipate) (PDSA-g-NHj3). PDSA is a sugar-based polyester with
four pendant free hydroxyl (OH) groups per repeating unit. Due to its
biodegradability, our group has reported a modified PDSA with different
fatty acids to produce amphiphilic PDSA for the formation of biode-
gradable nanoparticles (Bilal et al., 2016).

In the first part of our research efforts, we focused on the modifica-
tion of PDSA with side chains bearing primary amine group that can be
accepted as TG'® substrate. After modification with primary amine
groups, PDSA-g-NH, was partially labelled with a fluorescent dye,
rhodamine B-isothiocyanate, to produce Rh-labelled PDSA-g-NH,. PDSA
before and after modification was thoroughly characterized by 'H NMR
spectroscopy and GPC. In the second part, we investigated the conju-
gation of rHUEPO with MDC, PDSA-g-NHj, and Rh-labelled PDSA-g-NH,
using TG'®, a thermoresistant transglutaminase resulted from a combi-
nation of previously determined amino acid substitutions (Bohme et al.,
2020). The formed conjugates were analysed by SDS-PAGE.

2. Methods
2.1. Synthesis of PDSA-g-NH>

The synthesis of PDSA-g-NH; was carried out in several steps starting
from the polymer backbone, PDSA. Initially, PDSA was enzymatically
synthesized according to the procedure described by (Bilal et al., 2016)
as shown in Scheme 1 (A). The full synthetic procedure for PDSA can be
found in the SI. The molar mass of PDSA was obtained by GPC as M,
= 12,000 g mol! with PDI = 1.6. PDSA has different end groups and
among them, vinyl end groups appearing as three signals in the 'H NMR
spectrum (see Fig. 2 (A)). In order to avoid any cross-linking possibility
between vinyl groups and primary NHj groups in the last synthesis step,
these end groups were removed with Ac-L-Cys ME by thiol-ene “click”
reaction, using 4-(dimethylamino)pyridine (DMAP) as a catalyst (Lowe,
2014; Konuray et al.,, 2018). A weighed amount of PDSA (5g,
17.12 mmol) and Ac-L-Cys ME (3 g, 16.9 mmol) was dissolved in
120 mL dry DMF in a 250 mL round-bottom flask equipped with a
magnetic stirrer. Then, a catalytic amount of DMAP (0.6 g, 4.92 mmol)
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Scheme 1. Synthetic pathways for (A) PDSA, (B) PDSA-Ac-L-Cys ME, (C) PDSA-g-6-(Fmoc-Ahx), (D) PDSA-g-NH,, (E) Rh-labelled PDSA-g-NH,.

was added at 0 °C. After 24 h, the reaction solution was dialyzed against
water to remove DMAP and unreacted Ac-L-Cys ME, using a membrane
with a cut-off molar mass of 1000 g mol!. "TH NMR (400 MHz, DMF-d7)
8 (ppm): 8.36 (d, J = 8 Hz) and 8.18-8.13 (m, 1 H), 4.98-4.62 (m, 2 H),
4.66-4.47 (t, J = 8, 3 H), 4.53-4.29 (m, 2 H), 4.27-3.84 (m, 3 H), 3.70

(s, 3 H), 3.68 (d, J = 49 Hz, 2 H), 3.58-3.32 (m, 2 H), 3.22 (dd, J =13.7,
8.1 Hz, 2 H), 2.65 (t, J = 6.8, 2 H), 2.37-2.17 (m, 4 H), 1.94 (s, 3 H),
1.63-1.41 (m, 4 H).

In the next synthesis step, PDSA was grafted with 6-(Fmoc-Ahx) side
chains, by Steglich esterification (Neises and Steglich, 1978). A typical
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Fig. 2. 'H NMR spectra of (A) PDSA, (B) PDSA-Ac-L-Cys ME, (C) PDSA-g-6-(Fmoc-Ahx), and (D) PDSA-g-NH, where the dashed boxes indicate the disappearance of
all Fmoc signals. All spectra were recorded at 27 °C, 400 MHz, using DMF-d; as solvent.

procedure for 20 mol% intended degree of grafting is as follows, PDSA
(4 g, 13.7 mmol) was dissolved in 80 mL anhydrous DMF in a 250 mL
two-neck round-bottom flask equipped with a magnetic stirrer. After
addition of 6-(Fmoc-Ahx) (3.8g, 10.7 mmol), DMAP (0.4 g,
3.27 mmol), and the esterification promoting agent, 1-ethyl-3-(3-dime-
thylaminopropyl)- carbodiimide hydrochloride (EDC-HCl) (3 g,
15.6 mmol) at 0 °C, the reaction was allowed to proceed for 6 h. The
reaction was quenched by removing most of DMF by rotary evaporator
under reduced pressure and the crude product was dialyzed first against
water to remove the catalysts and then against tetrahydrofuran (THF) to
remove the unreacted 6-(Fmoc-Ahx), using a membrane with a cut-off
molar mass of 1000 g mol ™. The molar mass of PDSA-g-6-(Fmoc-Ahx)
was calculated on the basis of mol% degree of grafting from the 'H NMR
spectrum (Fig. 2 (C)). The PDI was determined by GPC as 1.7. H NMR
(400 MHz, DMF-d;) 6 (ppm): 8.36 (d, J = 8 Hz) and 8.18-8.13 (m, 1H),
7.94 (d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.5 Hz, 2H), 7.44 (t, J = 7.6 Hz,

2H), 7.35 (t, J = 7.5 Hz, 2H), 5.61-4.7 (m, 1H), 5.09 (m, 1H), 4.66-4.47
(t,J =8, 3H), 4.34-3.61 (m, 9H), 3.75 (s, 1H), 3.70 (s, 3H), 3.22 (dd, J =
13.7, 8.1 Hz, 2H), 3.13 (q, J = 6.6 Hz, 2H), 2.65 (t, J = 6.8, 2H),
2.37-2.17 (m, 6H), 1.94 (s, 3H), 1.63-1.41 (m, 6H), 1.53 (s, 2H),
1.42-1.21 (m, 2H). In the final synthesis step, Fmoc groups were
removed using the procedure described by (Hock et al., 2010).
PDSA-g-6-(Fmoc-Ahx) (1 g, 1.6 mmol) was dissolved in 10 mL anhy-
drous dimethyl sulfoxide (DMSO) and the solution was stirred at 60 °C
for 2 h. The reaction was stopped by precipitation of the solution twice
in cold tert-butylmethylether (TBME) in order to remove DMSO and the
by-product, dibenzofulvene, to yield PDSA-g-NH,. 'H NMR (400 MHz,
DMF-d;) & (ppm): 8.36 (d, J = 8 Hz) and 8.18-8.13 (m, 1H), 5.25 (d, J =
66.1 Hz, 1H), 5.09 (m, 1H), 4.66-4.47 (t, J = 8, 3H), 4.34-3.61 (m, 8H),
3.64 (tdd, J = 10.8, 7.2, 3.2 Hz, 5H), 3.22 (dd, J = 13.7, 8.1 Hz, 2H),
3.13 (q, J = 6.6 Hz, 2H), 2.65 (t, J = 6.8, 2H), 2.37-2.17 (m, 6H), 1.94
(s, 3H), 1.63-1.41 (m, 6H), 1.53 (s, 2H), 1.42-1.21 (m, 2H). The full 'H
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NMR spectrum is given in Fig. 2 (D). GPC traces of PDSA before after
modification are shown in Fig. S2.

2.2. Labelling of PDSA-g-NH; with rhodamine B-isothiocyanate

PDSA-g-NH; was partially labelled with the fluorescent dye, rhoda-
mine B-isothiocyanate, in the same synthetic procedure described by
(Paolini et al., 2018), with slight modification. Initially, PDSA-g-NH;
and the dye were separately dissolved in anhydrous DMSO (total volume
of 10 mL). Then, the dye solution was slowly added to the polymer so-
lution under continuous stirring at RT. After 18 h, the reaction solution
was dialyzed against water using a membrane with a cut-off molar mass
of 1000 g mol ™! and then, water was removed by lyophilisation to yield
Rh-labelled PDSA-g-NH5 as illustrated in Scheme 1 (E).

2.3. Preparation of recombinant TG'%

The thermoresistant recombinant variant TG!® of mTGase from
Streptomyces mobaraensis was obtained according to the procedure of
(Bohme et al., 2020). The combination of previously determined amino
acid substitutions i.e. S2P, S23Y-Y24 N, H289Y, and K294L (Buettner
et al., 2012) resulted in a TG'® variant with a 19-fold improved half-life
at 60 °C compared to the wild-type mTGase. The enzyme specific ac-
tivity was measured in duplicate by a colorimetric hydroxamate pro-
cedure (Folk and Cole, 1966) prior to the conjugation reaction. The
detailed procedure is included in the SI.

2.4. Conjugation of MDC to rHUEPO using TG®

For the conjugation of rHuEPO to the fluorescent dye, MDC, the
protein concentration was adjusted to 500 pg/mL in 50 mM Tris buffer
and 300 mM NaCl at pH 8 (the same rHuEPO concentration used in
nanoDSF experiment).

32.5 pL of MDC solution (20 mM) was added to 45 pL of rHUEPO
solution and the enzymatic reaction was initiated by the addition of
32.5 pL of TG'® stock solution (60 U/mlL). The reaction mixture was
incubated at 54 °C for 90 min. After 60 min, an additional amount of
TG'® was added. Aliquots of the reaction mixture were then taken at
various time points ending at 90 min, boiled with SDS buffer at 95 °C for
5 min, and subjected to SDS-PAGE for analysis. Prior to staining, the gel
was exposed to UV light with excitation filter 365 nm and emission filter
520 nm. After fluorescence detection, the gel was stained with silver
nitrate. Besides, different control experiments were carried out as fol-
lows; tHuEPO was incubated with TG'® under the same conditions to
investigate the ability for self-cross-linking of rHUEPO. MDC was incu-
bated with TG'® as a negative control. Additionally, rHuEPO was incu-
bated with MDC without TG'® to exclude any adsorption possibility of
MDC on rHUEPO in the absence of TG'®.

2.5. Conjugation of PDSA-g-NH; to rHUEPO using TG'®

The conjugation reaction was performed at a protein concentration
of 500 pg/mL and TG'® concentration of 60 U/mL under the same
conditions applied for rHUEPO-MDC conjugation. A 10-fold molar
excess of amine-grafted polymer with respect to the Q residues of
rHuEPO was used. The reaction mixture was prepared by dissolving
PDSA-g-NH; in 32.5 pL of 50 mM Tris buffer, pH 8, to achieve a con-
centration of 7 mg/total reaction volume. Then, the polymer solution
was added to 45 pL of rHuUEPO solution and an aliquot of the reaction
mixture was taken before the addition of TGS, 32.5 pL of TG'® stock
solution was added and the reaction was allowed to proceed at 54 °C for
90 min. After 60 min, an additional amount of TG'® was freshly added.
Aliquots of the reaction mixture at different time points were taken and
then analysed by SDS-PAGE.
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2.6. Conjugation of Rh-labelled PDSA-g-NH, to rHuEPO using TG'®

After labelling PDSA-g-NH, with the dye, rhodamine B-isothiocya-
nate, the enzymatic conjugation with rHUEPO was carried out following
the same procedure described above. At the end of the reaction, all
samples were subjected to SDS-PAGE separation. All fluorescent bands
were detected under UV light before being stained with silver nitrate. As
a negative control, Rh-labelled PDSA-g-NH, was incubated with TG'® at
54 °C for 60 min

2.7. Enzymatic N-deglycosylation of rHUEPO and rHuEPO conjugates

In order to confirm the conjugation of MDC and PDSA-g-NH, to
rHuEPO and not to the glycan, the removal of N-linked glycan was
required. The N-deglycosylation experiment was performed by treat-
ment intact rHUEPO and rHUEPO conjugates with PNGase F as stated by
the manufacturer’s protocol. In brief, a mixture of 9 pL glycoprotein and
pL 1 glycoprotein denaturing buffer was incubated at 100 °C for 10 min.
Then, 2 pL of glycol buffer, 2 pL of 10% Nonidet P-40 (NP-40), H20O and
1 pL of PNGase F (total volume is 20 pL) were added. The samples were
incubated at 37 °C for 1 h. After incubation, the samples were analysed
by SDS-PAGE and the bands were visualized by silver staining.

3. Results and discussion
3.1. Preparation of PDSA-g-NH,

To produce TG'S-recognizable substrate based on PDSA, primary
amine groups were introduced to PDSA by esterification reaction be-
tween pendant secondary OH groups of the PDSA backbone and car-
boxylic acid (COOH) groups of 6-(fluorenylmethoxycarbonyl-amino)
hexanoic acid (6-(Fmoc-Ahx)) side chains. Here, 6-(Fmoc-Ahx) was
chosen as the amine group is linked to an alkyl chain with more than
four carbon atoms making it an effective substrate for transglutaminases
(Ohtsuka et al., 2000). The synthesis of PDSA-g-NH;, was achieved by
several steps as shown in Scheme 1. Initially, PDSA having pendant OH
groups (Scheme 1 (A)), was enzymatically synthesized based on previ-
ous studies (Bilal et al., 2016) by polycondensation reaction of D-sor-
bitol and divinyl adipate using lipase B from Candida antartica (CAL-B).
The reaction temperature was chosen to be 50 °C in order to produce a
linear polyester while branching could happen at higher temperatures
(Taresco et al.,, 2016). Number-average molar mass (M,) and poly-
dispersity index (PDI) of PDSA are determined by gel permeation
chromatography (GPC) in N,N-dimethylformamide (DMF) + 0.01 M
lithium bromide (LiBr) as M, = 12,000 g mol! and PDI = 1.6. GPC
traces of PDSA are given in the Supplementary Information (SI, Fig. S2).
The chemical structure of PDSA is confirmed by 'H NMR spectroscopy
(Fig. 2 (A)). From the 'H NMR spectrum, vinyl end groups appearing as
three signals at 7.32, 4.92, and 4.64 ppm along with OH and COOH
groups are present. Since these vinyl end groups form suitable
aza-Michael acceptors that can be involved in a nucleophilic addition
reaction with free primary NHj groups in the last synthesis step resulting
in hydrophilic polymer networks (Alaneed et al., 2021), the thiol-ene
“click” reaction with N-acetyl-L-cysteine methyl ester (Ac-L-Cys ME)
(see Scheme 1 (B)) was considered as a key step in this study.

The comparison between IH NMR spectra (A) and (B) in Fig. 2 shows
the complete disappearance of the peaks related to vinyl end groups and
the appearance of signals related to the new molecule which indicates a
successful thiol-ene “click” reaction. In the next step, PDSA was modi-
fied with 6-(Fmoc-Ahx) side chains to produce PDSA-g-6-(Fmoc-Ahx) as
shown in Scheme 1 (C). The peaks in the corresponding 'H NMR spec-
trum in Fig. 2 (C) are assigned to the polymer structure by the presence
of the methylene protons of the side chains in addition to the resonance
of the Fmoc aromatic rings (7-8 ppm).

From the spectrum, the degree of grafting is determined quantita-
tively using the integrals of peaks (b) which represents the methylene
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Fig. 3. Analysis of thermal stability (unfolding and refolding phases) of
rHUEPO by nanoDSF. Changes in the F350/F330 fluorescence signal vs. tem-
perature (top) and the corresponding first derivative are shown. Two-state
unfolding transitions at 57.8 and 70.3 °C are observed (dashed lines) with
increasing temperature. After cooling down, rHUEPO returned back to the
native folded state. The midpoint of the transition curve, T, is calculated as
54.3 °C. Temperature scans were performed at a protein concentration of
500 pg/mL with a heating rate of 1 °C min™'. Scans were recorded in duplicate.

protons in the polymer backbone and (r') which represents the methy-
lene protons in the side chain. The degree of grafting is calculated as
~13 mol% per polymer chain with respect to all OH groups of the
polymer backbone, considering that a theoretical value of 20 mol%
grafting was applied in the feed composition. This results in nearly five
OH groups per polymer chain which are modified with 6-(Fmoc-Ahx)
side chains. The molar mass of PDSA-g-6-(Fmoc-Ahx) is calculated ac-
cording to the degree of grafting as 13,600 g mol ™. In the final synthesis
step, the Fmoc protecting groups were removed and the successful
deprotection is verified by the disappearance of all Fmoc aromatic sig-
nals between 7 and 8 ppm in the 'H NMR spectrum as shown in Fig. 2
(D). In agreement with the calculated degree of grafting, approximately
five primary NH; groups per polymer chain could be potential sites for
protein conjugation. The GPC traces presented in Fig. S2 prove the
deprotection step as the peak shifts slightly to longer retention times
caused by the removal of Fmoc groups.

3.2. Labelling of PDSA-g-NH, with rhodamine B-isothiocyanate

Labelling of PDSA-g-NH; was achieved by a facile method under mild
reaction conditions. One primary NHy group per polymer chain was
labelled with the fluorescent dye. The successful labelling is proved by
'H NMR spectroscopy (given in the SI as Fig. S1) where in addition to the
signals of amine-grafted polymer, signals corresponding to rhodamine B
were observed specifically, the signals related to the methyl group at
1.17 ppm and the aromatic signals between 6 and 8 ppm.

3.3. TG'%-mediated formation of rHUEPO conjugates

In a previous study, it was demonstrated that the Q residues recog-
nized by transglutaminases as acyl donor substrates are located in highly
flexible and unfolded regions of the protein (Spolaore et al., 2016).
Hence and because attempts to modify rHUEPO with another (less)
thermoresistant mTGase variant (S2P) at 37 °C failed (results not
shown), thermal stability analysis of rHUEPO was performed using nano
differential scanning fluorimetry (nanoDSF), which measures the
intrinsic changes in the fluorescence emission of tryptophan and/or
tyrosine residues between emission wavelengths A 330 and 350 nm as a
function of temperature (Alexander et al., 2014; Magnusson et al.,
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2019).

The thermal transition curve in Fig. 3 (top) and the corresponding
first derivative show two-state unfolding transitions with increasing
temperature indicating further unfolding of rHUEPO. Nevertheless, a
reversible unfolding transition state after cooling down to 15°C is
observed.

The transition temperature Ty, of rHUEPO, where 50% of the protein
is unfolded (Gao et al., 2020), was determined from the peak of the first
derivative of the relative fluorescence signal as 54.3 °C. A reasonable
agreement was observed on comparing the T, value of rHuEPO
measured previously by far UV circular dichroism (CD) spectroscopy
(Arakawa et al., 2001). Consequently, all TG'S-catalyzed conjugation
reactions were carried out at this temperature. Due to the fact that the
wild-type mTGase shows an irreversible denaturation at 60 °C and a
half-life t; 2 of 2 min (Bohme et al., 2020), a highly thermoresistant
variant TG'® with a t; ,2 of 38 min at 60 °C was used.

Firstly, we tested the reactivity of Q residues of rHUEPO towards
TG!® using a fluorescent primary amine group containing substrate,
MDC. We carried out the experiment using glycosylated rHUEPO as the
solubility is influenced by the presence of glycan moieties. rHUEPO was
incubated with 10 molar excess of MDC at 54 °C in the presence of TG'®
for 90 min. Aliquots of the reaction mixture were collected at different
time points and analysed by SDS-PAGE (see Fig. 4 (A)). The fluorescent
SDS-PAGE image shows a fluorescent band at the molar mass of rHUEPO
after 30 min of reaction (lane 3) with an increase in the fluorescent in-
tensity after 60 min of reaction (lane 4). As we mentioned previously
that TG'® has a f ,2 of 38 min at 60 °C, a certain amount of fresh TG!®
was added after 1 h. After 90 min reaction time an intensive fluorescent
band (lane 5) was detected, indicating that the formation of rHUEPO-
MDC conjugates was successful. Besides, an additional band above the
rHuEPO band at about 66 kDa is observed indicating the presence of
rHUuEPO dimers which are resistant to the reduction by f-mercaptoe-
thanol even after heating at 95 °C for 5 min prior gel electrophoresis.
This can be explained by the intermolecular disulfide cross-linking at
alkaline pH upon entering the SDS-PAGE. Additionally, this observation
becomes more significant when high protein concentration is used as
well as when a more sensitive silver staining is applied for protein
detection (Suresh Kumar et al., 1993; Manning and Col6n, 2004).
However, rHUEPO dimers were reported to exhibit enhanced biological
activity compared to the rHUEPO monomers (Dalle et al., 2001).

To verify that the conjugation was not due to primary NHy group
condensation reaction with the aldehyde group of the glycan moieties,
the conjugates were treated with peptide-N-glycosidase F (PNGase F) to
release the N-linked glycan. After N-deglycosylation, rHUEPO exhibits
an increase in mobility owing to the reduction of its molar mass to ~
18.4 kDa as shown in Fig. 4 (A) (lanes 7-10). Fluorescent bands at the
molar mass of N-deglycosylated rHUEPO appear which confirm the
successful conjugation with MDC. According to these findings, rHUEPO-
MDC conjugates were further analysed by MALDI-TOF/TOF and LC-ESI-
LIT mass spectrometry. In order to investigate the basic applicability of
mass spectrometry for the detection of MDC modifications in proteins, a
synthetic model peptide (H-LLGDFFRKSKEKIGKEFKRIVQRIKDF
LRNLVPRTES-OH) was analysed as a preliminary experiment. The
amino acid sequence of the model peptide was derived from the anti-
microbial peptide Cathelicidin (LL-37). The respective modification site
-VQR- has been reported to be a good substrate for microbial trans-
glutaminase (Malesevic et al., 2015). The MALDI-TOF mass spectrum
(see Fig. S3) for modified LL-37-MDC shows two molecular ion signals
for intact LL-37: one for the unmodified at m/z 4491.426 and one for the
modified form with MDC at m/z 4809.558. The corresponding mass shift
of + 318.13 Da coincides well with the theoretic value of + 318.14 Da
which corresponds to the molar mass of MDC. The intensity of both mass
signals allowed the estimation of the molar ratio of unmodified to
modified LL-37 in the sample. The ratio was determined to be approx-
imately 33:1, which is equal to a yield of TG'®-catalyzed conjugation
reaction of 3.0%. Thereafter, rHUEPO-MDC conjugates were analysed.
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Fig. 4. (A) SDS-PAGE image showing silver staining (left panel) and fluorescence under UV light (right panel) for rHuEPO-MDC conjugation at 54 °C. Lane 1: MW
marker, Lane 2-5: tHuEPO + MDC + TG (to), (t30), (teo), and (top), respectively, Lane 6: TG'® (with higher concentration than in the reaction mixture), Lane 7-10:
rHUEPO + MDC + TG (to), (t30), (teo), and (top), respectively, after treatment with PNGase F, Lane 11: prestained (PPL) protein marker. It is obviously noticed that
the band intensity of rHuEPO dimers is increased with increasing reaction time. After N-deglycosylation, the rHUEPO dimers band disappeared as the concentration is
less after treatment with PNGase F, (B) MALDI-TOF mass spectrum with mass signals for tryptic peptides of rHUEPO-MDC conjugates. The corresponding mass shift of
+ 318.13 Da belongs to the molar mass of MDC subtracted by the molar mass of ammonia.

The tryptic digest of rHUEPO-MDC conjugates was divided into two
parts of which one was analysed on a LC-ESI-LIT and the other one on a
MALDI-TOF/TOF system (see Fig. S4-S7). The results of both analyses
were combined yielding a sequence coverage of 68.1% (see Fig. S8). Due
to the low abundance of the MDC modification (only about 3% of the
substrate sequences were modified), no fragment spectra of modified
proteolytic peptides could be acquired. Inspection of the MALDI-TOF
spectrum (Fig. 4 (B)) with the molecular ions of the proteolytic pep-
tides revealed a mass shift of + 318.13 Da for the peptides H-MEVGQ-
QAVEVWQGLALLSEAVLR-OH (m/z 2546.329 —> m/z 2864.459) and
H-GQALLVNSSQPWEPLQLHVDK-OH  (m/z 2360.229 -> m/z
2678.363). Both peptides contain TG'® substrate sequences and hence,
the observed mass shift is at least indicative for the presence of an MDC
modification. In particular, the respective modification site -WQG- and
-LQL- have been found to be good substrates for microbial trans-
glutaminase (Malesevic et al., 2015). Due to the low signal intensity of
the two mutual MDC-modified tryptic peptides, the acquisition of frag-
ment spectra was not possible and hence, the exact position of the MDC
modification could not be determined. Based on the signal intensity of

unmodified and mutual MDC-modified H-GQALLVNSSQP-
WEPLQLHVDK-OH, the molar ratio was determined to be approximately
31:1. This is equal to a reaction yield of 3.3%, which coincides well with
the yield that was observed in the preliminary experiment with LL-37.

At the same time, three control experiments were conducted. For the
first control (Fig. S9), rHUEPO was incubated with TG'® without MDC
under the same reaction conditions and the results reveal that no high
molar mass bands formed which conclude that rHUEPO is working as a Q
substrate but obviously has no accessible K residues. For the second
control (Fig. S10), TG'® was incubated with MDC and the SDS-PAGE
fluorescent image shows very weak fluorescent bands at the TG!®
molar mass after 30, 60, and 90 min indicating that MDC could modify
TG'® under these conditions. For the third control (Fig. S11), we incu-
bated rHuEPO with MDC without the addition of TG'®. The SDS-PAGE
fluorescent image shows no high molar mass fluorescent bands, there-
fore, we conclude that no adsorption of MDC onto rHUEPO took place in
the absence of TG'®. The SDS-PAGE image with silver staining of native
rHuEPO and rHuEPO after treatment with PNGase F is given in Fig. S12
of the SI. The native rHUEPO band, shown in lane 2 of Fig. S12, appears
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Fig. 5. Silver stained SDS-PAGE image for rHUEPO-PDSA-g-NH, conjugation at
54 °C. Lane 1: MW marker, Lane 2: rHuEPO + PDSA-g-NH,, Lane 3-6: rHUEPO
+ PDSA-g-NH; + TG'® (to), (tso), (teo), and (tog), respectively, Lane 7: TG'®
(with higher concentration than in the reaction mixture), Lane 8: rHUEPO +
PDSA-g-NH,, after treatment with PNGase F, Lane 9-12: rHUEPO + PDSA-g-NH,
+ TG (to), (tso), (teo), and (tog), respectively, after PNGase F reaction. It is
obviously noticed that the band intensity of rHUEPO dimers before incubation is
high due to oxidation reaction upon storage. After N-deglycosylation, the
rHuEPO dimers band disappeared as the concentration is less after treatment
with PNGase F.

as a broad band which is explained by the heterogeneity of the glycan
moiety (Santoso et al., 2013). After enzymatic removal of the N-linked
glycan moiety of rHUEPO, we observe a band with a molar mass of about
18.4 kDa which corresponds to the molar mass of the polypeptide
backbone (Fig. S12, lane 3) indicating that the most prominent hetero-
geneity results from N-linked glycan chains.

In order to investigate further applications of this enzymatic conju-
gation method, PDSA-g-NH, was tested under the same reaction

(A) Before N-deglycosylation

rHuEPO-Rh-labelled
PDSA-g-NH,-TG'®

rHuEPO-Rh-labelled
PDSA-g-NH,-TG'¢
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conditions. A mixture of PDSA-g-NH, and rHuEPO in the ratio of 10:1,
with respect to the number of NHy groups of the polymer and the Q
residues of rHUEPO was applied. The conjugation of rHUEPO to PDSA-g-
NH; was successful as evidenced by the presence of a new band at a
significant shift to higher molar masses above 116 kDa on SDS-PAGE
(see Fig. 5, lanes 4, 5, and 6). This indicates that the reaction started
after 30 min incubation at 54 °C as no conjugation was observed at time
0 (see lane 3 of Fig. 5).

Before N-deglycosylation, the formed band shows a smear effect due
the glycan moieties of rHUEPO. With increasing reaction time, the band
intensity of rHUEPO-PDSA conjugates is observed to increase while the
band of pure rHUEPO is decreased demonstrating that rHUEPO was
consumed with the time. In addition, the presence of high molar mass
aggregates which cannot enter the stacking gel is noticed, as expected,
due to the fact that PDSA-g-NH, has nearly five primary amine groups
per polymer chain and rHUEPO has many potential Q residues. As a
control, PDSA-g-NH, was incubated with rHUEPO (lane 2) and the re-
sults show that no reaction occurred in the absence of TG!S, After
treatment with PNGase F, the conjugates appear as more defined bands
(lanes 10, 11, and 12) and exhibit a very slight increase in the mobility of
the conjugates as the molar mass is decreased. Also, no conjugation was
observed at time 0 (see lane 9 of Fig. 5). To further support our results,
PDSA-g-NH; was partially labelled with UV-detectable fluorescent dye,
rhodamine B-isothiocyanate, and the conjugation was determined by
SDS-PGAE. Fig. 6 represents the SDS-PAGE analysis of the enzymatic
conjugation of rHUEPO to Rh-labelled PDSA-g-NHoy.

Before N-deglycosylation (Fig. 6 (A)), high molar mass conjugates
with smear effect as well as aggregates along with the decrease of the
rHuEPO band (lanes 4, 5, and 6) are revealed and confirmed by fluo-
rescence under UV light. Moreover, no conjugation was observed at time
0 (see lane 3 of Fig. 6 (A)). The fluorescent image shows also a subse-
quent reduction of the Rh-labelled PDSA-g-NH; band with time (lanes 4,
5, and 6). After N-deglycosylation, more defined bands appear just

Fig. 6. SDS-PAGE images showing sil-
ver staining (left panel) and fluores-
cence under UV light (right panel) for
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above 180 kDa also confirmed by the fluorescent image (lanes 4, 5, and
6, Fig. 6 (B)) and no conjugation was observed at time O (see lane 3 of
Fig. 6 (B)). The molar mass of rHuEPO-Rh-labelled PDSA-g-NH; conju-
gates was determined using the SDS-PAGE image (Fig. S13 (A)). The
molar masses of the protein marker PPL was plotted against their rela-
tive mobility (Fig. S13 (B)). After curve fitting with exponential func-
tion, a molar mass of ~ 184 kDa is calculated for the investigated
conjugates.

Additional control experiment (Rh-labelled PDSA-g-NH, + TG'®)
was performed as shown in Fig. 6 (B), lane 7, which implies the for-
mation of PDSA-TG'® aggregates on the top of the stacking gel. This
indicates further that the aggregates formed from the conjugation of
rHuEPO with Rh-labelled PDSA-g-NH; could be a mixture of rHUEPO-
PDSA and PDSA-TG'® aggregates.

Overall, we were able to demonstrate the successful formation of
rHuEPO conjugates with MDC and PDSA as a biodegradable polyester at
the transition temperature T;, of rHUEPO, where half of the protein is in
the unfolded state. Noticeably, this modification reaction was possible in
the presence of N- and O-linked glycans. The rHUEPO-polymer conju-
gates mainly migrate at high molar mass species as a result of multi-site
conjugation.

4. Conclusion

In this paper, we described the enzymatic preparation of different
rHuEPO conjugates using the transglutaminase TG*®. Initially as a proof
of principle study, rHUEPO was successfully modified with a well-known
fluorescent substrate for mTGase, MDC and the SDS-PAGE results were
confirmed by the presence of fluorescent bands at the molar mass of
glycosylated (~ 35 kDa) and N-deglycosylated rHUEPO (~ 18.4 kDa).
Although the conversion was considerably low according to the MS
analysis, future studies on the optimization of transglutaminase-
mediated formation of rHUEPO conjugates by replacing the glycan
moieties with polymers should improve the conversion efficacy.
Consequently, TG'® recognizable substrate with primary NH, groups
was designed based on PDSA. Thus, the conjugation of rHUEPO with the
amine-grafted PDSA was achieved as confirmed by the appearance of
new high molar mass bands with subsequent decrease of the pure
rHuEPO band in SDS-PAGE. It was observed that two types of products
were obtained, rHUEPO-polymer conjugates and cross-linked aggregates
of high molar mass. In order to further confirm the conjugation, we
partially labelled the polymer with a fluorescent dye to detect the con-
jugates as fluorescent bands after gel electrophoresis. Finally, we
conclude that rHUEPO was modified with different acyl acceptor sub-
strates at its transition temperature T,, where most Q residues are
accessible for TG'®. It is worth mentioning here that no conjugation took
place below Ty, of rHUEPO (results not shown). This enzymatic method
described here can be regarded as a simple and efficient approach to
prepare rHUEPO conjugates based on biodegradable and water soluble
polymers that may have beneficial effects on rHUEPO in vivo potency.
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Materials and methods

Materials. Recombinant human erythropoietin (rHUEPO, CHO cell-derived, >90% purity) was obtained
from PeproTech GmbH (Hamburg, Germany). Peptide-N-glycosidase F (PNGase F) having a
concentration of 500,000 U/mL was obtained from New England Biolabs GmbH (Frankfurt am Main,
Germany). Glycoprotein denaturing buffer, glycol buffer, and Nonidet P-40 (NP-40) were supplied with
PNGase F. Monodansylcadaverine (MDC, >97%), D-sorbitol (98%), N-acetyl-L-cysteine methyl ester
(Ac-L-Cys ME, >90%), and rhodamine B-isothiocyanate were obtained from Sigma-Aldrich (Steinheim,
Germany). Lipase B, commercially known as Novozyme (N435), derived from Candida antarctica
immobilized on an acrylic resin was purchased from Sigma-Aldrich (St. Louis, MO, USA). Lipase B was
dried over phosphorus pentoxide (P2Os) for 24 h before use. Divinyl adipate (DVA, stabilized with 4-
methoxyphenol (MEHQ), >99.0%) was purchased from TCI-Europe. Tris
(tris(hydroxymethyl)aminomethane,  >99,9%), sodium  chloride = (NaCl, >99,5%), 4-
(dimethylamino)pyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI), dimethyl sulfoxide (DMSO, anhydrous), phosphorous pentoxide (P2Os, >99%), dialysis
membranes with a cut-off molar mass of 1000 g mol~, acetic acid (CH;COOH, 100%), formaldehyde
(>37%), silver nitrate (AgNO3, >99,9%), ethanol (Et-OH, >99,8%), methanol (Me-OH, >99,8%), L-
glutathione (reduced form, >98%), trichloroacetic acid (TCA, >99%), hydrochloric acid (HCI, 37%),
sodium thiosulphate pentahydrate (Na:S:0s. 5 H20, >99%), and sodium carbonate (Na,COs, >99,5%)
were purchased from Carl Roth (Karlsruhe, Germany). 6-(Fmoc-amino)hexanoic acid (6-(Fmoc-Ahx,
98%) and acetonitrile (ACN, anhydrous, 99,8%) were purchased from Alfa Aesar (Kandel, Germany).
N,N-dimethylformamide-d; (DMF-d;, 99.5%) was purchased from Armar Chemicals (Ddttingen,
Switzerland). Hydroxylammoniumchloride (>99%) and iron (111) chloride (FeCls, >99) were obtained
from Merck KGaA (Darmstadt, Germany). Carbobenzoxy glutamine glycine (CBZ-GIn-Gly) was
purchased from Bachem (Switzerland). N,N-dimethylformamide (DMF, extra dry, 99.8 %) was
purchased from Acros Organics. HPLC grade solvents like, tetrahydrofuran (THF) and tert-
butylmethylether (TBME), were purchased from Carl Roth (Karlsruhe, Germany). Solvents for mass
spectrometry sample preparation and high-performance liquid chromatography (HPLC) separation
(ACN, H;0, and formic acid (FA)) were purchased from Biosolve (ULC/MS grade). Trifluoroacetic acid
(TFA) was obtained from Merck (spectroscopy grade) and the 2,5-dihydroxybenzoic acid (DHB) matrix
for MALDI-TOF/TOF mass spectrometry was from Bruker Daltonics.

Methods

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR spectra of all synthesized polymers were
recorded on a VNMRS spectrometer 400 MHz (Agilent Technologies) at 27 °C. As an internal standard,
tetramethylsilane was used. For all measurements, around 40 mg of polymer was dissolved in 700 pL of
DMF-d; as deuterated solvent. Chemical shifts (8) are given in ppm. The NMR spectral data were
interpreted using MestRec (v.4.9.9.6) software (Mestrelab Research, Santiago de Compostela, Spain).

Gel permeation chromatography (GPC). GPC measurements for PDSA, PDSA-g-6-(Fmoc-Ahx), and
PDSA-g-NH; were performed on a Viscotek GPC max VE 2002 using HHRH Guard-17360 and GMHH-
N-18055 columns and refractive index detector (VE 3580 RI detector, Viscotek). DMF containing 0.01
M LiBr was used as eluent in a thermostated column kept at 25 °C. The calibration standard for all
measurements was poly(methyl methacrylate). For all samples, the concentration was 3 mg mL* and the
flow rate was 1 mL min. For data analysis, Origin 8 software was used.

Thermal stability studies. Thermal unfolding study of rHUEPO as well as melting temperature
determination was performed with the Prometheus NT.48 nano differential scanning fluorimeter
(nanoDSF) (NanoTemper Technologies GmbH, Munich, Germany). Initially, rHUEPO was dissolved in
50 mM Tris buffer (pH = 8) with a final concentration of 500 pg/mL. Then, the capillaries were loaded
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with 10 ul of protein solution and placed into the instrument. The experiment was carried out at a
temperature range of 15 to 95 °C with a heating rate of 1°C min™. The unfolding process of rHUEPO was
monitored by measuring the changes of the intrinsic fluorescence of tryptophan and/or tyrosine residues
between emission wavelengths A 330 and 350 nm as a function of temperature. The melting temperature
Tm of rHUEPO was determined from the first derivative of the fluorescence ratio F350/F330. The
measurement was done in duplicate. NT PR.ThermControl software was used for data analysis.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was carried
out as previously described by Laemmli. In this method, the separation of proteins under constant electric
current is based on the molar mass. Protein-containing samples were separated using 12.5% (w/v)
polyacrylamide resolving gel with a 4.5% (wi/v) polyacrylamide stacking gel. All samples were mixed in
a 1:1 ratio with SDS sample buffer and incubated at 95 °C for 5 min. The sample mixtures were then
cooled to room temperature. For molar mass reference, two protein ladders were used, a protein molar
mass marker (Fermentas Life Sciences, St. Leon-Rot, Germany) and PageRule Prestained Protein Ladder
(Thermo fisher scientific, Germany). 5 uL of protein ladder and 10 pL of each sample were loaded into
the wells of the stacking gel. The electrophoresis was accomplished in two steps. The first electrophoresis
run was at 200 V, 100 mA, for 8 min and the second run was at 200 V, 60 mA, for 45 min. Following
electrophoresis, the fluorescent bands were visualized under UV light and then all bands were revealed
by silver staining following the procedure used by Blum et al.?2 After the electrophoresis run, each gel
was fixed in 100 mL of fixing solution (methanol, acetic acid, and formaldehyde) overnight. Thereafter,
the gel was washed three times with 50% (v/v) ethanol, sensitized with 100 mL of sensitization solution
(0.2 g/L NazS;03 x 5 H,0) for 1 min, and then washed with distilled water. Then, the gel was stained
with 100 mL of silver nitrate solution (0.4 g AgNOs) containing 150 uL formaldehyde (37% (v/v)) for
30 min. After being washed twice with distilled water, the gel was incubated with 100 mL of developing
solution (12 g Na2COs, formaldehyde (37% (v/v)) and 4 mL of sensitization solution) for 10 min, stopped
in 50% (v/v) methanol and 12% (v/v) acetic acid solution, and finally dried.

Proteolytic digestion. The protein band containing rHUEPO-MDC was excised from the polyacrylamide
gel and destained by repeated incubation in 100 mM ammonium bicarbonate (NH4sHCOs3) in H.O and
100 mM NH4HCO; in ACN/H:0 (500/500; v/v). Disulfide bonds were reduced with 10 mM dithiothreitol
(DTT) (45 min at 50 °C) and free cysteine residues were alkylated with 55 mM iodoacetamide (60 min
at RT). Trypsin (Gold, MS grade, Promega, Walldorf, Germany) was used for the proteolytic digestion
(10 h at 37 °C). Proteolytic peptides were extracted by repeated incubation of the gel band in H;O,
ACN/H,O/TFA (500/450/50; viviv) and neat ACN. The obtained extract was concentrated by rotational
vacuum concentration and proteolytic peptides were purified by solid-phases extraction using a
polytetrafluoroethylene (PTFE)-based C18 material (Sigma-Aldrich, St. Louis, USA). Elution of
proteolytic peptides was carried out with 10 pl of either ACN/H,O/FA (675/325/1; viviv) for LC-MS/MS
analysis or ACN/H.O/TFA (750/250/1; v/v/v) for MALDI-TOF/TOF analysis.

Matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass spectrometry
(MALDI-TOF/TOF MS). Proteolytic peptides were co-crystallized on a MALDI ground steel target
with DHB matrix. Mass spectra were acquired on a MALDI-TOF/TOF mass spectrometer (Autoflex
Speed, Bruker Daltonics, Bremen, Germany) with positive polarity in reflector mode using a Nd:YAG
laser (Smart beam-I11) with a pulse rate of 1 kHz and an emission wavelength of 355 nm. Spectra were
recorded using flexControl (version 3.4) by accumulation of at least 10000 shots (per sample spot). Mass
spectra were processed with flexAnalysis (version 3.4) by applying baseline subtraction with TopHat
algorithm and peak detection with SNAP algorithm. Data analysis was carried out with PEAKS Studio
(version 7.5, Bioinformatics Solutions Inc., Waterloo, Canada) using the human sequences of the
UniProt/SwissProt database (release 2020_04). The database search was performed using the following



mass tolerances: 25.0 ppm for MS and 0.5 Da for MS/MS. In a mass spectrum, the y-axis represents the
abundance of ions or peak intensity and the x-axis represents the mass-to-charge ratio of the ions (m/z).

Liquid chromatography-electrospray-linear ion trap-tandem mass spectrometry (LC-ESI-LIT
MS). Proteolytic peptides were separated by liquid chromatography on a HPLC system (Agilent HP 1260
Infinity, Waldbronn, Germany) coupled to a hybrid Triple-Quadrupole/Linear lon Trap (LIT) mass
spectrometer (4000 QTRAP, Sciex, Darmstadt, Germany) which was controlled by Analyst (version
1.6.2). Chromatographic separations were carried out at 40 °C on a AdvanceBio Peptide Mapping column
(Agilent, Waldbronn, Germany) with a C18 stationary phase (150 mm x 2.1 mm column dimension, 2.7
um particle size, 120 A pore size) using a 45 min linear gradient from 3 % to 100 % of mobile phase B
(ACN/FA (1000/1; v/v)) at 0.4 ml/min. The flow was directed to the ESI source (Turbo V, Sciex,
Darmstadt, Germany) and peptide ions were generated in positive polarity. Mass spectra were acquired
in three measurement modes: Enhanced MS (EMS), Enhanced Resolution (ER) and Enhanced Product
lon (EPI). Data analysis was carried out with PEAKS Studio (version 7.5) using the human sequences of
the UniProt/SwissProt database (release 2020 04). The database search was performed using the
following mass tolerances: 150.0 ppm for MS and 0.15 Da for MS/MS.

Enzymatic synthesis of PDSA. Briefly, a mixture of D-sorbitol (10 g, 54.9 mmol) and an equimolar
amount of divinyl adipate (10.9 g, 54.9 mmol), with respect to primary OH groups and vinyl end groups,
were charged in a 250 mL three-neck round-bottom flask equipped with an overhead mechanical stirrer
and a reflux condenser containing a CaCl; tube at its outlet. Afterwards, 40 mL of acetonitrile was added
to the reaction flask and the solution mixture was stirred at 50 °C for 30 min. Then, CAL-B (2.1 g, 10
wt% of total mass of monomers) was added to start the reaction. After 92 h, the reaction was quenched
by the removal of enzyme beads after being diluted with 20 mL DMF. After collecting the filtrate, the
solution was dialyzed against water to remove oligomers using a membrane with a cut-off molar mass of
1000 g mol™. *H NMR (400 MHz, DMF-d7) & (ppm): 4.98-4.62 (m, 2H), 4.57-4.29 (m, 2H), 4.27-3.84
(m, 3H), 3.68 (d, J = 49 Hz, 2H), 3.58-3.32 (m, 2H), 2.37-2.17 (m, 4H), 1.63-1.41 (m, 4H).

Procedure used to determine TG specific activity. Briefly, the TG precipitate was solubilized in 500
uL of 50 mM Tris buffer + 300 mM NaCl (pH = 8) for 30 min on ice. After 5 min centrifugation at 16,000
g, the supernatant was collected to start the colorimetric assay. 90 uL of substrate mixture containing 100
mM hydroxylamine, 10 mM reduced glutathione, and 30 mM N-CBZ-GIn-Gly in Tris buffer (pH = 6)
was incubated at 37 °C for 3 min. To start the reaction, 50 uL of TG solution was added. After 10 min
incubation at 37 °C in thermomixer, the reaction was stopped with stop solution (consisting of FeCls,
TCA, and HCI). After centrifugation for 5 min at 16,000 g, the supernatant was collected and the
absorption was measured at 525 nm using microtiter plate reader (FluoStar, BMG Labtech GmbH,
Offenburg, Germany). One unit of TG*® can form one micromole of L-glutamic acid y-monohydroxamat
per min at 37 °C.2
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Fig. S1. 'H NMR spectrum of Rh-labelled PDSA-g-NHo, recorded at 27 °C, 400 MHz, using DMF-d- as
solvent.
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Fig. S2. GPC traces of PDSA before and after modification in DMF + 0.01 M LiBr at RT. Poly(methyl
methacrylate) (PMMA) was used as a calibration standard for data evaluation.
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Fig. S3. MALDI-TOF mass spectrum acquired from LL-37 before (a) and after (b) modification with
MDC by TG?. The corresponding mass shift of +318.13 Da belongs to the molar mass of MDC
subtracted by the molar mass of ammonia.
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Fig. S4. Fragment spectrum acquired with (a) ESI-MS/MS from the peptide precursor ion with m/z =
736.4512 (z =1, amino acids 15-20 of rHUEPO-MDC), (b) MALDI-MS/MS from the peptide precursor
ion with m/z = 2819.2278 (z = 1, amino acids 21-45 of rHUEPO-MDC), (¢) MALDI-MS/MS from the
peptide precursor ion with m/z = 2805.2188 (z = 1, amino acids 21-45 of rHUEPO-MDC), and (d) ESI-
MS/MS from the peptide precursor ion with m/z = 927.4894 (z = 1, amino acids 46-52 of rHUEPO-

MDC).
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Fig. S5. Fragment spectrum acquired with (¢) MALDI-MS/MS from the peptide precursor ion with m/z
= 2546.3340 (z = 1, amino acids 54-76 of rHUEPO-MDC), (f) MALDI-MS/MS from the peptide
precursor ion with m/z = 2360.2288 (z = 1, amino acids 77-97 of rHUEPO-MDC), (g) MALDI-MS/MS
from the peptide precursor ion with m/z = 2364.2214 (z = 1, amino acids 77-97 of rHUEPO-MDC), and
(h) MALDI-MS/MS from the peptide precursor ion with m/z = 2392.2156 (z = 1, amino acids 77-97 of
rHUEPO-MDC).
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Fig. S6. Fragment spectrum acquired with (i) MALDI-MS/MS from the peptide precursor ion with m/z
=1465.7655 (z = 1, amino acids 117-131 of rHUEPO-MDC), (j) ESI-MS/MS from the peptide precursor
ion with m/z = 835.0251 (z =2, amino acids 117-131 of rHUEPO-MDC), (k) ESI-MS/MS from the
peptide precursor ion with m/z = 526.8331 (z =2, amino acids 132-140 of rHUEPO-MDC), and (I) ESI-
MS/MS from the peptide precursor ion with m/z = 526.8470 (z =2, amino acids 132-140 of rHUEPO-
MDC).
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Fig. S7. Fragment spectrum acquired with (m) ESI-MS/MS from the peptide precursor ion with m/z =
526.8358 (z =2, amino acids 132-140 of rHUEPO-MDC), (n) ESI-MS/MS from the peptide precursor
ion with m/z = 898.5221 (z =1, amino acids 144-150 of rHUEPO-MDC), (0) ESI-MS/MS from the
peptide precursor ion with m/z = 898.4977 (z =1, amino acids 144-150 of rHUEPO-MDC), and (p)
MALDI-MS/MS from the peptide precursor ion with m/z = 1052.5685 (z = 1, amino acids 132-140 of
rHUEPO-MDC).
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Fig. S8. Sequence coverage for rHUEPO-MDC based on tryptic peptides identified by LC-ESI-LIT and
MALDI-TOF/TOF mass spectrometry.
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Fig. S9. SDS-PAGE image for the rHUEPO-TG®  reaction as a control. The reaction temperature was 54
°C. Lane 1: MW marker, Lane 2-5: rHUEPO + TG at (to), (ts0), (ts0), and (too) respectively, Lane 6-9:
rHUEPO + TG after treatment with PNGase F at (to), (ts0), (teo), and (teo) respectively, Lane 10: TG
(with higher concentration than in the reaction mixture). It is obviously noticed that the band intensity
of rHUEPO dimers is increased with increasing reaction time. After N-deglycosylation, the rHUEPO
dimers band disappeared as the concentration is reduced after treatment with PNGase F.

(A) TGSMDC MDC-TG!'® (B) TGSMDC MDC-TG!®
—I—
MWL 16 6t t

16—

66 — "

45 —

35_'- — — —

25 — -

18 — "=

14 —

kDal =y 3 4 5 6 7 12 3 4 5 6 7 g [kDa]
Lane Lane

Fig. S10. (A) SDS-PAGE image for the MDC-TG?® reaction as a negative control and (B) fluorescent
visualization of the SDS-PAGE under UV light. The reaction temperature was 54 °C. Lane 1: MW
marker, Lane 2: TG (with higher concentration than in the reaction mixture), Lane 3: MDC, Lane 4-7:
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MDC + TG (to), (ts0), (teo), and (teo) respectively, Lane 8: prestained PPL protein marker (shown only
in the fluorescent image (B)). The fluorescent image shows very faint fluorescence after 30, 60, and 90
min at the molar mass of TG*®. Here, the TG band intensity is observed to decrease with the reaction
time as the low modification with MDC can change the interaction with silver as well as the presence
of proteinase K traces can be activated on SDS at high temperature.
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Fig. S11. (A) SDS-PAGE image for the rHUEPO-MDC reaction as a control and (B) fluorescent
visualization of the SDS-PAGE under UV light. The reaction temperature was 54 °C. Lane 1: MW
marker, Lane 2-5: rHUEPO-MDC (to), (ts0), (ts0), and (tao) respectively, Lane 6-9: rHUEPO-MDC after
treatment with PNGase F at (to), (ts0), (ts0), and (tso) respectively, Lane 10: prestained PPL protein marker
(shown only in the fluorescent image (B)). The fluorescent image shows no fluorescent bands at the
molar mass of rHUEPO. Here, the band intensity of rHUEPO dimers is high before incubation (lane 2)
and after incubation (lane 3) due to oxidation reaction upon storage.* After N-deglycosylation, the
rHUEPO dimers band disappeared as the concentration is reduced after treatment with PNGase F.
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Fig. S12. SDS-PAGE image for rHUEPO and rHUEPO after N-deglycosylation at 37 °C. Lane 1: MW
marker, Lane 2: rHUEPO (the concentration is 500 pg/mL), Lane 3: rHUEPO + PNGase F, Lane 4:
PNGase F.
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Fig. S13. (A) SDS-PAGE image showing silver staining for rHUEPO-Rh-labelled PDSA-g-NH>
conjugation after treatment with PNGase F, Lane 1: prestained marker, Lane 2: rHUEPO + Rh-labelled
PDSA-g-NH,, Lane 3-6: rHUEPO + Rh-labelled PDSA-g-NH, + TG (to), (ts0), (teo), and (tso),
respectively, Lane 7: Rh-labelled PDSA-g-NH; + TG incubated for 60 min. The red circle indicates
the rHUEPO-Rh-labelled PDSA-g-NH: conjugates, (B) Molar mass determination of these conjugates
by a calibration curve fitted with exponential function. The curve was made using the molar masses of
the protein marker PPL and their relative mobility (calculated as the distance traveled by the bands from
the top of the gel divided by the distance migrated by the dye front).
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3 | Results

3.3 Paper IlI:

Network formation by aza-Michael addition of primary amines to vinyl end
groups of enzymatically synthesized poly(glycerol adipate)®

Great attention has been drawn to the use of hydrophilic polymeric networks due to their
significant industrial and biomedical applications. In particular, networks based on
biodegradable and biocompatible polyesters have been widely explored in the biomedical field
especially, as drug delivery carriers that can provide controlled drug release. In order to achieve
these polymeric networks, several approaches have been developed. Among them, Michael
addition chemistry has been a special focus since it affords mild reaction conditions, high

selectivity, high product yields, and lack of by-products.

In the following publication, an efficient strategy for the synthesis of polymeric networks via
aza-Michael addition of primary amines to a,-unsaturated (vinyl) end groups of enzymatically
synthesized PGA is investigated. PGA is terminated with some vinyl end groups which
represent suitable acceptors for aza-Michael addition reactions. In the next synthesis step, PGA
was modified with amine-functionalized side chains to undergo further reaction with its vinyl
end groups under catalyst-free conditions and finally form hydrophilic PGA-based networks
with potential biomedical applications. Different techniques like GPC, FTIR, *H NMR and 3C
NMR spectroscopy, and HR MALDI-TOF mass spectrometry were used to characterize PGA
before and after modification. 3C SP MAS NMR relaxation studies as well as FTIR
spectroscopy were used to confirm the aza-Michael addition reaction and network formation.
An investigation of the network structure and free dangling chain ends was accomplished by
H DQ NMR spectroscopy.

The author contributions of the following article are: R. Alaneed and J. Kressler designed
research. R. Alaneed performed the experiments, wrote the original draft, and made the final
version. Y. Golitsyn carried out the solid state NMR experiments and analyzed the NMR data.
D. Reichert discussed the NMR results. T. Hauenschild performed and analyzed the HR
MALDI-TOF measurements. M. Pietzsch, D. Reichert and J. Kressler conceptualized the work,

supervised and complemented the writing, editing and finalization of manuscript.

3The following article [R. Alaneed et al., Polym. Int., 70, 135-144 (2021)] is an open access article under Wiley Creative
Commons Attributions 4.0 International License (CC BY-NC-ND 4.0), which permits use and distribution of the article in any
medium for non-commercial purposes. The link to the article on the publisher’s website is: https://onlinelibrary.wiley.com/
doi/10.1002/pi.6102. No changes were made.
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Network formation by aza-Michael addition of
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enzymatically synthesized poly(glycerol
adipate)
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Abstract

A highly efficient approach for the synthesis of polyester-based networks via aza-Michael addition of primary amines to
a, f-unsaturated (vinyl) end groups of poly(glycerol adipate) (PGA) was achieved. By acylation of PGA with 6-(Fmoc-amino)hex-
anoic acid side chains via Steglich esterification, protected amine-functionalized PGA was obtained. This was followed by the
removal of fluorenylmethyloxycarbonyl (Fmoc) protecting groups and the synthesis of PGA-based networks under catalyst-free
conditions. The successful conjugate addition of primary amines to vinyl end groups and network formation were confirmed
using ">C magic angle spinning NMR and Fourier transform infrared spectroscopy. Network heterogeneity and defects were
quantitatively investigated using "H double-quantum NMR spectroscopy. Finally, a hydrogel was prepared with potential bio-

medical applications.

Supporting information may be found in the online version of this article.

Keywords: poly(glycerol adipate); vinyl end groups; aza-Michael addition; network synthesis; gels
_______________________________________________________________________________________________________________________]

INTRODUCTION

Polymer networks belong to an important class of polymeric
materials with a broad range of industrial and biomedical applica-
tions. By definition, polymer networks are three-dimensional
structures that can be formed by crosslinking of polymer chains,
by either chemical or physical crosslinks."> Hydrophilic polymer
networks can form hydrogels with tunable water uptake capacity.
They have been used and developed for various biological and
biomedical purposes.*® Specifically, biodegradable and biocom-
patible hydrogel systems have attracted considerable interest
for their use in drug delivery, as they offer a convenient controlled
drug release. Therefore, it is advantageous to use biodegradable
polymer backbones in the preparation of hydrogels.” Among
these biodegradable polymers, aliphatic polyesters are receiving
significant attention due to their biodegradability and biocompat-
ibility that make them favorable candidates for drug delivery sys-
tems.2'° The traditional synthetic pathways for the production of
polyesters use metal-based catalysts. Under these conditions, the
residual metals from the catalyst used are hard to remove, which
may have harmful effects on the environment as well as the
resulting polyesters with metallic traces being not suitable for bio-
medical use due to their potential toxicity.''® Hence, in vitro syn-
thesis of polyesters through enzymatic polymerization in organic
media has been extensively developed as an important

alternative to the conventional polycondensation or ring-opening
polymerization because of the high catalytic activity and high
selectivity of the enzymes under mild reaction conditions.'* Ali-
phatic functional polyester synthesis using enzymes as biocata-
lysts is promising for environmentally benign synthesis of
polymeric materials.’® In this regard, the most widely used
enzyme is lipase B derived from Candida antarctica (CAL-B).
CAL-B shows high regioselectivity towards primary hydroxyl
groups rather than secondary ones.'® Thus, linear polyesters can
be synthesized having pendant OH groups on their backbones,
which renders these polymers hydrophilic. Poly(glycerol adipate)
(PGA) is a well-established, hydrophilic polyester with one pendant
free OH group per repeat unit. It is generally produced from

* Correspondence to: J Kressler, Department of Chemistry, Martin Luther Univer-
sity Halle-Wittenberg, D-06099 Halle (Saale), Germany. E-mail: joerg.
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enzymatic transesterification reaction between glycerol and either
dimethyl adipate or divinyl adipate. PGA has been widely investi-
gated in the field of drug delivery.'””® Likewise, our group has
reported a modified PGA, which was synthesized from activated
vinyl ester monomers with various fatty acids to produce amphi-
philic PGA useful for nanoparticle formation.?° Recently, the conju-
gation between dimethylcasein and amine-functionalized PGA
using microbial transglutaminase was reported.?'

In the work reported in this paper, we focused on the develop-
ment of an efficient strategy for the synthesis of biodegradable
and biocompatible networks. Initially, we synthesized PGA with
well-defined vinyl end groups. Then, 6-(Fmoc-amino)hexanoic
acid (6-(Fmoc-Ahx)) side chains were introduced to the PGA back-
bone to produce PGA-g-6-(Fmoc-amino)hexanoate (PGA-g-
6-(Fmoc-Ahx)). The use of Fmoc (fluorenylmethyloxycarbonyl) as
a protecting group is crucial in order to achieve well-defined net-
works in the final synthesis step. The Fmoc protecting groups
were subsequently removed and the synthesis of networks based
on PGA was achieved via aza-Michael addition reaction of primary
nucleophilic amines to the vinyl end groups of the PGA backbone.
This method is simple and works efficiently under mild conditions
and without using any catalyst. The chemical structures were ana-
lyzed using Fourier transform infrared (FTIR), '"H NMR and ">C NMR
spectroscopies. Gel permeation chromatography (GPC) and high-
resolution matrix-assisted laser desorption ionization time-of-
flight (HR MALDI-TOF) mass spectrometry were performed in
order to determine the molar mass and polydispersity index. Spe-
cial focus was given to the quantitative determination of vinyl end
groups using '*C NMR spectroscopy and HR MALDI-TOF mass
spectrometry. Michael addition reaction was followed via the com-
plete disappearance of vinyl end groups after network formation as
estimated based on FTIR and '3C single pulse (SP) magic angle spin-
ning (MAS) NMR spectroscopic data. For the characterization of the
network structure and free dangling chain ends, 'H double-
quantum (DQ) NMR spectroscopy was employed. Finally, a hydro-
gel with potential biomedical applications was synthesized.

EXPERIMENTAL

Materials

CAL-B immobilized on an acrylic resin (Sigma-Aldrich, St Louis,
MO, USA), commercially known as Novozyme (N435), was dried
over phosphorus pentoxide (P,0s) at 4 °C for 24 h prior to use.
6-(Fmoc-Ahx) (98%) was purchased from Alfa Aesar (Kandel, Ger-
many). Divinyl adipate (DVA; stabilized with 4-methoxyphenol,
>99.0%) was purchased from TCI-Europe. Tetrahydrofuran (THF;
anhydrous, 99.5%) and dichloromethane (DCM; anhydrous,
99.9%) were purchased from Acros Organics (Schwerte, Germany).
P,Os (299%), 4-(dimethylamino)pyridine (DMAP), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI),
silica gel (SiOy 0.03-0.2 mm), dimethylsulfoxide (DMSO)-dg
(99.8%) and CDCl; (99.8%) were purchased from Carl Roth
(Karlsruhe, Germany). Glycerol (=99.5%), deuterium oxide (D,0O;
99.9%) and anhydrous DMSO were obtained from Sigma-Aldrich
(Steinheim, Germany). All chemicals were used as received without
further purification. All HPLC-grade solvents like THF, ethyl acetate,
tert-butylmethyl ether, diethyl ether and acetone were purchased
from Carl Roth (Karlsruhe, Germany).

Synthesis of PGA
PGA backbone was synthesized following the same procedure
described by Kallinteri et al.'” as shown in Scheme 1(A). Glycerol

and DVA were used in equimolar amounts in the presence of
CAL-B. The amounts used for this reaction were as follows: glyc-
erol (11 g, 120 mmol), DVA (23.8 g, 120 mmol), 23 mL of anhy-
drous THF and Novozyme (N435) (0.72 g, 2 wt% of the total
monomers mass). The reaction was carried out for 11 h at 50 °C.
At the end, the reaction was quenched by adding 50 mL of THF
at room temperature, followed by filtration in order to remove
the enzyme beads. The solvent was removed by rotary evapora-
tion at 60 °C under vacuum. The polymer was used for further
modification without any additional purification steps. The molar
mass of PGA was determined using GPC in THF as
M,, = 6000 g mol™" with a polydispersity index (PDI) of 1.8 and
using HR MALDI-TOF mass spectrometry as m/z 5696.65 g mol™"
with a repeat unit of m/z 202 g mol™". The "H NMR spectrum of
PGA is given in Fig. 1. "H NMR (400 MHz, CDCl5; 6, ppm): 5.26 (m,
1H), 5.10 (m, 1H), 4.37-3.9 (m, 6H), 3.60 (dd, J = 11.5, 6.2 Hz, 2H),
245-2.26 (m, 4H), 1.75-1.56 (m, 4H). IR (KBr; v, cm™"): 3470
(L(—OH)), 2953 (v,5(C—H)), 2875 (v5(C—H)), 1726 (1(C=0)), 1646
(V(R—CH=CH,)), 1463 (6,(C—H)), 1392-1280 (C—H (w,7)),
1264-1180 (1,(C—0—C)), 1144-1080 (vs(C—O—C)) and (C—H
(p)), 1075-1055 (6(—OH)), 982-800 (C—H (p)), 980, 733
(R—CH=CH, ().

Synthesis of PGA-g-6-(Fmoc-Ahx)

PGA with a molar mass M, of 6000 g mol™" was used for further
modification with 6-(Fmoc-Ahx) according to the procedure
described by Neises and Steglich,?? shown in Scheme 1(B). PGA
(1.5 g, 7.42 mmol) was dissolved in 20 mL of anhydrous DCM
and then charged into a 100 mL three-neck round-bottom flask.
The solution was cooled to 0 °C using an ice bath for 20 min. Then,
a weighed amount of 6-(Fmoc-Ahx) (15 mol% of all OH groups,
0.4 g, 1.13 mmol) was added. Thereafter, weighed amounts of
EDC-HCI (0.84 g, 4.4 mmol) and DMAP (40 mg, 0.33 mmol) were
dissolved in 10 mL of anhydrous DCM and added dropwise. Under
inert gas conditions, the reaction mixture was stirred for 24 h at
room temperature. The reaction solution was filtered and the fil-
trate was concentrated to a volume of 4 mL using a rotary evapo-
rator. The crude product was purified by silica gel column
chromatography using HPLC-grade ethyl acetate as an eluent, in
order to remove the unreacted 6-(Fmoc-Ahx), followed by HPLC-
grade acetone which contained the grafted polymer. The solvent
was removed using a rotary evaporator under reduced pressure.
Further purification was done by precipitation into cold diethyl
ether two times. After drying under vacuum at 35 °C, a slightly yel-
lowish and viscous product was obtained. Product yield was 84 wt
%. The molar mass of PGA-g-6-(Fmoc-Ahx) was calculated based
on degree of grafting (mol%) from the 'H NMR spectrum, given
in Fig. 5, as M,, = 7000 g mol~". The average molar mass of PGA-
g-6-(Fmoc-Ahx) was also estimated using HR MALDI-TOF mass
spectrometry as m/z 5739.72 g mol™' with a repeat unit of m/z
537.24 g mol™". The PDI was determined using GPC in THF to be
1.7. "TH NMR (400 MHz, CDCl; 6, ppm): 7.75 (d, J = 7.5 Hz, 2H),
758 (d, J=74Hz 2H), 738 (t, J=7.5Hz 2H), 729 (t, /=74 Hz,
2H), 5.24 (9, J = 5 Hz, 1H), 5.08 (q, J = 5 Hz, 1H), 4.38-3.58 (m,
9H), 3.71 (s, 1H), 3.17 (g, J = 6.8 Hz, 2H), 2.42-2.26 (m, 6H),
1.75-1.57 (m, 6H), 1.51 (s, 2H), 1.38-1.24 (m, 2H). IR (KBr; v,
cm™'): 3470 (L(—OH)), 3455 ((—NH)), 2953 (v.(C—H)), 2875
(vs(C—H)), 1726 ((C=0)), 1646 (V(R—CH=CH,)), 1535 (6—NH),
1452 (5,(C—H)), 1384-1280 (C—H (@,7)), 12601180 (1/55(C—0—C)),
1144-1075 (15(C—0—C) and (C—H (p)), 1075-1055 (5—OH)),
980, 733 (R—CH=CH (), 762, 733 (=C—H (7)).
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Scheme 1. Synthetic pathways for (a) PGA, (b) PGA-g-6-(Fmoc-Ahx), (c) deprotection of Fmoc groups and (d) aza-Michael addition byproduct and sche-
matic representation of PGA-based network. The black chains correspond to PGA backbone with vinyl end groups and the blue chains correspond to the
side chains that bear primary amine groups. A full presentation of PGA-based network structure is shown in the supporting information (Fig. S1).

Deprotection of Fmoc groups and network formation

Fmoc protecting groups were removed applying the same method as
described by Hock et al,” with a slight modification. PGA-g-6-(Fmoc-
Ahx) with a molar mass M,, of 7000 g mol™" (1 g, 1.86 mmol) was dis-
solved in 8 mL of anhydrous DMSO and the solution was agitated for
4 h at room temperature. To remove the formed byproduct, dibenzo-
fulvene and most of DMSO, the polymer solution was precipitated
twice into excess of cold tert-butylmethyl ether to yield amine-
functionalized PGA (Scheme 1(C)). After drying under nitrogen flow
for 30 min, 10 wt% of aza-Michael addition byproduct (sol content)
and 90 wt% of yellowish PGA-based network were obtained as shown
in Scheme 1(D). A schematic of the network is given in the supporting
information (Fig. S1). This process occurred according to a typical
Michael addition reaction since PGA has acceptor sites, i.e. vinyl end
groups, in addition to the primary amine groups along the repeat
units, which can act as aza-Michael donors. For network

characterization, the byproduct was dissolved again in DMSO and
extracted from the network. IR (KBr; z, cm™"): 3482 (v(—OH)), 3387
(W(—NH)), 2941 (vos(C—H)), 2871 (u(C—H)), 1737 W(C=0)), 1651
(65(—NH,)), 1550 (8(N—H)), 1456 (65(C—H)), 1385-1280 (C—H (w,7)),
1258-1170 (145(C—0—CQ)), 1144-1075 (v(C—O0—C) and (C—H (p)),
1142, 1059 (1(C—N)), 759 (—NH, (w)). For "H DQ measurements, the
network was swollen to equilibrium in DMSO-dg. In addition, the net-
work was swollen in D,O in order to obtain hydrogels.

Characterization
FTIR spectroscopy
FTIR measurements were performed with a Bruker Vector 22 FTIR
spectrometer at room temperature with 256 scans using dry KBr
for sample preparation. For all measurements, the sample con-
centration was 1.5 mg per 150 mg of KBr. FTIR spectral data were
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Figure 1. "H NMR spectrum of PGA in CDCl; at 27 °C. The three insets show expansions of the peaks corresponding to vinyl end groups.

interpreted using OMNIC 7.2 Spectra software. All FTIR spectra

were recorded in the range 400-4000 cm™".

NMR spectroscopy

Solution NMR spectra ("H NMR and '3C NMR) were recorded with
a VNMRS spectrometer operating at 400 MHz for '"H NMR and
100 MHz for '3C NMR at 27 °C, using an internal calibration stan-
dard, tetramethylsilane. Samples (ca 30 mg) were dissolved in
0.7 mL of deuterated solvents. The inversion-recovery method
was performed in order to obtain the quantitative ">C NMR spec-
trum of PGA backbone by measuring the spin-lattice relaxation
time (T;). For this, PGA sample (ca 300 mg) was dissolved in
0.7 mL of CDCls. The NMR spectral data were interpreted using
MestRec (v.4.9.9.6) software (Mestrelab Research, Santiago de
Compostela, Spain).

13C MAS NMR spectroscopy

3C SP MAS experiments were performed with a Bruker
Avance 400 spectrometer at a frequency of 100.6 MHz, with
a standard Bruker 4 mm MAS probe. A MAS spinning fre-
quency of 10 kHz was applied in all experiments. Swollen
network samples (in DMSO-ds and D,0) were filled into a
Bruker Kel-F MAS insert,®* for liquid samples. The sample
temperature was controlled with a standard Bruker VT con-
troller and calibrated with methanol. The experimental tem-
perature was regulated to 30 °C. The '*C NMR z/2 pulse
length varied between 2.5 and 3.0 ps. The recycle delay
was set to 10 s for all samples.

"H DQ NMR measurements

'HDQ NMR experiments were run with a 200 MHz Bruker Avance
Il spectrometer using a static 5 mm Bruker probe with a short
dead time (2.5 ps). The temperature was controlled with a BVT-
3000 heating device with an accuracy of +1 °C and was set to
30 °C for all measurements. The 'H pulse length for the /2 and
z pulses was set to 3.0 and 6.0 ps, respectively. The sample was
swollen to equilibrium in DMSO-dg and D,0 at room temperature
and the NMR tubes were sealed. The swelling ratio of PGA-based
networks was measured after soaking the dried network in D,0
and in DMSO-dg at room temperature for 24 h. The swelling ratio
(Q) can be calculated as follows:

ms—myq
= ma

Q

where mg is the mass of swollen network and mq represents the
mass of dry network. The swelling ratio of PGA-based networks in
D,0 and in DMSO-d, was 4.8 and 8.5, respectively.

GPC measurements

GPC measurements for PGA and PGA-g-6-(Fmoc-Ahx) were per-
formed with a Viscotek GPC max VE 2002 using HHRH Guard-
17360 and GMHH-N-18055 columns and refractive index detector
(VE 3580, Viscotek). THF was used as mobile phase in a thermo-
statically controlled column at 25 °C. For both samples, the con-
centration was 3 mg mL™", and the flow rate was 1 mL min™".
The calibration standard for both measurements was polystyrene.
The data were analyzed using Origin 8 software.

MALDI-TOF mass spectrometry

The HR MALDI-TOF mass spectra were recorded with a REFLEX-
TOF mass spectrometer (Bruker Daltonik GmbH, Bremen),
equipped with a 337 nm nitrogen laser, which was operated at a
pulse frequency of 3 Hz. The ions were accelerated using pulsed
ion extraction after a delay of 50 ns by a voltage of 28.5 kV. The
analyzer was operated in HR reflectron mode, and generated ions
were detected with a microchannel plate detector. For calibration
of the mass spectrometer, a polystyrene standard was used. The
sample preparation for the recorded HR mass spectra was carried
out by mixing of the samples (PGA and PGA-g-6-(Fmoc-Ahx)) with
a suitable matrix, namely 2-[(2F)-3-(4-tert-butylphenyl)-2-methyl-
prop-2-enylidene]malononitrile (DCTB), in a ratio of 1:1000 in
THF. For preparing the sample, a stock solution of 10 mg mL™"
DCTB in THF and 10 pg mL™' sample in the same solvent were
used. Before the measurement, the prepared sample was crystal-
lized on a stainless steel target. The resulting mass spectra were
smoothed, and baseline-corrected with the XMASS data proces-
sing program (Bruker). mMass was used to evaluate the spectra.
In a mass spectrum, the vertical y-axis represents the peak inten-
sity (abundance of ions) and the horizontal x-axis represents the
mass-to-charge ratio of the ions (m/z). The molar mass of the ion-
ized molecule was determined by the value of m/z (z=1).
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RESULTS AND DISCUSSION

Enzymatic polymerization and grafting of PGA with
6-(Fmoc-Ahx) side chains
Enzymatic synthesis of PGA backbone can be achieved through
transesterification reaction between glycerol and DVA in the pres-
ence of CAL-B. Although vinyl esters are considered to be more
costly than alkyl esters (see supporting information), they are par-
ticularly suitable monomers for this synthesis as vinyl alcohol is
released as a byproduct and tautomerizes promptly into acetalde-
hyde which can be removed easily at the reaction temperature
making the reaction irreversible.>® Thus, polymers with high
molar mass are obtained. Compared to the use of dimethyl adi-
pate instead of DVA in PGA synthesis, polymers with lower molar
mass are produced.?’ Figure 1 presents the 'H NMR spectrum of
PGA synthesized from glycerol and DVA with peak assignments.
Analysis of the "H NMR spectrum shows characteristic signals of
PGA, i.e. the methylene and methine proton signals, correspond-
ing to the substituted glyceride and adipate units. Since the
enzyme active site contains bound water molecules, which are
crucial for enzyme activation, most vinyl end groups are hydro-
lyzed into carboxylic acid end groups during the polymerization
reaction,® and some remain and can be recognized as three sig-
nals in the "H NMR spectrum at 7.29, 4.86 and 4.56 ppm as shown
in the insets of Fig. 1. The methylene protons of vinyl end groups,
labelled as (m), show two doublet of doublets at 4.86 and
4.56 ppm due to the unequal proton-proton coupling constants.
Although the enzyme shows high reactivity towards primary
hydroxyl groups rather than secondary ones, some lack of enzyme
regioselectivity is observed by the presence of several methine
proton signals.2® Kline et al.>° reported the high reactivity of lipase
towards primary OH groups (ca 95%) compared to secondary
ones at 50 °C. These investigations explain the formation of differ-
ently substituted glyceride units, i.e. 1,2-disubstituted and
1,2,3-trisubstituted  glyceride  units in  addition to
1,3-disubstituted and 1-substituted glyceride units that would

(0]
S AMLAAR o om
OH (0]

PGA

occur in the case of perfect enzyme regioselectivity towards pri-
mary OH groups. Similarly, our group has determined the regios-
electivity of acylation of lipase toward primary OH groups as 96%
in relation to secondary OH groups, which is highly dependent on
the reaction temperature.®’ Additionally, PGA was analyzed using
3C NMR spectroscopy. The spectrum reveals two signals at 141.2
and 97.9 ppm arising from vinyl end groups as can be seen in the
inset of Fig. 2. The percentage of vinyl end groups was calculated
quantitatively by the ratio of integrals between the adipate repeat
unit carbons ([a = 2) and vinyl carbons at 97.9 ppm ([m = 0.08) to
be estimated as 8% of the total end groups.

The molar mass and PDI of PGA were determined using GPC
with THF as an eluent and polystyrene as calibration standard.
The GPC traces are shown in the supporting information
(Fig. S2). Along with GPC measurements, PGA was further ana-
lyzed using HR MALDI-TOF mass spectrometry in order to deter-
mine the absolute molar mass distribution. Figure 3 shows a
representative HR MALDI-TOF mass spectrum of PGA molar mass
distribution extending from m/z 4500 to m/z 7000, with a central
intense peak at m/z 5696.65, which corresponds to the average
molar mass of PGA. The HR MALDI-TOF mass spectrum is charac-
terized by a number of peaks separated by regular intervals of m/z
202, which is the expected molar mass of PGA repeat units. This
confirms the predominant linearity of PGA. The expanded view
of the spectrum in the mass range m/z 5875-6050 reveals the
presence of several series of peaks that can be assigned to differ-
ent end groups of PGA chains, i.e. hydroxyl (OH) + H (18 + 202n),
hydroxyl (OH) + vinyl (CH=CH,) (44 + 202n), adipate part + H
(129 + 202n) and glycerol part + H (92 + 202n) terminated poly-
mer chains wherein n is the number of repeat units per polymer
chain. The highest intensity peak at m/z 5916.70 contains
hydroxyl (OH) + H terminated polymer chains, which is in agree-
ment with the PGA synthesis mechanism.

In the second step, side chains terminated with protected amine
groups were introduced to the PGA backbone via Steglich
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Figure 2. Quantitative '>*C NMR spectrum of PGA synthesized from DVA and glycerol in CDCl; at 27 °C. The inset shows an expansion of the peaks cor-

responding to vinyl end groups.
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Figure 3. HR MALDI-TOF mass spectrum of PGA, using DCTB as a matrix. The molar mass of the repeat unit is 202 g mol™". The expanded view of the m/z

5875-6050 region (right) shows different types of PGA end groups.

esterification between the secondary hydroxyl groups on PGA
backbone and 6-(Fmoc-Ahx) with the help of DMAP as a catalyst
and EDC-HCI as a coupling agent, as shown in Scheme 1(B). In
addition, an excess of EDC-HC| was applied as a drying agent.
The GPC traces, shown in the supporting information (Fig. S2),
indicate that the grafted polymer has a higher molar mass than
the unmodified PGA, indicating the successful acylation reaction.
The molar mass and PDI of PGA and PGA-g-6-(Fmoc-Ahx) are
given in the supporting information (Table S1). In addition to
GPC measurements, PGA-g-6-(Fmoc-Ahx) was also investigated
using HR MALDI-TOF mass spectrometry to determine the molar
mass of the new repeat unit after modification. Figure 4 illustrates
a full HR MALDI-TOF mass spectrum of the PGA-g-6-(Fmoc-Ahx)
distribution in the range from m/z 4600 to m/z 7400. The
expanded view in the mass range m/z 5000-6750 in Fig. 4 shows
the appearance of new peaks separated from the central intense
peak by intervals of m/z 537.24 due to the introduction of
6-(Fmoc-Ahx) side chains.

The chemical structure of PGA-g-6-(Fmoc-Ahx) was further con-
firmed using '"H NMR and '*C NMR spectroscopy. The '*C NMR
spectrum is given in the supporting information (Fig. $3). The 'H
NMR spectrum of PGA-g-6-(Fmoc-Ahx) is shown in Fig. 5. Analysis
of the "H NMR spectrum reveals the presence of proton signals,
labelled with (n, o, p, g and r), which belong to the methylene pro-
tons of 6-(Fmoc-Ahx) side chains. The resonance of Fmoc
(RNHC=0) proton, labelled with (s), appears as a weak and broad
signal at 3.6 ppm. The resonance of aromatic rings labelled with
(u, v, w, x and y), and the peak labelled with (t), reflect the protons
of the Fmoc protecting group. The degree of grafting of OH
groups of PGA is determined quantitatively using selective known
peak integration represented in the corresponding "H NMR spec-
trum. From the integrals of peaks (a) in the polymer backbone and
(g) in the side chain, the degree of grafting (g) is calculated as
12 mol% with respect to all OH groups of the polymer backbone
(where a theoretical value of 15 mol% grafting was used in the
feed composition). The molar mass calculations are based on

100 v
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Figure 4. HR MALDI-TOF mass spectrum of PGA-g-6-(Fmoc-Ahx), using DCTB as a matrix. The expanded view in the mass range m/z 5000-6750 (right)

shows the molar mass of the new repeat unit as 537.24 g mol~".
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Figure 5. "H NMR spectrum of PGA-g-6-(Fmoc-Ahx) in CDCl; at 27 °C.

x to y ratio (given in the chemical structure of Fig. 5). Since
y + x =100%, it follows that y =88% and x = g = 12 mol%.
Accordingly, the molar mass is calculated as 7000 g mol™".

A comparison between the FTIR spectra of PGA and PGA-g-
6-(Fmoc-Ahx) is shown in Fig. 6. For PGA, all major peaks are
assigned. For instance, the spectrum shows a broad and strong
peak for the hydroxyl (—OH) stretching band at 3470 cm™' as a
result of hydrogen bonds, C—H alkyl stretching bands between
2953 and 2875cm™', carbonyl (C=0) stretching band at
1726 cm™" of the ester groups, vinyl end group stretching band
at 1646 cm™~', C—H bending between 1463 and 1392 cm™', and
C—0—C stretching bands between 1264 and 1055 cm™".

After modification of PGA with 6-(Fmoc-Ahx), the stretching
bands of —OH, C—H and C=0 are observed at the same wave-
number. The presence of (RNHC=O) stretching band at
3455 cm™' which is overlapped with (—OH) stretching band,
C—H (aromatic) bands at 762 and 743 cm™" and amide Il (—NH)
bending band at 1535 cm™"' confirms the formation of PGA-g-
6-(Fmoc-Ahx). Since the modification of PGA with 6-(Fmoc-Ahx)
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Figure 6. FTIR spectra of PGA and PGA-g-6-(Fmoc-Ahx) at room tempera-
ture. For PGA: (a) OH stretching, (—OH), (b) C—H asymmetric stretching,
Vas(C—H), (c) C—H symmetric stretching, v5(C—H), (d) C=0O stretching,
v(C=0), (e) C—H scissoring bending, 5,(C—H), (f) C—H wagging and twist-
ing, C—H (w, 7), (g) C—O—C asymmetric and symmetric stretching,
Vas,s(C—0—C). For PGA-g-6-(Fmoc-Ahx): (h) —NH stretching, v(—NH),
(i) amide Il bending, 6(—NH) and (j) =CH out-of-plane bending, =CH (y).
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isonly 12 mol%, i.e.x = g = 12 mol% with respect to all OH groups
of the polymer backbone, it can be observed that the stretching
bands of (C—H) alkyl chains and (C=0) carbonyl of the ester
groups become slightly sharper after this modification.

Deprotection of Fmoc protecting group

A mild method for the cleavage of Fmoc protecting group was
applied under base-free conditions. This reaction was conducted
in anhydrous DMSO and at room temperature, which resulted in
a quantitative cleavage of Fmoc groups.?® The cleavage process
was monitored by increasing the olefin signal of the formed
byproduct, dibenzofulvene, which appears in the 'H NMR spec-
trum as singlet at 6.21 ppm, with the aromatic signals in the range
7-8 ppm. The monitoring process of Fmoc cleavage was carried
out in an NMR tube using deuterated DMSO. The 'H NMR spec-
trum is given in the supporting information (Fig. S4).

Network characterization

FTIR spectroscopy

PGA is a hydrophilic but water-insoluble linear polyester termi-
nated with different end groups. Among them, some electron-
deficient alkenes represent proper aza-Michael acceptors and
can be involved in a nucleophilic addition reaction with free pri-
mary amines (aza-Michael donors),*>>® to produce a hydrophilic
polymer network under mild conditions. FTIR spectroscopy was
used to investigate the network formation. Figure 7 depicts the
FTIR spectrum of the PGA-based network, the structure of which
is shown in Scheme 1(D). The complete disappearance of vinyl
end group vibration band at 1646 cm™" after deprotection reac-
tion and the appearance of C—N vibration band indicate the suc-
cessful addition reaction of primary amines to vinyl end groups of
the PGA backbone. In addition, the carbonyl C=0 stretching band
of the ester groups shifts to a higher wavenumber (1737 cm™)
due to electronegativity changes as all vinyl end groups disap-
pear.” The presence of secondary and tertiary amine bands at
1556 and 1059 cm™', respectively, represents the aza-Michael
mono- and bis-addition products. The presence of primary amine
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Figure 7. FTIR spectrum of PGA-based network at room temperature.
Assignments (cm™"): 3387 u(—NH), 1737 1(C=0), 1651 §((—NH,), 1550 &
(—NH), 1142, 1059 v(C—N), 759 —NH,, (w). The spectrum shows the disap-
pearance of vinyl end group vibration at 1646 cm™' after deprotection
reaction and the appearance of (—NH) vibration band.

(—NH,) vibration bands explains that some free amine groups
were not involved in the addition reaction.

13C SP MAS spectra

13C SP MAS NMR measurements were performed in order to con-
firm the network structure. Figure 8 shows the '>C SP MAS spec-
trum of PGA-based network in DMSO-dg. It is clearly visible that
after network formation, there is no resonance arising from vinyl
end groups in the regions of 141.2 and 97.9 ppm (shown in the
inset of Fig. 8), which is in complete agreement with the FTIR
results (Fig. 7).

Since the spectrum is well resolved, it is possible to determine the
degree of grafting with 6-(Fmoc-Ahx) side chains. Therefore, the res-
onances labelled as (a), (b) and the carbonyl signal (C=0) which
belong to the polymer backbone and the resonance labelled as
(g) which is assigned to the side chain were integrated. All integra-
tion values and detailed calculations can be found in the supporting
information. The degree of grafting represents the amount of the
modified monomers x with 6-(Fmoc-Ahx) side chains. The degree
of grafting is calculated as x = g = (9.8 + 5.0) mol% with respect to
OH groups that corresponds well with the results of solution NMR
spectroscopy. The "3C SP MAS spectrum of PGA-based network after
swelling in D,0 is given in the supporting information (Fig. S5).

13C SP MAS NMR measurements together with FTIR results
clearly demonstrate that the possibility of amine groups reacting
with ester groups via amide formation is not relevant in our sys-
tem. Since the reaction was carried out under mild conditions, it
guarantees the stability of PGA.
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"H DQ NMR spectroscopy

The "H DQ NMR experiment>® provides information about the
structure, defects and dynamics of polymer networks.*? This
method is able to describe systems with well-defined topol-
ogy as well as systems with randomly distributed loop
lengths.*%4!

In the first step, the isotropically mobile uncoupled compo-
nents, the so-called tails, are removed from the DQ signal.
Figure 9(a) shows the procedure of the tail determination. Two
components with significantly different decay times = could be
identified. The component with the slow decay is assigned to
the mobile tail, i.e. the mobile solvent molecules (non-deuterated
solvent ca 13% of water, due to the hydrophilicity of the polymer
backbone). The fast decaying component with 7% intensity corre-
sponds to network defects such as loops and dangling chains,
which are elastically inactive and do not contribute to the network
structure. After subtraction of the two tail fractions and renorma-
lization of the DQ data, the residual coupling constants (RDCs),
Dyes, can be estimated.®

Since the grafted side chains are randomly distributed along
the polymer backbone, this can result in different mesh sizes,
which means that the RDCs will also have a wide distribution
according to the equation Dyes ~ M. ™', where M, is the chain
molar mass between crosslinks or entanglements. In addition,
the swollen elastomers always exhibit a broad D, distribu-
tion, which is caused by inhomogeneous swelling and the
resulting variations in local chain stretching.** The DQ data
were directly evaluated with the help of a simultaneous fitting
procedure:

Ispa(roa) =exp{ ~(roa/7)’}

Inq(7pq)
(¢4

J IDQ (TDQr Dres)p(Dres: O')dDres = [
0 0

1

> ['] _exp{—(0.378'DresTDQ)1‘5 }

cos<o.ssso,eSTDQ)]exp{—(TDQ/T)ﬁ }p(D,es,a)dDres

Fitting parameters are the time constant z, which corresponds
to the characteristic decay time T,", the exponent g of the
Kohlrausch-Williams-Watts function, the RDC D, and the width
of the log-normal distribution 6. In the given formula, a log-
normal distribution was used.

DMSO

Kel-F insert

0 140 130 120 110 100 90 80

T
175 170 8

Figure 8. '3C SP MAS NMR spectrum of network swollen to equilibrium in DMSO-dg measured at 30 °C. The inset shows the spectrum in the range 80 to
150 ppm. The broad signal corresponds to the sample insert,** but no vinyl resonances are present at 141.2 and 97.9 ppm.
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Figure 9. (a) Procedure of tail determination for the network, swollen to equilibrium in DMSO-ds. The red line represents the bi-exponential fit to the
Iref — Ipq intensity. The dashed line represents the mobile tail fraction. The fitting parameters are given in the inset. The fitting area begins at short time
where the DQ intensity is already decayed and only a signal from the reference is present. (b) Simultaneous multicomponent fitting to the sum and DQ
intensity after tail subtraction of the swollen-to-equilibrium network sample. The inset shows the fitting parameters. The component fractions f are given

without taking into account the network tail of 7%.

According to the results in Fig. 9(b), we found two components
arising from the elastic network structure. A comparison between
the simultaneous fit with one and two network components in
DMSO-d, is shown in the supporting information (Fig. S6(a)).
These components are well separated due to the different relaxa-
tion times 7z and dipolar coupling constants D,e. Since the
strength of the dipolar coupling decreases with increasing length
of the network segment,**** we can conclude that the first com-
ponent with the larger coupling constant is the smallest possible
mesh size. The second component represents larger mesh sizes
and entanglements that make up the network. Taking the net-
work tail into account, the composition of the sample is as follows:
strongly coupled network component of 39%, weakly coupled
network component of 54%, network defects of 7%. The existence
of two well-distinguishable network components as well as the
large distribution widths ¢ of the RDC indicate an inhomogeneous
network structure, for example areas of high and low polymer
concentration. The '"H DQ NMR data and the comparison between
the simultaneous fit with one and two network components in
D,0 are shown in the supporting information (Figs S7 and S6(b),
respectively). Table S2 (supporting information) summarizes the
results of the "H DQ NMR data of PGA-based networks in DMSO-
de and D,0.

To summarize, from the *C SP MAS data it was possible to
determine the degree of grafting of the modified PGA as (9.8
+ 5) mol%. This corresponds to the value calculated from solution
"H NMR spectroscopy. With the help of the 'H DQ NMR measure-
ments, the structure of the networks could be determined. Two

y—

o A

Figure 10. Appearance of PGA-based hydrogels.

components with different RDC and large distribution widths
were detected.

CONCLUSIONS

We present a simple and catalyst-free approach towards the one-
pot synthesis of polymer networks based on a biodegradable and
biocompatible polyester, PGA. Initially, the lipase-catalyzed trans-
esterification reaction between glycerol and DVA resulted in a
hydrophilic polyester carrying a,f-unsaturated (vinyl) end groups
that acted as aza-Michael acceptors. In the next step, the pendant
hydroxyl groups on the PGA backbone were partially modified by
introducing protected amine-terminated side groups and the
degree of grafting was calculated to be 10 mol% of total OH
groups. It should be noted that grafting with non-protected
amino acid leads to immediate but not well-defined network for-
mation. The use of Fmoc as a protecting group offered the oppor-
tunity to generate a well-defined network in the final synthesis
step. Subsequent removal of Fmoc protecting groups produced
a modified PGA with side chains terminated with primary amine
groups that served as aza-Michael donors resulting in polymer
gelation and formation of a well-defined and hydrophilic network
under mild reaction conditions in DMSO.

FTIR and "C MAS NMR spectroscopic measurements confirm
the network formation by the complete disappearance of vinyl
end groups and the appearance of C—N bonds accordingly. Net-
work heterogeneity and defects were determined using 'H DQ
NMR spectroscopy in DMSO-ds, which reveals that two compo-
nents form the elastic network structure, a strongly coupled net-
work component of 39% and a weakly coupled network
component of 54% with network defects of 7%. Besides, it was
possible to perform the measurements in D,O by removing DMSO
from the synthesized networks and re-swelling in D,0. *C MAS
NMR and "H DQ NMR data of PGA-based networks in D,O are pre-
sented in the supporting information that explain the presence of
network components with lower coupling constant and shorter
relaxation time comparing with the results obtained in DMSO-d,
due to the poor water insolubility of the polymer backbone.

Figure 10 shows images of PGA-based hydrogels. It can be seen
that the sample shows a high tack, which makes it suitable for typ-
ical pharmaceutical applications of hydrogels in combination with
wet tissues. The tack properties of PGA-based hydrogels together
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with their biodegradability mean that they could have significant
applications as barrier to prevent postoperative adhesions that
may cause medical complications.*®

Finally, the present protocol exhibits some significant benefits
as being operationally simple, mild and catalyst-free, making it a
promising approach for the synthesis of polyester-based net-
works with good water uptake capacity, which can be used for
potential pharmaceutical applications such as carriers for sus-
tained release of hydrophilic drugs*® and biodegradable implants
for controlled drug delivery.*’
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Figure S1. Schematic presentation of PGA-based network structure.
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GPC results.
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Figure S2. GPC traces of PGA and PGA-g-6-(Fmoc-Ahx) in THF at RT (polystyrene as a calibration standard).
Table S1. Molar mass and PDI of PGA and PGA-g-6-(Fmoc-Ahx).

Polymer M, (g mol™) PDI
PGA 6,000 (DP = 30) 1.8
PGA-g-6-(Fmoc-Ahx) 7,000P 1.72

& M, of PGA backbone and polydispersity index (PDI) are obtained from GPC using
THF as an eluent and polystyrene as a calibration standard.
b M, is calculated on the basis of mol% degree of grafting from *H NMR spectrum.

13C NMR spectrum of PGA-g-6-(Fmoc-Ahx).
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Figure S3. 3C NMR spectrum of PGA-g-6-(Fmoc-Ahx) in CDCl; at 27 °C.



Monitoring of Fmoc deprotection using *H NMR in DMSO-de.
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Figure S4. *H NMR spectrum of Fmoc deprotection process in DMSO-dg at 27 °C.

13C MAS NMR calculations (x:y ratio).

To determine the degree of grafting with 6-(Fmoc-Ahx) side chains, the separate resonances in the **C
SP MAS spectrum (Figure 8) were integrated and normalized to the peak (q): 1. = 20.56, I, = 20.25, lc-0
=21.66, Iq = 1. The first three resonances belong to the polymer backbone and the last to the side chain.
Since the resonances (a) and (b) occur twice in unmodified monomers y and in modified monomers x,
the following relationships apply: l. = Iy = 2-(y+x), where y and x are the number of monomers.
Resonance (q) occurs only in the modified monomers, so I = x = 1. Thus, the following applies: y =
0.5:1a— 14 =10.5-1p — lq. The mean value resultsto y = 9.2.

Since y + x = 100 %, it follows y = 90.2 % and x = g = (9.8 £ 5.0) mol%, where g is the degree of
grafting. This result can be checked using the resonance (C=0): lc=o = 2-y + 3-x = 21.4. This value
agrees well with the integrated value Ic-o0 = 21.66.

In the same way, the degree of grafting was determined from the *C MAS NMR spectrum in D-O. The
separate resonances in the *C SP MAS spectrum (Figure S5) were integrated and normalized to the
peak (q) and (r). For () peak, g = (7.7 £ 5.0) mol%. For (r) peak, g = (10.3 £ 5) mol%. The difference
between two values is due to the small peak intensities and broad line width.

13C single-pulse MAS NMR spectrum of the network swollen to equilibrium in D,O.
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Figure S5. 13C single-pulse MAS NMR spectrum of the network swollen to equilibrium in DO measured at 30

°C. The inset shows the spectrum in the range of 80 to 150 ppm. The broad signal corresponds to the
sample insert, but no vinyl resonances are present at 141.2 and 97.9 ppm.

Single and two component fitting of *"H DO NMR data in DMSO-ds and D,O.
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Figure S6. Comparison between single and two component fitting for *H DQ NMR data in a) DMSO-ds and b)
D,0.

'H DO NMR data of PGA-based network in D-O.
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Figure S7. (a) Procedure of tail determination for the network, swollen to equilibrium in D,O. The red line
represents the bi-exponential fit to the Irer - Ing intensity. The dashed line represents the mobile tail fraction. The
fitting parameters are given in the inset. The fitting area begins at short time where the DQ intensity is already
decayed and only a signal from the reference is present, (b) Simultaneous multicomponent fitting to the sum and
DQ intensity after tail subtraction of the swollen to equilibrium network sample. The inset shows the fitting
parameters. The network tail is much lower than in DMSO-ds. In addition, the differences between the components
from the two-component fit are small, which means that D,O is not a good solvent for the network.



Table S2. Summary of 'H DQ NMR data of PGA-based network in
DMSO-ds and D20.

The network tail is much lower than in DMSO-ds as well as the coupling
constant Drs as the network tail was not resolved from the network
structure. In addition, the differences between the components from the
two-component fit are small which means that D,O is not a good solvent
for the network.

Fitting Network components  Network components
parameters in DMSO-ds in D,O
Ist  2nd  Network 1st 2nd  Network
tail tail
f (%) 39 54 7 68.5 30.7 0.8
7(ms) 42 9.2 8.8 1 1.8 6.6
1.7 1.3 1 1.06 1.05 1
Dres /2n (HZ) 1039 88 - 422 136 -
c 0.57 0.97 - 0.88 0.87 -

Additional information on divinyl adipate (DVA) from TCI.

Divinyl adipate (DVA, stabilized with 4-methoxyphenol (MEHQ), >99.0%) was purchased from TCI-
Europe.

Product Number: A1188.
CAS RN: 4074-90-2.
Price: it costs 168 Euro per 500 G of DVA.

Figure Legends

Figure S1. Schematic presentation of PGA-based network structure.

Figure S2. GPC traces of PGA and PGA-g-6-(Fmoc-Ahx) in THF at RT (polystyrene as a calibration standard).
Figure S3. 3C NMR spectrum of PGA-g-6-(Fmoc-Ahx) in CDCl; at 27 °C.

Figure S4. 'H NMR spectrum of Fmoc deprotection process in DMSO-dg at 27 °C.

Figure S5. 3C single-pulse MAS NMR spectrum of the network swollen to equilibrium in D,O measured at 30
°C. The inset shows the spectrum in the range of 80 to 150 ppm. The broad signal corresponds to the
sample insert, but no vinyl resonances are present at 141.2 and 97.9 ppm.

Figure S6. Comparison between single and two component fitting for *H DQ NMR data in a) DMSO-ds and b)
D,0.

Figure S7. (a) Procedure of tail determination for the network, swollen to equilibrium in D,O. The red line
represents the bi-exponential fit to the Irer - Ing intensity. The dashed line represents the mobile tail fraction. The
fitting parameters are given in the inset. The fitting area begins at short time where the DQ intensity is already
decayed and only a signal from the reference is present, (b) Simultaneous multicomponent fitting to the sum and
DQ intensity after tail subtraction of the swollen to equilibrium network sample. The inset shows the fitting
parameters. The network tail is much lower than in DMSO-ds. In addition, the differences between the components
from the two-component fit are small, which means that D,O is not a good solvent for the network.



Table Legends
Table S1. Molar mass and PDI of PGA and PGA-g-6-(Fmoc-Ahx).

Table S2. Summary of *H DQ NMR data of PGA-based network in DMSO-ds and D20.

The network tail is much lower than in DMSO-ds as well as the coupling constant Dy as the network tail was not
resolved from the network structure. In addition, the differences between the components from the two-component
fit are small which means that D,O is not a good solvent for the network.



4 | Summary and outlook

Enzymatic synthesis of polyesters as a green alternative to the conventional chemical
polymerization procedures has resulted in a highly elegant and versatile strategy to produce
biodegradable, biocompatible, and functionalizable polyesters suitable for a wide range of
pharmaceutical applications. The thesis presented here describes an environmentally benign
approach for the production of aliphatic biodegradable polyesters using CAL-B as a biocatalyst.
In this regard, CAL-B-catalyzed polytransesterification reaction of glycerol and either DVA or
DMA vyielded biodegradable PGA and PGA(M) of molar masses 6,000 and 2,600 g mol™,
respectively. While, CAL-B-catalyzed polytransesterification reaction of D-sorbitol and DVA
yielded a biodegradable sugar-based polyester, PDSA, having a molar mass of 12,000 g mol~.
Due to the significant selectivity of CAL-B toward primary OH-groups rather than secondary
ones, linear polyesters were obtained with free pendant secondary OH-groups capable of being
used for post-modification reactions and thus, adjusting the physicochemical properties of these
polyesters. By esterification of OH-groups along the three polyester backbones with side chains
bearing protected amine groups, namely 6-(fluorenylmethyloxycarbonyl-amino)hexanoic acid
(6-(Fmoc-Ahx)) via a simple carbodiimide coupling reaction (Steglich esterification), protected
amine-modified polyesters were successfully synthesized. This was followed by the removal of
the protective group, Fmoc, under mild reaction conditions in dimethyl sulfoxide (DMSO) at
room temperature to generate primary amine-modified polyesters for further applications in the

field of enzymatic-mediated protein-polymer conjugation and polymeric networks formation.

In the first part of this work, amine-modified PGA(M), namely PGA(M)-g-NH., was further
modified with hydrophilic succinylated mPEG12 side chains via Steglich esterification to yield
water soluble graft copolymers, PGA(M)-g-NH2-g-mPEG12. Such techniques like *H NMR
and FTIR spectroscopy were used to investigate their chemical structures. The degree of
primary amine and mPEG12 functionalization was determined from *H NMR measurements as
16 mol% (with nearly two amine groups per polymer chain) and ~80 mol% of total OH-groups,
respectively. Moreover, the molar mass distribution of these polymers was characterized by
GPC. Subsequently, PGA(M)-g-NH»-g-mPEG12 was subjected for the conjugation reaction
with a model protein, DMC, mediated by a variant of thermoresistant mTGase-S2P at 37 °C

and the formed conjugates were analyzed by SDS-PAGE stained with Coomassie blue as a
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direct proof technique. A new band of higher molar mass appeared on the SDS-PAGE
associated with the disappearance of pure DMC band at the end of the reaction, thus, confirming
the efficient formation of DMC-PGA(M) conjugates in the presence of mTGase-S2P.
Furthermore, a series of control experiments were conducted. For instance, (i) DMC was
incubated with a fluorescent dye bearing primary amine group, monodansyl cadaverine (MDC),
in the presence of mTGase-S2P and the SDS-PAGE results revealed a shift of the protein band
to a higher molar mass fluorescent band detected under UV light demonstrating the successful
conjugation of DMC with MDC, (ii) B-casein was incubated with mTGase-S2P to yield cross-
linked aggregates of high molar masses observed on SDS-PAGE which can be explained by
the self-cross-linking between the Lys residue of one 3-casein molecule and the Gln residue of
another B-casein molecule, and finally (iii) DMC was incubated with mTGase-S2P as a negative
control and no significant self-cross-linking of DMC was observed on SDS-PAGE. These
results were very promising to further expand the application of this enzymatic approach using

therapeutic proteins that can improve their in vivo therapeutic efficiency.

In the second part of the present work, the potential of mTGase-mediated conjugation reaction
using a therapeutic protein, rHUEPO, at the level of Gln residues with the aim to generate new
rHUEPO conjugates was explored. Since the accessible GIn residues by TGases should be
located in highly flexible and unfolded segments of the protein, thermal stability analysis of
rHUEPO was conducted by nano differential scanning fluorimetry (nanoDSF) and the results
showed a reversible thermal unfolding of rHUEPO without protein aggregation, i.e. it retains its
native folded state upon cooling down. The Tm of rHUEPO was further investigated as 54.3 °C,
where half of rHUEPO molecules are in the unfolded state. Accordingly, variant mTGase-TG®,
with higher thermostability than mTGase-S2P was applied for the conjugation reactions. As a
proof of principle study, the reactivity of rHUEPO towards mTGase-TG*® using MDC substrate
was studied at 54 °C before and after treatment with PNGase F which releases the N-linked
glycan. The presence of fluorescent bands under UV light at the molar mass of glycosylated (~
35 kDa) and N-deglycosylated rHUEPO (~ 18.4 kDa), verified the successful conjugation. After
that, another mTGase-TG!®-recognizable substrate based on the biodegradable and water
soluble polyester, PDSA, was prepared for the conjugation reaction with rHUEPO. Since PDSA
was synthesiszed using DVA as a monomer, some vinyl end groups were remaining at the end
of enzymatic polymerization and able to undergo aza-Michael addition reaction of primary
amine groups to these end groups after modification. Accordingly, and in order to avoid this

possibility, vinyl end groups were protected with N-acetyl-L-cysteine methyl ester (Ac-L-Cys
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ME) via thiol-ene based Michael reaction as a critical step in this study. Afterwards, amine-
modified PDSA, namely PDSA-g-NH, was synthesized and well characterized by 'H NMR
spectroscopy. On the basis of *H NMR measurements, the grafting degree of primary amine
was determined as ~13 mol% with respect to all OH-groups along the polymer backbone, which
results in about five amine groups per polymer chain. Further, PDSA-g-NH> was partially
modified with a fluorescent dye, rhodamine B-isothiocyanate, and thoroughly characterized by
'H NMR spectroscopy. Then, both synthesized polyesters, i.e. PDSA-g-NH, and Rhodamine-
labelled PDSA-g-NH, were subjected for mTGase-TG®-mediated conjugation reaction with
rHUEPO at 54 °C before and after treatment with PNGase F and the formed conjugates were
analyzed by SDS-PAGE. After separation by electrophoresis, all fluorescent bands were
visualized under UV light and then stained with silver nitrate. From SDS-PAGE analysis, the
conjugated species displayed a high molar mass band ~ 184 kDa in addition to the appearance
of cross-linked aggregates accompanied with a subsequent decrease of the pure rHUEPO band.
These results were confirmed by the presence of high molar mass fluorescent bands under UV
light corresponding to the investigated conjugates. Thus, the preparation of novel rHUEPO-
PDSA conjugates was achievable by the use of mTGase-TG*® at the Tm of rHUEPO and even in
the presence of N- and O-glycans. The biodegradability of PDSA exhibits a potential advantage
over the well-established PEG to produce biodegradable rHUEPO conjugates that may have a
positive impact on rHUEPO in vivo performance. Additionally, various control experiments
were performed, (i) the reaction of rHUEPO with mTGase-TG® revealed that no self-cross-
linking of rHEPO has occurred, (ii) the reaction of MDC with mTGase-TG® resulted in the
conjugate formation, and finally (iii) the reaction of PDSA-g-NH2 with mTGase-TG® resulted

in the formation of cross-linked aggregates.

In short, two enzymatically synthesized polyesters, PGA(M) and PDSA, modified with the
same functional linker group were successfully conjugated to DMC and rHUEPOQ, respectively,
using mTGase as a cross-linker catalyst, hence, establishing one approach to develop new
acceptable substrates for mTGase. In both respects, protein-polymer conjugates of higher molar
mass were obtained due to the presence of multiple reactive sites, i.e. amine groups along the
polymer backbones as well as GIn residues on the protein substrates. On the basis of these
promising results, further research should be conducted to first identify the site of reaction on
rHUEPO, i.e. the GIn residues that were specifically modified by mTGase-TG*® and second to
investigate the impact of polymer conjugation on protein solubility, activity, stability against

enzymatic cleavage, and bioavailability.
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In the last part of this work, well-defined and hydrophilic PGA-based networks were
synthesized using highly efficient aza-Michael addition chemistry. Initially, the CAL-B-
catalyzed polytransesterification reaction between DV A and glycerol has resulted a linear PGA
having some a,B-unsaturated (vinyl) end groups able to serve as aza-Michael acceptors. By
esterification with side chains terminated with protected amine groups, modified PGA was
successfully synthesized and comprehensively characterized by *H NMR, *C NMR, and FTIR
spectroscopy. HR MALDI-TOF mass spectrometry was also conducted in order to determine
the molar mass of PGA before and after modification as well as to confirm the presence of vinyl
end groups beside hydroxyl end groups. After Fmoc deprotection process, free primary amine
groups along the PGA backbone were obtained to serve as aza-Michael donors. These
nucleophilic amines subsequently reacted with vinyl end groups of PGA via aza-Michael
addition reaction to produce hydrogel under catalyst-free conditions and without the formation
of by-products. The successful aza-Michael addition of primary amines to vinyl end groups of
PGA and the formation of PGA-based networks were confirmed by solid state 13C SP MAS
NMR and FTIR spectroscopy, which showed a complete disappearance of vinyl end groups and
the appearance of new carbon—nitrogen bonds. On the basis of *C SP MAS NMR
measurements, the degree of grafting of amine groups was calculated as 10 mol% of total OH-
groups. Network heterogeneity and defects were investigated using *H DQ NMR spectroscopy
and the results revealed that two main components with distinct relaxation times and dipolar
coupling constants form the elastic network structure, i.e. a strongly coupled network
component of 39% and a weakly coupled network component of 54% with network defects of
7%. These novel PGA-based networks with promising properties such as biocompatiblity and
biodegradability can serve as a tunable platform for sustained release of many hydrophilic
therapeutics. However, further studies will be necessary on investigation of the therapeutic in
vitro release from these networks under different conditions, followed by in vivo release
behavior study and thus, improve their role within the field of controlled drug delivery in
addition to extend its application for cell imaging, tissue engineering, and regenerative

medicine.

Overall it has been shown that enzymatically synthesized polyesters offer an interesting tool for
the preparation of various biocompatible and biodegradable protein-polymer conjugates as well
as polymeric networks with a great potential to be applied as carriers for controlled delivery of

proteins and drugs.
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