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Abstract 

The combination of functionalized microgels with biomacromolecules presents versatile 

opportunities in biomedical and biotechnological fields, offering enhanced biocatalytic 

applications. This thesis therefore focuses on the synthesis of different microgels for the 

loading of proteins and enzymes. First, stimuli-responsive microgels containing ionizable 

functional groups were synthesized utilizing precipitation polymerization. These microgels 

were characterized using various techniques such as Infrared Spectroscopy, Dynamic and 

Electrophoretic Light Scattering, NMR relaxometry, and Electron Microscopy. The 

responsiveness of the microgels to various stimuli was elucidated. Most importantly, these 

biocompatible microgels demonstrated their utility for ionic binding of positively charged 

cytochrome c, thereby showcasing their potential for protein immobilization. Moreover, 

immobilizing His6-tagged hyaluronan synthase onto these microgels via metal affinity binding, 

particularly using nickel ions, enabled repetitive enzymatic production of hyaluronic acid with 

unmatched yields, as monitored through capillary electrophoresis. Additionally, other 

glycosyltransferases were immobilized onto poly(ethylene glycol)-based microgels 

synthesized using droplet-based microfluidics. Enzyme immobilization through on-chip 

encapsulation was compared to post-attachment of enzymes to pre-synthesized microgels. 

For enzyme attachment, non-selective thiol Michael addition and selective SpyTag-SpyCatcher 

interaction were utilized, complemented by immobilization through mainly non-covalent 

interactions. Analysis of microgels involved optical microscopy for size determination, infrared 

spectroscopy for determination of chemical composition, and permeability assays for porosity 

assessment. Additionally, enzyme immobilization was confirmed using Bradford and 

fluorescamine assays while High-Performance Liquid Chromatography (HPLC) revealed the 

enzymatic activities for each glycosyltransferase. Utilizing the most suitable 

glycosyltransferase-microgels, cascade reactions were demonstrated, showcasing potential 

pathways toward a larger library of glycan products and a more efficient glycan synthesis. 

These findings underscore the synergistic potential of combining microgels with 

biomacromolecules in biomedical and biotechnological applications, particularly in the 

enzymatic production of complex glycans. 
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Zusammenfassung 

Die Kombination aus funktionalisierten Mikrogelen und Biomakromolekülen eröffnet 

vielseitige Anwendungen in der Biomedizin und Biotechnologie, insbesondere bei 

enzymatischen Synthesen. Diese Arbeit befasst sich mit der Synthese verschiedener Mikrogele 

zur Aufnahme von Proteinen und Enzymen. Zunächst wurden stimuli-responsive, ionisierbare 

Mikrogele mittels Fällungspolymerisation synthetisiert. Diese Mikrogele wurden mit 

verschiedenen Techniken wie Infrarotspektroskopie, dynamischer und elektrophoretischer 

Lichtstreuung, NMR-Relaxometrie und Elektronenmikroskopie charakterisiert, wobei 

besonders die Stimuli-Responsivität untersucht wurde. Besonders wichtig ist, dass diese 

biokompatiblen Mikrogele ihre Eignung zur ionischen Bindung des positiv geladenen 

Cytochrom c zeigten und somit ihr Potenzial für die Proteinimmobilisierung unter Beweis 

stellten. Anschließend wurde die Immobilisierung einer His6-Tag Hyaluronan-Synthase in 

diesen Mikrogelen über Metallchelat-Affinität untersucht, wobei die Verwendung von Ni2+ die 

besten Ergebnisse lieferte. Hyaluronsäure wurde wiederholt in hervorragenden Ausbeuten 

produziert, was mittels Kapillarelektrophorese überwacht wurde. Zusätzlich wurden weitere 

Glycosyltransferasen in Polyethylenglykol-basierten Mikrogelen immobilisiert, die mittels 

tropfenbasierter Mikrofluidik synthetisiert wurden. Die Enzymimmobilisierung durch On-Chip-

Einkapselung wurde mit der Anbindung von Enzymen an zuvor synthetisierte Mikrogele 

verglichen. Für die Enzymanbindung wurden Thiol-Michael-Addition, selektive SpyTag-

SpyCatcher-Interaktion und nicht-kovalente Wechselwirkungen genutzt. Die Analyse der 

Mikrogele umfasste optische Mikroskopie, Infrarotspektroskopie und Permeabilitätstests. 

Darüber hinaus wurde die Enzymimmobilisierung mittels Bradford- und Fluorescamin-Tests 

bestätigt, während die Hochleistungsflüssigkeitschromatographie zur Überprüfung der 

enzymatischen Aktivitäten genutzt wurde. Mit den am besten geeigneten 

Glycosyltransferase-Mikrogelen wurden Kaskadenreaktionen durchgeführt, um eine größere 

Bibliothek von Glykanprodukten zu erzeugen und Wege zu einer effizienteren Glykansynthese 

aufzuzeigen. Die verschiedenen Erkenntnisse unterstreichen das synergetische Potenzial der 

Kombination von Mikrogelen mit Biomakromolekülen in biomedizinischen und 

biotechnologischen Anwendungen und ebnen den Weg für Fortschritte in diesen Bereichen, 

insbesondere bei der enzymatischen Synthese komplexer Glykane. 
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I. Introduction 

1. Motivation and Scientific Background 

Microgels are three-dimensional, crosslinked polymer networks and are characterized by their 

ability to swell in compatible solvents.1 They range in size from 100 nm to 100 µm and are, 

thus, located in the colloidal regime.1–3 While they still retain a significant amount of solvent, 

microgels resemble hard colloids in the collapsed state.3 Their properties are, however, 

different from those of common colloids, as they exhibit a soft texture and present a fuzzy 

surface along with dangling polymer chains when swollen.3 The reversible switching between 

the collapsed and the swollen state is often imparted by external stimuli such as pH, ionic 

strength, or temperature, characterizing them as stimuli-responsive.4 

Microgels often exhibit excellent biocompatibility owing to their high water content,5 making 

them suitable for various bio-applications. Furthermore, their porous structure allows for the 

uptake and release of various guest molecules, such as proteins, in response to environmental 

stimuli.6 Proteins, unlike more stable compounds, are typically highly vulnerable to alterations 

in their active structure. Changes caused by proteolysis, oxidation, or deamidation, can 

diminish their functionality.7 Within a microgel carrier, it is possible to maintain the native 

conformation of the biomacromolecule and limit its aggregation, thus preserving its biological 

functionality. The proteins are protected from hydrolysis and other types of chemical and 

enzymatic degradation.8 

Thereby, the uptake of biomacromolecules in microgels extends beyond structural proteins. 

Microgels are particularly intriguing for immobilizing enzymes with specific functions, 

representing a promising field of research.9 Enzymes, as natural biocatalysts, are particularly 

valuable for the synthesis of complex compounds, where chemical synthesis may require 

selective protection and deprotection along with time-consuming procedures for the removal 

of side products.9–11 However, enzymatic synthesis also presents several challenges, including 

the expensive and time-consuming process of enzyme expression, as well as the separation of 

products from soluble enzymes.11 Immobilizing enzymes on a specific carrier could eliminate 

this issue by allowing for both simplified enzyme reusability and product isolation. The unique 

combination of deformability and penetrability of microgels, coupled with a stable structure12 
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renders them ideal for the uptake of enzymes and for facilitating enzymatic reactions by 

allowing substrates and products to penetrate.13 

Especially for synthesizing glycans, the use of enzymes has proven to be useful,14 particularly 

the class of glycosyltransferases (GTs), which catalyze the formation of glycosidic linkages 

between single saccharide units.15 Glycans consist of such covalently linked monosaccharides 

and can exist in the form of oligo- and polysaccharides.16 Connecting monosaccharides to 

create glycans results in structures of vast diversity with widely varying properties.17 This 

versatility enables glycans to fulfill diverse functions, encompassing lubrication, cell-cell 

recognition, interactions between cells and other species, as well as roles in protein folding 

and stability and more.17–19 The conjugation of glycans to other molecules such as lipids and 

proteins to form glycoconjugates further extends their properties and functions.17 Given their 

significance in numerous biological processes, glycans and glycoconjugates are employed in 

various industrial sectors. Amongst others, they find applications in the biomedical field, for 

instance in drug and vaccine development.20 Additionally, they are utilized in cosmetics21 and 

nutrition for the production of human milk oligosaccharides (HMOs)22 or prebiotics.23 

Despite the advantages, immobilization offers in enabling multiple cycles of glycan production 

using the same enzymes,24,25 only a few GTs have been previously immobilized for their use in 

glycan synthesis.26–31 This immobilization strategy, however, has the potential to make glycan 

synthesis more economical and necessitates further exploration in research.13,24  
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2. Aim and Scope of the Thesis 

Within the scope of this thesis, the overarching goal is to combine biomacromolecules and 

microgels to create materials with exceptional properties leveraging the unique 

characteristics of both systems. The highly porous and adaptable polymer network of 

microgels can be used for the uptake of guest molecules which can bring diverse 

functionalities into the system while microgels preserve their functionality. Their excellent 

biocompatibility makes microgels suitable for various bio-applications. These characteristics 

enable microgels to provide an advantageous system for the uptake of biomacromolecules, 

preserving their native conformation, limiting aggregation, and protecting them from 

degradation. Additionally, their stimuli-responsive nature facilitates stimuli-dependent 

uptake and release. Among different biomacromolecules, specific proteins or enzymes can be 

immobilized. This setup is particularly beneficial for enzymatic synthesis, such as glycan 

production, by enabling enzyme reuse and simplifying product purification. 

The produced glycans play crucial roles in various biological processes, offering diverse 

functions such as lubrication, cell recognition, and protein stability. Due to their use in 

numerous industrial sectors, their efficient production is important which can be improved 

through the use of microgel-immobilized enzymes. GTs thereby catalyze the formation of 

glycosidic linkages between single saccharide units, enabling the synthesis of various glycans. 

Next to monoenzymatic reactions, enzymatic cascade reactions in microgels can be used to 

further expand the library of synthesizable products.  

The central focus of this thesis, which revolves around the uptake of biomacromolecules, 

particularly proteins and enzymes, in microgels, is illustrated in Figure I.1. In the first part, a 

preliminary proof of concept demonstrates the use of microgels for protein uptake. In the 

second and third parts, complex glycans were synthesized through the enzymatic action of 

immobilized GTs. 
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Figure I.1 The scope of this thesis is the uptake of biomacromolecules in microgels that are 
useful for different applications. Microgels were synthesized starting from their monomers or 
reactive pre-polymers. A model protein was incorporated to demonstrate the uptake of 
biomacromolecules. Then, different enzymes were immobilized and used for enzymatic glycan 
production. Glycans are illustrated using sugar symbols according to the Symbol 
Nomenclature for Glycans (SNFG). Depicted saccharides are composed of the 
monosaccharides N-acetylglucosamine (GlcNAc), glucuronic acid (GlcA), glucose (Glc), and 
galactose (Gal), connected through glycosidic linkages. Some of the depicted saccharides are 
sugar nucleotides, however this is not shown to simplify the process. 

The findings are described in three separate chapters, namely  

- Multi-Responsive Nitrilotriacetic Acid Functionalized Microgels as Protein Carriers 

- Nitrilotriacetic Acid Functionalized Microgels as Carriers for Hyaluronan Synthase: 

Enzymatic Hyaluronic Acid Synthesis 

- PEG-Based Microgels as Carriers for Glycosyltransferase: Enzymatic Cascading for 

Glycan Synthesis 

Initially, a promising system for the uptake of biomacromolecules was synthesized: a synthesis 

method was developed, using precipitation polymerization to create poly(N-vinylcaprolactam) 

(pVCL)-based core-shell microgels featuring a nitrilotriacetic acid (NTA)-rich shell. The 

prepared microgels exhibited multi-responsive behavior to stimuli such as temperature, ionic 

strength, and pH. This characteristic makes them valuable for stimuli-dependent uptake and 

release of guest molecules. The uptake of guest molecules was demonstrated by the loading 

of a model protein through electrostatic forces (Chapter III). 

Subsequently, the immobilization technique for these microgels was further developed from 

electrostatic immobilization to a method involving specific interactions with the His6-affinity 
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tag incorporated in the enzyme hyaluronan synthase. NTA was employed here as a complexing 

agent for metal affinity binding. The effectiveness of this technique was further evaluated by 

testing the resulting enzymatic activity (Chapter IV). 

Finally, poly(ethylene glycol) (PEG)-based microgels containing immobilized GTs were 

synthesized using droplet microfluidics. GT-microgels fabricated through on-chip enzyme 

encapsulation were compared to GT-microgels obtained by post-attachment of enzymes to 

pre-synthesized microgels. The non-selective thiol Michael addition and selective SpyTag-

SpyCatcher interaction were employed for enzyme attachment. The microgels were tested for 

their ability to form glycans, both using the GT-microgels separately and in enzymatic multi-

step cascade reactions (Chapter V). 
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II. Theoretical Background 

1. Microgel Properties and Synthesis Strategies 

1.1. Exploring Microgels: Beyond Typical Colloids 

As previously described, microgels are three-dimensional polymer networks that are known 

for their ability to swell in compatible solvents.1 Despite falling within the colloidal regime, 

they possess distinct properties that set them apart from typical colloids.2  

According to IUPAC, colloids are defined as molecules or polymolecular particles dispersed in 

a medium with sizes ranging between 1 nm and 1 μm in at least one dimension.3 Felix Plamper 

and Walter Richtering have classified three categories of colloids: rigid particles, flexible 

macromolecules, and micellar aggregates based on surfactants.2 Instead of being assigned to 

one of these categories, microgels combine typical characteristics of all of these (Figure II.1).1,2  

 

Figure II.1 This illustration was created based on a similar figure of Plamper and Richtering.2 It 
illustrates the connection between microgels and typical colloids. Microgels combine 
properties of rigid particles, flexible macromolecules, and micellar aggregates. 

Similar to macromolecules, microgels exhibit softness and respond rapidly to alterations in 

solvent quality through changes in their local conformation; similar to colloidal particles, they 

can undergo crystallization at high volume fractions; and similar to surfactants, they can 

adsorb to interfaces and reduce interfacial tension.1,4 Therefore, by combining characteristics 

of very different classes of materials, innovative applications across various fields are 

enabled,2 including applications in sensing,5,6 catalysis,7,8 and drug delivery.9,10  
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Furthermore, microgel material properties can be finely tuned by selecting distinct 

architectures and combinations of different monomers, providing the flexibility to introduce 

chemical functionalities at various positions. Through this approach, microgels facilitate the 

short-range coexistence of otherwise unstable combinations of chemical reactivity by 

combining architectural diversity with the compartmentalization of reactive groups.2 

One example of a material property that can be introduced by specific (co-)monomers is 

sensitivity to various stimuli. Stimuli-responsive microgels have the ability to change their 

properties depending on environmental conditions, making them particularly interesting for 

various applications. Stimuli-responsiveness therefore warrants further discussion. 

 

1.2. Stimuli-Responsiveness of Polymers and Microgels 

Microgels can possess stimuli-responsive properties, which can be described as stimuli-

induced conformational and chemical changes in the polymeric system.11,12 These stimuli 

typically are alterations in the material's environment, including changes in pH or 

temperature, and the presence or absence of specific chemical and biological compounds. 

Further stimuli can be the application of electrical, magnetic, or electromagnetic fields.11 

Especially temperature-responsive properties of microgels, which are connected to the lower 

critical solution temperature (LCST) of their corresponding linear polymers, have gained much 

attention.13,14 The LCST is dependent on various factors, including the degree of 

polymerization and polydispersity index (PDI).15 At the LCST, linear polymers experience a coil-

to-globule transition. This transition arises from the balance between entropy and enthalpy, 

mainly involving the movement of solvent molecules versus the hydrogen and van der Waals 

bonds among solvent molecules and the polymer.13 At temperatures below the LCST, 

hydrogen bonding between the polymer and solvent prevents the dissociation of solvent 

molecules. However, as the temperature increases, hydrophobic interaction between 

polymer chains increases, while the number of hydrogen bonds decreases due to disruption 

by the increasing movement of solvent molecules.15 The release of solvent molecules from 

the network leads to a collapse of the polymer chains. The associated gain in entropy is 

explained by the increased translational and rotational motion of solvent molecules when 

they are no longer packed into a cage surrounding the polymer.13,15 In microgels, this 
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temperature-responsivity manifests as a volume change triggered by a significant expulsion of 

solvent at a specific temperature, known as the volume phase transition temperature (VPTT). 

This terminology highlights the microgel’s volume collapse at this temperature, contrasting 

with the nearly complete desolvation observed for linear polymers.13 In Figure II.2, the 

behavior of polymers and microgels upon encountering the LCST (polymers) and the VPTT 

(microgels) is depicted, showing the similarity between both processes. 

 

Figure II.2 Schematic depiction of the behavior of (a): linear polymers and (b): microgels upon 
encountering the LCST and VPTT, respectively. Linear polymers undergo a coil-to-globule 
transition at the LCST, while microgels display a volume change through a significant expulsion 
of solvent a the VPTT. Both processes are reversible. 

Poly(N-isopropylacrylamide) (pNIPAM), with an LCST of 32 °C, is the most extensively studied 

temperature-sensitive polymer due to the proximity of the LCST to human body temperature 

and the insensitivity to environmental conditions.16 A polymer exhibiting a similar LCST is 

poly(N-vinylcaprolactam) (pVCL),17 which, in contrast, possesses a higher tunability through 

added salts, surfactants, or cosolvent.18 Furthermore, its LCST value decreases with increasing 

polymer chain length and concentration.17 This tunability can enable specific applications 

depending on the desired LCST. 

Comparing pNIPAM and pVCL with one another, there is no significant difference in short-

term biocompatibility, as observed after 12 h by Vihola et al.19 However, Hoare and Pelton20 

have shown that pNIPAM is partially hydrolyzed under acidic conditions. Hydrolysis can lead 

to the formation of low molecular weight amine compounds which may impart higher 

cytotoxicity of pNIPAM in long-term studies.17,21 Contrary, pVCL is rather stable against 

hydrolysis and, therefore, is expected to be more biocompatible for long-term applications. If 

hydrolysis of the amide bond occurs under harsh, acidic conditions, a polymeric carboxylic acid 
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forms.22 Without the formation of low molecular weight compounds, higher biocompatibility 

is expected making pVCL more suitable for biomedical applications.21,23 

Next to NIPAM and VCL, other known monomers suitable for the synthesis of temperature-

responsive polymers or microgels are for example N-vinylpyrrolidone (VP) (LCST 30 °C)24 and 

N-isopropylmethacrylamid (NIPMAM) (LCST 42 °C)25. The monomers are shown in Figure II.3 

along with their LCST. 

 

Figure II.3 Chemical structures of different monomers that exhibit temperature-responsive 
behavior when polymerized, along with typical LCST values16,18,24,25 of their polymers. 

The LCST of linear polymers can be further altered depending on specific needs: incorporating 

hydrophilic and ionic comonomers leads to an increase of the LCST,26–28 while incorporating 

hydrophobic comonomers leads to a decrease.27,28 Analogous to this, the VPTT of microgels 

can be affected.29,30 The incorporation of hydrophilic groups reduces the hydrophobic 

attraction between polymer chains, while the incorporation of ionic groups imparts 

electrostatic repulsion between polymer chains, both leading to an increase in the VPTT. 

Contrary, the incorporation of hydrophobic groups leads to higher hydrophobic attraction and 

therefore a decrease in the VPTT.31,32  

Microgels can exhibit a core-shell structure characterized by variations in crosslinking density 

or functionalization, leading to distinctive volume phase transition (VPT) behavior. This 

phenomenon occurs because the swelling and deswelling of microgels may not happen 

simultaneously in all compartments. Instead, a stepwise VPT can occur, where different parts 

of the microgel undergo a phase transition at different temperatures. A stepwise VPT is 

typically attributed to an inhomogeneous distribution of functional groups within the microgel 

core and shell. At lower temperatures, the initial deswelling can be explained by the collapse 

of uncharged, more hydrophobic polymer chains, while deswelling at higher temperatures is 

usually attributed to the collapse of more hydrophilic or charged polymer chains.33–35 Such a 

stepwise collapse is schematically illustrated in Figure II.4, depicting a core-shell microgel with 
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negative charges in the microgel shell. The stepwise collapse is not only more pronounced for 

a higher number of charged comonomers, but also for lower amounts of crosslinker being 

used, primarily due to the presence of long dangling chains.33 The number of steps in this 

deswelling process depends on the level of heterogeneity, which, in turn, is influenced by the 

distribution of comonomers within the microgel.33,35 

 

 

Figure II.4 Schematic depiction of core-shell microgels across the VPT, transitioning from the 
swollen to the collapsed state (from left to right). The microgels feature a neutral core and a 
negatively charged shell (with the negatively charged groups depicted in red and counterions 
depicted in blue). This stepwise VPT arises from the inhomogeneous distribution of charged 
groups within the microgel core and shell, resulting in stronger repulsion among polymer 
chains within the microgel shell compared to the core. Deswelling at lower temperatures is 
attributed to the collapse of uncharged, more hydrophobic polymer chains while deswelling 
at higher temperatures is attributed to the collapse of more hydrophilic or charged polymer 
chains. The VPT is reversible. 

The responsiveness of microgels to stimuli other than temperature often stems from similar 

underlying mechanisms, involving the interplay of hydrophobic interactions among polymer 

chains and interactions between the polymer chains and the solvent.36,37 However, among 

different stimuli, temperature-responsiveness has been investigated the most, primarily due 

to its utilization in a very well-known synthesis pathway: precipitation polymerization. 

 

1.3. Precipitation Polymerization 

One of the most commonly used methods to synthesize microgels is precipitation 

polymerization, which was first established by Pelton et al. in 1986.14,38 The method is used 

for the synthesis of temperature-sensitive microgels and is performed well above the LCST of 

the formed polymers.32  
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All components, monomers, crosslinkers, and initiators, are dissolved in water, which is 

heated to the polymerization temperature. Here, the employed water-soluble initiators 

decompose, generating free radicals.32 Microgel particle formation occurs through a 

homogeneous nucleation mechanism and uses the low solubility of the polymers above the 

LCST. Once the polymers reach a certain critical length, they precipitate out of solution, which 

accounts for the term “precipitation polymerization”.12,32 Collapsed polymer chains form 

colloidally unstable precursor particles which can grow further through various mechanisms 

until reaching colloidal stability. They grow through the aggregation of several precursor 

particles, deposition on the surface of larger polymer particles, or further reaction with 

monomers or macroradicals.14,32 Reaching a critical size, microgels become stabilized through 

charges originating from the initiator fragments incorporated into the polymer chains during 

nucleation and growth.32 These charges are normally located on the outer part of the microgel 

and lead to electrostatic repulsion of microgel particles from one another.33 After completion 

of the polymerization reaction, the solution is cooled down, causing the synthesized microgels 

to swell below the VPTT. Here, microgels are stabilized by steric repulsion of dangling chains, 

an enthalpic effect, and due to the formation of hydrogen bonds between polymer segments 

and water molecules, an entropic effect.32 The simplified mechanism for precipitation 

polymerization according to Pich and Richtering32 is depicted in Figure II.5. 

  

 

Figure II.5 The simplified mechanism for precipitation polymerization according to Pich and 
Richtering.32 Monomers, including crosslinker, are dissolved in water along with the initiators. 
The solution is heated to the polymerization temperature, which is located above the LCST. 
Oligoradicals grow until reaching a critical length, upon which they precipitate to form 
precursor particles. The particles further through various mechanisms until reaching colloidal 
stability. After completing synthesis, the microgels are cooled down and swell below the VPTT. 
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Employing precipitation polymerization for microgel synthesis offers several advantages. 

Various operational modes, including batch, semi-batch, or continuous polymerization, enable 

the optimization of reaction conditions and the customization of microgel properties to meet 

specific requirements. Additionally, microgel size can be finetuned by introducing 

comonomers or surfactants, resulting in microgels ranging from as small as 100 nm to 3 µm 

with a highly narrow size distribution. Furthermore, the integration of various comonomers 

enhances the versatility of microgel functionality.32 

However, precipitation polymerization also comes with a few limitations. The high 

polymerization temperature poses challenges, as it allows for the use of only thermostable 

materials, making it difficult to incorporate biomacromolecules during the polymerization 

process.32 Additionally, generating larger microgels above 3 µm or nanogels3 with sizes below 

100 nm can be difficult.32 Finally, the formation of a sol fraction, comprising linear or slightly 

branched polymer chains, during the polymerization process might impact the overall yield 

and purity of the microgels. This fraction can be removed by an additional purification step 

but along with a certain loss of yield. Effective cleaning procedures may involve dialysis or 

centrifugation followed by redispergation in water.14,32 

 

1.4. Droplet-Based Microfluidics 

Targeting some major drawbacks of precipitation polymerization, the additional use of 

droplet-based microfluidics for specific applications proves advantageous. This approach 

allows for the generation of larger microgel particles, typically ranging from 10 µm to several 

hundreds of micrometers.39,40 The microgels generated during this process surpass the 

colloidal regime3 with their sizes reaching macroscopic levels. While IUPAC clearly defines 

microgels as particles with diameters up to 100 µm, the definition in literature is often 

extended to hundreds of micrometers.41–43 Therefore, throughout this thesis, the term 

“microgels” will also be used to refer to gel particles with larger sizes. It is important to note 

that they may possess different properties compared to colloidal microgels, and can therefore 

be used in other areas.44,45 

Using droplet-based microfluidics, microgels are prepared via emulsion templating: In this 

process, at least two immiscible fluids are dispersed to form droplets, which are subsequently 
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subjected to gelation.40 The key to controlling the morphology of microgels lies in controlling 

the size and shape of the templating pre-microgel droplets and retaining their shape by a 

crosslinking process.40,46  

Two methods for droplet-based microfluidics have been developed: the assembly of different 

glass microcapillaries to form a microfluidic device or the imprinting of microfluidic channels 

on a poly(dimethylsiloxane) (PDMS) device via soft lithography.46 Furthermore glass capillary-

PDMS hybrid devices have previously been fabricated.47 While glass capillaries are highly 

resistant to chemicals, they are more susceptible to mechanical failure or damage compared 

to PDMS devices. Additionally, fabricating glass capillary devices requires advanced skill and 

precision and may be more time-consuming. Conversely, creating PDMS devices is notably 

simpler. Finally, the fabrication technique for PDMS devices offers exceptional precision and 

design flexibility, allowing for the fabrication of microfluidic channels with customized 

geometries.46 Given the inherent advantages of PDMS devices, this thesis will primarily focus 

on their utilization for droplet-based microfluidics. 

Photolithography is used to pattern a negative photoresist on a silicon wafer, employing a 

true-to-scale printed photomask as a template.46,48 The patterned silicon wafer obtained, 

referred to as the master, serves as the basis for generating replicas. Non-crosslinked PDMS is 

poured onto the master and cured to produce replicas. Once the cured PDMS replica is 

removed from the master, it is typically bonded to a glass cover and connected to tubing, 

which can be inserted through the PDMS using tubing punch holes. This bonding process is 

facilitated by an earlier treatment of both the cover slide and the PDMS replica with oxygen 

plasma, promoting covalent bonding between the PDMS replica and the cover slide.48 This 

process results in the fabrication of a PDMS device with micrometer-sized channels. 

Different geometries can then be used for droplet formation. In all geometries, two immiscible 

phases are used, where the stream of the dispersed phase is interrupted by the continuous 

phase, leading to the formation of droplets.49 In the T-junction geometry, as the droplet phase 

enters the junction, the continuous phase establishes a thin film layer between the dispersed 

phase and the device walls. This leads to a rise in pressure, effectively compressing the 

dispersed phase and inducing droplet formation.49,50 Co-flowing geometry involves the two 

phases flowing in the same direction within two concentric channels, with the dispersed phase 
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being fed into the inner channel and the continuous phase being fed into the outer channel. 

When the continuous phase stream exerts sufficient shear stress, it can break up the aqueous 

phase into droplets, driven by the surface tension and the interaction between immiscible 

fluids.39,49 In flow-focusing geometry, the two immiscible liquids are introduced through one 

central and two side channels from opposite directions. The aqueous phase in the central 

channel is constrained in the narrow orifice by the shear force exerted by the stream of the 

continuous phase. The highly regular breakup of the thread of the dispersed phase results in 

droplets with a narrow size distribution.49 

Fabricating and operating co-flow and flow-focusing devices is more demanding compared to 

T-junction devices because they require more complex channel geometries and additional 

channel inlets.48 However, especially the flow-focusing geometry offers significant advantages 

as it enables a more stable formation of droplets due to the symmetric shearing effect.51,52 

Furthermore, flow-focusing typically offers improved monodispersity, a superior frequency of 

droplet generation, and high flexibility in the size of the generated droplets.48 Therefore, flow 

focusing is one of the most frequently used techniques, if not the most frequently used 

technique, to generate droplets in microfluidic devices.48,52 

With the focus laid on flow-focusing microfluidic devices, the next step after droplet formation 

is crosslinking or polymerization of the pre-microgels. Typically, a water-in-oil (W/O) emulsion 

containing monomers or chemically reactive polymers in the aqueous phase is created. 

Subsequently, polymerization and crosslinking reactions can be conducted within the 

droplets.49,53 The crosslinked microgels can then be purified by several washing steps, 

removing the continuous oil phase and surfactants used for droplet stabilization.53  

The crosslinking or polymerization reactions in the droplets can be initiated by thermal or 

photoinitiators, which are widely used in droplet-based microfluidics.49,53,54 However, 

temperature and UV irradiation can be harmful to biological substances.55,56 Additionally, the 

presence of free radicals, whether UV-irradiation or thermally generated, may harm 

biomolecules.55,57 Therefore, as a viable alternative to initiation by temperature or UV light, 

this thesis focuses on pH initiation.57,58 Here, the use of click chemistry can be especially useful. 

Click chemistry is a set of chemical reactions with specific properties, defined by Sharpless et 

al. in 2001.59 The reactions should mimic natural processes by linking small building blocks via 
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heteroatom links. The reactions should take place under physiological conditions, employing 

simple processes that can tolerate the presence of oxygen and water. The reaction should 

exhibit a high thermodynamic driving force, facilitating rapid completion to yield a single 

product with minimal formation of byproducts. The reaction product should then be readily 

isolable in high yields.59  

Hydrothiolation additions can be facilitated by radicals or by catalytic processes involving 

nucleophiles, acids, or bases and meet the criteria outlined for click reactions. Consequently, 

Hoyle et al.60 have termed these reactions as “thiol click reactions”. Specifically, the reaction 

of interest is referred to as thiol Michael addition, which proceeds through an anionic chain 

mechanism.60 The pH-initiated thiol Michael addition has often been employed in 

microfluidics for crosslinking processes within pre-microgel droplets.58,61–64 Thereby biological 

substances such as cells58,61 or proteins64 have been incorporated. Possible thiol Michael 

acceptors are, amongst others, vinyl sulfones or acrylates.65 It has been shown that the 

Michael addition products of thiols with acrylates are prone to degradation due to partial 

hydrolysis of the ester linkages in the polymer chains.66,67 Therefore, the reaction of thiols with 

vinyl sulfones can be chosen as a more suitable technique, the products of which, connected 

via thioether sulfone bonds, are more stable.61,65 

Using thiol Michael addition, the polymerization reaction is directly initiated when counter-

reactive groups meet at a suitable pH. Therefore, either a pH change or the injection of 

different aqueous phases is needed. A possible geometry of a microfluidic device is shown in 

Figure II.6, featuring the use of separate aqueous phases. 
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Figure II.6 Schematic drawing of the microfluidic device geometry, featuring optical 
microscopy brightfield images of the fabricated PDMS device. The device is designed with a 
flow-focusing geometry for droplet formation. Two separate aqueous phases are introduced 
through distinct inlets, mixing shortly before being pinched off by the continuous phase, which 
is supplied through another inlet. The mixing sections supporting turbulent flow are 
highlighted in blue. 

In summary, compared to precipitation polymerization, droplet-based microfluidics offers the 

advantages of fabricating larger microgels and enabling synthesis at room temperature. While 

microgels produced via precipitation polymerization can be utilized for biomolecule 

attachment post-synthesis, droplet-based microfluidics emerges as the preferred method for 

biomolecule uptake during microgel synthesis. Consequently, the subsequent chapter 

discusses these distinct immobilization methods for biomolecules with the focus being laid on 

proteins and enzymes. 
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2. Protein and Enzyme Immobilization on Microgels 

As previously described, microgels are ideal for the uptake and release of guest molecules68 

because of their high porosity, high hydrophilicity, and biocompatibility.35,69 Aiming towards 

different applications, peptides, proteins, and enzymes have been immobilized in 

microgels.68,70 The reasons for immobilization are of different nature. While many 

biomacromolecule-microgel compounds aim toward drug delivery,70 immobilized enzymes 

are mainly used for biocatalytic applications.68 The use of immobilized enzymes enables their 

multiple reuse, as well as simple recovery of products.71,72 

R. A. Sheldon73 has defined three primary categories for enzyme immobilization, which can be 

transferred to the immobilization of proteins and other structurally similar 

biomacromolecules. These are summarized as crosslinking of enzymes to each other, or 

binding to support, subdivided into entrapment, and carrier binding,73 which will be explained 

in more detail below. Instead of using the term “carrier binding”, the term “post-attachment” 

is used in this thesis for a more illustrative description.  

Crosslinking enzymes or proteins to one another does not require the use of an additional 

carrier. However, due to low mechanical stability and low reproducibility,74 crosslinking is 

ruled out as an option in this thesis. Additionally, this immobilization technique is not suitable 

for applications where an uptake-release behavior is desired, such as drug delivery. The use 

of a carrier further enables the incorporation of a large variety of functional groups, extending 

possible applications such as surface attachment or selective interaction with desired 

molecules.73,75  

The carrier-based immobilization methods are entrapment in polymer matrices during 

polymerization or crosslinking, and binding to pre-fabricated support (post-attachment). They 

are schematically depicted in Figure II.7. For both methods, the location of the protein can 

vary from the external surface of the microgel to the microgel core.73 The synthesis of the 

support in the presence of the protein (entrapment or in situ immobilization) restricts the 

selection of possible materials and synthesis types, as proteins, enzymes, and other 

biomolecules are often not temperature-stable.55,56,68 As previously discussed, microgel 

synthesis through precipitation polymerization requires high temperatures,32 whereas 

droplet-based microfluidics does not.57,58 Therefore, droplet-based microfluidics would be the 
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more suitable way to immobilize enzymes or proteins through entrapment. In contrast, 

immobilization on a pre-fabricated microgel carrier (post-attachment) ensures that the 

enzyme or protein is not exposed to harsh conditions.75 This method is therefore suitable for 

microgels synthesized through both precipitation polymerization and droplet-based 

microfluidics. Microgels synthesized through precipitation polymerization have a higher 

surface-to-volume ratio due to their smaller size,32 which may enable higher surface 

functionalization. Conversely, microgels synthesized through droplet-based microfluidics can 

accommodate a higher amount of biomolecules in their core due to their lower surface-to-

volume ratio. The ideal location for immobilized biomolecules depends on the specific 

requirements of each application, considering factors such as accessibility and 

microenvironment. Post-attachment can be facilitated through various methods, including 

covalent attachment, ionic binding, complexation, or weak interactions as shown in Figure 

II.7.73 Using entrapment, the same interaction types can be employed for immobilization.76 

However, according to its denotation, in situ immobilization further utilizes the entrapment in 

a pore of suitable size, confining the enzyme or protein through steric effects.77,78 

Weak interactions, such as van der Waals forces or hydrophobic interactions, may fully retain 

enzymatic activity but are often too weak to maintain enzyme attachment to the carrier.68,73 

Ionic binding offers stronger attachment, however, it can be pH-dependent,35,79 which may 

not be advantageous for each application. Furthermore, regarding enzyme immobilization, 

the presence of ions can affect the kinetics of the enzymatic reaction, as well as the diffusion 

of enzyme substrates and products.69 Covalent bond formation provides stable enzyme 

attachment to the carrier,73 but it is often non-specific and can lead to alterations in the 

protein or enzyme structure, either through chemical or conformational changes.68,71,80 

Complexation, which can be of electrostatic or covalent nature81 can be considered as an 

additional option for binding. It involves the mutual binding of carrier and protein to a metal 

ion.76 Possibly combining different advantages of the binding types, a very interesting type of 

binding can be referred to as affinity binding. It describes a carrier interacting with a specific 

group in the enzyme or protein75,82,83 and therefore has the advantage of not binding to 

unwanted regions. It can entail different types of binding, from weak interactions, and ionic 

or covalent binding to complexation, and can also be a combination of different binding 

types.82 Various challenges may arise during immobilization, depending on the specific protein 
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selected and binding type. Generally, immobilization can induce an unfavorable protein 

conformation due to interactions with the polymer network.76 Additionally, diffusional 

limitations can pose significant challenges, particularly for enzyme immobilization, where 

substrates need to diffuse to and away from the enzyme.76 Therefore, each immobilization 

requires careful observation of the resulting protein immobilization efficiency or the retained 

enzymatic activity. 

 

Figure II.7 Different carrier-based methods of enzyme and protein immobilization according 
to Sheldon,73,76 here with microgel-carriers. For entrapment (top), the synthesis of the 
polymer network is performed in the presence of the protein, either through crosslinking of 
reactive copolymers or by polymerization of monomers and crosslinkers. For post-attachment 
(bottom), proteins are bound to pre-synthesized microgels. Various types of interactions or 
binding types are utilized to attach the protein to the microgel, including weak interactions 
such as van der Waals and hydrophobic interactions, electrostatic interactions, formation of 
covalent bonds, or mutual complexation of metal ions (Me2+) by the protein and microgel. In 
addition to the depicted interactions, combinations of these are also possible. While these are 
not schematically shown for entrapment, the same interaction types can be employed for 
immobilization, accompanied by confinement through steric effects. 
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Having established various techniques for protein and enzyme immobilization, it is crucial to 

revisit the selection of the species intended for immobilization. In the first segment of this 

thesis, the primary goal is to establish a proof of concept regarding the utilization of microgels 

as protein immobilization platforms. This is achieved by incorporating a model protein, 

without specifying a particular type of protein for later applications. However, in the 

subsequent sections, the focus shifts towards enzyme immobilization, specifically targeting 

the immobilization of glycosyltransferases (GTs). These enzymes catalyze the formation of 

glycosidic linkages between individual saccharide units, thereby facilitating glycan synthesis. 
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3. Glycosyltransferases and Glycan Production 

Glycans, which are oligo- or polysaccharides, are biopolymers of various chain lengths 

consisting of repeating units of monosaccharides.84 Glycoconjugates encompass a wide range 

of compounds, including glycoproteins, glycolipids, carbohydrate-based polymers, and 

glycosides of natural products.85 The involvement of glycans and glycoconjugates in numerous 

biological processes, including cell-cell interactions, protein folding, and protein stability, 

underscores their significant relevance in various biological contexts.86,87 The versatile uses of 

glycans and their conjugates give rise to numerous industrial applications, spanning 

biomedical applications, nutrition, and cosmetics, among others.80 Glycans and 

glycoconjugates exhibit remarkable structural diversity, making their chemical synthesis labor-

intensive due to numerous steps of selective protection and deprotection.88,89 Consequently, 

enzymatic synthesis emerges as a highly attractive alternative.89  

GTs are an especially interesting class of enzymes, as they serve as a valuable tool for 

synthesizing glycans, glycoconjugates, and their analogs.90 GTs thereby catalyze the formation 

of glycosidic linkages, which are covalent O-, S-, N-, or C-bonds connecting saccharides, 

typically monosaccharides, to other residues.91,92 This is realized through the transfer of a 

saccharide from a donor to an acceptor substrate. While sugar phosphates, sugar lipids, and 

simple saccharides can serve as donors, the majority of donor substrates are nucleotide 

sugars.92 Using sugar nucleotides as donor substrates, Leloir-type GTs are the most widely 

used enzymes for the formation of glycosidic bonds in nature. Thereby, either a nucleoside 

diphosphate (NDP) or a nucleoside monophosphate (NMP) monosaccharide can be used.90 A 

few of the most common nucleotide sugars for glycan synthesis are depicted in Figure II.8 

using sugar symbols according to the SNFG as well as their respective structural formula.93  

Having defined sugar nucleotides as donor substrates for Leloir GTs, a versatile choice of 

acceptor substrates can be made, including saccharides, proteins, lipids, nucleic acids, and 

other natural and artificial compounds. Therefore, GTs demonstrate exceptional chemical 

diversity in terms of both acceptor substrates and products.92 GT-catalyzed reactions typically 

exhibit stereospecificity and regiospecificity. Thereby, the stereochemistry of the anomeric 

carbon of the donor monosaccharide is either retained or inverted.90,92 Figure II.9 

schematically illustrates Leloir GT catalyzed reactions for the formation of glycosidic linkages 
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using either NDP or NMP sugars. It also indicates glycosidic linkage formation for non-Leloir 

GTs, which catalyze reactions similarly.90,91  

  

Figure II.8 According to Hussnaetter et al.93 some of the most common nucleotide sugars for 
glycan synthesis include uridine diphosphate (UDP) connected to various monosaccharides 
such as glucose (Glc), N-acetylglucosamine (GlcNAc), glucuronic acid (GlcA), galactose (Gal), 
N-acetylgalactosamine (GalNAc), and galacturonic acid (GalA), resulting in different nucleotide 
sugars. Each nucleotide sugar is represented using its structural formula and SNFG symbol. 
These UDP sugars act as donor substrates for Leloir GTs, facilitating the transfer of the 
respective monosaccharides to an acceptor substrate. 

 

 

Figure II.9 During a GT-catalyzed reaction, a donor substrate is transferred to an acceptor 
substrate, forming a glycosidic linkage between them via a heteroatom (O, NH, or S). This 
process results in the retention or inversion of the stereochemistry of the anomeric carbon of 
the donor monosaccharide, depending on whether the GT is retaining or inverting. The 
acceptor substrate can be a saccharide or a non-saccharide species, while the donor substrate 
is a saccharide equipped with a leaving group (R). While sugar phosphates, sugar lipids, and 
simple saccharides can serve as donors for non-Leloir GTs, the majority of donor substrates 
are nucleotide sugars (NDP or NMP saccharides), which are substrates for Leloir GTs.90,91  
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The popularity of enzymatic glycan synthesis is rapidly increasing, due to a continuously 

expanding toolbox of both native and engineered GTs. With a better understanding of their 

substrate specificities and reaction mechanisms, researchers are increasingly turning to 

enzymatic methods for synthesizing complex glycans.93 Additionally, various cost-efficient 

processes have been developed for synthesizing defined glycan structures in high yields.85,93 

These processes are continuously expanded due to the improved availability of GTs. Next to 

monoenzymatic reactions, one-pot-multienzyme reactions can be used to further expand the 

library of synthesizable products without the need to isolate intermediate products.93 

Therefore, not only monoenzymatic reactions but also cascade reactions of different GTs will 

be investigated within this thesis.  
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III. Multi-Responsive Nitrilotriacetic Acid 
Functionalized Microgels as Protein Carriers 

Large parts of this chapter are reprinted with permission from Sommerfeld, I. K., Malyaran, H., 

Neuss, S., Demco, D. E., & Pich, A. Multiresponsive Core-Shell Microgels Functionalized by 

Nitrilotriacetic Acid. Biomacromolecules 2024, 25, 2, 903–923.1 Copyright 2024 American 

Chemical Society (ACS). Specifically, most Figures are adapted from this publication, with minor 

modifications. 

 

Contributions to this Chapter  

The synthesis of the reported compounds was conducted either by myself or by Esther Dälken 

under my supervision during her employment as a research assistant and during her research 

internship at DWI – Leibniz-Institute for Interactive Materials in 2022. Yannick Burleigh 

partially conducted pH-dependent DLS measurements within his Bachelor thesis at DWI – 

Leibniz-Institute for Interactive Materials in 2023. Samples for those measurements were 

provided by me. Dan E. Demco performed 1H transverse relaxation measurements. Stefan 

Hauk recorded electron microscopy images. Nadja A. Wolter and Hannah Küttner conducted 

the calorimetry measurements. Tudor Lile assisted with the incorporation of cytochrome c 

into microgels under my precise instruction, within his employment as a research assistant. 

Hanna Malyaran performed and evaluated cytotoxicity tests under the supervision of Prof. Dr. 

Sabine Neuss, with the assistance of research assistant Annika Rohde, who carried out the 

microscopic imaging. Aside from cytotoxicity data, all other data were processed and 

evaluated by me. 

 

1. Introduction 

Stimuli-responsive microgels are an interesting class of materials, useful for the stimuli-

dependent uptake and release of guest molecules such as proteins.1–3 Microgels may exhibit 

responsiveness to various stimuli, including changes in pH or temperature, the presence of 

signaling molecules, or the application of electrical, magnetic, or electromagnetic fields.4  



Multi-Responsive Nitrilotriacetic Acid Functionalized Microgels as Protein Carriers 

 

 

36 
 

For example, the incorporation of ionizable functional groups into a microgel can provide it 

with pH-responsivity.5,6 This stimuli-responsiveness is typically observed at pH values around 

the pKa of the microgel.5 With properties akin to those of linear polyelectrolytes, microgels 

containing ionizable functional groups can be denoted as polyelectrolyte microgels.7 

Characterized by a high electrostatic repulsion between polymer chains,8 charges govern the 

swelling degree and stabilization of those microgels. Previously, both positively charged9,10 

and negatively charged11–13 microgels have been synthesized, with the charge determining 

their ability to take up guest molecules. For instance, anionic microgels are capable of 

accommodating cationic drugs,7,13 dyes,14 proteins,15 or other cationic molecules.12 Thus, the 

uptake of guest molecules plays a crucial role in drug delivery, among other applications.13 

One functional group suitable for incorporating carboxylic acid groups is nitrilotriacetic acid 

(NTA). Even at low comonomer contents, the aminopolycarboxylic acid NTA facilitates the 

incorporation of a large number of carboxylic groups, enabling strong electrostatic 

interactions with positively charged guest molecules. Earlier studies have employed water-in-

oil (W/O) emulsion polymerization16–18 or precipitation polymerization19 techniques to equip 

microgels with NTA groups. Specifically, Mizrahi et al. developed acrylamide-based 

microgels,16 Heida, Köhler, et al. used poly(ethylene glycol) and hyaluronic acid-based 

microgels,17,18 while Li et al. prepared N-isopropyl acrylamide (NIPAAm) based microgels,19 all 

while incorporating NTA groups.  

While a few researchers have synthesized microgels containing NTA, previous studies have 

not explored the incorporation of NTA into poly(N-vinylcaprolactam) (pVCL)-based microgels. 

Additionally, existing studies on NTA microgels have not extensively investigated the 

responsiveness of these microgels to stimuli such as temperature, pH, and ionic strength. 

However, understanding stimuli-responsiveness is crucial as it influences the uptake and 

release of guest molecules that rely on the microgel swelling ratio.4,13,20,21 Moreover, previous 

studies have not specifically addressed the localization of NTA within the microgels. These 

research gaps highlight the need for comprehensive studies to elucidate the behavior and 

characteristics of NTA-containing microgels, especially in the context of their potential 

applications. 
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Therefore, the primary objective of this chapter is the synthesis of NTA-functionalized 

microgels with enhanced accessibility for larger biomolecules, particularly proteins. Due to its 

high charge density, NTA strongly binds to positively charged molecules through ionic 

interactions, thereby facilitating the stable binding of positively charged proteins. To achieve 

better accessibility, the shell of the microgel, instead of the whole structure, was 

functionalized with NTA. A semi-batch precipitation polymerization method was used, which 

resulted in the delayed incorporation of an NTA-containing comonomer. Additionally, the NTA 

content was varied to investigate its influence on the microgel properties. The synthesized 

microgels underwent comprehensive analysis, including assessments of NTA content, 

microgel size, polydispersity, and electrophoretic mobility. Stimuli-responsiveness was 

thoroughly examined through variations in temperature, ionic strength, and pH. Further 

characterization of the microgel structure was conducted using techniques such as Nuclear 

Magnetic Resonance (NMR) relaxometry, Atomic Force Microscopy (AFM), Scanning Electron 

Microscopy (SEM), and reaction calorimetry. Exploring their potential use in biotechnological 

applications, cytotoxicity, and cell proliferation tests were performed to ensure 

biocompatibility. Additionally, the uptake of positively charged biomolecules via electrostatic 

interactions was demonstrated using the model protein cytochrome c (cyt c).  

The scope of this chapter is summarized in Figure III.1. The schematic depiction illustrates the 

distinct stepwise swelling and deswelling pattern of p(VCL/NTAaa) microgels, resulting from 

the non-uniform distribution of NTA within the microgel. The collapse of uncharged polymer 

chains occurs more readily than that of the charged NTA moieties, which are stabilized by 

electrostatic repulsion. Highlighting their potential for the uptake of biomacromolecules, the 

anionic NTA groups were utilized to immobilize the positively charged model protein cyt c. 
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Figure III.1 Schematic depiction of the scope of the current chapter: Multi-responsive core-
shell microgels with an NTA-functionalized microgel shell exhibit a stepwise swelling and 
deswelling behavior attributed to the heterogeneous distribution of NTA within the microgel. 
The responsiveness of the microgels to stimuli such as temperature (T), ionic strength (I) and 
pH is investigated. The uncharged polymer chains collapse more readily than the charged NTA 
moieties, which are stabilized by electrostatic repulsion. NTA groups were utilized for the 
immobilization of the positively charged model protein cyt c. Reprinted with permission from 
the American Chemical Society1 with minor modifications. 
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2. Materials and Methods 

2.1. Materials 

Organic solvents were obtained in analytical grade and utilized as provided by Omnisolv while 

ultra-pure water (Merck, HPLC grade) was used for all aqueous reactions.  

For monomer synthesis, DOWEX® 50WX8, hydrogen form, 100-200 mesh, (Sigma Aldrich) 

Roti®-Quant (Carl Roth), N,N’-bis(carboxymethyl)-L-lysine, acryloyl chloride (Sigma-Aldrich, 

97 %) and sulphuric acid (H2SO4, Sigma Aldrich, 95 %) were employed. Additionally, the 

following chemicals were used for microgel synthesis: N-Vinylcaprolactam (VCL, Sigma-

Aldrich, 98 %), N,N′-methylenebis(acrylamide) (BIS, Sigma-Aldrich, 99 %), cetrimonium 

bromide (CTAB, Carl Roth, 99 %), and 2,2′-azobis(2-methylpropionamidine)dihydro chloride 

(AMPA, Sigma-Aldrich, 97 %). Among these, VCL underwent distillation and recrystallization 

from n-hexane while BIS, AMPA, and CTAB were employed without further purification. 

Buffer preparations involved the use of maleic acid (Sigma Aldrich, 99 %), formic acid (Alfa 

Aesar, 97 %), 2-(N-morpholino)ethanesulfonic acid (MES, Sigma Aldrich, 99 %), N-(2-

hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES, Sigma-Aldrich, 99 %), N-

cyclohexyl-3-aminopropanesulfonic acid (CAPS, Sigma Aldrich, 99 %), hydrochloric acid (HCl, 

Sigma Aldrich, 37 %), and sodium hydroxide (NaOH, Merck, 99.5 %).  

Cytotoxicity assays necessitated the use of phosphate buffered saline (PBS), Roswell Park 

Memorial Institute 1640 medium, newborn calf serum, penicillin, streptomycin, and 

L-glutamine, all purchased from Gibco (Darmstadt, Germany), along with an L929 mouse 

fibroblast cell line from ATCC (Wesel, Germany). Additionally, Ringer solution (B. Braun, 

Melsungen, Germany), fluorescein diacetate (FDA, Sigma-Aldrich, Steinheim, Germany), 

propidium iodide (PI, Sigma-Aldrich, Steinheim, Germany) and TritonX-100 (Sigma-Aldrich, 

Steinheim, Germany) were employed. 

 

2.2. Synthesis of 2,2'-((5-Acrylamido-1-carboxypentyl)azanediyl)diacetic Acid 

The monomer dimethyl 2,2'-((5-acrylamido-1-carboxypentyl)azanediyl)diacetic acid (NTAaa) 

was synthesized following the method described by Mizrahi et al.16 Initially, a solution 
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containing acryloyl chloride (530 µL, 6.52 mmol) in toluene (25 mL) was added slowly to an 

ice-cooled solution of N,N’-bis(carboxymethyl)-L-lysine (1.6 g, 6.10 mmol) in 0.4 M NaOH 

(50 mL). After overnight stirring, toluene was evaporated under reduced pressure, followed 

by the removal of sodium ions. This was realized by washing DOWEX® 50WX8 with water until 

the filtrate became colorless. Subsequently, the ion exchange resin was combined with the 

reaction mixture, followed by incubation for several hours to ensure complete ion exchange. 

DOWEX® 50WX8 was then filtered off and washed with water until a neutral pH was reached. 

Subsequently, the filtrate was lyophilized. The resulting product was obtained as a white 

powder, which was characterized using NMR spectroscopy (Figure SIII.1).  

1H-NMR (400 MHz, DMSO-d6, δ = 2.50): δ = 8.16 (t, 1H, NH), 6.21 (dd, 1H, CH), 6.03 (dd, 1H, 

CH), 5.53 (dd, 1H, CH), 3.46 (q, 4H, CH2), 3.32 (t, 1H, CH), 3.07 (q, 2H, CH2), 1.56 (m, 2H, CH2), 

1.40 (m, 2H, CH2), 1.28 (m, 2H, CH2) ppm. 

 

2.3. Synthesis of Dimethyl 2,2'-((6-acrylamido-1-methoxy-1-oxohexan-2-
yl)azanediyl)diacetate 

To a solution of NTAaa (1.299 g, 4.1 mmol) in MeOH (26 mL), concentrated sulfuric acid 

(221 µL) was added. After heating to 65 °C, the solution was refluxed for 3h. The solution was 

concentrated via rotary evaporation, and dichloromethane (DCM) was added. It was then 

extracted using saturated aqueous solutions of NaHCO3 (2 x 50 mL) and NaCl (1 x 50 mL). After 

the majority of solvent was removed via rotary evaporation, DCM was added. Subsequently, 

the mixture underwent extraction using saturated, aqueous solutions of NaHCO3 (2 x 50 mL) 

and NaCl (1 x 50 mL). Residual water was removed by drying with anhydrous Na2SO4. The 

product was obtained as a yellow, highly viscous liquid (889.8 mg, 2.5 mmol, 60 %) after the 

removal of all solvents. The product 2,2'-((6-acrylamido-1-methoxy-1-oxohexan-2-

yl)azanediyl)diacetate (NTAMaa) was characterized through NMR spectroscopy (Figure SIII.2). 

For subsequent use, NTAMaa was dissolved in dimethyl sulfoxide (DMSO) at 17.9 mg mL-1. 

1H-NMR (400 MHz, DMSO-d6, δ = 2.50): δ = 8.04 (t, 1H, NH), 6.19 (dd, 1H, CH), 6.04 (dd, 1H, 

CH2), 5.54 (dd, 1H, CH2), 3.58 (m, 13H, CH2, CH3), 3.39 (t, 1H, CH), 3.08 (m, 2H, CH2), 1.57 (m, 

2H, CH2), 1.40 (m, 2H, CH2), 1.22 (m, 2H, CH2) ppm.  
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2.4. Microgel Synthesis 

A semi-batch precipitation polymerization of poly(N-vinylcaprolactam-2,2'-((5-acrylamido-1-

carboxypentyl)azanediyl)diacetic acid) (p(VCL/NTAaa)) microgels was conducted. VCL 

(275.6 mg, 1.98 mmol, 99 mol%) and BIS (8.0 mg, 0.05 mmol, 2.6 mol%), along with the 

stabilizer CTAB (1.2 mg, 0.003 mmol, 0.165 mol%) were dissolved in H2O (13.5 mL) and 

degassed with nitrogen. The polymerization was then initiated at 70 °C by fast addition of 

AMPA (6.6 mg, 0.02 mmol, 1.2 mol%, in 0.5 mL H2O). Over 8 minutes, NTAMaa (7.2 mg, 

0.02 mmol, 1 mol%) dissolved in DMSO (6 mL) was added, starting approximately 25 to 

45 seconds after initiation. High precision in the addition process was realized by utilizing a 

syringe pump. After stirring the solution at 70 °C for 5h, it was allowed to cool to room 

temperature with continuous stirring. Then, 1.5 mL of 0.1 M NaOH was added to the obtained 

p(VCL/NTAMaa) microgels, followed by another 24 hours of stirring at room temperature to 

yield deprotected p(VCL/NTAaa). The product was purified by dialysis against water using a 

regenerated cellulose membrane (MWCO = 12 – 14 kDa) for 5 days and obtained as a white 

powder following lyophilization. The NTA content in the microgels was determined using 

Fourier Transform Infrared (FT-IR) spectroscopy. To implement the synthesis of microgels with 

different comonomer compositions, the ratio of VCL to NTAMaa was adjusted while 

maintaining the total molar quantity of the comonomers at 2 mmol (100 mol%). 

The synthesis of pVCL microgels was performed by batch polymerization. VCL (2.0879 g, 

15 mmol, 100 mol%) was dissolved in H2O (149 mL) along with BIS (60.1 mg, 0.39 mmol, 

2.6 mol%). The mixture was degassed and heated to 70 °C, initiating the reaction by the 

addition of AMPA (48.8 mg, 0.18 mmol, 1.2 mol%) in H2O (1 mL). After letting the reaction 

proceed for 3 h, the microgels were purified and freeze-dried as described above. 

 

2.5. Synthesis of Linear pVCL and pNTAaa Homopolymers for FT-IR Calibration 

Linear pVCL and pNTAaa were synthesized for FT-IR calibration. VCL (696.0 mg, 5 mmol, 

100 mol%) was dissolved in H2O (49 mL) and the solution was degassed using nitrogen. After 

heating to 70 °C, AMPA (16.3 mg, 0.06 mmol, 1.2 mol%) was added, and dissolved in 1 mL H2O. 

The polymerization reaction was left to react for 3 h, yielding pVCL.  
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For pNTAaa synthesis, NTAaa (158.2 mg, 0.5 mmol, 100 mol%) was dissolved in 4.5 mL H2O. 

The synthesis proceeded similarly to the reaction described above: a degassed solution was 

heated to 70 °C, and the reaction was initiated by adding AMPA (1.6 mg, 0.6 µmol, 1.2 mol%, 

in 0.5 mL H2O). The reaction mixture was allowed to react for 5 hours.  

Finally, the polymer solutions were dialyzed against water using a regenerated cellulose 

membrane (MWCO = 3.5 kDa), followed by lyophilization. Both polymers were obtained as 

white powders. After blending them in different molar ratios (χNTA = 0, 2.5, 5, 10, 15, 

100 mol%), the resulting mixtures were used for recording FT-IR spectra. 

 

2.6. Cytotoxicity and Cell Proliferation Assay 

2.6.1. Cell Culture 

All cell culture procedures were conducted following approval by the local ethics committee 

from RWTH Aachen University (EK 300/13) and adhered to sterile conditions within a laminar 

flow workbench. Before use, all surfaces and materials underwent disinfection with 70 % 

ethanol, with the workbench additionally subjected to UV light treatment. Cell culture 

medium and PBS were preheated in a water bath at approximately 37 °C before usage. Cellular 

incubation occurred in a humidified atmosphere comprising 20 % O2 and 5 % CO2 at 37 °C. 

Before the experiments, all cells were screened to confirm the absence of mycoplasma 

contamination. 

 

2.6.2. Cytotoxicity/Viability Test According to ISO 10993–5 

For evaluation of the cytotoxicity or cytocompatibility of p(VCL/NTAaa) microgels (χNTA = 0, 

0.5, 2.0, 2.2, and 11.8 mol%), an L929 mouse fibroblast cell line cultured in Roswell Park 

Memorial Institute 1640 medium was utilized, supplemented with 5 % newborn calf serum, 

1 % penicillin (80 U mL−1), 1 % streptomycin (80 µg mL−1), and 1 % L-glutamine. Following the 

protocols 10993–5 of the International Standardization Organization (ISO) an indirect 

cytotoxicity test was conducted. Incubation of microgels (1 mg mL-1) with cell culture medium 

was performed for 1, 3, and 7 days. L929 mouse fibroblasts with an initial cell seeding density 
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of 5.0 × 104 cells cm−2 were exposed to microgel-supernatant for one day before conducting 

live/dead stainings. 10 µL FDA (5 mg mL−1 in acetone) and 10 µL PI (0.5 mg mL−1 in PBS) were 

combined in 600 µL of Ringer solution. Cell staining was performed with 20 µL of this stock 

solution, followed by analysis through fluorescence microscopy (DMI6000B, Leica, Wetzlar, 

Germany),22–24 where differentiation of viable (green fluorescent) and dead (read fluorescent) 

cells can be made. A dead cell control was prepared by the addition of 20 µL TritonX-100 (0.1 % 

dissolved in PBS), prompting cell lysis. Images were quantified using ImageJ software.  

 

2.6.3. Cell Proliferation Assay 

P(VCL/NTAaa) microgels (χNTA = 0, 0.5, 2.0, 2.2, and 11.8 mol%) at 1 mg mL-1 were covered 

with L929 cell culture medium, discarding the medium after 7 days of incubation. Using a 

seeding density of 5.0 × 104 cells cm−2 L929 mouse fibroblasts, cells were cultured in the 

microgel supernatant in a 24-well plate, and placed in the CELLCYTE X™ (CYTENA, USA). Images 

were taken every six hours and for seven days. 

 

2.7. Incorporation of Cytochrome c in Microgels 

Cyt c (1 mg mL-1) was immobilized on microgels (2 mg mL-1), by mixing both in 10 mM MES pH 

6.5 with an ionic strength of 10 mM. PVCL and p(VCL/NTAaa) (χNTA = 2.2 mol%) microgels were 

utilized. After initial assessment through UV-Vis spectroscopy, samples were dialyzed 

(regenerated cellulose membrane, MWCO = 25 kDa) against the above-mentioned buffer for 

5 days, with samples taken for UV-Vis assessment after 2 days, 4 days, and 5 days. 

 

2.8. Analytical Methods 

2.8.1. Nuclear Magnetic Resonance Spectroscopy 

A 400 MHz Bruker DPX-400 FT-NMR spectrometer was used to conduct NMR spectroscopy 

measurements, for which samples were dissolved in D2O or DMSO-d6.  
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2.8.2. Fourier-Transform Infrared Spectroscopy  

Samples were placed on a diamond crystal plate of an FT-IR Spectrum 3 by PerkinElmer 

utilizing a GladiATR Single reflection by PIKE Technologies. FT-IR spectroscopy was then 

conducted in the spectral range of 4000 and 400 cm-1 with 4 scans per measurement and a 

resolution of 4 cm−1. Spectrum v10.7.2. software facilitated the recording of measurements, 

preceded by a background measurement before sample measurement. Subsequently, all 

spectra were subjected to baseline correction and normalization. 

 

2.8.3. Electrophoretic Light Scattering 

Electrophoretic Light Scattering (ELS) was performed on a Malvern Instruments Zetasizer Ultra 

Pro. Aqueous samples were transferred to disposable folded capillary cells (DTS1070) at 

0.5 mg mL-1. Measurements were performed at 5 °C using a scattering angle of θ = 12.8° with 

an applied voltage of 150 V and up to 100 runs. All samples were measured threefold. Data 

were analyzed using the software ZS Xplorer.  

  

2.8.4. Dynamic Light Scattering 

The Zetasizer Ultra Pro from Malvern Instruments was further used to conduct Dynamic Light 

Scattering (DLS) with data analysis using ZS Xplorer software. Aqueous samples were 

transferred to 12 mm squared polystyrene cuvettes (DTS0012) at 0.5 mg mL-1. Samples were 

measured threefold at a scattering angle θ = 90° with 5 runs. The temperature was adjusted 

from 5 °C to 65 °C in 2.5 °C steps. 

 

Furthermore, a measurement at 25 °C was conducted, with the microgels (0.5 mg mL-1) 

dispersed in different buffers, all at an ionic strength of 10 mM. Buffer recipes were obtained 

using the Buffer Calculator of Robert Beynon:25 maleate buffer (pH 1.5 and 2.5); formate 

buffer (pH 3.0, 4.0, and 4.5); MES buffer (pH 5.5 and 6.5); HEPES buffer (pH 8.0); and CAPS 

buffer (pH 9.7 and 11). The acid or base of the buffer component was dissolved in water along 

with NaCl for adjustment of the ionic strength. The pH was adjusted with NaOH or HCl. 
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2.8.5. NMR Relaxometry 

The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo train was employed to assess proton 

transverse magnetization relaxation (T2 relaxation).26 The CPMG pulse sequence is 

represented as 90°x−(τ−180°y−τ)n. Here, 2τ and n denote the spin-echo time and the number 

of loops of the Hahn spin-echo sequence, respectively. The rotation of the net magnetization 

during the application of the radio-frequency (rf) is presented using their flip angles, which 

can be in the x or y direction. For the implementation of the CPMG, a 20 MHz low-field, time-

domain Bruker minispec mq20 NMR spectrometer was employed. Excitation (90°) and 

refocusing (180°) rf pulses were activated for 10.5 µs each, using different rf power 

attenuation P with P90°/P180° = 6.02. Imperfections of the irradiation pulses were lowered by 

implementing a cycle of refocusing rf pulses in eight phases (y; -y; x; -x; -y; y; -x; x). A total of 

4000 spin echo loops (n) and a recycle delay of 5 s were employed, resulting in a spin-echo 

time set at 2τ = 0.1 ms. 

All microgels (5 mg mL-1) were measured in D2O at 24 °C. A three-component exponential 

function was utilized to evaluate the normalized decay of the spin-echo train I(τ)/I(0):27–29  

I(τ)

I(0)
= A0 + Acoreexp {−

2τ

T2,short
} + Ashellexp {−

2τ

T2,long
} + Axexp {−

2τ

T2,x
} 

Here, the baseline A0 and the amplitudes Acore, Ashell, and Ax are represented. These amplitudes 

are proportional to the number of protons in the core, shell, and a third region x of the 

microgels. The third region corresponds to an outer shell and dangling chains, or HDO due to 

T2 relaxation occurring in D2O. The T2 relaxation times T2,short, T2,long, and T2,x also correspond 

to the microgel architecture. In the core of the microgel, a shorter T2,short is caused by stronger 

dipolar magnetic interactions due to a higher concentration of protons while T2 increases with 

the distance to the microgel core. Next to analysis with the three-component exponential 

function, the normalized decay was processed by Inverse Laplace Transform (CONTIN).30 

 

2.8.6. Atomic Force Microscopy 

AFM imaging was conducted using a NanoScope V system from Veeco Instruments in tapping 

mode. The setup included a Nanoworld NCH-50 POINTPROBE®-Silicon SPM-Sensor cantilever 
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with a resonance frequency of 320 kHz and a force constant of 42 nm−1. For their analysis, 

microgel samples were deposited onto plasma-activated silicon wafers using spin coating. The 

acquired AFM images were analyzed using Gwyddion software. 

 

2.8.7. Scanning Electron Microscopy 

SEM measurements were conducted on a Hitachi SU9000 with secondary electron (SE) and 

Scanning Transmitting Electron Microscopy (STEM) detectors. Here, the SE detector provides 

surface images, while the STEM detector provides images in which all planes of the sample 

are displayed overlapped due to the transmission of the sample by electrons. Samples were 

coated with roughly 3 nm carbon on the Leica ACE EM 600 prior to the measurement. 

Measurements were performed with an acceleration voltage of 30 kV and currents between 

10.1 and 10.5 µA.  

 

2.8.8. Reaction Calorimetry 

Real-time calorimetric measurements were recorded by performing microgel synthesis in a 

triple-walled 500 mL AP01-0.5-RTCal glass reactor attached to a Mettler Toledo RC1e reaction 

calorimeter. For this, the reactor was supplied with a baffle, a Hastelloy® stirrer, and a Solvias 

Turbido™ turbidity probe. During measurements, the isothermal mode was utilized, 

maintaining the reaction temperature Tr at a constant value through self-regulation of the 

jacket temperature Tj. Data were analyzed with iControl RC1e™ 5.0 software. 

The compounds VCL (1.6285 g, 11.7 mmol, 97.5 mol%), NTAMaa (107.5 mg, 0.3 mmol, 

2.5 mol%), (7.2 mg, 0.0198 mmol, 0.165 mol%) and BIS (48.1 mg, 0.312 mmol, 2.6 mol%) were 

dissolved in a mixture of H2O (84 mL) and DMSO (36 mL). The temperature was then elevated 

to 70 °C, stirring at 400 rpm. Upon reaching 70 °C, the solution was degassed for 30 min using 

N2. After equilibration of the heat flow for 60 min, generating a stable baseline, the 

polymerization was initiated by the addition of AMPA (39.1 mg, 0.144 mmol, 1.2 mol%). The 

reaction was observed for 120 min. In two more reactions, the amount of employed NTAMaa 

(0, 2.5, and 5 mol%) was adjusted, keeping the total molar amount of both comonomers VCL 

and NTAMaa at 12 mmol (100 mol%).  
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2.8.9. UV-Vis Spectroscopy 

A Jasco V-780 spectrophotometer was used to conduct UV-Vis spectroscopy, scanning 

between 300-800 nm at a speed of 400 nm min-1 with a data interval of 1 nm. The instrument 

was outfitted with deuterium (D2) and tungsten iodine (WI) lamps, with light sourcing 

switched at 340 nm. Measurements were conducted at room temperature, and background 

measurements were taken and automatically subtracted from subsequent scans. 
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3. Results and Discussion 

3.1. Monomer Synthesis and Characterization 

NTAaa was synthesized using the method outlined by Mizrahi et al.16 Its composition was 

confirmed via NMR spectroscopy, as shown in Figure SIII.1 , validating the successful synthesis 

of the target product. In contrast to the previous findings,16 the NMR analysis in this thesis 

reveals a higher purity level, evidenced by the transition from an oily texture to a white 

powdery appearance, suggesting the absence of residual organic solvents or other 

contaminants. To avoid electrostatic repulsion during polymerization, protective groups were 

introduced to the carboxyl groups via acidic esterification with MeOH. The resulting NMR 

spectrum (Figure SIII.2) illustrates complete conversion to the product dimethyl NTAMaa. 

 

3.2. Fundamental Characterization of the Microgels 

3.2.1. Investigation of the Microgel Composition via FT-IR Spectroscopy 

Microgels composed of crosslinked p(VCL/NTAaa) were effectively synthesized utilizing a 

semi-batch approach as per Scheme III.1. 

 

Scheme III.1 The synthesis of p(VCL/NTAaa) microgels with varying NTAaa content involved a 
three-step process: (i) The polymerization of VCL in H2O was initiated by AMPA (1.2 mol%), in 
the presence of the crosslinker BIS (2.6 mol%) and the surfactant CTAB (0.165 mM), (ii) 
followed by the delayed addition of NTAMaa in DMSO. After NTAMaa addition the 
polymerization was left to proceed at 70 °C for 5 h. (ii) The methyl ester groups of NTA were 
subsequently hydrolyzed upon the addition of NaOH. Microgels were purified via dialysis. 
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The microgels were subsequently subjected to characterization using IR spectroscopy. Figure 

III.2a displays the corresponding spectra of both pVCL and p(VCL/NTAaa) microgels 

(theoretical molar amount χNTA,theor = 2.5 mol%).  
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Figure III.2 (a) FT-IR spectra of p(VCL/NTAaa)) (χNTA,theor = 2.5 mol%) and pVCL microgels, along 
with (b) enlarged FT-IR spectra (1800 to 1500 cm-1) of the microgels. Reprinted with 
permission from the American Chemical Society1 with minor modifications.  

The obtained pVCL and p(VCL/NTAaa) microgels exhibit largely overlapping FT-IR peaks, as 

anticipated due to the low NTA content in p(VCL/NTAaa). A broad band appears at 3500-

3000 cm-1, primarily attributed to the O-H vibration of water. Additionally, the O-H vibration 

of the NTA carboxylic groups is located at these wavenumbers. Sharp bands at 1927 cm-1 and 

1854 cm-1 arise from asymmetric and symmetric vibrations of methylene groups. Different 

carbonyl bands are evident at 1750-1500 cm-1. The prominent peak at 1650-1580 cm-1 is 

caused by the C=O vibration of the VCL-amide. While the band caused by the C=O vibration of 

the NTAaa-amide in cis-conformation is also expected here, it cannot be distinguished from 

the VCL band. Furthermore, the C=O band corresponding to the trans-conformation of the 

NTAaa amide is expected at 1550-1500 cm-1, but the peak is not clearly observable due to the 

low comonomer content in p(VCL/NTAaa). The vibration of NTAaa carboxylic acid C=O bonds 

is reflected in a small but pronounced peak at 1750-1700 cm-1, highlighting the difference 

between pVCL and p(VCL/NTAaa) microgels. Therefore, a magnified section of the FT-IR 

spectra between 1800 and 1500 cm-1 is depicted in Figure III.2b. C-N stretching causes a band 

at 1480 cm-1 while the bending of methylene groups results in a peak at 1460 cm-1. These 

peaks are accompanied by several other specific and unspecific peaks in the fingerprint region 

of the FT-IR spectrum. 
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In the synthesis of p(VCL/NTAaa), the amount of comonomer χNTA,theor. was altered. To quantify 

the resulting NTA content, an IR calibration was conducted, a method that has been employed 

to determine the content of several other comonomers in microgels.31,32 For this purpose, 

linear pVCL, and pNTAaa homopolymers were synthesized and subsequently combined in 

fixed molar ratios (χNTA = 0, 2.5, 5, 10, 15, 100 mol%). The FT-IR spectra of the mixtures are 

depicted in Figure III.3a with magnified spectra in Figure III.3b.  
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Figure III.3 (a) FT-IR spectra (1800 to 1500 cm-1) of linear pVCL and pNTAaa homopolymers 
mixed in fixed molar ratios resulting in χNTA = 0 mol% to 100 mol%, along with (b) enlarged FT-
IR spectra (1800 to 1500 cm-1) of the polymer mixtures. (c) FT-IR spectra obtained from these 
mixtures were utilized to establish a calibration curve. The ratio of maximum absorbance 
between 1750-1700 cm-1 to the maximum absorbance between 1650-1580 cm-1, referred to 
as the peak ratio (PR), was plotted against χNTA using a logarithmic scale, followed by a linear 
fit of the points. Unknown χNTA can now be calculated from the obtained Equation III.1. 
Reprinted with permission from the American Chemical Society1 with minor modifications. 

The peak ratio (PR), defined as the maximum absorbance between 1750-1700 cm-1 (A1750-1700) 

divided by the maximum absorbance between 1650-1580 cm-1 (A1650-1580), was plotted against 
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the NTAaa amount (χNTA = 2.5, 5, 10, 15, 100 mol%). This approach leads to asymptotic 

behavior due to the dependence of both peaks on NTAaa. While A1750-1700 is solely dependent 

on NTAaa, A1650-1580 depends on both NTAaa and VCL. To address this, a logarithmic depiction 

of the x-axis was utilized, revealing linear behavior within the specified range, as illustrated in 

Figure III.3c. The obtained linear fit is represented by Equation III.1. 

𝑃𝑅 = − 0.07118 + 0.34956 ⋅ log10(𝜒𝑁𝑇𝐴) 

Equation III.1 Linear fit obtained from the plot of the peak ratio (PR) against the NTAaa 
amount (χNTA = 2.5, 5, 10, 15, 100 mol%), utilizing a logarithmic depiction of the x-axis. PR is 
thereby defined as the maximum absorbance between 1750-1700 cm-1 (A1750-1700) divided by 
the maximum absorbance between 1650-1580 cm-1 (A1650-1580).  

The NTA content within p(VCL/NTAaa) microgels was assessed by rearranging the equation: 

χNTA = 10(PR+0.07118)⋅0.034956−1
 

Equation III.2 Calculation of χNTA from the obtained PR. 

The theoretical and actual comonomer content in different p(VCL/NTAaa) microgels are 

presented in Table III.1, with corresponding spectra shown in Figure III.4.  

Table III.1 Theoretical (χNTA,theor) and actual (χNTA,actual) amount of NTA as determined via FT-IR 
spectroscopy. The listed yields of the microgel synthesis were determined gravimetrically. 

χNTA,theor. [mol%] χNTA,actual [mol%] Yield [%] 

0 0 83.1 
0.5 - 68.4 
1.5 2.0 14.1 
2.5 2.2 85.4 
10 11.8 63.9 

 

As previously discussed, the C=O vibration peak of the NTA carboxylic groups can be clearly 

distinguished from other peaks, but the peak possesses low intensity. Therefore, only NTA 

contents exceeding approximately 1 mol% could be accurately determined. As a result, when 

referencing the p(VCL/NTAaa) microgels by their NTA content χNTA, their theoretical NTA 

content is used for concentrations up to 1 mol%, while their observed NTA content is used for 

concentrations surpassing 1 mol%. It is important to note that the signal-to-noise ratio of the 

FT-IR spectra may be relatively large at NTA contents below 2.5 mol%, potentially resulting in 

deviations from accurate values. Nevertheless, these data, when combined with techniques 

such as ELS, allow for qualitative assessments of the microgels’ chemical composition. 
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Figure III.4 (a) FT-IR spectra of p(VCL/NTAaa) microgels (χNTA = 0.5 mol%, 2.0 mol%, 2.2 mol% 
and 11.8 mol%), along with (b) enlarged FT-IR spectra (1800 to 1500 cm-1) of the microgels. 
Significant NTAaa peaks are observed for comonomer contents above 1 mol%. Reprinted with 
permission from the American Chemical Society1 with minor modifications. 

 

3.2.2. Microgel Characterization via Dynamic and Electrophoretic Light 
Scattering 

To gather additional insights, the p(VCL/NTAaa) microgels underwent analysis using DLS and 

ELS utilizing dilute aqueous microgel dispersions (0.5 mg mL-1). The measurements were 

performed at 25 °C, below the volume phase transition temperature (VPTT) of the microgels. 

To reveal possible correlations, their pH value at room temperature was additionally 

determined. At lower χNTA, the pH remained approximately equal to the pH of the H2O used 

(pH 6). However, at higher χNTA, the pH decreased to values as low as pH 4. The results of ELS 

and DLS measurements are shown in Table III.2, along with the measured pH.  

A substantial increase in the magnitude of the electrophoretic mobility (µE) was observed as 

the comonomer content increased, ranging from low concentrations (χNTA = 0.5 mol%) to 

higher ones (χNTA = 2.0 mol% to 11.8 mol%). This phenomenon can be attributed to the semi-

batch method employed, wherein NTA is added after the initial microgel core formation. 

Consequently, the majority of negatively charged carboxylic groups are situated in the 

microgel shell, resulting in a negative surface potential. Upon closer observation of the µE, a 

steep decrease is shown from the lowest comonomer concentration up to 2.2 mol%, while no 

further decline is observed at NTAaa concentrations exceeding 2.2 mol%, a phenomenon 

attributed to two main effects: the saturation of surface carboxylic groups and variations in 
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pH. Within p(VCL/NTAaa) microgels, carboxylic acid groups are predominantly located in the 

outer part. However, they may not be situated directly on the surface but also within a deeper 

part of the microgel shell: If the surface is fully saturated with charges from carboxylic groups, 

more NTAaa may be located further away from the surface due to an increased thickness of 

the NTAaa-rich microgel shell. Therefore, as the NTAaa content increases, the surface 

potential decreases only until reaching a saturation of surface charge. On the other hand, as 

the comonomer content increases, a greater number of dissociated protons, caused by the 

higher number of built-in carboxylic groups, lead to a reduction in pH. The generated hydrogen 

ions can shield the negative surface potential of the microgels, resulting in reduced absolute 

µE. This shielding effect is evident for high NTA contents (χNTA = 11.8 mol%) where the pH value 

was measured to be significantly below neutral pH at pH 4, as indicated in Table III.2.  

Table III.2 Electrophoretic mobility (µE), hydrodynamic diameter (Dh), and PDI of 
p(VCL/NTAaa) microgels synthesized with different amounts of NTA (χNTA,theor). The actual NTA 
content (χNTA,actual) was determined using FT-IR spectroscopy while µE, Dh, and PDI were 
determined using ELS (µE) and DLS (Dh, PDI) measurements at T = 25 °C with scattering angles 
of θ = 90° (DLS) and θ = 12.8° (ELS) in H2O.  

χNTA [mol%] µE [µm cm V-1 s-1]a) Dh [nm]a) PDI [a.u.]a) 

0 0.23 ± 0.01b) 576 ± 15b) 0.086 ± 0.051b) 
0.5 -1.30 ± 0.30b) 584 ± 20b) 0.132 ± 0.035b) 
2.0 -1.32 ± 0.05c) 431 ± 4c) 0.049 ± 0.008c) 
2.2 -2.98 ± 0.10c) 640 ± 11c) 0.147 ± 0.018c) 
11.8 -2.98 ± 0.20d) 770 ± 22d) 0.068 ± 0.056d) 

a) The employed aqueous 0.5 mg mL-1 p(VCL/NTAaa) dispersion possessed a neutral pH at lower NTA contents 
(χNTA,actual = 0.1 to 0.5 mol%) and a moderately acidic pH of 5 or 4 at higher NTA contents (χNTA,actual = 2.0 to 
11.8 mol%); b) pH 6, this pH is equal to the pH of the HPLC water employed; c) pH 5; d) pH 4. 
 

A notable difference in µE was observed when comparing results for χNTA = 2.0 mol% and 

2.2 mol%. As previously discussed, there may be larger deviations of the determined χNTA from 

inherent values at lower comonomer contents, caused by a lower signal-to-noise ratio in FT-

IR. Consequently, it may be anticipated that the sample with the determined concentration of 

χNTA = 2.0 mol% is more closely located towards the amount of comonomer utilized in the 

reaction (χNTA,theor = 1.5 mol%). This would account for the relatively large difference in µE 

between both samples (χNTA = 2.0 and 2.2 mol%). 

The polydispersity indices (PDIs) of microgels were determined to be below 0.15 at 25 °C, 

indicating the formation of relatively uniform microgels. The hydrodynamic diameters (Dh) of 

the microgels span from 431 to 770 nm. However, it remains uncertain whether the visible 
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size variations between samples correlate with the employed comonomer quantity or yield. A 

trend could not be conclusively established due to the analysis of a limited sample amount. 

Following, further analyses on microgel size across a temperature range of 5 °C to 65 °C were 

performed, employing 2.5 °C increments to ascertain the location of the VPTT. 

 

3.3. Temperature-Responsiveness of the Microgels 

3.3.1. Microgel Size 

The temperature-dependent DLS measurement results for pVCL and p(VCL/NTAaa) 

(χNTA = 0.5 mol% to 11.8 mol%) are displayed in Figure III.5. Heating and cooling cycles were 

performed to demonstrate the reversible deswelling and swelling of the microgels. A 

sigmoidal Boltzmann fit was employed for the determination of the VPTT from the obtained 

heating curves, with the VPTT being positioned at the inflection point. To provide a clearer 

visualization of the volume phase transition (VPT) for the microgels containing χNTA = 2.0 mol% 

and 2.2 mol%, all fitting lines are omitted from Figure III.5 and instead shown in Figure SIII.3.   

The lower critical solution temperature (LCST) of linear pVCL polymers in water typically falls 

between 30 °C and 32 °C.33 This LCST is influenced by various polymer features including the 

degree of polymerization, 33 and plays a significant role in determining the VPTT of pVCL-based 

microgels. Unlike linear pVCL polymers that undergo a coil-to-globule transition in water 

above the LCST, pVCL microgels experience a transition from a swollen to a collapsed state at 

comparable temperatures. Much like the LCST, the VPTT of temperature-responsive microgels 

can be adjusted through the introduction of different comonomers: Hydrophobic 

comonomers cause the VPTT to transition towards lower temperature31,34 while hydrophilic 

and ionic comonomers cause a shift towards higher temperatures.9,35,36 Introducing 

hydrophilic components diminishes the hydrophobic attraction among polymer chains, 

resulting in an elevated VPTT. Conversely, the presence of ionic groups elevates the VPTT due 

to electrostatic repulsion among polymer chains and the osmotic pressure arising from 

counterion dissociation.36,37 
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Figure III.5 The Dh of microgels was examined regarding its temperature-dependence, through 
DLS measurements conducted with a scattering angle of θ = 90° in H2O. Results for 
p(VCL/NTAaa) microgels with varying comonomer content are presented: χNTA = (a) 0 mol%, 
(b) 0.5 mol%, (c) 2.0 mol%, (d) 2.2 mol%, (e) 11.8 mol%. The sigmoidal fits, used to determine 
the VPTT of microgels are displayed in Figure SIII.3 with the results listed in Table SIII.1. 
Reprinted with permission from the American Chemical Society1 with minor modifications.  

A characteristic temperature-responsive behavior was observed for pVCL microgels with a 

VPTT at 28.2 °C (Figure SIII.3a). Notably, microgels containing NTAaa exhibited significantly 

higher VPTT owing to the comonomer’s heightened hydrophilicity. Even at a low NTA content 

of 0.5 mol%, the VPTT was elevated by 9 °C to 37.2 °C (Figure III.5b). A further increase of the 
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VPTT up to 50.8 °C was shown for microgels with increased NTA amounts (χNTA = 2.0 mol%, 

2.2 mol%), showcased in Figure SIII.3c-d. It is noteworthy that there is a significant difference 

in VPTT when comparing samples with χNTA = 2.0 mol% versus 2.2 mol%. This observation 

lends support to the hypothesis that the difference in χNTA between both samples is larger 

than established by FT-IR. We propose that the NTA concentration in the microgel with χNTA = 

2.0 mol% is slightly lower than determined. The VPTTs are listed in Table SIII.1. 

These observations provided an initial assessment, but the sigmoidal Boltzmann function, 

while applied to fit the data, did not precisely match the observed data points. In contrast, a 

stepwise reduction in microgel size was observed for samples containing 2.0 and 2.2 mol% 

NTA (Figure III.5c-d). In the following section, the cause of the stepwise size reduction is 

discussed. Additionally, a subsequent section will address why this behavior was not observed 

in samples containing χNTA = 11.8 mol%. 

The observed stepwise VPT (χNTA = 2.0 and 2.2 mol%) likely stems from the microgel’s core-

shell structure, as postulated by renowned researchers in previous works.36,38–40 It has 

previously been suggested that each polymer chain in the microgel has its own VPTT.41,42 The 

individual polymer chains can therefore collapse at different temperatures depending on their 

degree of polymerization and their overall chemical composition, introducing varying 

hydrophilicity and charge density.41,43 Thus, a stepwise VPT can occur when the swelling and 

deswelling of individual polymer chains in the microgel do not happen simultaneously. For 

example, in microgels with charged functional groups, initial deswelling is explained by the 

collapse of uncharged, more hydrophobic polymer chains, while deswelling at higher 

temperatures is attributed to the collapse of more hydrophilic or charged polymer chains.38 

For the p(VCL/NTAaa) microgels, initial deswelling occurs due to the augmented hydrophobic 

interaction between uncharged pVCL chains causing the collapse of the VCL-rich core.36,38–40 

This phenomenon occurs at temperatures slightly higher than the determined VPTT of pVCL, 

with two reasons explaining the increase in VPTT in the VCL-rich microgel core: either a small 

fraction of hydrophilic comonomer has been incorporated into the core, or the charged 

microgel shell disturbs the collapse of the core. Given the low reactivity of NTAaa (3.5.4 

Reaction Calorimetry), the second reason is much more likely. When the core and shell are 

interconnected, the collapse of the microgel core induces a partial contraction in the shell as 
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well.44 Because of electrostatic forces resulting in repulsion among the polymer chains, the 

microgel shell resists collapsing, also hindering the collapse of the core. For additional clarity, 

the initial deswelling was fitted for both microgels (Figure SIII.4a and Figure SIII.4c), each 

yielding a VPTT of 33.1 °C, slightly heightened compared to the VPTT of pVCL. 

After the first collapse, a relatively stable size is observed over a narrow temperature range, 

succeeded by further size reduction (Figure III.5c-d). This behavior is proposed to arise from 

the collapse of charged polymer chains which are mostly located in the microgel shell. 

Therefore, differing VPTT values in distinct areas of the microgel cause a stepwise collapse.45,46 

Del Monte et al.38 demonstrated, through a combination of experimental and simulation data, 

that the collapse of partially charged microgels is not continuous but occurs in a stepwise 

manner. Their research revealed that core-shell microgels with peripheral charges undergo a 

multi-step deswelling process, where the VPT of the microgel core precedes the VPT of the 

microgel shell. The number of deswelling steps depends on the level of heterogeneity within 

the microgel,38 including the distribution of comonomers. In this thesis, a semi-batch 

polymerization was used for microgel fabrication. Therein, the comonomer NTAaa is added 

over 8 minutes, after an initial period for microgel core formation, spanning 25-45 s. This 

approach results in the formation of microgels with a pVCL core and a p(VCL/NTAaa) shell 

characterized by an increasing NTAaa concentration from the microgel core to the microgel 

shell. This radial distribution explains the observed multi-step VPT phenomenon in 

p(VCL/NTAaa) microgels containing 2.0 mol% or 2.2 mol% of NTA (Figure III.5c-d).  

While the first VPTT was readily determined, pinpointing the specific temperature associated 

with the subsequent size reduction was only achievable for the microgel with χNTA = 2.0 mol% 

(53.1 °C; Figure SIII.4b, Table SIII.1): Instead of being fixed to one specific temperature, the 

observed deswelling in the microgel with χNTA = 2.2 mol% (Figure SIII.4d) appears to unfold in 

multiple steps, suggesting structural heterogeneity characterized by the radially decreasing 

NTAaa content. Hence, the higher comonomer content leads to increased structural 

heterogeneity, manifesting in a greater number of distinct areas within the microgel.  

Despite the significantly higher NTA content in the microgel containing χNTA = 11.8 mol%, its 

VPTT was determined to be 40.6 °C (Figure SIII.3e), which is lower compared to previous 

samples (χNTA = 2.0 mol%, 2.2 mol%). This discrepancy can be attributed to the observed lower 
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pH due to the increased presence of carboxylic groups in the microgel. Previous studies have 

indicated that a decrease in pH results in a lower VPTT for microgels with acidic 

comonomers.47,48 At lower pH levels, an abundance of hydrogen ions in the solution causes a 

shielding effect around the negatively charged NTA. Consequently, the chain-chain 

electrostatic repulsion between polymer chains diminishes, causing a reduced average 

interchain distance and an earlier collapse along with a lower VPT.48 Next to the changes in 

VPTT, the shielding effect contributes to a less pronounced stepwise deswelling. 

 

3.3.2. Electrophoretic Mobility 

For a comprehensive understanding of other effects caused by the phase transition, changes 

in µE were observed across a temperature range of 20 °C to 65 °C. A notable increase in µE was 

observed for pVCL microgels, whereas p(VCL/NTAaa) exhibited decreasing µE with increasing 

temperature (Figure III.6). These phenomena are attributed to the VPT: The collapse of the 

microgels results in an augmented charge density on their surface.  

Initially, pVCL microgels carry a minor positive charge owing to the integrated positively 

charged fragments from the initiator AMPA. As the temperature rises, the microgel contracts, 

resulting in a substantial increase in surface charge density38,49 (Figure III.6a). Conversely, the 

surface charge of p(VCL/NTAaa) microgels is predominantly affected by carboxylic groups: 

While AMPA is also present in these microgels, it does not play a significant role due to the 

presence of a much higher number of negative charges. Consequently, the heightened surface 

charge density upon heating translates into more negative µE (Figure III.6b). This observation 

suggests the occurrence of an electrophoretic phase transition (EPT) in addition to the VPT.  

To determine the temperature at which the EPT occurs (EPTT), a sigmoidal Boltzmann fit was 

applied to the µE curves (Figure III.6), identifying the inflection point of the curve as the EPTT. 

According to the literature, the EPTT typically occurs at higher temperatures compared to the 

respective VPTT.49,50 This deviation is primarily attributed to the heterogeneous structure of 

the microgels. It is anticipated that the densely crosslinked, neutral core undergoes collapse 

at lower temperatures, already largely contributing to the VPT of the microgel, but not as 

much to the EPT. Subsequently, the collapse of the charged microgel shell occurs, potentially 

accompanied by a further reduction in the core size.38,49,51 This collapse causes a pronounced 
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increase in charge density, therefore contributing to both, a further decrease in volume and 

the EPT. To summarize, the EPTT being higher than the VPTT can be attributed to the charged 

polymer chains consistently being the last to collapse. This is reflected in all EPTT results. 
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Figure III.6 The electrophoretic mobility (µE) was examined regarding its temperature 
dependence through ELS measurements conducted with a scattering angle of θ = 12.8° in H2O. 
Results for p(VCL/NTAaa) microgels with varying comonomer content are presented: χNTA = (a) 
0 mol%, (b) 0.5 mol%, (c) 2.0 mol%, (d) 2.2 mol%, (e) 11.8 mol%. The electrophoretic 
mobilities in (a)-(c) exhibit characteristics of a sigmoidal curve, while µE of microgels 
containing higher χNTA displays a more linear behavior. The data were fitted with sigmoidal 
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Boltzmann functions to determine the EPTT, omitting the curves with more linear behavior: 
(a) 37.9 ± 0.6 °C, (b) 41.1 ± 1.0 °C, and (c) 41.5 ± 1.4 °C with corresponding degrees of 
determination of (a) R2 = 0.994, (b) R2 = 0.992, and (c) R2 = 0.992. Reprinted with permission 
from the American Chemical Society1 with minor modifications.  

The electrophoretic mobilities of p(VCL/NTAaa) microgels with lower χNTA (Figure III.6a-c) 

exhibit sigmoidal characteristics, whereas µE of microgels with higher χNTA (Figure III.6d-e) 

shows a rather linear behavior. This is caused once more by the uneven distribution of 

comonomer throughout the microgel, contributing to the microgel’s structural heterogeneity, 

and leading to multiple steps of collapse. Additionally, the EPTT of the microgels with higher 

χNTA may be expected at higher temperatures caused by the presence of highly charged 

polymer chains, which elevate both the VPTT36,37 and EPTT. Overall, the accuracy of the 

sigmoidal fits for determining the EPTT is rather low, as evidenced by the low coefficients of 

determination (R2). 

Figure SIII.5 further illustrates the temperature-dependent variation of the zeta potential (ζ). 

Expectedly, the curves exhibit strong similarities to those derived from electrophoretic 

mobility (µE); however, the inflection points are marginally shifted to lower temperatures. This 

discrepancy can be elucidated by the intricate interplay between ζ and µE, as described by the 

Henry equation (Equation III.3).9,52 Since the behavior of ζ is similar to µE, the obtained curves 

do not require further discussion. 

ζ =
3

2
(

µ𝐸η

𝜖0𝜖𝑟𝑓(κa)
) 

Equation III.3 In the displayed Henry equation, ε₀ and εᵣ denote the electrical permittivity of 
vacuum and the relative electrical permittivity of water, respectively, while η represents the 
temperature-dependent viscosity. Moreover, the Henry function f(κa) significantly influences 
the equation, with κa corresponding to the ratio of particle radius (a) to the Debye screening 
length (κ-1).52,53 The Debye screening length is thereby a measure of the thickness of the 
electrical double layer.9  

In summary, the findings demonstrate that the VPTT of p(VCL/NTAaa) microgels is elevated 

compared to pVCL microgels, attributable to the presence of the hydrophilic, charged 

comonomer. The VPT of microgels closely correlates with their EPT, due to the higher charge 

density resulting from the collapse of the microgels. Notably, the stepwise collapse of 
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uncharged, followed by charged polymer segments places the EPTT at higher temperatures 

than the VPTT. 

Given the significant number of carboxylic groups within the system, it is anticipated that the 

microgels not only demonstrate temperature-responsiveness but also exhibit sensitivity to 

other stimuli. Consequently, further investigations explored how the size of the microgels 

varies with changes in ionic strength and pH. 

 

3.4. Ionic Strength- and pH-Responsiveness of the Microgels 

The size of polyelectrolyte microgels can be influenced not only by temperature but also by 

ionic strength, which may have a significant impact.39,54,55 Therefore, DLS measurements were 

conducted to assess the dependency of microgel size on the solution’s ionic strength, which 

was adjusted by the addition of NaCl (Figure III.7a). Moreover, the presence of ionizable 

groups results in pH-responsiveness of microgels.13,56 Hence, further examination was carried 

out on the pH-dependence of microgel size (Figure III.7b).  
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Figure III.7 The Dh of microgels was examined regarding its (a) ionic strength- and (b) pH 
dependence, through DLS measurements conducted with a scattering angle of θ = 90° in H2O. 
Results for p(VCL/NTAaa) microgels with varying comonomer content are presented: (a) χNTA 
= 0, 0.5, 2.0 and 11.8 mol%, (b) pH χNTA = 0, 0.5, 2.0, 2.2 and 11.8 mol%. The ionic strength was 
adjusted by the addition of NaCl while the pH was adjusted through the use of different buffers 
with their concentration and ionic strength fixed at 10 mM. Reprinted with permission from 
the American Chemical Society1 with minor modifications. 

The pVCL microgels exhibit minimal variation in size with changes in ionic strength but tend to 

aggregate at ionic strength levels of 100 mM and above (Figure III.7a). In HPLC water, pVCL 

microgels display low ionization, reflected in their µE of 0.23 µm cm V-1 s-1 (Table III.2). The low 
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ionization stems from the non-ionic nature of VCL and BIS, with minor positive charges 

attributed to fragments from the initiator AMPA. The p(VCL/NTAaa) microgels, however, 

demonstrate more negative µE (Table III.2), explained by the incorporation of the acidic 

comonomer NTAaa. The presence of these ionic groups induces a stronger dependence on the 

ionic strength: An increase in ionic strength results in a shielding effect, diminishing microgel 

size by reducing repulsion among carboxylic acid groups (Figure III.7a), an effect intensifying 

with increasing NTA content. P(VCL/NTAaa) microgels exhibit enhanced electrostatic 

stabilization, a phenomenon that further intensifies with increasing χNTA. The microgels 

experience aggregation only at higher ionic strength levels. 

The incorporation of carboxylic groups in each NTAaa unit in p(VCL/NTAaa) microgels suggests 

responsiveness not only to ionic strength but also to changes in pH. Conversely, pVCL 

microgels, lacking ionizable groups, are not expected to be pH-responsive. This lack of pH-

dependent size variations for pVCL was confirmed, while p(VCL/NTAaa) microgels displayed a 

notable pH-dependence (Figure III.7b). The carboxylic groups incorporated into the microgels 

are protonated at low pH values and deprotonated at high pH values, resulting in a charged 

state. This leads to an increase in microgel size due to electrostatic repulsion. Particular 

attention should be paid to the microgel response around the dissociation constant pKa of 

NTA. When the pH equals the pKa, the concentration of the acid (-COOH) is expected to be 

equal to that of its corresponding base (-COO-). Consequently, an enlargement in size is 

anticipated around the pKa due to the increased presence of the charged species. 

Instead of just one, NTA has three incorporated carboxylic acid groups, and therefore three 

pKa values. Irving et al.57 determined these at 0 (pKa1), 2.5 (pKa2), and 9.7 (pKa3), assuming NTA 

concentrations up to 1 mM at 20 °C. For larger NTA concentrations, pKa1 shifts to 1.7, whereas 

the other pKa values remain unchanged beyond the second decimal place. With rising 

temperature, both pH and pKa decrease, leading to an anticipated slightly lower pKa at the 

herein-employed 25 °C. Moreover, the incorporation of NTA into microgels is likely to impact 

the pKa. Nonetheless, these pKa values were employed as a preliminary estimate. 

Within the obtained data, a noticeable size increase of p(VCL/NTAaa) microgels is observed 

within the pH range of 1.5 to 6.5 (Figure III.7b). NTA in microgels with higher χNTA thereby 

possesses a higher pKa, indicated by the size increase occurring at higher pH values. This can 
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be attributed to the polyacidic nature of the microgel. As opposed to monomeric acids, 

additional electrostatic work is required for the dissociation against existing electrostatic 

forces, caused by the charges in the microgel.58–60 The greater the number of incorporated 

acidic groups, the higher the amount of electrostatic work needed for deprotonation, 

consequently leading to an elevated pKa.59  

Notably, the sample containing χNTA = 11.8 mol% aggregates at pH 2.5 and lower (Figure 

III.7b), attributed to insufficient electrostatic stabilization of the microgels at these pH values. 

It is proposed that this is caused by attractive interactions among NTA-rich polymer chains 

after they have been protonated. 

Once again, larger differences are observed between the samples with χNTA = 2.0 mol% and 

2.2 mol%. As previously described, the comonomer content of the microgel sample with 

determined χNTA = 2.0 mol% may be closer to 1.5 mol%, thereby explaining these differences.  

In summary, the findings demonstrate that p(VCL/NTAaa) microgels exhibit responsiveness to 

temperature, as well as to ionic strength and pH. Compared to monomeric NTA, the 

dissociation of the carboxylic groups in microgels is shifted to larger pKa. The more NTA is 

incorporated into the microgels, the higher the pKa. Following these comprehensive studies 

of the stimuli-responsiveness of p(VCL/NTAaa) microgels, attention is now shifted toward 

methods for further structural elucidation. The results from DLS and ELS indicate a 

heterogeneous core-shell structure, with NTAaa predominantly located in the microgel shell. 

This aspect will be further clarified. 

 

3.5. Microgel Morphology and Formation Mechanism 

3.5.1. 1H Transverse Relaxation Measurements for Analysis of the Microgel 
Morphology 

For deeper insights into microgel morphology, 1H transverse relaxation (T2) NMR 

measurements were conducted. The dynamics of side chains and backbone within the 

polymer network reflect the microgel’s structure, influenced by crosslink density and 

structural defects. T2 relaxation analysis, as referenced by previous studies,27,30,61,62 provides 

details on internal motions in polymer systems, considering spatial restriction and time scale 
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of motion. Utilizing the model-free approach by Lipari and Szabo for macromolecules in 

solution,63 T2 relaxation in microgels can be quantitatively described, incorporating 

parameters for both internal and overall motion. The relaxation decays display a 

multicomponent nature, with intensities sensitive to the amount of protons in different 

regions of the microgel.9,28 Elevated proton concentrations thereby amplify dipolar magnetic 

interactions. The amount of protons varies throughout the microgel due to differences in 

crosslinking, with a decreasing proton concentration from the highly crosslinked microgel core 

to the microgel shell and dangling chains. The overall softness of the microgel depends on its 

crosslink density, which in turn influences T2 parameters: A higher degree of crosslinking 

diminishes side-chain mobility, resulting in further acceleration of the T2 relaxation. Analysis 

of relaxation times from spin-echo decay processes therefore provides insights into microgel 

heterogeneity, predominantly influenced by polymerization kinetics, which leads to a denser 

core due to faster consumption of crosslinker.64 In the employed semi-batch polymerization, 

the core-shell structure of the microgel is further accentuated by the delayed addition of 

NTAaa, promoting the accumulation of comonomer in the microgel shell. 
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Figure III.8 T2 spectra of p(VCL/NTAaa) (χNTA = 0 mol%, 0.5 mol%, 2.0 mol%, 2.2 mol% and 
11.8 mol%), obtained from the application of ILT to the proton T2 spin-echo decays of the 
microgels. The peaks correspond to the core-shell morphology (T2 < 1 s) and HDO (T2 > 1 s).  

All NMR measurements were conducted in D2O, therefore, a contribution of HDO to the spin-

echo decay can be anticipated. However, owing to the high purity of D2O (99.8 %), any 

resultant effect is expected to be minimal. Proton T2 spin-echo decays of p(VCL/NTAaa) 

microgels are depicted in Figure SIII.6. Data analysis involved applying the Inverse Laplace 

Transform (ILT) of the spin-echo decays.30 Obtained ILT spectra (Figure III.8) exhibit several 

peaks, with those on the left side  (T2 < 1 s) associated with the microgel’s core and shell, while 
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the peak on the right side (T2 > 1 s) corresponds to HDO. It is noteworthy that the lower signal-

to-noise ratio at higher spin-echo times in the T2 spin-echo decays  (Figure SIII.6) may result 

in variations in peak positions and intensities in the ILT spectra (Figure III.8), as noted in 

previous studies.30 This warrants careful consideration for the HDO peak. 

The presence of multiple peaks indicates the microgel’s heterogeneous nature, with distinct 

regions exhibiting varying relaxation times. The shortest relaxation time is associated with the 

microgel core, whereas longer relaxation times correspond to its shell. Interestingly, rather 

than two peaks for the microgel core and shell, there appear to be three peaks, suggesting a 

microgel structure with an inner and outer shell. Peaks at longer relaxation times display 

varying intensities across different samples without a recognizable trend. This variability can 

be attributed to the aforementioned lower signal-to-noise ratio at higher T2 values.30 
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Figure III.9 Data obtained from the proton T2 spin-echo decays for p(VCL/NTAaa) microgels 
containing comonomer contents of χNTA = 0 mol%, 0.5 mol%, 2.0 mol%, 2.2 mol% and 
11.8 mol%. (a) Proton short and long T2 - transverse relaxations, along with (b) an enlarged 
section. (c) Dynamic contrast T2,long/T2,short, and (d) proton concentration contrast Ashell/Acore 
obtained from exponential fitting. Samples were measured at 24 °C at a microgel 
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concentration of 5 mg mL-1. Reprinted with permission from the American Chemical Society1 
with minor modifications. 

In prior studies, only two peaks were found in the T2 spectra, corresponding to the core and 

corona of pVCL microgels.65 However, by measuring the CPMG decay at significantly higher 

spin-echo times, it was possible to analyze higher values of T2, thus unveiling three distinct 

relaxation times. A microgel characterized by a core-inner shell-outer shell morphology is 

therefore anticipated. Similar structures have been documented in prior literature.38 The 

obtained pVCL microgels without incorporated comonomer feature a BIS-rich core, a VCL-rich 

inner shell, and a VCL-rich outer shell which contains AMPA fragments: The positively charged 

initiator fragments arrange themselves at a maximum distance from each other due to 

electrostatic repulsion. In p(VCL/NTAaa) microgels, the three distinct microgel layers are 

expected to be a BIS-rich core, a VCL-rich inner shell, and an NTAaa-rich outer shell.  

Additionally, the microgel’s proton T2 spin-echo decays (Figure SIII.6) were effectively fitted 

with a three-phase exponential decay, yielding high coefficients of determination (R2 = 0.995 

to 0.998). This is described in detail in Materials and Methods. The comparison of short and 

long T2 (T2,short and T2,long) obtained from fitting CPMG decays is presented in Figure III.9a, 

providing further evidence for a core-shell microgel morphology. These T2 values obtained 

from fitting are comparable to each other. However, a direct comparison to T2 values from ILT 

is not feasible because both methods may generate slightly different values. Furthermore, the 

exponential fitting approach allowed for comparison solely between the T2 values of the core 

and shell, owing to the lower signal-to-noise ratio observed at higher spin-echo times. 

An increase of T2,short can be observed with increasing χNTA, which was highlighted in an 

expanded section of T2,short depicted in Figure III.9b. Such an increase may stem from either a 

reduced quantity of crosslinks in the microgel core or the integration of hydrophilic NTAaa 

groups, both contributing to decreased chain stiffness. Conversely, the acquired T2,long results 

exhibit a more intricate trend, revealing a declining relaxation time when contrasting pVCL 

microgels with those of p(VCL/NTAaa) featuring low χNTA. This may be explained by the 

presence of NTAaa during polymerization: It is presumed that the integration of NTAaa 

hampers the crosslinking of the microgel core, resulting in a less densely crosslinked core, 

while the crosslinker is partially incorporated into the microgel shell. When comparing 

p(VCL/NTAaa) microgels among each other, an increase in T2,long is evident up to χNTA values of 
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2.2 mol%, caused by the presence of hydrophilic NTAaa groups resulting in a decreased chain 

stiffness. However, contrasting these T2,long values with those obtained for χNTA = 11.8 mol%, 

T2,long decreases instead of further increasing. As previously elucidated, the integration of 

NTAaa into the microgels induces a pH decrease, resulting in the protonation of NTA. 

Consequently, the diminished chain mobility can be explained by the presence of fewer 

protonated, hydrophilic NTA groups. 

The dynamic contrast equals the ratio T2,long/T2,short (Figure III.9c). This ratio of relaxation times 

reflects functional group mobility in the shell and core, and thus elucidates differences in 

crosslinking density and hydrophilicity, indicating variations in the softness of the shell and 

core. From this dynamic contrast analysis, a more densely crosslinked microgel core for pVCL 

compared to p(VCL/NTAaa) microgels is anticipated. Among p(VCL/NTAaa) microgels minimal 

changes in dynamic contrast are observed with varying comonomer content, suggesting 

similar crosslinking densities across these microgels. An exception here is the sample with 

χNTA = 11.8 mol%, which exhibits a lower dynamic contrast, attributed to pH variation. 

Protonation of NTA leads to significantly shorter T2,long, impacting the dynamic contrast. The 

employed semi-batch polymerization method maintains consistent kinetics of microgel core 

polymerization in the first 30 seconds of the reaction. Although a substantial portion of BIS is 

converted before NTAMaa addition due to its rapid polymerization,66 NTAMaa may negatively 

influence crosslinking after its addition, which starts after the initial 30 seconds. This may 

cause further changes in dynamic contrast. 

The contrast in proton concentration, represented by Ashell/Acore is shown in Figure III.9d and 

exhibits a notable rise with increasing comonomer content. This indicates the presence of 

more protons within the microgel shell, associated with a thicker, NTA-rich shell due to the 

increased amount of comonomer in the microgels.  

The obtained results indicate that the incorporation of higher concentrations of NTAMaa 

could potentially influence polymerization rates and the mechanism of microgel formation. 

Consequently, AFM and reaction calorimetry were employed to gain further insights into the 

microgel structure and its formation mechanism. 
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3.5.2. Atomic Force Microscopy of the Microgels 

Utilizing AFM, microgels were visualized in their dried state, allowing for the observation of 

microgel morphology. For this, the samples were spin-coated onto plasma-activated Si wafers. 

A comparison between p(VCL/NTAaa) microgel samples with varying comonomer content 

revealed significant morphological changes. Figure III.10 illustrates p(VCL/NTAaa) microgels 

with comonomer contents of 0.5 mol% and 11.8 mol%, showcasing variations in morphology 

and stiffness. Additionally, AFM images of microgel samples with χNTA = 0 mol%, 2.0 mol%, and 

2.2 mol% are depicted in Figure SIII.7. Across different comonomer contents, strong variations 

in the microgel morphology were observed (Figure III.10ab). These can be attributed to an 

increased χNTA. Prior research has extensively shown that the introduction of comonomers 

plays a pivotal role in shaping microgel morphology. For instance, Grabowski et al.67 have 

demonstrated that altering the comonomer content alone can yield entirely distinct microgel 

shapes, a phenomenon observed across different synthesis methods, including batch and 

semi-batch. In this system, it is hypothesized that a core consisting of pVCL and BIS forms 

initially, before the addition of NTAMaa. The selective integration of NTAMaa into the 

microgel shell, facilitated by its delayed introduction and lower reactivity, likely accounts for 

the evident core-shell structure. Utilizing AFM, a subtle asymmetry was observed in 

p(VCL/NTAaa) microgels with χNTA = 2.2 mol% and higher (Figure III.10, Figure SIII.7). These 

microgels showcase a core-shell morphology with an off-centered core, possibly arising from 

strong hydrophobic interactions between NTAMaa moieties during polymerization, leading to 

their self-assembly and the resultant asymmetrical structure. It needs to be noted, that a few 

p(VCL/NTAaa) microgels exhibit multiple cores, presumably due to shell formation around two 

core microgels and, therefore, caused by the employed semi-batch method.  

Overall, the core-shell morphologies observed in microgels with χNTA = 2.2 mol% and higher, 

resemble “fried-egg” structures found in previous studies.68–70 Respective microgels typically 

feature a denser, more crosslinked core and a softer microgel shell.68 This “fried-egg” 

structure is featured in the height profiles of those microgels and in phase images (Figure 

III.10, Figure SIII.7). Here, the microgel core exhibits a higher phase shift compared to the 

underlying Si wafer, indicating a stronger interaction of the cantilever with the polymeric 

material. This suggests that the polymer material is relatively softer than the metal surface. 
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The microgel shell on the other hand displays a phase shift comparable to that of the Si wafer. 

This phenomenon suggests a lower polymer density toward the periphery of the adsorbed 

microgel, resulting in reduced interaction with the cantilever and a correspondingly lower 

phase shift. Previous research has indicated that in tapping mode AFM, the cantilever may 

interact not only with the sample but also with the harder underlying surface.71  

 

 

Figure III.10 AFM images of p(VCL/NTAaa) microgels with their (a, b) height profiles, and (c,d) 
phase images. Microgels possess χNTA = (a, c) 0.5 mol% and (b, d) 11.8 mol%. The samples were 
spin-coated onto plasma-activated Si wafers. Reprinted with permission from the American 
Chemical Society.1 

The comparison between the sizes obtained from AFM measurements and DLS results 

revealed interesting insights. At lower χNTA levels, the microgels in their dried state appeared 

relatively small, constituting only about 30 % of their swollen size. Contrary, with increased 
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χNTA, the hydrophilic polymer chains exhibited more extensive spreading on the Si wafer, 

resulting in larger observed microgel diameters via AFM. In these instances, AFM 

measurements indicated sizes reaching up to 85% of those obtained from DLS. This trend 

corresponds well with previous observations due to the formation of a soft shell around the 

microgel core at higher χNTA. The summarized results are listed in Table III.3. 

Table III.3 Comparison of the Dh of p(VCL/NTAaa) microgels obtained from DLS and the 
diameters from AFM (DAFM). AFM samples were dried on a Si wafer and subsequently 
measured. Here, microgels with varying χNTA are compared. DLS was performed at T = 25 °C at 
a scattering angle of θ = 90°. 

χNTA [mol%] Dh [nm]a) DAFM [nm] DAFM / Dh [%] 

0 576 ± 15b) 280 ± 35  48.6 
0.5 584 ± 20b) 187 ± 33 32.0 
2.0 431 ± 4c) 128 ± 20 29.7 
2.2 640 ± 11c) 379 ± 77 59.2 
11.8 770 ± 22d) 666 ± 54 84.5 

a) The used 0.5 mg mL-1 p(VCL/NTAaa) dispersion resulted in a neutral pH at low NTA contents (χNTA,actual = 0.1 to 
0.5 mol%) and in a slightly acidic pH of 5 or 4 at higher NTA contents (χNTA,actual = 2.0 to 11.8 mol%); b) pH 6, the 
pH corresponds to the pH of the used HPLC water; c) pH 5; d) pH 4. 

 

3.5.3. Scanning Electron Microscopy of the Microgels 

Following the comprehensive examination of the microgels using AFM, electron microscopy 

was employed to gather additional insights into the microgel structure. Scanning electron 

microscopy (SEM) coupled with a bright-field scanning transmission electron microscopy 

(BFSTEM) detector was utilized to visualize the microgels, focusing on revealing their internal 

microstructure rather than surface features. The resulting images (Figure SIII.8) exhibit 

similarities to the AFM images discussed previously. However, distinct from AFM, BFSTEM 

allows for the visualization of a microgel shell for all χNTA, with the thickness of the shell 

increasing with χNTA. The microgel cores display a higher density attributed to the elevated 

crosslinker content. Nevertheless, the overall contrast in BFSTEM images remains low due to 

the low density of the polymeric microgel samples. Further SEM images were acquired using 

a secondary electron detector (Figure SIII.9), albeit with a much lower resolution. SEM images 

are found in the Supplementary Data. 
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3.5.4. Reaction Calorimetry 

To delve deeper into the distribution of comonomers within the microgel, calorimetric studies 

were conducted. A precipitation polymerization of VCL and NTAMaa crosslinked with 

2.6 mol% BIS and initiated with 1.2 mol% AMPA, was performed to conduct real-time turbidity 

and calorimetric measurements (Figure III.11). Instead of using a semi-batch method, batch 

polymerization was performed to minimize inaccuracies in measuring the heat generation 

rate: The heat generation rate is affected when comonomers are added after initiation, which 

could potentially distort the obtained data. Aside from earlier NTAMaa addition, the selected 

batch polymerization method is, however, analogous to the previous semi-batch approach. 

The observed turbidity (Figure III.11a) during the reaction shows an increase with increasing 

particle size, reaching a plateau when the microgels reach their final size, as previously 

reported in the literature.72 It is noteworthy that the turbidity of microgels is generally 

influenced by the refractive index, making it highly dependent on the water content of the 

microgels.73,74 Additionally, the turbidity can vary based on the precise polymer composition 

via changes in the dielectric constant.75,76 Consequently, turbidity is only primarily dictated by 

size under conditions of constant polymer composition and water content. However, a plateau 

is expected to occur as the microgels reach their final size, attributed to the consistent 

composition of the microgels at the end of the polymerization process. 
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Figure III.11 Real-time measurements of (a) turbidity, and (b) heat generation rate (qR), 
recorded during batch polymerization of p(VCL/NTAaa) microgels with 2.6 mol% BIS. 
Reprinted with permission from the American Chemical Society1 with minor modifications. 

Figure III.11b (with a magnified section in Figure SIII.10) provides the visualization of the heat 

generation rate throughout the polymerization reaction. This rate is intimately linked to the 
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polymerization rate, given the exothermic nature of polymerization reactions,77 making it an 

ideal parameter for monitoring the reaction progress. 

The polymerization reaction of VCL in DMSO/water exhibits slower kinetics compared to 

polymerization reactions reported in literature conducted solely in water.77 The heat 

generation rate for VCL polymerization in DMSO/water plateaus around 1200-1600 s, 

coinciding with the stabilization of turbidity. This suggests completion of the reaction within 

this timeframe, whereas literature-reported VCL polymerization reactions typically span 300-

500 s.72,77 Despite using similar amounts of initiator AMPA and crosslinker BIS, the variance in 

reaction duration can be attributed to the solvent composition; the presented reactions were 

conducted in a DMSO/water mixture rather than solely in water. The enhanced solubility of 

formed pVCL/BIS polymer chains in DMSO necessitates longer polymer chains for precursor 

particle precipitation. Previous studies have indicated that polymerization rates of VCL and BIS 

are heightened in the precipitated gel state compared to the solution.77,78 Hence, a lower 

polymerization rate is anticipated in DMSO/water mixtures, aligning with these findings. 

The initial peak in the heat generation rate curves of pVCL polymerization corresponds to the 

crosslinker BIS, consistent with its faster consumption compared to the monomer VCL, as 

documented in the literature. This consumption pattern yields a microgel structure 

characterized by a highly crosslinked core and a less densely crosslinked shell.64,66 In 

comparison to literature findings,72,77 the BIS heat generation rate in this thesis appears 

slightly slower, yet the associated peak is more pronounced. This discrepancy can be 

attributed to the considerably slower polymerization of VCL in the presented setup, resulting 

in a lower heat release over an extended duration. 

The heat generation rate and turbidity curves for the p(VCL/NTAMaa) synthesis suggest an 

even slower polymerization reaction. Polymerization completes after approximately 2600 s 

for χNTA = 2.5 mol% and after 4500 s for χNTA = 5 mol%. Previous studies have demonstrated 

that the addition of comonomers can influence polymerization rates,72,79 and in this case, the 

slower polymerization is attributed to the presence of NTAMaa, which decelerates microgel 

formation. 

Analysis of the turbidity curves reveals a two-step polymerization. For χNTA = 2.5 mol%, the 

turbidity reaches an area with a significantly lower incline around 800 s before increasing 
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again, a phenomenon observed previously in the literature72 and attributed to varying 

reactivities of comonomers. Similarly, for χNTA = 5 mol%, the turbidity plateaus around 1200 s, 

followed by a decrease and subsequent increase after 1700 s, indicating a change in the 

microgel’s dielectric constant likely due to the altered composition caused by NTAMaa 

incorporation. The results indicate that NTAMaa exhibits lower reactivity compared to VCL, 

thus polymerizing mainly after VCL, resulting in the observed two-step process. Since BIS and 

VCL radicals preferentially react with monomers of the opposite species,66,79 the batch 

polymerization likely forms a BIS-rich core followed by a VCL-rich inner shell with few NTAMaa 

units. The outer shell primarily comprises NTAMaa, which possesses the slowest reaction rate. 

Transitioning from batch to semi-batch polymerization, where NTAMaa is added after 25-45 s, 

is expected to accentuate the core-shell morphology, with NTAMaa concentration being 

highest in the outer shell. Consequently, the presented microgels exhibit a heterogeneous 

morphology with radially decreasing NTA content, consistent with prior suggestions. 

In forthcoming studies, extending the calorimetry data with kinetic modeling, as 

demonstrated in works by Nevolianis et al.79 could offer deeper insights into the reactivities 

of various radical species involved in the presented precipitation polymerization process. 

Additionally, employing molecular simulations akin to those conducted by Grabowski et al.67 

might prove beneficial for elucidating the microgel structure and the molecular assembly 

mechanisms during polymerization. The insights from such simulations could furnish further 

evidence for the self-assembly of NTAMaa units, thereby elucidating the formation of slightly 

asymmetric microgels. 

 

3.5.5. Formation Mechanism of the Microgels 

This chapter aims to elucidate the anticipated formation mechanism of the microgels based 

on the findings obtained thus far. Drawing from insights in existing literature regarding pVCL 

formation,64,77 these results are consistent with previous observations. The formation process 

is hypothesized to commence with the formation of a densely crosslinked, BIS-rich core, 

succeeded by the development of a less densely crosslinked, VCL-rich inner shell. 

Subsequently, the outer shell of the microgel is expected to exhibit an even lower density, 

albeit with a similar composition, due to the elongation of polymer chains. Figure III.12 
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provides a schematic representation of this process. It is worth noting that the depicted 

microgels are presented in their swollen state at 25 °C, facilitating a clearer visualization of 

the process, whereas the synthesis occurs in the collapsed state at 70 °C. 

 

 

Figure III.12 Formation of a pVCL microgel depicted at different stages of the polymerization. 
Microgels are shown in their respective swollen states. (a) Initiation and formation of a dense, 
BIS-rich microgel core. (b) Development of an intermediate-density VCL-rich inner shell. 
(c) Formation of a low-density VCL-rich outer shell. Reprinted with permission from the 
American Chemical Society1 with minor modifications. 

 

 

Figure III.13 Formation of a p(VCL/NTAaa) microgel depicted at different stages of the 
polymerization. Microgels are shown in their respective swollen states. (a) Initiation and 
formation of a dense, BIS-rich microgel core. (b) Development of an intermediate-density BIS- 
and VCL-rich inner shell. (c) Formation of an NTAMaa-rich microgel outer shell. The NTAMaa 
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layer is anticipated to remain in a semi-collapsed state when swollen in aqueous dispersion, 
owing to the higher hydrophobicity of NTAMaa. (d) Formation of a low-density NTAaa-rich 
outer shell after hydrolysis of NTAMaa. The prior interaction of the NTAMaa chains during 
polymerization may contribute to the formation of an asymmetric outer shell. Reprinted with 
permission from the American Chemical Society1 with minor modifications. 

The formation mechanism for a p(VCL/NTAaa) microgel is depicted in Figure III.13. The 

presence of DMSO and the delayed addition of NTAMaa impede the formation of the BIS-rich 

core (Reaction Calorimetry). As a result, the dense, BIS-rich core in p(VCL/NTAaa) microgels 

(Figure III.13a) is expected to be less dense compared to pVCL microgels (Figure III.12a). 

Subsequent polymerization leads to the formation of a VCL-rich inner shell, potentially 

incorporating additional BIS-crosslinks (Figure III.13b). As polymerization progresses, NTAMaa 

is introduced, forming a semi-collapsed layer around the microgel due to its relatively high 

hydrophobicity (Figure III.13c). Eventually, the NTAMaa layer undergoes hydrolysis, resulting 

in the formation of a low-density NTAaa outer shell (Figure III.13d). The hydrophobic 

interactions among NTAMaa polymer chains before hydrolysis may contribute to slight 

asymmetry in the resulting microgel shell. With a higher concentration of NTAMaa in the 

polymerization, microgel shells become more pronounced. 

After conducting a comprehensive investigation of microgel stimuli-responsiveness and 

morphology, the subsequent chapters involve their utilization for biological applications. To 

this end, cytocompatibility experiments were conducted, alongside the electrostatic 

immobilization of a model protein. 

 

3.6. Use of Microgels for Biological Applications 

3.6.1. Cytotoxicity/Viability Test According to ISO 10993–5 

For cytotoxicity assessment following ISO 10993–5 guidelines, p(VCL/NTAaa) microgel 

samples with varying comonomer contents (χNTA = 0, 0.5, 2.0, 2.2, and 11.8 mol%) were 

incubated with cell culture medium for one, three, and seven days. Subsequently, the 

supernatant was collected and transferred to pre-seeded L929 mouse fibroblasts (5.0 x 103 

cells cm-2). Cells were then cultured for one day before live/dead stainings were performed. 

FDA was utilized for staining viable cells. Upon intracellular esterase activity, FDA is converted 
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into highly fluorescent fluorescein. PI, which can only penetrate cells lacking membrane 

integrity, was employed for staining dead cells.80,81 Consequently, viable cells exhibited green 

fluorescence (FDA), while dead cells exhibited red fluorescence (PI) (Figure III.14a). Tissue 

culture polystyrene (TCPS) served as a viability control, whereas TCPS treated with TritonX-

100 served as a dead cell control.  

 

Figure III.14 Cytotoxicity assessment of p(VCL/NTAaa)) microgels with χNTA = 0, 0.5, 2.0, 2.2, 
and 11.8 mol%. (a) Live/dead staining of the microgels with tissue culture polystyrene (TCPS) 
as a viability control and a dead cell control which was treated with 20 µL TritonX-100 (0.1 % 
dissolved in PBS) to lyze the cells. Fluorescent staining revealed viable cells with green and 
dead cells with red. Magnitude: 100x, Scale bar 100 µm. (b) After quantification of the images 
with ImageJ, the percentage of dead cells was calculated. The fraction of dead cells after 1, 3, 
and 7 days is shown with respective error bars. From left to right, p(VCL/NTAaa)) microgels 
with χNTA = 0, 0.5, 2.0, 2.2, and 11.8 mol%, TCPS and a dead cell control are shown. Reprinted 
with permission from the American Chemical Society.1  
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Upon treatment with supernatant, the cellular morphology remained comparable to control 

conditions on TCPS. Even so, L929 cells exhibited an elevated presence of dead cells when 

exposed to cell-culture supernatant obtained from the microgels with χNTA = 2.2 and 

11.8 mol% NTA after 3 and 7 days. Image analysis was conducted using ImageJ, whereby cell 

counts were manually determined and the ratio of dead to viable cells was calculated (Figure 

III.14b). For the supernatant collected on day 1, no significant differences were observed. 

Contrary, on day 3, an increase in the percentage of dead cells was evident for microgels with 

2.2 and 11.8 mol%. (8.84 % and 10.11 %, respectively) and day 7 (6.64 % and 9.11 %, 

respectively). To summarize, an increase in the number of dead cells was observed in samples 

containing larger amounts of comonomer (χNTA = 2.2 and 11.8 mol%), whereas no significant 

rise in dead cells was noted for microgels with lower comonomer content (χNTA = 0, 0.5 and 

2.0 mol%). Hence, samples with lower χNTA appear suitable for bio-applications without 

constraints. The ISO 10993-5:2009 standard defines a non-toxic range where the fraction of 

dead cells should not exceed 30 %.82,83 With a maximum of 10.11 % dead cells, even for 

microgels with higher χNTA, the results remain well below this threshold, suggesting potential 

use in biomedical applications. However, the viability of cells relevant to specific clinical 

treatments must be reassessed depending on the application. 

 

3.6.2. Cell Proliferation Assay  

Additionally, a cell proliferation assay was conducted, wherein the microgels (χNTA = 0, 0.5, 2.0, 

2.2, and 11.8 mol%) were cultured with L929 cell culture medium for 7 days. After incubation, 

the medium was removed, and cells were seeded (5.0 × 104 cells cm−2) in a 24-well plate placed 

in the CELLCYTE X™. The confluency was quantified using integrated CELLCYTE X™ software 

and plotted against time in Figure III.15, indicating no significant changes in proliferation for 

the TCPS control and p(VCL/NTAaa) microgels with χNTA = 0, 0.5, and 2.0 mol%. However, 

microgels with higher comonomer contents (χNTA = 2.2 mol% and 11.8 mol%) caused 

significantly decreased proliferation, with almost no increase in confluency over time. 

Although all microgels demonstrated good cytocompatibility according to ISO 10993-5:2009, 

the results from cell proliferation assays suggest that only microgels with lower comonomer 

contents (χNTA = 0, 0.5, 2.0 mol%) are suitable for tissue engineering applications. Significant 
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disparities were shown between the samples containing χNTA = 2.0 mol% and χNTA = 2.2 mol%, 

for both cytotoxicity and proliferation assays. These differences support the earlier hypothesis 

regarding the larger anticipated difference in χNTA between these samples, with the actual 

concentration of the p(VCL/NTAaa) microgel with a determined χNTA = 2.0 mol% being closer 

to its theoretical comonomer content of 1.5 mol%. 
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Figure III.15 Proliferation assay of L929 mouse fibroblasts cultured in p(VCL/NTAaa) 
supernatant of microgels (χNTA = 0, 0.5, 2.0, 2.2, and 11.8 mol%) over 7 days. A CELLCYTE X™ 
was used to determine the confluency. Reprinted with permission from the American Chemical 
Society.1  

In summary, the potential use of microgels in bio-applications appears feasible across all 

comonomer concentrations, while lower comonomer amounts even enable consideration for 

tissue engineering applications. Leveraging this data, the next step is to immobilize cyt c into 

p(VCL/NTAaa) microgels, demonstrating the potential for uptake of positively charged 

biomolecules via electrostatic interactions. 

 

3.6.3. Immobilization of Cytochrome C on Microgels 

For the demonstration of biomolecule immobilization in p(VCL/NTAaa) microgels, the model 

protein cyt c, possessing a low molecular weight of 10 kDa, was employed. With an isoelectric 

point around 10,84,85 cyt c maintains a net positive charge across a wide pH range. 

Immobilization was conducted at a neutral pH of 6.5 to ensure the proteins’ positive charge 

while preserving the negative surface charge of p(VCL/NTAaa) microgels. These are compared 

to pVCL microgels, where a low uptake of cyt c is expected, as they exhibit a slight positive 
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charge at neutral pH due to initiator fragment incorporation. After incubation of the microgels 

with cyt c, the mixture was dialyzed to remove any non-immobilized protein. UV-Vis spectra 

recorded pre- and post-dialysis are depicted in Figure III.16ab, alongside a UV-Vis spectrum of 

cyt c shown in Figure III.16c. Cyt c exhibits characteristic peaks at 408 nm and 530 nm, 

previously observed for its oxidized form,86 along with a peak around 360 nm, also consistent 

with previous UV-Vis spectra.87,88 
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Figure III.16 UV-Vis spectra of microgel-cyt c mixtures before and after dialysis. The samples 
were prepared in buffer (10 mM MES pH 6.5, ionic strength of 10 mM). Initial concentrations 
of 2 mg mL-1 microgels, and 1 mg mL-1 cyt c were used. Samples are compared to pure 
microgel (2 mg mL-1 in buffer). Cyt c was mixed with (a) pVCL and (b) p(VCL/NTAaa) and 
samples were investigated after 2, 4, and 5 days of dialysis. (c) Data for pure cyt c is shown for 
comparison. Reprinted with permission from the American Chemical Society1 with minor 
modifications. 

The UV-Vis data in Figure III.16a illustrates the washout of cyt c from pVCL microgels after 5 

days. Notably, the characteristic peaks of cyt c are no longer discernible, indicating its removal, 

leaving only the absorbance curve of the microgel. This outcome aligns with expectations, as 
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cyt c can only be immobilized within pVCL microgels through weak forces such as van der 

Waals interactions or hydrogen bonding. Expectedly, the electrostatic repulsion between 

pVCL and cyt c exceeds the strength of these weak forces, hindering stable immobilization. A 

slight decrease in microgel concentration is observed over time, evident from the lower 

absorbance after 5 days of dialysis compared to the pure microgel sample. This minor 

reduction in concentration is likely explained due to the semi-permeable membrane used, 

allowing not only the exchange of small dissolved molecules but also solvent molecules, 

leading to subtle changes in overall concentration. 

Comparing the pVCL and p(VCL/NTAaa) samples, notable differences emerge. While the 

absorbance of microgel mixed with cyt c before dialysis appears similar, p(VCL/NTAaa) 

demonstrates effective retention of a large amount of cyt c (Figure III.16b). This outcome 

aligns with expectations, given the electrostatic attraction between cyt c and p(VCL/NTAaa). 

Over time, a decreasing intensity of the cyt c peak at 530 nm is observed, accompanied by a 

reduction in peak intensity at 408 nm, albeit less pronounced. The different curve shape may 

arise from a conformational change in immobilized cyt c compared to its free form. Prior 

studies have indicated that such conformational changes can alter peak intensities,87 

suggesting adsorption of cyt c to the microgels. Notably, comparing p(VCL/NTAaa) microgels 

with immobilized cyt c after 4 and 5 days, only minimal changes in absorbance are apparent. 

The curve shapes remain remarkably similar, unlike the more significant changes observed in 

previous days. This stability in absorbance is attributed to a similar composition of the samples 

after 4 and 5 days of dialysis, with the decrease in absorbance likely linked to the overall 

reduced concentration due to solvent diffusion, as observed in the case of pVCL microgels. 

In summary, the experiments conducted illustrate the capacity of p(VCL/NTAaa) microgels to 

retain a substantial amount of cyt c over multiple days of dialysis, a phenomenon not observed 

in the case of pVCL microgels. This serves as an initial validation of the biomolecule 

immobilization potential of p(VCL/NTAaa). Future inquiries should prioritize the quantification 

of biomolecule incorporation and elucidate their release dynamics from the microgels. 

Overall, these findings lay the groundwork for future investigations in this domain. 
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4. Conclusion 

The focus of this chapter was laid on synthesizing and characterizing p(VCL/NTAaa) core-shell 

microgels with stimuli-responsive properties. This is the first instance in which pVCL microgels 

have been combined with an NTA comonomer. Initially, the NTA content was determined 

using IR spectroscopy, followed by fundamental characterization of the microgels through DLS 

and ELS. Subsequently, the stimuli-responsiveness of the microgels was extensively 

investigated. This involved conducting temperature-dependent DLS and ELS measurements, 

as well as ionic strength- and pH-dependent DLS measurements. 

The findings revealed that the incorporation of NTA resulted in a raised VPTT and thus EPTT 

of the microgels, attributed to the hydrophilicity and overall charge of NTA. Additionally, a 

stepwise VPT was identified, likely stemming from the microgels’ inhomogeneous core-multi-

shell structure with a radial increase in NTA concentration from core to shell. This 

inhomogeneity leads to an almost linear EPT for p(VCL/NTAaa) microgels with higher NTA 

concentrations due to the microgel collapse occurring in incremental steps, approximating a 

continuous collapse. Upon increasing the NTA content in p(VCL/NTAaa) microgels, various 

changes in stimuli-responsiveness were noted. The higher number of charges leads to 

enhanced electrostatic stabilization of the microgels, as well as a greater size dependence on 

ionic strength and pH. Notably, significant alterations in microgel size occurred around the pKa 

of the incorporated NTA: The higher number of deprotonated carboxylic groups at the pKa 

leads to increased electrostatic repulsion between polymer chains, consequently causing 

microgel swelling.  

NMR relaxometry analysis in water revealed increasing chain mobility with higher NTA 

content, suggesting greater hydrophilicity. Additionally, an increase in the number of shell 

protons indicated a thicker shell. Notably, microgel morphology analysis unveiled distinct 

areas within the microgel structure: a core region followed by inner and outer shells.  

AFM and SEM analysis confirmed a visible core-shell structure, which was particularly 

pronounced at higher NTA concentrations. Additionally, using the STEM detector, a fuzzy shell 

covering a denser core was observed for all microgels. This observation is attributed to a lower 

density of polymer chains in the microgel shell, which is connected to a lower amount of 

crosslinking due to the high reactivity of the crosslinker BIS. Reaction calorimetry revealed 
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that the comonomer containing NTA exhibited a notably slower reaction rate in comparison 

to BIS, as well as the primary monomer VCL. The delay in reaction kinetics, attributed to the 

presence of the NTA-monomer, contributed to a prolonged duration of the microgel synthesis. 

These findings suggest that the final microgels comprise a core rich in BIS and VCL, followed 

by an inner shell rich in VCL with minimal NTA content. The outer shell contains a higher 

proportion of NTA, contributing to the observed core-shell morphology. 

The results from cytotoxicity and cell proliferation tests indicate that the p(VCL/NTAaa) 

microgels hold promise for applications in biomaterials. Specifically, these microgels displayed 

the ability to take up the positively charged protein cyt c through electrostatic interactions. 

Notably, this chapter reveals that p(VCL/NTAaa) microgels can retain a substantial amount of 

cyt c even after several days of dialysis, a behavior not observed in pVCL microgels. This 

retention capability underscores the potential of p(VCL/NTAaa) microgels for sustained and 

effective uptake of biomacromolecules such as proteins.  
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6. Supplementary Data 

Monomer Synthesis and Characterization 

 

Figure SIII.1 NMR spectrum of NTAaa. 1H-NMR (400 MHz, DMSO-d6, δ = 2.50): δ = 8.16 (t, 1H, 
NH), 6.21 (dd, 1H, CH), 6.03 (dd, 1H, CH), 5.53 (dd, 1H, CH), 3.46 (q, 4H, CH2), 3.32 (t, 1H, CH), 
3.07 (q, 2H, CH2), 1.56 (m, 2H, CH2), 1.40 (m, 2H, CH2), 1.28 (m, 2H, CH2) ppm. Reprinted with 
permission from the American Chemical Society.1  
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Figure SIII.2 NMR spectrum of dimethyl NTAMaa. 1H-NMR (400 MHz, DMSO-d6, δ = 2.50): δ = 
8.04 (t, 1H, NH), 6.19 (dd, 1H, CH), 6.04 (dd, 1H, CH2), 5.54 (dd, 1H, CH2), 3.58 (m, 13H, CH2, 
CH3), 3.39 (t, 1H, CH), 3.08 (m, 2H, CH2), 1.57 (m, 2H, CH2), 1.40 (m, 2H, CH2), 1.22 (m, 2H, CH2) 
ppm. Reprinted with permission from the American Chemical Society.1 

Temperature-Responsiveness of the Microgels 

Table SIII.1 VPTT of aqueous p(VCL/NTAaa) microgels (0.5 mg mL-1) with varying NTA contents 
(χNTA). Temperature-dependent DLS measurements of the hydrodynamic radius Dh were 
performed for data acquisition (5 °C to 65 °C in 2.5 °C steps). A scattering angle of θ = 90° was 
employed and the VPTT was determined by a sigmoidal Boltzmann fit. 

χNTA [mol%] VPTT [ °C] VPTT 1 [ °C] VPTT 2 [ °C] EPTT [ °C] 

0a) 28.2 ± 0.8d) n.d. n.d. 37.9 ± 0.6 
0.5a) 37.2 ± 0.3d) n.d. n.d. 41.1 ± 1.0 
2.0b) 43.4 ± 1.6d) 33.1 ± 0.7e) 53.1 ± 0.7f) n.d. 
2.2c) 50.8 ± 3.5d) 33.1 ± 0.6e) n.d. n.d. 
11.8c) 40.6 ± 0.3d) n.d. n.d. n.d. 

The pH values of the 0.5 mg mL-1 p(VCL/NTAaa) dispersions were determined at 25 °C a) pH 6; b) pH 5; c) pH 4. d) 

Fit function between 5 °C and 65 °C; e) 5 °C and 47.5 °C; f) 40 °C and 65 °C; n.d. = not determined. 
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Figure SIII.3 The Dh of microgels was examined regarding its temperature-dependence, 
through DLS measurements conducted with a scattering angle of θ = 90° in H2O. Results for 
p(VCL/NTAaa) microgels with varying comonomer content are presented: χNTA = (a) 0 mol%, 
(b) 0.5 mol%, (c) 2.0 mol%, (d) 2.2 mol%, (e) 11.8 mol%. A sigmoidal Boltzmann function was 
used for fitting the data of each heating cycle. Resultant VPTTs are (a) 28.2 ± 0.8 °C, (b) 37.2 ± 
0.3 °C, (c) 43.4 ± 1.6 °C, (d) 50.8 ± 3.5 °C, and (e) 40.6 ± 0.3 °C with degrees of determination 
of R2 = (a) 0.999(7), (b) 0.994, (c) 0.989, (d) 0.992, and (e) 0.998. Reprinted with permission 
from the American Chemical Society1 with minor modifications. 
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Figure SIII.4 The Dh of microgels was examined regarding its temperature-dependence, 
through DLS measurements conducted with a scattering angle of θ = 90° in H2O. Results for 
p(VCL/NTAaa) microgels with varying comonomer content are presented: χNTA = (a,b) 
2.0 mol% and (c,d) 2.2 mol%. If possible, a sigmoidal Boltzmann function was used for fitting 
the data of each heating cycle. Resultant VPTTs are (a) 33.1 ± 0.7, (b) 53.1 ± 0.7, and (c) 33.1 ± 
0.6 with degrees of determination of R2 = (a) 0.979, (b) 0.990, and (c) 0.948. Reprinted with 
permission from the American Chemical Society1 with minor modifications. 
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Figure SIII.5 The zeta potential (ζ) of microgels was examined regarding its temperature 
dependence, obtained through ELS measurements, carried out with a scattering angle of 
θ = 12.8° in H2O. p(VCL/NTAaa) microgels containing different χNTA = (a) 0 mol% (b) 0.5 mol%, 
(c) 2.0 mol%, (d) 2.2 mol%, and (e) 11.8 mol%. Reprinted with permission from the American 
Chemical Society1 with minor modifications. 
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1H Transverse Relaxation Measurements for Analysis of the Microgel 
Morphology 
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Figure SIII.6 Normalized 1H NMR spin-echo decays of p(VCL/NTAaa) with χNTA = (a) 0 mol%, (b) 
0.5 mol%, (c) 2.0 mol%, (d) 2.2 mol% and (e) 11.8 mol%. Samples were measured with a CPMG 
pulse sequence at 24 °C in D2O with a microgel concentration of 5 mg mL-1. All data were fitted 
using a three-phase exponential fit with degrees of determination of R2 = (a) 0.998, (b) 0.995, 
(c) 0.997, (d) 0.997, and (e) 0.998. Reprinted with permission from the American Chemical 
Society1 with minor modifications. 
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Atomic Force Microscopy of the Microgels 

 

Figure SIII.7 AFM images of p(VCL/NTAaa) microgels containing comonomer contents χNTA of 
(a, b) 0 mol%, (c, d) 2.0 mol% and (e, f) 2.2 mol% %: (a, c, d) height profiles, (b, d, f) phase 
images. The samples were spin-coated onto plasma-activated Si wafers. Reprinted with 
permission from the American Chemical Society1 with minor modifications. 
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Scanning Electron Microscopy of the Microgels 

  
 

   
Figure SIII.8 BFSTEM images of p(VCL/NTAaa) microgels with χNTA = 0 mol%, 2.0 mol% and 
2.2 mol%. Reprinted with permission from the American Chemical Society1 with minor 
modifications. 
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Figure SIII.9 SEM images of p(VCL/NTAaa) microgels with χNTA = 0 mol%, 0.5 mol%, 2.2 mol% 
and 11.8 mol%. The 2.0 mol% sample is not shown due to low contrast. Reprinted with 
permission from the American Chemical Society1 with minor modifications. 
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Reaction Calorimetry 
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Figure SIII.10 Real-time measurements of (a), (b) turbidity, (c), and (d) heat generation rate, 
recorded during batch polymerization of p(VCL/NTAaa) microgels with 2.6 mol% BIS. Different 
time slots are shown. Reprinted with permission from the American Chemical Society1 with 
minor modifications. 
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IV. Nitrilotriacetic Acid Functionalized Microgels as 
Carriers for Hyaluronan Synthase: Enzymatic 
Hyaluronic Acid Synthesis 

Large parts of this chapter are reprinted from Sommerfeld, Isabel K.; Dälken, Esther; Elling, 

Lothar; Pich, Andrij. Nitrilotriacetic Acid Functionalized Microgels for Efficient Immobilization 

of Hyaluronan Synthase. Macromol. Biosci. 2024, 2400075. Specifically, most Figures are 

adapted from this publication, with minor modifications. This material is reused under the 

terms of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) 

license. 

 

Contributions to this Chapter  

The synthesis of the reported compounds was conducted either by myself or by Esther Dälken 

under my supervision during her employment as a research assistant and during her research 

internship at DWI – Leibniz-Institute for Interactive Materials in 2022. Dan E. Demco 

performed 1H transverse relaxation measurements. Renate Jansen conducted ICP-OES 

measurements, and Dr. Michael Pohl and Rainer Haas acquired SEC data. Truc Pham 

performed enzyme production and Bradford measurements. Further Bradford measurements 

were conducted by Kai P. Hussnaetter. All data were processed and evaluated by me. 

Johannes Gottschalk assisted with preliminary enzyme activity tests. Although these results 

are not included in this thesis, the insights gained from these preliminary experiments were 

invaluable and played a significant role in guiding me toward achieving more successful 

outcomes in my research. 

 

1. Introduction 

The use of immobilized enzymes for the synthesis of complex biological materials, such as 

oligo- or polysaccharides, can be highly advantageous. Enzymes offer a straightforward 

approach to synthesizing complex materials, eliminating the need for multi-step chemical 
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syntheses involving selective protection and deprotection, often accompanied by low yields.1,2 

Moreover, enzyme immobilization facilitates the straightforward recovery of products and 

enzymes, repeated enzyme reuse, and enables continuous enzymatic production towards 

more sustainable chemistry.3 

Recapping Chapter III, ionic binding was utilized for the incorporation of the 

biomacromolecule. While this method often enables strong binding, the presence of a charged 

carrier can present challenges during biocatalysis. When enzyme substrates or products are 

charged, it can lead to disturbed kinetics and general difficulties with substrate and product 

diffusion. Additionally, changes in pH stability and the pH optimum of the enzyme may occur.4 

Given the transition from simple protein immobilization to the incorporation of enzymes for 

biocatalysis, alternative methods may prove more advantageous. Therefore, in this chapter, 

an advancement of the previously used method is sought by employing affinity binding, where 

the microgel support interacts with a specific group in the enzyme without affecting its 

enzymatic activity.5  

The NTA functional group incorporated into pVCL-based microgels can serve not only for 

electrostatic immobilization but also as a chelating ligand for metals. These chelated metal 

ions then interact with a polyhistidine tag (His-Tag) in the enzyme,4,6 enabling enzyme 

immobilization. This method is adapted from Immobilized Metal Affinity Chromatography 

(IMAC), a widely used technique for protein purification.6–8 Metal affinity binding not only 

enables highly specific binding but also facilitates the reuse of the support through reversible 

attachment of the enzyme.5,9 With the possibility of reversibility, this mechanism, much like 

stimuli-responsiveness, is useful for the uptake and release of biomacromolecules. 

NTA-microgels have previously been employed for immobilizing enzymes and proteins using 

metal affinity binding.9–12 For instance, Mizrahi et al. utilized NTA-microgels to attach His-

tagged green fluorescent protein (GFP-His).9 Similarly, Heida, Köhler, et al. immobilized the 

same protein, albeit in a different manner, with GFP-His being formed in situ by DNA linked to 

the microgel network.10 In another study, they incorporated active malonyl-CoA synthetase 

into NTA microgels.11 Xu et al. successfully immobilized sucrose phosphorylase while retaining 

the majority of its enzymatic activity.12  



Nitrilotriacetic Acid Functionalized Microgels as Carriers for Hyaluronan Synthase: Enzymatic 
Hyaluronic Acid Synthesis 

 

 

103 
 

Gottschalk et al. successfully immobilized His6-tagged Hyaluronan Synthase from Pasteurella 

multocida (PmHAS), onto NTA-functionalized magnetic particles, showcasing the feasibility of 

using affinity binding for enzyme attachment while preserving the enzymatic functionality of 

PmHAS.13 Building upon this foundation, this chapter shifts its focus towards developing a soft 

microgel platform with reversibly immobilized PmHAS, departing from the use of hard 

magnetic particles. 

To go further into detail, in this thesis, the objective is to immobilize PmHAS, followed by the 

enzymatic production of hyaluronic acid (HA). For this purpose, p(VCL/NTAaa) microgels were 

synthesized. Instead of relying on electrostatic interactions for immobilization (Chapter III), 

metal ions were introduced into the microgels, with NTA serving as a ligand for complexation. 

The metal content in the microgels was determined via Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES). The resulting microgels were then employed for the 

immobilization of His6-tagged PmHAS, using the Bradford assay14 to determine the 

immobilization efficiency. As a Leloir glycosyltransferase (GT), PmHAS catalyzes the assembly 

of nucleotide sugars, here for the formation of the polysaccharide HA.15,16 Additionally, 

PmHAS can elongate supplied HA oligosaccharides.16 The formation of the glycosaminoglycan 

HA thereby involves the sequential arrangement of uridine diphosphate glucuronic acid (UDP-

GlcA) and UDP N-acetylglucosamine (UDP-GlcNAc) units, connected by alternating β-(1,3) and 

β-(1,4) glycosidic linkages.17 The process of HA formation was carefully observed, utilizing 

Multiplexed Capillary Electrophoresis (MP-CE). The formed HA was characterized by Fourier 

Transform Infrared (FT-IR) spectroscopy and Size Exclusion Chromatography (SEC). 

In Figure IV.1, a schematic representation of the objective of this chapter is presented. The 

enzyme PmHAS is immobilized on a microgel via metal affinity binding, leveraging its 

biocatalytic activity to repetitively synthesize HA. 
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Figure IV.1 Schematic depiction of the scope of the current chapter: The enzyme PmHAS is 
immobilized onto p(VCL/NTAaa) microgels through metal affinity binding, facilitated by NTA 
serving as a ligand for metal ions capable of binding to the His6-tag of PmHAS. This setup 
harnesses the biocatalytic activity of PmHAS to repeatedly synthesize HA. 
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2. Materials and Methods 

2.1. Materials 

Ultra-pure water (Merck, HPLC grade) was utilized for all aqueous reactions. Analytical grade 

organic solvents were sourced from Omnisolv. For preparation of buffers, the following 

substances were acquired: ammonium acetate (Carl Roth, 97 %), ethylenediaminetetraacetic 

acid (EDTA, Sigma-Aldrich, 99 %), N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) 

(HEPES, Sigma-Aldrich, 99 %) and sodium hydroxide (NaOH, Merck, 99.5 %). The enzyme 

production involved isopropyl β-D-1-thiogalactopyranoside (IPTG, AppliChem GmbH, 99 %), 

yeast extract (Serva), tryptone (Carl Roth), ampicillin sodium salt (Carl Roth, 97 %), agar-agar 

(Carl Roth), potassium hydrogen phosphate (Carl Roth, 98 %), potassium dihydrogen 

phosphate (Carl Roth, 98 %), NaCl (Carl Roth, 99,5 %), and imidazole (PanReac AppliChem). 

Metal salts were acquired from Sigma Aldrich: CoCl2 ⋅ 6 H2O (98 %), FeSO4 ⋅ 7 H2O (99 %), 

FeCl2 ⋅ 4 H2O (99 %), KCl (85 %), MnCl2 ⋅ 4 H2O (98 %), MgSO4 (99.5 %), NiSO4 ⋅ 6 H2O (98 %). 

Additionally, para-aminobenzoic acid (PABA, 99 %) and para-aminophtalic acid (PAPA, 97 %) 

were purchased from Sigma Aldrich, and sodium dodecyl sulfate (SDS ≥99.8) was purchased 

from Carl Roth. Nucleotide sugars were acquired from Carbosynth or Sigma Aldrich: uridine 

diphosphate glucuronic acid (UDP-GlcA, 98 %) and uridine 5′-diphospho-N-acetylglucosamine 

sodium salt (UDP-GlcNAc, 98 %). For SEC, water (HiPerSolv CHROMANORM® HPLC grade, 

VWR), Na2HPO4 (Carl Roth, 99 %), 0.069 NaCl (Bernd Kraft, 99 %), dextran standards (Polymer 

Standards Service), and ethylene glycol (Fluka analytical, 99.5 %) were employed. HNO3 (Carl 

Roth, 95 %) was employed for additional measurements. 

 

2.2. Enzyme Production 

His6-tagged PmHAS was synthesized following the methods described by Gottschalk et al.18,19 

Specifically, the enzyme is PmHAS 1-703, a soluble class 2 hyaluronan synthase13 with the 

following amino acid sequence, supplied by the group of Professor L. Elling. Here, the His6-tag 

and other His residues are highlighted in red and blue, respectively: 
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MNTLSQAIKA   YNSNDYQLAL   KLFEKSAEIY   GRKIVEFQIL   KCKEKLSAHP   SVNSAHLSMN 

KEEKVNVCDS   PLDIATQLLL   SNVKKLVLSD   SEKNTLKNKW   KLLAEKKSEN   AEVRAVALVP 

KDFPKDLVLA   PLPDHVNDFT   WYKKRKKRLG   IKPEHQHVGL  SIIVTTFNRP   AILSITLACL 

VNQKTHYPFE  VIVTDDGSQE  DLSPIIRQYE   NKLDIRYVRQ  KDNGFQASAA  RNMGLRLAKY 

DFIGLLDCDM  APNPLWVHSY  VAELLEDDDL  TIIGPRKYID   TQHIDPKDFL  NNASLLESLP 

EVKTNNSVAA  KGEGTVSLDW  RLEQFEKTEN  LRLSDSPFRF  FAAGNVAFAK  KWLNKSGFFD 

EEFNHWGGED   VEFGYRLFRY  GSFFKTIDGI  MAYHQEPPGK  ENETDREAGK  NITLDIMREK 

VPYIYRKLLP  IEDSHINRVP  LVSIYIPAYN   CANYIQRCVD  SALNQTVVDL  EVCICNDGST 

DNTLEVINKL   YGNNPRVRIM  SKPNGGIASA  SNAAVSFAKG  YYIGQLDSDD  YLEPDAVELC 

LKEFLKDKTL  ACVYTTNRNV  NPDGSLIANG  YNWPEFSREK  LTTAMIAHHF  RMFTIRAWHL 

TDGFNEKIEN  AVDYDMFLKL  SEVGKFKHLN  KICYNRVLHG  DNTSIKKLGI  QKKNHFVVVN 

QSLNRQGITY  YNYDEFDDLD  ESRKYIFNKT  AEYQEEIDIL  KDINKNAAAL  EHHHHHH 

Plasmids were introduced into Escherichia coli (E. coli) BL21 (DE3) through heat shock, and 

positive clones were identified on agar plates containing Lysogeny Broth (LB) and ampicillin 

(100 µg mL−1). A 20 mL LB medium supplemented with ampicillin was inoculated with positive 

clones and incubated in a 100 mL baffled flask for 18 hours at 37 °C and 120 rpm for 

preculture. Subsequently, 20 mL of the preculture medium were transferred to inoculate 1 L 

of terrific broth medium in a 5 L baffled flask, and cells were grown at 37 °C and 80 rpm until 

reaching an optical density of 0.6-0.8 at 600 nm. Expression was induced by adding 0.1 mM 

IPTG, and the temperature was lowered to 25 °C. After 20 hours of cultivation, cells were 

harvested by centrifugation at 7000 rpm for 30 minutes at 4 °C, and the cell pellets were 

stored at -20 °C.  

For protein extraction, 4 g of frozen cells were resuspended in 10 mL of binding buffer (20 mM 

sodium phosphate, 500 mM sodium chloride, 30 mM imidazole, pH 7.4), disrupted by 

ultrasound (6 cycles of 15 seconds on, 60 seconds off, 52 % amplitude), and centrifuged at 

15000 rpm for 30 minutes at 4 °C. The crude extract containing PmHAS was filtered through a 

0.8 µm filter and subjected to Immobilized Metal Ion Affinity Chromatography (IMAC) using 

5 mL HisTrap HP columns (GE Healthcare) on an ÄKTApurifier 100 (GE Healthcare) controlled 

by the Unicorn program. Side products were eliminated by washing with 20 mM Na2HPO4, 

500 mM NaCl, and 30 mM imidazole at pH 7.4. The purified PmHAS was eluted with an elution 
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buffer consisting of 20 mM Na2HPO4, 500 mM NaCl, and 500 mM imidazole at pH 7.4. Following 

purification, buffer exchange was performed by dialysis against 100 mM HEPES at pH 8, and 

the resulting product was stored at 4 °C. The protein concentration was determined using a 

Bradford protein assay.14 

 

2.3. Synthesis of Monomers and Microgels 

The polymerization reactions in this chapter were based on the use of two compounds: 2,2'-

((5-acrylamido-1-carboxypentyl)azanediyl)diacetic acid (NTAaa) and dimethyl 2,2'-((6-

acrylamido-1-methoxy-1-oxohexan-2-yl)azanediyl) diacetate (NTAMaa). Detailed synthesis 

instructions and characterization results for these compounds can be found in Chapter III. 

Additionally, Chapter III provided instructions for the synthesis and FT-IR characterization of 

poly(N-vinylcaprolactam (pVCL) and poly(N-vinylcaprolactam-2,2'-((5-acrylamido-1-

carboxypentyl)azanediyl)diacetic acid) (p(VCL/NTAaa)) microgels. The microgels were 

synthesized, utilizing a fixed amount of BIS (2.6 mol%) and varying NTAaa contents 

(χNTA,theor. = 0, 0.1, 0.25, 0.5, 1, 2, and 2.5 mol%).  

 

2.4. Incorporation of Metal(II) Ions into Microgels 

The p(VCL/NTAaa) samples (5 mg) were treated with a metal (Me) salt solution (0.75 M, 1mL) 

utilizing the salts CoCl2 ⋅ 6 H2O, FeCl2 ⋅ 4 H2O, MnCl2 ⋅ 4 H2O, MgSO4, and NiSO4 ⋅ 6 H2O and 

subsequently subjected to mixing on a head-over-head shaker for a minimum of 12 hours. 

Co2+, Fe2+, Mn2+, and Mg2+ were exclusively incorporated into p(VCL/NTAaa) microgels 

containing χNTA = 1 mol%, whereas Ni2+ was incorporated into microgels across all NTAaa 

concentrations. Purification was conducted through dialysis against water employing a 

regenerated cellulose membrane (MWCO = 12 - 14 kDa) for 5 days. Following lyophilization, 

p(VCL/NTAaa@Me) microgels were obtained as white to slightly colored powders. 
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2.5. Immobilization of Hyaluronan Synthase into Microgels 

To immobilize His6-tagged PmHAS on p(VCL/NTAaa@Me) microgels, enzyme stock solution 

and microgels were mixed in HEPES (100 mM, pH 8) at concentrations of 3.0 mg mL-1 microgel 

and 1.5 mg mL-1 purified PmHAS. Following incubation at 4 °C for a minimum of 2 days, the 

sample was centrifuged (3 x 10000 rpm, 4 °C, 30 min) to remove any residual enzyme. After 

each centrifugation step, the precipitated p(VCL/NTAaa@Me@PmHAS) microgels were 

resuspended in HEPES (100 mM, pH 8), maintaining the previous microgel concentration. 

 

2.6. Production of Hyaluronic Acid and Enzyme Activity Assay 

The nucleotide sugars UDP-GlcA trisodium salt (58.1 mg, 0.09 mmol) and UDP-GlcNAc 

disodium salt (58.6 mg, 0.09 mmol) were mixed with enzyme cofactors MgCl2 ⋅ 6 H2O 

(27.4 mg, 0.135 mmol), KCl (6.8 mg, 0.09 mmol) and MnCl2 ⋅ 4H2O (2.7 mg, 0.0135 mmol) in 

HEPES (100 mM, pH 8, 1.8 mL). This substrate solution was used to activate the production of 

HA via the enzymatic action of PmHAS. Additionally, a stop solution was prepared, consisting 

of SDS (201.9 mg, 14 mM), PABA (137 mg, 2 mM), and PAPA (18.1 mg, 2 mM) in 50 mL of water.  

Subsequently, the substrate solution (200 µL) was mixed with the test solution (800 µL), 

comprising the previously obtained p(VCL/NTAaa@Me@PmHAS) solution or a control sample 

(PmHAS solution without microgels). This mixture was formulated to contain final 

concentrations of 15 mM Mg2+, 10 mM K+, and 1.5 mM Mn2+, known to provide optimal 

conditions for high conversion rates.18,19 In accordance with previous publications, a 

concentration of 10 mM was used for both nucleotide sugars, UDP-GlcA and UDP-GlcNAc.13,18  

Samples were collected at various time points (0, 2, 4, 6, 25, and 54 h) to monitor HA 

formation. The reaction was stopped using the previously prepared stop solution. Specifically, 

45 µL of the stop solution were added to 45 µL of the sample taken at each time point. The 

samples were subsequently stored at -20 °C until analyzed by MP-CE. 

Recovery and reuse tests were conducted by reusing p(VCL/NTAaa@Me@PmHAS) for two 

additional cycles of HA formation. After HA formation in the first cycle, following the 

aforementioned instructions, collecting samples at 0, 2, 4, 6, and 24 h, the mixture underwent 
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centrifugation (3 x 10000 rpm, 4 °C, 30 min). Subsequently, the supernatant was removed, 

and the remaining solution was brought up to a total volume of 800 µL using 100 mM HEPES 

at pH 8. Fresh substrate solution (200 µL) was added to initiate another cycle of HA formation. 

This procedure was repeated twice for a total of three cycles. 

 

2.7. Analytical Methods 

2.7.1. Fourier-Transform Infrared Spectroscopy  

Fourier-Transform Infrared (FT-IR) spectroscopy was conducted following the procedures 

outlined in Chapter III. The NTA contents were calculated using Equation III.2.  

 

2.7.2. Dynamic Light Scattering 

Dynamic Light Scattering (DLS) measurements were conducted on a Malvern Instruments 

Zetasizer Ultra Pro. Microgel samples (0.5 mg mL-1, in ultrapure water) were measured 

threefold at a scattering angle θ = 90°, in square 12 mm polystyrene DTS0012 cuvettes, each 

with 5 runs at 25 °C. ZS Xplorer software was utilized for result analysis. 

 

2.7.3. Electrophoretic Light Scattering 

Additionally, Electrophoretic Light Scattering (ELS) measurements were conducted on the 

Zetasizer Ultra Pro from Malvern Instruments. Samples (0.5 mg mL-1 in ultrapure water) were 

placed into disposable folded capillary cells (DTS1070) and measured threefold at 25 °C with 

up to 100 runs each at a scattering angle of θ = 12.8° and an applied voltage of 150 V. Data 

were analyzed using ZS Xplorer software.  

 

2.7.4. Multiplexed Capillary Electrophoresis  

MP-CE measurements were performed utilizing a multiplexed cePRO 9600TM operated by 

pKa-analyzer software (Advanced Analytical Technologies, Ames, IA, USA). This device allows 
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for the simultaneous analysis of multiple samples. The enzymatic reaction of PmHAS was 

assessed by separating nucleotide sugars (UDP-GlcA and UDP-GlcNAc) and nucleotides (UDP 

and uridine monophosphate (UMP)). The experimental setup and method were adapted from 

previous work by Gottschalk et al.13  

A 96-capillary array was utilized for the analysis, with each capillary having an inner diameter 

of 50 µm and effective and total lengths of 55 cm and 80 cm, respectively. Before separation, 

the system was washed with 0.1 M NaOH and water. Vacuum (−0.7 psi, 10 s) was used for 

sample injection, and the separation of substances was realized by applying a voltage of 10 kV. 

The electrophoresis buffer consisted of 70 mM ammonium acetate containing 1 mM EDTA at 

pH 9.2. Internal standards PABA and PAPA (1 mM each) were employed for calibration. 

Analytes were detected by UV light (254 nm), and data were processed using the pKa-analyzer 

software, calculating quantities of the analytes based on their respective peak areas. 

 

2.7.5. Inductively Coupled Plasma Optical Emission Spectroscopy 

The metal content in the microgels was determined via ICP-OES on a PlasmaQuant PQ9000 

Elite. Measurements were conducted after sample solubilization in 3 mL HNO3 in the 

microwave. Data were analyzed using the program Jena. 

 

2.7.6. Bradford Protein Assay 

To prepare the Bradford reagent, 10 mL of Roti®-Quant were diluted with 27.5 mL of purified 

water. A test solution of 6 µL was then appropriately diluted in HPLC-grade water. 

Subsequently, 25 µL of each sample was dispensed into a well plate, followed by the addition 

of 100 µL of the Bradford reagent to each well, with each sample measured in triplicate. After 

an incubation period of 11.5 minutes, the absorbance was measured at a wavelength of 

595 nm on a Multi-Mode Microplate Reader SynergyTM 2 from BioTek® (Vermont, USA). 

Calibration was conducted using a bovine serum albumin standard, following the same 

experimental procedure. 
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2.7.7. Atomic Force Microscopy 

Atomic Force Microscopy (AFM) images were acquired in tapping mode utilizing a NanoScope 

V system manufactured by Veeco Instruments. The cantilever employed was an NCH-50 

POINTPROBE® silicone SPM sensor sourced from Nanoworld, featuring a resonant frequency 

of 320 kHz and a force constant of 42 Nm−1. Analysis was conducted using Gwyddion software. 

 

2.7.8. Size Exclusion Chromatography 

For the determination of molecular weights (Mw and Mn) and molecular weight distributions 

(Mw/Mn), a neutral to anionic SEC setup was employed. The eluent consisted of water 

containing 5 mM Na2HPO4 and 69 mM NaCl at pH 3.9. Samples were prepared with 0.7 µL mL-1 

ethylene glycol as an internal standard. The SEC system utilized an HPLC pump (1200, Agilent) 

and was equipped with two detectors: a refractive index (RI) (1200, Agilent) and a UV (VWD, 

1200, Agilent). Separation was implemented using a pre-column (8x50 mm) and three 

Suprema-Lux gel columns (8x300 mm, Polymer Standards Service) at a flow rate of 

1.0 mL min-1 at 40 °C. The columns had nominal pore widths of 30, 1000, and 1000 Å with 

5 µm gel particles. Calibration was performed with narrowly distributed Dextran standards 

(Polymer Standards Service), and data analysis was conducted using PSS WinGPC UniChrom 

software (Version 8.3.2). 
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3. Results and Discussion 

3.1. Synthesis and Fundamental Characterization of Microgels 

The p(VCL/NTAaa) microgels were prepared using the semi-batch synthesis procedure 

described in Chapter III.20 Figure SIV.1 and Figure SIV.2 present the obtained FT-IR spectra. 

Due to the limited intensity of the peak associated with the C=O vibration of the carboxylic 

acid groups of NTA, only NTA contents exceeding 1 mol% were determined. In addition to 

other measurement data, Table IV.1 presents both theoretical (χNTA,theor) and measured 

(χNTA,actual) NTA contents. A close correspondence between χNTA,theor and χNTA,actual was 

demonstrated. Subsequent references to p(VCL/NTAaa) microgels will use the denotation 

χNTA, utilizing their theoretical NTA amounts for concentrations up to 1 mol% and their actual 

NTA amounts for concentrations exceeding 1 mol%. 

Table IV.1. Zeta potential (ζ), hydrodynamic diameter (Dh), and polydispersity index (PDI) of 
p(VCL/NTAaa) microgels synthesized with different amounts of NTA (χNTA,theor). The actual NTA 
content (χNTA,actual) was determined using FT-IR spectroscopy while ζ, Dh, and PDI were 
determined using ELS (ζ) and DLS (Dh, PDI) measurements at T = 25 °C with scattering angles 
of θ = 90° (DLS) and θ = 12.8° (ELS) in H2O. Yields of the microgel synthesis were determined 
gravimetrically. 

χNTA,theor. [mol %] χNTA,actual [mol %] Ζ [mV]a) Dh [nm]a) PDI [a.u.]a) Yield [%] 
0 d) 0 3.2 ± 0.2b) 576 ± 15b) 0.086 ± 0.051b) 83.1 
0.1 - -6.0 ± 0.7b) 349 ± 10b) 0.080 ± 0.027b) 72.1 
0.25 - -10.2 ± 1.1b) 451± 23b) 0.119 ± 0.043b) 68.7 
0.5 d) - -18.0 ± 1.3b) 584 ± 20b) 0.132 ± 0.035b) 68.4 
1 - -21.3± 1.2c) 644± 24c) 0.143 ± 0.019c) 58.0 
2 1.9 -25.7 ± 0.4c) 759 ± 55c) 0.283 ± 0.013c) 74.1 
2.5 d) 2.2 -38.4 ± 0.2c) 640 ± 11c) 0.147 ± 0.018c) 85.4 

a) The dilute p(VCL/NTAaa) dispersion (0.5 mg mL-1) prepared for ELS and DLS measurements resulted in a neutral 
pH at low NTA contents (χNTA,actual = 0.1 to 0.5 mol%) and in a slightly acidic pH of 5 at higher NTA contents 
(χNTA,actual = 1 to 2.2 mol%); b) pH 6, the pH corresponds to the pH of the used HPLC water; c) pH 5. d) 
characterization results of marked microgels have been previously reported20 but are listed here for 
comprehensiveness. 

 

Furthermore, p(VCL/NTAaa) microgels were analyzed using ELS and DLS measurements. This 

resulted in the determination of parameters such as ζ, the hydrodynamic diameter (Dh), and 

the polydispersity index (PDI), as summarized in Table IV.1. Due to the pronounced acidity of 

NTA, the dilute p(VCL/NTAaa) dispersions, utilized for ELS and DLS measurements, possess pH 

levels below that of the employed H2O (pH 6) at higher χNTA. Dh of the microgels at 25 °C 
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exhibited varying sizes ranging from 349 to 759 nm with a monomodal, reasonably narrow 

size distribution, as indicated by the PDI. Notably, an increase in size was evident from 

microgels containing χNTA = 0.1 mol% (349 nm) to those with χNTA = 1 mol% (644 nm), 

attributed to the higher swelling degree caused by the mutual repulsion of negatively charged 

polymer chains. However, no clear trend emerged at higher χNTA, consistent with previous 

findings (Chapter III) where no distinct correlation between size and comonomer amount was 

observed.20 This lack of correlation could be attributed to variations in microgel morphology, 

as evidenced by previous studies demonstrating the influence of comonomer concentration 

on microgel shape:21 As explored in Chapter III, the morphology of the presented 

p(VCL/NTAaa) is indeed dependent on its comonomer content which can in turn affect 

microgel size.20 Therefore, the dependency of Dh obtained from DLS measurements on both 

the microgel shape and its actual size is likely the cause of the undetectable trend. 

At low χNTA, ζ can serve as a qualitative indicator of the comonomer content, as COOH groups 

of NTA are anticipated to reside in the microgel shell (Chapter III). Their pronounced acidity 

results in a negative surface potential, increasing in magnitude with increasing χNTA. This was 

proven in the range of χNTA values utilized (Table IV.1).  

 

3.2. Incorporation of Metal Ions into p(VCL/NTAaa) Microgels 

3.2.1. Inductively Coupled Plasma Optical Emission Spectroscopy 

Following their synthesis and characterization, p(VCL/NTAaa) microgels were further modified 

to enable enzyme immobilization by metal affinity binding. For this, metal ions were 

incorporated into the microgels via complexation. Concentrated metal salt solutions were 

added to the microgel dispersions, followed by dialysis for the removal of residual, non-

complexed metal ions. An NTA-metal ion complex is formed in this process, primarily driven 

by electrostatic interactions,22 with NTA serving as a tetradentate ligand through the binding 

of three COOH groups and one amine group.22,23 However, this is not the case for all metal 

ions. For alkaline earth metals such as Mg2+, NTA serves solely as a tridentate ligand.24 This 

results in a lower chelate effect and thus lower binding strength. After incorporation of Ni2+, 

Co2+, Mn2+, Mg2+, and Fe2+ into p(VCL/NTAaa) microgels (χNTA = 1 mol%), the metal content was 
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determined through ICP-OES. From this, the amount of occupied NTA groups was calculated, 

assuming the binding of exactly one metal (Me) ion per NTA unit. Additionally, 

p(VCL/NTAaa@Me) yields were determined gravimetrically. In Table IV.2, the metal content 

and yield of p(VCL/NTAaa@Me) are listed, along with the amount of occupied NTA groups and 

the metal concentration in a  3 mg mL-1 p(VCL/NTAaa@Me) dispersion. 

Table IV.2. Metal (Me) ions were incorporated into p(VCL/NTAaa) (χNTA = 1 mol%) microgels 
leading to the formation of p(VCL/NTAaa@Me) hybrids. ICP-OES was employed to determine 
metal contents and the amount of occupied NTA coordination sites. The yields of 
p(VCL/NTAaa@Me) were determined gravimetrically. From the attained results, the metal 
concentrations in 3 mg mL-1 p(VCL/NTAaa@Me) dispersions were calculated. 

Metal ion Metal content 
[mg g-1] 

Metal content  
[µmol mmol-1] 

Occupied NTA 
sites [%] 

Yield [%] Metal 
concentration [mM] 

Ni2+ 3.90 9.31 95.5 74 0.199 
Co2+ 3.62 7.98 81.8 99 0.171 
Mn2+ 1.59 4.07 41.8 93 0.087 
Mg2+ 0.48 2.77 28.4 87 0.059 
Fe2+ (59.74)a) (131.31)a) (1346.8)a) (111)a) 3.209 

a)Fe2+ ions strongly interact with NTA but also with VCL, leading to an exceeded Fe incorporation in p(VCL/NTAaa). 

 

ICP-OES reveals a varying loading efficiency of metal ions into p(VCL/NTAaa) microgels (Table 

IV.2). For Ni2+ and Co2+ high loading of 81.8 % (Co2+) to 95.5 % (Ni2+) was obtained. For Mn2+ 

(41.8 %) and Mg2+ (28.4 %), the loading efficiency was lower. Therefore, Ni2+ and Co2+ seem to 

be more suitable for this application. These findings are consistent with the reported 

formation constants of NTA complexes in the literature. The highest affinity for NTA@Me 

complexes is observed with Ni2+, followed by Co2+, whereas the complexes formed with Mn2+ 

and Mg2+ exhibit lower binding affinities.25,26  

Obtained yields range between 74 % and 99 %, where lower yields are explained by material 

loss during transfer into dialysis tubes. Particularly the introduction of Ni2+ caused microgel 

aggregation through the lowered electrostatic stabilization in the highly concentrated metal 

salt solution. All materials lead to the formation of homogeneous p(VCL/NTAaa@Me) 

dispersions after the removal of residual metal ions. Dried samples appear similar to 

p(VCL/NTAaa) microgels as homogeneous white powders, slightly blueish because of 

immobilized Ni2+. 
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Notably, the detected amount of Fe exceeds the maximum number of available NTA binding 

sites by tenfold. Additionally, the gravimetric yield was determined to exceed 100 %, 

indicating the incorporation of more metal than expected. This was further evident in the 

inhomogeneous appearance of dry p(VCL/NTAaa@Fe) microgels. The powders exhibit non-

uniform coloring, displaying a gradient ranging from brown and orange to pale yellowish hues, 

suggesting an uneven distribution of metal salts and microgel within the sample. These 

findings indicate that Fe2+ ions interact not only with NTA but also with other parts of the 

microgel, such as the VCL units. Consequently, complete removal of dissolved metal ions may 

not be achievable. Furthermore, the color change (green to yellow) during metal ion 

incorporation indicates that Fe2+ is partially oxidized to Fe3+. Overall, the obtained results 

suggest that Fe2+ may not be a suitable choice for the complexation with NTA. 

To ensure the absence of unintended interactions with VCL, metal ions (Ni2+, Co2+, Mn2+, Mg2+, 

Fe2+) were further incorporated into pVCL microgels without added NTA comonomer. 

Obtained ICP-OES results for p(VCL@Me) are compared to p(VCL/NTAaa@Me) (Figure IV.2a).  
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Figure IV.2 (a) Comparison of the amount of metal per total sample amount in µmol/mmol 
after metal incorporation into pVCL and p(VCL/NTAaa) (χNTA = 1 mol%) microgels. The metal 
content was obtained via ICP-OES measurements. (b) The ζ of p(VCL/NTAaa) (χNTA = 1 mol%) 
and p(VCL/NTAaa@Me) microgels. 

The results confirm that in both pVCL and p(VCL/NTA) a large amount of Fe was detected, 

attributed to unspecific interactions between the microgel network and Fe2+/Fe3+. Hence, the 

complexation Fe2+/Fe3+ cannot be confirmed, rendering this metal ion unsuitable for this 

application. For all other metal ions negligible metal content in p(VCL@Me) was detected, 

whereas much higher contents were observed in p(VCL/NTAaa@Me). This suggests that these 
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metal ions are mostly complexed by the NTA groups, with minimal interactions with other 

parts of the microgel, and are thus suitable for this application. 

 

3.2.2. Dynamic and Electrophoretic Light Scattering 

Comparing p(VCL/NTAaa@Me) to the initial p(VCL/NTAaa) microgels, the incorporation of 

metal ions leads to an increasing ζ due to their positive charge (Figure IV.2b). The negatively 

charged carboxylic groups of the microgel, primarily situated in its shell, interact with 

positively charged metal ions through complexation, resulting in partial electrostatic 

neutralization of the charges. Initially, one might anticipate a proportional increase in ζ with 

the incorporation of metal ions. Surprisingly, despite the decreasing metal content observed 

from Fe2+, Ni2+, Co2+, Mn2+ to Mg2+, the lowest ζ was measured for Fe2+ and Ni2+, rather than 

Mg2+. The unexpectedly low ζ of p(VCL/NTAaa@Fe) microgels may be attributed to the 

localization of Fe2+/Fe3+ within the VCL-rich microgel core. While Fe2+/Fe3+ complexation by 

NTA units cannot be confirmed, the interaction between Fe and VCL units is plausible, given 

the high Fe content observed in p(VCL@Fe) microgels. The deviations of ζ from expectations 

for p(VCL/NTAaa@Me) with Ni2+, Co2+, Mn2+, or Mg2+ have other underlying reasons: 

Deviations are most likely attributed to alterations in microgel morphology, as suggested by 

the findings presented in Figure IV.3, where no clear trend can be observed between the 

metal content and Dh and PDI  of the microgels. P(VCL/NTAaa@Me) containing Fe2+ and Ni2+, 

exhibit smaller Dh compared to the respective p(VCL/NTAaa) microgel, along with a small PDI, 

likely caused by a size decrease due to a lower electrostatic repulsion of polymer chains. For 

all other metal ions, an increase in Dh and PDI was observed, indicating the presence of 

agglomerations. Enhanced swelling of the microgels may result in fewer exposed NTA groups 

on their surface, potentially explaining the elevated ζ observed for Mn2+ and Mg2+.  

In summary, changes in Dh and PDI were observed for the p(VCL/NTAaa@Me) compared to 

the initial p(VCL/NTAaa) microgels. While these changes are noteworthy, they fall beyond the 

scope of the present thesis and will not be further explored herein. 
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Figure IV.3 (a) Dh and (b) PDI of p(VCL/NTAaa) (χNTA = 1 mol%) and p(VCL/NTAaa@Me) 
microgels obtained by DLS. 

 

3.2.3. Atomic Force Microscopy 

Through AFM imaging p(VCL/NTAaa) microgels were compared to p(VCL/NTAaa@Ni) 

regarding their morphology (Figure IV.4, Figure SIV.3), both with varying χNTA.  

  

 

Figure IV.4 AFM images (height profiles) of p(VCL/NTAaa) and corresponding 
p(VCL/NTAaa@Ni) microgels with χNTA = 1 mol%. 

For the comparison to p(VCL/NTAaa), p(VCL/NTAaa@Ni) were chosen as they appear to be 

the most promising microgels for this application due to their high metal content. The 

p(VCL/NTAaa) microgels with varying χNTA are relatively monodisperse, with a slightly higher 

polydispersity for χNTA = 1.9 mol%, confirming the higher PDI in DLS. Microgels without a 



Nitrilotriacetic Acid Functionalized Microgels as Carriers for Hyaluronan Synthase: Enzymatic 
Hyaluronic Acid Synthesis 

 

 

118 
 

strongly visible shell are observed for χNTA ranging from 0.1 mol% to 1 mol%, while those 

containing 1.9 mol% exhibit a fuzzy morphology. A distinct core-shell behavior is observed in 

microgels containing 2.2 mol% NTA. The influence of the comonomer NTAMaa during 

copolymerization explains these morphological differences, as discussed in detail in Chapter 

III. These variations in morphology may also account for the differences in sizes observed for 

microgels with higher χNTA content. When contrasting p(VCL/NTAaa) with the corresponding 

p(VCL/NTAaa@Ni) microgels, negligible alterations in size and morphology are observed in 

samples containing 0.1 mol% to 1 mol% NTA. However, for microgels containing 2.2 mol% 

NTA, a reduction in shell height is noticeable, likely attributed to diminished electrostatic 

repulsion among the carboxylic acid groups. These findings corroborate the earlier results 

obtained (Chapter III.3.2.2). 

 

3.3. Fabrication and Characterization of Enzyme-Microgel Hybrids 

The objective of this chapter is to develop an active p(VCL/NTAaa@Me@PmHAS) enzyme-

microgel hybrid, inspired by the methodology outlined by Gottschalk et al.13 who utilized His 

Mag SepharoseTM Ni beads for immobilizing His6-tagged PmHAS. The adoption of pVCL-based 

microgels as a carrier presents an alternative to magnetic beads, offering scalability in 

synthesis and suitability for biomedical applications.20 Therefore, the goal is to incorporate 

the His6-tagged PmHAS into p(VCL/NTAaa@Me) microgels through metal affinity binding. 

To accommodate two free coordination sites for the enzyme, the metal-NTA complex ideally 

adopts an octahedral geometry with a coordination number of six. The ideal immobilization 

process is illustrated in Scheme IV.1. However, the specific complex geometry is contingent 

upon the metal ion and its electron shell, resulting in different orbital hybridization,23 which 

in turn influences the immobilization of the enzyme on p(VCL/NTAaa@Me) microgels. If the 

coordination number is lower than six, there may be less free coordination sites for the 

enzyme.Literature suggests that NTA@Ni2+ and NTA@Co2+ complexes exhibit an octahedral 

structure,27–29 represented by [Me-(NTA)(H2O)2] (Scheme IV.1). In the case of Mn2+, Zetter et 

al.30 propose a non-octahedral structure with a coordination number greater than six. While 

the exact structure remains undetermined, the coordination number suggests the presence 
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of available coordination sites for enzyme binding. Fe2+ likely oxidizes, forming six-coordinate 

Fe3+ complexes with NTA, typically distorted octahedral structures.31,32 Conversely, Mg2+ is not 

anticipated to form stable complexes with NTA due to its small size33 and the fact that NTA 

coordinates as a tridentate ligand only.24 Minimal binding to PmHAS is expected for Mg2+, 

irrespective of the complex geometry, due to its low binding strength. However, it was 

included in this comparison due to the positive impact of Mg2+ on PmHAS activity.19 

 

Scheme IV.1. Immobilization of a His-tagged enzyme through metal affinity binding on 
p(VCL/NTAaa@Me). For immobilization, the depicted octahedral geometry of NTA@Me is 
favorable, leaving two available coordination sites for the enzyme. 

After the successful fabrication of p(VCL/NTAaa@Me@PmHAS), the enzyme content in each 

hybrid microgel was determined. This was indirectly implemented by determining the amount 

of non-incorporated enzymes through a Bradford assay. The PmHAS-microgels were further 

assessed regarding their ability of enzymatic HA formation by determining the UDP content at 

defined time points. UDP can be used as a measure for HA formation, because PmHAS forms 

HA from UDP-GlcNAc and UDP-GlcA and is, therefore, accompanied by the release of UDP 

(Scheme IV.2). MP-CE was employed for the measurement of the UDP concentration. 

 

Scheme IV.2 The enzymatic formation of HA through PmHAS involves the polymerization of 
deprotonated UDP-GlcA and UDP-GlcNAc and is accompanied by UDP formation. 
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In the subsequent steps, the performance of p(VCL/NTAaa@Me@PmHAS) was enhanced by 

varying parameters. The effect of incorporating different metal ions (Ni2+, Co2+, Mn2+, Mg2+, 

and Fe2+/Fe3+) in p(VCL/NTAaa@Me@PmHAS) was investigated to compare their influence on 

the microgel’s capacity to generate UDP. Choosing Ni2+ as the most suitable option, χNTA in 

p(VCL/NTAaa@Ni@PmHAS) was varied, resulting in a simultaneous variation of the Ni2+ 

content. In the subsequent step, the quantity of PmHAS in the immobilization step was varied, 

enabling the occupation of all available coordination sites. After improving the overall 

performance of p(VCL/NTAaa@Ni@PmHAS), its reusability was controlled by performing 

three cycles of HA formation, removing the formed products after each cycle. 

 

3.3.1. Variation of the Used Cation 

The incorporation of Ni2+, Co2+, Mn2+, Mg2+, and Fe2+/Fe3+ into p(VCL/NTAaa) resulted in the 

formation of p(VCL/NTAaa@Me), followed by the immobilization of PmHAS to form 

p(VCL/NTAaa@Ni@PmHAS). Considering the determined metal loading efficiency, 

immobilization may exhibit optimal conditions in microgels containing Ni2+ and Co2+. However, 

it is essential to account for various factors influencing the binding efficiency, including 

complex stability and the enzyme’s affinity to the metal complex. While the His6Tag mediates 

the enzyme’s affinity for Ni2+ and Co2+,6,34 its role in binding to Mn2+, Mg2+, and Fe2+/Fe3+, 

remains uncertain, as other amino acid residues may also contribute to binding. Moreover, 

the presence of Mn2+ and Mg2+ as PmHAS cofactors, complexed by UDP-sugars for active 

substrate formation, might affect the enzyme’s affinity binding. The behavior of 

p(VCL/NTAaa@Fe) is particularly challenging to predict due to the strong unspecific 

interactions of Fe2+/Fe3+ with the microgel. 

The progression of HA synthesis over time was tracked by monitoring UDP formed by various 

p(VCL/NTAaa@Me@PmHAS) hybrids (Figure IV.5a). 
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Figure IV.5 p(VCL/NTAaa@Me@PmHAS) (χNTA = 1 mol%) containing different metal ions (Ni2+, 
Co2+, Mn2+, Mg2+, and Fe2+/Fe3+) were prepared by employing 1.5 mg mL-1 purified PmHAS 
during enzyme immobilization. Using these concentrations, 3.78 NTA coordination sites are 
available for each His in the His6-Tag of PmHAS. (a) The investigation of microgels included the 
monitoring of UDP formation over time, comparing the microgel samples to purified His6-
tagged PmHAS (1.5 mg mL-1). (b) The UDP formed after 54 hours of reaction time (right Y axis) 
is compared to the number of immobilized enzymes determined through a Bradford assay 
(left Y axis).  

Figure IV.5a indicates a decreased rate of HA synthesis in all p(VCL/NTAaa@Me@PmHAS) 

compared to the pure enzyme, likely due to different factors: Steric hindrance by the microgel 

may impede HA formation, and incomplete immobilization results in a slightly lowered 

enzyme concentration (as discussed below). The analysis of UDP concentration in the purified 

PmHAS sample reveals a rapid increase to 18.6 mM (92.8 % of the maximum possible UDP 

concentration of 20 mM). This is followed by a gradual decrease to 16.4 mM (82.2 %), which is 

caused by the hydrolysis of UDP in an alkaline environment, accompanied by the formation of 

UMP and phosphate (Scheme IV.3). This UMP formation has been previously demonstrated 

during the synthesis of HA from PmHAS.18,19 

 

Scheme IV.3 Alkaline hydrolysis of UDP leads to the generation of UMP and phosphate. 
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Upon comparison of the p(VCL/NTAaa@Me@PmHAS) hybrids based on their ability for UDP 

formation (Figure IV.5b), a clear trend can be identified. Microgels containing Ni2+ attain the 

highest UDP concentration after 54 hours, accounting for 57.0 % of the maximum yield, 

followed by those containing Co2+ at 36.8 %. Conversely, p(VCL/NTAaa@Me@PmHAS) 

containing Mn2+ (18.3 %), Fe2+/Fe3+ (15.5 %), and Mg2+ (5.4 %) attained lower yields. Using 

p(VCL/NTAaa@Fe) has led to partial PmHAS immobilization but it remains uncertain whether 

this is explained by the complexation of Fe2+/Fe3+ through NTA.  

In addition to the UDP concentration after 54 hours (Figure IV.5b, right y-axis), connecting the 

obtained data for UDP formation with the amount of immobilized PmHAS delivers further 

valuable information (Figure IV.5b, left y-axis), not only assessing the overall activity of 

p(VCL/NTAaa@Me@PmHAS) but taking into account the amount of immobilized PmHAS. This 

enables drawing conclusions about the activity of individual PmHAS enzymes within the 

microgels. Additionally, the relationship between the concentration of PmHAS in the samples 

and the metal ion concentration is illustrated in the Supplementary Data (Figure SIV.4) to 

discern any potential correlations. However, since the choice of metal is a crucial factor, this 

relationship is of secondary importance and will not be extensively discussed: The binding 

affinity to PmHAS may play a more significant role than the metal content. 

Ni2+ facilitated the incorporation of the highest amount of enzymes, while other metal ions 

led to lower enzyme content. Interestingly, despite Fe2+/Fe3+ exhibiting the second-highest 

enzyme binding, the resulting UDP formation was not correspondingly high. This discrepancy 

suggests that the excessive presence of Fe2+/Fe3+ in the microgels may disrupt enzyme activity 

despite facilitating PmHAS immobilization. Given the nonspecific interactions of Fe2+/Fe3+ with 

the microgels, its usage is not recommended. Surprisingly, Co2+ displayed slightly lower 

immobilization despite its high content and enzyme activity. This observation suggests that 

while the immobilized PmHAS might be more active, it is present in a lower concentration. 

Conversely, p(VCL/NTAaa@Me@PmHAS) with Mn2+ and Mg2+ exhibited the lowest enzyme 

content, consistent with their low metal contents. Most Bradford measurements exhibited 

relatively large standard deviations, potentially attributed to single microgels present in the 

supernatant. These microgels could interfere with UV-Vis measurements as they are UV-Vis 
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active,20 and interactions between the Bradford reagent and the microgels may marginally 

distort the results. 

It is important to note that dissolved metal ions have the potential to influence the PmHAS 

activity, as demonstrated in prior studies by Eisele et al.19 Their research indicates that Ni2+ 

can lead to nearly complete PmHAS deactivation, at concentrations of 1 mM and higher. In this 

system, the Ni2+ concentration is 0.2 mM, as indicated in Table IV.2. Nevertheless, even at 

lower concentrations, a deactivating effect cannot be ruled out. However, the behavior of Ni2+ 

complexed by NTA in this system may differ from that of free metal ions and thus a 

deactivating effect cannot be predicted.  

In summary, p(VCL/NTAaa@Ni) stands out as the most favorable hybrid microgel for PmHAS 

immobilization and HA production. Consequently, additional investigations utilizing 

p(VCL/NTAaa@Ni) are performed to refine enzymatic activity. This entails varying the NTAaa 

content within the microgel, thereby adjusting the Ni2+ concentration to facilitate the 

immobilization of the optimal enzyme quantity. 

 

3.3.2. Variation of the Ni-NTA Content 

Microgels with different χNTA were synthesized and employed for Ni2+ incorporation and 

subsequent PmHAS immobilization. The enzymatic activity of p(VCL/NTAaa@Me@PmHAS) 

microgels was assessed by comparing the amount of UDP formed after specific time intervals 

(0, 2, 4, 6, 25, and 54 h). The complete dataset, including measurements at various time points, 

is detailed in Figure IV.6a. For enhanced comparability, the UDP concentration after 54 hours 

of enzymatic reaction is depicted in Figure IV.6b, contrasted with the enzyme concentration 

in p(VCL/NTAaa@Ni@PmHAS).  
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Figure IV.6 p(VCL/NTAaa@Ni@PmHAS) containing different NTA contents (χNTA = 0.1, 0.25, 
0.5, 1.0, 1.9, and 2.2 mol%) were prepared by employing 1.5 mg mL-1 purified PmHAS during 
enzyme immobilization. Using these concentrations, the number of available NTA 
coordination sites for each His in the His6-Tag of PmHAS is varied (0.38, 0.95, 1.90, 3.78, 7.10, 
and 8.19) according to Table IV.3. (a) The investigation of microgels included the monitoring 
of UDP formation over time. (b) The UDP formed after 54 hours of reaction time (right y-axis) 
is compared to the amount of immobilized enzymes determined through a Bradford assay (left 
y-axis). The x-axis indicates χNTA, while a second x-axis shows the ratio of available coordination 
sites to His groups in the His6-Tag of PmHAS. 

A rise in PmHAS concentration in p(VCL/NTAaa@Me@PmHAS) samples with higher χNTA values 

was revealed (Figure IV.6b, left y-axis) while holding a constant concentration of 1.5 mg mL-1 

purified PmHAS during enzyme loading. This observation stems from the fact that χNTA dictates 

the number of available binding sites for PmHAS. This trend is further reflected in the amount 

of UDP formed at lower χNTA up to 0.5 mol%, displaying an increase with increasing χNTA (Figure 

IV.6b, right y-axis). However, at higher χNTA values, a decrease in the UDP concentration is 

observed instead of a further increase. To scrutinize this unexpected trend, the ratio of 

available coordination sites to each of the six His units in the His6-Tag of PmHAS is shown as 

an additional x-axis in Figure IV.6b. Exact ratios are listed in Table IV.3. 

Theoretically, the number of coordination sites for all microgels with comonomer contents 

above χNTA = 0.25 mol%, is sufficiently high to enable the attachment of all His units in the His6-

Tag. However, the number of immobilized enzymes indicates otherwise, and not all His units 

can attach to p(VCL/NTAaa@Ni) at the same time: The binding of all six His units would mean 

that three NTA units would have to be close to each other and in the vicinity of the enzyme, 

resulting in high steric repulsion. A slight surplus of available coordination sites prevents this 

problem. Thus, p(VCL/NTAaa@Ni) with such a surplus of coordination sites, containing χNTA = 
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0.5 to 1 mol%, enable the immobilization of a much higher number of enzymes, resulting in a 

further increase of UDP formation. At higher χNTA values of 1.9 to 2.2 mol% the amount of 

immobilized PmHAS increases further, but is not accompanied by a higher enzymatic activity, 

but by a decrease. This phenomenon can be further elucidated by reconsidering the 

proportion of NTA coordination sites relative to the number of His groups in the His6-Tag of 

PmHAS (Table IV.3). PmHAS enzyme, comprises a total of 23 His residues, and not only the 

His6-Tag, as delineated in its amino acid sequence (Materials and Methods). The relatively 

large number of available coordination sites (approximately seven to eight), results in 

undesirable interactions of NTA with His residues apart from those in the His6-Tag, which can 

cause deactivation especially if these are located in the active center. These findings suggest 

that maintaining an appropriate ratio between NTA coordination sites and His units in the His6-

Tag may be crucial. Apart from altering the NTA concentration, this ratio could also be 

influenced by changes in the PmHAS concentration. As a result, the next phase of the 

investigation involved varying the enzyme concentration during immobilization. 

Table IV.3. The ratio of available coordination sites in p(VCL/NTAaa@Ni) (two per NTA unit) 
to His units in the His6-Tag of PmHAS, when employing 1.5 mg mL-1 purified PmHAS during 
enzyme immobilization for p(VCL/NTAaa@Ni@PmHAS) fabrication. χNTA thereby dictates the 
number of available coordination sites. 

NTA content χNTA [mol %] Ratio NTA sites to His 

0.1 0.38 
0.25 0.95 
0.5 1.90 
1 3.78 
1.9 7.10 
2.2 8.19 

 

 

3.3.3. Variation of the Enzyme Amount During Immobilization 

This chapter aims towards the increase of immobilized PmHAS in p(VCL/NTAaa@Ni@PmHAS) 

by increasing the employed concentration during immobilization. Microgels with 

χNTA = 1 mol% and 2.2 mol% were used. Both microgels possess available NTA sites for 

sufficient PmHAS immobilization. The amount of immobilized PmHAS (Figure IV.7c, left y-axis) 

and the amount of UDP formed during the enzymatic synthesis were determined (Figure 

IV.7a-b; Figure IV.7c, left y-axis). The complete datasets for UDP formation are shown in 
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Figure IV.7a-b, indicating the typical increase of UDP concentration over time. Figure IV.7c 

then depicts the UDP concentration after 54 hours of enzymatic reaction, compared to the 

concentration of immobilized enzymes in p(VCL/NTAaa@Ni@PmHAS). The only exception 

here is the data point for p(VCL/NTAaa@Ni@PmHAS) with χNTA = 1 mol% and an enzyme 

concentration of 2.1 mg mL-1 which was taken at 24 h. Even though a shorter reaction time 

was used, the expected activity increase can already be seen for this data point.  
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Figure IV.7 p(VCL/NTAaa@Ni@PmHAS) containing different NTA contents (χNTA = 1.0, and 
2.2 mol%) were prepared by employing varying concentrations of purified PmHAS during 
enzyme immobilization (1.5, 1.8, 2.1, 2.85, 3.76, and 4.50 mg mL-1). Using these 
concentrations, the number of available NTA coordination sites for each His in the His6-Tag of 
PmHAS is varied (0.38, 0.95, 1.90, 3.78, 7.10, and 8.19) according to Table IV.4. (a), (b) The 
investigation of microgels included the monitoring of UDP formation over time. (c) The UDP 
formed after 54 hours of reaction time (right y-axis) is compared to the amount of immobilized 
enzymes determined through a Bradford assay (left y-axis). The x-axis indicates the employed 
PmHAS concentration during immobilization. 

Comparing the amount of immobilized PmHAS (Figure IV.7c, left y-axis), 

p(VCL/NTAaa@Ni@PmHAS) microgels display the expected behavior: With increasing PmHAS 
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concentration during immobilization, its concentration in the microgels also increases. For all 

employed enzyme concentrations an excess of available coordination sites ensures near-

complete immobilization (Table IV.4). Notably, at an employed PmHAS concentration of 

1.5 mg mL-1, the microgels with χNTA = 1 mol% can immobilize a larger enzyme amount, 

possibly due to the variations in morphology between both microgels and an associated 

variation in NTA distribution throughout the microgel.  

Table IV.4. The ratio of available coordination sites in p(VCL/NTAaa@Ni) (two per NTA unit) 
to His units in the His6-Tag of PmHAS, when employing different concentrations of purified 
PmHAS during enzyme immobilization for p(VCL/NTAaa@Ni@PmHAS) fabrication. χNTA (1 or 
2.2 mol%) and PmHAS concentration thereby dictate the number of available coordination 
sites. 

NTA content χNTA [mol%] Enzyme concentration [mg mL-1] Ratio NTA sites to His 

1 1.5 3.78 
1 1.8 3.15 
1 2.1 2.70 
2.2 1.5 8.19 
2.2 2.85 4.31 
2.2 3.75 3.28 
2.2 4.5 2.73 

 

The increase of PmHAS concentration in p(VCL/NTAaa@Ni@PmHAS) microgels does not 

necessarily result in higher enzymatic activity. While microgels containing χNTA = 1 mol% 

exhibit a significant increase in UDP concentration, those with 2.2 mol% do not display this 

behavior. Despite containing a higher amount of PmHAS than microgels with lower χNTA, the 

higher NTA content does not correlate with a greater amount of UDP formed; instead, its 

activity is markedly lower. The observed trend may be attributed to the increased 

concentration of Ni2+ in the system. It has been noted earlier that the presence of Ni2+ ions, 

can significantly deactivate PmHAS,19 possibly even when complexed. Comparing the 

concentrations of Ni2+ in the microgel dispersions employed, the sample with 1 mol% contains 

0.199 µmol mL-1, while the 2.2 mol% sample contains approximately 2.2 times this amount 

(0.438 µmol mL-1). Consequently, the likelihood of PmHAS deactivation increases: The findings 

by Eisele et al.19 indicate that PmHAS deactivation can occur even at low Ni2+ concentrations, 

with complete deactivation observed at concentrations as low as 1 mM. Therefore, it is 

expected that deactivation would occur at the lower concentration of 0.4 mM for non-
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complexed Ni2+. While this effect might be less pronounced for complexed metal ions, due to 

their reduced ability to diffuse freely within the enzyme structure, the presented results 

suggest that even complexed Ni2+ results in partial deactivation of PmHAS. 

In conclusion, based on these findings, p(VCL/NTAaa@Ni@PmHAS) with χNTA = 1 mol% 

emerges as the most promising microgel for HA synthesis. 

 

3.3.4. Enzyme Recovery and Reuse 

The possibility of reusing the p(VCL/NTAaa@Ni@PmHAS) microgel with χNTA = 1 mol% for 

several cycles of enzymatic HA formation was assessed. A concentration of 2.1 mg mL-1 

purified PmHAS was employed for enzyme immobilization. The enzymatic HA formation was 

allowed to proceed for 24 hours, after which the microgel hybrid was separated from the 

reaction solution. Subsequently, the HA formation process was repeated with a fresh 

substrate solution. This recovery and reuse process was carried out twice, and the resulting 

data are depicted in Figure IV.8a in comparison to the UDP formation curve of purified PmHAS.  
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Figure IV.8 p(VCL/NTAaa@Ni@PmHAS) (χNTA = 1 mol%) was prepared by employing 
2.1 mg mL-1 purified His6-tagged PmHAS during enzyme immobilization. (a) The investigation 
of microgels was performed by monitoring UDP formation over time, comparing the PmHAS-
microgel samples to purified, non-immobilized PmHAS (2.1 mg mL-1). Three cycles of recovery 
and reuse were performed, by reusing p(VCL/NTAaa@Me@PmHAS) for three cycles of HA 
formation. (b) The resulting HA was investigated with SEC regarding its molecular weight 
distribution, compared to HA formed by purified PmHAS. 
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The UDP formation rate of the optimized p(VCL/NTAaa@Ni@PmHAS) hybrid microgels is still 

lower than the one of the purified, non-immobilized PmHAS. This observed phenomenon has 

also been demonstrated using immobilization in microbeads, as evidenced in the study of 

Gottschalk et al.13 The deceleration is most likely mainly attributed to hindered substrate 

diffusion within the microgel matrix. However, while the formation rate is slower, 

p(VCL/NTAaa@Ni@PmHAS) attains similar UDP concentrations in the first cycle (17.8 mM 

after 24 h) as purified PmHAS (18.0 mM after 6 h).  

Comparing the first cycle, reaching 89.1 % of the maximum UDP concentration, to the other 

cycles, the yield after 24 hours is slightly decreased to 65.5 % (13.1 mM), and then 43.5 % 

(8.7 mM). However, these yields are still superior compared to yields from UDP formation in 

magnetic beads containing immobilized PmHAS, which are 61 % (12.2 mM), 55 % (11.1 mM), 

and 39 % (7.8 mM).13  

In both systems, the decline in UDP production observed in each recovery and reuse cycle is 

likely attributed to partial enzyme deactivation or loss, possibly stemming from non-

permanent affinity binding. Upon centrifugation at high speeds during the work-up, the 

formation of a strongly pelleted enzyme-microgel hybrid was realized, minimizing potential 

losses of p(VCL/NTAaa@Ni@PmHAS). Next to enzyme loss or deactivation, residual HA in the 

reaction solution from the preceding cycles might impede substrate and product transfer, 

hindered by electrostatic repulsion and steric interactions. The direct repetition of HA 

formation without intervening washing steps suggests that remaining HA could impact 

reaction kinetics. 

To conclude, high enzymatic activity combined with PmHAS immobilized in soft microgels 

enables a large number of applications. Unlike the His Mag SepharoseTM Ni beads employed 

previously,13 p(VCL/NTAaa) microgels are evidently biocompatible.20 Metal ion leaching from 

the microgels can generally cause a decrease in biocompatibility,35 but the employed 

concentrations of metal ions are far below the previously reported limits.36,37  

Therefore, the potential application of these microgels in biological contexts appears 

promising. Inspired by natural mucin’s capacity to produce polysaccharides, these microgels 

could serve as a basis for developing adaptive hydrogel materials. Scaling up the synthesis of 

these microgels in the future could enable the production of larger quantities of HA, 
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addressing the considerable demand for this compound in medical,38,39 cosmetic,40 and other 

applications. 

 

3.4. Characterization of the Formed Hyaluronic Acid 

Subsequently, characterization of the synthesized HA concerning its molecular weight and 

composition was undertaken, employing SEC and FT-IR spectroscopy. Therefore, the HA from 

recovery and reuse tests was characterized, isolating HA from the microgels by centrifugation. 

The SEC data, depicted in Figure IV.8b, illustrates comparable molecular weights (Mw) for all 

cycles, albeit slightly diminishing with each successive cycle (Table IV.5).  

Additionally, the polymer dispersities exhibit relatively low values (< 1.24), displaying a 

tendency to decrease with each cycle of HA formation (Table IV.5). Jing et al.16 demonstrated 

that PmHAS undergoes an initial phase wherein it forms HA oligosaccharides at a slow rate, 

which are subsequently elongated to produce HA polysaccharides. When numerous HA 

oligosaccharides are already present in the solution, the formed HA polysaccharides may 

exhibit more uniform chain lengths and lower molecular weight.16,18 Hence, the hypothesis is 

that with each recovery and reuse step, an increased quantity of HA oligosaccharides is initially 

generated, leading to an overall reduction in molecular weight as well as lower dispersities. 

Table IV.5. Molecular weights and dispersities of p(VCL/NTAaa@Me@PmHAS) after different 
recovery and reuse steps (three cycles) regarding the formed HA. The samples were analyzed 
using SEC and compared to pure PmHAS. 

Sample Molar mass (Mn) [MDa] Molar mass (Mw) [MDa] Dispersity (D) [a.u.] 

Enzyme 1.77 2.03 1.15 
Cycle 1 1.40 1.74 1.24 
Cycle 2 1.35 1.61 1.19 
Cycle 3 1.39 1.55 1.12 

 

The resulting dispersity values are comparable to those observed with the purified enzyme 

(Table IV.5). However, a notable difference is observed in the molecular weight distribution 

of HA formed from p(VCL/NTAaa@Ni@PmHAS) hybrid microgels compared to that formed 

with the purified enzyme (Figure IV.8b). Specifically, the shoulder present in the molecular 

weight distribution of HA from the purified enzyme is barely discernible for the HA formed 
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with the hybrid microgels. While the first cycle still exhibits indications of a shoulder, it 

disappears for the second and third cycles. In summary, although the dispersities are similar, 

a more uniform molecular weight distribution is observed for HA formed by 

p(VCL/NTAaa@Ni@PmHAS). It is noteworthy that the higher molecular weight obtained with 

the purified enzyme may be attributed to longer contact time, as the enzyme was exposed to 

the substrate for an extended duration compared to the p(VCL/NTAaa@Ni@PmHAS) samples, 

where the HA/substrate solution was separated from the microgel hybrid directly after each 

24-hour cycle. 

Notably, a direct comparison between the presented Mw values and those reported by 

Gottschalk et al.13 is challenging due to differences in the methodologies employed for 

determination. Nevertheless, the differences will be mentioned shortly: In comparison to their 

study (1st cycle: 1.2 MDa, 2nd cycle: 2.3 MDa, 3rd cycle: 2.8 MDa), the observed molecular 

weights (Mw) in this thesis are lower. Additionally, the strongly increasing Mw with each cycle 

observed in their study was not confirmed in the presented work. Here, an opposite trend was 

observed, albeit much less pronounced: a decreasing Mw with each cycle was demonstrated 

(Table IV.5). Gottschalk et al.13 elucidate that the increasing molecular weight with each cycle 

results from the elongation of existing HA chains rather than the formation of new chains, as 

polymerization is favored over de novo HA synthesis. In this study, the near-complete removal 

of HA was achievable after each recovery and reuse step, whereas in their work, larger 

amounts of HA were left in the reaction vial, available for further elongation by PmHAS in the 

subsequent cycle. The uniformity in Mw achieved in this thesis may prove beneficial for 

applications that demand consistent HA properties across multiple batches. 

HA was additionally analyzed using FT-IR spectroscopy, employing a commercial HA sodium 

salt as a reference. The spectra, exhibit overlapping signals for all major functional groups 

(Figure IV.9). While there are some differences between the recorded spectra, these can be 

attributed to the protonated carboxylic groups in the synthesized HA, resulting in additional 

peaks at 1730 cm-1 and 1255 cm-1.  Contrary, the commercial HA exists solely as its sodium 

salt. Peak assignments were confirmed by previous studies.41,42  
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Figure IV.9 (a) Comparison of the FT-IR spectra of HA, enzymatically synthesized by PmHAS 
and commercial HA sodium salt. Peaks overlap and display similar intensities. Differences in 
spectra are explained by the presence of the acidic form of HA in the sample: Commercial HA 
was purchased as its sodium salt, whereas enzymatically synthesized HA is a mixture of HA 
salt and acid and possesses additional peaks at 1730 cm-1 and 1255 cm-1. (b) Magnified section 
of the FT-IR spectra displaying important peaks. 

The O-H stretching vibration of residual water is reflected in a broad band observed at 3500-

3000 cm-1. Furthermore, the abundance of HA-inherent hydroxyl groups, contributions from 

the N-H stretching vibration of the amide group of GlcNAc, and the O-H stretching vibration 

of the carboxylic group of the GlcA moiety, are present in this peak. Within the range of 3000-

2800 cm-1, C-H stretching vibrations are predominant. The band spanning from 1680-

1500 cm-1 arises from the asymmetric C=O stretching vibrations of the carboxylate group, 

along with the characteristic amide I and II bands of HA.42 Another peak observed at 1730 cm-1 

in the FT-IR spectrum of the HA from PmHAS is attributed to the C=O stretching vibration of 

protonated carboxylic groups, absent in the commercial HA sodium salt spectrum. This shift 

indicates the presence of partially protonated HA carboxylic groups,41,42 likely resulting from 

purification via dialysis. Furthermore, the peak at 1430-1390 cm-1 corresponds to the 

symmetric C-O stretching of the carboxylate group, with an anticipated shift to 1255 cm-1 for 

the C-O stretching of the protonated carboxylate group,42 a detail emphasized in the 

magnified FT-IR spectrum in Figure IV.9b to differentiate the synthesized HA from the 

commercial HA sodium salt. The band at 1380-1370 cm-1 arises from C-H and O-H bending 

vibrations, while the one at 1320 cm-1 corresponds to the characteristic amide III band of 

HA.41,42 Additionally, the peak at 1150 cm-1 can be associated with C-O stretching vibrations 

and asymmetric stretching vibrations, along with the bending of C-O-C.42 Other notable 
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regions relate to characteristic HA bands: The band at 1077 cm-1 corresponds to C-C and C-O 

stretching, and C-OH bending. The peak at 1040 cm-1 is attributed to C-OH stretching, and the 

band at 950 cm-1 indicates asymmetrical ring out-of-phase vibrations.42 Moreover, the bands 

in the fingerprint region overall align with existing literature.41,42 All peaks are additionally 

listed in Table IV.6. 

Table IV.6 FT-IR peaks of hyaluronic acid spectra (shown in Figure IV.9) in accordance with the 
literature.41,42 

Peak [cm-1] Peak assignment 

3500-3000 O-H stretching vibration of residual water and HA-inherent hydroxyl groups; N-H 
stretching vibration of the amide group of GlcNAc; O-H stretching vibration of 
the carboxylic group of the GlcA moiety 

3000-2800 C-H stretching vibration 
1680-1500 Asymmetric C=O stretching vibration of the carboxylate group; Amide I and II 

bands of HA 
1730 C=O stretching vibration of the protonated carboxylic groups 
1430-1390 Symmetric C-O stretching of the carboxylate group 
1255 C-O stretching of protonated the carboxylate group 
1380-1370 C-H and O-H bending vibrations 
1320 Amide III band of HA 
1150 C-O stretching vibrations and asymmetric stretching vibrations; Bending 

vibration of C-O-C 
1077 C-C and C-O stretching; C-OH bending 
1040 C-OH stretching 
950 asymmetrical ring out-of-phase vibrations 

 

In summary, SEC and FT-IR spectroscopy were successfully employed to investigate the HA 

formed during the enzymatic action of PmHAS, either immobilized in microgels or dissolved in 

solution. In this thesis, the highest UDP and, thus HA yield was achieved by repetitive 

enzymatic synthesis through PmHAS. Additionally, the developed p(VCL/NTAaa) microgels 

exhibit the potential for immobilizing various other enzymes containing a His-Tag. 
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4. Conclusion 

Having established the utility of nitrilotriacetic acid (NTA) microgels for electrostatic 

immobilization, this chapter focused on the expansion of their application areas by 

immobilizing enzymes. The synthesis of p(VCL/NTAaa) microgels served as the foundation. 

Characterization methods such as FT-IR spectroscopy, ELS, and DLS were employed. The 

p(VCL/NTAaa) microgels containing varying amounts of NTA were used for the complexation 

of Ni2+, Co2+, Mn2+, Mg2+, and Fe2+/Fe3+ which was confirmed by ICP-OES and ζ measurements. 

Using metal affinity, the enzyme Hyaluronan Synthase from Pasteurella multocida (PmHAS) 

was attached to the microgels. A polyhistidine tag (His6-Tag) in the enzyme amino acid 

sequence enabled enzyme immobilization by mutual complexation of a metal ion by enzyme 

and microgel. Examination of uridine diphosphate (UDP) formation during HA synthesis via 

capillary electrophoresis demonstrated that p(VCL/NTAaa@Ni) microgels exhibited the most 

favorable characteristics for PmHAS immobilization and HA production: By employing 

p(VCL/NTAaa@Ni) microgels, not only was the highest amount of PmHAS immobilized, but 

the resulting p(VCL/NTAaa@Ni@PmHAS) microgels also exhibited the highest activity, 

confirming successful immobilization of active PmHAS. 

Detailed investigation of HA formation using a range of p(VCL/NTAaa@Ni) microgels revealed 

specific biocatalytic behavior as the NTA content increased. Initially, there was a rise in PmHAS 

activity, but this was followed by a decline, attributed to interactions between Ni2+ and the 

His units in the enzyme. Through optimization efforts, a hybrid microgel with maximal 

productivity was developed, resulting in the highest yield of UDP and consequently, HA 

polysaccharides via the biocatalysis of immobilized PmHAS reported so far. This achievement 

in HA production was further validated by demonstrating the system’s reusability over three 

24-hour cycles, emphasizing reusability and simple recovery of the enzyme-microgel hybrid. 

In summary, the prepared microgels with immobilized PmHAS serve as continuous producers 

of HA when providing the necessary enzyme substrates. Furthermore, they hold the potential 

for designing adaptive hydrogel materials, drawing inspiration from natural mucin, which also 

continuously produces lubricant polysaccharides.  
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6. Supplementary Data 

Investigation of the Microgel Composition via FT-IR Spectroscopy 
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Figure SIV.1 (a) FT-IR spectra of p(VCL/NTAaa) microgels (χNTA = 0.1, 0.25, 0.5, and 1.0 mol%), 
along with (b) enlarged FT-IR spectra (1800 to 1500 cm-1) of the microgels.  
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Figure SIV.2 (a) FT-IR spectra of p(VCL/NTAaa) microgels (χNTA = 1.9 and 2.2 mol%), along with 
(b) enlarged FT-IR spectra (1800 to 1500 cm-1) of the microgels.  
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Incorporation of Metal Ions into p(VCL/NTAaa) Microgels  
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Figure SIV.3 Height profiles obtained from AFM imaging of p(VCL/NTAaa) (χNTA = 0.1, 0.25, 0.5, 
and 1.9 mol%) and their corresponding p(VCL/NTAaa@Ni) microgels. In part reprinted with 
permission from the American Chemical Society.1  
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Variation of the Used Cation 
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Figure SIV.4 p(VCL/NTAaa@Me) and p(VCL/NTAaa@Me@PmHAS) samples (χNTA = 1 mol%) 
containing different metal ions (Ni2+, Co2+, Mn2+, Mg2+, and Fe2+) are assessed regarding their 
metal content and amount of immobilized PmHAS with 1.5 mg mL-1 purified PmHAS being 
employed for enzyme immobilization. 

 



PEG-Based Microgels as Carriers for Glycosyltransferase: Enzymatic Cascading for Glycan 
Synthesis 

 

 

143 
 

V. PEG-Based Microgels as Carriers for 
Glycosyltransferase: Enzymatic Cascading for Glycan 
Synthesis 

Large parts of this chapter are reprinted with permission from Sommerfeld, Isabel K.; Palm, 

Philip; Hussnaetter, Kai P.; Pieper, Maria I.; Bulut, Selin; Lile, Tudor; Wagner, Rebekka; 

Walkowiak, Jacek; Elling, Lothar, Pich; Andrij. Microgels with Immobilized Glycosyltransferases 

for Enzymatic Glycan Synthesis. Biomacromolecules 2024, 25, 6, 3807–3822.1 Copyright 2024 

American Chemical Society (ACS). Specifically, most Figures are adapted from this publication, 

with minor modifications. 

 

Contributions to this Chapter  

The synthesis of the reported compounds was conducted either by myself or by my research 

assistant Tudor Lile under my supervision. Maria I. Pieper repeated one of the syntheses using 

my synthesis conditions. Microscopy and size determination were partially performed by my 

research assistant Tudor Lile under my supervision. Fluorescamine assays were partially 

conducted by Maria I. Pieper with a method previously developed by me. Permeability assays 

were performed by Selin Bulut, along with processing the obtained data, which was evaluated 

by me. Kai P. Hussnaetter and Philip Palm produced and purified the enzymes, conducted 

glycosyltransferase reactions, and provided me with the results in the form of enzyme 

activities or molar fractions of educts and products as well as HPLC chromatograms. All 

remaining data were processed and evaluated by me. Truc Pham assisted with enzyme 

production and purification.  

 

1. Introduction 

Glycans are fundamental to life and play pivotal roles in numerous biological processes2,3 

underscoring their significance in diverse applications such as drug development,2,4 vaccine 

formulation,5,6 nutrition,7–10 and cosmetics.11,12 Therefore, after successfully synthesizing the 
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glycosaminoglycan HA using immobilized PmHAS (Chapter IV), the objective of this chapter is 

to utilize additional glycosyltransferases (GTs) for the synthesis of various other glycans using 

microgels as enzyme-carriers. This approach seeks to expand the range of applications and 

products not only through individual enzymatic synthesis but also through cascade reactions 

involving different enzymes. By employing one-pot-multienzyme reactions, the synthesis of a 

broader spectrum of products can be implemented without the need to isolate intermediate 

compounds.13 Consequently, this chapter will explore both monoenzymatic GT reactions and 

cascade reactions involving different GTs. 

There are various methods for the immobilization of enzymes (Theoretical Background). To 

employ microgels as carriers, entrapment and post-attachment can be used.14,15 The 

distinction between entrapment and post-attachment relies on the selected synthesis 

approach. If microgels are synthesized in the presence of the enzyme, entrapment within the 

polymer matrix occurs during fabrication. Conversely, if microgels are prepared before 

enzyme immobilization, this process can be referred to as post-attachment.15 

For both methods, different interactions can be utilized to immobilize enzymes. For example, 

weak or ionic interactions, covalent binding, or complexation, can be employed,15 each 

possessing different advantages and disadvantages.16,17 Among these, binding techniques that 

rely on the selective interaction of a reactive group with a specific part of the enzyme may be 

particularly favorable.18,19 Metal affinity binding relies on the selective interaction of a His-tag 

in the enzyme with a metal ion incorporated into the microgel network (Chapter IV).20 In 

addition to this concept, a range of other methods has been developed for the 

implementation of specific binding. Zou et al. introduced an enzyme immobilization technique 

employing sortase-mediated covalent ligation.18 Moreover, protein fusions such as Halo-Tag21 

or SNAP-Tag22 have been employed for interaction with chlorine-functionalized ligands or 

benzyl guanine.13 Another approach involves the SpyTag (SpyT) and SpyCatcher (SpyC) 

technology, which enables linking of the two components through an isopeptide bond.1,23  

Establishing a fully automated and scalable synthesis of customized glycans is of particular 

interest.13,24 However, while this thesis lays important groundwork, the total realization is 

beyond the scope. With this superordinate goal in mind, instead of using previously designed 

pVCL-based microgels (Chapter III, Chapter IV), this chapter aims towards the synthesis of 
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larger microgels using microfluidics. Due to their larger size, the embedment and 

implementation in a reactor might be simpler when approaching automated enzymatic glycan 

synthesis (AEGS). Furthermore, it allows for an expansion of usable immobilization techniques 

due to the mild conditions used during microgel fabrication (Theoretical Background). 

The presented microgels are synthesized using droplet-based microfluidics. Two 

complementary poly(ethylene glycol) (PEG) pre-polymers, one terminated with vinyl sulfone 

(VS) end groups and the other terminated with thiol (SH) end groups, are introduced 

separately into the aqueous phase through different channels. Upon mixing the aqueous 

phases, rapid crosslinking occurs, resulting in the formation of spherical microgels in the size 

of the droplets. Using this microgel synthesis as a basis, different recombinantly expressed 

SpyC GT fusion proteins25 are immobilized on microgels employing various techniques falling 

either in the category of enzyme encapsulation or post-attachment. For enzyme 

encapsulation, GTs are introduced through the aqueous phase on-chip, with the extent of 

covalent binding adjusted by the number of VS groups present in the droplet. In post-

attachment methods, microgels are also synthesized on-chip, but with enzymes immobilized 

after synthesis. For attachment, either VS groups are utilized, binding to thiol or amine groups 

in the GTs, or a more selective binding technique is employed. To achieve selective binding, 

microgels are modified with SpyT to leverage SpyT-SpyC interactions, enabling the attachment 

of SpyC GT fusion proteins25 to the microgels via isopeptide bonds.23  

All produced microgels were analyzed by optical microscopy, while a subset of microgels 

underwent FT-IR spectroscopy to identify any remaining unreacted VS groups. The binding of 

SpyT to microgels and the immobilization of enzymes were verified using a fluorescamine 

assay. This assay detects primary amines, which are essential components of both, SpyT and 

enzymes, confirming their presence in the microgels. 

The microgel-bound GTs were subsequently employed in the enzymatic synthesis of specific 

glycan structures. Sugar acceptors and donors were combined with the GT-microgels to 

synthesize precisely defined glycans. The enzymatic activities of the GT-microgels were 

assessed using High-Performance Liquid Chromatography (HPLC). This way, the most effective 

immobilization method for each GT was identified. Finally, multiple enzymatic reactions were 
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integrated into a single cascade synthesis. In this process, microgels containing different GTs 

were mixed to facilitate a multi-step, one-pot synthesis.  

Figure V.1 shows the objective of this chapter: the synthesis of multiple glycan products 

utilizing three distinct GTs, either in monoenzymatic or cascade reactions. The future objective 

is to integrate the biocatalytically active microgels into a modular membrane bioreactor, 

thereby enabling AEGS and facilitating the fully automatic production of specific glycans. This 

chapter will establish the foundation for implementing a cascade reaction within such a 

bioreactor, progressing from the initial substrate to the refined product.  

 

  

Figure V.1 Schematic depiction of the scope of the current chapter: The goal is to synthesize 
multiple glycan products utilizing three distinct GTs, employed either in monoenzymatic or 
multienzymatic cascade reactions. Among others, Lacto-N-triose II-tBoc (LNT II-tBoc), Type 2 
N-Acetyl-D-Lactosamine (LacNAc type 2-tBoc), Lacto-N-neopentaose-tBoc (LNnP-tBoc), Lacto-
N-neotetraose-tBoc (LNnT-tBoc), and the Galili epitope-tBoc were produced from educts such 
as Lactosyl-tBoc, UDP-Gal, GlcNAc-tBoc, UDP-GlcNAc, and LacNAc type 2-tBoc. For the 
depiction of the saccharides, the Symbol Nomenclature for Glycans (SNFG) was used. For the 
synthesis of each specific product, selected GT-microgels are mixed with the specific acceptor 
and donor substrates of the employed GT. 
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2. Materials and Methods 

2.1. Materials 

For aqueous reactions and buffer preparation, ultra-pure water (Merck, HPLC grade) was 

utilized. Buffer components included N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) 

(HEPES, Sigma-Aldrich, 99 %), sodium hydroxide (NaOH, Merck, 99.5 %), and KCl (Sigma 

Aldrich, 85 %). The microfluidic chip fabrication involved the Sylgard® 184 Elastomer Kit 

(Mavom) and Aquapel® (PWG Auto Glass, LLC). The microfluidic synthesis utilized FluoSurf TM 

(Emulseo) mixed with 2 % (w/w) of the hydrofluoroether (HFE) oil NovecTM (Emulseo), along 

with methacryloxyethyl thiocarbamoyl rhodamine B (RhB-MA, Polysciences Inc, 98 %). 

Poly(ethylene glycol) (PEG) derivatives, including 8-arm PEG- vinyl sulfone (VS) (20 kDa, 

10 kDa), 4-arm PEG-VS (10 kDa, 5 kDa), and 4-arm PEG-thiol (SH) (10 kDa, 5 kDa), were 

purchased from Creative PEGWorks and Biopharma PEG Scientific Inc. Additionally, n-heptane 

(VWR, 99.9 %) was employed for microgel purification. SpyT peptide (amino acid sequence: 

CRGVPHIVMVDAYKRYK, 98 %, 2034.06 g mol-1) was custom-synthesized by BioCat GmbH 

along with an N-terminal cysteine. Furthermore, GT production employed Escherichia coli (E. 

coli) SHuffle T7 Express, E. coli BL 21 (DE3) (New England Biolabs, Ipswich, MA, USA), and E. 

coli Rosetta 2 (DE3) plysS (Sigma Aldrich, Taufkirchen, Germany), along with plasmids 

pETDuet1_SpyC-MBP-α3GalT (α3GalT), pETDuet1_SpyC-pp-catβ4GalT (β4GalT), pETDuet1-

SpyC-MBP-LgtA (β3GlcNacT), which were obtained from BioCat GmbH. Fluorescein 

isothiocyanate (FITC)-dextrans were purchased from Sigma Aldrich. 

 

2.2. Production and Purification of Recombinant Glycosyltransferases 

In this chapter, three plasmids were employed, each containing the genetic sequence for one 

GT fused with various tags to aid in purification, immobilization, and solubility. All constructs 

featured a His-tag for IMAC purification and detection, alongside a SpyCatcher (SpyC) derived 

from Streptococcus pyogenes for immobilization in the microgel.26 The plasmid 

pETDuet1_SpyC-MBP-α3GalT encoded Mus musculus (mouse) α3GalT, coupled with a Maltose 

Binding Protein (MBP) from E. coli K-12, improving enzyme solubility.27 Another plasmid, 
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pETDuet1_SpyC-pp-catβ4GalT, encoded human β4GalT fused with the lipase propeptide (pp) 

from Staphylococcus hyicus to enhance solubility.28 Additionally, the plasmid pETDuet1-SpyC-

MBP-LgtA carried the gene for β3GlcNacT from Neisseria meningitidis, coupled with an N-

terminal MBP tag. These plasmids were transformed into E. coli expression strains to enable 

the production of distinct GTs: E. coli BL21 (DE3) was utilized for SpyC-MBP-α3GalT (α3GalT), 

E. coli SHuffle T7 Express strain for SpyC-pp-β4GalT (β4GalT), and E. coli Rosetta 2 (DE3) plysS 

for SpyC-MBP-LgtA (β3GlcNacT), with their expression described in previous works.29,30 To 

summarize, inoculation of the expression strains was performed at 37 °C, transferring from a 

Lysogeny Broth (LB) preculture to a Terrific Broth (TB) main culture. Protein production was 

started upon reaching an optical density at 600 nm (OD600) between 0.5 and 0.8. For this, 

0.1 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) was added, followed by cell incubation 

at 25 °C for 20 hours. Cells were harvested through centrifugation. 

Enzymes were purified by employing Immobilized Metal Ion Affinity Chromatography (IMAC) 

on a HisTrap column with an Äkta system (Cytiva, Marlborough, MA, USA). After cell disruption 

in specific lysis buffers (Table V.1) through sonication (6.5 min, 15 s pulse, 60 s pause, 52 % 

amplitude), cell debris was separated from the protein extract by centrifugation, followed by 

filtration of the supernatant. After attachment of the enzymes to the column by metal ion 

affinity, the column was washed with the binding buffer, and subsequently eluted with the 

elution buffer (Table V.1). The eluted protein was dialyzed in 100 mM HEPES pH 8 buffer. The 

protein concentration was determined using a Bradford assay,31 while protein identity was 

confirmed through SDS-PAGE and Western Blot analysis (data not shown). 

Table V.1 Composition of buffers for cell lysis, washing, and enzyme elution during purification 
through IMAC, respectively. The pH of all buffers was adjusted to 7.5. 

Enzyme Lysis buffer Binding buffer Elution buffer 

α3GalT 50 mM HEPES; 500 mM NaCl; 
250 U Pierce Nuclease; 
20 mM Imidazole 

50 mM HEPES; 500 mM NaCl; 
20 mM Imidazole 

50 mM HEPES; 500 mM NaCl; 
500 mM Imidazole 

β4GalT 20 mM NaH2PO4; 500 mM 
NaCl; 250 U Pierce Nuclease; 
10 mM Imidazole 

20 mM NaH2PO4; 500 mM 
NaCl; 10 mM Imidazole 

20 mM NaH2PO4; 500 mM 
NaCl; 500 mM Imidazole 

β3GlcNAcT 50 mM Tris-HCl; 500 mM 
NaCl; 250 U Pierce Nuclease; 
30 mM Imidazole 

50 mM Tris-HCl; 500 mM 
NaCl; 30 mM Imidazole 

50 mM Tris-HCl; 500 mM 
NaCl; 300 mM Imidazole 
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2.3. Fabrication of the Microfluidic Device 

The master molds for the microfluidic devices were fabricated using photolithography.32 The 

microfluidic channels were designed in a two-dimensional layout using AutoCAD® software 

from Autodesk, USA. This layout was then printed onto a high-resolution (25000 dpi) dark-

field photomask. Photolithography techniques were applied to transfer this pattern onto a 

silicon wafer coated with an epoxy-based photoresist (SU-8), utilizing the printed photomask 

as a template. Soft lithography was employed to replicate the patterned silicon wafer onto 

PDMS-based microfluidic devices. The Sylgard 184 Elastomer Kit, consisting of a two-

component system comprising 10 parts siloxane and 1 part curing agent (crosslinker), was 

used for this purpose. The mixture was poured into the master molds, subjected to vacuum 

for removal of air bubbles, and cured overnight at 60 °C. Once cured, the solidified, completely 

crosslinked PDMS device was carefully peeled off from the master mold, and inlet and outlet 

ports for tube connections were created utilizing a biopsy puncher (0.75 mm). Subsequently, 

the PDMS device and a glass slide were cleaned by washing three times with isopropyl alcohol 

and three times with water. The cleaned components were then dried at 60 °C overnight. 

To enhance hydrophilicity and prepare the surfaces for bonding, the glass slide and the PDMS 

device were treated with oxygen plasma in a TePla 100 plasma oven from PVA MPS GmbH. 

This treatment altered the surface functionalities through the introduction of polar silanol 

groups. Bonding of the PDMS and glass slide was realized by pressing both parts together, 

forming irreversible covalent Si-O-Si bonds between the glass and PDMS. Wetting of the 

aqueous phases within the microfluidic channels was minimized by channel functionalization 

with Aquapel®. The channels were flooded with Aquapel®, followed by its removal after 2 

minutes of exposure. With this process, hydrophobic fluoroalkyl chains were covalently bound 

to the hydroxyl groups present on the channel surfaces. 

 

2.4. Droplet-Based Microfluidics for Microgel Synthesis 

The microfluidic experiments were conducted using specialized equipment, including an 

inverted microscope (Motic AE2000, TED PELLA, INC., Redding, CA) fitted with a camera (Flea3, 

Point Grey, Richmond, CA) for real-time monitoring of flow dynamics and droplet formation. 
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This setup contained three syringe pumps (PHD Ultra, Harvard Apparatus, Holiston, USA) 

equipped with GASTIGHT® Syringes (Hamilton, USA) to precisely control flow rates within the 

microfluidic channels. To connect the syringes to the microfluidic device, fine-bore PE tubing 

(inner diameter: 0.38 mm) was employed. Two different aqueous phases were introduced into 

the microfluidic system at a flow rate of 150 µL h-1 through separate inlets. These phases 

merged into a single channel at a Y-junction, maintaining laminar flow conditions throughout 

the process, followed by water-in-oil (W/O) droplet formation in a flow-focusing microfluidic 

cross-junction. For this, an immiscible oil phase (comprising HFE-7500 with 2 w/w % of the 

surfactant FluoSurf-C) was utilized to tear off the aqueous stream at a flow rate of 600 µL h-1. 

After thorough mixing of the reactants in a serpent-shaped mixing section, the pre-polymers 

contained within the droplets were allowed to undergo Michael-type addition overnight. This 

resulted in the formation of monodisperse, spherical microgels that were purified by three 

rinses with HFE-7500, one rinse with n-heptane, and five rinses with a buffer solution (100 mM 

HEPES pH 7 with 150 mM KCl). 

The aqueous phases in the microfluidic system comprised an SH-phase containing PEG thiol 

(PEG-SH) and a VS-phase containing PEG vinyl sulfone (PEG-VS). To prepare the VS-phase, PEG-

VS of various molecular weights and architectures were utilized. This involved employing 

either a 5 w/v % solution of 4-arm PEG-VS (10 kDa or 5 kDa) or a 10 w/v % solution of 8-arm 

PEG-VS (20 kDa or 10 kDa) in 100 mM HEPES pH 8. The composition of the SH-phase depends 

on the intended method of enzyme incorporation which can be either post-attachment or 

encapsulation of the enzyme. For enzyme encapsulation, the SH-phase comprised contained 

5 w/v % 4 arm PEG-SH (10 kDa or 5 kDa) in 100 mM HEPES at pH 8, along with 0.01 w/v % RhB-

MA (0.2 v/v % in H2O). Additionally, the enzyme (49.8 v/v % in 100 mM HEPES pH 7 with 

150 mM KCl) was introduced into the SH-phase. The enzyme concentration in the SH-phase 

varied: 0.9 mg mL-1 for α3GalT, 0.3 mg mL-1 for β4GalT, and 0.5 mg mL-1 for β3GlcNAcT. 

Post-attachment of enzymes was enabled by the synthesis of microgels with reactive groups. 

For the synthesis of VS-functionalized microgels, the SH-phase contained 5 w/v % 4 arm PEG-

SH (10 kDa or 5 kDa) and 0.01 w/v % RhB-MA in 100 mM HEPES at pH 8. For the fabrication of 

SpyT-functionalized microgels, the SH-phase components were dissolved in water, owing to 
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the limited solubility of the SpyT in the utilized buffer. An additional 2 w/v % SpyT was added 

to the SH-phase. The parameters and abbreviations used are listed in Table V.6. 

 

2.5. Post-Attachment of Enzymes to Microgels 

VS- or SpyT-functionalized microgels were then used for post-attachment of microgels. 

1000 µL 100 mM HEPES pH 7 with 150 mM KCl were added to 200 µL of a highly concentrated 

microgel dispersion. After the addition of 200 µL of GT solution (1.9 mg mL-1 α3GalT, 

0.6 mg mL-1 β4GalT, or 1.0 mg mL-1 β3GlcNAcT), the mixture was placed on a vortex shaker at 

500 rpm. Following incubation for 24 hours at room temperature and supernatant removal, 

the GT-microgels were rinsed with buffer (100 mM HEPES pH 7 with 150 mM KCl) thrice. For 

determination of the enzyme content, the first supernatant was assessed with a Bradford 

assay31 to calculate the amount of immobilized enzymes. 

 

2.6. Glycosyltransferase Reactions 

5 mM acceptor (tBoc-linker sugar)33,34 and 6.5 mM nucleotide sugar donor were employed to 

perform GT-catalyzed reactions. The GT-microgels were mixed with the respective reaction 

buffer (Table V.2), followed by incubation at 30 °C for 24 hours. The tBoc-linker (tert-butyl (2-

thioureidoethyl)carbamate, abbreviated with tBoc) comprises an N-(2-aminoethyl)thiourea 

linker, protected by a tert-butyloxycarbonyl protecting group, as depicted in Scheme V.1 

 

Scheme V.1 Structural formula of the tBoc-linker (tBoc) comprising a 1-(2-
aminoethyl)thiourea linker, protected by a tert-butyloxycarbonyl group. R = sugar residue. 
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Table V.2 Buffers employed for the GT-catalysed reactions along with the utilized donor and 
acceptor substrates. 28.5 µL GT-microgel dispersion were employed. 

Enzyme Donor substrate /  
Acceptor substrate 

Residual compounds 

α3GalT 6.5 mM UDP-Gala) /  
5 mM LacNAc (type 2)-tBocb) 

100 mM HEPES pH 7; 150 mM KCl; 2 mM MnCl2; 1 % 
glycerol; 1 mg mL-1 BSAc); 20 U mL-1 FastAPd) 

β4GalT 6.5 mM UDP-Gala) /  
5 mM GlcNAc-tBoce) 

100 mM glycine pH 10; 5 mM MnCl2; 30 U mL-1 FastAPd) 

β3GlcNAcT 6.5 mM UDP-GlcNAcf) /  
5 mM Lactosyl-tBoc 

100 mM glycine pH 10; 5 mM MnCl2; 20 U mL-1 FastAPd) 

a) Uridine-5’-diphospho-D-galactose, b) N-acetyllactosamine type 2-tBoc, c) Bovine serum albumin fraction V, d) 
Alkaline phosphatase (ThermoFischer, Schwerte, Germany), e) N-acetyl-D-glucosamine-tBoc, f) Uridine-5’-
diphospho-N-acetyl-D-glucosamine 

 

To perform cascade reactions, different GT-microgels were combined in a one-pot synthesis. 

Within the first cascade reaction, the GT-microgels α3GalT-cov-L (18.0 mU mL-1) and β4GalT-

cov-L (25.2 mU mL-1) were used, mixed in specific ratios according to Table V.3. Within the 

second cascade reaction, the GT-microgels β4GalT-cov-L (25.2 mU mL-1) and β3GlcNAcT-

noncov-S (6.3 mU mL-1) were employed, according to Table V.3.  

Table V.3. For cascade reactions, several GT-microgels were combined in a one-pot synthesis, 
employing either α3GalT and β4GalT or β4GalT and β3GlcNAcT. The employed GT-microgels 
were α3GalT-cov-L (18.0 mU mL-1), β4GalT-cov-L (25.2 mU mL-1), β4GalT-cov-L (25.2 mU mL-1) 
and β3GlcNAcT-noncov-S (6.3 mU mL-1). GT-microgels were mixed to reach specific activity 
ratios according to their known volumetric activities, mixing β4GalT and α3GalT in 2:1, 1:1, 
and 1:2 activity ratios (β4GalT to α3GalT), and mixing β4GalT to β3GlcNAcT in a 2:1 ratio. 

Cascade Ratio of enzyme 
activities 

Microgel mixture Total activity 

β4GalT, α3GalT 2:1 28.5 µL β4GalT-cov-L, 
20.4 µL α3GalT-cov-L 

1.1 mU 

β4GalT, α3GalT 1:1 20.4 µL β4GalT-cov-L 
28.5 µL α3GalT-cov-L 

1.0 mU 

β4GalT, α3GalT 1:2 39.8 µL α3GalT-cov-L, 
14.6 µL β4GalT-cov-L 

1.1 mU 

β4GalT, β3GlcNAcT 2:1 57.0 µL β3GlcNAcT-noncov-S, 
39.7 µL β4GalT-cov-L 

1.1 mU 

 
The enzymatic cascade reaction was initiated by the addition of the reaction buffer, which was 

premixed according to Table V.4, to GT-microgels. 
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Table V.4 Buffers employed for the GT-catalysed cascade reactions along with the utilized 

donor and acceptor substrates. For each cascade, two different GT-microgel dispersions were 

used. 

Cascade Donor substrate /  
Acceptor substrate 

Residual compounds 

Galili 13 mM UDP-Gala) /  
5 mM LacNAc (type 2)-tBocb) 

100 mM HEPES pH 7; 150 mM KCl; 6 mM MgCl2 5 mm 
MnCl2; 1 % glycerol; 1 mg mL-1 BSAc); 20 U mL-1 FastAPd) 

Lacto-N-neo 
glycans-tBoc 

6.5 mM UDP-GlcNAce) 
6.5 mM UDP-Gala) /  
5 mM Lactosyl-tBoc 

100 mM glycine pH 10; 5 mM MnCl2; 30 U mL-1 FastAPd) 

a) Uridine-5’-diphospho-D-galactose, b) N-acetyllactosamine type 2, c) Bovine serum albumin fraction V, d) Alkaline 
phosphatase (ThermoFischer, Schwerte, Germany), e) Uridine-5’-diphospho-N-acetyl-D-glucosamine 

 

The reactions were performed at 30 °C with samples collected at specified intervals. Sampling 

involved withdrawing 5 µL of the reaction mixture, which was then diluted 1:5 with water and 

subjected to boiling at 95 °C for 5 minutes to halt the enzymatic reaction. Following this, 

centrifugation at 13000 rpm for 5 minutes was conducted to eliminate denatured protein 

impurities. The resulting supernatant was transferred to HPLC vials for subsequent analysis. 

 

2.7. Assessment of Enzymatic Activities 

Samples from reaction mixtures were collected at specified intervals and subjected to analysis 

using HPLC employing an UltiMate 3000 system (Thermo Fisher Scientific, Waltham, MA, USA) 

equipped with a Silica-C18 column (MultoKrom 100-5 C18, 250 × 4 mm, CS Chromatographie, 

Langerwehe, Germany). Chromatograms were generated with Chromatography Data System 

Chromeleon 7.2.6 software (Thermo Fisher Scientific, Waltham, MA, USA). After sample 

injection, they were migrated for 30 minutes at a flow rate of 1 mL min-1 utilizing a polar 

mobile phase comprising 15 % acetonitrile (Roth, Karlsruhe, Germany). After the detection of 

tBoc-linked saccharides at 254 nm, the ratios of the acceptor peak area to the product peak 

area were used to compute the conversion and enzymatic activity. An illustrative calculation 

of volumetric activity is presented below (Equation V.1 to Equation V.3). Here, relative peak 

areas of Galili-tBoc and LacNAc-tBoc were measured, resulting in the calculation of the 

synthesized molar amount of Galili-tBoc according to Table V.5. 
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Table V.5 Exemplary calculation of the amount of substance of both, product (Galili-tBoc) and 
acceptor (LacNAc-tBoc) at specified intervals. The relative peak areas of both substances at 
specific time intervals were measured through HPLC. The relative peak areas were then used 
to calculate the amount of substance in µmol, starting from 0.3 µmol (5 mM in 60 µL) for the 
initial acceptor (LacNAc-tBoc). 

Time [min] Galili-tBoc  
Rel. Area [%] 

LacNAc-tBoc  
Rel. Area [%] 

Galili-tBoc [µmol] LacNAc-tBoc [µmol] 

3 0.44 99.56 0.0013 0.2987 
6 1.03 98.97 0.0031 0.2969 
10 3.93 96.07 0.0118 0.2882 
15 7.54 92.46 0.0226 0.2774 
30 17.5 82.5 0.0525 0.2475 
60 35 65 0.1050 0.1950 
120 64.32 35.68 0.1930 0.1070 
240 90.82 9.18 0.2725 0.0275 
480 93.56 6.44 0.2807 0.0193 
1440 95.18 4.82 0.2855 0.0145 

 

From the initial 60 minutes, the linear regression of the conversion rate was calculated 

(Equation V.1).  

b =
∑(x − x̅) ∙ (y − y̅)

∑(x − x̅)2
 

Equation V.1 Calculation of the linear regression (Microsoft Excel Version 1808). 

The slope thereby equals the enzymatic activity in µmol min-1 or Units (U). The volumetric 

activity (U mL-1) was then calculated by inserting the known volume of GT-microgels (Equation 

V.2). 

Avol  [
U

mL
] =

b

V
 

Equation V.2 Calculation of the volumetric enzyme activity (Avol). b: the slope of the obtained 
regression line in µmol min-1 (Equation V.1); V: the volume of GT-microgel dispersion 
(28.5 µL). 

According to Equation V.1, a slope of 0.0017 µmol min-1 was calculated, resulting in a 

volumetric activity of 60.2 mU mL-1 according to Equation V.2. The specific activities can be 

calculated by dividing the volumetric enzymatic activity by the mass concentration of enzymes 

in the utilized volume, as indicated by Equation V.3. 
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Aspecific  [
U

mg
] =

Avol V

mE
 

Equation V.3 Calculation of the specific enzyme activity (Aspecific) from the volumetric activity 
(Avol). V: the volume of GT-microgel dispersion (28.5 µL); mE: the mass of employed enzymes. 

To ascertain the mass of enzymes in GT-microgels synthesized through enzyme encapsulation, 

the GT-microgels were freeze-dried at a fixed volume, and the total mass of microgels per mL 

was measured. For the mass of enzymes per mL, the maximum loading was determined based 

on the quantities utilized in the microfluidic synthesis, assuming full loading. The precise 

amount of enzymes in the microgels could not be accurately determined, resulting in an 

underestimation of the specific activity. 

For GT-microgels obtained through post-attachment, the precise amount of immobilized 

enzyme and thus the specific activity was calculated by determining the amount of unbound 

enzymes through a Bradford assay. 

 

2.8. Analytical methods 

2.8.1. Optical Microscopy 

Optical microscopy images were recorded on an Olympus CKX53 equipped with a camera 

(Olympus DP23) and Olympus cellSens Standard 3.2 software. Microgel sizes and size 

distributions were manually determined from obtained images with Fiji (ImageJ) for a 

minimum of 20 particles. 

 

2.8.2. Fourier-Transform Infrared Spectroscopy  

Fourier-Transform Infrared (FT-IR) spectroscopy was conducted over the range of 4000 to 

400 cm-1 with 4 scans per measurement and a resolution of 4 cm−1. Before analysis, microgel 

samples underwent a washing step with water to eliminate buffer molecules, as well as drying 

by lyophilization. The samples were then positioned on a diamond crystal plate of an FT-IR 

Spectrum 3 instrument by PerkinElmer, employing a GladiATR Single reflection by PIKE 
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Technologies. Spectrum v10.7.2. software was utilized for data acquisition, with a background 

measurement performed before sample measurement. All spectra underwent baseline 

correction and normalization. 

 

2.8.3. Confocal Microscopy 

Proteins and enzymes were localized in microgels utilizing the fluorescamine assay.35 

Employing concentrations according to the publication of Watkin et al.,36 10 μl of a 3 mg mL-1 

4’-phenylspiro[2-benzofuran-3,2’-furan]-1,3’-dione (fluorescamine) solution in acetone were 

rigorously mixed with 40 µL of (GT-)microgels in buffer (100 mM HEPES pH 7, 150 mM KCl). The 

fluorescent products were examined with confocal microscopy, according to their excitation 

wavelength λex of 390 nm and emission wavelength λem of 475 nm.35 

Furthermore, permeability studies were conducted according to Bulut et al.37 For this, 

1 mg mL−1 FITC-dextran solutions of varying molecular weights (4, 40, 150, and 500 kDa) were 

added to microgels, and investigated regarding their fluorescence intensity profile: The 

fluorescence intensity along the diameter of the microgel is assessed within the range of 0 to 

200 µm. For comparative analysis of various microgels, the average fluorescence intensity 

within the core of the microgel was calculated by averaging fluorescence intensity profile 

measurements taken between distances of 88 and 100 µm. 

Confocal laser scanning microscopy (SP8 Tandem Confocal, Leica Microsystems Inc.) was 

employed for the visualization of fluorescent microgel samples. The microscope was outfitted 

with different light sources: a photodiode at 405 nm (fluorescamine derivates, 455-500 nm 

emission, HyD detector), an Argon laser at 488 nm (FITC-dextran, 500-550 nm emission, PMT 

detector), and a diode-pumped solid-state laser at 561 nm (RhB-MA, 575-610 nm emission, 

HyD detector). Images were processed by LAS X software. 

 

2.8.4. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) analyses were conducted using a Hitachi SU9000 

equipped with a secondary electron (SE) detector for surface imaging. Microgel samples 
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dispersed in H2O were dried on a 300 mesh copper electron microscopy grid with a carbon 

coating. Before measurement, the samples were coated with approximately 3 nm of carbon 

using the Leica ACE EM 600. The measurements were carried out at an acceleration voltage 

of 30 kV and currents ranging between 10.5 and 10.9 µA. 
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3. Results and Discussion 

3.1. Microgel Synthesis and Characterization 

3.1.1. Size Determination 

Microgel synthesis was performed by droplet-based microfluidics, employing the parameters 

according to Table V.6. Here, abbreviations for the microgels are defined. All microgels were 

produced through the reaction of the reactive pre-polymers PEG thiol (PEG-SH) and PEG vinyl 

sulfone (PEG-VS) via a Michael-type addition reaction within aqueous droplets. Enzymes were 

introduced into the microgels either through encapsulation within the droplets or through 

post-attachment methods. 

Table V.6. Parameters employed for (GT-)microgel synthesis through droplet-based 
microfluidics. Enzymes were immobilized either by on-chip enzyme encapsulation or off-chip 
post-attachment. The molecular weight of PEG-SH and PEG-VS was varied: large (L): 20 kDa 8-
arm-PEG or 10 kDa 4-arm PEG; small (S): 10 kDa 8-arm-PEG or 5 kDa 4-arm PEG). The chosen 
binding type was either covalent (cov) or non-covalent (noncov) during encapsulation, for 
post-attachment SpyT- or VS-attachment was employed. The abbreviation for each microgel 
indicates the chosen immobilization type and pre-polymer size. The enzyme denotations 
(α3GalT, β4GalT, and β3GlcNAcT) can be inserted for the denotation of GT-microgels. 

Method, MW PEG-VS PEG-SH Binding type Functional group Abbreviation 
Enzyme encapsulation, L 
MW PEG 

8-arm 20 kDa 4-arm 10 kDa covalent VS cov-L = VS-La) 

4-arm 10 kDa 4-arm 10 kDa non-covalent - noncov-L 
Enzyme encapsulation, S 
MW PEG 

8-arm 10 kDa 4-arm 5 kDa covalent VS cov-S = VS-Sa) 
4-arm 5 kDa 4-arm 5 kDa non-covalent - noncov-S 

Post attachment through 
SpyT, L MW PEG 

8-arm 20 kDa 4-arm 10 kDa covalent (SpyT) 2 w/v % SpyTa) SpyT-L 

Post attachment through 
SpyT, S MW PEG 

8-arm 10 kDa 4-arm 5 kDa covalent (SpyT) 2 w/v % SpyTb) SpyT-S 

Post attachment through 
VS, L MW PEG 

8-arm 20 kDa 4-arm 10 kDa covalent (VS) VSb) VS-L = cov-La) 

Post attachment through 
VS, S MW PEG 

8-arm 10 kDa 4-arm 5 kDa covalent (VS) VSb) VS-S = cov-Sa) 

a) Due to the synthesis type chosen, cov-L microgels without immobilized GTs equal VS-L microgels. The same is 
the case for cov-S and VS-S microgels. 

 

For the encapsulation of enzymes, they were introduced directly onto the microfluidic chip, 

with the primary binding mechanism (covalent or non-covalent) controlled by adjusting the 

incorporation of additional VS groups within the microgel. This adjustment was realized by 

adding either 8-arm PEG-VS (for covalent binding) or 4-arm PEG-VS (for primarily non-covalent 
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binding) to 4-arm PEG-SH according to Scheme V.2. VS groups can react with amine or thiol 

residues present in the enzyme network. 

The attachment of enzymes off-chip after microgel synthesis is referred to as post-

attachment. Enzymes can be attached either to SpyT or to VS (Scheme V.2). For the synthesis 

of SpyT-functionalized microgels, SpyT is added on-chip, enabling the reaction between VS 

and an N-terminal cysteine in SpyT through thiol-Michael-addition. Enzyme attachment is 

carried out by covalent SpyT-SpyC interaction, with the SpyC counterpart being linked to the 

enzymes. To use VS for post-attachment, an excess of VS groups was employed without 

further modification of the microgels.  

Besides the enzyme attachment techniques, the PEG molecular weights were varied (large (L): 

20 kDa 8-arm-PEG or 10 kDa 4-arm PEG; small (S): 10 kDa 8-arm-PEG or 5 kDa 4-arm PEG). 

With a variation in building block size, different mesh sizes were obtained.  

 
Scheme V.2. GT-microgels were prepared by encapsulation (left) or post-attachment (right) 
of enzymes. For enzyme encapsulation, enzymes were added on-chip, either forming covalent 
bonds to present VS-groups or only being encapsulated non-covalently. This was enabled by 
the VS-content in the added polymers. Excess VS groups that are not expected to react during 
crosslinking of the polymer network, are marked in red and can react with the enzymes (top). 
For non-covalent enzyme encapsulation, a 1:1 ratio of VS and SH groups was utilized (bottom). 
Post-attachment was enabled by off-chip enzyme immobilization via reactive functional 
groups. For SpyT-SpyC interaction, SpyT, here in green, was attached to the polymer network 
through excess VS groups, here in red (top). For attachment through VS groups, the excess of 
VS groups was not further functionalized but instead left for enzyme attachment (bottom). 
Additionally, different molecular weight PEGs were employed (large/L: 20 kDa 8-arm-PEG or 
10 kDa 4-arm PEG; small/S: 10 kDa 8-arm-PEG or 5 kDa 4-arm PEG). 

Using these methods, several different (GT-)microgels were synthesized, employing the GTs 

α3GalT, β4GalT, and β3GlcNAcT. These (GT-)microgels were subjected to optical microscopy 
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imaging (Figure V.2, Figure SV.1, Figure SV.2) with diameters measured between 140 and 

170 µm (Table SV.1, Table SV.2). Notably, SpyT-functionalized microgels and cov-type 

microgels are slightly larger compared to noncov-type microgels, which may be explained by 

the larger polymer weight in their pre-microgel droplets compared to noncov-droplets. After 

redispersing the microgels in water, the larger weight concentration can cause a higher degree 

of swelling for cov-type microgels. 

While GT-microgels fabricated by enzyme encapsulation already contain enzymes, obtained 

SpyT and VS-functionalized microgels were subsequently employed for post-attachment of 

GTs. SpyT- and GT-microgels were then subjected to a fluorescamine assay.  

 

3.1.2. Fluorescamine Assay 

Fluorescamine can be employed for primary amine detection. The non-fluorescent reagent 

reacts with primary amines to generate a fluorophore (Scheme V.3). Notably, any unbound 

reagent reacts with water to produce non-fluorescent products within seconds.35  

 

Scheme V.3 Fluorescamine reacts with a primary amine to form a fluorophore with a typical 
excitation wavelength of 390 nm and an emission wavelength of 475 nm. 

This assay enables the detection of both the SpyT peptide and the enzymes α3GalT, β4GalT, 

and β3GlcNAcT. The stained GT- and SpyT-functionalized microgels confirm successful enzyme 

and peptide incorporation in all cases (Figure SV.3, Figure SV.4). Expectedly, non-

functionalized microgels do not generate fluorophores when treated with fluorescamine 

(Figure SV.3). This proves the absence of peptides or enzymes. A selection of stained microgels 

are depicted in Figure V.2, alongside their optical microscopy brightfield images.  
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Figure V.2 Microscopy (optical and confocal) images of different microgels, including α3GalT-
cov-L, SpyT-L, and cov-L microgels. Before confocal microscopy (blue channel, fluorescamine 
derivates: λex = 405 nm, λem = 455-500 nm), microgels were stained with fluorescamine. The 
images delivered qualitative indications only. The presence of enzymes and peptides is 
indicated by blue fluorescence, confirming the incorporation of α3GalT and SpyT, whereas 
non-functionalized microgels do not contain primary amines. 

While the presence of primary amines is evident from confocal microscopy images, accurately 

quantifying the number of incorporated enzymes or SpyT is challenging. This difficulty arises 

from various factors affecting fluorescence, which extend beyond the enzyme or SpyT 

quantity alone. These factors encompass the penetration of fluorescamine into the microgels, 

impacted by varying porosity; the accessibility of primary amines within the structure, 

influenced by peptide or enzyme folding; and the overall count of primary amines in each 

enzyme or SpyT. Therefore, the fluorescamine assay conducted in this study only serves as a 

qualitative indicator. 

 

3.1.3. Fourier-Transform Infrared Spectroscopy  

To examine the presence of unreacted VS groups in the microgel, FT-IR spectroscopy was 

conducted. Figure V.3a displays the spectra of the microgels cov-L and noncov-L, along with 

the pre-polymers PEG-VS and PEG-SH. A magnified section is shown in Figure V.3c, highlighting 

the C=C bending vibration around 760 cm-1 that indicates unreacted VS groups. Notably, PEG-
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SH lacks a characteristic absorption in this range. The C=C vibration is prominent for PEG-VS 

and cov-L, whereas nearly all C=C bonds have reacted in noncov-L, as evidenced by the 

absence of a distinct band. Therefore, the suitability of cov-L microgels for the covalent 

attachment of enzymes through unreacted VS units has been validated. 
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Figure V.3 (a) FT-IR spectra of the microgels cov-L and noncov-L, and the pre-polymers PEG-
VS and PEG-SH, along with (c) a magnified section. (b) FT-IR spectra of the microgels cov-L and 
SpyT-L, along with (d) a magnified section. The C=C bending vibration around 760 cm-1 can be 
used as an indication of the presence of reactive VS groups. 

The functionalization of microgels with SpyT can also be monitored with the characteristic C=C 

band. Comparing the spectrum of SpyT-L to the one of cov-L, the C=C vibration has 

disappeared almost completely for SpyT-L (Figure V.3b and Figure V.3d). This indicates a 

successful reaction of SpyT with VS and thus the formation of a SpyT-functionalized microgel.  
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3.1.4. Permeability Studies  

To evaluate variations in microgel permeability arising from compositional differences, a 

methodology outlined by Bulut et al.37 was adopted. After dispersing microgels in solutions of 

FITC-dextran with varying molecular weights (4, 40, 150, and 500 kDa), fluorescence intensity 

profiles were obtained using confocal microscopy. This allowed for an assessment of microgel 

permeability, which is mainly determined by the mesh size of the polymer network. 

Permeability is crucial for facilitating enzyme uptake in post-attachment or preventing enzyme 

release in non-covalent encapsulation, as well as for enabling the diffusion of substrates and 

products during enzyme catalysis. In general, fluorescence intensities within the microgels 

decrease with increasing FITC-dextran size, as lower molecular weight molecules can 

penetrate the polymer network more easily. Within the present permeability assay, cov-L, 

cov-S, noncov-L, and noncov-S microgels were investigated (Figure V.4).  
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Figure V.4 Microgel permeability was investigated through fluorescence intensity profiles 
(left) of microgel cross-sections. These cross-sections were obtained from confocal imaging 
(right). All images were measured in the green channel (FITC-dextran: λex = 488 nm, λem = 500-
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550 nm) after microgels immersion in 1 mg mL−1 FITC-dextran solutions (4 to 500 kDa). The 
following microgels were investigated: (a) cov-L, (b) cov-S, (c) noncov-L, and (d) noncov-S. 

The hydrodynamic radii (Rh) of FITC-dextrans (as outlined in Table V.7) have been previously 

established,38,39 offering insight into the microgels’ porosity: When considering an FITC-

dextran of a particular molecular weight, such as the 4 kDa FITC-dextran, its ability to 

penetrate the microgel implies the existence of pores with radii larger than 1.3 nm due to its 

hydrodynamic radius of 1.3 nm. Therefore, it is expected that the pore size enables the 

diffusion of molecules smaller than this threshold, while acknowledging that interactions with 

the polymer chains also influence whether molecules can permeate the microgel. 

Table V.7 Molecular weight and hydrodynamic radii (Rh) for specific FITC-dextrans were 
measured in PBS. The shown data were obtained from the literature.38,39 

Molecular weight [kDa] Rh [nm] 

4 1.3 
40 4.5 
150 8.3 
500 15.9 

 

Analysis of normalized fluorescence intensities reveals that the diffusion of 4 kDa FITC-dextran 

is notably superior to that of higher molecular weight FITC-dextrans, as expected: 60-80% of 

the fluorescence intensity of 4 kDa FITC-dextran can be detected within these microgels, 

indicated by the intensities ranging between 0.6 to 0.8. This implies that a significant 

proportion of pores possesses radii larger than 1.3 nm, enabling the penetration of smaller 

molecules into the microgel. Conversely, a smaller subset of pore apertures are larger, as 

evidenced by the notably lower fluorescence intensity of FITC-dextrans with higher molecular 

weights within the microgels. When assessing the permeability, background fluorescence, 

which can contribute to the observed fluorescence in the microgels, must be taken into 

account: The consistent fluorescence intensity observed across all microgels for 500 kDa FITC-

dextrans suggests that background fluorescence is the probable cause. The fluorescence 

intensity of 500 kDa FITC-dextran is likely overestimated. It is anticipated that pores do not 

exceed a radius of 15.7 nm, or that only a negligible fraction of pores fall within this size range. 

Comparing different microgels amongst each other reveals distinct differences in 

permeability. For enhanced comparability, Figure V.5 illustrates the intermediate 
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fluorescence intensity around the center of the microgel, showcasing variations with different 

molecular weights of FITC-dextran. 

4 40 150 500
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8  cov-L

 cov-S

 noncov-L

 noncov-S

N
o

rm
al

iz
e

d
 f

lu
o

re
sc

e
n

ce
 in

te
n

si
ty

 [
a.

u
.]

Molecular weight [kDa]
 

Figure V.5 Summary of the outcomes of the permeability assays (as depicted in Figure V.4). 
Different samples are compared: cov-L, cov-S, noncov-L, and noncov-S. The normalized 
fluorescence intensities within the microgel cores are plotted versus the molecular weight of 
the utilized FITC-dextrans. 

A lower permeability can be observed for cov-S as opposed to cov-L, with the fluorescence 

intensity for 4 kDa FITC-dextran decreasing from around 0.7 to 0.6. Furthermore, all higher 

molecular weight dextrans also exhibit lower diffusion into cov-S microgels. Comparable 

outcomes arise when contrasting noncov-S with noncov-L. Both results are explained by the 

smaller molecular weight of the PEG building blocks causing a smaller mesh size. Additionally, 

the microgels cov-L and noncov-L were compared, indicating that the additional PEG arms in 

cov-L reduce microgel permeability through steric hindrance. This effect was also observed for 

the comparison of cov-S to noncov-S. Due to its low crosslinking degree and low PEG 

concentration, noncov-L demonstrates the highest permeability. Conversely, cov-S, 

characterized by a high degree of crosslinking and a high PEG concentration, exhibits the 

lowest permeability among all microgels. 

The overall molecular weight of enzymes ranges from 73.1 kDa to 94.7 kDa (Table SV.3), which 

is most likely in the range of partial penetration. However, while the impact of PEG selection 

on the overall permeability of microgels has been established, it should be noted that the 

results obtained with FITC-dextrans may not directly correlate with enzyme permeability. 

Variations in permeability between dextrans and enzymes of the same molecular weights may 
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arise due to differences in molecular structure and their interactions with the polymer 

network. Permeability is not exclusively determined by molecular weight and interactions with 

the polymer network; the unique architecture of molecules also significantly influences their 

ability to penetrate the microgel network. Especially for proteins this architecture can be very 

complex, and the position of each amino acid plays an important role in determining their 

three-dimensional shape.40 

Due to their different molecular structure, it is also not feasible to predict which enzymes will 

exhibit high penetration, particularly during post-attachment. However, indications may be 

provided by their tendency to form multimers, which are associated with a significant increase 

in size. Among the enzymes utilized, α3GalT is not known to form multimers,41 whereas 

β4GalT exhibits a dynamic equilibrium between monomers and dimers.42 The multimer 

formation of β3GlcNAcT has not been previously studied. At this stage, it is important to note 

that the success of post-attachment to microgels is not solely dependent on enzyme 

penetration. The accessibility of reactive functional groups in enzymes also plays a crucial role. 

Next to enzyme immobilization through post-attachment, non-covalent encapsulation may be 

strongly dependent on the enzyme size, albeit in an opposite manner. Particularly, larger 

enzymes may be successfully immobilized, as their diffusion out of the microgel network is 

reduced after encapsulation. Partial retention of enzymes within the microgel network is 

expected, with a fraction of pores sufficiently small to trap enzymes effectively. 

In covalent enzyme encapsulation, permeability plays a less significant role. Due to covalent 

attachment, the diffusion of enzymes out of the microgels is effectively impeded. In this 

context, factors such as reactive group accessibility or enzyme deactivation due to changes in 

the molecular structure may play a more significant role during immobilization. 

While definite assumptions about enzyme uptake may not be feasible, it is reasonable to 

suggest that diffusion of enzyme substrates should not pose a challenge, as they should be 

able to permeate freely through the microgel network. To assess the performance of GT-

microgels across various immobilization techniques, factors such as alterations to the enzyme 

structure, modifications to the electrostatic environment, and diffusion constraints imposed 

by the polymer network can be considered along with the permeability.14 To identify the most 
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effective approach, the performance of all enzymes immobilized using different techniques is 

compared in Chapter 3.2. 

3.1.5. Scanning Electron microscopy 

In addition to permeability assays, electron microscopy techniques can provide further 

structural elucidation. For the visualization of the microgel surface, SEM was performed, with 

the aid of an SE detector. The resulting images of the microgels cov-L, noncov-L, cov-S, and 

noncov-S are shown in Figure V.6. All microgels display a spherical shape with relatively 

smooth surfaces. Only a low amount of dangling chains, defects, or drying artifacts, and no 

pores were detected. Fine pores can not be visualized using the employed method because 

imaging at higher magnification requires a high energy input. This resulted in sample instability 

under the electron beam. The absence of larger pores aligns with previous results indicating 

predominantly small pores with a radius of above 1.3 nm, whereas, based on our findings, 

pores exceeding a radius of 15.9 nm are not present.  

 

Figure V.6 SEM images of different microgels, including cov-L, noncov-L, cov-S, and noncov-S 
microgels. The microgel samples were measured in the dried state. 

The dried microgels observed via SEM are approximately 50 to 54 µm in diameter. Among the 

microgels, cov-L (about 52 µm) and cov-S (about 54 µm) display slightly larger sizes compared 

to noncov-L (about 51 µm) and noncov-S (about 50 µm). Upon comparing the diameters of 

dried state to the hydrodynamic diameters of swollen microgels (as outlined in Table SV.1), a 

swelling ratio of approximately 300% is evident. This confirms the high water content of the 

microgels. After investigating the microgels regarding their chemical structure and 

morphology, the subsequent part is dedicated to evaluating the effectiveness of the microgels 

as immobilized enzyme reactors by evaluation of the enzymatic activity of GT-microgels. 
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3.2. Enzymatic Activity of Glycosyltransferase-Microgels 

After a thorough investigation of the properties of (GT-)microgels, the subsequent section 

delves into the enzymatic activity observed for GT-microgels. The enzyme immobilization 

methods according to Table V.6 are employed: covalent (cov-L, cov-S) and non-covalent 

(noncov-L, noncov-S) encapsulation techniques, or post-attachment via SpyT (SpyT-L, SpyT-S) 

or VS (VS-L, VS-S).  

The enzymatic activities were calculated from the conversion of the initial substrate to the 

product as described in Materials and Methods. For this, a defined volume of swollen GT-

microgels was employed and their volumetric enzymatic activities (in mU mL-1) were obtained.  

The volumetric activity provides a useful metric for evaluating the overall efficiency of GT-

microgels and allows for comparisons between the chosen immobilization methods. Achieving 

a high volumetric activity is advantageous as it indicates efficient enzyme utilization and can 

lead to lower material consumption. However, it is important to note that volumetric activity 

does not take into account the specific activity of each enzyme, focusing instead on the 

collective performance of the GT-microgels. Therefore, the specific activities (in mU mg-1) 

were determined according to Equation V.3, dividing the volumetric activity by the mass 

concentration of enzymes in the utilized volume. 

Since it was not feasible to precisely determine the enzyme content in the GT-microgels 

obtained from enzyme encapsulation, the expected enzyme mass was calculated under the 

assumption of retaining 100% of all enzymes in the microgels during the process. While this 

approach may result in underestimating the specific activities, it is considered acceptable to 

present results that are at least as high as shown. The calculated activity can still be used for 

comparison with specific activities of the unbound enzyme, although it should be noted that 

the underestimation is particularly significant for non-covalent immobilization due to the 

absence of permanent bonds.14  

GT-microgels obtained via post-attachment provide more accurate results for the enzyme 

mass uptake and therefore for the specific activity. With fewer washing steps involved, the 

enzyme content in the microgels could be more precisely determined using a Bradford assay. 
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Comparing both volumetric and specific activities should enable the selection of the most 

suitable immobilization method for each enzyme. Specific and volumetric activities are 

depicted in Figure V.7, Figure V.8, and Figure V.9. Furthermore, the calculation of the 

maximum amount of enzymes immobilized through enzyme encapsulation (Figure SV.5a) and 

the number of enzymes attached by post-attachment, as determined by the Bradford assay 

(Figure SV.5b) are depicted in the Supplementary Data. 

 

3.2.1. Enzymatic Activity of α3GalT-Microgels 

The GT α3GalT has been immobilized in microgels through all presented immobilization 

methods, albeit with strong differences in their efficiency. Covalent encapsulation (cov-L and 

cov-S) results in comparable enzyme activities for both pre-polymers employed. Contrarily, 

the enzyme activity in non-covalent encapsulation (noncov-L and noncov-S) is strongly 

dependent on the size of pre-polymers: The smaller mesh size in noncov-S microgels results 

in improved retainment of the enzyme. Much more notable is, however, the contrast to 

α3GalT-microgels acquired via SpyT-SpyC interaction, apparent in both specific (Figure V.7a) 

and volumetric activities (Figure V.7b). 
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Figure V.7 (a) Specific and (b) volumetric activities of GT-microgels synthesized through 
various immobilization techniques, including covalent (cov) or non-covalent (noncov) enzyme 
encapsulation and post-attachment through SpyT or VS groups. Additionally, the molecular 
weight of the pre-polymers was varied (large: L, small: S). GT-microgels contain α3GalT. 

α3GalT encapsulation resulted in the volumetric activities of up to 18 mU mL-1, while the 

activities of α3GalT-SpyT microgels are considerably higher, reaching up to 68 mU mL-1 
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(284 mU mg-1). Compared to the specific activity of the non-immobilized enzyme 

(200 mU mg-1), a 142 % increase was observed. Such an increase in activity is typically 

associated with the creation of ideal conditions for the enzymatic reaction within the 

microenvironment of the microgel.14 In contrast, low enzymatic activity is observed for α3GalT 

immobilized through post-attachment via VS groups, despite the concentration of α3GalT in 

microgels being relatively similar (Figure SV.5b). Hence, the elevated activity of SpyT-

immobilized α3GalT stems not from the sheer enzyme quantity, but primarily from the more 

conducive conditions the immobilized enzyme, with SpyT-SpyC interaction playing a pivotal 

role in the effective immobilization of active α3GalT. 

 

3.2.2. Enzymatic Activity of β4GalT-Microgels 

In contrast to the previously assessed α3GalT, β4GalT displays less favorable outcomes for GT-

SpyT microgels, evident in the diminished activities observed in both β4GalT-SpyT-L and 

β4GalT-SpyT-S formulations. Likewise, a comparison with VS-L and VS-S configurations reveals 

similarly modest activities (Figure V.8). 
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Figure V.8 (a) Specific and (b) volumetric activities of GT-microgels synthesized through 
various immobilization techniques, including covalent (cov) or non-covalent (noncov) enzyme 
encapsulation and post-attachment through SpyT or VS groups. Additionally, the molecular 
weight of the pre-polymers was varied (large: L, small: S). GT-microgels contain β4GalT. 

In the case of post-attachment facilitated by SpyT, the underwhelming activities observed 

seem to stem from other factors than low enzyme uptake. Despite the enhanced enzyme 

immobilization realized with SpyT compared to VS groups (Figure SV.5b), the resultant 
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β4GalT-microgels exhibit similarly low activity levels. This discrepancy suggests that while the 

microenvironment within the microgel may enhance enzyme uptake, it appears to lead to a 

loss in activity. Contrarily, the enzyme immobilization by post-attachment through VS groups 

resulted in only low enzyme uptake (Figure SV.5b), suggesting diffusional limitations of β4GalT 

into the microgel, potentially linked to its partial presence as a dimer with a significantly larger 

size.42 The variations in enzyme uptake by SpyT- versus VS-modified microgels can be caused 

by differences in the hydrophilicity and chemical microenvironment. 

In this instance, higher activities were enabled through enzyme encapsulation compared to 

post-attachment. Thereby, microgels obtained by covalent binding possess a higher resulting 

activity up to 230 mU mg-1. Microgels produced through non-covalent immobilization exhibit 

smaller activities (up to 86 mU mg-1) along with larger standard deviations. This may be 

attributed to partial leaching of enzymes from the microgels, due to the absence of covalent 

binding sites. 

VS-attachment seems to facilitate enzyme encapsulation: While cov-S microgels have a higher 

quantity of available VS groups, the smaller pore size may reduce enzymatic activity by limiting 

access to the enzyme’s active sites. Hence, future research could investigate increasing the VS 

content to enhance enzyme uptake further while preserving a larger mesh size.  

To ensure the proper folding and activity of the enzyme, preserving specific disulfide bridges 

is imperative for β4GalT functionality, as highlighted in previous research.28,43 During the 

immobilization process, the integrity of disulfide bonds could potentially be compromised 

through thiol-disulfide exchange reactions with the employed PEG-SH. Additionally, reactions 

involving cysteine groups within the catalytic domain of β4GalT may contribute to a decrease 

in its overall activity, as these groups are crucial for substrate binding.28,43 This probably 

explains, at least in part, the reduction in activity following the covalent attachment of PEG-

VS to amino- or thiol-groups in the enzyme. Moreover, the immobilization of enzymes in 

microgels often results in hindered substrate diffusion,14 which may further contribute to the 

overall reduction in activity. While a decline in activity is undesirable, the simplified reusability 

of immobilized β4GalT still advocates for the utilization of the synthesized β4GalT-microgels. 

In summary, 38 % of the activity of non-immobilized β4GalT (598 mU mg-1) was reached, 

employing cov-L microgels (230 mU mg-1). Despite not achieving an increase of enzymatic 
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activity as observed in α3GalT, the decrease in activity remains within acceptable limits, 

considering the initially high activity. It is noteworthy that previous studies have reported 

significantly higher activity losses in numerous enzyme-microgel systems, with many realized 

activities well below 10 % of the initial level.14  

 

3.2.3. Enzymatic Activity of β3GlcNAcT-Microgels 

Like α3GalT and β4GalT, the GT β3GlcNAcT displays enzymatic activity with strong variations 

between the different immobilization techniques (Figure V.9). Post-attachment of enzymes 

resulted in overall low enzymatic activities, with smaller pre-polymers (SpyT-S, VS-S) resulting 

in further reduction, despite comparable amounts of enzymes being immobilized (Figure 

SV.5b). Hence, the likely explanation is partial deactivation of β3GlcNAcT due to interactions 

with SpyT and VS. These expectations are also mirrored in the notably higher activities realized 

through non-covalent enzyme encapsulation compared to covalent enzyme encapsulation, 

attributed to the interaction of β3GlcNAcT with reactive VS groups. 
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Figure V.9 (a) Specific and (b) volumetric activities of GT-microgels synthesized through 
various immobilization techniques, including covalent (cov) or non-covalent (noncov) enzyme 
encapsulation and post-attachment through SpyT or VS groups. Additionally, the molecular 
weight of the pre-polymers was varied (large: L, small: S). GT-microgels contain β3GlcNAcT. 

In short, enzyme encapsulation demonstrates better performance when employing smaller 

pre-polymers (cov-S compared to cov-L; noncov-S compared to noncov-L). This phenomenon 

is attributed to the enhanced non-covalent immobilization within smaller pores, which leads 

to reduced enzyme leaching. It is anticipated that, in the case of cov-S microgels, there is at 
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least partial non-covalent immobilization occurring as well, contributing to an overall larger 

enzyme activity. In contrast, post-attachment is unlikely to involve non-covalent 

immobilization, mainly because enzymes are unlikely to be encapsulated within sufficiently 

small pores. This limitation stems from the need for enzymes to diffuse into the pores, which 

prevents enzyme confinement. 

To summarize, 12 % of the specific activity of non-immobilized β3GlcNAcT (303 mU mg-1) has 

been reached utilizing β3GlcNAcT-microgels with the smallest mesh size for non-covalent 

immobilization (noncov-S). As previously emphasized, it is worth noting that the specific 

activity may be underestimated. However, the similarly low volumetric activity also suggests 

the need for further optimization. Enhancing the successful immobilization of active 

β3GlcNAcT could involve a strategic reduction in mesh size. This adjustment aims to capture 

a greater number of enzymes within the microgel network, while simultaneously minimizing 

leaching effects. Subsequent strategies may involve utilizing an even smaller molecular weight 

pre-polymer or employing a combination of 8-arm PEG-VS with 8-arm PEG-SH. These 

approaches aim to realize a further reduction in mesh size, emphasizing non-covalent binding 

by maintaining a 1:1 ratio of VS and SH groups. 

In addition to enzyme loss, the process of immobilization can potentially affect catalytic 

activity, even in cases of non-covalent immobilization. Changes to enzyme structure, 

alterations in the electrostatic environment, and limitations in diffusion imposed by the 

polymer network may all influence enzymatic activity.14 

In summary, active GT-microgels were successfully synthesized for three different enzymes. 

Specific activity for α3GalT increased to 142 % of the initial level, while β4GalT exhibited a 

slight decrease to approximately 38 % of its initial activity. β3GlcNAcT showed a reduction to 

around 12 % of its initial activity, although this activity may be underestimated due to the 

potential leaching of β3GlcNAcT, primarily incorporated through non-covalent interactions. 

Future research could concentrate on enhancing volumetric activity by incorporating more 

enzymes into the polymer network through further mesh size reduction. 

Following this stage, different GT-microgels were combined in a one-pot cascade reaction. 
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3.2.4. Cascade Reaction of β4GalT- and α3GalT-Microgels 

After identifying β4GalT and α3GalT as enzymes that yield GT-microgels with optimal specific 

and volumetric activities through the methods outlined earlier, the intention is to utilize them 

in a one-pot cascade reaction. In this setup, β4GalT and α3GalT were incorporated into a 

reaction sequence, each catalyzing a partial reaction with UDP-Gal serving as the donor 

substrate for both GTs. Initially, starting from the acceptor GlcNAc-tBoc, β4GalT facilitates the 

formation of LacNAc type 2-tBoc. Subsequently, this product acts as a substrate for α3GalT, 

which proceeds to generate the Galili epitope-tBoc. In Figure V.10a the SNFG is employed for 

the depiction of this reaction sequence, while Figure SV.6 shows the respective structural 

formulas.  

For the cascade reaction, GT-microgels possessing similar volumetric activities were utilized, 

namely β4GalT-cov-L (25.2 mU mL-1) and α3GalT-cov-L (18.0 mU mL-1). This was done to 

ensure similar numbers of GT-microgels were present in the mixture when employing a 1:1 

ratio of total activities. GT-microgels were mixed not only in a 1:1 activity ratio but also in 

ratios of 2:1 and 1:2 according to Table V.3 (Materials and Methods), reaching total activities 

of 1.0 mU to 1.1 mU. The activity ratio is varied due to its possible influence on the overall 

reaction speed: Besides the individual activities of β4GalT and α3GalT, the reaction speed is 

dependent on the chemical equilibrium of each reaction. The β4GalT to α3GalT activity ratio 

causes changes in the turnover rate of each enzyme, causing changes in the substrate-to-

product ratios of each enzyme. This in turn results in changes in the chemical equilibrium. 

The molar fractions of the initial substrate GlcNAc-tBoc, the intermediate LacNAc, and the 

product Galili epitope-tBoc were monitored over time (Figure V.10b-d). The molar fractions 

(Table SV.4) were obtained from HPLC with exemplary chromatograms shown in Figure SV.7. 

The formation of the Galili epitope-tBoc by β4GalT and α3GalT was further catalyzed with non-

immobilized enzymes, employing a total of 2.6 mU (Figure SV.8). Initial considerations may 

suggest only small differences between the reaction speeds of non-immobilized enzymes 

(2.6 mU) and the GT-microgels (1.0 to 1.1 mU) within the cascade. The presence of two 

different GT-microgel species, however, decelerates the biocatalytic reaction. This is caused 

by the significantly higher diffusional limitations: initial donor and acceptor substrates need 

to diffuse into the β4GalT-microgel to enable the first enzymatic reaction, followed by the 
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intermediate product needing to diffuse out of the microgel into an α3GalT-microgel, along 

with the donor substrate. Only then, the second enzymatic reaction can be enabled. The 

diffusion process is unspecific and product formation is only possible when the appropriate 

substrates diffuse into the appropriate type of GT-microgel. 
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Figure V.10 One-pot cascade reaction of GT-microgels. The successive reaction is enabled by 
mixing β4GalT-microgels and α3GalT-microgels with the initial acceptor substrate GlcNAc-
tBoc and the donor substrate UDP-Gal, which serves as the donor substrate for both enzymes. 
(a) GlcNAc-tBoc is transformed to LacNAc type 2 (t2)-tBoc by β4GalT. Subsequently, LacNAc 
t2-tBoc is transformed to the Galili epitope-tBoc by α3GalT. The tBoc residue is labeled with 
R. (b)-(d) The molar fractions of the different molecules were observed over time. The β4GalT 
to α3GalT activity ratio was varied: (b) 2:1 to (c) 1:1 and (d) 1:2 with total activities of (b), (d) 
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1.1 mU and (c) 1.0 mU in 120 µL reaction volume. GT-microgels were mixed according to Table 
V.3. 

With the presented cascade, 66.7-86.8 % yield was realized after 96 h. 9.8-32.7 % of unreacted 

LacNAc and 0.6-3.5 % of unreacted GlcNAc were left in the reaction mixture (Figure V.10b-d). 

For non-immobilized enzymes, a yield of 79.2-90.3 % was realized after 24 h, along with 

residual amounts of 9.7-16.6 % LacNAc. GlcNAc was not detected after 24 h (Figure SV.8).  

Subsequently, the different activity ratios are compared. At a β4GalT to α3GalT activity ratio 

of 2:1, GT-microgels demonstrate the highest performance (86.8 % yield). The 1:2 ratio 

demonstrates inferior performance (75.9 % yield). Comparing these results to activities of 

non-immobilized enzymes, it is striking that here, obtained yields are almost identical (90.1 % 

at 2:1; 90.3 % at 1:2). The larger differences in performance for GT-microgels are caused by 

the GT-microgel quantities employed: For the 2:1 ratio, 48.9 µL of GT-microgels are employed, 

whereas a larger amount of 54.4 µL is needed for the 1:2 ratio. The higher microgel volume 

decelerates the reaction due to the longer time needed for substrate diffusion into the specific 

GT-microgel. An even lower yield was obtained for the 1:1 ratio (66.7 %), consistent with the 

lowest performance in non-immobilized enzymes (79.2 %). The low yield is encouraged by the 

slightly lower activity in the reaction (1.0 mU).  

In summary, the highest attained yield (86.8 %) is satisfactory, reaching 96.1 % of the yield 

realized by the non-immobilized enzyme, albeit attained through a slower reaction. The 

results underscore the feasibility of enzymatic cascade synthesis within multiple GT-microgels. 

Forthcoming studies will focus on augmenting the overall reaction rate through further 

optimization of GT-microgels. Furthermore, the cascade could be enhanced by evolving the 

one-pot cascade synthesis into a modular membrane reactor configuration. The adoption of 

distinct compartments for individual enzymatic reactions within the modular membrane 

reactor may result in a significant enhancement in reaction velocity by impeding the diffusion 

of multiple substrates into inappropriate microgels. Additionally, the implementation of a 

current within such a reactor could boost substrate and product movement within the GT-

microgels, thus further amplifying reaction velocity. 
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3.2.5. Cascade Reaction of β3GlcNAcT- and β4GalT-Microgels 

A second one-pot cascade was performed in this thesis employing β3GlcNAcT-microgels and 

β4GalT-microgels. In this cascade, several alternating reactions are catalyzed by the GTs. A 

total activity of 1.1 mU, along with a ratio of β4GalT to β3GlcNAcT activity of 2:1 was 

employed.  

β3GlcNAcT catalyzes the formation of a β-1,3-glycosidic bond between GlcNAc and a galactose 

residue in lactosyl-tBoc, employing UDP-GlcNAc as donor substrate. After cascade initiation, 

β4GalT enables the formation of a β-1,4-glycosidic bond between Gal and terminally attached 

GlcNAc residues, utilizing UDP-Gal as the donor substrate. Further reactions alternatively 

elongate the glycan with Gal or GlcNAc moieties (Figure V.11a, Figure SV.6). The predominant 

product is lacto-N-neotetraose-tBoc (LNnT-tBoc), but under the employed reaction 

conditions, glycans as long as hexasaccharides are formed. The molar fractions of the 

substrates lactosyl-tBoc, lacto-N-triose II-tBoc (LNT II-tBoc), LNnT-tBoc, lacto-N-neopentaose-

tBoc (LNnP-tBoc), lacto-N-neohexaose-tBoc (LNnH-tBoc) are observed over time (Figure 

V.11b). Exemplary HPLC chromatograms are provided in the Supplementary Data (Figure 

SV.9), along with the corresponding molar fractions (Table SV.5). The analogous cascade 

reaction of non-immobilized GTs was performed with 20 mU (Figure SV.10). When employing 

non-immobilized enzymes, a LNnT-tBoc yield of 93 % was realized with a total enzyme activity 

of 20.0 mU over a 24-hour period. However, upon immobilization within the microgel, the 

yield decreases to just below 4.5 % during the same duration, with enzyme activity measuring 

at 1.1 mU. After 96 hours, a LNnT-tBoc yield of 5.1 % and a lacto-N-neohexaose yield of 0.9 % 

are obtained, with 94.0 % of the starting material remaining in the reaction mixture. Notably, 

the majority of biocatalysis occurs within the initial 24-hour timeframe. 

On the one hand, the differences in yield are explained by activity differences (1.1 mU versus 

20.0 mU). On the other hand, the immobilization of GTs results in further reduction of the 

performance, caused by the diffusion-limited transportation of educts and products into the 

suitable GT-microgel. Contrarily, the biocatalysis by non-immobilized enzymes is less 

diffusion-hindered.  
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Figure V.11 One-pot cascade reaction of GT-microgels. The successive reaction is enabled by 
mixing β3GlcNAcT-microgels and β4GalT-microgels with the initial acceptor substrate lactosyl-
tBoc and the donor substrates UDP-GlcNAc and UDP-Gal. UDP-GlcNAc serves as a donor 
substrate for β3GlcNAcT while UDP-Gal serves as the donor substrate of β4GalT. (a) lactosyl-
tBoc is transformed to Lacto-N-triose II-tBoc (LNT II-tBoc) by β3GlcNAcT. Subsequently, the 
formation of Lacto-N-neotetraose-tBoc (LNnT-tBoc) is catalyzed by β4GalT. Both enzymes 
catalyze reactions in an alternating manner for the formation of Lacto-N-neopentaose-tBoc 
(LNnP-tBoc) and Lacto-N-neohexaose-tBoc (LNnH-tBoc). The tBoc residue is labeled with R. (b) 
The molar fractions of the different molecules were observed over time. The β4GalT-to-
β3GlcNAc activity ratio was set to 2:1 with a total activity of 1.1 mU and in 150 µL reaction 
volume. GT-microgels were mixed according to Table V.3. 

For this cascade, a larger volume of GT-microgels (96.7 µL) was needed, caused by the low 

volumetric activity of β3GlcNAcT-microgels (6.3 mU mL-1). This results in even more 

deceleration of the reaction because of the associated higher diffusional barriers. This 

increase in volume explains the significantly lower yield for this cascade, despite the same 

total activity compared to the previous one.  

The acceleration of the reaction speed can be facilitated upon integration of the GT-microgels 

into modular reactors. However, before proceeding, the activities of the GT-microgels in this 



PEG-Based Microgels as Carriers for Glycosyltransferase: Enzymatic Cascading for Glycan 
Synthesis 

 

 

180 
 

cascade need to be further enhanced, particularly focusing on the β3GlcNAcT-microgels. This 

could be realized by further reducing the mesh size and encapsulating a larger amount of 

β3GlcNAcT non-covalently. 

In summary, the cascade reaction by β3GlcNAcT-microgels and β4GalT-microgels presented 

here serves only as an initial proof-of-concept. Subsequent efforts will focus on enhancing 

enzymatic activity further and integrating GT-microgels into a reactor for automated 

enzymatic glycan synthesis. 
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4. Conclusion 

In this chapter, the synthesis of poly(ethylene glycol) (PEG)-based microgels was conducted 

through the generation of W/O droplets on a microfluidic chip. Reactive pre-polymers with 

vinyl sulfone (VS) and thiol (SH) end groups were utilized for this purpose. The primary 

objective was to immobilize different active GTs for enzymatic glycan synthesis. Therefore, 

various methods for enzyme immobilization were developed and evaluated, including both 

covalent and non-covalent encapsulation techniques, as well as different post-attachment 

strategies. For the latter, a comparison was made between selective binding via SpyTag-

SpyCatcher interactions and non-selective binding to VS groups. 

The microgels underwent characterization using optical microscopy, revealing sizes ranging 

from 140 to 170 µm and narrow size distributions. FT-IR spectroscopy was utilized to verify 

the presence of VS groups in cov-type microgels and their consumption upon functionalization 

with SpyTag. The presence of enzymes and SpyT was confirmed through a fluorescamine 

assay. Additionally, a permeability assay was conducted to assess variations in mesh size 

attributable to different PEG molecular weights. Adjustments in the mesh size offer the 

potential for tailoring enzyme capture. 

Using HPLC analysis, the enzymatic activities of the synthesized GT-microgels were assessed, 

uncovering that each GT necessitates a distinct immobilization technique. Specifically, GT-

microgel specific activities of 284 mU mg-1, 230 mU mg-1, and 36 mU mg-1 were realized for 

the SpyCatcher fusion GTs α3GalT, β4GalT, and β3GlcNAcT, respectively. These values 

represent 142 %, 38 %, and 12 % of the specific activity of the unbound GTs in solution. 

Choosing the most suitable GT-microgels, cascade reactions were performed. α3GalT and 

β4GalT catalyzed a two-step reaction to form the Galili epitope, achieving an 86.8 % yield 

utilizing the enzymatic cascade reaction within the GT-microgels. Despite the increased time 

required for substrates to diffuse into the appropriate type of GT-microgels, resulting in some 

differences in performance compared to free enzymes, the results were overall promising. In 

the second cascade, β3GlcNAcT and β4GalT alternated in extending lactosyl-tBoc to produce 

longer glycans, predominantly yielding lacto-N-neotetraose, consistent with the synthesis 

catalyzed by free enzymes. However, compared to the previous cascade, a much lower yield 
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was realized. This was attributed to the overall lower volumetric activity of GT-microgels and 

thus a larger number of employed GT-microgels, which increased diffusional limitations. The 

multi-step nature of the process further aggravated this issue. Future efforts should prioritize 

enhancing the activity of each GT-microgel before considering potential improvements to the 

cascade reaction itself. 

This study represents the first instance where a cascade of distinct GT-microgels has been 

utilized for glycan synthesis, addressing a gap in prior research on automated enzymatic glycan 

synthesis within GT-microgels. These findings mark the initial steps toward the development 

of a GT-microgel reactor, with further investigations and optimizations necessary for future 

research.  

The presented biocatalytic GT-microgels pave the way for establishing a fully automated and 

scalable synthesis of tailored glycans with wide-ranging applications in drug development, 

vaccines, nutrition, and cosmetics. The potential advantages of incorporating these microgels 

into a modular membrane reactor extend beyond enabling continuous glycan production. 

Reaction kinetics could potentially be enhanced through the spatial separation of different 

GT-microgels. This avenue merits further exploration in future studies. 
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6. Supplementary Data 

Size determination 

 

Figure SV.1 The left column displays optical microscopy images of microgels synthesized 
without immobilized enzymes. The subsequent columns depict GT-microgels containing the 
enzymes α3GalT, β4GalT, and β3GlcNAcT, respectively, arranged from left to right. Microgels 
labeled with the abbreviation cov-L comprise 20 kDa 8-arm PEG-VS and 10 kDa 4-arm PEG-SH, 
while those labeled noncov-L contain 10 kDa 8-arm PEG-VS and 10 kDa 4-arm PEG-SH. 
Conversely, microgels denoted as cov-S consist of 10 kDa 8-arm PEG-VS and 5 kDa 4-arm PEG-
SH, whereas those labeled noncov-S incorporate 5 kDa 8-arm PEG-VS and 5 kDa 4-arm PEG-
SH. 
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Table SV.1 (GT-)microgels fabricated by enzyme encapsulation were characterized by their 
respective diameters obtained from optical microscopy. The microgels, distinguished by their 
abbreviation indicating the method of enzyme attachment (covalent/cov or non-
covalent/noncov) and the molecular weights of the PEG used in synthesis (large/L: 20 kDa 8-
arm-PEG or 10 kDa 4-arm PEG; small/S: 10 kDa 8-arm-PEG or 5 kDa 4-arm PEG), incorporated 
the enzymes α3GalT, β4GalT, and β3GlcNAcT. 

without enzyme α3GalT β4GalT β3GlcNAcT 
cov-L α3GalT-cov-L β4GalT-cov-L β3GlcNAcT-cov-L 
160 ± 7 µm 164 ± 9 µm 152 ± 4 µm 168 ± 9 µm 
noncov-L α3GalT-noncov-L β4GalT-noncov-L β3GlcNAcT-noncov-L 
153 ± 10 µm 138 ± 5 µm 165 ± 3 µm 153 ± 5 µm 
cov-S α3GalT-cov-S β4GalT-cov-S β3GlcNAcT-cov-S 
168 ± 4 µm 166 ± 3 µm 160 ± 4 µm 159 ± 3 µm 
noncov-S α3GalT-noncov-S β4GalT-noncov-S β3GlcNAcT-noncov-S 
147 ± 3 µm 147 ± 4 µm 140 ± 3 µm 149 ± 4 µm 

 

 

 

Figure SV.2 Optical microscopy images depict microgels containing SpyT, intended for post-
attachment of enzymes. These microgels were synthesized from PEG of varying molecular 
weights: large microgels utilized 20 kDa 8-arm PEG-VS and 10 kDa 4-arm PEG-SH, while small 
microgels employed 10 kDa 8-arm PEG-VS and 5 kDa 4-arm PEG-SH. SpyT was incorporated 
into these microgels at a concentration of 2 w/v%. Additionally, images of microgels 
synthesized without SpyT but using the same molecular weights are included for comparison. 
These microgels were initially synthesized for direct comparison with cov-L and cov-S 
microgels containing encapsulated enzymes, and their inclusion here enhances 
comprehensiveness. The abbreviations VS-large-PEG and VS-small-PEG are utilized for clarity. 

Table SV.2 The sizes (diameters in µm) of microgels containing SpyT obtained from optical 
microscopy are presented below. These microgels, intended for post-attachment of enzymes, 
were synthesized using PEG of different molecular weights: large/L microgels utilized 20 kDa 
8-arm-PEG or 10 kDa 4-arm PEG, while small/S microgels employed 10 kDa 8-arm-PEG or 
5 kDa 4-arm PEG. SpyT was incorporated into these microgels at a concentration of 2 w/v%. 
Additionally, sizes for microgels synthesized without SpyT but using the same molecular 
weights are included for comparison. These microgels were initially synthesized for direct 
comparison with cov-L and cov-S microgels containing encapsulated enzymes, and their 
inclusion here enhances comprehensiveness. The abbreviations VS-large-PEG and VS-small-
PEG are utilized for clarity. 

VS-L = cov-L SpyT-L VS-S = cov-S SpyT-S 

160 ± 7 µm 156 ± 4 µm 168 ± 4 µm 159 ± 4 µm 
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Fluorescamine assay 
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Figure SV.3 The confocal microscopy images display microgels after conducting the 
fluorescamine assay, showcasing both the red channel (RhB-MA: λex = 475 nm, λem = 575-
610 nm) and the blue channel (fluorescamine derivates: λex = 405 nm, λem = 455-500 nm). The 
GT-microgels, synthesized via enzyme encapsulation, exhibit blue fluorescence attributed to 
the reaction of fluorescamine with primary amines present in the encapsulated enzymes 
(α3GalT, β4GalT, and β3GlcNAcT). On the left side, images of their respective counterparts 
without enzymes are shown, which do not demonstrate blue fluorescence. Microgels labeled 
with the abbreviation cov-L comprise 20 kDa 8-arm PEG-VS and 10 kDa 4-arm PEG-SH, while 
those labeled noncov-L contain 10 kDa 8-arm PEG-VS and 10 kDa 4-arm PEG-SH. Conversely, 
microgels denoted as cov-S consist of 10 kDa 8-arm PEG-VS and 5 kDa 4-arm PEG-SH, whereas 
those labeled noncov-S incorporate 5 kDa 8-arm PEG-VS and 5 kDa 4-arm PEG-SH.  
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Figure SV.4 The confocal microscopy images depict microgels after conducting the 
fluorescamine assay, showcasing both the red channel (RhB-MA: λex = 475 nm, λem = 575-
610 nm) and the blue channel (fluorescamine derivates: λex = 405 nm, λem = 455-500 nm). 
These images reveal the blue fluorescence exhibited by the microgels, attributed to the 
reaction of fluorescamine with primary amines present in the peptide SpyT. These microgels 
are intended for post-attachment of enzymes. They were synthesized using PEG of varying 
molecular weights: large microgels employed 20 kDa 8-arm-PEG-VS and 10 kDa 4-arm PEG-
SH, while small microgels utilized 10 kDa 8-arm-PEG-VS and 5 kDa 4-arm PEG-SH. The 
synthesis incorporated 2 w/v% SpyT.  

 

Enzymatic activity of glycosyltransferase-microgels 

Table SV.3 Employed GTs along with the utilized abbreviation, full name, molecular weight 
(Mw), and enzyme substrates/products. 

Enzyme  Full name MW [kDa] Acceptor substrate Donor substrate Product 

α3GalT SpyC-MBP-
α3GalT 

94.7 LacNAc t2-tBoca) UDP-Galactose Galili epitope-
tBocb) 

β4GalT SpyC-pp-𝛽4GalT 73.1 GlcNAc-tBocc) UDP-Galactose LacNAc t2-tBoca) 
β3GlcNAcT SpyC-MBP-LgtA 94.3 Lactosyl-tBoc UDP-GlcNAc LNT II-tBocd) 

a) Type 2 N-Acetyl-D-Lactosamine b) Galactose-α-1,3-galactose-β-1,4- N-Acetyl-D-glucosamine epitope c) N-Acetyl-
D-glucosamine d) Lacto-N-triose II 
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Figure SV.5 (a) The maximum achievable enzyme concentration in microgels was determined 
through enzyme encapsulation. The depicted concentration assumes a 100 % enzyme loading, 
thus potentially overestimating the actual amount of incorporated enzyme. (b) The enzyme 
concentration in GT-microgels synthesized via post-attachment of enzymes was assessed 
using a Bradford assay. 

 

Cascade Reactions 

 

Figure SV.6 The left side illustrates the synthesis of the Galili epitope through a cascade 
reaction involving β4GalT and α3GalT. Initially, GlcNAc-tBoc serves as an acceptor for UDP-
Gal, catalyzed by β4GalT, resulting in the formation of LacNAc type 2-tBoc. Subsequently, 
α3GalT catalyzes the attachment of another UDP-Gal, leading to the formation of the Galili 
epitope-tBoc. On the right side, the cascade reaction of β3GlcNAcT and β4GalT is depicted. 
β3GlcNAcT catalyzes the conversion of Lactosyl-tBoc to Lacto-N-triose II-tBoc (LNT II-tBoc). 
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Then, β4GalT catalyzes the further reaction to Lacto-N-neotetraose-tBoc (LNnT-tBoc). This 
process continues with alternating catalysis by both enzymes, resulting in the formation of 
longer glycan chains such as Lacto-N-neopentaose-tBoc (LNnP-tBoc) and Lacto-N-neohexaose-
tBoc (LNnH-tBoc). In these reactions, UDP-GlcNAc serves as the donor substrate for 
β3GlcNAcT, while UDP-Gal acts as the donor substrate for β4GalT. The tBoc residue is 
indicated with the label R.  

 

Cascade Reaction of β4GalT and α3GalT 

 

Figure SV.7 The HPLC chromatogram illustrates selected time points (from top to bottom: 
1 min, 8 h, 24 h, 96 h) of the cascade reaction involving β4GalT and α3GalT (in a 2:1 ratio) for 
the synthesis of the Galili epitope-tBoc. The tBoc-linker was detected at a wavelength of 
254 nm, with the y-axis representing arbitrary units (mAU) and the x-axis indicating retention 
time in minutes. A zoomed detailed section is provided in the upper right corner of each 
chromatogram. Peaks corresponding to expected retention times were manually integrated, 
and the relative area of these peaks was compared. GlcNAc-tBoc and LacNAc-tBoc exhibited 
two peaks each, and the peak areas were combined for calculation purposes. The molecular 
fractions obtained from this analysis are presented in Table SV.4. The chromatographic 
analysis was performed using Chromatography Data System Chromeleon 7.2.6 software. 

 



PEG-Based Microgels as Carriers for Glycosyltransferase: Enzymatic Cascading for Glycan 
Synthesis 

 

 

194 
 

Table SV.4 Molecular fractions (in %) of the substrates, obtained from the manual integration 
and comparison of the relative peak areas from HPLC chromatography of selected time points 
(1 min, 8 h, 24 h, 96 h) (Figure SV.7). 

Molecular fraction [%] 1 min 8 h 24 h 96 h 

GlcNAc-tBoc 90,02 12,42 0,62 0,33 
GlcNAc-tBoc (2) 9,69 0,01 0,19 0,19 
LacNAc-tBoc 0,15 63,59 39,79 0,9 
LacNAc-tBoc (2) 0,11 9,69 10,05 10,22 
Galili-tBoc 0,03 14,29 49,35 88,36 
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Figure SV.8 One-pot cascade reaction of non-immobilized GTs in solution. The successive 
reaction is enabled by mixing β4GalT and α3GalT with the initial acceptor substrate GlcNAc-
tBoc and the donor substrate UDP-Gal, which serves as the donor substrate for both enzymes. 
GlcNAc-tBoc is transformed to LacNAc type 2 (t2)-tBoc by β4GalT. Subsequently, LacNAc t2-
tBoc is transformed to the Galili epitope-tBoc by α3GalT. The molar fractions of the different 
molecules were observed over time. The β4GalT to α3GalT activity ratio was varied: (a) 2:1 to 
(b) 1:1 and (c) 1:2 with a total activity of 2.6 mU in 70 µL reaction volume.  
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Cascade Reaction of β4GalT and β3GlcNAcT 

 

Figure SV.9 HPLC chromatogram for selected time points (from the top to the bottom: 1 min, 
8 h, 24 h, 96 h) of the cascade of β3GlcNAcT and β4GalT. The tBoc-linker was detected at a 
wavelength of 254 nm, shown in arbitrary units (mAU) on the y-axis, and retention time in 
minutes is shown on the x-axis. A zoomed detailed section is shown in the upper right section 
of each chromatogram. Peaks at expected retention time were manually integrated and the 
relative area of the peaks were compared. Obtained molecular fractions are shown in Table 
SV.5. Analysis was conducted with Chromatography Data System Chromeleon 7.2.6 software. 

Table SV.5 Fractions are obtained from the manual integration and comparison of the relative 
peak area. Molecular fractions (in %) of the substrates, obtained from the manual integration 
and comparison of the relative peak areas from HPLC chromatography of selected time points 
(2 min, 1 h, 6 h, 96 h) (Figure SV.9). 

Molecular fraction [%] 2 min 1 h 6 h 96 h 

Lactosyl-tBoc 100 99.7 97.78 93.74 
LNT II-tBoc 0 0.3 0.58 0 
LNnT-tBoc 0 0 1.64 5.56 
LNnP-tBoc 0 0 0 0 
LNnH-tBoc 0 0 0 0.69 
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Figure SV.10 One-pot cascade reaction of non-immobilized GTs in solution. The successive 
reaction is enabled by mixing β3GlcNAcT and β4GalT with the initial acceptor substrate 
Lactosyl-tBoc and the donor substrates UDP-GlcNAc and UDP-Gal. UDP-GlcNAc serves as a 
donor substrate for β3GlcNAcT while UDP-Gal serves as the donor substrate of β4GalT. (a) 
Lactosyl-tBoc is transformed to Lacto-N-triose II-tBoc (LNT II-tBoc) by β3GlcNAcT. 
Subsequently, the formation of Lacto-N-neotetraose-tBoc (LNnT-tBoc) is catalyzed by β4GalT. 
Both enzymes catalyze reactions in an alternating manner for the formation of Lacto-N-
neopentaose-tBoc (LNnP-tBoc) and Lacto-N-neohexaose-tBoc (LNnH-tBoc). The tBoc residue 
is labeled with R. (b) The molar fractions of the different molecules were observed over time. 
The β4GalT-to-β3GlcNAc activity ratio was set to 2:1 with a total activity of 20.0 mU and in 
70 µL reaction volume.  
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VI. Summary and Outlook 

This thesis focuses on the use of microgels as multifunctional carriers for proteins and 

enzymes. This combination presents versatile applications in biomedical and biotechnological 

fields.  

In the initial section of this thesis (Chapter III), multi-responsive (p(VCL/NTAaa) core-shell 

microgels were synthesized and characterized regarding their biocompatibility. These 

microgels demonstrated the ability to take up the positively charged model protein 

cytochrome c (cyt c). Following the validation of nitrilotriacetic acid (NTA) functionalized 

microgels for electrostatic immobilization, the subsequent chapter (Chapter IV) aimed to 

expand their utility through enzyme immobilization. Hyaluronan Synthase from Pasteurella 

multocida (PmHAS) was immobilized on the microgels via a polyhistidine tag within the 

enzyme’s amino acid sequence. NTA enabled enzyme immobilization through the mutual 

complexation of a metal ion by the enzyme and microgel. This setup enabled repeated 

enzymatic production of hyaluronic acid (HA). Finally, the last chapter (Chapter V) 

demonstrated the immobilization of additional glycosyltransferases (GTs) using poly(ethylene 

glycol) (PEG)-based microgels synthesized via droplet-based microfluidics. Three distinct GTs 

were immobilized, with optimization realized through specific immobilization techniques. The 

resulting GT-microgels were employed for single-reaction catalysis and one-pot cascade 

reactions involving multiple enzymatic steps. 

In Chapter III, the primary objective was to establish the suitability of p(VCL/NTAaa) microgels 

for bio-applications. Having demonstrated the uptake of cyt c in this chapter, these 

biocompatible microgels may in the future be considered as effective platforms for stimuli-

dependent uptake and release of other biomacromolecules, with potential applications in 

drug delivery.  

Subsequently, the focus moved forward to biomimetic enzymatic production of HA in the 

following chapter (Chapter IV). This endeavor resulted in achieving the highest yield of HA via 

the biocatalysis of immobilized PmHAS reported to date, demonstrating the reusability of the 

system over three 24-hour cycles. With their demonstrated biocompatibility, this unique 

enzyme-microgel system presents promising prospects for various biological applications. 
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Drawing inspiration from the natural polysaccharide production of mucin, such microgels can 

serve as a basis for the development of adaptive hydrogel materials. Additionally, with the 

increasing demand for HA in fields such as medicine and cosmetics, this microgel system 

presents a unique opportunity to efficiently meet this demand. Therefore, addressing the 

scaling up of microgel synthesis in future endeavors is imperative. 

In Chapter V, a substantial milestone was achieved by employing a cascade of GT-microgels 

for glycan synthesis, marking the first utilization of such a strategy and addressing a gap in 

prior research on automated enzymatic glycan synthesis within GT-microgels. These findings 

represent the initial strides toward developing a GT-microgel reactor, with further 

investigations set for the future. The biocatalytic GT-microgels showcased in this study 

demonstrate the potential for establishing a fully automated and scalable synthesis of tailored 

glycans, with diverse applications spanning drug development, vaccines, nutrition, and 

cosmetics. Furthermore, integrating these microgels into a modular membrane reactor holds 

potential advantages beyond facilitating continuous glycan production. The spatial 

segregation of different GT-microgels within the reactor could potentially enhance reaction 

kinetics, presenting a promising avenue for further exploration in future small-scale 

production and research endeavors, marking a transition from fundamental research to 

application. 
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