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Summary 

Thermoresponsive polymers undergo a phase transition upon a temperature change in a solu-

tion. Depending on which temperature the phase transition occurs in solution, two types of 

thermoresponsive polymers are defined: lower critical solution temperature (LCST)- and upper 

critical solution (UCST)-type polymers. The former precipitates above this critical temperature, 

while the latter phase separates below it. Thermoresponsive hydrogels are swellable polymer 

networks that show a temperature-dependent volume phase transition when placed in an aque-

ous medium. In recent years, significant effort has been made to study LCST-type hydrogels in 

drug delivery, biomedical applications, or as functional materials. UCST-type hydrogels were 

sparsely reported. One promising versatile UCST-type polymer is poly(N-acryloyl glycina-

mide) (PNAGA). PNAGA forms a physically crosslinked network by hydrogen bonding inter-

actions and depending on concentration, the polymer is either thermoresponsive, shows a sol-

gel transition, or swells thermophilically in an aqueous medium. However, PNAGA lacks any 

reactive functional groups. The functionalities or multiple phase transitions are required to 

make responsive hydrogels suitable for real applications as temperature sensing devices, scaf-

folds for tissue engineering, or as a matrix material for bioimmobilization. The present work 

focused on preparing and characterizing functional and multiphase-transition PNAGA hydrogel 

materials.  

To prepare functional PNAGA hydrogels, a reactive group, such as an epoxy group, is intro-

duced onto the hydrogel structure using two strategies. In the first method, an interpenetrating 

polymer network (IPN) of PNAGA with epoxy-containing polymer, poly(glycidyl methacry-

late) (PGMA), was prepared. The epoxy-functionalized hydrogel retained its UCST-type ther-

mophilic swelling properties and high mechanical toughness. 

Further, free-radical copolymerization of NAGA monomer with functional vinyl monomers, 

such as epoxy containing glycidyl methacrylate (GMA) or methacrylic acid N-hydroxysuccin-

imide ester (MNHS), followed by chemical crosslinking is established as a simple route to 

functional PNAGA nanosized hydrogels (nanogels). The method has the advantage of control-

ling the number of functionalities and hydrophilic-lipophilic ratio, as the UCST-type phase 

transition temperature can be changed by adjusting the feed ratio of the comonomers. The func-

tional hydrogels were used for studying the temperature-dependent change in fluorescence and 

enzymatic activity. The epoxy groups were used as anchoring points for tagging fluorescein-

based dye and enzyme α-amylase in the IPN hydrogel and copolymer, respectively. The fluo-

rescence activity was studied at different temperatures, and the activity depended more on 
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temperature change than the uncoupled dye due to aggregation-induced emission of the cova-

lently bound dye molecules. The covalent immobilization of the enzyme led to biohybrid nano-

gels in which the enzyme crosslinked the PNAGA macromolecular chains. The thermorespon-

sive effect of the biohybrid nanogel on the α-amylase enzyme activity was studied. The relative 

activity of the immobilized enzyme was more sensitive to temperature change than the free 

enzyme's. A simple one-step method for enzyme immobilization in PNAGA bulk physical hy-

drogel matrix was also studied by carrying out the radical polymerization of a pre-gel solution 

of NAGA in the presence of the enzyme. Enzyme activity modulation by temperature change 

is essential for complex enzyme cascade reactions, as by-product formation is often observed 

when running the reactions in one pot.  

As a later part of the work, the possibility of introducing more than one type of phase transition 

behavior was approached. PNAGA macrogels with multiphase thermal transitions were there-

fore studied. The PNAGA macrogels were prepared by double bond-functionalized PNIPAM 

nanogels acting as crosslinkers and phase transition modifiers. The temperature-dependent 

phase transitions could be adjusted depending on the PNIPAM nanogel concentration and the 

degree of unsaturation.  

In the last part of this work, the possibility of adding functionalities without covalent attachment 

to the PNAGA hydrogel was studied by making PNAGA hydrogel composites with nanofiller 

materials like carbon nanotubes (CNT). The CNTs were expected to enhance the biological 

activity and strengthen the network by physical incorporation, as pure PNAGA is not biologi-

cally active. Using the composite hydrogel as a 3D printing ink was shown by establishing 

printing parameters for high-strength constructs. Hydrogel composites with varying rheologi-

cal, elastic, and electrically conductive properties could be attained. The hydrogels were found 

suitable for cell growth in a cell viability assay.  
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Zusammenfassung 

Thermoresponsive Polymere vollziehen bei einer Temperaturänderung einen Phasenübergang 

in einer Lösung. Abhängig davon, bei welcher Temperatur der Phasenübergang in Lösung auf-

tritt, werden zwei Typen von thermoresponsiven Polymeren definiert: Lower critical solution 

temperature (LCST)- und upper critical solution temperature (UCST)-Polymere. Die ersteren 

Polymere setzen sich über dieser kritischen Temperatur in der Lösung ab, während die letzteren 

bei einer Temperatur unter dieser ausfallen. Thermoresponsive Hydrogele sind quellbare Poly-

mernetzwerke, die einen temperaturabhängigen Volumenphasenübergang im wässrigen Me-

dium aufweisen. In den letzten Jahren wurde ein beträchtlicher Aufwand betrieben, um LCST-

Hydrogele in der Arzneimittelentwicklung, biomedizinischen Anwendungen oder als funktio-

nelle Materialien zu untersuchen. Von UCST-Hydrogelen wurde nur selten berichtet. Ein viel-

versprechendes vielseitiges UCST-artiges Polymer ist Poly(N-Acryloylglycinamid) (PNAGA). 

PNAGA bildet durch Wasserstoffbrückenbindungswechselwirkungen ein physikalisch ver-

knüpftes Netzwerk aus und ist je nach Konzentration entweder thermoresponsiv, zeigt einen 

Sol-Gel-Übergang oder quillt thermophil in einem wässrigen Medium. PNAGA hat jedoch 

keine reaktiven funktionellen Gruppen. Funktionalitäten oder mehrphasige Übergänge sind er-

forderlich, um reaktive Hydrogele für Anwendungen wie Temperatursensoren, Gerüste für die 

Geweberegeneration oder als Matrixmaterial für die Bioimmobilisierung geeignet zu machen. 

Das vorliegende Projekt konzentrierte sich auf die Herstellung und Charakterisierung funktio-

naler und mehrphasiger PNAGA-Hydrogelmaterialien. 

Um funktionalisierte PNAGA-Hydrogele herzustellen, wird eine reaktive Gruppe, wie zum 

Beispiel die Epoxygruppe, durch zwei Strategien in die Hydrogelstruktur eingeführt. In der 

ersten Methode wurde ein interpenetrierendes Polymernetzwerk (IPN) aus PNAGA und dem 

Epoxygruppen-enthaltenden Polymer Polyglycidylmethacrylat (PGMA) hergestellt. Das 

Epoxy-funktionalisierte Hydrogel behielt seine UCST-artigen thermophilen Quelleigenschaf-

ten und hohe mechanische Härte bei.  

Weiterhin wurde ein einfacher Weg zur Herstellung funktioneller PNAGA-Nanogele aufge-

stellt, indem man mit den NAGA-Monomeren eine freie radikalische Copolymerisation mit 

funktionalen Vinyl-Monomeren wie GMA oder Methacrylsäure-N-hydroxysuccinimidester 

(MNHS) durchführt, gefolgt von einer chemischen Vernetzung. Dieses Verfahren hat den Vor-

teil, dass die Anzahl der Funktionalitäten und das hydrophil-lipophile Verhältnis durch Ände-

rung des Comonomerverhältnisse angepasst werden kann, wodurch die UCST-Übergangstem-

peratur geändert werden kann. Die funktionellen Polymere wurden zur Studie der 
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temperaturabhängigen Änderungen der Fluoreszenz und der enzymatischen Aktivität verwen-

det. Die Epoxidgruppen dienten als Ankerpunkte für die Verknüpfung der IPN-Hydrogele mit 

einem Fluorescein-basierten Farbstoff und der Copolymere mit dem Enzym α-Amylase. Die 

Fluoreszenzaktivität wurde bei verschiedenen Temperaturen untersucht und die Aktivität hing 

mehr von den Temperaturänderungen ab als das ungekoppelte Farbstoffmolekül aufgrund der 

Aggregations-induzierten Emission der kovalent gebundenen Farbstoffmoleküle. Die kovalente 

Immobilisierung des Enzyms führte zu Bio-Hybrid-Nanogelen, bei denen das Enzym die mak-

romolekularen Ketten der PNAGA-Copolymere vernetzte. Der thermoresponsive Effekt des 

Bio-Hybrid-Nanogels auf die α-Amylase-Enzymaktivität wurde untersucht. Die relative Akti-

vität des immobilisierten Enzyms war empfindlicher gegenüber Temperaturänderungen als bei 

dem freien Enzym. Eine einfache Ein-Schritt-Methode zur Enzymimmobilisierung in einer 

physikalisch vernetzten PNAGA-Hydrogelmatrix wurde auch untersucht, indem eine Vorgel-

lösung von NAGA in einer freien radikalischen Polymerisation in Anwesenheit des Enzyms 

quervernetzt wurde. Die Modulation der Enzymaktivität durch Temperaturänderungen ist für 

komplexe Enzym-Kaskadenreaktionen wichtig, da bei der Durchführung der Reaktionen in ei-

ner Eintopfreaktion oft eine Nebenproduktbildung beobachtet wird. 

Als späterer Teil dieser Arbeit wurde die Möglichkeit untersucht, mehr als einen Typen von 

Phasenübergangen einzuführen. Daher wurden PNAGA-Makrogele mit multiphasischen ther-

mischen Übergängen untersucht. Die PNAGA-Makrogele wurden durch Doppelbindung-funk-

tionalisierten PNIPAM-Nanogelen als Vernetzer und Phasenübergangsmodifikatoren herge-

stellt. Die temperaturempfindlichen Phasenübergänge konnten je nach PNIPAM-Nanogelkon-

zentration und Grad an Unsättigung angepasst werden. 

Im letzten Teil dieser Arbeit wurde die Möglichkeit untersucht, Funktionalitäten ohne kova-

lente Anbindung an das PNAGA-Hydrogel hinzuzufügen, indem PNAGA-Hydrogel-Kompo-

site mit Nanofüllstoffmaterialien wie Kohlenstoffnanoröhrchen (CNT) hergestellt werden. Die 

CNTs sollen die biologische Aktivität verbessern und das Netzwerk durch physische Einbin-

dung verstärken, denn reines PNAGA ist nicht biologisch aktiv. Die Verwendung des Kompo-

sithydrogels als 3D-Drucktinte wird durch die Festlegung der Druckparameter für hochfeste 

Konstruktionen gezeigt. Hydrogel-Verbundwerkstoffe mit unterschiedlichen rheologischen, 

elastischen und elektrisch leitenden Eigenschaften konnten erlangt werden. Die Hydrogele wur-

den in Zellviabilitätstests als geeignet für das Zellwachstum befunden. 
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1 Introduction 

1.1  Hydrogels 

Hydrogels are three-dimensional crosslinked hydrophilic polymer networks made of natural or 

synthetic material. Due to their crosslinked structure, they remain undissolved in an aqueous 

medium. Instead, the hydrogel swells by absorbing large quantities of water or biological flu-

ids.[1-3] In the swollen state, they have rubber-like properties, similar to living tissue, making 

them interesting materials for biomedical applications. Hydrogels are formed either by chemi-

cal (covalent crosslinks) or physical interactions (e.g., ionic forces, hydrophobic effect, hydro-

gen bonds, physical entanglements of polymer chains, and other interactions) of the macromo-

lecular chains. Natural hydrogels include collagen, gelatin, and polysaccharides like alginate, 

agarose, or starch, whereas synthetic hydrogels can be obtained by chemical polymerization 

reactions of monomer units. 

Different classes of hydrogels can be distinguished: homopolymeric, copolymeric, and inter-

penetrating network (IPN) hydrogels. While homopolymeric hydrogels consist of the same hy-

drophilic monomer units, copolymeric hydrogels comprise two or more different monomer 

units. Further, Full-IPN hydrogels are made from two independent non-covalent bound hydro-

gel networks. It is differentiated from a semi-IPN where the first component is a crosslinked 

polymer network while the second is a non-crosslinked linear polymer interlaced into the first 

component’s network (Figure 1.1).[4]  

Since hydrogels that fulfill multiple functionalities are desired for biomedical applications, they 

can be crosslinked in the presence of nano-scaled inorganic particles to form nanocomposite 

hydrogels with exclusive properties.[5] The nanocomposite hydrogels are imparted with extraor-

dinary mechanical, optical, thermal, electrical, or swelling properties different from the base 

hydrogel.[6-8] There are a plethora of inorganic nanoparticles like carbon-based nanomaterials 

(e.g., carbon nanotubes (CNTs), graphene or nanodiamonds), polymeric nanoparticles (e.g., 

polymer nanoparticles, dendrimers), ceramic nanoparticles (e.g., hydroxyapatites, silicates), 

and metal/metal-oxides (e.g., gold, silver, iron-oxide) to combine them with a gel matrix into 

nanocomposite hydrogels.[9] These incorporated nanoparticles interact chemically or physically 

with the polymer chains, which results in novel properties.[10-11] 



Introduction 

 

2 

 

 
Figure 1.1. The preparation of IPN hydrogels; A) Two separate networks form a Full-IPN hy-

drogel B) A network combined with a linear polymer chain forms a Semi-IPN. 

Another classification of hydrogels can be attempted by their ionic character. Based on their 

charge, they can appear as nonionic (neutral), ionic, or amphoteric electrolytes (cationic and 

anionic charges are available, based on pH conditions) and as zwitterionic hydrogels (where 

one repeating unit contains both anionic and cationic group). Depending on the preparation 

method, hydrogels can be further divided into a matrix (bulk), film, or microsphere hydrogel, 

i.e., nanosized nano- or microgels. Microgels are swellable macromolecular networks with col-

loidal and macromolecular properties, depending on the amount of crosslinker.[12] Usually pre-

pared by precipitation polymerization, their size ranges from several micrometers to a nanosize 

scale (nanogels).  

Microgels appear soft and fuzzy, with dangling chains when swollen in solution. The configu-

ration of reaction conditions, building blocks, or reaction sequence enables tailoring a micro-

gel's size, shape, and swelling degree. There are special microgels that change their properties, 

like volume, refractive index, or hydrophilicity-hydrophobicity on external stimuli, such as 

temperature, ionic force, or pH. These kinds of microgels are called responsive.[13] One preva-

lent synthetic example is the thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) mi-

crogel which can be accessed from the NIPAM monomer, surfactant sodium dodecyl sulfate 

(SDS), and the bifunctional crosslinker N,N’-methylenebisacrylamide (MBA).[14] The follow-

ing sections will discuss thermoresponsive polymers and hydrogels in detail. 

                                

                                       

 

   

  



 Introduction 

3 

 

1.2 Thermoresponsive Polymers and Hydrogels 

A unique class of polymers that possess the property to react to external stimuli like pH, tem-

perature, ionic strength, light, or other environmental factors are called “smart” stimuli-respon-

sive polymers. Among them, thermoresponsive polymers reversibly change properties at de-

fined temperatures and are studied extensively.[15] The most common change observed for ther-

moresponsive polymers is a change in hydrophilicity and hence the configuration in solution. 

Thermoresponsive polymers are distinguished by their solvation (precipitation) behavior into 

the lower or upper critical solution temperature (LCST or UCST) polymers, depending on 

whether the polymer phase separates from the solution upon heating or cooling, respectively. 

For example, the LCST-type polymer solution appears clear and homogenous below its LCST, 

becoming cloudy above.[16] In turbidity measurements, the cloud point is defined as the tem-

perature where the solution clears or becomes cloudy.[17] The opposite observation is valid for 

UCST-type polymers where the solution clears with increasing temperature. A phase diagram 

can visually explain the phenomena (Figure 1.2). 

 
Figure 1.2. The UCST and LCST behavior of polymers in solution. The mole fraction depicts 

the fraction of polymer to solvent. 

In a two-component system, e.g., polymer and solvent, the maximum or minimum of the bi-

nodal curve are defined at the UCST or LCST, respectively. Below the UCST and above the 

LCST, there is a miscibility gap at a certain mole fraction of the polymer in the solution where 

the polymer precipitates.[18] In this case, the polymer follows a so-called phase transition at this 
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temperature. The LCST-type phase transition behavior can be described by the Gibbs equation 

(1) 

∆G = ∆H − T∆S (1) 

where ΔG is the Gibbs free energy, ΔH the change of enthalpy, and ΔS the change of entropy. 

The polymer dissolves in a solvent when ΔG is negative. When the polymer molecule is dis-

solved in an aqueous solution, water molecules surround it to form a highly ordered hydration 

shell. That is the reason the change of entropy is negative (hydrophobic effect). Consequently, 

the Gibbs free energy is positive when the temperature increases and the polymer precipi-

tates.[16, 19] In UCST-type polymers like acrylamides, the precipitation thermodynamics are 

more enthalpically driven as the hydrophobic effect can be neglected. For example, the cleavage 

of amide-amide hydrogen bonds in acrylamide-based polymers is an endothermic process, 

while the formation of amide-water hydrogen bonds is exothermic, both occurring in an aque-

ous solution. As both the exothermic and endothermic processes take place simultaneously, the 

change of enthalpy is minuscule, and the polymer can be transferred into the solution by in-

creasing the temperature.[19] 

For most polymers, the phase transition is strongly dependent on the concentration or molecular 

weight, except for some polymers like the LCST-type poly(N-isopropylacrylamide) (PNIPAM) 

(Figure 1.3).[20] 

 
Figure 1.3. The repeat unit structure of poly N-isopropylacrylamide (PNIPAM). 

PNIPAM has been extensively studied for biomedical applications like drug delivery due to its 

sharp LCST of around 30 – 35 °C, close to the physiological temperature.[21] The addition of 

salts, surfactants, or copolymerization can alter the LCST of linear polymers by changing their 

coil-to-globule transition.[22-24] PNIPAM has a sharp and fast phase transition and a small hys-

teresis during cooling/heating cycles. For other thermoresponsive polymers, this is not neces-

sarily the case. Due to the aging in the collapsed state, where additional hydrogen bonds are 

formed, and kinetic hindrance, the LCST or UCST differs from the phase transition temperature 

for any other given thermoresponsive polymer system; it is important to keep this distinction in 

mind.[17]  

The thermoresponsive properties of PNIPAM hydrogels manifest themselves in a reversible 

volume phase transition (VPT), i.e., swelling or collapse of the corresponding crosslinked 
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PNIPAM hydrogel at a specific temperature. The hydrogel expels its water content above its 

LCST and shrinks the PNIPAM hydrogel in size.[25] The mechanical properties of PNIPAM 

hydrogels are poor, and the responsivity to external stimulus is very slow, which could be par-

tially alleviated with high molecular weight crosslinkers.[26-27] Therefore, highlighting the ex-

traordinary mechanical properties of native tissue, the need for high-strength and stimuli-re-

sponsive hydrogels arises to ensure that the biological scaffold can endure and replicate the 

mechanical properties of the surrounding tissue. 

Thermoresponsive polymers or hydrogels are coined “smart” as they respond to external stimuli 

and hence are featured in diverse applications like drug delivery,[28] actuators,[29] biosepara-

tion,[30-31] or hydrophilic-hydrophobic-switchable surfaces.[32] It should be noted that LCST-

type polymers received far more research attention while UCST-type polymers stayed on the 

sidelines.[17] Hence, expanding the range of UCST-type polymers for both theoretical and prac-

tical applications is valuable, as they have the potential to occupy niches that LCST-type poly-

mers may not be suitable for. 

1.3 Properties and Applications of UCST-type Poly(N-acryloyl glycina-

mide) (PNAGA) 

As defined in the previous sections, physically crosslinked hydrogels occur either by the phys-

ical entanglement of polymer chains or by physical interactions such as hydrogen bonds and 

ionic or hydrophobic interactions.[1] This dissertation deals with the physically crosslinked hy-

drogels and copolymers of poly(N-acryloyl glycinamide) (PNAGA), which are elucidated in 

detail in the following sections. 

N-Acryloyl glycinamide (NAGA) is an acrylate-based vinyl monomer with a dual amide moiety 

in its side chain (Figure 1.4).[33]  

 
Figure 1.4. Chemical structures of N-acryloyl glycinamide (NAGA) and poly(N-acryloyl 

glycinamide) (PNAGA). 

The dual amide moieties in PNAGA act as both the H-bonding acceptors and H-bonding do-

nors, providing physical H-bonding interactions between the macromolecular chains. Haas and 

Schuler first described the NAGA monomer synthesis in the reaction of glycinamide with 
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acryloyl chloride under alkaline conditions in 1964.[34] They prepared thermoreversible gels of 

poly(N-acryloyl glycinamide) (PNAGA) by a free-radical polymerization with potassium per-

sulfate (KPS) as the initiator. As the nonionic PNAGA interacts by intermolecular hydrogen 

bonding, various supramolecular arrangements can be described depending on its concentra-

tions in an aqueous solution (Scheme 1.1).[35-37]  

 
Scheme 1.1. Concentration-dependent phase behavior of UCST-type polymer PNAGA due to 

hydrogen bonding interactions. 

1.3.1 Low-Concentrated, Dilute Solutions of PNAGA 

It was not until 2010 that the mechanism of the hydrogen bonding of PNAGA was understood 

in more depth.[35] First indicated by Onishi et al., derivates of PNAGA and copolymers of 

PNAGA behaved in an UCST-type thermoresponsive manner in dilute solutions.[38-39] Free-

radical polymerization was employed with AIBN as the initiator for preparing PNAGA deri-

vates. However, whereas the derivates of PNAGA were studied, the homopolymer of PNAGA 

was not addressed regarding its solution properties. Seuring et al. studied the solution phase 

transition behavior of PNAGA based on those first observations with a modified NAGA mon-

omer synthesis. They found that PNAGA’s cloud point, defined as the inflection point of a 

turbidity measurement's cooling/heating curve, varies depending on concentration from 0.03 to 

5.4 wt% in an aqueous solution (Figure 1.5).[35]  
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Figure 1.5. Turbidity curve of a 1.0 wt% PNAGA solution in pure water with a heating rate of 

1.0 °C min-1 (Reprinted with permission from Ref. [19] Copyright 2022 American Chemical So-

ciety). 

Cloud points depend on cooling/heating rate and concentrations.[18] From a macroscopic view, 

the phase transition is manifested in a change from an opaque to a transparent solution after 

passing the cloud point and vice-versa. It was identified that PNAGA self-aggregates by hydro-

gen bonding, which can be broken by heat.[40-41] At the same time, it was discovered that these 

sensitive hydrogen bonding aggregates could be disturbed by a small fraction of ionic charges 

in the solution or in the form of acrylate impurities in the polymer backbone.  

Initially, Haas and Schuler utilized the ionic initiator KPS for PNAGA polymerization.[34] Over 

the years, research on PNAGA was based on Ohnishi’s preparation conditions.[38-39, 42] How-

ever, it was evident that even small ionic impurities suppressed the phase separation tempera-

ture of dilute solutions of PNAGA, and a clear UCST-type phase transition was therefore over-

looked. Seuring et al. conducted studies to characterize the various aspects influencing the 

UCST of PNAGA.[19]  

Several precautions should be considered during NAGA monomer synthesis to avoid ionic im-

purities. First, acryloyl chloride should not be used in excess, and the potassium carbonate so-

lution should only be added to the solution of glycinamide under cooling. Furthermore, acryloyl 

chloride should be diluted with diethyl ether and added slowly dropwise to the reaction mixture. 
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Secondly, water should be removed completely, e.g., by freeze-drying during post-processing. 

The product should be extracted with acetone and purified by several recrystallizations and 

subsequent chromatography procedures.  

As remarked by the preparation conditions of Haas et al.,[34] ionic groups could be introduced 

by the initiator or by chain transfer agents (CTA) in radical polymerizations. The ionic chain 

ends of the polymer could disturb the hydrogen bonding and suppress the phase transition be-

havior in total; therefore, the reactants should be nonionic. 

The synthesized PNAGA polymer is sensitive to heat treatment. Hydrolysis of amide groups 

might occur during heat treatment when dissolving the polymer, as previously observed with 

polyacrylamide.[43-44] Attention must be paid to using a dry solvent during the polymerization 

process; otherwise, the amide groups are gradually hydrolyzed. A temperature equal to or less 

than 60 °C should be set during polymerization to prevent hydrolysis.[45] 

The vessel used for the dissolution plays an important role. Due to surface adhesion and alkaline 

components found in the glass wall, hydrolysis of amide groups is catalyzed. As leaching of 

alkaline components would not change the pH of the reaction solution and fused glass barely 

lowered the cloud point of PNAGA compared to a glass with alkaline components, it is assumed 

that the polymer adhesion on the wall with a local alkaline pH accelerates the hydrolysis of the 

polymer. Therefore, it is advisable to use plastic vessels to prevent hydrolysis during heat treat-

ment. 

As electrolytes tend to interact with ionic charges, the UCST of PNAGA is influenced by ion 

strength.[42] Low concentrations of sodium chloride (NaCl) or sodium sulfate (Na2SO4) until 

10 mM did not affect the UCST of PNAGA, as described by Liu et al.[45] However, increasing 

the concentration above this threshold continuously lowered the cloud point until it disappeared 

at 500 mM. In the case of NaSO4, the cloud points had their minimum at around 100 mM 

Na2SO4 but steadily increased beyond this concentration. In another example, phosphate-buff-

ered saline (pH 7.4) barely affected the cloud point of PNAGA, while sodium thiocyanate de-

creased it with increasing concentration.[35] The cloud point restoring effect follows the salt-in 

Hofmeister series of ions with chaotropic and kosmotropic properties.[46] Chaotropic agents like 

sodium thiocyanate (NaSCN) or urea cause the breaking of hydrogen bonds in PNAGA and 

prevent the formation of gels. They could be used to intentionally suppress the UCST of 

PNAGA and circumvent unwanted gel formation.[35-36, 40-41] If ionic impurities are present in 

the polymer chain, which lowers or removes the cloud points, a sufficiently high concentration 

of electrolytes can shield the ionic impurities. The nonionic property of the PNAGA polymer 

is then restored, and the cloud points return to their original value. 
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In other reports, the dependence of molecular weight on the UCST of PNAGA was studied. 

The molecular weight and distribution could be controlled with reversible addition-fragmenta-

tion chain transfer (RAFT) or atom-transfer radical polymerization (ATRP). Liu et al. success-

fully performed controlled radical polymerizations for NAGA with ATRP and RAFT.[45, 47] The 

influence of the molecular weight on the UCST of PNAGA was not observed for ATRP poly-

mers, whereas the influence on the cloud point increased with decreasing molar mass for RAFT 

polymers. In the latter, the length of hydrophobic CTAs as end groups play a significant part in 

interacting with the hydrogen bonds. For example, dodecyl end groups increase the UCST of 

the PNAGA polymer with a molecular weight of less than 15000.  

Finally, the polymer composition affects the UCST properties of PNAGA and derivates in a 

complex way. Ohnishi et al. first reported copolymers of PNAGA, but no information was 

provided about its solution properties.[39] Whereas the UCST of homopolymer was not reported, 

the copolymers showed thermoresponsive properties, implying that the copolymerization of 

NAGA with another monomer influences UCST-type properties. Copolymers of PNAGA and 

N-acetylacrylamide (NAcAAm) were prepared, and depending on the copolymer composition, 

the UCST could be controlled.[35] Following this observation, Seuring et al. prepared different 

copolymers of PNAGA with styrene or butyl acrylate as hydrophobic comonomers.[48] They 

found that the hydrophilic-lipophilic balance of comonomers should be considered for fine-

tuning the cloud point in PNAGA copolymers. The UCST properties like cloud point and sharp-

ness of transition correlated with the hydrophobicity of the comonomer used in the polymeri-

zation with NAGA. The higher the content of hydrophobic comonomer in the final copolymer, 

the further the cloud point shifts to higher temperatures. On the other hand, the UCST behavior 

could be suppressed by introducing hydrophilic units like NAcAAm, as described before.[35] A 

new system was proposed as the butyl acrylate and styrene systems were not optimal due to 

unstable ester groups and varying reactivity ratios.[18] The design of an UCST-type hydrophilic-

hydrophobic copolymer with sharp transition should have the following characteristics: a) have 

strong hydrogen donors and acceptors, b) contain barely any or no ionic groups, c) have hydro-

lytic stability, d) and have a homogenous distribution of copolymer composition. 

1.3.1.1 Applications of Thermoresponsive PNAGA Polymers and Derivatives 

The fine-tuning of the phase transition temperature and the thermoresponsive properties of 

PNAGA homopolymers or copolymers enabled various applications. For instance, trithiocar-

bonate end-functionalized PNAGA could be grafted on gold nanoparticles (AuNPs) through 

ligand exchange.[49] The PNAGA-grafted AuNPs were in a stable colloidal distribution or ag-

gregated when above or below the UCST, respectively. The AuNPs did not affect the UCST-
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type PNAGA when grafted and showed a similar cloud point as the neat PNAGA in the solu-

tion. 

Many interesting properties stem from the dual amide moiety in the PNAGA side chain, such 

as the formation of a surface hydration layer for antifouling materials.[50] Yang et al. prepared 

PNAGA brushes by grafting PNAGA on a gold substrate using surface-initiated atom transfer 

radical polymerization. They exhibited excellent antifouling properties to prevent protein ad-

sorption and bacterial and cell attachments. 

1.3.2 Medium-Concentrated PNAGA Solutions: Sol-Gel Behavior 

PNAGA forms a soft hydrogel in more concentrated solutions that exhibits a thermoreversible 

sol-gel phase transition at high temperatures at which the gel displays a sharp decrease of vis-

cosity (Scheme 1.1).[36] 

Initially, Haas and Schuler reported gelatin-like thermoreversible behavior with a 5 wt% aque-

ous solution of PNAGA.[34] With increasing concentration, a higher gel melting temperature 

was found.[35] In theoretical calculations and sensitive instrumental analytics, it was shown that 

one group per chain is responsible for physical crosslinking, and crystallinity is not responsible 

for the thermoreversible crosslinks.[19, 33, 51] In detail, Seuring et al. demonstrated a very low 

heat transition enthalpy of 0.7 ± 0.5 J g-1 in ultra-sensitive differential scanning calorimetry 

experiments[19], and differential thermal analysis (DTA) was employed by Haas et al. to study 

the enthalpy of crosslinking ΔHc. However, no endotherms were observed in the DTA thermo-

gram.[51] Both results indicated that the thermoreversible crosslinks were of non-crystalline na-

ture. As described for dilute solutions of PNAGA, the hydrogel formation results from hydro-

gen bonding of the dual amide moieties.  

1.3.2.1 Applications of Soft, Thermoreversible PNAGA Hydrogels 

The sol-gel transition temperature of PNAGA depends on the molecular weight and concentra-

tion. Hence, the phase transition temperature could be adjusted near body temperature for drug 

delivery applications. Boustta et al. loaded the soft PNAGA hydrogels with formulations like 

methylene blue and studied their release in vitro and in the peritoneal cavity of mice, where the 

release of the dye was monitored. The gel was injected in the sol state into the tissue and 

changed to a gel state at around 37 °C. The release of methylene blue could still be detected 

after 52 h of injection, whereas no drug was detected in the polymer-free control group after 24 

h.[52] 

Wenguang et al. utilized a PNAGA-PAAm injectable copolymer hydrogel which became soft 

at a body temperature of 37 °C (Figure 1.6). Combined with iohexol as a contrast agent, the gel 
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was a sol at 47 °C and was injected into the renal arteries of rabbits as an embolic agent for 

treating an aneurysm.[53] 

Due to the adjustable sol-gel transition temperature, PNAGA makes an ideal ink for 3D printing 

applications.[54] Its use in 3D printing will be discussed in detail in the later sections.  

 
Figure 1.6. The sol-gel transition temperature of PNAGA-PAAm mixed with iohexol was 

around 47 °C (reproduced from Ref.[53]
 with permission from the Royal Society of Chemistry). 

1.3.3 High-Concentrated PNAGA Hydrogels 

PNAGA hydrogels above 10 wt% form a strong supramolecular arrangement by the dual am-

ide-enforced hydrogen bonding polymer-polymer interaction, as shown in Scheme 1.1. These 

physically crosslinked hydrogels could be formed by free radical photoinitiation polymerization 

in an aqueous solution and show excellent mechanical toughness, tensile and compressive 

strength in the 160 kPa – 1.1 MPa region and stretchability with an elongation at break over 

1400 % for 25 wt% PNAGA.[55] In addition, they displayed anti-swelling properties, i.e., the 

swelling remained constant at a specific temperature over several months. The high stability 

stems from the strong NH···O=C hydrogen bonds interactions as demonstrated in Raman ex-

periments. The strong hydrogen bonding generated hydrophobic micro-domains, which 

shielded the gel from hydration and consequent decomposition. These properties and their good 

biocompatibility make high-strength PNAGA hydrogels excellent potential building blocks for 

soft tissue engineering materials. 

Owing to the intrinsic UCST properties, PNAGA hydrogels reversibly swelled continuously 

with increasing temperature.[56] These thermosensitive properties of PNAGA were similarly 

found in chemically crosslinked PNAGA hydrogels, which were prepared with free radical 

polymerization of methylenebis(acrylamide) (MBA) with NAGA and swollen in H2O and 

PBS.[57] As the UCST-type volume phase transition was very broad compared to the solution 

phase transition of the diluted polymer, only a thermophilic swelling behavior was observed. 

However, due to the nature of chemical crosslinking, the swelling was more restrained than in 

the physically crosslinked hydrogels.[58] Further increasing the temperature to 90 °C allowed 
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the reshaping of the physically crosslinked hydrogels in a self-healing process as the supramo-

lecular hydrogen bonds could be rearranged.[55] This opens the door to 3D printing of PNAGA-

based inks, which will be elaborated on in a section below. 

1.3.3.1 Applications of High-Strength PNAGA Hydrogels 

While neat PNAGA on its own has remarkable mechanical and self-healing properties, it lacks 

bioactivity. When combining NAGA with a filler material like nanoclay, a NAGA/nanoclay 

ink could be prepared, which could be further 3D printed and UV cured into composite hydrogel 

scaffolds (more information on inks and 3D printing can be found in the section below).[59] The 

nanoclay acted as a rheological aid for strengthening the hydrogel’s stiffness, stretchability, and 

compressibility and increasing the swelling capability simultaneously (Figure 1.7). The release 

of Mg2+ and Si4+ stemming from the nanoclay enabled the osteogenic differentiation of primary 

rat osteoblasts cells, effectively demonstrating that bioactivity can be induced into PNAGA gels 

by adding filler material like clay. The osteogenesis-inducing effect was similarly shown in 

PNAGA copolymer hydrogels prepared from NAGA, acrylate alendronate, and (2-(acrylo-

yloxy)ethyl) trimethyl ammonium chloride. The copolymer hydrogel aided the calcium fixation 

to repair bone with bioactive bisphosphate groups, while the surface charge of the hydrogel 

prevented fibrous cyst formation.[60] 

 
Figure 1.7. PNAGA/nanoclay hydrogel with excellent compressive (A and B) and elongation 

(C and D) properties (Reproduced with permission from Ref. [59] Copyright 2022 American 

Chemical Society). 

1.4 Fluorescent Hydrogels 

Fluorescence, as a form of luminescence, deals with the light emission of material after excita-

tion with a light source.[61-63] The emitted light has a longer wavelength than the absorbed light 

and thus has a lower photon energy. The light emission stops after removing the source for light 
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absorption, whereas it continues for phosphorescence. The number of photons emitted per ab-

sorbed photon is the quantum yield. Therefore, a high fluorescence efficiency is achieved when 

the quantum yield is high. Parts or regions of molecules that reemit light when excited are called 

chromophores. When fluorescence is observed upon light absorption, the molecule that is ex-

cited and emits light is called a fluorophore. Two kinds of fluorophores are differentiated. The 

intrinsic fluorophore shows natural fluorescence properties, e.g., green fluorescent protein, 

while extrinsic fluorophores have been made fluorescent by reaction or coupling with a fluoro-

metric reactant.[64] 

Fluorescence energy can be transferred in different ways. When energy is transferred from an 

excited molecule to a physically close molecule, the process is known as the Förster resonance 

energy transfer (FRET) process. As described in the Jablonski diagram, energy is transferred 

directly from an excited donor chromophore to an acceptor chromophore in a nonradiative di-

pole-dipole coupling (Scheme 1.2).[63]  

 
Scheme 1.2. Depiction of fluorescence excitation and emission and Förster resonance energy 

transfer (FRET) in a Jablonski diagram. 

High concentrations or aggregations of organic fluorescent molecules lead to intermolecular π-

π stacking of the aromatic rings or conjugated chains. This results in aggregation-caused 
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quenching (ACQ), where the fluorescence emission is dispersed or vanishes. The ACQ effect 

is equally observed in organic fluorophores encapsulated in matrices like polymers. Here the 

restriction of molecule movement is the decisive factor for reduced fluorescence activity with 

ACG.[65]  

The opposite effect is observed in aggregation-induced emission (AIE).[66] Like ACQ, the or-

ganic molecules aggregate, but the fluorescence signal is enhanced. In this context, the fluores-

cence activity increases in a high-concentration solution or the solid state, while weak or no 

emission is found in diluted solutions. Restriction of intramolecular rotation (RIR) or vibration 

(RIV) of organic dyes is the primary driver for the AIE effect.[67] When the organic dye is free 

and mobile, the excitation energy is consumed by the rotational and vibration movements in a 

non-radiative decay. However, when the movement is restricted, the energy is dissipated in 

radiative decay, i.e., fluorescence emission, as the other pathway is unavailable. The AIE phe-

nomenon is desirable for developing high quantum yield and photostable dyes for fluorescence 

imagining.[65] 

One of the more popular fluorophores is based on fluorescein, particularly fluorescein isocya-

nate (FITC) (Figure 1.8). Due to its isocyanate moiety, an addition reaction with nucleophiles 

like amine groups is possible.[68] 

 
Figure 1.8. The structural formula of Fluorescein isocyanates (FITC). 

Fluorophores such as FITC in fluorescence imaging greatly aid in understanding biological 

processes.[69] The fluorophore molecule can be tagged with a specific moiety of an enzyme or 

receptor, which adds contrast and spatiotemporal resolution in microscopic or spectroscopic 

drug delivery, tissue, or pharmacological studies. As hydrogels mimic the extracellular matrix, 

there is an interest in coupling fluorophores with hydrogels to gain insight into hydrogel-spe-

cific biological or physical processes.  

Fluorescent hydrogels are defined as hydrophilic polymer networks with physically or chemi-

cally incorporated fluorophoric materials.[63] Therefore, they exhibit fluorescent properties 

when excited with an appropriate light source. The value of fluorescent hydrogels extends to 
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applications as sensors,[70-72] optical and electrical devices,[73] in biomedicine[74-75], or as imag-

ing agents.[76] 

Typically, fluorophores can be embedded in the gel matrix by direct diffusion or by constructing 

the hydrogel network with a polymer with fluorescent side groups.[75, 77] Fluorescence hydrogels 

usually face the problem of fluorophore leaching or the fluorescence emission being suppressed 

by surrounding gel material.[63] In this work, PNAGA hydrogels were attached with covalently 

bound FITC dye, and the effect of the UCST-type thermosensitive swelling was studied in re-

lation to the fluorescence activity of the dye. 

1.5 Enzyme Immobilization 

Enzymes are macromolecular protein-based biocatalysts capable of dictating biochemical reac-

tions with a high degree of chemo-, regio- or stereoselectivity.[78] However, under certain con-

ditions, enzymes are not stable enough for direct use, especially in industrial applications. Like-

wise, recovering enzymes from a reaction mixture is challenging, so finding a way to recycle 

the enzyme would be favorable.[79] The immobilization of enzymes is a powerful tool for cre-

ating stable and reusable enzyme matrices.[80] Several immobilization methods have been pro-

posed and established, like physical entrapment, adsorption to a carrier, or crosslinking of the 

enzyme molecule.[81] Every method has activity and stability trade-offs, which should be con-

sidered when designing a novel enzyme immobilization application. Taking multipoint enzyme 

crosslinking into consideration, leaching can be prevented as the enzyme is firmly incorporated 

into the matrix material due to covalent bonding. On the other hand, the rigidity of the enzyme 

weakens the motion for catalytic turnover, as enzyme flexibility is reduced.[82] While the ad-

sorption of an enzyme on the carrier’s surface retains the enzyme activity, a severe loss of 

enzyme can be caused by leaching processes. Physically entrapped enzymes typically mitigate 

enzyme leaching, although diffusion of substrates into the carrier pores might be hindered.[83] 

As a carrier for enzymes, polymer materials like “smart” microgels are extraordinarily suitable 

for immobilization. Microgels are nano- to micrometer-sized crosslinked polymer networks 

with stimuli-responsive properties. Furthermore, their advantage lies in their fine-tunable prop-

erties like architecture, porosity, or swelling degree.[84] As carriers, they provide an ideal en-

zyme environment with high water content, biocompatibility, and stability.[12, 85-86] 

The stimuli-responsive microgels can undergo a volume phase transition by adjusting the pH, 

temperature, and ionic strength or varying the solvent. In the collapsed state, enzymatic micro-

gels could be precipitated and recovered.[87] The modulation or regulation of enzyme activity 

can be actively conducted by coupling to a stimuli-responsive microgel.[88] Especially 
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thermoresponsive polymer systems like LCST-type poly(isopropylacrylamide) (PNIPAM) 

have been used as enzyme carrier matrix to influence the enzyme activity with temperature.[89-

90]  

As an example of enzyme immobilization, the schematic covalent coupling of an epoxy-func-

tionalized microgel with the nucleophilic groups of an enzyme, which stem from the side groups 

of the amino acids, is shown in Scheme 1.3. 

 
Scheme 1.3. The schematic covalent coupling reaction of a microgel with epoxy groups and a 

nucleophilic enzyme. For the sake of simplicity, only two couplings are shown. 

In their patent, Ohnishi et al. reported the pioneering demonstration of PNAGA being utilized 

as enzyme carrier material.[39] They utilized the high binding affinity of biotin toward avidin.[91] 

NAGA monomer was copolymerized with a biotin methacrylate derivate. The final copolymer 

was coupled with an avidin-immobilized peroxidase enzyme to form a biotin-avidin complex. 

Similarly, the biotin-functionalized PNAGA copolymers were treated with avidin to obtain av-

idin binding sites. In the next step, biotin-immobilized peroxidase enzymes could be coupled 

to the copolymer. Due to the UCST of the complex, the immobilized could be recovered by 

precipitation and had high activity even after reusing it.  

Physical entrapment of enzymes within PNAGA microgels was demonstrated by Yang et al.[92] 

Catalytic microgels of PNAGA were prepared by encapsulating β-D-glucosidase in the pres-

ence of NAGA during a free-radical polymerization with ammonium persulfate (APS) as initi-

ator and N,N,N′,N′-tetramethylethylenediamine (TEMED) as an accelerator in another work. 

The immobilized enzyme had similar activity as the free enzyme in neutral and acidic milieu, 

with even higher activity at basic pHs. In the next step, silver nanoparticles (AgNPs) could be 

further encapsulated in the enzymatic PNAGA microgel to form a bicatalytic system for cas-

cade reactions.  

As a proof-of-concept for the physical immobilization of enzymes and as part of this work, 

Bacillus megaterium transaminase enzyme was physically entrapped in PNAGA hydrogel by 

photopolymerizing the pre-gel solution in the presence of the enzyme in collaboration with 

Claaßen et al.[93] High enzyme activity (97%) and immobilization efficiency (>89%) were re-

ported, although a part of the enzyme still leached out during the washing processes. The 
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immobilized enzyme showcased a higher deactivation degree than the free enzyme. While 

PNAGA’s USCT-type deswelling did not entirely suppress enzyme activity, the hydrogel sys-

tem provides a promising starting point for modulating enzyme activity. In particular, this sys-

tem may be useful in one-pot reactions where side reactions can occur. 

1.6 3D Printing of Hydrogels 

3D printing, otherwise known as additive manufacturing, generates physical 3D objects from a 

computer-aided design (CAD) by layer-to-layer ink deposition with molding or machining.[94] 

The ink material can range from metals[95] and ceramics[96] to glass[97] and polymers,[98] limiting 

the applications not only to a single field of industry. The advantage of 3D printing compared 

to conventional manufacturing methods lies in its low cost due to faster and material-efficient 

printing.[99-100] Additionally, computer-aided designs (CAD) allow for the precise printing of 

complex structures.[101]  

3D printing has been a critical component of printing out organs that can be replaced in aged 

or diseased people in need.[102] As the growing demand for organ donors has overtaken the 

number of available organs,[103] regenerative medicine combined with 3D printing has the po-

tential to solve this problem and save numerous lives. The recent forthcoming 3D bioprinting 

allowed the precise structuring of bioscaffolds and tissue with living cells.[104-106] The selection 

of suitable materials as bioink (cell-laden) or biomaterial inks (cell-free) is crucial for printing 

organs.[107] Bioinks contain living cells, and these are sensitive to harsh printing conditions. On 

the other hand, biomaterial inks contain no living cells, but cells can be incorporated after print-

ing so that the ink can be processed at high temperatures and pressures during printing. Due to 

their porous structure and aqueous environment, hydrogels are excellent materials for bioinks 

or biomaterial inks in bioprinting applications as they can mimic the extracellular matrix 

(ECM).[108] Important factors to consider for incorporating cells in the gel matrix are biological 

and physicochemical requirements such as shape fidelity and resolution when dispensing the 

gel. Both depend on polymer concentration and crosslinking density. Therefore, the 3D printing 

setup should be optimized to yield functional bioscaffolds in the biofabrication process.[109] 

In extrusion-based 3D bioprinting, the ink is loaded onto a cartridge, heated to lower viscosity, 

extruded through a nozzle, and deposited as substrate or filament on a platform. In this way, the 

desired scaffolds can be formed layer by layer. For instance, UV light or ionic reactions stabilize 

the final scaffold with crosslinking.[110] Pneumatically-based 3D printers use air pressure to 

dispense the ink material. Especially for scaffolding and hydrogel printing, which have lower 

viscosities, pneumatic 3D printing is appropriate; however, inhomogeneous inks might not be 
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deposited in a controlled fashion.[111-112] The schematic 3D bioprinting of a molten polymer in 

a pneumatic fashion is displayed in Figure 1.9A. 

 
Figure 1.9. A) Schematic diagram for 3D printing of a hydrogel with pneumatic pressure ap-

plied; B) Example of an Inkredible+ (CELLINK®) bioprinter printhead. 

Several printing and rheological parameters must be closely observed or adjusted for optimal 

printing of hydrogel-based inks. The printed scaffold's spatial resolution is important in bi-

oprinting. Printing scaffolds with a high level of detail and almost identical make-up to the 

CAD object is complicated as complex structures that mimic the micro-environment milieu for 

cell differentiation are desired.[108, 113] The resolution of the printed scaffold is mainly regulated 

by nozzle diameter, geometry, and the ink used.[114]  

A beneficial property of a printable hydrogel ink is shear-thinning, a time-independent non-

Newtonian fluid behavior where the viscosity of the ink is reduced upon the appliance of shear 

stress.[115] To avoid excessive high shear stress during extruding, especially for cell-laden inks, 

hydrogels with shear-thinning properties are favorable as their intrinsic viscosity is reduced 

when pressure is applied.[116] Typical materials with shear-thinning properties are polymer 

melts, partially crosslinked hydrogels, or polymer solutions above a critical concentration. After 

the extruding, the ink recovers its initial viscosity, and deformation is reduced.[108] In polymer 

melts and pre-gel solutions, the macromolecular chains disentangle and reorient under shear 
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stress, explaining the reduced viscosity during pneumatic printing. The shear-thinning property 

can be rheologically assessed by measuring the viscosity dependent on different shear rates.[115] 

In the case of physically crosslinked hydrogels based on hydrogen bonding, the supramolecular 

arrangement is sensitive to temperature changes, and the temperature similarly affects the vis-

cosity of the to-be-extruded ink.[25] After the hydrogel exits the nozzle and the scaffold is con-

structed, its shape should be stabilized in a crosslinking reaction to prevent deformation or 

flowing, usually conducted with UV light in a photoinitiated (e.g., photoinitiator IRGACURE-

2959) crosslinking reaction.[117-118]  

The shape fidelity defines the accuracy of the shape the inks maintain after deposition compared 

to the original CAD object.[119] During extrusion-based bioprinting, adjacent filaments might 

fuse or collapse due to deformation and affecting the shape fidelity. It depends on rheological 

properties like shear-thinning, elastic behavior, or yield stress (or yield point). The latter is the 

stress that must be exceeded for deformation and flow. Increased yield stress improves filament 

formation and stiffness of the final construct.[120] The shape fidelity is affected by the homoge-

neity of the ink. Particle aggregation or inadequate mixing results in non-constant extrusion 

forces, which means the inks are deposited with interruptions and filaments are inconsistent.[121] 

Optimally, the ink is extruded uniformly, associated with shear-thinning and rapid shear recov-

ery.[120] Further, printing pressure, nozzle speed (the velocity at which material is extruded or 

dispensed from a nozzle), and nozzle offset (the distance between the nozzle tip and building 

platform) are parameters to consider to print a uniform linear filament.[122] 

The UCST-type PNAGA hydrogels demonstrated outstanding properties in performing as ink 

for 3D printing. Besides using rheological aid like clay, as discussed in a previous section,[59] a 

conductive hydrogel copolymer poly(N-acryloyl glycinamide-co-2-acrylamide-2-methylpro-

panesulfonic) (PNAGA-PAMPS) with PEDOT/PSS was prepared.[123] Besides high mechani-

cal performance and elasticity, doping with PEDOT/PSS bestowed the hydrogel with improved 

specific conductivity. As the PNAGA-based hydrogels could be transformed into a high-tem-

perature sol, they were readily 3D printable by heating them to 90 °C into a viscous melt and 

were quickly fixed at room temperature as the hydrogen bonds were reconstructed. 

Xu et al. combined the soft thermoreversible PNAGA hydrogel with NAGA monomer and a 

photoinitiator to prepare a printable PNAGA ink. The “self-thickening” ink could be loaded 

into a cartridge and heated into its sol state, fulfilling the conditions for extruding out of a 

nozzle. After printing, the ink quickly recovered to its original viscosity at room temperature, 

and the scaffold could be further strengthened by UV crosslinking of the unreacted NAGA 

monomer in the filament into a high-strength and anti-swelling hydrogel construct.[54] The self-
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thickening PNAGA was printed into a meniscus substitute to support cartilage surface wear in 

a rabbit’s knee after implantation. 

1.7 Carbon Nanotubes as Filler Material for Nanocomposite Hydrogels  

Carbon nanotubes (CNTs) have received much attention in the last three decades since their 

discovery by Sumio Iijima in 1991.[124] CNTs are an allotropic form of carbon and are con-

structed from carbon graphite sheets in a cylindrical and tubular shape, either in a single- 

(SWCNT), double- (DWCNT), or multiwalled structure (MWCNT) (Figure 1.10).[125] The size 

for SWCNT ranges from 0.5 to 1.5 nm in diameter and a length of up from 100 nm to several 

micrometers, while MWCNTs reach diameters of up to 100 nm due to their multilayer structure. 

 
Figure 1.10. A) Chemical structure of SWCNT B) Electron microscope image of MWCNTs. 

As strong sp2 bonds connect the carbon atoms, CNTs have excellent mechanical, electrical, 

thermal, and structural properties.[126] For example, Young’s modulus higher than 1 TPa[127], 

tensile strengths up to 63 GPa,[128] and electrical conductivity of 92 S cm-1 were reported.[129] 

They exhibit high porosity, good functionalization, and biomechanical properties, so their role 

as fillers for nanocomposite materials is valuable.[130] Nanocomposite hydrogels contain inor-

ganic filler materials like silica, clay, graphene, and last but not least, CNT, which improve the 

mechanical and biological properties of the gel, among other things.[131] For example, when 

incorporated into the gel matrix, CNT can enhance the stiffness of the hydrogel.[130] As CNTs 

exhibit excellent thermal and electrical conductivity, they can impart these properties to the 

nanocomposite hydrogel when embedded into the hydrogel.[132] The downside of CNTs is their 

inhomogeneous distribution in the gel matrix, which restricts their conductive properties.[133] 

With all those remarkable properties, CNT-based nanocomposite hydrogels are ideal for scaf-

folds in biomedical applications. Ravanbakhsh et al. prepared injectable glycol 
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chitosan/glyoxal gel matrices with CNT for scaffolds in human vocal folds. It was shown that 

both cell migration and adhesion were significantly increased in hydrogels with the CNT incor-

poration.[130, 134] Further, the mechanical properties of the CNT-gelatin methacrylate hybrid hy-

drogel could be fine-tuned by varying the CNT concentration. Encapsulated NIH-3T3 cells and 

human mesenchymal stem cells (hMSCs) were shown to proliferate in these biocompatible hy-

drogels.[135] 

While CNTs bring along a myriad of interesting properties, attention to their toxicity on living 

cells and tissue (in vivo) should be paid. CNTs are non-biodegradable and should be disposed 

of by a biological system without causing any damage in the best case. CNTs have been com-

pared with asbestos regarding their toxicity-inducing rigidity and length by the effect of pierc-

ing the cell membrane.[136] In particular, CNTs with a critical length of over 10 μm seem to 

induce the formation of the chronic inflammation granuloma, while shorter CNTs did not in-

duce it but persisted in the tissue for at least five months.[137] In MWCNT without functionali-

zation, a diameter of 50 nm was found to be carcinogenic. The mesothelioma-inducing effect 

was traced to the CNT's high rigidity and crystallinity, which easily pierced into the cell mem-

brane. However, 2 – 20 nm and over 100 nm diameters were shown to be less cytotoxic; thus, 

the CNT diameter must be considered when planning for biomedical applications.[138] 

CNTs tend to aggregate, making them difficult to disperse homogeneously in various sol-

vents.[139] The aggregated state, the surface chemistry, and the reactivity of CNTs are consid-

ered to boost the cytotoxic effect.[140-141] A preventive measure against toxicity is the function-

alization of CNTs, where a mitigating effect was observed.[126] For instance, a standardized 

procedure to functionalize CNTs with carboxylic groups is the oxidation of the CNT in the 

presence of strong acids like boiling nitric and sulfuric acid (Scheme 1.4).[142]  
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Scheme 1.4. Oxidation of a CNT with nitric and sulfuric acid. Functionalization yields carbox-

ylic and hydroxyl groups. 

The carboxylic groups increase the dispersibility of the CNTs by reducing van der Waals inter-

action. Additionally, further functionalization into amide or ester groups can be realized, ena-

bling the grafting of molecules.[143] However, several findings report a toxic effect of function-

alized CNTs. For example, CNTs functionalized with carboxylic and hydroxyl groups were 

more genotoxic than pristine CNT.[144] It is important to highlight that the impact of function-

alization on the toxicity of carbon nanotubes (CNTs) is inconsistent across all studies. However, 

a closer examination of the available evidence suggests that there seems to be a greater number 

of studies that demonstrate a beneficial impact on toxicity through functionalization compared 

to those that report the opposite.[8] In the end, the functionalization seems beneficial to mitigate 

the toxicity, and other factors like the concentration, length, and diameter of the CNTs must be 

considered for toxicity assessment. 

In this work, oxidized CNTs (ox-CNTs) with carboxylic groups have been incorporated into 

the gel matrix of PNAGA to impart the gel with increased mechanical strength and conductiv-

ity. The self-thickening strategy was utilized to print the PNAGA CNT inks. Finally, initial cell 

viability was studied to pave the way for further cell experiments. 

  



 Introduction 

23 

 

1.8 Aim of Thesis 

The primary objective of this thesis was to explore the development and characterization of 

functional and multiphase transition thermoresponsive PNAGA hydrogels with the aim of 

achieving temperature-dependent control over their properties. To achieve this goal, the follow-

ing key objectives were targeted: 

- Investigation of physical and chemical crosslinking methods for functional PNAGA hy-

drogels: The objective was to study the feasibility of using physical and chemical cross-

linking methods to produce functional PNAGA hydrogels. 

- Development of a preparation protocol for PNAGA copolymers with reactive functional 

groups: The goal was to create a method for producing PNAGA copolymers with reac-

tive functional groups that could be used for further attachment of application-specific 

moieties. 

- Introduction of enzyme and fluorescence units onto reactive PNAGA hydrogel struc-

tures: The aim was to establish a method for introducing enzyme and fluorescence units 

onto reactive PNAGA hydrogel structures to control enzyme and fluorescence activity 

with temperature. 

- Study of preparation procedure and thermal phase-transition of multiphase transition 

UCST-LCST-type PNAGA-PNIPAM copolymer hydrogels: The goal was to examine 

the preparation and thermal phase-transition behavior of multiphase transition UCST-

LCST-type PNAGA-PNIPAM copolymer hydrogels. 

- Development of a 3D printing procedure for functional PNAGA hydrogels: The objec-

tive was to create a procedure for 3D printing functional PNAGA hydrogels with bio-

activity by incorporating carbon nanotubes (CNTs) into 3D printable PNAGA inks. This 

could potentially have applications in tissue engineering. 
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3 Synopsis 

The present work is carried out with an aim to create and examine functional multiphase ther-

moresponsive polymers and hydrogel materials, with the final goal of gaining temperature-de-

pendent control over their properties. The objectives and findings related to this goal were de-

scribed in four published and one joint publication. The polymer poly(N-acryloyl glycinamide) 

(PNAGA) was featured in these publications as it demonstrated different phase-dependent 

properties depending on concentration and temperature. A plethora of conceivable applications 

was devised to benefit from the versatile characteristics of PNAGA, appropriate experiments 

were designed, and the data were evaluated (Figure 3.1). 

 
Figure 3.1. Graphical abstracts of first-authored publications. 

In the first part of this work, synthetic methods were established for introducing reactive an-

choring points in PNAGA (Figure 3.1, upper row). Two methods were devised: An interpene-

trating network (IPN) hydrogel and a copolymerization reaction. Depending on the method, the 

reactive glycidyl methacrylate (GMA) was used as a secondary network in the IPN or as a 

comonomer in the copolymer, respectively. In the IPN, the primary network consisted of 
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PNAGA combined with various concentrations of the secondary network PGMA. These 

PNAGA IPN hydrogels retained their UCST-type thermosensitive swelling and high mechani-

cal toughness stemming from PNAGA. During the study of the copolymer, the cloud point 

could be fine-tuned by varying the hydrophilic-lipophilic ratio of NAGA and GMA. Another 

copolymer system based on NAGA and the coupling agent methacrylic acid N-hydroxysuccin-

imide ester (MNHS) was studied, resulting in similar fine-tunable copolymers. With anchoring 

points in IPN and copolymers, fluorescence and enzyme activity could be introduced into these 

polymer architectures.  

PNAGA IPN hydrogels were further functionalized with amine groups and covalently reacted 

with fluorescein isocyanate to obtain a fluorescence PNAGA IPN hydrogel. This IPN hydrogel 

demonstrated a dependence of the dye’s fluorescence activity on the swelling degree of the IPN 

hydrogel. With increasing temperature and greater swelling and volume, the fluorescence ac-

tivity of the gel was more sensitive to temperature change than the free dye in an aqueous so-

lution. This gel could be utilized as a thermosensor in future applications. In the case of the 

reactive copolymers, thermosensitive biohybrid nanogels were obtained in a crosslinking reac-

tion with enzyme α-amylase. The hydrogels showed different temperature-dependent enzyme 

activity than the free enzyme, implying an influence of the UCST-type network on the cova-

lently bound enzyme’s activity. The biohybrid nanogels could be further optimized to yield a 

biocatalytic system for cascade reactions. In a joint publication with Claaßen et al., Bacillus 

megaterium transaminase enzyme was immobilized by in situ crosslinking of PNAGA hydrogel 

in the presence of this enzyme. The physically immobilized form of the enzyme showed lower 

activity than the free enzyme at lower temperatures. This was achieved by modulation of trans-

aminase enzyme activity caused by the UCST-type deswelling of PNAGA. 

In addition to the chemical or physical functionalization of PNAGA to produce reactive anchor 

points within the polymer matrix, our goal was to introduce a multiphase transition into 

PNAGA. Therefore, UCST-type PNAGA was combined with unsaturated LCST-type nanogels 

of poly(N-isopropylacrylamide) (PNIPAM) to form a nano-structured dual-responsive hydrogel 

matrix (Figure 3.1, lower left). Depending on the PNIPAM concentration and the amount of 

unsaturation (number of unreacted double bonds) in the PNIPAM nanogel, the gel showed a 

dual-responsive change of transmittance with temperature. Even the temperature-dependent 

mechanical behavior followed a multiphase-responsive trend. The gels had self-healing prop-

erties, proposing using them as a biomedical material for wound dressing or temperature sens-

ing. 
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Finally, to create functional constructs for tissue engineering applications, we made PNAGA 

hydrogels bioactive and strengthened its network by adding oxidized carbon nanotubes (ox-

CNT) as nanofiller material to form 3D printable biomaterial inks (Figure 3.1, lower right). The 

UCST-type sol-gel phase transition behavior of medium-concentrated PNAGA was utilized for 

these 3D printing intents. Various amounts of CNTs were loaded into this soft gel matrix, and 

depending on the preparation step when CNT is added, different CNT-based PNAGA printing 

inks were obtained. After extruding-based printing of the inks, they were strengthened by fur-

ther UV crosslinking. The nanofiller CNT should increase the bioactivity of PNAGA as a bio-

logical scaffold as it acted as a reinforcer of the gel network and increased its electrical conduc-

tivity. Initial cell viability experiments were conducted to assess the use of the PNAGA CNT 

hydrogels in bioscaffold applications. 
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3.1 Thermosensitive Fluorescence of an UCST-type Hybrid Functional 

Hydrogel 

Majstorović, N., Agarwal, S., ACS Applied Polymer Materials 2021, 3, 4992-4999.  

This work studies the influence of the thermosensitive UCST-type change of volume of 

PNAGA-based IPN hydrogel on the fluorescent activity of the covalently bound fluorescence 

dye fluorescein isocyanate (FITC). First, the synthesis of a PNAGA/PGMA IPN hydrogel with 

varying concentrations of PGMA was performed sequentially by photoinitiated radical 

polymerization. The IPN hydrogel was thoroughly characterized regarding its mechanical 

toughness, swelling, and thermal behavior. It retained its thermosensitive swelling behavior 

from the PNAGA network, while the secondary hydrophobic PGMA network increased the 

stiffness of the overall IPN hydrogel. The reactive glycidyl groups were further reacted with 

ethylenediamine (EDA) to incorporate nucleophilic amine groups into the side chains of the 

hydrogel (Scheme 3.1). 

 
Scheme 3.1. The schematic reaction of PNAGA/PGMA IPN hydrogel with ethylenediamine 

(EDA). 

These amine groups were coupled with FITC dye in an addition reaction to yield a fluorescent 

IPN hydrogel. The fluorescent activity of the gel was studied at different temperatures. With 

increasing temperature, the fluorescence activity diminished. However, compared to the uncou-

pled FITC dye in the solution, the fluorescence activity of the gel was more sensitively affected 

by temperature change when taking the relative activities into account (Figure 3.2).  
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Figure 3.2. Relative fluorescence intensity of PNAGA/PGMA IPN hydrogels with varying 

GMA content and a FITC solution (0.4 mg mL-1) in dependence on temperature in pure water 

(λex = 460 nm). 

At low temperatures, the vibration and, thus, the movement of the dye were restricted, and it 

was in proximity to a neighboring dye. Therefore, the dyes could interact with each other, and 

the energy dissipated radiatively by aggregation-induced emission (AIE). When increasing the 

temperature, the UCST-type hydrogel swelled in a UCST-type manner, increasing the distance 

between neighboring dyes, and less AIE could occur, thus lowering the fluorescence activity. 

In alkaline and acidic environments, the AIE effect was similarly observed. The fluorescent 

IPN hydrogels were the first example in this work to show an influence of the UCST-type 

swelling on the intrinsic property of a molecule, in this case, the fluorescence activity of the 

FITC dye. 

3.1.1 Individual Contribution to Joint Publications 

The synthesis of the fluorescent IPN hydrogels and their characterization were conducted by 

me. The manuscript was written and revised by me. Prof. Dr. Seema Agarwal, the correspond-

ing author, was responsible for supervising, participating in the discussion, designing the con-

cept, and correcting the manuscript. 
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3.2 Upper Critical Solution Temperature Type Thermoresponsive Re-

active Copolymers for Enzyme Immobilization 

Majstorović, N., Pechtold, J., Agarwal, S., ACS Applied Polymer Materials 2022, 4, 5395-

5403. 

In this work, the enzyme activity of α-amylase immobilized in two copolymeric UCST-type 

PNAGA nanogel was studied in dependence on temperature and compared to the free α-amyl-

ase. For this reason, reactive functional UCST-type copolymers of NAGA with glycidyl meth-

acrylate (GMA) or methacrylic acid N-hydroxysuccinimide ester (MNHS) were prepared in a 

free-radical polymerization. The comonomer ratio was varied, and the cloud point shifted to 

higher temperatures with increasing hydrophobic GMA or MNHS content. The enzyme α-am-

ylase was coupled to the reactive copolymers in a W/O emulsion reaction to form the two bio-

hybrid nanogels (Scheme 3.2). 

 
Scheme 3.2. Polymerization of N-acryloyl glycinamide (NAGA) with glycidyl methacrylate 

(GMA) or N-(methacryloxy) succinimide (MNHS) and crosslinking reaction with enzyme α-

amylase to their respective biohybrid nanogel. 

The successful reaction was monitored by FTIR spectroscopy. The biohybrid nanogels showed 

a thermosensitive UCST-type behavior in water as their hydrodynamic radius grew with rising 

temperatures. Finally, the enzyme activity of free and immobilized α-amylase was studied 
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concerning the temperature. The nanogels of PNAGA-co-GMA and PNAGA-co-MNHS ex-

hibit an UCST-type volume change which influences the catalysis process of the covalently 

bound enzyme. In a shrunken state, the volume is small, and the substrate diffusion into the gel 

is impeded. However, at high temperatures, the substrate can freely diffuse into the nanogel to 

be catalyzed by the immobilized α-amylase. Therefore, the enzyme activity could be modulated 

by changing the temperature, and the relative activity was distinctively different compared to 

the free enzyme with increasing temperature (Figure 3.3).  
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Figure 3.3. Relative enzyme activity of α-amylase (black) and PNAGA-co-MNHS nanogel 

with immobilized covalently bound α-amylase (green). 

3.2.1 Individual Contribution to Joint Publications 

The synthesis of most PNAGA copolymers and nanogels and their characterization were con-

ducted by me. The synthesis of most PNAGA copolymers and nanogels with comonomer meth-

acrylic acid N-hydroxysuccinimide ester was conducted by Jens Pechtold while he was a stu-

dent assistant under my guidance. The manuscript was written and revised by me. Prof. Dr. 

Seema Agarwal, the corresponding author, was responsible for supervising, participating in the 

discussion, designing the concept, and correcting the manuscript. 
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3.3 Strong, Stretchable, Dual-Responsive PNIPAM Nanogel Cross-

Linked UCST-type Macrogels for Biomedical Applications 

Majstorović, N., Agarwal, ACS Applied Polymer Materials 2022, 4, 5996-6005. 

Here, we combined the UCST-type property of PNAGA hydrogels with the LCST-type prop-

erty of PNIPAM nanogels to form nano-structured dual-responsive hydrogels. They were pre-

pared by reacting unsaturated PNIPAM nanogels with NAGA monomer, whereas the nanogels 

acted as macrocrosslinkers between PNAGA chains. Unsaturated PNIPAM nanogels were ob-

tained by prematurely terminating the polymerization of NIPAM with crosslinker N,N’-meth-

ylenebisacrylamide (MBA), leaving unreacted double bonds as residues on the nanogel. De-

pending on the polymerization time, the unsaturation could be controlled; a short polymeriza-

tion time had a higher concentration of unreacted double bonds. The reaction steps are depicted 

in Scheme 3.3. 

 
Scheme 3.3. A) Preparation of unsaturated PNIPAM nanogels by crosslinking NIPAM and 

MBA in a precipitation polymerization. B) Formation of unsaturated PNIPAM nanogels. C) 

Crosslinking of NAGA with PNIPAM nanogels into nano-structured PNAGA hydrogel. D) 

Image of macroscopic nano-structured PNAGA. 

The nanostructured hydrogels had similar mechanical strength and elasticity to the neat 

PNAGA hydrogel (storage modulus G’ ≥ 10,000 Pa, elasticity modulus Emod ~ 100 kPa). In ad-

dition, they showed dual-responsive properties in temperature-dependent rheological and tur-

bidity measurements. The transparency changed from opaque to transparent by continuously 

increasing the temperature. In the turbidity graph, an LCST-type behavior from 5 to 34 °C and 

UCST-type behavior from 34 to 50 °C were observed (Figure 3.4).  
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Figure 3.4. Turbidity measurements of nano-structured PNAGA hydrogels. The polymeriza-

tion of PNIPAM nanogels was terminated after 10, 20, 30, and 40 min. 90% of the pre-gel 

solution was PNIPAM nanogel solution; the rest was pure water. 

Finally, the self-healing ability was assessed for the nano-structured hydrogel. Two separate 

gel pieces could be fused after heating owing to the supramolecular structure of the PNAGA 

chains in the gel network. The hydrogels retained an excellent elongation at break of 347.6 ± 

87.1% compared to the hydrogel specimen before separation and subsequent fusion 

(476.7 ± 81.1%) (Figure 3.5). 

 
Figure 3.5. Demonstration of elasticity of a fused nano-structured PNAGA hydrogel after self-

healing. 

3.3.1 Individual Contribution to Joint Publications 

The synthesis of the dual-responsive hydrogel and its characterization were conducted by me. 

The manuscript was written and revised by me. Prof. Dr. Seema Agarwal, the corresponding 
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author, was responsible for supervising, participating in the discussion, designing the concept, 

and correcting the manuscript. 
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3.4 Printable Hydrogel Poly(N-acryloyl glycinamide) Nanocomposite 

Formulations 

Majstorović, N., Zahedtalaban, M., Agarwal, S. to Polym. J. 2023. 

This work prepared 3D printable inks of PNAGA as PNAGA nanocomposite hydrogels with 

carbon nanotubes (CNTs) as inorganic filler material. As PNAGA hydrogels lack bioactivity 

as tissue material, CNTs would reinforce the mechanical properties of the network and induce 

electrical conductivity to improve cell adhesion and proliferation. 

Different concentrations CNTs were physically incorporated into the PNAGA hydrogel net-

work following two distinct preparation methods (Scheme 3.4). First, a soft, thermoreversible 

CNT hydrogel was obtained by photopolymerizing NAGA monomer and photoinitiator in the 

presence of the CNTs. Due to the inherent sol-gel phase transition of this PNAGA gel, the 

viscosity was dependent on the temperature; therefore, it could be loaded into a cartridge of a 

3D printer as ink. However, additional NAGA monomer and photoinitiator were dissolved into 

the gel matrix before loading the ink to strengthen the scaffold in a post-printing polymeriza-

tion. In the second preparation method, the soft, thermoreversible PNAGA gel was prepared 

without CNT. It was added in the second preparation step together with the NAGA monomer 

and photoinitiator by dispersing it in the gel matrix. Both preparation methods yielded gels that 

vastly differed in appearance and properties (Scheme 3.4). 

Scheme 3.4. Preparation of PNAGA CNT inks and gels. Two preparation methods are de-

scribed depending on the step when CNT is added. 
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The soft inks' temperature-dependent sol-gel phase transition and the shear-thinning properties 

were studied in rotational rheology experiments. The Method 1 inks had a higher sol-gel phase 

transition temperature upon the addition of CNT as it reinforces the gel stiffness (85 to 92 °C). 

For Method 2 inks, the CNT does not affect the sol-gel phase transition temperature as CNT 

was difficult to disperse in the gel for this preparation method. However, the shear-thinning 

properties of both inks were slightly weaker upon the addition of CNT. 

The mechanical strength of the final hydrogels was assessed in oscillatory rheology. While it 

barely changed for Method 2 hydrogels compared to the pure PNAGA, the stiffness increased 

in Method 1 hydrogels up to 15500 Pa and Emod = 0.697±0.222 kPa, but both kinds of CNT gels 

remained highly stretchable with an elongation at break at around 500%.  

CNTs could impart the gels with electric conductivity properties, and a conductivity of up to 

5.2‧10-4±1.5‧10-4 S m-1 was measured. In live/dead cell viability assays, a large population of 

living cells was found on the PNAGA CNT hydrogels, enabling the means for further cell ex-

periments. 

Finally, as the inks were suitable for 3D printing, their printing parameters were studied to 

improve the printing process. For Method 1 gels, an increased shape fidelity and structural in-

tegrity were observed compared to PNAGA inks with no CNT because it acts as a reinforcer, 

strengthening the mechanical stiffness of the PNAGA hydrogel network and enabling greater 

printability (Figure 3.6). On the other hand, the printed lines of Method 2 gels have an inhomo-

geneous appearance because it was difficult to disperse CNTs in their gel matrix.  

 
Figure 3.6. 2D-printed structures of PNAGA CNT nanocomposite hydrogels. A) and C) 

Method 1 PNAGA gels. B) and D) Method 2 PNAGA gels. 
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3.4.1 Individual Contribution to Joint Publications 

The synthesis of the 3D printable PNAGA CNT nanocomposite inks and hydrogels and their 

characterization were conducted by me. 3D printing experiments and pictures were conducted 

by Mohamed Zahedtalaban. The live/dead cell viability assay was performed by Dr. Valérie 

Jérôme. The fluorescence microscope images were taken by me under the guidance of Dr. Va-

lérie Jérôme. The manuscript was written and revised by me. Prof. Dr. Seema Agarwal, the 

corresponding author, was responsible for supervising, participating in the discussion, design-

ing the concept, and correcting the manuscript. 
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3.5 Modulation of Transaminase Activity by Encapsulation in Temper-

ature-Sensitive Poly(N-acryloyl glycinamide) Hydrogels 

Kappauf, K., Majstorović, N., Agarwal, S., Rother, D., Claaßen, C. ChemBioChem 2021, 22, 

3452-3461. 

 

In collaboration with Claaßen et al., the enzyme activity of Bacillus megaterium’s amine trans-

aminase (BmTA) enzyme while immobilized in the UCST-type PNAGA hydrogel was studied. 

The goal was to utilize PNAGA’s deswelling to deactivate the enzyme activity of the encapsu-

lated BmTA. The enzyme was physically encapsulated into the gel matrix by a photo-initiated 

free radical polymerization of a pre-gel solution containing NAGA, photoinitiator, and the 

BmTA enzyme (Scheme 3.5a).  

 
Scheme 3.5. a) Encapsulation of Bacillus megaterium transaminase (BmTA) in poly(N-acry-

loyl glycinamide) (PNAGA) hydrogels. b) De-/swelling of PNAGA hydrogel with encapsulated 

BmTA (Reprinted with permission; Copyright 2023 Wiley VCH Publications).  

The protein immobilization efficiency was determined by dissolving the gel with the hydrogen-

bonding agent urea and heat treatment, followed by determining the protein concentration of 

the solution with a Bradford assay. Enzyme immobilization efficiency of >89% was reported, 

and a residual enzyme immobilization of 73% was still observable after the enzyme reaction. 
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The influence of PNAGA’s de-/swelling on the enzyme activity of BmTA was studied at 

20/35°C and compared to the free enzyme (Scheme 3.5b). While conversion per mg enzyme 

was similar between encapsulated and free enzyme at 35 °C, the conversion at 20 °C was higher 

for the free enzyme (Figure 3.7). It is assumed that the UCST-type deswelling of the PNAGA 

hydrogel suppresses the enzyme activity of BmTA. The complete deactivation by deswelling 

was, therefore, not achieved. However, the hydrogel system contributes to the research of en-

zyme activity modulation by hydrogel encapsulation with the reported first-hand data. 

 
Figure 3.7. Time-course conversion experiment of BmTA at 20 °C and 35 °C over 50 h. Free 

BmTA and BMTA encapsulated in PNAGA (10 μg protein/mg gel or 20 μg protein/mg gel) 

(Reprinted with permission; Copyright 2023 Wiley VCH Publications). 

3.5.1 Individual Contribution to Joint Publications 

The NAGA monomer has been prepared and provided by me. I contributed to the design of the 

experimental procedure in discussions and offered some explanations. The experimental pro-

cedures to physically entrap BmTA into PNAGA hydrogels and characterizations have been 

performed by Kathrin Kappauf and Dr. Christiane Claaßen, the corresponding author. The man-

uscript was written by Dr. Christiane Claaßen and revised by her. Prof. Dr. Seema Agarwal and 

Prof. Dr. Dörte Rother were responsible for supervising, participating in the discussion, design-

ing the concept, and offering expert advice. 
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4 Reprint of Publications 

4.1 Thermosensitive Fluorescence of an UCST-type Hybrid Functional 

Hydrogel 

This work was published by Majstorović, N., Agarwal, S., ACS Applied Polymer Materials 

2021, 3, 4992-4999.  

 

Reprinted with permission; Copyright 2023 American Chemical Society 
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4.2 Upper Critical Solution Temperature Type Thermoresponsive Re-

active Copolymers for Enzyme Immobilization. 

This work was published by Majstorović, N., Pechtold, J., Agarwal, S., ACS Applied Polymer 

Materials 2022, 4, 5395-5403. 

 

Reprinted with permission; Copyright 2023 American Chemical Society 
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4.3 Strong, Stretchable, Dual-Responsive PNIPAM Nanogel Cross-

Linked UCST-type Macrogels for Biomedical Applications 

This work was published by Majstorović, N., Agarwal, S., ACS Applied Polymer Materials 

2022, 4, 5996-6005. 

 

Reprinted with permission; Copyright 2023 American Chemical Society 
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4.4 Printable Hydrogel Poly(N-acryloyl glycinamide) Nanocomposite 

Formulations 

This work was published by Majstorović, N., Zahedtalaban, M., Agarwal, S. Polym. J 2023.  

 

Reprinted with permission; Copyright 2023 Springer Nature 
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Supporting Information 

Printable Poly(N-acryloyl glycinamide) Nanocom-

posite Hydrogel Formulations  

Nikola Majstorović, Mohamed Zahedtalaban and Seema Agarwal,*  

Macromolecular Chemistry II, Bavarian Polymer Institute, University of Bayreuth, Bayreuth 

95440, Germany 

 

*Corresponding author e-mail: agarwal@uni-bayreuth.de 
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Figure S1. A) Oxidation of MWCNT under acidic conditions and ultrasonification. Carboxylic 

and hydroxy groups are found on the surface of CNTs. B) TGA of MWCNT and oxidized 

MWCNT. The latter has organic functional groups, which are burned off at higher temperatures. 

Therefore, the mass gradually decreases with temperature. C) Dispersion of MWCNT (1) and 

ox-MWCNT (2) in aqueous solution. After 24 h, MWCNT deposits at the bottom of the bottle 

while ox-MWCNT remains homogeneously dispersed. D) TEM image of ox-MWCNT. Short, 

tubular structures are identified.  
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Figure S2. Rheological viscosity vs temperature plots of PNAGA CNT inks of Var. 1. A) 

Ink_1st_0.0 (No NAGA loaded) B) Ink_1st_0.1 (no NAGA loaded) C) Ink_1st_0.25 (no 

NAGA loaded) D) Ink_1st_0.33 (no NAGA loaded), E) Ink_1st_0.1 (30 wt% NAGA loaded), 

F) Ink_1st_0.25 (30 wt% NAGA loaded), G) Ink_1st_0.33 (30 wt% NAGA loaded). 
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Figure S3. Rheological viscosity vs temperature plots of PNAGA CNT inks of Var. 2. A) 

Ink_2nd_0.0 (No NAGA loaded) B) Ink_2nd_0.1 (30 wt% NAGA loaded) C) Ink_2nd_0.25 

(30 wt% NAGA loaded) D Ink_2nd_0.33 (30 wt% NAGA loaded). 
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Figure S4. Steady-state flow test of PNAGA CNT inks. Black: 4 wt% PNAGA hydrogel (no 

NAGA added) Red: Ink_2nd_0.0 Green: Ink_2nd_0.1 Turquoise: Ink_2nd_0.25 Blue: 

Ink_2nd_0.33. 
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Figure S5. Frequency sweep with storage (G’) and loss modulus (G’’) of A) Gel_2nd_0.0 B) 

Gel_2nd_0.1 C) Gel_2nd_0.25 D) Gel_2nd_0.33. 
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Figure S6. Frequency sweep with storage (G’) and loss modulus (G’’) of A) Gel_2nd_0.0 B) 

Gel_2nd_0.1 C) Gel_2nd_0.25 D) Gel_2nd_0.33. 
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Figure S7. 3D printed constructs of 4 wt% PNAGA hydrogel. See Table S1 for parameters. 

 

Table S1. Parameters used for 3D printing the constructs of Figure S6. D) was depicted in bold 

as the parameters was deemed optimal for printing.  

Parameter A B C D 

Pressure / kPa 300 250 200 150 

Temperature / °C 50 55 60 63-65 

Feed rate 350 300 250 200 

Line thickness / cm 0.308 0.325 0.274 0.214 
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Figure S8. 3D printed structures of PNAGA CNT nanocomposite hydrogels. A) Gel_1st_0.1 

B) Gel_2nd_0.1 C) Gel_1st_0.1 D) Gel_2nd_0.1. 

 

Table S2. Parameters used for 3D printing the constructs of Figure S7. D) was depicted in bold 

as the parameters was deemed optimal for printing. 

Parameter A) B) C) D) 

Pressure / kPa 200 300 200 200 

Temperature / ⁰C 65 55 70 75 

Feed rate 300 400 300 300 

Line thickness / cm 0.184 0.478 0.152 0.175 
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Figure S9. Live/dead staining of PNAGA CNT nanocomposite hydrogels. A) Gel_2nd_0 B) 

Gel_2nd_0.1 C) Gel_2nd_0.25 D) Gel_2nd_0.33. 
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4.5 Modulation of Transaminase Activity by Encapsulation in Temper-

ature-Sensitive Poly(N-acryloyl glycinamide) Hydrogels 

This work was published by Kappauf, K., Majstorović, N., Agarwal, S., Rother, D., 

Claaßen, C. ChemBioChem 2021, 22, 3452-3461. 

 

Reprinted with permission; Copyright 2023 Wiley VCH Publications 
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  ro   tio  o        s   ra s or atio ,    tivatio  a     ri i atio  

 .  ra sa i as   ro  a ill s    at ri        

     Nu  e ti e a   ami   a i  se ue  e

N    oti   s               as   airs ,  is ta      r i    

   GCTAGCAGAGGATCGCATCACCATCACCATCACGGCGCCAGCCTGACCGTG

CAGAAAATTAATTGGGAACAGGTGAAAGAATGGGATCGCAAATATCTGATGCGT

ACCTTTAGCACCCAGAATGAATATCAGCCGGTTCCGATTGAAAGCACCGAAGGCG

ATTATCTGATTATGCCGGATGGCACCCGTCTGCTGGATTTTTTTAATCAGCTGTAT

TGCGTTAATCTGGGCCAGAAAAACCAGAAAGTGAACGCAGCAATTAAAGAAGCA

CTGGATCGTTACGGTTTTGTGTGGGATACCTATGCCACCGATTATAAAGCAAAAG

CCGCAAAAATTATTATTGAAGATATTCTGGGCGATGAAGATTGGCCTGGTAAAGT

TCGTTTTGTTAGCACCGGTAGCGAAGCAGTTGAAACCGCACTGAATATTGCACGT

CTGTATACCAATCGTCCGCTGGTTGTTACCCGTGAACATGATTATCATGGTTGGAC

CGGTGGTGCAGCAACCGTTACCCGTCTGCGTAGCTATCGTAGCGGTCTGGTTGGT

GAAAATAGCGAAAGCTTTAGCGCACAGATTCCGGGTAGCAGCTATAATAGCGCA

GTTCTGATGGCACCGAGCCCGAATATGTTTCAGGATTCCGATGGTAATCTGCTGA

AAGATGAAAATGGTGAACTGCTGTCCGTTAAATATACCCGTCGCATGATTGAAAA

TTATGGTCCGGAACAGGTTGCAGCAGTTATTACCGAAGTTAGCCAGGGTGCAGGT

AGCGCAATGCCTCCGTATGAATATATTCCGCAGATTCGTAAAATGACCAAAGAAC

TGGGTGTTCTGTGGATTAATGATGAAGTGCTGACCGGTTTTGGTCGTACCGGTAA

ATGGTTTGGCTATCAGCATTATGGTGTTCAGCCGGATATTATTACCATGGGTAAA

GGTCTGAGCAGCAGCAGCCTGCCTGCAGGTGCAGTTCTGGTTAGCAAAGAAATCG

CAGCCTTTATGGATAAACATCGTTGGGAAAGCGTTAGCACCTATGCAGGTCATCC

GGTTGCAATGGCAGCAGTTTGTGCAAATCTGGAAGTGATGATGGAAGAAAATTTT

GTGGAACAGGCCAAAGATAGCGGTGAATATATCCGTAGCAAACTGGAACTGCTG

CAGGAAAAACATAAAAGCATTGGCAATTTTGATGGTTATGGCCTGCTGTGGATTG
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2

TTGATATTGTGAATGCCAAAACCAAAACCCCGTATGTTAAACTGGATCGCAATTT

TACCCATGGCATGAATCCGAATCAGATTCCGACCCAGATTATCATGAAAAAAGCC

CTGGAAAAAGGTGTTCTGATTGGTGGTGTTATGCCGAATACCATGCGTATTGGTG

CAAGCCTGAATGTTAGCCGTGGCGATATTGATAAAGCAATGGATGCACTGGATTA

TGCCCTGGATTATCTGGAAAGCGGTGAATGGCAGTAA

  i o a i  s             a i o a i s,   .    a 

MASRGSHHHHHHGASLT QK N EQ KE DRKYLMRTFSTQNEYQP P ESTEGDY

L MPDGTRLLDFFNQLYC NLGQKNQK NAA KEALDRYGF  DTYATDYKAKAA

K   ED LGDED PGK RF STGSEA ETALN ARLYTNRPL  TREHDYHG TGGAA

T TRLRSYRSGL GENSESFSAQ PGSSYNSA LMAPSPNMFQDSDGNLLKDENGELL

S KYTRRM ENYGPEQ AA  TE SQGAGSAMPPYEY PQ RKMTKELG L  NDE 

LTGFGRTGK FGYQHYG QPD  TMGKGLSSSSLPAGA L SKE AAFMDKHR ES

 STYAGHP AMAA CANLE MMEENF EQAKDSGEY RSKLELLQEKHKS GNFDG

YGLL   D  NAKTKTPY KLDRNFTHGMNPNQ PTQ  MKKALEKG L GG MPNT

MR GASLN SRGD DKAMDALDYALDYLESGE Q

      u ti ati   

     i BL2  (DE ) cells containing the plasmid encoding for the transaminase  mTA were

cultivated based on protocols published before.    n short, competent cells were transformed 

with the plasmid with heat shock. After that, a preculture in LB-medium containing  00  g/mL 

ampicillin was grown over night in a shake flask at     C. The main cultures (autoinduction 

medium    00  g/mL ampicillin     L in   L Erlenmeyer shake flasks with baffles) were 

inoculated with   mL of preculture suspension each and grown for   h at     C. Then, 

temperature was decreased to 20  C and e pression was carried out for another    h at this 

temperature. Cells were harvested by centrifugation at    C and  000 rpm (Avanti J-20  P, 

Beckmann Coulter) yielding  20 g cells in total.
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      uri i ati  

 0 g cells were disintegrated by ultrasonication (UP 200S Dr. Hielscher, S   D-sonotrode, 

cycle 0. , amplitude  0 ) and cell debris was removed by centrifugation (JA-20, 2 000 rpm, 

   C,    min). The supernatant was filtered through a 0.2  m filter (Filtropur S 0.2, 

SARSTEDT) and used as crude cell e tract for Ni-NTA chromatography (column material  Ni-

NTA superflow, Qiagen, automated  ktaTM purifier system, GE Healthcare), and subsequent 

desalting by size e clusion chromatography (Sephade -G2  column).

 a      . Buffers used for Ni-NTA purification and desalting of  mTA. All buffers were used 
at pH  . . 

Tris 

 mM  

PLP 

 mM  

NaCl 

 mM  

imidazole 

 mM 

Ni N     ro ato ra   

equilibration 

buffer 
 00 0.2  00 - 

washing buffer  00 0.2  00 2  

elution buffer  00 0.2  00  00

si        sio    ro ato ra   

desalting buffer  0 0.2 - -

 i  r    . SDS PAGE of  mTA purification. M  protein ladder,    crude cell e tract  , 2  flow 
through (Ni-NTA),    wash fraction (Ni-NTA),    elution fraction Ni-NTA,    elution fraction 
from size e clusion chromatography. The  is-tagged target protein  mTA is found at 
molecular weight of    kDa (black frame). The purity of the  mTA fractions increased during
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the purification process (lines  ,   and  ).  n the final G2  eluate (line  ),  mTA was obtained 
with a purity of      (imageJ determination). 

The eluate from the desalting was lyophilized (Christ, Alpha  -  LD plus), for   days and stored 

at -20  C to obtain the purified enzyme ( 2   mg lyophilisate, 0.   mg protein/mg lyophilisate 

(Bradford).

    t  sis a     ri i atio  o  N   

N-acryloyl glycinamide (NAGA) was synthesized according to a previous work with minor

modifications. 2 Briefly, glycinamide hydrochloride (2  g, 0.22   mol),   0 mL of a 2 mol L-

 ( 2 g K2CO in   0 mL distilled water) solution and  00 mL cold diethyl ether were added 

into a   L three-necked glass flask, which was placed in an ice bath. A solution of 2  ml 

(0.2  mol) of acryloyl chloride in  00 mL diethyl ether was added dropwise under stirring at 

0  C for about one hour and left stirring four more hours at room temperature. Afterwards the 

pH was adjusted with concentrated HCl to pH 2. The solution was washed three times with 

  0 mL of diethyl ether to remove the organic phase. The organic phase was discarded. The 

pH of the collected water phase was adjusted to   with a 2 mol L- NaOH solution and freeze 

dried afterwards. The raw product was e tracted three times with  00 mL of aceton. Then the 

aceton mi ture was reduced by rotary evaporation at     C until it started to crystallize. The 

crystallization was done at 0  C over night  the product was filtered and dried in vacuo at 

room temperature. The recrystallization was repeated to until the desired product purity was 

reached. 

Yield  2  g (    of theoretical yield). 

Tm        C

 H NMR ( 00 MHz, DMSO-d )       . 2 (d,     .  Hz, 2H, N CH2 CONH2),  .   (dd, 

J(doublet  )   2.2 Hz, J(doublet  )    0.  Hz,  H, Holef.),  .0  (dd, J(doublet  )   2.2 Hz,
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J(doublet 2)     .  Hz,  H, Holef),  .   (dd, J(doublet  )    0.  Hz, J(doublet 2)     .  Hz, 

 H, Holef),  .0  (s,  H, NH2),  .   (s,  H, NH2),  .   (t, J(Triplet)   .  Hz,  H, NH2).

 i  r    . Melting curve of N-acryloyl glycinamide determined by differential scanning 
calorimetry.

 i  r    .  H-NMR spectrum ( 00 MHz) of N-acryloyl glycinamide in DMSO-  .
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  ra  or   rot i    t r i atio  

 .  r  aratio  o   ra  or  r a   t

Bradford protein determination was carried out according to a protocol published before  c 

and modified to the original publication.   Briefly, Bradford reagent was prepared by firstly 

dissolving  00 mg Comassie brilliant blue G-2 0 in  0 mL ethanol, then adding  00 mL 

H PO , stirring for at least   h at room temperature under e clusion of light. Then the solution 

was filled up with deionized water to   L volume, stirred for   min and heated to the boiling 

point. Then Bradford reagent was filtered and stored in the dark until further use.

 .  ra  or  assa   or so                

Calibration was done by dissolving bovine serum albumin at concentrations of 0.0  mL, 

0.02 mg/mL, 0.0  mg/mL, 0.0  mg/mL, 0.0   mg/mL and 0.  mg/mL in deionized water. 

 00  L of standard solution (or sample solution) were mi ed with  00  L of Bradford reagent 

and left at room temperature for  0 min, and then absorbance was measured at     nm.

 i  r    . Kalibration curve for Bradford protein assay for soluble enzyme. 
(Limit of quantification   0.00  mg mL- )
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 .  ra  or  assa   or i  o i i          

      am  e  re arati  

Samples containing si  swollen polyNAGA hydrogel pellets (with or without  mTA) were 

weighed and their mass was filled up to   g with ddH2O. Then 2 0  L of   M urea (final 

concentration of   M in the sample) and 2 0  L ddH2O were added and the gel was left shaking 

at     C for 20 min.  00  L of sample solution were mi ed with  00  L of Bradford reagent 

and left at room temperature for  0 min, and then absorbance was measured at     nm.

      a i rati  

The calibration for the Bradford assay with pNAGA-immobilizates was done with standards 

containing dissolved pNAGA hydrogels. For the preparation of BSA standards, si  swollen 

polyNAGA hydrogel pellets (without  mTA) were weighed and their mass was filled up to   g 

with ddH2O. Then 2 0  L of   M urea (final concentration of   M in the sample) and 2 0  L 

BSA at concentrations of 0.0 0 mL, 0.  0 mg/mL, 0. 00 mg/mL, 0.  0 mg/mL, 0.  0 mg/mL 

and 0. 00 mg/mL were added so that the standards contained BSA at final concentrations of 

0.0 0 mL, 0.02  mg/mL, 0.0 0 mg/mL, 0.0 0 mg/mL, 0.0 0 mg/mL and 0. 00 mg/mL. The 

gels in these standards were dissolved in deionized water as described above.

 i  r    . Kalibration curve for Bradford protein assay for immobilized enzyme. 
(Limit of quantification   0.00  mg mL- )
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 00  L of standard solution (or sample solution) with dissolved hydrogels were mi ed with 

 00  L of Bradford reagent and left at room temperature for  0 min, and then absorbance was 

measured at     nm.

   tai s  or t    io ata  ti   o v rsio s a   t  ir a a  sis 

 .   itia  rat  a tivit  assa 

A reaction mastermi  was prepared by mi ing 2 mL HEPES pH  .  ( 0 mM), 2 mL PLP 

(2 mM stock),   mL  -MBA ( 00 mM stock) and   mL pyruvic acid ( 00 mM stock). The pH 

of the solution was adjusted to pH  .  with  0   HCl and the volume was filled up to 20 mL 

with  0 mM HEPES pH  . . Before starting the reaction, si  hydrogel pellets (with 

immobilized  mTA) were weighed, the weight was filled up to   g with HEPES buffer and the 

immobilizates were equilibrated for 2 h at     C. The reaction was started by adding  00  L 

master mi  to the immobilizates and was allowed to proceed at     C for    min. The 

concentration of the product acetophenone was determined via HPLC analysis after 0 min, 

  min,   min,  0 min,    min and    min.

 .  i    o rs   o v rsio      ri   t

A reaction master mi  was prepared by mi ing   mL HEPES buffer pH  .  ( 0 mM), 2 mL 

PLP (2 mM stock),   mL (  - OH-PAC ( 00 mM stock) and 2 mL  -MBA ( 00 mM stock). 

The pH of the solution was adjusted to pH  .  with  0   HCl and the volume was filled up to 

 0 mL with  0 mM HEPES pH  . . Before starting the reaction, si  hydrogel pellets (with 

immobilized  mTA) were weighed, the weight was filled up to   g with HEPES buffer and the 

immobilizates were equilibrated for 2 h at     C. The reaction was started by adding  00  L 

master mi  to the immobilizates and was run at     C for    h. The concentration of the product 

was determined via HPLC analysis after 0 h,   h, 20.  h, 2 .  h,    h and    h.
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 .      a a  sis

     sam  e  re arati  

Samples were taken from the enzymatic reaction after predefined time points. To stop the 

enzymatic reaction, samples were directly mi ed     (v/v) with ACN (  0.   TFA). All 

samples were centrifuged directly prior to transferring to the HPLC vial to remove any 

precipitate for   min at   0000 rpm and at least  0  L of supernatant were transferred into an 

HPLC vial for analysis. The remaining sample was discarded.

          met    i itia  rate a ti it  assa  rea ti  

 0  L of the above mentioned samples were injected onto the column. The HPLC analysis was 

carried out at a flow rate of  .  mL min  and isocratic elution with     ACN and     H2O 

( 0.   TFA) for  0 min. 

The reaction side-product acetophenone was detected at 2   nm. For quantification, 

calibrations using standards with concentrations between 0.  mM and  .0 mM were used.

 i  r    . Kalibration curve for acetophenon  initial rate activity assay for immobilized 
enzyme.
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 0

 i  r    . HPLC-chromatograms of standard components. A  blank with acetonitrile (at 2   
nm) , B  acetophenone ( .  mM, at 2  nm), C   -methylbenzylamine ( .  mM, at 2   nm)

          met    time   urse     ersi   rea ti  

 0  L of the above mentioned samples were injected onto the column. The HPLC flow was set 

to 0.  mL/min, starting with    ACN and     H2O ( 0.    TFA) for   min, followed by an 

increase to  00  ACN ( 0.    TFA) over    min. After a hold step of 2 min, the column was 

back flushed to    ACN and     H2O ( 0.    TFA) within 2 min.  ith   min equilibration 

time at    ACN, the total runtime was 2  min. 

The reaction product was detected at 2   nm. For quantification, calibrations using standards 

with concentrations between   mM and 20.0 mM were used.
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 i  r    . Kalibration curve for  OH-AHP  conversion e periment for immobilized enzyme.

 i  r    . HPLC-chromatograms of standard components (measured at 2   nm). A  blank 
with acetonitrile, B   -methylbenzylamine (2  mM), C  ( )- OH-PAC (2  mM), D  ( , )- OH-
AHP (2  mM)
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    t  sis a     ri i atio  o            ro           ro          ro a    o        

        

The synthesis of (  )- -hydro y- -( -hydro yphenyl)propan-2-one (( )- OH-PAC), used as 

substrate for the enzymatic conversion e periments, was carried out as published before (see 

reference  ).  n short, a carboligation reaction with a variant of pyruvate decarbo ylase from

  et  a ter  asteuria us (  PDC) was performed using  0 mM  -hydro y-benzaldehyde 

and   0 mM pyruvate. 

For purification, the product solution was ultrafiltrated to remove the protein. Then the crude 

reaction mi ture was e tracted multiple times with pure ethyl acetate. The combined organic 

phase was washed with NaHCO saturated in water and dried, dried over MgSO and filtered. 

The organic solvent was evaporated under reduced pressure ending up a yellow solid. Purity 

was checked via NMR spectroscopy, and further purification was done, if necessary, by flash 

chromatography on silica gel using a solvent system of ethyl acetate (EA) and petrol ether 

(PE), starting with a ratio     (PE EA) and ending up with     (PE EA). The product fractions 

were collected and any remaining solvent was evaporated. 

Yield   0  

NMR ( 0 MHz, H2O)     . 0    .   (m,  H),  .2  (s,  H), 2.0  (s,  H).

 i  r     .  H-NMR spectrum ( 0 MHz) of (  )- -hydro y- -( -hydro yphenyl)propan-2-
one in H2O.
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    itio a   ata  or    ro        ri   ts 

 i  r     . Stability of pNAGA gels upon incubation at    C.

 i  r     . a) Equilibration time for pure pNAGA gels when temperature is enhanced / 
reduced. b) reversible swelling of pNAGA gels in water and HEPES buffer.

    r    s

   a) R. L. Hanson, B. L. Davis, Y. Chen, S. L. Goldberg,  . L. Parker, T. P. Tully, M.

A. Montana, R. N. Patel,         t    ata      ,    ,     -      b) D. Koszelewski, K.

Tauber, K. Faber,  . Kroutil,  re  s  i te          ,   ,  2 -  2  c) C. Claa en, K. Mack, 

D. Rother,   em at  em     ,   ,    0-    .

 2 a) J. Seuring, S. Agarwal,  a r m      em     s     ,    , 2 0 -2     b)  . Dai,

Y.  hang, L. Gao, T. Bai,  .  ang, Y. Cui,  . Liu,       ater     ,   ,     -    .

   M. M. Bradford,   a    i   em     ,   , 2  -2  .
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5 Outlook 

In this dissertation, multiple applications with PNAGA as a functional hydrogel matrix have 

been explored. The rich pool of applications originates from the hydrogen bonding of the double 

amide groups in the polymer side chain. The great variety of PNAGA materials has barely been 

exhausted, and a broader range to utilize PNAGA hydrogel is thinkable.  

Various preparation methods for hydrogels have been delved into, like IPNs, copolymerizing, 

or nano-structuring synthesis methods. It would be convenient to increase the mechanical prop-

erties or swelling capabilities of PNAGA hydrogels even further. For example, cryogelation 

has been proposed as one method to increase the swelling degree and swelling rate of PNAGA. 

Another property that affects mechanical performance is the tacticity in the polymer backbone. 

The question raised here is how a change in the tacticity profile influences the physical and 

chemical properties of PNAGA hydrogel. Therefore, the synthesis and characterization of an 

isotactic PNAGA polymer should be studied in more detail. 

As PNAGA forms a strong, physically crosslinked hydrogel as the primary supporting network 

for IPNs, various secondary networks can be considered, which fulfill a functional role. In this 

work, poly(glycidyl methacrylate) had epoxy groups that could react with various nucleophiles. 

It is a great starting point for synthesizing immobilized nucleophilic molecules and materials. 

The characterization of biohybrid nanogels from reactive PNAGA copolymers showed the de-

pendence on the enzyme activity on the thermosensitive properties that stem from PNAGA. 

Further synthesis optimization and enzymatic methods should be evaluated to establish an 

UCST-type modulated enzyme system for cascade reactions in the presence of different en-

zymes. Therefore, functional PNAGA hydrogels in the form of reactive copolymers or IPNs 

open the pathway for a multitude of reactions for various applications.  

PNAGA could be combined with filler materials like carbon nanotubes during hydrogel prepa-

ration. Various filler materials could be added, such as the tackifier clay that allows for im-

proved printing of PNAGA hydrogel scaffolds with excellent shape fidelity and structural in-

tegrity while securing cell viability. 

The printability of PNAGA due to its sol-gel phase transition and the possibility to combine it 

with an LCST-type polymer like PNIPAM to form dual-responsive hydrogels allows 3D printed 

temperature-dependent actuators. With the layer-by-layer assembly technique, constructs could 

be created with different patterns of PNAGA or PNIPAM on a given layer. Then, depending 

on the swelling or shrinking behavior of the thermoresponsive part of the construct at different 

temperatures, stress between layers is applied that should result in the conformational 
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deformation of the printed hydrogel. The actuators could be tailored to adapt to environmental 

changes that can create tools for various purposes.  
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