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Thermosensitive poly(N-acryloyl glycinamide) microgels 

and their application in catalysis

Abstract
Poly(N-acryloyl glycinamide) (PNAGA) is a non-ionic polymer possessing an upper critical solution 

temperature (UCST) in water and saline solutions. This thesis explores the synthesis of stimuli-

responsive PNAGA microgels and immobilization of catalytically active species inside these.

The synthesis of poly(N-acryloylglycinamide) (PNAGA) microgels was conducted in water by free 

radical precipitation polymerization below the phase transition temperature of PNAGA in the 

presence of N,N’-methylenebisacrylamide crosslinker. These water dispersed PNAGA microgels 

show reversible size changes, swelling upon heating and shrinking upon cooling. Using these 

PNAGA microgels as host for nanocatalysts was carried out by loading silver nanoparticles (AgNPs) 

via reduction of AgNO3.The thermosensitive behavior of the PNAGA microgels was retained after 

loading AgNPs, and the catalytic activity of the metal particles in 4-nitrophenol reduction was tested 

under different conditions. Furthermore, it was shown that the catalytic activity of the AgNP–PNAGA 

microgels could be switched on and off by changing the temperature and utilizing the 

thermosensitivity.  

To realize biocatalytic microgels, immobilization of an enzyme, β-D-glucosidase, was done by 

encapsulation of the enzyme during the NAGA precipitation polymerization. Properties of these 

hybrid microgels were studied varying the enzyme-monomer ratio and the degree of crosslinking. 

The microgel encapsulated enzymes showed enhanced activity at high pH compared to the native 

enzymes. Tandem catalysts were then produced by further encapsulation of AgNPs. These were used 

in cascade reactions involving first enzymatic catalysis followed by AgNP induced reduction. 
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The catalyst loading efficiency as well as the manipulation of the thermoresponsive properties was 

performed by copolymerizing methacrylic acid (MAA) with NAGA. The volume phase transition 

behavior and interactions between NAGA and MAA in the poly(N-acryloyl glycinamide-co-

methacrylic acid) [P(NAGA−MAA)] copolymer microgels were studied. AgNPs were immobilized 

inside the P(NAGA−MAA) microgels using both UV light and chemical reduction. The 

photoreduction resulted in smaller AgNPs and the amount and size of the AgNPs was observed to 

depend on the content of MAA. The UV-reduced AgNPs show significantly higher catalytic activity 

than chemically reduced AgNPs in P(NAGA-MAA) microgels.   
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1. Introduction
 

1.1 Thermoresponsive polymers 
 

Stimuli-responsive polymers capable of changing their solubility and conformation rapidly with 

temperature are called thermoresponsive.1,2,3,4 In some cases, the change occurs gradually or 

continuously with temperature and these systems may be called as thermosensitive, though the 

terminology in the published literature is mixed. In both cases, the conformation of polymers will 

eventually change from a randomly expanded coil to a collapsed compact globule or vice versa.5 For 

most of these polymers the coil-globule transition is reversible with temperature change. Two main 

types of phase transitions can be distinguished (Scheme 1). Polymers that have a lower critical 

solution temperature (LCST) are soluble at temperatures below the LCST and insoluble above LCST. 

On the contrary, upper critical solution temperature (UCST) polymers are phase separated below the 

UCST and dissolved above UCST. The phase transitions are concentration dependent and the LCST 

and UCST stand for the lowest or highest temperature where the phase transition takes place. The 

phase transition behavior of LCST or UCST polymers originates from the interactions between the

polymer chain segments and the solvent. When polymer-water interactions change into interactions 

between the polymer segments the previously soluble polymer self-assembles and/or aggregates, and 

vice versa.6,7

Among the LCST-type polymers, poly(N-isopropyl acrylamide) PNIPAM and its copolymers are the 

most studied due to their phase transitions in the range of human physiological temperature.8,9 The 

phase transition of these polymers can be adjusted to a desired temperature through incorporating 

hydrophobic or hydrophilic groups, such as an amide, carboxyl, or hydroxyl group.10 Generally, the 

introduction of hydrophobic groups would shift the cloud point to lower temperature. However, there 

are exceptions, such as poly(N-isopropyl methacrylamide) (PNIPMAM), that has a higher LCST 

compared to PNIPAM due to the extra α-methyl group coupled to the main backbone that restricts 

the flexibility of the entire PNIPMAM chain and thus impedes the collapse of the whole system.11
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UCST polymers are much less studied than LCST polymers12 and usually their phase transition is not 

as sharp as that of LCST polymers, and the transition may change or disappear with a change of 

conditions. The most studied UCST-type polymers in aqueous systems are poly(sulfobetaine)s,13,14

poly(acrylamide-co-acrylonitrile) (poly(AAm-co-AN)),15,16 poly(N-acryloyl glycinamide) 

(PNAGA),17,18 and ureido-derivatized polymers.19,20 Poly(sulfobetaine)s are zwitterionic polymers 

based on sulfobetaine monomers. Their UCST-type phase transition behavior stems from the 

electrostatic interaction between the charged ammonium and sulfonate groups in aqueous solution. 

The salts screen the charged groups and thus reduce the UCST. Non-ionic poly(AAm-co-AN), a

copolymer of acrylamide (AAm) and a minor quantity of acrylonitrile (AN) demonstrates UCST that 

is less sensitive to ionic strength. AN provides hydrophobicity to poly(AAm-co-AN) and increasing 

the content of AN shift the UCST of polymer to a higher temperature. Ureido-derivatized polymers 

show UCST thermoresponsivity due to the hydrogen bonds between the ureido groups; hydrogen 

bonding is affected by temperature. Ureido-based UCST polymers possess high stability in salt 

conditions and the phase transition temperature shows positive dependency to the ureido content. 

PNAGA is the most studied UCST-type polymer and also with PNAGA a number of factors affect 

the phase transition, e.g. introduction of ionic groups, molecular weight and molecular weight 

distribution, addition of electrolytes, and copolymer composition.21

Scheme 1. Idealized phase diagrams of LCST behavior (blue) and UCST behavior (red).
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1.2 Polymeric microgels

Polymeric microgels are colloidal gel particles composed of cross-linked polymer chains.22,23 The 

term ‘microgel’ was first given by Baker in 1949 in the study of solvent swellable polybutadiene 

particles,24 but majority of the studies on microgels concentrate on aqueous dispersions. As the size 

of the microgel particles varies from several micrometers down to nanometers, they are sometimes 

referred to as ‘nanogels’.23 Among the published microgel literature, most of them involve 

crosslinked poly(N-isopropylacrylamide) (PNIPAM), poly(N-vinylcaprolactam) (PVCL), or their

derivatives showing lower critical solution temperature (LCST) behavior.25–31 In contrast to linear 

stimuli-responsive polymers, microgel phase transition is often referred to as volume phase transition 

temperature (VPTT).

The crosslinked microgels with structural integrity are distinctly different from rigid nanoparticles, 

flexible macromolecules, micelles, or vesicles.32 Instead of dissolving in aqueous solution, the cross-

linked hydrogel particles form a dispersion. In the dispersion, the solvent permeates the particles and 

causes their swelling. In the swollen state, solvent molecules are able to move inside the particle with 

high mobility accompanied by the movement of the internal chain segments. The surface of particles 

Scheme 2. Examples of polymers showing thermoresponse in water



12 
 

presents itself as an open porous structure, which facilitates the extensive exchange between the 

interior and the surroundings of the particles. The size and structure of microgel particles are affected 

by the cross-linking density and the degree of swelling.33 The swelling degree of a cross-linking 

polymer colloid depends on the local cross-linking density, and the charge density of ionic groups,

but also on the environmental conditions surrounding it. The environmental parameters affecting the 

swelling behavior of stimuli-responsive microgels are for instance pH, ionic strength, chemical nature 

of the counterions, and temperature.33

Microgels as macromolecular networks have unique properties, such as high molecular weight, low 

viscosity for their size, and high number of functional groups, allowing them for further 

functionalization.34,35 Colloidal stability is another characteristic of aqueous nanogel/microgel 

particles. The stability of colloidal particles is determined by the combined effects of van der Waals 

forces and steric or electrostatic forces. In a swollen state, the effect of van der Waals attraction is 

marginal and the dispersion system is inherently stable. While the system contracts, the Hamaker 

constant increases resulting in noticeable increase of van der Waals forces and the tendency of colloid 

aggregation.36 In microgel synthesis, surfactants are commonly used to improve the colloidal 

stabilization. These surfactants attach to the surface of particles, impeding the particle aggregations 

by electrostatic repulsion and steric hindrance.37 . One of the most often used surfactants is sodium 

dodecyl sulfate (SDS).33 Utilizing redox initiators in polymerization or the dissociation/protonation 

of functional groups (e.g. -OH, -COOH, -NH2), charged groups can be introduced into the particles 

and scattered on the surface and/or the interior. Due to the strong electrostatic attraction, counterions 

are absorbed onto the surface building an electric double layer (the Stern layer). The electrostatic field 

provided by the Stern layer will create a significant electrostatic repulsion between two approaching 

particles to prevent the contact. Increasing electrolyte concentration will diminish the electrostatic 

interactions. Zeta potential, ζ , is used to describe the magnitude of electrostatic effect and as an 

indicator of the stability of dispersion systems. 

The thermo-responsive microgels show volume phase transitions, during which they undergo either

an abrupt or a continuous change in the degree of swelling. The volume phase transition stems from 

phase separation of each polymer chain segment within the microgel network upon temperature 

change.38,39 A broad transition temperature is often observed for microgels implying a heterogeneous 

structure inside (e.g. different chain lengths, branching, crystallinity).40 Microgels exhibiting LCST-

type volume phase transition shrink above the VPTT. This property of changing volume upon 
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temperature has versatile applications including controlled drug delivery, 41,42 membrane 

separation,43,44 flow control,45,46 catalysis,47–49 and bio-sensing, protein separations50 or biomedical 

research! 26,51,52,53

1.2.1 Synthetic approaches

Microgels can be prepared through polymerization reactions as well as cross-linking of preformed 

macromolecules.33

1.2.1.1 Polymerization reactions

Precipitation polymerization36,54 and inverse mini- and microemulsion polymerization55,56 are the 

heterophase polymerization techniques frequently utilized for microgel synthesis. The polymerization 

conditions are set so that the phase separation, or volume phase transition (VPT), of the chains take 

place, leading to precipitation. Nucleation is the first stage in the formation of microgel in 

precipitation polymerization. After initiator splits into free radicals, the polymerization gets started 

by radical propagation and chain growth (Scheme 3). At a critical chain length, the oligomeric 

growing chains begin to collapse at the polymerization temperature below/above VPT. The compact 

collapsed growing chain forms the nucleus on which the microgel builds up. The nucleus continues

growing into larger and colloidally stable polymer particles by aggregating other nuclei or 

incorporating free monomers. In the presence of a cross-linker, covalently crosslinked particles are 

formed. Dialysis, centrifugation, and redispersion are the methods used for microgel purification.

Precipitation polymerization has been extensively applied for the preparation of thermosensitive 

PNIPAM57–59 and poly(N-vinylcaprolactam) (PVCL) microgels.60–62

The cross-linker plays a significant role in microgel synthesis. In general, the swelling degree of the 

Scheme 3. Illustration of the microgel formation by precipitation polymerization for a LCST-type 
polymer. The temperature is above the VPTT.
S h 3 ll i f h i l f i b i i i l i i f S
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microgels decreases as the concentration of cross-linker increases. The size and swelling properties 

of the microgels can be varied by using cross-linkers with different solubilities and structures. For 

instance, the flexibility of the cross-linker may have an effect on the polydispersity and swelling 

degree of the prepared microgel. Three different cross-linkers, ethylene glycol dimethacrylate 

(EGDMA), triethylene glycol dimethacrylate (TREGMDA) and N, N’-methylenebis(acrylamide) 

(BIS) (Scheme 4), were compared in the preparation of PNIPAM microgels.63 Sizes and the swelling 

degrees of the microgels were observed to decrease in the sequence TREGMDA-, EGDMA-, and 

BIS-cross-linked microgels as the space between two directly connected crosslinking points became

shorter and the whole cross-linker chain stiffened. 63 The reactivity of the crosslinker compared to the 

main monomer may also have an effect on the structure of the microgels. For example in the case of 

PNIPAM, it has been observed that the BIS crosslinker reacts faster than NIPAM, and this leads to 

microgels with more crosslinked core than the shell.

The use of surfactant has an effect on the morphology of the microgel in precipitation polymerization. 

In surfactant-free system, the stirring rate may have influence on the size of microgels, e.g. higher 

stirring rate resulted in smaller microgel particles when polymerizing NIPAM.64

Scheme 4. Structures of crosslinkers: N,N’-methylenebis(acrylamide) (BIS) and ethylene glycol 
dimethacrylate (EGDMA) and triethylene glycol dimethacrylate (REGMDA).
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In the early stage of the microgel formation, the nucleus particles are very small. The charges on the 

surfaces of the nucleus particles from the incorporated ionic initiator residues are not sufficient 

enough to prevent nucleus aggregation, this leading to bigger particles. A surfactant needs to be 

introduced in the microgel synthesis to regulate the size of microgel particles. In the presence of a

surfactant, the interfacial tension of nucleus reduces and the hydrated surfactant covering the nucleus 

forms a sterically stabilizing layer. As a result, the early nucleus aggregation is suppressed and 

microgels with regulated size and narrow distribution are obtained.

Another way to stabilize the microgel is to involve reactive functional comonomers in the synthesis 

process. The covalently bound comonomers can bring functional groups into microgels, enhancing 

the stability and limiting the microgel aggregation. The incorporation of ionic monomers can change 

the microgels response to pH, electrolyte, and temperature. The high hydrophilicity of ionic 

comonomer increases the swelling ratio and osmotic pressure while the introduction of hydrophobic 

comonomer into the microgel may decrease the initial and final microgel radii. For instance, in 

microgels functionalized with acrylic acid the phase transitions can be modulated by pH due to the 

(de)protonation of carboxylic groups. PEG macromonomer can be applied to prepare colloidally 

stable microgels. The content of PEG macromonomer or the length of the PEG chain determines the 

microgel size. The incorporation of the PEG macromonomers into the microgel structure decreases 

the swelling degree and induces a shift of the volume phase transition to higher temperatures.65

Copolymer microgels are often chemically and topologically heterogeneous. During the 

polymerization, the comonomer with higher reactivity will be consumed faster leading to a core and 

a shell with different chemical structures and densities. In the case of aqueous microgels, the more 

hydrophobic component tends to concentrate in the core during the polymerization process. The 

increase of hydrophobic content decreases the microgel size. Varying the polymerization process can 

be used to design specific microgel architectures.33 Microgels with desired core and shell components

can be prepared by sequentially adding different feed solutions. Hollow nanogels can be prepared by 

selectively dissolving the core encapsulated in hybrid microgels by seeded polymerization. 

A variety of emulsion polymerizations (e.g. micro- and miniemulsion, inverse micro- and 

miniemulsion) can also be utilized for the preparation of extremely small microgels.66–68 In emulsion 

polymerization, the reaction loci are stabilized by surfactants and the sizes of final microgels are 

affected by surfactant concentration. Controlled radical polymerization techniques (e.g. RAFT, 

ATRP) are also explored in inverse miniemulsion polymerization for the preparation of colloidal 
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particles of special interest.69,70

1.2.1.2 Cross-linking of macromolecules

Microgels may also be prepared by crosslinking the polymers after the synthesis. The cross-linking 

can be done either by introducing covalent linkages by chemical cross-linking or by reversible 

connections by physical cross-linking. 

Chemical crosslinking

Chemical crosslinking relies on covalent connections between the polymers.33,71–73 Commonly used 

chemical reactions for cross-linking are disulfide formation, Michael addition, and condensation 

reactions.33,74–76

Currently, polysaccharides are the biopolymers mostly chosen for microgel preparation, as they

demonstrate good biocompatibility, low toxicity.33 Furthermore, functional groups such as hydroxyl, 

amino, carboxylic functionalities exist on saccharide units, providing binding sites for the conjunction 

of other functional compounds, e.g. cross-linking groups. 

A variety of polysaccharide-based microgels have been synthesized by the formation of disulfide 

bonds. To achieve this, it is essential to thiolate the polysaccharide building blocks prior to the 

microgel synthesis. Multiple methods have been explored for thiolation. For instance, chitosan was 

thiolated via an amidine bond formed between 2-iminothiolane and amine,77–79 by coupling N-

acetylcysteine through carbodiimide reaction80, and crosslinked by chloramine-T-mediated disulfide 

formation81 (Scheme 5). Disulfide-cross-linking applied to other polysaccharides, e.g. hyaluronan55,82

and heparin83 are reported as well.
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Michael addition is a method commonly used for cross-linking. In Michael addition, a carbanion or 

a thiol group associates with an α,β-unsaturated carbonyl compound in the presence of bases. Elbert 

al. et84,85 prepared microgels with ~100nm average diameter by crosslinking bovine serum albumin 

(BSA) with eight arm poly(ethylene glycol)-octavinylsulfone (PEG-OVS, MW 10 000). The 

crosslinking was based on a Michael-type addition between double bonds of PEG-OVS and amines 

of BSA. Subsequently, the BSA-PEG-OVS microgels were dip-coated onto the surface of thiol-

functionalized glass slide through thiol-Michael addition. Thiol-Michael addition is more active than 

Michael addition based on primary amines. This was utilized in rapid coating before bulk gelation85

and the microgel-coated glass exhibited reduced protein adsorption and cell adhesion. Sahiner et al.

explored a facile one-step method to prepare poly(laminarin) (p(LAM)) microgels crosslinked by 

divinyl sulfone mediated Oxa-Michael addition reaction. The prepared p(LAM) microgels were 

spheres with diameters in the range of 0.3-10 μm. They further modified the microgels with 

chlorosulfonic acid (CSA), a sulfation agent for antitumor activity enhancement, conferring the 

microgel with excellent blood compatibility and a potential platform for drug delivery.86

Condensation reactions, such as glutaraldehyde or carboxylic acid coupling with primary amine, have 

been utilized in microgel cross-linking. Multiple methods have been explored for the preparation of 

chitosan particles using glutaraldehyde as a potent cross-linker, e.g. reverse micellar method, 

Scheme 5. Synthetic pathway for the modificaiton of chitosan with 2-iminothiolane (a), N-
acetylcysteine (b), and thioglycolic acid mediated by a carbodiimide (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride; EDAC) (c).
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nanoreactors, inverse miniemulsions. Furthermore, a membrane filtration method is a good option to

obtain particles with high monodispersity. The diameter of particles can be controlled by the pore 

size on the membrane. Chitosan particles have been tested as carriers of various drugs and proteins.80

Physical crosslinking

Microgels with adjustable mechanical strength can be obtained by chemical  cross-linking.33 However, 

the utilization of crosslinking agents in chemical cross-linking may cause damage to the integrity of 

encapsulated bio-substrates (e.g. proteins, cells) and introduce toxic compounds to the microgel 

networks limiting their applications and increasing the cost.71 Physical cross-linking can result in

networks without using crosslinking agents. Multi inter/intramolecular interactions can drive the 

formation of physical cross-links and the microgel particles. The main interactions are discussed 

below.

(i) Electrostatic attraction. Microgels can be prepared by the interaction between the incorporated 

cationic and anionic functional groups. For example Pelton et al.87 prepared aminophenylboronic acid

(PBA)-functionalized amphoteric microgels utilizing acrylic acid (AA) as the anionic monomer and 

N,N-dimethylaminoethylacrylate (DMAEA) as the cationic monomer in the presence of a mixed 

anionic initiator/cationic surfactant system (APS-CTAB). The colloidal networks of amphoteric 

microgels were constructed via electrostatic interactions between DMAEA-containing polymer and 

the microgel precursor. Phenylboronic acid functional groups were grafted onto the microgels in the 

presence of EDC. The prepared PBA-functionalized microgels exhibited relatively high colloidal 

stability and interesting glucose-response under physiological conditions.87

(ii) Hydrophobic interactions. Amphiphilic block and graft copolymers can assemble into micelles or 

nanoparticles driven by hydrophobic interactions above the critical micelle concentration (CMC).

Amphiphilic block copolymer micelles mostly comprise a hydrophobic core and a hydrophilic shell 

in aqueous dispersions. The spherical micelles can be ‘core-corona’ type or ‘crew-cut’ type depending 

on the relative lengths of the blocks. Amphiphilic copolymers with long hydrophobic blocks tend to 

form ‘crew-cut’ micelles, while extensive hydrophilic blocks contribute to the formation of ‘core-

corona’ micelles. By addition of hydrophobic small molecules, the amphiphilic block copolymer 

micelles will rearrange to bigger nanoparticles. Overall, the morphology of nanoparticles can be 

controlled by the molar mass of the amphiphilic block copolymers, the lengths of the hydrophobic 

blocks, and the chemical nature of the repeating units.71,88,89

(iii) Hydrogen-bonding. Aqueous microgels based on hydrogen bonding are rarely reported since 

water competes with hydrogen bond donors/acceptors in microgel system. Li and Pich90 reported 
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redox-active and pH-sensitive chitosan-poly(hydroquinone) microgels synthesized in W/O 

miniemulsion. The chains were crosslinked with hydrogen bonds between poly(hydroquinone) and 

chitosan. The microgels crosslinked with hydrogen bonds are biodegradable in aqueous solutions

either in the presence of hydrogen bond disrupting agents as urea, or lysozyme, which enzymatically 

cleaves glucosidic linkages between D-glucosamine/N-acetyl-D-glucosamine units. The controlled 

and sustained release of a therapeutic drug was investigated by encapsulating an anticancer drug, 

doxorubicin, and the subsequent release in the presence of the enzyme. The results indicate these 

microgels can be designed as a matrices for drug carriers navigating to tumor cells.90

1.2.2 Application of microgels
 

The internal cross-linked structure, on one hand, maintains the physical dimensions of the microgel 

particles and on the other hand allows to use the interior for further applications. Microgels have 

therefore been used as carriers for drugs, cosmetics or other activates.8,26,35,41,51,60 These activates can 

be incorporated through physical entrapment, covalent conjugation, hydrogen bonding, electrostatic 

or hydrophobic interactions. Microgels with different characteristics (e.g. particle sizes, shell 

thickness, biodegradability) can be tailored accordingly. The release of the activates is an important 

aspect and the stimuli-responsiveness brings in multiple possibilities for the controlled release. 

Additionally, the properties of microgels can be customized with regard to biocompatibility, 

microporosity, and capability of drug loading. Owing to the porous structure, the microgels have 

mechanical properties similar to many soft tissues.33 Recent in vitro studies including cellular 

proliferation within microgel, controlled loading and release of bioactive factors were carried out to 

establish the introductory groundwork for the further application of microgels on the tissue recovery 

in vivo.91

Metallic NPs have drawn much attention because of their catalytic activity.92–94 However, metal 

particles in the nanoscale possess high surface energy and tend to aggregate, losing the catalytic 

activity. The immobilization of metallic NPs onto microgels provides a promising solution on this 

problem for many reasons.  Firstly, the internal cross-linked structure hinders the mobility of metallic 

NPs, thus enhances their stability. Secondly, microgels with unique architectures and sizes can be 

easily obtained. The catalytic activity of immobilized metal NPs can be modulated through the 

microgel responding to the environmental stimuli. 
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Yan et al.95 used poly(styrene)-poly(N-isopropylacrylamide) (PS-NIPAM) core-shell particles as 

thermosensitive carriers for AgNP catalysts. The AgNPs were embedded in the crosslinked PNIPAM 

shell. The reduction of 4-nitrophenol to 4-aminophenol catalyzed by the incorporated AgNPs in the 

presence of NaBH4 was studied at different temperatures. It was discovered that the catalytic activity 

slightly decreased after increasing temperature above 25 oC due to the shrinkage of PNIPAM shell

that restricted the diffusion of the reactants to catalytically active sites. The shrinkage is related to the 

cross-linking density of the shell. High cross-linking density decreases the swelling degree of the 

PNIPAM network alleviating the effect of thermodynamic transition of the microgel shell on the 

catalytic rate constant.95

Amphiphilic, thermosensitive, and polyelectrolyte microgels92,96–98 have been used to stabilize metal 

NPs, e.g. Ag@P(NIPAM-co-AAc), Au@PS-NIPAM, Pt@PS-NIPAM, Au-Pt@PS-AEMH. These 

were used for the oxidation of alcohols to the corresponding aldehydes or ketones in aqueous 

solutions under aerobic conditions. The microgel-metal nanocomposites exhibited extended catalyst 

lifetime and resumed their catalytic activity after the reactions.33

Enzymatic reactions exhibit high catalytic activity and selectivity at ambient temperature under 

atmospheric pressure and physiological pH and can be utilized to create more environmentally

friendly, cost-effective and sustainable processes.99–102 Therefore, enzymes have been widely utilized 

for example in food, pharmaceutical and cosmetics industry. However, enzymes may sometimes be 

inactivated limiting their application. The immobilization of enzymes with polymeric carriers have 

emerged as a promising solution to address this. The immobilized enzymes demonstrate not only an 

improved long-term activity but can also be recovered from the reaction medium. Methods to

immobilize enzymes include covalent binding to a carrier and physical entrapment or 

encapsulation.102 The covalent binding of enzymes often involves modification of the enzyme to 

allow the binding to a carrier. This improves their stability but may compromise their activity. The 

same applies to cross-linking several enzymes into a cluster, which offers highly concentrated enzyme 

activity in the catalyst, but the covalent conjugation may change the conformation of enzymes. 

Physical encapsulation of enzymes into microgels avoids those defects since it enhances the enzyme 

stability and does not harm the native conformation. In 2006, Yan et al.103 reported for the first time 

a two-step procedure to encapsulate a single enzyme horseradish peroxidase (HRP) inside a nanogel. 

These two steps include premodification of the enzyme surface by acryloylation and subsequential in 

situ aqueous polymerization with acrylamide as the monomer. The encapsulated HRP exhibits 
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significantly improved stability at high temperature and great tolerance to polar organic solvent. 

Regarding catalysis, the HRP nanogels revealed very similar catalytic activity to the free HRP. 

Beloqui et al.104 simplified the earlier two-step protocols and established a one-step synthesis of 

single-enzyme nanogels using acrylamide as monomer and sucrose as stabilizer without the 

premodification of the enzyme surface of glucose oxidase (GOx) by acryloylation. The acrylamide-

shelled GOx nanogel demonstrated a broader pH range of optimal enzyme performance. The same 

experimental setup has been successfully applied to a range of enzymes, e.g. esterase, β-glucosidase, 

lipase and bovine serum albumin. 

1.3 Poly(N-acryloyl glycinamide) (PNAGA)
 

1.3.1 General properties
 

Poly(N-acryloyl glycinamide) (PNAGA) is a non-ionic homopolymer showing UCST behavior in 

pure water as well as in electrolyte solutions. The thermoreversible gelation of concentrated PNAGA

solutions was first reported by Haas and Schuler in 1964.105 The gel formation is based on randomly

distributed hydrogen bonds between the repeating units. Breaking of the aggregates can be 

accomplished not only by temperature but also by hydrogen bond interrupting agents, such as 

thiocyanate and urea.106 Also ionic groups unintentionally introduced into PNAGA for example by

acrylate impurities in the monomer, cleavage of the amide groups of the side chains, and/or the usage 

of ionic initiators or chain transfer agents interferes the formation of intra-and/or intermolecular

hydrogen bonds. These effects lead to lowering or even disappearance of the phase transition behavior

of PNAGA.

1.3.2 Synthesis of poly(N-acryloyl glycinamide) (PNAGA)
 

PNAGA has been synthesized by free or controlled radical polymerizations.17,18,107 The first synthesis

by Haas and Schular was made by using potassium peroxydisulfate as initiator. Using an ionic 

initiator leads to the disappearance of the UCST behavior due to the ionic groups from the initiators 

and acrylate impurities.108

Controlled radical polymerization of NAGA by reversible addition-fragmentation chain transfer 

(RAFT) has been explored using different initiators  and chain transfer agents (CTA).18,108 The 

introduction of either ionic radical initiators and/or ionic chain transfer agents into the polymer chain 
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in RAFT polymerization however may suppress the phase transition of PNAGA similarly as was 

observed in the free radical polymerization. Therefore, using non-ionic radical initiators and non-

ionic CTAs for RAFT polymerization of NAGA may guarantee the obtained polymer product with 

desired molecular masses and uncompromised UCST in water as well as in saline solution.18 For

PNAGA with low molar mass (<20 000), the CTA end group has a strong effect on the cloud 

point.17,18 The hydrophobic CTA end group pushes the cloud point of PNAGA to a higher temperature. 

Atom transfer radical polymerization (ATRP) can be used for the controlled radical polymerization 

of NAGA as well.17 However, the primary amide group in NAGA may complex with copper and 

disturb the allocation of terminal halogen atoms and thus deactivate ATRP catalyst.109 Liu et al.17

synthesized PNAGA with low dispersity in DMSO by using 2-halopropionamide as an initiator and 

CuX/CuX2 (X= Cl, Br) with [2-(dimethylamino)ethyl]-amine (Me6TREN) ligand as a catalyst. The 

polymerization conditions were controlled to avoid the hydrolysis of amide bonds of NAGA. The 

obtained PNAGA showed an excellent reversibility of UCST-type phase transition in pure water as 

well as in PBS buffer. The primary amide end-groups introduced from 2-halopropionamide help in 

eliminating the dependency of the cloud point on molar mass in the low molar mass region. 

2. Objectives of the study
 

This thesis aimed at the synthesis of thermosensitive poly(N-acryloyl glycinamide) (PNAGA)

microgels and their characterization. The microgels were prepared by precipitation polymerization 

and employed as nanocatalyst hosts to improve the stability, activity and control over the catalysis.

In this work:

1. PNAGA microgels with different crosslinking degrees were synthesized by precipitation 

polymerization. The thermosensitive behavior of PNAGA microgels was studied. Silver 

nanoparticles (AgNPs) were loaded into the PNAGA microgels by reduction of AgNO3 with 

NaBH4.

2. Bicatalytic PNAGA microgels were prepared by the encapsulation of an enzyme, β-D-

glucosidase, in the PNAGA microgels during the polymerization and subsequent reduction of 

AgNO3 within PNAGA networks. 

3. Poly(N-acryloyl glycinamide-co-methacrylic acid) (P(NAGA-MAA)) copolymer microgels 

were prepared by copolymerizing NAGA and MAA in the presence of cross-linkers. The 

phase transition of P(NAGA-MAA) was investigated at different pH. Small AgNPs were 
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immobilized within the P(NAGA-MAA) microgels by the reduction of AgNO3 under UV 

light.

4. The catalytic activities of the AgNP-loaded microgels were tested. The enzymatic activity of 

β-D-glucosidase embedded hybrid microgels was investigated by cleavage of p-nitrophenyl-

β-D-glucopyranoside and a cascade reaction was carried out by combining the enzymatic 

catalysis and reduction of the enzymatic reaction product 4-nitrophenol in the presence of 

NaBH4.

3. Experimental
 

The general synthesis and characterizations will be briefly described in this section. More details can 

be found in the attached publications and their corresponding supporting information. 

3.1 Synthesis of hybrid microgels
 

3.1.1 Synthesis of PNAGA microgels
 

PNAGA microgels were prepared by free radical precipitation polymerization at 0 oC in ice bath

(Scheme 6). For all syntheses, the total monomer concentration of NAGA and BIS crosslinker was 

70mM, APS and TEMED concentrations are 1mM for each and 4mM SDS. Nitrogen was purged 

into the solution for one hour before the reaction was initiated by adding TEMED and subsequential 

APS. The reaction was allowed to continue for 6 h, after which the reaction flask was kept at 4 oC

overnight. The resulting product dispersion was purified by extensive dialysis against deionized water. 

Scheme 6. Synthesis of PNAGA microgels and Ag-PNAGA hybrid microgels.  
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3.1.2 Immobilization of AgNPs within PNAGA microgels
 

The loading of AgNPs inside PNAGA microgels was inspired by the work of Tang et al.110 First, the 

PNAGA microgel dispersion (25 ml, 2.8 mg ml-1) were mixed with AgNO3 aqueous solution (10 ml,

0.56 mg ml-1) at room temperature. The mixture was placed in an oil bath at 50 oC and stirred for 24h 

under a nitrogen atmosphere before it was transferred into a dialysis bag (molecular weight cutoff of 

3500 g mol-1) and dialyzed for 2 hours against ice-cold deionized water to remove the free silver ions. 

The microgel-trapped Ag+ were then reduced by addition of fresh NaBH4 aqueous solution (10 ml,

0.75 mg ml-1, 19.8mM) into the microgel dispersion in an ice bath. The reaction was left at room 

temperature for 24 h before it was purified by dialysis against deionized water.

3.1.3 Encapsulation of β-D-glucosidase to PNAGA microgels (BG-PNAGA)
 

The encapsulation of β-D-glucosidase (BG) by PNAGA was adapted from the synthesis route of 

polyacrylamide encapsulated enzyme by Beloqui et al.104 Generally, β-D-glucosidase, NAGA, BIS  

and sucrose were first dissolved in 5 ml PBS (50 mM, pH = 6.1) in an 8 ml glass vial. The reaction 

was initiated by the addition of  TEMED (4.05 mg, 0.035 mmol) and APS (7.96 mg, 0.035 mmol) 

after purging with nitrogen for 40 min. The reaction was carried on for 4h before purification by 

dialysis against deionized water. The end product was collected by lyophilization. The enzyme and 

crosslinker concentrations were varied.

3.1.4 Immobilization of AgNPs within BG-PNAGA microgels
 

AgNO3 aqueous solution (5 ml, 0.32 mg ml-1) together with BG-PNAGA dispersion (5 ml, 2.9 mg 

ml-1) were mixed and kept under stirring while purging with nitrogen for 2h, after which the mixture 

was dialysed against deionized water to remove the free Ag+. Fresh NaBH4 aqueous solution (5 ml,

2.42 mg ml-1) was added dropwise into BG-PNAGA(Ag+) dispersion in ice bath to start the reduction 

of Ag+. The reaction was carried on for 4h and then it was purified by dialysis against deionized water 

for 24 h. The final product was filtered through cotton to remove any possible aggregates before 

lyophilized.
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3.1.5 Synthesis of P(NAGA-MAA) microgels
 

NAGA and MAA including 3mol% BIS (total concentration: 72mM) was dissolved in 25 ml of 

deionized water. SDS (4mM) was added and nitrogen was purged for 30min before the reaction was 

initiated by addition of APS and TEMED. The reaction temperature was adjusted to 16 oC as MMA 

has a melting point of 15 oC. The reactions were carried out overnight followed by dialysis and freeze-

drying. Dry microgel powders were purified again to remove the remaining adsorbed TEMED by

redispersing in methanol, sonication, centrifugation, and filtration. The washing procedure was 

repeated three times.

Mixtures of microgel dispersions (1.5 ml; 10 mg ml-1 in D2O) and AgNO3 (1.5 ml; 0.1 M) were

exposed to UV light (365 nm) with a nominal 36 W output for 2 h at room temperature. Samples were 

purified by dialysis against distilled water.

3.2 Characterization
 

The sizes of the microgels were determined by dynamic light scattering (DLS) either with Malvern 

Instruments Zetasizer Nano-ZS or with an instrument consisting of Coherent Sapphire 488 nm laser 

and Brookhaven instruments BI-200SM goniometer, BIC-TurboCorr digital pseudo-cross-correlator

and a BIC-CrossCorr detector.

The UV-Vis spectra, transmittance measurements as well as the catalysis studies were performed 

either with a Shimadzu UV-1601 spectrometer equipped with a circulating thermostated bath, a Jasco 

J815 CD spectrometer equipped with a Peltier controlled temperature accessory, or a JASCO V750 

UV−visible spectrophotometer with a JASCO CTU-100 circulating thermostat unit. All 

measurements were conducted in quartz cuvettes with a cell path of 10 mm.

1H NMR spectra of the monomers and microgels were recorded with a 500 MHz Bruker Avance III 

spectrometer in D2O. Intensity variations upon temperature change were analyzed by comparing the 

areas of solvent signal to the polymer signals.

Thermogravimetric analysis (TGA) measurements were performed using Mettler Toledo 850 for Ag-

PNAGA microgel samples and NETZSCH Jupiter STA 449 F3 for Ag-P(NAGA-MAA) microgel 

samples. Samples were placed in a 70 ul Al2O3 crucibles and heated from 25 oC to targeted 

temperature at a heating rate of 10 K min-1 under nitrogen atmosphere. 

Microcalorimetric measurements were performed with Malvern Microcal PEAQ-DSC equipped with 
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a measuring cell of 0.13 ml. Heating and cooling scans were made at heating rate of 60 oC/h. 

TEM measurements of PNAGA microgel samples were carried out using a Hitachi FESEM S-4800,

a FEI Tecnai F20 Field Emission Gun 200 kV or a Jeol JEM-1400 electron microscopes.

4. Results and discussion
 

4.1 Synthesis of PNAGA microgels
 

Thermosensitive PNAGA microgels were prepared by free radical precipitation polymerization of 

NAGA in water at 0oC in the presence of the BIS crosslinker. The same strategy was extended to in 

the preparation of PNAGA-coated enzyme microgels and PNAGA copolymer microgels. 

Table 1. Microgel properties 

 Diameter 20°C [nm] Diameter 70°C [nm] Volume change 
[V(70°C)/V(20°C)] 

PNAGA-2%BIS 65 90 2.7 
PNAGA-4%BIS 60 96 4.1 
PNIPAM-2%BIS 87 78 0.7 

The PNAGA microgels with 4 mol% BIS had an average diameter of 60 nm at room temperature and 

they swelled upon heating, Table 1 and Fig. 8-9. The impact of crosslinker concentration (2, 4 mol%) 

on the phase transition and the size of the PNAGA microgels is not significant. Using a higher 

crosslinker concentration, 6 mol%, led to a highly aggregated dispersion. The use of SDS as surfactant 

was found critical in maintaining the size of microgels, without it particles in micrometer-size with a 

broad size distribution would be obtained.

Table 2 Enzyme microgel syntheses 

Samplea Type BG:NAGA 
[molar ratio] 

BIS 
[mol-% NAGA] 

BG 
[m-%] 

PNAGA reference 0:4200 3  
BG-PNAGA4 high enzyme, low xlink 1:4200 3 19 
BG-PNAGA10 low enzyme , low xlink 1:10600 3 8.6 
BG-PNAGA6 medium enzyme, high xlink 1:6000 16.7 11.5 
a The sample code refers to excess of NAGA to BG. 

BG-PNAGA microgels were prepared by polymerization of N-acryloyl glycinamide in the presence 

of β-D-glucosidase using sucrose as a stabilizer for the enzyme, Table 2. Full polymerization 

conversions were reached within 4 h. After the reaction, possible free enzymes and compounds with
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low molar mass were removed by dialysis. The enzyme encapsulation was then studied by UV-vis 

and 1H NMR. In UV, the enzyme containing microgels show a characteristic absorbance peak of β-

D-glucosidase at 260nm (Fig. 1 A). However, quantification of enzyme content by UV absorption

was not possible due to the scattering by the microgel particles. 1H NMR spectra of BG enzyme, BG-

PNAGA physical mixture (molar mass 1:1), PNAGA microgel, and BG-PNAGA microgel were then 

compared at room temperature (Fig. 1 B). The spectra of BG enzyme and BG-PNAGA physical 

mixture both show clear signals from the enzyme. However, the signals from enzyme suppress due 

to the tight encapsulation by PNAGA. DLS analysis of BG-PNAGA microgels shows that the 

PNAGA encapsulated enzyme microgels have average diameter 100 nm whereas the size of the native 

enzyme is around 12 nm. 

P(NAGA-MAA) microgels with varying MAA contents were synthesized by free radical 

precipitation polymerization of NAGA and MAA using APS/TEMED as initiator, BIS as crosslinker, 
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Figure 1 . A) UV spectra of BG, PNAGA, BG-PNAGA4, BG-PNAGA10, BG-PNAGA6; B) 1H NMR 
spectra of BG, a physical mixture of PNAGA and BG, PNAGA and BG-PNAGA6 at 22 °C.
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and SDS as surfactant. The reaction temperature was selected between the expected VPTT of PNAGA 

and the dissolution temperature of MAA in order to stimulate the precipitation of the initial

propagating P(NAGA-MAA) chains. The monomer ratios of the copolymer microgels were 

calculated using 1H NMR data (Fig. 2 and Table 3). The copolymer compositions were close to the 

original feed ratios. In order to further confirm the chemical structure of microgels, in situ NMR 

experiments were conducted using the same reaction parameters as in the microgel synthesis. From 

the results presented in Fig. 3, NAGA and MAA monomers both were consumed simultaneously in 

a similar rate for microgel P(NAGA70-MAA30) and P(NAGA50-MAA50), indicating the formation 

of microgels with likely a random monomer distribution instead of a block or a gradient structure. 

Similar results have been reported for the copolymerization of NAGA and MAA by RAFT 

polymerization at 70 oC.111 The size of P(NAGA-MAA) microgel at pH 3 was studied by DLS, Table 

6. The results show that P(NAGA90-MAA10) and P(NAGA70-MAA30) have hydrodynamic 

diameters 50 and 57 nm, respectively, at room temperature while the size of P(NAGA50-MAA50) 

microgel jumps to 240 nm in diameter which can be ascribed to the phase transition-induced 

aggregation of microgels due to the volume phase transition temperature shifts to lower temperature.

Figure 2. 1H NMR spectra of PNAGA and P(NAGA90-MAA10) microgels at 23 °C.
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Table 3. Synthesis of microgels.

Entry Feed ratio Conversiona Copolymer compositiona

(NAGA:MAA) (%) (NAGA:MAA)

PNAGA 100:0 87 100:0

P(NAGA90-MAA10) 90:10 79 89:11

P(NAGA70-MAA30) 70:30 83 70:30

P(NAGA50-MAA50) 50:50 67 49:50

P(NAGA30-MAA70) 30:70 75 32:68

a by NMR. The copolymer composition was taken as the ratio of NAGA CH2 signals 

and MAA methyl group signals
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Figure 3. Conversion of P(NAGA70-MAA30) (NAGA , MAA ) and P(NAGA50-
MAA50)  (NAGA , MAA ) against reaction time. 
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4.2 Immobilization of AgNPs on PNAGA microgels
 

For the synthesis of AgNPs within PNAGA microgels, the microgels were incubated in AgNO3

solution followed by dialysis to remove free Ag+ ions. Hence, all retained Ag+ ions were supposedly

inside the microgels before addition of fresh NaBH4 aqueous solution into ice-cold PNAGA(Ag+)

microgel dispersion. The dispersions turned instantly yellow indicating the formation of AgNPs. The 

sizes of PNAGA microgels slightly increased after AgNPs immobilization. Surprisingly, DLS 

showed that the higher crosslinked Ag-PNAGA-4%BIS had a larger size than Ag-PNAGA-2%BIS. 

Similar phenomenon had been observed for PS-PNIPAM core-shell particles, where 5% and 10% 

crosslinker leads to a larger size increase upon AgNPs immobilization compared to 2.5% crosslinker 

particles.93 The reason could be the heterogeneous distribution of the crosslinker inside the microgels.

The size of PNAGA microgels shown in TEM images conforms the results from DLS (Figs. 4, 8, 9).

As can be seen, the AgNPs were located inside the microgels. UV-vis spectra were also used to study 

the hybrid microgels. The sizes of AgNPs in Ag-PNAGA-2%BIS are larger than those of Ag-

PNAGA-4%BIS, as the densely crosslinked structure limits the growth of AgNPs and decreases the 

silver loading (Table 4).
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Table 4 Properties of the AgNP microgels

AgNP content a AgNP size b AgNP Surface areac

[wt-%] [nm] [nm2]

Ag-PNAGA-2%BIS 12.5 6.2 +/- 1.7 1.1*1019

Ag-PNAGA-4%BIS 7.7 4.7 +/- 1.9 8.1*1018

Ag-PNIPAM-2%BIS 4.4 8.6 +/- 2.5 2.7*1018

AgNP-SDS 0.008d 25.1 +/- 7.5 2.1*1019

a TGA b TEM image analysis c in 1 g of dry sample d Ag content in dispersion, estimated 

assuming full conversion of AgNO3 to AgNPs

The same method was used to add AgNPs inside BG-PNAGA6 microgels, thus making them capable 

Figure 4.  TEM images of A) PNAGA-2%BIS, B) Ag-PNAGA-2%BIS, C) PNAGA-
4%BIS, D) Ag-PNAGA-4%BIS, E) AgNP-SDS and F) Ag-PNIPAM-4%BIS.
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for cascade catalysis. TEM results (Fig. 5) show microgel particles with similar size as observed by 

DLS. For AgNP containing BG-PNAGA6, multiple AgNPs with size varying 5-10 nm were observed 

inside the microgels. Due to the similar contrast of the enzyme and the PNAGA, the enzymes cannot 

be distinguished from the surrounding PNAGA network on TEM images. 

In the case of AgNP-P(NAGA-MAA) microgels, AgNPs were loaded using two methods; either by 

UV-irradiation or chemical reduction by NaBH4. UV-vis spectrometer was used to monitor the 

formation of AgNPs by 365 nm irradiation. As can be seen in Fig. 6, the signal intensity of AgNPs 

increases throughout the irradiation time. But the surface plasmon resonance band of AgNPs centered 

at ∼430 nm for the PNAGA microgels while the band for the P(NAGA70-MAA30) microgels located 

at 405nm and 505 nm. The constant band at 430nm indicates the formed particles with sizes larger 

than ca. 2-3 nm.112 When the UV-reduced silver aggregates into silver clusters, Agn
+ (n: 4∼9), the 

absorption peaks at 490-520 nm will be observed.113 Compared to chemically reduced AgNPs, the 

UV-reduced AgNPs are smaller and thus have larger surface area. The microgel particles and loaded 

AgNPs are shown in Figure 7. The Ag content by TGA results, Table 5, demonstrates the higher 

MAA content leads to a higher overall silver content. 

Figure 5. TEM images of PNAGA, BG-PNAGA6 and Ag-BG-PNAGA6

300 400 500 600 700 800 900

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ab
so

rb
an

ce

Wavelength / nm

120 min

90 min

60 min

40 min

20 min

10 min

5 min

0 min

(a)

300 400 500 600 700 800 900

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ab
so

rb
an

ce

Wavelength / nm

0 min

5 min

10 min

20 min

40 min

60 min

90 min

120 min

(b)

Figure 6. Uv-vis spectra upon irradiation of the (a) PNAGA and (b) P(NAGA70-
MAA30) microgels in AgNO3 dispersions. 
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Table 5. AgNP content and catalytic efficiency of microgels.

Entry

Ag-

content

[m-%]

Apparent rate constant

[s-1]

Ag mass corrected 

rate constant

[s-1 mg-1]

AgNP-PNAGAa 8.0 0.91 538

AgNP-PNAGAb 1.87

AgNP-P(NAGA90-MAA10) 15.6 6.94 658

AgNP-P(NAGA70-MAA30) 18.3 20.2 1681

AgNP-P(NAGA50-MAA50) 17.3 23.6 2399
a Ag reduced with NaBH4  b Ag content could not be determined.

4.3 Thermosensitivity study of PNAGA microgels

Unlike LCST-type polymer microgels that shrink upon heating and swell upon cooling, UCST-type 

Figure 7. TEM micrographs of silver nanoparticle containing microgels. From left to 
right: Ag-PNAGA reduced with NaBH4, PNAGA UV, P(NAGA90-MAA10), P(NAGA70-
MAA30) and P(NAGA50-MAA50).
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polymer microgels show opposite phase transition behavior. However, often the phase transitions of 

UCST polymers are more susceptible to the polymer structure and environmental conditions than the 

LCST-type transitions. For instance, linear PNAGA shows UCST-type phase transition over a broad 

temperature range and its UCST-type phase transition varies upon the pH and incorporated ionic 

groups. This is also the case with PNAGA microgels, as the particle size increases continuously upon 

heating from 5 oC to 70 oC in water (Fig. 8 and Fig. 9). This continuous swelling and shrinking 

behavior has also been observed for bulk BIS crosslinked PNAGA hydrogels in water and saline 

solutions.114 High crosslinking density should restrict the swelling of hydrogel. However, in the case 

of PNAGA microgels, increasing the crosslinker ratio from 2% to 4% does not change the swelling 

degree as expected. One possible reason could be that the BIS crosslinker has a higher reactivity than 

NAGA monomer and leads to a gradient structure from the core to the surface of the microgel 

particles.25 Similar effects have been observed on poly(N-isopropylmethacrylamide) microgels, 

where the diameter and swelling degree first decreased with increasing the amount of crosslinkers 

and increased again upon further increasing the amount of crosslinker. 115

The phase transition of PNAGA microgels was also studied by variable temperature 1H NMR 

experiments (Fig. 10). PNAGA microgel shows the strongest signal intensity at 50 oC and the signal 

gradually decreases upon cooling until being nearly fully suppressed at 5 oC. The signal variation is 

related to the phase transition - at high temperature the hydrogen bonds within microgels dissociate

leading to polymer chains with higher mobility and increased NMR signal intensity. 

Figure 8. Size of ( ) PNAGA-2%BIS 
( )PNAGA-4%BIS and (∆)PNIPAM-
2%BIS microgels upon heating 
based on DLS.

Figure 9. Size distributions from DLS of 
PNAGA-2%BIS microgel at 10°C (blue), 
40°C (black) and 70°C (red)
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Unlike the relatively sharp volume phase transition of PNIPAM microgels, PNAGA microgels show

gradual changes due to the change of the interactions of the polymer segments within the microgels. 

The 1H NMR signal intensities of the BG-PNAGA6 microgel increase with heating, proving the 

microgel with encapsulated enzymes retains the thermosensitivity of PNAGA network.

Thermal behavior of the microgels was studied by differential scanning microcalorimetry (DSC). 

Upon heating the UCST-type phase transition of PNAGA shows as a broad endothermic transition in 

the temperature range from 30 to 55 oC, Fig. 11. The result is different compared to a previous report 

of DSC measurement for linear, monodisperse PNAGA in water, where the endothermic transition 

occurs between 5 and 30 oC. The shift to higher temperature in the case of PNAGA microgels can be 

ascribed to minute impurities in NAGA monomer, buffer solution used instead of water or to the 

heterogeneous network structure of the microgels as the phase transition of linear PNAGA relies 

heavily on these factors as well.108

Figure 10. Variable temperature 1H NMR signals of PNAGA-4%BIS microgel in D2O. Inset: 
Corresponding integrated signal intensity at different temperatures compared with the 
solvent (HDO) signal. ( )  PNAGA-4%BIS and for comparison ( ) PNIPAM-2%BIS.
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Upon heating native β-D-glucosidase denatures and shows a two-step endothermic transitions with 

maxima at 70 and 85 oC. Above 85 oC, the signal deviates heavily from the baseline. We believe the 

two-step endothermic transition originates from unfolding of different domains in the protein and the 

signal distortion against the baseline at high temperatures due to aggregation followed by 

precipitation. When β-D-glucosidase (BG) is mixed with PNAGA microgel, both endothermic 

transitions are observed at the same temperatures as their individual components. But the endothermic 

transition of BG unfolding shifts a little to higher temperature indicating possible interaction between 

the enzyme and the polymer. The BG-PNAGA microgels also show two endothermic transitions

corresponding to BG and PNAGA. The phase transition of PNAGA shifts to lower temperature while

the unfolding of BG shifts to higher temperature and no baseline distortion is observed at elevated 

temperature. This demonstrates the capability of PNAGA to act as a stabilizer for enzymes. The phase 

transition of PNAGA network of BG-PNAGA microgels makes the diameter increase monotonously 

from ∼30 to ∼45nm upon heating as observed in DLS. The pure enzyme has a hydrodynamic 

diameter in native state ~12 nm and there is no change until a sudden increase takes place at 40 oC

due to the aggregation of the denatured enzyme. 

P(NAGA-MAA) microgels

30 40 50 60 70 80 90
Temperature / oC

0.5 JK-1g-1

①

②

③

④

Figure 11. Concentration normalized thermograms of BG and the microgels 1) 
BG (1 mg/ml) 2) PNAGA microgel (7 mg/ml) (3) mixture of PNAGA microgel and 
BG (1 mg/ml, mass ratio=1:1) 4) BG-PNAGA6 (6 mg/ml). The highlighted areas 
are to guide the eye.
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In order to study the phase transition behavior of P(NAGA-MAA) microgels, P(NAGA-MAA) 

samples were dispersed in water at concentration of 10 mg/ml at room temperature, Fig. 12 (top). All 

P(NAGA-MAA) samples are transparent indicating no large aggregates exist. When samples were 

cooled to 4°C, PNAGA microgel showed visible clouding while the MAA-containing samples still 

stayed clear indicating the absence of the phase transition. As said before, minute acrylic acidic 

impurities in linear PNAGA can suppress its phase transition behavior in water due to the 

destabilization of the hydrogen bonds. Therefore, charged MAA units affect the interactions between 

MAA and NAGA repeating units, causing the disappearance of the phase transition behavior near 

neutral pH. When the pH was lowered to 3, Fig. 12 (bottom), all samples became turbid at 4 oC, and 

cleared again at 40 oC. 

The phase transition behavior was studied by transmittance at pH 3, Fig. 13 and Table 6. The results 

show a complex temperature dependency. The onset of the phase transition, referred to as the cloud 

point, Tc, for the PNAGA microgel is at 25°C. The Tc of P(NAGA90-MAA10)  shifts to 21 oC and 

the Tc of P(NAGA70-MAA30) shifts to 23 oC. Significant increase occurs with P(NAGA50-MAA50) 

where the onset is at 36 oC. At MAA contents below 30 mol%, the phase transition temperature of 

P(NAGA-MAA) microgel decreases as increasing the amount of MAA while at MAA contents above 

30 mol%, the system show opposite tendency.  This phenomenon can be interpreted as a combined 

effect of inter/intramolecular hydrogen bonds between NAGA/MAA and the remaining ionization of 

the MAA units at a pH close to the pKa of MAA.111 At low MAA content, MAA units disturb the 

formation of hydrogen bonds between NAGA units, yet they are not capable of forming new strong 

bonds with either NAGA units or themselves. Further increasing MAA content, the interaction

Figure 12. Top row: PNAGA and P(NAGA-MAA) dispersions at different 
temperatures without adjusting the pH. Bottom row: PNAGA and P(NAGA-MAA) 
at pH3.
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strengthens.

Table 6. Phase transition behavior of the microgels at pH 3.

Entry

Dh at 

15/25/40°Ca

Onset 

heating

Onset 

cooling Hysteresis

[nm] [°C] [°C] [°C]

PNAGA 73 /83 /80b 25 15 11

P(NAGA90-MAA10) 44/50/63 21 11 11

P(NAGA70-MAA30) 47/57/80 23 16 9

P(NAGA50-MAA50) 404/240/116 36 38 4
a by DLS b measured at neutral pH 

The thermosensitive behavior of P(NAGA-MAA) microgels in dilute solution was studied also by 

DLS, Table 6.  PNAGA microgels with 10 and 30% MAA swell upon heating similar to PNAGA 

while the P(NAGA50-MAA50) shrinks, Fig. 14. The continuous change in size indicates non-

aggregated microgels undergo a gradual volume change instead of a clear phase transition. At low 

temperatures, P(NAGA50-MAA50) microgels form much larger particles which first shrink upon 

Figure 13. Turbidity curves measured for 10 mg/ml microgel dispersions at pH 3: 
PNAGA ( , ), P(NAGA90-MAA10) ( , ), P(NAGA70-MAA30) ( , ) and 
P(NAGA50-MAA50) ( , ). Closed symbols heating, open cooling.
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heating and then swell upon further heating after a minimum is reached. This behavior originates 

from the initial de-aggregation of the particles upon heating and the following swelling of individual 

microgel particles.  

The UCST-type thermal behavior of PNAGA microgel originates from hydrogen bonding between 

the amide groups.  The cleavage process of amide-amide hydrogen bonds is an endothermic process 

while that of amide-water hydrogen bonds gives exothermic signals. DSC results for P(NAGA-MAA) 

microgel dispersions in water at pH 3 are presented in Fig. 15. Two broad endothermic transitions 

were observed for PNAGA microgels in acidic conditions at around 5-20 and 30-80 oC. With the 

incorporation of MAA into the microgel network, both endothermic signals are suppressed and 

shifted to a lower temperature. Further increasing the content of MAA leads to a more suppressed 

endothermic peak. A possible explanation is that the DSC instrument only detects the cleavage of 

hydrogen bonds between NAGA units. The interaction change between NAGA and MAA units or 

between the MAA units is not detected by DSC due to the compensation from the formation of new 

hydrogen bonds or the endothermic transition below the sensitivity of the instrument.
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Figure 14. DLS and zetasizer data compared for P(NAGA90-MAA10) left and 
P(NAGA50-MAA50) right. 
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The enthalpies of the thermal transitions of P(NAGA-MAA) microgels can only be considered 

qualitative due to the baseline.  The enthalpies at low temperature are at the same level as the value 

reported earlier (0.7 J/g)108 while the endothermic signal at higher temperatures has much higher 

enthalpy. The reason why several maxima appear remains unknown. One possible reason is the 

simultaneous endo- and exothermic processes taking place during heating.

When the P(NAGA-MAA) copolymer microgels were studied by variable temperature NMR in D2O,

no intensity changes were observed. At pH 3, signals were suppressed for both NAGA and MAA 

upon cooling indicating low polymer mobility due to enhanced inter- and intra-polymer interactions.  

Upon heating, the NMR signals intensify by the same scale regardless of the NAGA-MAA ratio, 

indicating that the two monomers are simultaneously involved in the phase transition process.

Results from turbidimetry, calorimetry and NMR shows very different the phase transition 

temperatures. This is because different techniques examine different aspects of the phase transition 

process. Signals detected by NMR reflect the dynamics of the polymer chains which are determined 

Figure 15. Microcalorimetry scans in water at pH 3.  1. PNAGA 2. P(NAGA90-MAA10) 3. 
P(NAGA70-MAA30) 4. P(NAGA50-MAA50).
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by the inter- and intramolecular hydrogen bonding interactions between the NAGA amide groups and 

uncharged MAA. The endothermic phase transition observed by DSC at 5-15 oC is in agreement with 

the drastic change of NMR signal intensity within the same temperature range.  At the same time, no 

turbidity is observed in transmittance measurements indicating that the phase transition processes at 

low temperature only occur inside the microgels and do not result in the aggregation of microgels. 

For the endothermic process at higher temperatures, NMR shows unchanged signal for the copolymer 

microgels upon heating. This indicates that an overall phase transition-induced de-aggregation is 

ongoing, which is then observed by DLS and DSC. Similar phenomena have been observed for 

aqueous solutions of hydrophobically modified poly(2-isopropyl-2-oxazolines)116 and azopyridine-

modified PNIPAM27.

4.4 Catalysis
 

Ag-PNAGA microgel

The reduction of 4-nitrophenol in the presence of NaBH4 was used as a model reaction to study the 

catalytic activity of Ag-PNAGA microgels. The reduction kinetics was monitored by UV-vis 

recording the characteristic absorbance of 4-nitrophenolate at 400 nm at different temperatures, Fig. 

16-17.  A certain induction time (Fig. 17) was observed at low temperature before the reduction fully 

began. This is due to the collapsed Ag-PNAGA microgels that slow down the diffusion of reactants 

inside. Increasing temperature shorten the induction times for all microgels. 
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Shortly after the induction time, the reaction obeys pseudo-first order kinetics. By linear fitting the 

curve of ln(c/c0) versus time, the apparent rate constants, kapp, can be obtained from the slope. Based 

on the kapp value and the known amount and size of the AgNPs the catalytic activity k1 can be 

calculated. 

Figure 16. UV-vis spectra of nitrophenol reduction exemplified with insertion of 
13 ml of Ag-PNAGA-2%BIS added at 22°C followed from 0 to 33 minutes. (in the 
direction of arrow, 0 min, 3 min, 6 min, ……33 min)

Figure 17. Kinetics of 4-nitrophenol reduction with addition of Ag-PNAGA-4%BIS 
microgel monitored by UV-vis.
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Compared to the reference material, Ag-PNIPAM-2%BIS microgel, Ag-PNAGA microgels have 

generally higher apparent rate constants, kapp, that can be ascribed to the higher AgNP content and 

smaller AgNP size. Due to the different thermal responses of PNAGA and PNIPAM, Ag-PNAGA 

microgels have lower reaction rate and longer induction time at low temperatures. The catalytic 

efficiency of Ag-PNIPAM-2%BIS suppresses slightly at 35 oC (Fig. 18), nearby the VPTT of 

PNIPAM. The decrease of catalytic efficiency is due to the shrinking of the LCST-type microgel,

which hinders the diffusion of reactants93,117,118. At temperature above 30 oC, the catalytic efficiency 

of Ag-PNAGA microgels increase significantly due the expansion of PNAGA microgel networks. 

Because in the Ag-PNAGA-2%BIS the AgNPs are larger than in the Ag-PNAGA-4%BIS, the former 

has lower  k1.

The thermoreversible swelling behavior of the PNAGA microgel can be employed to tune the 

catalytic activity by modulating the diffusion through temperature variation. Ag-PNAGA-4%BIS 

microgel dispersion was added to the 4-nitrophenol solution containing NaBH4 at 50 oC (Fig. 19). 

The reduction process began instantaneously as expected. After that, the system was cooled down to 

5 oC for 5min. The reaction almost stopped at 5 oC due to the contraction of microgels. Increasing 

temperature back to 50 oC, the reaction continued. The circle was repeated for 3 times. The obtained 

result demonstrates that the catalytic activity of Ag-PNAGA microgels can be turned ‘on’ or ‘off’ by 

Figure 18. Apparent (kapp) and normalised rate constants (k1) of 4-nitrophenol 
reduction vs. temperature. Symbols ( ) Ag-PNAGA-2%BIS ( ) Ag-PNAGA-
4%BIS and (∆) Ag-PNIPAM-2%BIS and inset ( ) for AgNP-SDS . 
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temperature variation, which can be further utilized for the design of temperature modulated catalytic 

processes.

Ag-BG-PNAGA microgels

The enzymatic activity of free and immobilized enzymes was explored at different pH by p-

nitrophenyl-β-D-glucopyranoside (pNPG) cleavage at 40 oC, Fig. 20. The optimal pH for the free 

enzyme is pH 5.6 according to the literature119 while in our case the optimal pH was found to be at 

pH 6.1. For the microgel immobilized BGs the optimal pH shifts to at pH 7 but the optimal enzymatic 

activities are comparable. At high pH, the free enzyme loses its activity quickly, while the 

immobilized enzymes retain the activity better. The BG-PNAGA6 microgel with the highest 

crosslinking degree preserves 25% of its optimal activity at pH 10.   

Figure 19. Decrease of 4-nitrophenol absorbance versus time while changing 
the temperature. Microgel Ag-PNAGA-4%BIS, concentration 0.0149 mg/ml.
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The cascade catalysis of Ag-BG-PNAGA6 hybrid microgel was studied using two step reaction of 

pNPG. In the cascade, first an enzymatic pNPG cleavage producing 4-nitrophenol takes place and it

is followed by the reduction of 4-nitrophenol to 4-aminophenol by AgNPs in the presence of NaBH4. 

NaBH4 was added to the reaction at predetermined time. As controls, pure BG and BG-PNAGA6 

were tested to rule out the possibility of 4-nitrophenol reduction without AgNPs, Fig. 21A. 

In the case of Ag-BG-PNAGA6 microgels, the reduction of 4-nitrophenol by AgNPs begins shortly

after the addition of NaBH4, Fig. 21B. The benefit of the close proximity of the enzyme and 
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chemocatalyst to reaction kinetics is seen when a mixture of BG-PNAGA6 and Ag-PNAGA 

microgels is studied. When two catalysts were separated in different microgels, the reaction induction 

time was longer and it took longer time to complete.

Ag-P(NAGA-MAA) microgels

In order to compare the catalytic efficiency of the Ag-P(NAGA-MAA) microgels and the effect of 

AgNP preparation method, the kinetics of 4-nitrophenol reduction was studied at 30 oC when all the 

microgels are in the swollen state. Chemically reduced Ag-P(NAGA) microgel exhibits similar 

induction time to PNAGA microgel containing UV-reduced AgNPs, Fig. 22. This is due to the similar 

diffusion rates that are responsible for the induction period. However, it is observed that the 

photocatalyzed AgNPs displays higher catalytic rate than chemically reduced AgNPs due to their 

smaller size and larger surface area.

Increasing the MAA content shortens the induction time and increases the reaction rate. By 

incorporation of MAA units, microgel swells leading to faster diffusion and for 30 and 50% MAA-

containing AgNP microgels the catalysis starts nearly immediately. Further, higher MAA content 

ends with higher AgNPs loading. The apparent rate constants, Kapp, obtained from the kinetic curves 

were normalized to Ag mass. The Ag mass-normalized data shows that MAA content improves 
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catalysis efficiency of hybrid P(NAGA-MAA) microgels as smaller AgNPs have a larger surface-to-

volume ratio providing more binding sites for faster catalysis.

5. Conclusions
 

Thermosensitive poly(N-acryloylglycinamide) (PNAGA) microgels were prepared by aqueous free 

radical precipitation polymerization at temperature lower than the phase transition of PNAGA. The 

microgels exhibit reversible swelling and shrinking upon heating and cooling in the temperature range 

from 5 to 70 °C. Hybrid microgels containing AgNPs were prepared by reducing AgNO3 inside them. 

These hybrid microgels retain the thermosensitive behavior and are able to catalyse the reduction of 

4-nitrophenol in the aqueous dispersion. Upon heating the catalytic efficiency of PNAGA microgels 

increases due to the increased diffusivity of reactants in the swollen PNAGA microgel. The 

thermosensitive behavior of PNAGA microgels can be utilized to control their catalytic activity by a

change of temperature. 

Enzyme β-D-glucosidase was encapsulated inside PNAGA microgels with different degrees of 

crosslinking and enzyme to polymer ratios. The enzyme encapsulated microgels also shrink upon 

cooling and swell upon heating. Their phase transitions can be observed calorimetrically upon heating, 

as the PNAGA gives a broad endothermic transition with maximum at around 45 oC and the enzyme 

at 70 oC. Compared to the free enzyme, the microgel immobilized enzymes do not aggregate at 

elevated temperature. Their unfolding temperatures increase and the enthalpy of the enzyme 

unfolding decreases. The cleavage of p-nitrophenyl-β-D-glucopyranoside, pNPG, was selected as a 

model to investigate the catalytic activity the enzyme immobilized microgels under different 

conditions. The immobilized enzymes showed activities comparable to the native enzyme at neutral 

and acidic pH. The hybrid microgels with higher crosslinking density shielded the enzymes and 

retained their catalytic activity at basic pH. Bicatalytic microgels were produced by adding AgNPs 

inside the enzyme containing gel particles. In the cascade reaction of enzymatic cleavage of pNPG 

followed by AgNP catalyzed reduction of the cleavage product 4-nitrophenol to 4-aminophenol, the 

hybrid microgel combining chemo- and biocatalyst performs much better than a mixture of the two 

catalysts residing in different microgels.
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Dual thermo and pH-sensitive microgels based on P(NAGA−MAA) were prepared and their phase 

transition behaviour, as well as Ag nanoparticle catalyst encapsulation and catalysis efficiency were 

investigated. P(NAGA-MAA) microgels increase in size upon heating and show a UCST-type 

volume phase transition. Unlike PNAGA, the P(NAGA−MAA) copolymer microgels do not show 

phase transitions at neutral pH, as above the pKa of MAA, the hydrogen bonding interactions between 

NAGA and MAA units are disturbed by the incorporated ionic groups. At pH 3, all copolymer 

microgels show a UCST-type temperature-sensitive behavior, clouding at lower temperature and 

clearing upon heating. However, the cloud point (Tc) showed a complex dependency on the MAA 

content, the Tc first decreasing upon increasing MAA up to 10 mol % and then increasing with further 

increasing MAA contents. DSC measurements revealed two endothermic processes occurring during 

the heating of P(NAGA) microgels. For copolymer microgels, the transitions occurred at lower 

temperatures and the enthalpies decreased with increasing MAA content. A combination of methods 

investigating the phase transition temperature was used to understand different aspects of the phase 

transition process. AgNPs were loaded inside P(NAGA-MAA) microgels by UV irradiation. The UV-

reduced AgNPs are much smaller than those reduced by NaBH4. The number of the AgNPs increased 

with increasing MAA content and at the same time, their size decreased. Catalysis tests using 4-

nitrophenol reduction as a model reaction showed fastest reaction kinetics for the microgels with the 

highest MAA content due to the high loading and surface area of the AgNPs.
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