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Abstract 

 

Two different aspects that influence the properties of hydrogel foams are the morphology and 

the polymer functionality. In this work, both aspects were studied for hydrogel foams based on 

gelatin methacryloyl (GM) to broaden their tailorability and applicability. 

To tailor the morphology, the pore opening diameters of the hydrogel foams were adjusted. For 

this purpose, the gas fraction and the bubble diameter during microfluidic foaming were 

decoupled using two complementary methods. We showed that the pore opening diameter �dp� 
could be varied independently of the pore diameter 〈Dp〉, obtaining �dp�/〈Dp〉 ratios between 

0.14 and 0.28. A comparison of the experimentally obtained data with theoretical predictions 

for thin film diameter in liquid foams revealed that the experimental values lie between 

predictions for ordered and disordered foams. For low gas fractions, the obtained data agreed 

with predictions for disordered foams, suggesting that the pore opening diameters are 

determined by the thin film diameters in liquid foams.  

Furthermore, the sorption and release of the cationic model drug metoprolol on GM-based 

hydrogel foams was characterized and compared to non-foamed samples. When examining 

equilibrium state, i.e. measuring sorption and release isotherms, no influence of the morphology 

was found. A maximum sorption capacity of ~ 530 µmol g-1 was obtained in both cases. 

Furthermore, the materials could be fully regenerated by immersion in a salt solution. When 

studying non-equilibrium state, i.e. measuring sorption and release kinetics, the morphology 

had a pronounced influence. Up to 10 times higher rate coefficients were obtained for the 

foamed samples, which can be explained by shorter diffusion paths in foamed hydrogels. 

Moreover, the rate coefficients for the foamed and the non-foamed samples depended on the 

ion concentration in the sorption or release medium.  

In addition, we synthesized a new gelatin derivative by biotinylating the carboxyl groups in 

GM in a two-step procedure. Successful biotinylation was confirmed by TNBS- and 

HABA/Avidin assays as well as by 1H-NMR. After having prepared hydrogel foams based on 

the biotinylated GM, the streptavidin-conjugated model enzyme horseradish peroxidase (Strep-

HRP) was immobilized via the biotin-streptavidin interaction. A comparison of the substrate 

conversion rate rA of Strep-HRP immobilized on foamed and non-foamed hydrogels showed 

that rA is 12 times higher in foamed hydrogels. This suggests that rA can be adjusted by tailoring 

the sample morphology.  
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Kurzzusammenfassung 

 

Zwei verschiedene Aspekte, die die Eigenschaften von Hydrogelschäumen beeinflussen, sind 

die Morphologie und die Polymerfunktionalität. In dieser Arbeit wurden beide Aspekte für 

Hydrogelschäume auf Basis von Gelatine-Methacryloyl (GM) untersucht, um die 

Anwendbarkeit dieser Materialien zu erweitern. 

Zur genauen Einstellung der Morphologie wurden die Porenöffnungsdurchmesser der 

Hydrogelschäume variiert. Dazu wurden Gasanteil und Blasendurchmesser während der 

Herstellung flüssiger Schaumtemplate entkoppelt, wozu zwei komplementäre Methoden 

verwendet wurden. Es konnte gezeigt werden, dass der Porenöffnungsdurchmesser �dp� unab-

hängig vom Porendurchmesser �Dp� variiert werden kann, wodurch sich �dp�/〈Dp〉-Verhält-

nisse zwischen 0.14 und 0.28 ergaben. Ein Vergleich der experimentell gewonnenen Daten mit 

theoretischen Vorhersagen für die Filmdurchmesser in flüssigen Schäumen ergab, dass die 

experimentellen Werte zwischen den Vorhersagen für geordnete und ungeordnete Schäume 

liegen. Bei niedrigen Gasanteilen stimmten die erhaltenen Daten gut mit den Vorhersagen für 

ungeordnete Schäume überein, was darauf hindeutet, dass die Porenöffnungsdurchmesser durch 

die Dünnschichtdurchmesser in flüssigen Schäumen bestimmt werden.  

Darüber hinaus wurde die Sorption und Freisetzung des kationischen Modellwirkstoffs 

Metoprolol an GM-basierten Hydrogelschäumen charakterisiert und mit ungeschäumten 

Proben verglichen. Bei der Untersuchung des Gleichgewichtszustands, d. h. der Messung von 

Sorptions- und Freisetzungsisothermen, wurde kein Einfluss der Morphologie festgestellt. Für 

geschäumte und ungeschäumte Proben wurde dabei eine maximale Sorptionskapazität von 

~ 530 µmol g-1 erhalten. Außerdem konnten die Materialien durch Immersion in eine 

Salzlösung vollständig regeneriert werden. Bei der Untersuchung des Nicht-Gleichgewichts-

zustands, d. h. der Messung der Sorptions- und Freisetzungskinetiken, hatte die Morphologie 

dagegen einen deutlichen Einfluss. Es wurden bis zu 10-fach höhere Geschwindigkeits-

koeffizienten für die geschäumten Proben erhalten, was durch kürzere Diffusionswege in 

geschäumten Proben erklärt werden kann. Außerdem konnte gezeigt werden, dass die 

Geschwindigkeitskoeffizienten für geschäumte und ungeschäumte Proben durch die Ionen-

konzentration im Sorptions- oder Freisetzungsmedium beeinflusst wird.  

Darüber hinaus wurde ein neues Gelatinederivat durch Biotinylierung der Carboxylgruppen in 

GM synthetisiert. Die erfolgreiche Biotinylierung des Polymers wurde durch TNBS- und 

HABA/Avidin-Assays sowie durch 1H-NMR bestätigt. Nach der Herstellung von Hydrogel-

schäumen auf Basis von biotinylierter GM wurde das Streptavidin-konjugierte Modellenzym 

Meerrettichperoxidase (Strep-HRP) über die Biotin-Streptavidin-Interaktion immobilisiert. Ein 

Vergleich der Substratumwandlungsraten rA zwischen geschäumten und ungeschäumten 

Hydrogelen zeigte, dass rA in geschäumten Hydrogelen 12-fach höher ist. Dies deutet darauf 

hin, dass rA durch die Anpassung der Probenmorphologie eingestellt werden kann. 
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1. Introduction 

 

1.1 Motivation 

 

Whether in packaging, insulation, or protective gear, macroporous materials are widely used in 

our daily life [Lee07]. One subgroup of macroporous materials are hydrogel foams which are 

defined by a continuous phase consisting of a hydrogel matrix, and a dispersed phase consisting 

of a gas or a liquid [Dje21]. Due to the unique combination of the porous foam structure with 

the high water content of a hydrogel, these materials have gained increasing attention in many 

research fields, including tissue engineering [Bar08, Lin11], drug delivery [Gup10], or 

wastewater treatment [Wu20]. In tissue engineering, for example, the hydrogel matrix ensures 

biocompatibility, while the porous structure enables an increased transport of oxygen and 

nutrients. One major challenge in these application fields is the generation of hydrogel foams 

with defined properties, i.e. tailor-made hydrogel foams. The properties of hydrogel foams 

generally depend on two different length scales: (1) the microscale, which is defined by the 

morphology of the hydrogel foam, and (2) the nanoscale, which is defined by the network 

structure and composition of the hydrogel matrix (Figure 1.1).  

 

 

 

Figure 1.1: (left) Schematic drawing of a hydrogel foam. The hydrogel matrix is drawn in 
yellow, whereas the gas-filled pores are white. (right) Schematic drawing of the hydrogel 
network structure. The black lines represent the polymer chains and the blue circles represent 
the functional groups.   
  

The morphology of a hydrogel foam is defined by its structural parameters, namely the pore 

diameter, the pore diameter distribution, and the pore connectivity. The influence of these 

parameters was examined in e.g. tissue engineering, where relations between the distribution 

and differentiation of cells and the pore diameter and pore diameter distribution were found in 

various studies [Lee13, Cos16]. Both the pore diameter and pore diameter distribution of 
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hydrogel foams can be adjusted by liquid foam templating via microfluidic foaming. In this 

approach, a liquid foam template based on a hydrogel precursor solution is generated and 

subsequently solidified by e.g. homo- or copolymerization of monomers [Hsi16] or cross-

linking of polymer chains with reactive groups [And17]. During this process, a three-

dimensional hydrogel network is generated. Figure 1.2 shows a schematic drawing of foam 

templating via microfluidic foaming. 

 

 

Figure 1.2: Generation of hydrogel foams via liquid foam templating using microfluidic 
foaming. During solidification, the structure of the liquid foam template is retained. The blue 
areas represent the hydrogel precursor solution, while the yellow areas represent the cross-
linked hydrogel matrix. The gas phase is drawn in white.  
 

The solidification of the liquid foam template usually causes a rupture of the thin films between 

neighboring bubbles, which leads to the formation of pore openings. Thus, an interconnected 

porous structure that can also be filled with an aqueous solution is generated. As the structure 

of the liquid template is retained during solidification, the structure of the hydrogel foam can 

be adjusted by controlling the structure of the liquid template. A powerful tool to control the 

structure of the liquid template is microfluidic foaming, which was used to generate hydrogel 

foams with a defined pore diameter [Cos15, And17, Deh19], a controlled degree of polydis-

persity [And18a], or a gradient in pore diameter [Cos19]. However, control over the pore 

openings independent of the pore diameter is still a challenge.  

Besides the morphology, the network structure and composition of the hydrogel matrix also 

play an important role when generating hydrogel foams with defined properties. The network 

structure and composition depend primarily on the type of polymer, as well as the type and 

density of cross-linking [Bas20], or the presence of specific functional groups. The influence 

of the network structure on the hydrogel foam properties was for instance demonstrated for 

hydrogel foams based on poly(acrylamide), for which a direct correlation between the degree 

of cross-linking and the osteogenesis of mesenchymal stromal cells was found [Hsi16]. In 

addition, the influence of functional groups within the hydrogel matrix was studied for 
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hydrogels based on chitosan, where a different swelling behavior was found depending on the 

charge of the functional groups [Pie09]. Furthermore, it was shown that the sorption of cholate 

ions on hydrogels based on quaternary ammonium-modified dextran depends on the structure 

of the functional groups [Nic00] in the hydrogel matrix. Specific functional groups can either 

be inherently present in the polymer and in the cross-linker, respectively, or can be introduced 

by additional modification.  

In this thesis, both the morphology and the effects of the polymer functionality are studied for 

hydrogel foams based on gelatin methacryloyl (GM). GM is a derivative of the biopolymer 

gelatin, which is synthesized by modifying amine and hydroxyl groups in polypeptide side 

chains of gelatin with methacrylic anhydride [Bul00]. Figure 1.3 shows a drawing of 

methacryloylated gelatin.  

 

 

Figure 1.3: Schematic drawing of gelatin methacryloyl (GM). Reprinted with permission from 
[Deh21b]. Copyright 2021 American Chemical Society. 
 

In presence of a suitable photo initiator, the methacryloyl groups can be radically cross-linked 

by irradiation with UV light to form hydrogels. The modification of gelatin also results in a 

decreased viscosity compared to non-modified gelatin [Hoc12], which facilitates foam 

production via microfluidics and allows for the solubilization of an increased amount of 

polymer in the continuous phase. Moreover, GM is both biodegradable [Ste02] and 

biocompatible [Sir13], which makes hydrogel foams based on GM attractive for many 

applications. During methacryloylation, the carboxyl groups of gelatin are unaffected and are 

thus available for further chemical modification [Cla19]. Based on a previous study, which 

deals with adjusting the pore diameter of GM-based hydrogel foams [Deh19], this work seeks 

to further expand the tailorability and applicability of these materials by (1) adjusting the pore 

opening diameters in GM hydrogel foams, (2) studying the sorption and release of a cationic 

drug on GM hydrogel foams, which most likely occurs on the inherently present carboxyl 

groups of GM, and (3) chemically modifying the carboxyl groups to add another dimension of 

functionality to the hydrogel foams.  
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1.2 Task Description 

 

In order to address both the morphology and the polymer functionality of gelatin-based 

hydrogel foams, this thesis is divided into three parts, each focusing on a different feature of 

the material.  

In the first part, the morphology of the hydrogel foam is further tailored by adjusting the pore 

opening diameters. To tackle this goal, a method to decouple the gas fraction and the bubble 

diameter during foam production via microfluidics has to be developed. This is because both 

the pore opening diameter and the pore diameter of a hydrogel foam are connected to the gas 

fraction of the liquid template when producing the templates via microfluidics. Furthermore, a 

suitable method for characterizing the pore openings of hydrogel foams in their swollen 

equilibrium state has to be found. In addition, the obtained values for the pore opening 

diameters are compared with theoretical predictions for thin film diameters in the liquid state, 

to examine whether there is a direct relation between these parameters.  

In the second part, the properties entailed by the functional groups of GM are examined. For 

this purpose, the sorption and release of a cationic model drug, which, according to our 

hypothesis, occurs on the carboxyl groups of GM, is investigated. A suitable model drug is 

metoprolol, whose chemical structure is depicted in Figure 1.4 (left). The sorption behavior of 

metoprolol is studied in both equilibrium and non-equilibrium conditions by measuring sorption 

isotherms and kinetics. Furthermore, the release of the model drug is examined. Equally to the 

sorption, the release behavior is examined by measuring release isotherms and kinetics. To 

elucidate the role of the hydrogel morphology, the sorption and release behavior of foamed 

hydrogels with a defined pore diameter is compared to the sorption and release behavior of non-

foamed samples. 

In the third part, additional functionality is introduced to the hydrogel foams by modifying the 

carboxyl groups. A suitable functional group for this purpose is biotin, as this might allow for 

building a bioconjugation platform via the biotin-streptavidin interaction. Figure 1.4 (right) 

depicts the chemical structure of biotin.  

                           

Figure 1.4: Chemical structure of metoprolol (left) and biotin (right).  
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In order to introduce biotin to the polymer chains, a suitable functionalization strategy has to 

be developed. Moreover, the amount of functionalized carboxyl groups has to be quantified. 

After having functionalized and characterized the polymer, hydrogel foams have to be produced 

via microfluidic foaming. The potential of these materials for building a bioconjugation 

platform is examined by immobilizing the streptavidin-conjugated model enzyme horseradish 

peroxidase (Strep-HRP) via the biotin-streptavidin interaction. In addition to that, the substrate 

conversion rate of Strep-HRP immobilized on functionalized hydrogel foams is compared to 

the substrate conversion rate of enzymes immobilized on non-foamed samples to examine the 

influence of the hydrogel morphology. Figure 1.5 shows the different dimensions of hydrogel 

foams studied in this thesis.  

 

 

Figure 1.5: Schematic drawing of the dimensions of hydrogel foams studied in this thesis. The 
grey circles represent the pore openings, while the white circles represent the pores. The cross-
linked hydrogel matrix is drawn in yellow. The black lines represent the polymer chains with 
functional groups drawn as blue circles. The green circles represent metoprolol, while the pink 
shapes represent biotin. The green and blue shapes represent streptavidin-conjugated horse-
radish peroxidase.  
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2. Theoretical Background  

 

2.1 Hydrogels 

 

2.1.1 Definition  

 

Typical hydrogels are polymeric materials that consist of a three-dimensional cross-linked 

hydrophilic polymer network [Hoa08]. Due to the hydrophilic network, hydrogels can take up 

and retain large amounts of aqueous media [Ahm15, Sla09]. Hydrogels can be distinguished 

according to different criteria, such as the origin of their building blocks or the nature of cross-

linkages. Regarding the origin of their building blocks, hydrogels can be synthetic or natural 

hydrogels [Dje21]. Synthetic hydrogels are usually based on polymers of non-renewable origin 

such as poly(vinyl alcohol) [Zha12], poly(acrylamide) [Kim10], or poly(hydroxyl ethyl 

methacrylate) [Rat72]. By contrast, natural hydrogels are based on plant- or animal-derived 

biopolymers such as gelatin [Hoc12], hyaluronic acid [Bur11], or xanthan [Bue13]. 

Furthermore, hybrid hydrogels can be generated by combining synthetic and natural polymers 

[Wan99]. Regarding the nature of cross-linkages, hydrogels can be physical and chemical 

hydrogels. Physical cross-linkages in hydrogels are formed by transient bonds [Var17], which 

result from physical interactions such as hydrogen bonds, hydrophobic interactions, ionic 

interactions, crystallites, or entanglements [Dje21]. The biggest advantage of physically cross-

linked hydrogels is that the network formation is reversible, which allows, for example, 

producing self-healing materials [Zha12] or easy recycling [Men21]. However, the resulting 

materials are often not stable over a wide range of pH, ionic strength, or temperature, which 

strongly limits their application. By contrast, the cross-linkages in chemically cross-linked 

hydrogels are formed by covalent bonds and are therefore permanent. Chemically cross-linked 

hydrogels can be obtained by homo- or copolymerization of water-soluble monomers [Ahm15] 

or by directly cross-linking polymers with reactive groups [Klo16]. In the latter case, the cross-

linking can either occur via a cross-linking agent that reacts with specific functional groups of 

the polymer [And17], or by polymerization of reactive side chains that are present within the 

polymer [Hoc13]. Figure 2.1 shows a schematic drawing of a physically and a chemically cross-

linked hydrogel. 
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Figure 2.1: Schematic drawing of a physically (left) and chemically (right) cross-linked 
hydrogel.  
 

The first application of hydrogels dates back to 1960 when hydrogels based on poly(hydroxyl 

ethyl methacrylate) were first used as materials for contact lenses [Wic60]. Since then, their 

application has continued to expand to fields like agriculture [Rud12], cosmetics [Mit20], or 

biomedicine [Par96]. Other application fields include the sorption and release of ions, or the 

immobilization of enzymes (see Sections 2.3 and 2.4). One challenge for all applications is the 

generation of biocompatible and biodegradable materials, preferably from renewable sources. 

Thus, hydrogels based on biopolymers such as chitosan [Ahs20], alginate [Aug06], or gelatin 

[Hoc12] are intensively examined.  

 

2.1.2 Hydrogels based on gelatin  

 

Gelatin: Gelatin is a mixture of proteins produced by partial hydrolysis of the biopolymer 

collagen [Bab96] with which it shares many similarities. Collagen is part of the natural 

extracellular matrix of animals [Alb02] and consists of polypeptide chains that self-assemble 

into triple-helical domains stabilized by hydrogen bonds. In order to form the characteristic 

triple helices, every third position in the polypeptide chain of collagen must be occupied with 

glycine [Tra71], which is the smallest proteinogenic amino acid. Consequently, the triple-

helical domains of collagen consist of repetitive tripeptide units (Gly-X-Y)n [Ram98]. During 

the hydrolysis of collagen, the chemical bonds between and within the peptide chains are 

broken, resulting in the transformation of water-insoluble collagen to water-soluble gelatin 

[Bab96]. Gelatin is widely used in the field of biomaterials science as it contains asparagine-

glycine-aspartic acid (RGD)-sequences, which are relevant for cell adhesion. Furthermore, it 

contains target sequences for matrix-metalloproteinases (MMP), which impart biodegradability 

[Ste02]. Depending on the hydrolysis conditions, two different types of gelatin can be 
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distinguished. Gelatin type A is produced by acidic hydrolysis, while gelatin type B is produced 

by basic hydrolysis. Due to the different hydrolysis conditions, gelatin type A and gelatin type 

B differ significantly in their charge patterns, which is also illustrated by their isoelectric points 

(IEPs). Gelatin type A has an IEP of 8.8, which closely resembles the IEP of native collagen. 

In contrast, gelatin type B has an IEP of 4.9 [Sew18]. This decrease is due to the basic hydrolysis 

conditions, under which the amino acids asparagine and glutamine are hydrolyzed to aspartic 

and glutamic acid [Bab96]. Consequently, additional negative charges are introduced to the 

polypeptide backbone.  

 

Physical and chemical hydrogels based on gelatin: Aqueous solutions of both gelatin type A 

and gelatin type B can undergo thermo-reversible sol-gel transitions [Miy15, Sew18]. Upon 

cooling an aqueous gelatin solution, the polypeptide chains partially re-associate to the triple 

helix structure of collagen and form a physically cross-linked hydrogel. When increasing the 

temperature above the melting point of the hydrogel, the structure is disturbed due to the thermal 

motion of the polypeptide chains and the hydrogel starts to melt. The gelling, as well as the 

melting point of physically cross-linked gelatin hydrogels, strongly depends on the polymer 

concentration as well as the heating or the cooling rate. The melting point of a physical gelatin 

hydrogel with a mass fraction of 10 wt. % is 31 °C [Sew18]. Figure 2.2 shows a schematic 

drawing of the sol-gel transition of gelatin.  

 

 

Figure 2.2: Schematic drawing of the sol-gel transition of gelatin. Upon cooling an aqueous 
gelatin solution (left), the polymer chains re-associate to triple helices (right).  
 

Chemically cross-linked gelatin hydrogels can be generated by reaction of amino groups in 

amino acid side chains with cross-linkers such as e.g. 1-Ethyl-3-(3-dimethyl aminopropyl) 
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carbodiimide (EDC) [Bar09], genipin [Yao04], or glutaraldehyde [Big08]. As an alternative, 

gelatin can be chemically modified to introduce polymerizable groups into the polymer. One 

well-known example is methacryloylated gelatin (GM), which was first reported by van den 

Bulcke [Bul00]. GM is synthesized by the reaction of gelatin with methacrylic anhydride at a 

constant pH, resulting in methacryloylation of amino and hydroxy groups in polypeptide side 

chains [Cla18a]. The degree of substitution can be controlled by adjusting the amount of added 

methacrylic anhydride [Hoc12]. The reaction scheme for the synthesis of GM is shown in 

Figure 2.3.  

 

 

Figure 2.3: Synthesis of methacryloylated gelatin via methacryloylation of amine and hydroxyl 
residues in gelatin. Adapted with permission from [Deh21b]. Copyright 2021 American 
Chemical Society.  

 

The methacryloylation of gelatin also results in a decreased IEP due to the conversion of the 

positively charged amino groups in lysine residues. For gelatin type A, an IEP of 4.5 is obtained, 

whereas an IEP of 4.1 is obtained for gelatin type B [Sew18]. Thus, GM is a polyanion at neutral 

pH, regardless of its source. During methacryloylation, the carboxylate groups of asparagine 

and glutamine acid residues in gelatin are unaffected and thus available for further modification. 

This has been used to prepare GM with an isoelectric point of 9.9 [Cla19], which was achieved 

via functionalization of the carboxyl groups with ethylenediamine.  

The methacryloyl groups of GM can be cross-linked by radical polymerization in presence of a 

suitable initiator [Klo16]. Depending on the type of initiator, the cross-linking can be triggered 

thermally or photo-chemically. However, a photo-chemical initiation is widely preferred as it 

allows for spatio-temporal control of cross-linking. One example of a photo-initiator that is 

commonly used for cross-linking of GM is lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) [Mon18], whose maximum molar extinction coefficient is at 375 nm [Fai09]. Thus, 
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cross-linking can easily be triggered by irradiation with UV-A light. Compared to other 

commonly used UV-active photo-initiators such as Irgacure 2959, LAP has a much higher 

molar extinction coefficient [Fai09] and good water solubility [Maj91], which allows for 

solubilizing an increased amount of initiator. This is particularly important for cross-linking of 

thin structures. In this case, the inhibition of the cross-linking procedure by oxygen from the 

surrounding atmosphere can be circumvented by simply adding a larger amount of photo 

initiator. The cross-linking of methacryloyl groups and the chemical structure of LAP are shown 

in Figure 2.4.  

 

 

 

Figure 2.4: Photo-chemical cross-linking of GM in presence of LAP.  

 

It has to be noted that the methacryloyl groups disturb interactions between the gelatin peptide 

chains, resulting in a reduced viscosity of aqueous solutions [Hoc13, Sew18]. Compared to 

non-modified gelatin, this allows handling of aqueous gelatin solutions with increased 

concentrations at room temperature. The properties of GM hydrogels strongly depend on the 

GM mass fraction and the degree of substitution. It was shown that the compressive modulus 

K and the storage modulus G’ of GM hydrogels increase with increasing degree of substitution 

as well as increasing GM mass fraction [Che12, Nic10, Hoc12]. By contrast, the equilibrium 

swelling degree (EDS) of GM hydrogels decreases with increasing degree of substitution and 

mass fraction [Hoc12] which can be attributed to a decreased mesh size. It was also shown that 

in addition to chemical cross-linking, physical interactions in GM hydrogels affect the hydrogel 

properties. Regardless of the degree of substitution, increased compressive strengths σb were 

obtained when GM hydrogel precursor solutions were cooled before chemical cross-linking 

[Reb19]. The mechanical properties of GM hydrogels can also be adapted by varying the 

initiator concentration or the UV exposure time [Bul00]. GM hydrogels can be fabricated in 

various shapes and microstructures [Yin18, Nic10, Ald19]. Of particular interest are 

macroporous hydrogels, which are also known as hydrogel foams, since they combine the 
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unique properties of hydrogels with the large surface area and short diffusion lengths of a 

porous material. One method to generate GM hydrogel foams is liquid foam templating 

[Deh19].  

 

2.2 Liquid foam templating for the generation of hydrogel foams 

 

Liquid foam templating aims at generating solid foams by solidifying the continuous phase of 

a liquid foam template. During the solidification, the structure of the template is retained. Thus, 

control over the solid foam structure can be gained by adjusting the structure of the liquid foam 

template. In the following paragraph, the physical properties of liquid foams are outlined, 

followed by the generation of hydrogel foams via liquid foam templating. Finally, microfluidics 

for the generation of liquid foams is described.  

 

2.2.1 Liquid foams  

 

Key parameters of liquid foams: Liquid foams are dispersions of gas bubbles within a 

continuous liquid phase [Wea99], which are generated by either physical, chemical, or 

biological foaming methods. In physical foaming methods, bubbles are created by phase 

transitions or mechanical forces. Chemical foaming, on the other hand, is the result of gas 

release during chemical reactions [Hec98]. A well-known example of this is the generation of 

poly(urethane) foams [Zha13], during which CO2 is released by the decomposition of 

isocyanides. In biological foaming, the gas is generated by microorganisms such as yeast 

[Uhl15]. What all these methods have in common is that they supply the energy that is required 

to generate an interface between the gas and the liquid. The least amount of energy U that is 

required to generate one bubble is defined as [Dre15] 

 

	 =  γ��, (2.1) 

 

with γ being the surface tension and � being the diameter of the bubble. To prevent the 

coalescence of the generated bubbles, stabilizing agents such as surfactants, polymers or 

proteins are added to the liquid phase [Tch08].  

Liquid foams are defined by their average bubble diameter 〈�〉 and its distribution, which can 

be described by the polydispersity index (PDI). The PDI is given as 
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�� = �〈��〉  −  〈�〉� 
〈�〉 . (2.2) 

 

The generated bubbles are considered monodisperse if the PDI is below 5 % [Dre10]. Another 

important parameter in liquid foams is the gas fraction ϕ, which is defined by the ratio of the 

gas volume to the total foam volume. At a critical gas fraction ϕc the gas bubbles touch each 

other. For monodisperse bubbles that order in a close-packed structure, the critical gas fraction 

is ϕc = 0.74 [Mae13], whereas, for monodisperse, disordered bubbles, the critical gas fraction 

is ϕc = 0.64 [Ast08]. Note, however, that a close-packed structure is energetically more 

favorable compared to a randomly packed structure. Thus, monodisperse bubbles self-order 

under the influence of gravity and confinement if the gas fraction is sufficiently low to allow 

for a rearrangement of bubbles [Dre10]. If the gas fraction is sufficiently high so that two 

bubbles touch, a contact zone is formed, which is subject to capillary forces. Consequently, the 

contact zone is reduced to a thin liquid film, whose thickness is determined by the equilibrium 

between the capillary pressure pc and the interactions of the surfactant layers [Höh21]. It holds 

for the capillary pressure  

 

�� = �� − �� =  2γ�, (2.3) 

 

where pl is the pressure of the liquid, pg is the gas pressure, γ is the surface tension, and H is the 

mean curvature of the interface between the bubble and the liquid. The diameter of the contact 

zone db between touching bubbles depends on both the bubble diameter and the gas fraction. 

The larger the bubble diameter and the higher the gas fraction, the larger are the diameters of 

the contact zones. For monodisperse disordered foams [Prin88, Ard04] this relation is given as  

 

〈��〉 = 0.6
ϕ"# ⎝

⎜⎛1 − 1.74
) ϕ1 − ϕ + 1.3+"�⎠

⎟⎞
"�

∙ 〈�〉. (2.4) 
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Foam degradation: As liquid foams are thermodynamically unstable, they suffer from time-

dependent foam degradation. Generally, there are three foam degradation mechanisms: 

Drainage, coarsening, and coalescence. 

Drainage is the gravity-driven loss of liquid and results in a liquid fraction gradient along with 

the height of the foam. It holds for the liquid fraction gradient along the foam height [Dre15] 

 

φ1ℎ�2 = φ�(1 + ℎ�)�, (2.5) 

 

with φ being the liquid fraction, φc being the critical liquid fraction, and ℎ� being the reduced 

foam height. The liquid fraction φ is the ratio of the liquid volume to the total foam volume and 

is related to the gas fraction as follows: φ = 1 - ϕ. Thus, the gradient in the liquid fraction also 

generates a gradient in the gas fraction along the foam height. To decrease the influence of 

drainage in liquid foams, foams with a small foam height or a small bubble diameter can be 

generated [Mae13]. Furthermore, drainage can be slowed down by increasing the viscosity of 

the continuous phase or blocking the liquid channels between neighboring bubbles with 

particles such as laponite [Gui09]. Note that drainage only affects the liquid fraction of the 

foam, but does not change the bubble size and the bubble size distribution. However, the 

diameters of the contact zones between neighboring bubbles are influenced, because their size 

is determined by the gas fraction of the foam.  

Coarsening is the transport of gas through thin liquid films within a foam, leading to an increase 

in the mean bubble size. Coarsening is driven by the Laplace pressure difference Δp between 

bubbles, which is given as [Wea99] 

 

∆� = 2γ5 , (2.6) 

 

with R being the bubble radius. Coarsening can be slowed down by generating foams with a 

very low polydispersity, as this decreases the Laplace pressure differences between the bubbles. 

Furthermore, the transport of the gas can be slowed down by using a gas with a low solubility 

[Wea99] or creating a densely packed surfactant layer [Var11]. Another method to slow down 

coarsening is the addition of water-insoluble gases, such as fluorocarbons, to the dispersed 

phase [Wea90]. In this way, a difference in osmotic pressure is generated, which 

counterbalances the Laplace pressure difference.  
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Coalescence is the merging of bubbles caused by the rupture of thin films, ultimately leading 

to an increase in bubble size and a decrease in bubble number. Coalescence can be slowed down 

by stabilizing the interface with e.g. particles [Rio14] or “catanionic” surfactant mixtures 

[Var11]. Furthermore, coalescence can be slowed down by fluorocarbon vapors [Ste21].  

 

2.2.2 Liquid foam templating  

 

To generate solid foams via liquid foam templating, the continuous phase of the liquid template 

has to be solidified. Depending on the composition of the continuous phase, this can be achieved 

via different methods [And18b]. In monomer-based systems, solidification occurs by 

polymerizing monomers that are either dissolved in the continuous phase [Net09] or constitute 

the continuous phase [Bon06]. Well-known polymer foams generated by solidifying a 

monomer-based continuous phase are poly(urethane) foams [Tes13]. In polymer-based 

systems, solidification occurs by cross-linking a polymer that either constitutes [Rod05] or is a 

component of the continuous phase [Tes10, And17, Deh19]. Solid foams can also be generated 

by solidifying dispersion-based systems. In these systems, the continuous phase consists of a 

suspension [Won09] or an emulsion [Els17a, Dab21]. For successful foam templating, the 

timescale of solidification has to be matched to the timescale of foam generation and foam 

degradation, and vice versa, to avoid pre-mature cross-linking or foam degradation. In an ideal 

case, the solidification occurs rapidly and can be controlled by an external stimulus.  

During solidification, the structure of the liquid foam template is retained. Thus, the liquid 

foam’s key structural parameters determine the solid foam’s key structural parameters. The pore 

diameter Dp and the pore diameter distribution, for instance, are fixed by the bubble diameter 

Db and the bubble diameter distribution. This has been demonstrated for numerous cases 

[And17, And18a, Deh19]. However, one has to bear in mind that those parameters are also 

influenced by shrinkage occurring during solidification [Deh19] or foam degradation prior to 

solidification. The porosity of the solid foam, which describes the relative amount of gas and 

solid phase, is fixed by the gas fraction of the liquid template [And18b]. Figure 2.5 shows a 

solid foam with a gradient in porosity due to drainage. At the top of the foam (high gas fraction) 

a high porosity can be observed, whereas at the bottom (low gas fraction) a low porosity is 

observed. 
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Figure 2.5: SEM image of a dried free-standing solid foam based on methacryloylated gelatin. 
Taken from [Deh19]. Reprinted with permission from [Deh19]. Copyright 2019 American 
Chemical Society. 

 

In many systems, pore openings between neighboring pores are generated during solidification 

or further material processing. While the exact mechanism of the pore opening process is still 

unknown, a widely accepted hypothesis is that the formation of pore openings is caused by the 

rupture of thin films between neighboring bubbles. According to this, the pore opening diameter 

is directly determined by the diameter of the thin liquid films between neighboring bubbles, 

which is, in turn, determined by the gas fraction (see Section 2.2.1). This was also shown 

qualitatively for poly(urethane) foams, in which the pore opening diameter dp increased with 

increasing gas fraction [Tes13]. The relation between gas fraction and pore opening diameter 

can be seen qualitatively in Figure 2.5. Due to the formation of pore openings, the foams can 

be filled with liquids (Figure 2.6). Technically, the term “foam” does not apply to water-filled 

structures (Figure 2.6 (right)) since foams are defined as dispersions of gas bubbles within a 

continuous phase. However, to be consistent with the existing literature, these structures will 

still be referred to as foams throughout this thesis. In closed-cell solid foams, which are obtained 

when the liquid foam templates are stabilized with particles [Won10] or when the formation of 

thin films is prevented by rapid solidification, the pores are permanently filled with gas.  
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Figure 2.6: Liquid foam template (left) consisting of an aqueous polymer solution and gas. 
Upon cross-linking, a solid foam filled with gas is generated (middle). If pore openings are 
generated during solidification, the generated foams can be filled with water (right).  

 

If the continuous phase of liquid foam templates consists of hydrophilic monomers or polymers 

dissolved in an aqueous solution, a hydrogel matrix is generated during solidification. 

Consequently, the resulting materials are called hydrogel foams. The most characteristic feature 

of hydrogel foams is that their continuous phase is permeable for small molecules such as water 

and gases [Maj17]. Thus, hydrogel foams swell to equilibrium in aqueous media, which also 

influences their pore size [Deh19]. Upon drying, dried hydrogel foams are generated, which, 

depending on the drying method, have an additional microporous structure [Dje21]. Hydrogel 

foams can be prepared by the monomer-based approach [Net09] and the polymer-based 

approach [And17]. However, the polymer-based approach is used more commonly as fewer 

components are needed in the continuous phase and solidification usually occurs faster. 

Furthermore, foams based on aqueous polymer solutions can be more effectively stabilized by 

surfactants, because the continuous phase is significantly more polar than in monomer-based 

systems. Figure 2.7 shows images of various hydrogel foams prepared by the polymer-based 

approach. 

  



 

17 
 

     

Figure 2.7: SEM images of hydrogel foams based on chitosan (left), methacryloylated gelatin 
(middle), and alginate (right). (left) Reprinted with permission from [And18a]. Copyright 2018 
American Chemical Society. (middle) Reprinted with permission from [Deh19]. Copyright 
2019 American Chemical Society. (right) Reprinted with permission from [Cos15]. Copyright 
2015 American Chemical Society. 
 

To prepare solid foams with a defined structure, the structure of the liquid foam template needs 

to be precisely controlled. One way to adjust the structure of the liquid template is microfluidic 

foaming. In this technique, a defined flow field is generated, which allows producing liquid 

foams with defined bubble diameters and bubble diameter distributions [Lin11, Tes13, Cos16, 

And18a, Deh19]. Furthermore, the spatial organization of the bubbles can be controlled, 

enabling the generation of hydrogel foams with a pore size gradient [Cos19]. The following 

section will outline the fundamentals of microfluidic foaming.  

 

2.2.3 Microfluidic foaming 

 

Microfluidics deal with the control and behavior of liquids and gases in micrometric dimensions 

and are applied in various research fields such as chemical engineering [Sun16] or chemical 

and biomedical analysis [Hae07]. Compared to the macroscale, the behavior of fluids in 

micrometric dimensions is notably different. First of all, the influence of viscous forces 

dominates over inertia, which becomes evident when looking at the Reynolds number. The 

Reynolds number is a dimensionless number, which describes the ratio of stress created by 

inertia to stress created by the fluid’s viscosity [Rot90]. The Reynolds number reads 

  

56 =  789 =  inertial stressviscous stress, (2.7) 

 

with 7 being the density, 8 being the velocity, D being the characteristic length scale, and 9 

being the dynamic viscosity of the fluid. Due to the small characteristic length scales in 
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microfluidics, the influence of viscous stresses usually dominates over the influence of inertial 

stresses, which leads to a viscosity-driven flow in microfluidic devices.  

To generate bubbles with microfluidics, a gas and a liquid need to be simultaneously injected 

into a microfluidic chip. As soon as the gas and liquid meet at a constriction, an interface 

between gas and liquid is created, which is deformed until a bubble with a diameter Db is 

pinched off [Dre15]. If the flow rate of gas Qg and liquid Ql are set to appropriate values, the 

generation of bubbles occurs periodically, which can result in the formation of monodisperse 

liquid foams. The shape of bubbles moving in a surrounding fluid can be described by the Bond-

number, which represents the ratio of gravitational to interfacial stress [Hag12]. The Bond 

number reads 

 

FG =  ∆7H�
I =  gravitational stressinterfacial stress ,  (2.8) 

 

with ∆7 being the density difference of the fluids, g being the gravitational acceleration and I 

being the surface tension. As the characteristic length scale in microfluidic chips is very small, 

the influence of gravity on the bubbles can be neglected. The bubble pinch-off inside the 

microfluidic chip is primarily influenced by the geometry of the constriction, as this determines 

the flow field at the interface between gas and liquid [Dre15]. The most commonly used 

geometries are cross-flow, co-flow, and flow-focusing (Figure 2.8).  

 

 

 

Figure 2.8: Schematic drawings of commonly used bubbling geometries in microfluidic 
channels. (A) cross-flow geometry (T-junction), (B) co-flow geometry, (C) flow-focusing 
geometry. The arrows indicate the direction of flow. Adapted from [Ma17] with permission 
from MDPI, open access journal.  
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If the liquid and gas meet at an angle between 0 – 180 °, the geometry is denoted as cross-flow. 

This geometry is also called “T-junction” if the gas and liquid inlet channels are perpendicular. 

In the co-flow geometry, the two phases move parallel to each other, whereby the channel of 

the liquid phase surrounds the channel of the gas phase. In the flow-focusing geometry, both 

fluid channels are focused in a constriction, which allows for an even more controlled bubble 

break-up. Recently, a flow-focusing chip with a reconfigurable constriction was developed 

[Cos19].  

Irrespective of the chip geometry, the bubble break-up strongly depends on the flow conditions. 

Three different bubbling regimes can be discerned according to the relative extent of acting 

stresses. Besides the Reynolds number, the bubbling regimes are determined by the Capillary 

number and the Weber number. The Capillary number describes the ratio of viscous stress and 

interfacial stress [Squ05] and reads  

 

MN =  9OI = viscous stressinterfacial stress. (2.9) 

 

The Weber number describes the ratio of inertial and interfacial stress [Yau16] and reads  

 

Q6 =  7R�I =  inertial stressinterfacial stress. (2.10) 

 

Figure 2.9 shows schematic drawings of the bubble generation in the different bubbling 

regimes.  
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Figure 2.9: Generation of bubbles in different bubbling regimes in a flow-focusing geometry. 
(A) Squeezing regime, (B) dripping regime, (C) jetting regime. Adapted with permission from 
[Col15]. Copyright 2015 Royal Society of Chemistry. 
  
 

In the squeezing regime (low Ca, low We, low Re), which is also known as the quasi-static 

regime, the dynamic stresses acting on the gas-liquid-interface can be neglected due to the low 

flow rates. During the generation of bubbles, the gas stream completely fills the constriction 

until the flow of the liquid leads to a pinch-off of the gas bubble. The generation of bubbles in 

the squeezing regime is shown in Figure 2.9 (A). Due to the quasi-static conditions, bubbles 

produced in the squeezing regime are highly monodisperse [Gar04]. However, this often comes 

at the expense of the production rate, as in the quasi-static regime low liquid and gas flow rates 

are used.  

For increased flow rates (high Ca, low We, low Re), the bubble formation occurs in the dripping 

regime. In contrast to the squeezing regime, dynamic stresses are involved in the formation of 

bubbles, as the interfacial stresses are overcome by the viscous stresses. Figure 2.9 (B) shows 

the generation of bubbles in the dripping regime. Compared to the squeezing regime, an 

increased production rate is obtained when generating bubbles in the dripping regime. However, 

the influence of the flow rates on the bubble radius is stronger than in the squeezing regime. 

This leads to an increased polydispersity [Dre15] as small fluctuations of the gas or liquid flow 

rate have a strong influence on the bubble radius. 

When increasing the flow rate further, bubble formation occurs in the jetting regime (high Ca, 

high We, high Re), where the generation of bubbles is dominated by inertial stresses. The jetting 

regime is characterized by the formation of a gas jet, which is subject to Rayleigh-Plateau 

instabilities and breaks up into bubbles to reduce its surface energy. The radius of the generated 
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bubbles depends on whether the external or the internal flow dominates the jetting. If the inertia 

of the internal flow dominates the jetting, the bubble radii are larger than the constriction. By 

contrast, bubble radii smaller than the constriction are obtained if the inertia of the outer fluid 

dominates the jetting. Figure 2.9 (C) shows the generation of bubbles in the jetting regime. 

Similar to the dripping regime, the production rates in the jetting regime are higher compared 

to the squeezing regime. However, an increased polydispersity is observed since the bubbles 

are generated due to the Rayleigh-Plateau instability [Dre15]. Regarding practical applications, 

the accessibility of the three bubbling regimes for a given microfluidic geometry is strongly 

influenced by the flow behavior of the fluids as well as the fluid flow rates, which are limited 

by the setup. Furthermore, the flow of the gas phase is often controlled by the gas pressure p to 

avoid long equilibration times that usually occur in flow rate-controlled setups.  

Across all regimes, the diameters of the generated bubbles Db are proportional to the ratio of 

gas and liquid flow rate to the power α. The higher the gas flow rate and the lower the liquid 

flow rate, the larger are the generated bubbles [Tes12]. It holds for the bubble diameter  

 

� ∝  β UV�V� WX, (2.11) 

 

where β is a constant related to the channel dimensions. Furthermore, the fluid flow rates also 

determine the gas fraction ϕ of the generated foams [Tes12]. It holds 

 

ϕ = V�V� + V�. (2.12) 

 

As seen from equations 2.11 and 2.12, the gas fraction and bubble diameter are coupled and 

cannot be varied independently for a fixed liquid flow rate.  

To conclude, microfluidic foaming is a widely used tool to produce liquid foams with a defined 

structure, as the bubble diameter can be adjusted by controlling the flow rates of the gas or 

liquid phase. In this way, monodisperse foams [Lin11], foams with a controlled polydispersity 

[And18a] or foams with a gradient in bubble size can be generated [Els17b]. Solid foams with 

a controllable structure are of great relevance in many applications, as the foam properties 

strongly depend on the morphology. In the following paragraphs, the theoretical background of 

two potential application fields of hydrogel foams is outlined.  
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2.3 Sorption and controlled release of ions 

 

The sorption and (controlled) release of molecules or ions is used in many technologies relevant 

to our daily life, such as water purification [Ali07, Gre72], chromatography [Buf86], or drug 

delivery [Coc21]. The term sorption describes processes that lead to an accumulation of a 

substance, also called sorptive, within a phase or at the surface of a material, which is also called 

sorbent. Once sorption took place, the sorbed substance is called sorbate. The reverse process 

of sorption is called desorption and is accompanied by the release of sorbed molecules or ions. 

Sorption can be divided into two main categories, namely adsorption and absorption [Atk08]. 

Briefly, the term adsorption describes the accumulation of a substance on vacant sites at the 

interface between two phases, whereas absorption is the accumulation of a substance within a 

different phase, e.g. gases that are dissolved in liquids. If the sorptive is an ion and if the sorbent 

contains charged functional groups, sorption can also take place via ion exchange, which is 

defined as the reversible interchange of dissimilar ions due to electrostatic interactions. In the 

existing literature, the terms ion exchange and adsorption are often used interchangeably, as 

there is no clear categorization for ion exchange within the context of sorption. However, ion 

exchange differs from adsorption in that the variance of both systems, i.e. the number of 

independent concentration variables, is different [Gre08]. During adsorption, the number of 

occupied sorption sites continuously increases. By contrast, the number of occupied sorption 

sites remains constant in ion exchange, as the adsorption of ions on charged functional groups 

is always accompanied by a simultaneous desorption of dissimilar ions [Eve71]. Thus, ion 

exchange should be treated as a subcategory of sorption, which is closely related to adsorption. 

Depending on the charge of the functional groups in the exchanger phase, cations or anions can 

sorb on an ion exchanger material. The general reaction equation for the exchange of cations 

reads 

 

AZ[ + nBR ⇌  ARZ +  nB[,  
 

with R representing a univalent, negatively charged functional group of the cation exchanger. 

Commonly used functional groups used for cation exchange include sulfonic acid or carboxylic 

acid groups. Anion exchange, on the other hand, occurs on positively charged groups such as 

quaternary ammonium groups or amino groups. Widely used materials for ion exchange include 

clay minerals [Hof03], aluminum oxide [Bro89], or hydrogels with permanently bound charged 

groups [Esc13]. The most prominent advantage of hydrogels is that ion exchange occurs 
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throughout the whole material volume, allowing for an efficient use of available functional 

groups. Note that in this case, the ions are absorbed by the material during sorption. During this 

process, the ions first have to diffuse through the polymer network before they interact with 

specific functional groups. The diffusion of ions through the polymer network is the rate-

limiting step during ion exchange and determines the kinetics of ion exchange. To a first 

approximation, the diffusion of ions in a polymer network is driven by a concentration gradient 

and can be described by Fick’s law of diffusion [Gei14]. In one dimension, the first law of 

diffusion reads 

 

_ =  − �`�a, (2.13) 

 

where J is the diffusion flux, D is the diffusion coefficient, c is the concentration and x is the 

spatial position. The distance a molecule covers within a time t depends on the diffusion 

coefficient and can be expressed by the mean squared displacement d [Atk08]. It holds 

 

� =  √2c. (2.14) 

 

The diffusion coefficient of a substance inside a polymer network can be described by the free 

volume theory [Coh59]. It holds 

 

 =  ad ee�f〈gh〉,  (2.15) 

 

with Vf being the free volume inside the polymer network, and ai and bi are constants. As the 

free volume in hydrogels depends on the hydrogel’s mesh size, the diffusion of solutes and thus 

the rate of ion exchange is strongly influenced by the hydrogel network structure. In many 

cases, the time-dependent sorption of ions follows the pseudo-first-order equation developed 

by Lagergren [Lag98]. It holds  

 

ij,k =  il,k(1 − eemnj),  (2.16) 

 

where qt,a is the concentration of sorbed solutes at a time t, qe,a is the concentration of sorbed 

solutes at equilibrium, and ka is the sorption rate coefficient.  
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In an ideal case, equilibrium is attained when the ions are evenly distributed inside the hydrogel 

matrix. The sorption equilibrium at a specific temperature is defined by the sorption isotherm. 

Most commonly, the concentration of sorbed ions increases with increasing ion concentration 

in the surrounding medium until a plateau is reached. Isotherms that follow this behavior are 

usually analyzed according to the Langmuir model, which was originally developed for the 

adsorption of substances on surfaces [Lan18]. The basic assumptions of this model are (1) the 

sorbent possesses a defined number of equal sorption sites, which are accessible to all 

molecules, (2) each sorption site only sorbs one molecule, and (3) no or ideal interactions occur 

between molecules that are sorbed on adjacent sorption sites. It holds  

 

il,k =  iokp qr`l,k1 + qs`l,k,  (2.17) 

 

where qmax is the maximum sorption capacity, Ks is the equilibrium constant, and ce,a is the 

equilibrium concentration of ions in the surrounding medium. Typically, qe,a is plotted against 

ce,a. Figure 2.10 shows a Langmuir sorption isotherm.  

 

 

Figure 2.10: Schematic drawing of a Langmuir sorption isotherm. 

 

For practical applications, high values of Ks and qmax are desired as they correspond to strong 

interactions between the sorptive and the sorbent (high Ks) and a high loading capacity of the 

sorbent (high qmax). In order to regenerate the material, the sorbed ions can be released by 

replacing them with dissimilar ions. This can be achieved by immersing the material into a salt 

solution, e.g. a NaCl solution [Cla20]. Furthermore, ions could be released by protonating or 
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deprotonating the functional groups by changing the pH value [Raj20]. This is especially 

relevant for weak electrolytes, such as amino groups. 

 In both cases, the release of ions depends on an external stimulus and is thus a controlled 

process. This is of interest for drug delivery applications, where a controlled release of drugs is 

highly relevant. In particular, the prevention of a so-called “burst-release”, which is the 

unpredictable and uncontrolled release of drugs, is important in this field. One material that is 

commercially used for the controlled release of the drugs via ion exchange is poly(stryrene-co-

divinylbenzene) sulfonic acid. In these systems, drugs like morphine or noscapine [Voi10], are 

bound to sulfonic acid functional groups, and are replaced by either H+-ions in the stomach or 

Na+ or K+ ions in the intestine. After being desorbed from the functional groups, the ions also 

diffuse through the hydrogel matrix before they are released into the surrounding medium. 

Thus, all physicochemical relations outlined above are also valid for the release of ions.  

 

 

2.4 Enzyme Immobilization 

  

2.4.1 Enzymes 

 

Enzymes are biocatalysts that increase the rate of a reaction by lowering its activation energy 

[Atk08]. Like all proteins, enzymes consist of linearly connected amino acids, i.e. they are 

polypeptides. Due to the specific sequence of amino acids, the polypeptide chain forms a 

defined structure, which controls the primary function of the enzyme, i.e. the conversion of a 

substrate into a product. The conversion of a substrate occurs at the enzyme’s active site, which 

consists of the binding site and the catalytic site [She82]. The binding site binds and sterically 

orients the substrate, whereas the catalytic site carries out the chemical reaction. Due to the 

defined structure of the active site, enzymes are highly specific and often display excellent 

chemo-, regio- and stereoselectivity [Dav01]. Enzymes are commonly categorized according to 

their enzymatic activity. Enzymes classified as oxidoreductases, for example, catalyze the 

transfer of electrons from one molecule to another. One well-known enzyme in the class of 

oxidoreductases is horseradish peroxidase (HRP), which catalyzes the reduction of hydrogen 

peroxide using heme as a co-factor [Vei00]. Figure 2.11 shows the ribbon structure of HRP. 
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Figure 2.11: Ribbon structure of HRP. The image was created with PyMOL (version 2.5.2) 
using the protein sequence from [Ber02]. 
 

The catalytic cycle of HRP consists of three consecutive reactions [Vei00], during which two 

substrate molecules AH2 are oxidized: 

 

(I) HRP + H2O2 → HRP-I + H2O 

(II) HRP-I + AH2 → HRP-II + AH• 

(III) HRP-II+ AH2 → HRP + AH• 

 

In the first reaction, hydrogen peroxide is reduced to water, generating the HRP-I complex 

through the oxidation of heme. In the second reaction step, HRP-I oxidizes a substrate AH2 and 

is thus reduced to HRP-II, which is followed by the oxidation of another substrate molecule in 

the third reaction step, thus regenerating HRP. HRP is able to catalyze the oxidation of various 

substrates, which often comes along with a significant change in the physicochemical 

properties, such as the generation of chemiluminescence [Kap97], the appearance of 

fluorescence [Zai80], or a shift in absorption wavelength [Cla18b]. One example is the 

oxidation of colorless 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to 

blueish-green ABTS+• (Figure 2.12).  

 

 

 

Figure 2.12: Oxidation of ABTS to ABTS+• catalyzed by HRP.  
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The change in physicochemical properties upon substrate oxidation is often used in 

biotechnological applications [Kra13], such as coupled enzyme assays, biosensors, or 

diagnostic kits. In addition, HRP can be used in fine chemical synthesis [Das02] or wastewater 

treatment [Che06].  

 

2.4.2 Methods for enzyme immobilization 

 

In the past decades, the application of enzymes has continued to expand to many industrial 

processes. An essential issue in this field is the recovery and reuse of the applied enzymes, 

which can be facilitated by their immobilization on a solid support that can be easily removed 

from the reaction mixture. To date, many materials have been examined as solid supports, 

including polyketone polymers [Ago07], silica [Pie04], or gold nanoparticles [Pet12]. 

Furthermore, hydrogels are also widely investigated as materials for enzyme immobilization 

[Hom13] because they provide a suitable physiological environment for enzymes due to their 

high water content. Different strategies for the immobilization of enzymes include covalent 

binding, adsorption, entrapment, or affinity immobilization. Figure 2.13 schematically shows 

different immobilization strategies.  

 

 

 

Figure 2.13: Different strategies for immobilizing enzymes. (A) covalent binding, (B) 
adsorption, (C) entrapment, (D) affinity immobilization. Adapted from [Lyu21] with 
permission from MDPI, open access journal.  
 

Covalent binding: Covalent binding of enzymes involves the formation of chemical bonds 

between the enzyme and the support material. Typically, this occurs via the reaction of amino 

acid side chains with functional groups of the support material. Examples of this include (i) the 

reaction of amino groups in lysine residues with N-hydroxysuccinimide functionalized 

materials, which has been used for immobilizing glucose oxidase on silica [Jun11], or (ii) the 

reaction of thiol groups in cysteine residues with maleimide functionalized materials, which has 

been used for immobilizing beta-glucosidase on glass surfaces [Li18]. Covalent binding 
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provides a strong attachment and thus prevents enzyme leaching. In addition, it also results in 

a high loading efficiency [Dut17]. However, enzyme immobilization via covalent binding can 

lead to the loss of catalytic function or a decrease in enzyme activity as amino acid residues that 

maintain the enzyme's structural and functional properties might also be altered during the 

reaction [Lyu21].  

 

Adsorption: Adsorption of enzymes on solid supports occurs via electrostatic interactions, 

hydrogen bonds, or hydrophobic interactions. Widely used materials for the immobilization of 

enzymes via adsorption include polylysine coated supports [Abo13] (electrostatic interactions), 

polyketone polymers (hydrogen bonds) [Ago07], or hydrophobic supports (hydrophobic 

interactions) [Li10]. In contrast to covalent binding, the formation of chemical bonds is not 

required. Thus, no additional chemical reagents are necessary, which leaves the procedure 

cheap and straightforward to perform. However, the adsorption of enzymes can also result in 

significant conformational changes [Hom13], which affect enzyme performance. Furthermore, 

the binding is relatively weak, resulting in the leaching of enzymes upon environmental changes 

such as pH or temperature changes [Han09].  

 

Entrapment: Enzyme immobilization via entrapment occurs by physically trapping the 

enzyme within the meshes of a hydrogel. Consequently, the enzymes are protected from harsh 

environments, which prevents denaturation and preserves enzyme activity [Lyu21]. As network 

formation and enzyme entrapment occur simultaneously, careful attention must be paid to the 

cross-linking conditions, which can also damage the enzyme. Another downside of this method 

is that enzyme leakage can often not be entirely suppressed without additional covalent 

attachment [Cho08]. Furthermore, compared to other immobilization techniques, a limited mass 

transfer is observed as both substrate and product have to diffuse in and out of the polymer 

network. Due to the high turnover number of many enzymes, this results in the formation of a 

small (200 – 400 nm) catalytically active layer [Mar93]. Thus, enzymes immobilized inside the 

bulk of the material do not participate in substrate conversion, which can be considered a 

suboptimal use of both enzyme and support material. A particular case of entrapment is 

encapsulation, where enzymes are entrapped in lipid vesicles [Wal01].  

 

Affinity immobilization: In affinity immobilization, specific interactions between proteins and 

small molecules are exploited. Familiar interactions used for affinity immobilization of 

enzymes are the chelation of transition metals by polyhistidine, which has been used for the 
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immobilization of His-tagged lipase [Woo10], or the interaction between biotin and the proteins 

avidin or streptavidin, which has been used for the immobilization of biotinylated glucose 

dehydrogenase [Mat18]. Even though this immobilization technique requires a chemical or 

biochemical modification of the enzyme prior to conjugation, affinity immobilization offers 

high selectivity and stability [Hom13]. This is especially true for the latter case, as the biotin-

(strept)avidin interaction is the strongest non-covalent interaction occurring in nature 

(K = 1014-1015) [Liv93]. Both avidin and streptavidin are globular tetrameric proteins that 

possess four biotin binding sites. Figure 2.14 shows a schematic drawing of the biotin-

(strept)avidin interaction and the chemical structure of biotin.  

 

Figure 2.14: Schematic drawing of the biotin-(strept)avidin interaction (left), chemical 
structure of biotin (right). 
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3. Summary of Research  

 

In this thesis, the tailorability and the effects of the polymer functionality of hydrogel foams 

based on gelatin methacryloyl (GM) are examined. The results are published in three 

publications [Deh21a (Publication I), Deh21b (Publication II), Deh22 (Publication III)]. In 

the following, the main results of this thesis will be summarized and discussed. The used gelatin 

methacryloyl was synthesized by adding a ten-fold excess of methacrylic anhydride with 

respect to the amino groups in gelatin, and will be abbreviated with GM10 in the following. 

 

 

3.1 Tailoring and visualizing pore openings in gelatin-based hydrogel foams 

(Publication I) 

 

Publication I deals with tailoring the pore opening diameter of GM10-based hydrogel foams 

at a constant pore diameter. To this end, two complementary methods were used to decouple 

the gas fraction from the bubble diameter in liquid foam templates. The obtained pore opening 

diameters were compared to theoretical predictions for thin film diameters in liquid templates.  

 

3.1.1 Visualization of pore openings 

 

All samples were characterized with confocal fluorescence microscopy for which they were 

stained with the cationic dye methylene blue. Figure 3.1 (bottom) shows the chemical structure 

of methylene blue. The staining process was followed by recording UV/VIS spectra of the 

staining solution at different times after immersion of the GM10 hydrogel foams (Figure 3.1, 

top, right). As can be seen from the UV/VIS spectra, the absorption of the staining solution 

decreases continuously as soon as the GM10 hydrogel foam is immersed. Therefore, it can be 

concluded that methylene blue not only penetrates the hydrogel matrix but also interacts with 

the polymer chains. This is further confirmed by the observation that no methylene blue visibly 

leaches out of the hydrogel matrix when immersing the stained sample in deionized water. We 

hypothesize that a cation exchange takes place during the sample staining, as the used GM10 

contains negatively charged carboxyl groups. The isoelectric point (IEP) of GM10 is 4.2 

[Sew18]. Thus, GM10 is a polyanion at neutral pH. 
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Figure 3.1: Confocal fluorescence microscopy image of a hydrogel foam stained with 
methylene blue (top, left) and absorption spectra of an aqueous methylene blue solution after 
immersion of a GM10 hydrogel foam (top, right). Chemical structure of methylene blue 
(bottom). Adapted from [Deh21a], Copyright 2021, with permission from Elsevier.   
 

Compared to other methods commonly used for the characterization of hydrogel foams, 

confocal fluorescence microscopy offers several advantages. In our previous work, for example, 

GM10 hydrogel foams were characterized by scanning electron microscopy (SEM) and bright 

field microscopy [Deh19]. While SEM allows for the detailed visualization of both pores and 

pore openings, the characterization occurs in the dried state, which is disadvantageous, because 

the behavior of the hydrogel foams during drying, particularly the shrinkage of the pore 

openings relative to the shrinkage of the pores, is unknown. By contrast, bright field microscopy 

allows for visualizing the pores in their swollen equilibrium state. However, pore openings 

cannot be easily visualized due to the low contrast between the hydrogel matrix and the 

medium. As an alternative, confocal fluorescence microscopy allows for visualizing both pores 

and pore openings in the swollen state (Figure 3.1, top, left). Another commonly used method 

to characterize pores and pore openings in swollen hydrogel foams is micro computed 

tomography (µ-CT), which is undoubtedly the most precise method to visualize hydrogel foams 

in their swollen and dried states. However, a long acquisition time in the range of several hours, 

which increases enormously with increasing resolution, must be considered. Confocal 

fluorescence microscopy, on the other hand, offers short acquisition times in the range of 

minutes. Opposed to µ-CT, however, only the first pore layers can be seen with confocal 
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fluorescence microscopy, which is due to the scattering of light when measuring deep inside 

the samples.  

 

3.1.2 Control over the pore opening diameter  

 

To gain control over the pore opening diameters in GM10-based hydrogel foams, two different 

methods were used to decouple the gas fraction from the bubble diameter during microfluidic 

foaming. In the first method, the gas fraction of the liquid templates was adjusted by adding 

polymer solution to the liquid foam templates prepared at a constant liquid flow rate vL and gas 

pressure p. In the second method, the gas fraction was varied by keeping the ratio of applied 

gas pressure to liquid flow rate constant, while increasing the absolute values of both 

parameters, thus varying the bubbling frequency. Figure 3.2 visualizes the experimental setup 

for each method.  

 

 

Figure 3.2: (left) Schematic drawing of the experimental setup used to add polymer solution 
with a liquid flow rate vA to bubbles generated by applying a gas pressure p and a liquid flow 
rate vL. (right) Generation of bubbles at different liquid flow rates and gas pressures. (top, right) 
vL = 20 µL min-1, p = 200 mbar, (bottom, right) vL = 80 µL min-1, p = 800 mbar. As can be seen, 
the bubbling frequency is considerably increased at higher absolute values of vL and p, indicated 
by the blurry train of bubbles. Adapted from [Deh21a], Copyright 2021, with permission from 
Elsevier.   
 
 

Addition of polymer solution: Pictures of samples generated by adding polymer solution to 

the liquid template are shown in Figure 3.3. The corresponding values for pore diameters and 

pore opening diameters as well as their ratios and the gas fraction of the foams are listed in 

Table 3.1.  
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Figure 3.3: Pictures of GM10 foams produced at a liquid flow rate vL of 7 µL min-1 and a gas 
pressure p of 260 mbar. Additional polymer solution was added to the liquid foam templates 
using the liquid flow rates vA given in the insets. The pictures were taken with confocal 
fluorescence microscopy. All pores are filled with water. Adapted from [Deh21a], Copyright 
2021, with permission from Elsevier.   
 

Table 3.1: Liquid flow rates vA of added GM solution, pore diameters 〈Dp〉, pore opening 

diameters �dp�, the ratio �dp�/〈Dp〉 and the gas fraction ϕ of the liquid foams. All errors 
correspond to standard deviations. The liquid foam templates had a bubble diameter of 〈Db〉 =  174 ± 2 µm. Adapted from [Deh21a], Copyright 2021, with permission from Elsevier.   
 

vA / µL min-1 〈Dp〉/ µm �dp� / µm �dp�/〈Dp〉  ϕ / % 

0 178 ± 4 50 ± 11 0.28 82 ± 4 
2 175 ± 4 44 ± 10 0.25 80 ± 1 
3 181 ± 5 43 ± 9 0.24 79± 1 
5 179 ± 3 38 ± 7 0.21 74 ± 1 
8 178 ± 3 27 ± 7 0.15 67 ± 1 

11 177 ± 4 27 ± 6 0.15 66 ± 0* 
*As the gas fraction of samples produced with this liquid flow rate could only be determined from two 
samples that did not differ in weight, the obtained standard deviation is zero. 
 

Looking at Table 3.1, one sees that the gas fraction of cross-linked hydrogel foams decreases 

from 82 % to 66 % when increasing the liquid flow rate of the additional polymer solution vA 

from 0 µL min-1 to 11 µL min-1. By contrast, a constant bubble diameter of 174 ± 2 µm and a 

constant pore diameter of ~ 178 µm were obtained. Furthermore, the mean pore opening 
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diameter decreases from 50 ± 11 µm to 27 ± 6 µm, which results in �dp�/〈Dp〉 ratios ranging 

from 0.28 to 0.15. This confirms that the pore opening diameter can be adjusted at a constant 

pore diameter by decoupling the gas fraction from the bubble diameter during microfluidic 

foaming. As can be seen from Figure 3.1, left, this method allows for adding polymer solution 

to a generated liquid foam template outside the microfluidic chip. In this way, feedback loops 

on the bubble pinch-off at the constriction are avoided. However, this method is only suitable 

for liquid foam templates with high initial gas fractions and thus large bubble diameters.  

 

Variation of bubbling frequency: To adjust the pore opening diameters in foams generated 

from liquid foam templates with low initial gas fractions and thus smaller bubble diameters, the 

bubbling frequency during foam generation inside the microfluidic chip was varied. Figure 3.4 

shows pictures of the generated samples. The corresponding values for pore diameters and pore 

opening diameters as well as their ratios and the gas fraction of the foams are listed in Table 

3.2. 

 

 

Figure 3.4: Exemplary pictures of GM10 foams produced with a ratio of liquid flow rate to gas 
pressure of 0.1 µL min-1 mbar-1. The absolute values of the liquid flow rate vL and the pore 
opening diameter are given in the insets. The pictures were taken with confocal fluorescence 
microscopy. All pores are filled with water. Adapted from [Deh21a], Copyright 2021, with 
permission from Elsevier.   
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Table 3.2: Liquid flow rates vL and gas pressures p used to produce GM10 foams, bubble 
diameters 〈Db〉, pore diameters 〈Dp〉, pore opening diameters �dp�, the ratio  �dp�/〈Dp〉 and the gas fraction ϕ of the liquid foams. The errors are standard deviations. Adapted 
from [Deh21a], Copyright 2021, with permission from Elsevier.   
 

vL / 
µL min-1 

p / mbar 〈Db〉/ µm 〈Dp〉 / µm �dp� / µm �dp�/〈Dp〉  ϕ / % 

20 200 140 ± 5 131 ± 6 18 ± 4 0.14 60 ± 4 
30 300 135 ± 3 133 ± 3 19 ± 5 0.14 54 ± 1 
40 400 138 ± 3 136 ± 3 19 ± 4 0.14 65 ± 1 
50 500 145 ± 4 138 ± 3 20 ± 5 0.15 68 ± 1 
60 600 144 ± 2 140 ± 3 24 ± 6 0.17 71 ± 1 
70 700 144 ± 3 144 ± 3 30 ± 7 0.21 75 ± 2 
80 800 142 ± 2 142 ± 4 32 ± 8 0.23 76 ± 1 

 

Looking at Table 3.2, one sees that the gas fraction increases from 54 % to 76 % when 

increasing the absolute values of gas pressure and liquid flow rate. By contrast, the bubble 

diameter is kept constant at 〈Db〉 ~ 140 µm, demonstrating that the gas fraction can be decoupled 

from the bubble diameter by varying the bubbling frequency. The obtained pore opening 

diameters range from 18 ± 4 µm to 32 ± 8 µm at a pore diameter of ~ 140 µm, resulting in  
�dp�/〈Dp〉 values ranging from 0.14 to 0.23. Again, the obtained results show that pore opening 

diameter can be varied at a constant pore diameter by decoupling the gas fraction from the 

bubble diameter during microfluidic foaming.  

Taking together the results of both methods, �dp�/〈Dp〉 values between 0.14 and 0.28 are 

accessible. These values also represent the upper and lower limits of �dp�/〈Dp〉 for the system 

examined in the thesis at hand. The upper limit, which corresponds to a gas fraction of 82 %, is 

set by the cross-linking chemistry of the system. As the hydrogel foams are solidified via radical 

cross-linking of the polymer chains, oxygen inhibition plays an increased role at high gas 

fractions. Indeed, liquid foam templates with gas fractions above 82 % could not be reliably 

cross-linked by irradiation with UV light. Larger �dp�/〈Dp〉 values might be achieved by using 

a more rigorous inert gas atmosphere when collecting and cross-linking the liquid foam. The 

lower limit of accessible �dp�/〈Dp〉 values is set by the drainage of liquid from the templates. 

Theoretically, the �dp�/〈Dp〉 values should continuously decrease with decreasing gas fraction 

until �dp�/〈Dp〉 equals zero below the critical packing limit, which is reached at ϕ = 63.5 % in 

monodisperse disordered foams. However, pore openings are still generated for foams with a 

gas fraction apparently below 63.5 % (see entries 1 and 2, Table 3.2). This apparent 
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contradiction can be explained by the instant drainage of the polymer solution from the liquid 

templates at gas fractions below 63.5 %. Consequently, a drainage layer is formed at the bottom 

of the sample, resulting in an increased gas fraction of the foam on top of the drainage layer 

and thus the formation of pore openings. Similar ranges for �dp�/〈Dp〉 values were found for 

systems in which the pore openings were adjusted with different methods. In a study by 

Costantini et al., the pore opening diameters in alginate foams were adjusted by varying the 

surfactant concentration [Cos15], thus generating foams with different gas fractions by varying 

the interfacial tension. In this study, �dp�/〈Dp〉 values ranging from 0.25 to 0.32 were obtained 

for surfactant concentrations between 0.6 wt. % and 5 wt. %. For geopolymer- or gelatin-based 

foams, �dp�/〈Dp〉 values ranging from 0.15 to 0.38 were found [Tri19, Pit20a, Lan20]. In these 

studies, the gas fraction of the liquid templates was directly varied by mixing a geopolymer- or 

gelatin-containing dispersion/solution with a drained liquid precursor foam consisting of an 

aqueous surfactant solution.  

 

3.1.3 Comparison of pore opening diameters to bubble contact zones in liquid foams  

 

If the pore openings are generated by the rupture of thin films between neighboring bubbles, 

the pore opening diameters can be directly determined by the thin film diameters between 

neighboring bubbles. To examine this hypothesis, all experimentally obtained results for 

�dp�/〈Dp〉 were plotted against the gas fraction (Figure 3.5) and were compared to theoretical 

predictions for ⟨db⟩/〈Db〉. ⟨db⟩/〈Db〉 is the ratio of the mean bubble contact zone diameter to the 

mean bubble diameter. As can be seen from Tables 3.1 and 3.2, the pore diameters of the cross-

linked hydrogel foams are almost identical to the bubble diameters of the liquid templates. 

Consequently, it can be assumed that the shrinkage during cross-linking is counterbalanced by 

an isotropic swelling of the hydrogel matrix in deionized water, and that the gas fraction in the 

liquid templates equals the gas fraction in the cross-linked hydrogel foams. Thus, the gas 

fraction obtained for cross-linked hydrogel foams can be related to the gas fraction in the liquid 

state. 
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Figure 3.5: Experimentally determined values for �dp�/〈Dp〉 obtained by adding polymer 
solution (blue) and varying the bubbling frequency (green) plotted against the gas fraction ϕ. 
The errors for �dp�/〈Dp〉 were determined by an error propagation, whereas the errors for ϕ 
correspond to standard deviations. The solid line represents theoretical predictions for 
disordered foams and the dashed line represents theoretical predictions for ordered foams. 
Adapted from [Deh21a], Copyright 2021, with permission from Elsevier.   
 

Note that values obtained for foams with gas fractions below 63.5 % are not shown as they 

cannot be compared to the other samples due to the formation of a drainage layer. Theoretical 

predictions for ⟨db⟩/〈Db〉 in Figure 3.5 were plotted for (a) monodisperse disordered systems 

[Prin88, Ard04] (solid line) and (b) monodisperse ordered systems (dashed line), obtained from 

Surface Evolver simulations for hexagonally close-packed (FCC) systems [Pit20a, Pit20b]. 

Looking at Figure 3.5, one sees that the experimental data lie between the predictions for or-

dered and disordered systems. At high gas fractions, the data points start to approach the 

predictions for ordered systems. Indeed, a similar trend can be observed when looking at foams 

with high gas fraction in Figure 3.4 and 3.5. For these samples, a higher degree of pore ordering 

can be observed. The increased degree of ordering at higher gas fractions is due to a stronger 

interaction between bubbles, which lead to the formation of the energetically more favorable 

FCC packing structure. For low gas fractions, the data points tend to be closer to the predictions 

for disordered systems, which indicates that the pore opening diameters in cross-linked 

hydrogel foams are indeed determined by the thin film diameters in the liquid templates.  

In summary, two complementary methods to decouple the pore opening diameter from the pore 

diameter were introduced, which enable the systematic variation of the pore opening diameters 

in hydrogel foams independently of the pore diameter. Both methods complement existing 



 

38 
 

approaches as they allow for working at low surfactant concentrations and avoid using multiple 

formulations. The experimentally obtained values lie between predictions for disordered and 

ordered foams. For low gas fractions, the ratios �dp�/〈Dp〉 correlate well with predictions for 

disordered foams, which indicates that the pore opening diameters are indeed determined by 

the thin film diameters in the liquid template.  

 

 

3.2 Gelatin-based foamed and non-foamed hydrogels for sorption and controlled release 

of metoprolol (Publication II) 

 

In Publication II, the properties of GM10 based hydrogel foams entailed by the polymer 

functionality were studied. As outlined in Section 3.1.1, staining of the GM10 hydrogel foams 

with methylene blue most likely takes place via an ionic interaction between the cationic dye 

methylene blue and the negatively charged carboxyl groups of GM10. To examine whether this 

effect can be transferred to other cationic molecules, we studied the interaction between the 

cationic model drug metoprolol and GM10. For this purpose, the sorption and release behavior 

of metoprolol was examined under both equilibrium and non-equilibrium conditions by 

measuring sorption and release isotherms and sorption and release kinetics. In addition, the 

results obtained for foamed hydrogels with a defined morphology (〈Dp〉 = 147 ± 3 µm, �dp� = 

26 ± 6 µm) were compared to non-foamed samples to elucidate the role of the hydrogel 

morphology. 

 

3.2.1 Sorption and release isotherms 

 

The interaction between metoprolol and GM10 under equilibrium conditions was examined by 

measuring sorption and release isotherms. To obtain the sorption isotherm (Figure 3.6, left), the 

amount of sorbed metoprolol per sample mass, qe,a, was plotted against the equilibrium 

concentration of metoprolol in the supernatant, ce,a.  
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Figure 3.6: (left) amount of metoprolol qe,a inside foamed and non-foamed GM10 hydrogels 
plotted against the equilibrium concentration ce,a of metoprolol in the supernatants. The lines 
represent fits according to the Langmuir equation (see Equation 3.1). The data point marked in 
green was not included when fitting the data. (right) Percentage of released metoprolol for 
foamed and non-foamed hydrogels plotted against the concentration c0 of NaCl in the 
surrounding medium. Before the release experiments, all samples were loaded with 
248 ± 10 µmol g-1 metoprolol. Adapted with permission from [Deh21b]. Copyright 2021 
American Chemical Society. 
 
 

Regardless of the morphology, qe,a increases with increasing ce,a values until a plateau is 

reached. The two curves are very similar, which shows that the sample morphology does not 

influence the sorption behavior in equilibrium. Thus, it can be concluded that no size exclusion 

effects occur and that metoprolol has the same accessibility to all sorption sites. The obtained 

data were analyzed using the Langmuir model [Lan18]. It holds 

 

il,k =  iokp qr`l,k1 + qs`l,k, (3.1) 

 

where Ks is the equilibrium constant, which represents the ratio of the sorption and the 

desorption rate constants, and qmax is the sorption capacity. The obtained values for Ks and qmax 

are listed in Table 3.3.  
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Table 3.3: Langmuir isotherm parameters for the sorption of metoprolol on foamed and non-
foamed samples. The values are obtained by nonlinear regression. The data points were 
weighted using the reciprocal of the probability density function via the kernel density estimate. 
Adapted with permission from [Deh21b]. Copyright 2021 American Chemical Society. 
 

 Ks / mL µmol-1 qmax / µmol g-1 

foamed 1.3 522 
non-foamed 1.1 531 

 

Almost the same values are obtained for foamed and non-foamed samples, demonstrating again 

that the morphology does not influence the sorption behavior. The obtained values for Ks are 

close to one, which implies that the rate constants of sorption and desorption in both materials 

are approximately the same, i.e. that the interaction between metoprolol and GM10 is not very 

strong. Although metoprolol and heavy metal ions cannot be directly compared, much larger 

Ks-values are obtained for the sorption of Pb2+ ions on alginate/polyurethane foams 

(Ks ~ 11 mL µmol-1) [Son09]. For qmax, values of 520 – 530 µmol g-1 were obtained, which 

amounts to approximately 142 mg g-1 of sorbed metoprolol. Surprisingly, this corresponds to 

only half the amount of carboxyl groups theoretically available in GM10 (1128 µmol g-1 for 

gelatin type B, composed of 427 µmol g-1 aspartic acid and 701 µmol g-1 glutamic acid [Sew19]) 

and might be due to unavailable carboxyl groups.  

The release of sorbed metoprolol under equilibrium conditions was examined by immersing 

samples loaded with metoprolol (qe,a = 248 ± 10 µmol g-1) into sodium chloride solutions with 

different concentrations. The percentage of released metoprolol was plotted against the initial 

sodium chloride concentration (Figure 3.6, right). Regardless of the morphology, the percentage 

of released metoprolol increases with increasing concentration of sodium chloride until a 

plateau is reached. Again, both curves are very similar, which demonstrates that the morphology 

of the hydrogel also does not play a role in the release behavior. The plateau corresponds to a 

release of up to 90 % - 100 %, indicating that the material can be fully regenerated upon 

immersion into sodium chloride solution. The results also suggest that the sorption of 

metoprolol occurs indeed via ion exchange with the hydrogel matrix. Upon immersion in PBS, 

100 % of metoprolol is released as well. At a sodium chloride concentration of 0 µmol mL-1 

(deionized water), 20 % of metoprolol is released. This might be due to the weak interaction 

between metoprolol and gelatin, which is also indicated by the low Ks value.  
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3.2.2 Sorption and release kinetics 

 

The sorption and release behavior under non-equilibrium conditions was examined by 

measuring sorption and release kinetics. For this purpose, foamed and non-foamed GM10 

samples were immersed into metoprolol solutions with concentrations of 0.2 µmol mL-1 and 

1 µmol mL-1. Figure 3.7 (top left and top right) shows the amount of sorbed metoprolol at a 

time t, qt,a, plotted against the time. It can be seen that qt,a increases with increasing time until a 

plateau is reached. This plateau represents the amount of sorbed metoprolol per sample mass in 

equilibrium, qe,a, and is the same for both sample morphologies (see Section 3.2.1), 

demonstrating again that the morphology does not influence the equilibrium state. By contrast, 

the initial slopes of the qt,a (t)-curves considerably differ for the two different morphologies. 

The data were analyzed using the Lagergren pseudo-first-order equation [Lag98]. It reads 

 

ij,k =  il,k(1 − eemnj),  (3.2) 

 

where ka is the sorption rate coefficient. The obtained values for qe,a and ka are listed in Table 

3.4. A similar behaviour can be observed for the release kinetics, where samples loaded with 

254 ± 10 µmol g-1 metoprolol were immersed into sodium chloride solutions with 

concentrations of 1 µmol mL-1 and 10 µmol mL-1. Figure 3.7 (bottom left and bottom right) 

shows the amount of released metoprolol at a time t, qe,a – qt,d, plotted against the time. It can 

be seen that qe,a – qt,d increases with increasing time until a plateau is reached. This plateau 

represents the amount of released metoprolol per sample mass in equilibrium, qe,d, and is again 

the same for both sample morphologies (see Section 3.2.1). By contrast, the initial slopes of the 

(qe,a – qt,d) (t)-curves considerably differ for the two different morphologies. The data were 

analyzed using equation 3.3. It reads 

 

il,k −  ij,x = il,x (1 − eemyj),  (3.3) 

 

where kr is the sorption rate coefficient. The obtained values for qe,d and kr are listed in Table 

3.4. 
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Figure 3.7: (top) Metoprolol concentrations qt,a inside foamed (left) and non-foamed (right) 
hydrogels against time t. c0 = 1 µmol mL-1 and 0.2 µmol mL-1 metoprolol were used as starting 
concentrations. The solid lines represent fits according to equation (3.2). (bottom) Amount of 
released metoprolol, qe,a – qt,d, for foamed (left) and non-foamed (right) hydrogels against time 
t. Before the release experiments, the samples were loaded with 254 ± 10 µmol g-1 metoprolol. 
10 µmol mL-1 and 1 µmol mL-1 sodium chloride solutions were used as release media. The solid 
lines represent fits according to equation (3.3). Adapted with permission from [Deh21b]. 
Copyright 2021 American Chemical Society. 
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Table 3.4: Kinetic parameters ka and qe,a for the sorption of metoprolol on foamed and non-
foamed hydrogels using different metoprolol concentrations c0. Kinetic parameters kr and qe,d 
for the release of metoprolol from foamed and non-foamed hydrogels using different sodium 
chloride concentrations c0. Before the release experiments, all samples were loaded with 
254 ± 10 µmol g-1 metoprolol. The values are obtained by nonlinear regression and the listed 
errors are standard deviations. The data points were weighted by using the reciprocal of the 
probability density function via the kernel density estimate. Adapted with permission from 
[Deh21b]. Copyright 2021 American Chemical Society. 
 

  
c0 (metoprolol) / 

µmol mL-1 ka / hr-1 qe,a / µmol g-1 

sorption 
foamed 

0.2 0.64 ± 0.19 79 ± 6 
1 0.67 ± 0.07 258 ± 11 

non-foamed 
0.2 0.061 ± 0.017 82 ± 2 
1 0.12 ± 0.015 258 ± 9 

  
c0 (NaCl) / 
µmol mL-1 

kr / hr-1 qe,d / µmol g-1 

release 
foamed 

1 0.71± 0.05 139 ± 4 
10 1.27 ± 0.23 227 ± 8 

non-foamed 
1 0.102 ± 0.005 131 ± 4 

10 0.31 ± 0.03 241 ± 10 
 

 

Looking at the values for ka and kr, one sees a pronounced difference between foamed and non-

foamed samples. Compared to the non-foamed samples, the ka- and kr-values of the foamed 

samples are up to 10 times or 7 times higher, which can be ascribed to the larger surface area 

and the shorter diffusion paths in foamed hydrogels. During sorption, metoprolol crosses the 

surface of the hydrogel and diffuses through the meshes of the hydrogel network until it 

interacts with the polymer network. In an ideal case, equilibrium is attained when metoprolol 

is evenly distributed on the hydrogel network. The characteristic diffusion time τ of a meto-

prolol molecule is determined by the average distance d a molecule covers as well as the 

diffusion coefficient of metoprolol in the hydrogel matrix Dh. It holds for τ [Atk08] 

 

τ ~ ��
| . (3.4) 

 

The average distance d can also be correlated to the penetrated volume V and the hydrogel 

surface A. It holds  
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� ~ }~.  (3.5) 

 

Looking at equations 3.4 and 3.5 and assuming that Dh is the same for all samples, one sees that 

a shorter diffusion path through the hydrogel results in a faster penetration of the whole sample 

volume, which, in turn, leads to a shorter equilibration time and thus to larger sorption rate 

coefficients. The difference in diffusion paths between foamed and non-foamed hydrogels is 

evident when looking at the shapes of the samples. Defining the maximum diffusion path as the 

maximum distance to the surface, dmax,1 is 1 mm in non-foamed hydrogels and is 30 µm or 

17 µm for foamed hydrogels with a pore diameter 〈Dp〉 = 147 µm. For non-foamed samples, 

this value can be estimated based on the height of the sample. For foamed samples, dmax,2 equals 

the radius of tetrahedral or octahedral voids, assuming a hexagonal close packing of pores. It 

holds for the radius of octahedral (equation 3.6) and tetrahedral voids (equation (3.7)) 

 

�okp,� = 1√2 − 12 ∙ �2 � 0.207 ∙ �  (3.6) 

and 

�okp,� = �√62 − 1� ∙ �2 � 0.112 ∙ �.  (3.7) 

 

Figure 3.8 visualizes the sorption process in foamed and non-foamed hydrogels.  

 

 

Figure 3.8: Schematic drawing of the sorption process in non-foamed (left) and foamed (right) 
hydrogels. The metoprolol molecules (green) cross the surface of the hydrogel matrix (yellow) 
and diffuse through the meshes of the hydrogel. The blue circles represent the water-filled 
pores. The average distance a metoprolol molecule has covered at a given time t is denoted as 
d, whereas the maximum distance to the surface is denoted as dmax. The indices 1 and 2 denote 
non-foamed and foamed samples, respectively. Note that dmax,2 is much shorter compared to 
dmax,1. Consequently, the metoprolol solution penetrates a bigger fraction of the available 
hydrogel matrix at a given time t. Adapted with permission from [Deh21b]. Copyright 2021 
American Chemical Society. 
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In foamed hydrogels, metoprolol additionally diffuses through the water-filled pores. However, 

the diffusion coefficient of an ion in water, Dw, is much higher than that of an ion in the hydrogel 

matrix, Dh [Pot96]. Thus, the diffusion through the pores of the hydrogel foams can be 

neglected. Note that the properties of the hydrogel (e.g. the equilibrium swelling degree) might 

also change during sorption, which might, in turn, change Dh. Furthermore, Dh depends on the 

local occupation of sorption sites if the system is not in equilibrium.  

As mentioned above, similar trends can be observed for the release of metoprolol. As the release 

of metoprolol is essentially the sorption of sodium ions on the sorption sites, the explanations 

given above can also be applied to the release of metoprolol. Thus, the higher kr values can 

again be ascribed to shorter diffusion paths in the foamed samples. Surprisingly, the sorption 

and release rate coefficients are the same for initial concentrations of 1 µmol mL-1 metoprolol 

or sodium chloride. This implies that the sorption and release in this system are truly 

complementary processes.  

In addition to the hydrogel morphology, the initial metoprolol or sodium chloride concentration 

also affects ka and kr. The influence of the initial metoprolol or sodium chloride concentration 

is more pronounced for non-foamed hydrogels, where ka was two times higher when increasing 

the initial metoprolol concentration from 0.2 µmol mL-1 to 1 µmol mL-1, or kr was three times 

higher when increasing the sodium chloride concentration from 1 µmol mL-1 to 10 µmol mL-1. 

By contrast, no increase in ka was observed for foamed samples, while kr was only 1.8 times 

higher. To explain why the concentration influences ka and kr, it is useful to consider the rate 

coefficients as a measure for the mass transfer of metoprolol or sodium ions, which is influenced 

by the gradient of qt,a or qe,a – qt,d within the hydrogel matrix. As qt,a or qe,a – qt,d are related to 

the concentrations via the Langmuir isotherm, which is only linear for small equilibrium 

concentrations ce,a, the gradient qt,a or qe,a – qt,d within the hydrogel matrix should differ for 

different concentrations, if higher ce,a values are obtained in the non-linear range of the 

Langmuir isotherm. The stronger influence of the concentration on ka and kr in non-foamed 

hydrogels compared to foamed hydrogels might again be ascribed to the larger diffusion paths 

in non-foamed samples. Finally, the obtained data also suggest that sodium and metoprolol have 

a similar affinity to the sorption sites. As seen from Table 3.4, ~ 139 µmol mL 1 metoprolol are 

released when immersing loaded samples into a 1 µmol mL-1 sodium chloride solution and ~ 

241 µmol mL-1 metoprolol are released when immersing the samples into a 10 µmol mL-1 

sodium chloride solution. All samples were loaded by immersing them into a 1 µmol mL-1 

metoprolol solution with the same volume as the release medium. The released amounts of 



 

46 
 

metoprolol correspond to a release of 55 % and 95 %, which would also be expected if both 

ions had the same affinity to the sorption sites.  

In addition to the published results, the release of metoprolol was also examined for PBS as 

release medium, which has a total ion concentration of 151 µmol mL-1. Figure 3.9 shows the 

amount of released metoprolol at a time t, qe,a – qt,d, plotted against the time.  

 

 
 

Figure 3.9: Amount of released metoprolol, qe,a – qt,d, for non-foamed (left) and foamed (right) 
hydrogels. The inset shows the release during the first 500 min. The release medium is PBS. 
Before the release experiment, the samples were loaded with 266 ± 4 µmol g-1 metoprolol. The 
solid lines represent the fits according to equation (3.3). The data points were weighted by using 
the reciprocal of the probability density function via the kernel density estimate. 
 

For non-foamed hydrogels (Figure 3.9, left), qe,a – qt,d increases with increasing time until a 

plateau is reached, which represents the amount of released metoprolol in equilibrium. The 

obtained data were analyzed using equation 3.3. The analysis resulted in a release rate 

coefficient kr = 1.4 ± 0.3 h-1 and an amount of released metoprolol in equilibrium of 

qe,d = 268 ± 3 µmol g-1, which corresponds to a release of 100 %. The errors are standard 

deviations. Compared to the values obtained for sodium chloride as release medium, one sees 

that kr is considerably increased and is even in the range of kr values for foamed hydrogels. This 

effect can again be ascribed to the increased ion concentration in the release medium. While 

the increase in kr for non-foamed hydrogels follows the trend already seen before, the behavior 

of foamed hydrogels is quite different. For foamed hydrogels, the amount of released 

metoprolol also increases with increasing time (Figure 3.9, right). However, metoprolol can 

only be detected in the supernatant after a certain induction period of ~ 60 – 150 min (see insets, 
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Figure 3.9, right). After this induction period, the amount of released metoprolol steeply 

increases until a plateau is reached at ~ 100 – 170 min. Afterward, the amount of released 

metoprolol increases again until 100 % of metoprolol is released. This is a rather surprising 

outcome, which might be explained by the volume shrinkage of the hydrogel matrix at high salt 

concentrations, occurring for both foamed and non-foamed hydrogels. While this process might 

occur over a longer time period in non-foamed hydrogels due to the larger diffusion path, the 

hydrogel matrix in foamed hydrogels might collapse instantaneously. This rapid volume 

shrinkage might also cause a collapse of the pore openings in foamed hydrogels, which would 

lead to an accumulation of metoprolol inside the water filled pores and thus to an irregular 

release of metoprolol. However, this effect must be further examined to explain it properly. For 

example, the release of metoprolol from hydrogel foams with different pore opening diameters 

could be examined.  

In summary, the material properties entailed by the carboxyl groups in GM10 were examined 

by studying the sorption and release behavior of the cationic model drug metoprolol in 

hydrogels with two different morphologies. While the morphology did not influence the 

sorption and release behavior in equilibrium, a pronounced effect was observed for non-

equilibrium conditions, i.e. sorption and release kinetics. For the foamed hydrogels, the rate 

coefficients were up to 10 times higher compared to the non-foamed hydrogels, which can be 

ascribed to the decreased diffusion length. Furthermore, the sorption and release rate 

coefficients are influenced by the initial metoprolol and sodium chloride concentrations, 

respectively, and increase with increasing concentrations. For very high ion concentrations, 

however, foamed hydrogels show an irregular release behavior, which might be caused by the 

volume shrinkage of the hydrogel matrix.  

 

3.3 New gelatin-based hydrogel foams for improved substrate conversion of immobilized 

horseradish peroxidase (Publication III) 

 

In Publication III, the carboxyl groups in GM10 were chemically modified to add a new 

functional group to the material. For this purpose, biotin groups were tethered to GM10 with 

the overall aim to immobilize the model enzyme streptavidin-horseradish peroxidase (Strep-

HRP) on the hydrogel foams via the biotin-streptavidin interaction. Thus, Publication III deals 

with the synthesis of biotinylated GM10, the generation of foamed and non-foamed hydrogels 

based on this polymer, and the immobilization of Strep-HRP on the generated materials. 

Furthermore, the substrate conversion rate was assessed for different hydrogel morphologies.  
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3.3.1 Synthesis of biotinylated gelatin methacryloyl 

 

Biotinylated gelatin methacryloyl (GM10EB) was synthesized via a two-step procedure starting 

from GM10. In the first reaction step, primary amino groups were introduced to GM10 by 

modifying the carboxyl groups of the polymer with EDA, using EDC as a coupling agent. The 

reaction product is referred to as GM10E. Afterward, biotin was tethered to the polymer 

backbone by reaction of amino groups with NHS-dPEG®4-biotin. The reaction product is 

referred to as GM10EB. Figure 3.10 shows the corresponding reaction scheme.  

 

 

Figure 3.10: Reaction scheme for synthesizing biotinylated gelatin methacryloyl (GM10EB). 
Step 1: Synthesis of GM10E by modification of carboxyl groups in GM10. Step 2: Synthesis 
of GM10EB by biotinylating amino groups in GM10E with NHS-dPEG®4-biotin. Reprinted 
from [Deh22], with permission from Wiley-VCH, open access article.  
 

The first reaction step was performed according to a procedure previously described by Claaßen 

et al. [Cla19]. Compared to the original procedure, less EDA and EDC were used to maintain a 

constant isoelectric point (IEP). This is because a high amino group content causes a 

considerably increased IEP [Cla19], which might lead to different non-specific protein 

interactions between different gelatin derivatives when immobilizing Strep-HRP. The obtained 

reaction product was completely soluble in PBS and deionized water, indicating that the 

polymer chains are not cross-linked, as is sometimes the case when a bifunctional reagent is 

used during amide coupling. The amino group content (DE) of GM10E was quantified with the 

TNBS-assay, which is based on the reaction of primary amino groups with 2,4,6-

trinitrobenzenesulfonic acid. This reaction leads to a color development, which can be used to 

quantify the content of primary amino groups. A DE of 71 ± 2 µmol mg-1 was obtained. This 

corresponds to a modification of 6.8 % of carboxyl groups in GM10 or 0.8 % of all amino acids 

[Sew18] in gelatin. For comparison, the TNBS-assay was also performed for GM10, where no 
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amino groups were detected (DE = −2 ± 2 µmol mg-1). This is in accordance to previously 

obtained results [Cla18a]. Table 3.5 summarizes the obtained values.  

 
Table 3.5: Methacryloyl group content (DM), amino group content (DE), and biotin content 
(DB) of different gelatin derivatives. The errors are standard deviations, except for DB (TNBS), 
where the error was derived from an error propagation. Adapted from [Deh22], with permission 
from Wiley-VCH, open access article. 
 

gelatin 
derivative 

DM 

/ mmol g-1 
DE 

/ µmol g-1 
DB (TNBS) 
/ µmol g-1 

DB 

(HABA/Avidin) 
/ µmol g-1 

GM10 0.94 −2 ± 2 - - 
GM10E 0.97 71 ± 2 - - 

GM10EB 0.94 38 ± 1 33 ± 3 26 ± 2 
 

In the second reaction step, GM10E was biotinylated by reaction of amino groups with NHS-

dPEG®4-biotin. The obtained reaction product (GM10EB) was completely soluble in PBS and 

deionized water, yielding a slightly opalescent solution. The amino group content of GM10EB 

was again determined with the TNBS-assay, yielding a considerably decreased DE of 

38 ± 1 µmol g-1 (Table 3.5), which confirms the consumption of amine groups and is thus an 

indirect measure for the biotinylation. Consequently, the biotin content (DB) can be determined 

indirectly by subtracting the DE of GM10EB from the DE of GM10E. A DB of 33 ± 3 µmol g-1 

was obtained (Table 3.5), which corresponds to 3.2 % of the carboxyl groups in GM10 or 0.4 % 

of all amino acids [Sew18]. In addition to this indirect method, the DB was also directly 

quantified with the HABA/Avidin-assay, in which 4'-hydroxyazobenzene-2-carboxylic acid 

coordinated to avidin is displaced by biotin. The displacement results in a color change at 

500 nm that is used to quantify the biotin content. According to the HABA/Avidin assay, the 

DB of GM10EB is 26 ± 2 µmol g-1 (Table 3.5). This is in good agreement to the value obtained 

with the TNBS-assay. The slightly lower value of DB obtained with the HABA/Avidin assay 

might be ascribed to steric hindrance, resulting from biotin being bound to a large 

macromolecule. In addition, the lower value might also be caused by a slight overestimation of 

the DE in GM10E due to coordinatively bound EDA, which is removed during the second 

reaction step. The synthesized gelatin derivatives were also analyzed with 1H-NMR to 

determine the methacryloyl content (DM) after each reaction step. Figure 3.11 shows the 1H-

NMR spectra of different gelatin derivatives in D2O. The methacryloyl group content is 

particularly important for generating hydrogels and hydrogel foams based on these polymers, 

which occurs via radical cross-linking of methacryloyl groups. Furthermore, a high 
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methacryloyl group content also ensures a low viscosity of aqueous polymer solutions, which 

is essential for microfluidic foaming.  

 

Figure 3.11: 1H-NMR spectra of different gelatin derivatives (top: GM10, middle: GM10E, 
bottom: GM10EB) in D2O. The signals of the acrylic protons of the methacryloyl groups are 
marked in green. The insets show signals between 3.7 ppm and 3.0 ppm. The EDA-related 
signals are marked in blue, while the signals related to dPEG®4 are marked in purple. Adapted 
from [Deh22], with permission from Wiley-VCH, open access article. 
  
The DM was determined by analyzing the methacryloyl signals between 5.9 ppm and 5.6 ppm 

according to Claaßen et al. [Cla18a]. Table 3.5 summarizes the obtained values. Comparing the 

DM for different gelatin derivatives, the values are virtually unchanged. Thus, a high DM is 
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maintained throughout different synthesis steps. This is in contrast to previously published 

work, where a significant decrease in DM was obtained for GM10E [Cla19]. We ascribe the 

constant DM value obtained for GM10E in this thesis to the lower amount of EDA in the 

reaction mixture, which might prevent side reactions such as aminolysis or hydrolysis of 

methacryloyl groups. Looking at the 1H-NMR spectra, one also sees that even though only a 

low amount of carboxyl groups was modified, additional signals appear in the spectra of 

GM10E and GM10EB. Compared to the 1H-NMR spectrum of GM10 (Figure 3.11, top), the 
1H-NMR spectrum of GM10E (Figure 3.10, middle) shows two additional shoulders at 

3.50 ppm and 3.15 ppm. These signals belong to the CH2-groups of EDA, as was also shown 

in previously published work [Cla19]. Furthermore, new signals at 3.68, 3.39, and 3.31 ppm 

appear in the 1H-NMR spectrum of GM10EB (Figure 3.11, bottom), which might either belong 

to CH2-groups of the dPEG®4 spacer or might result from a shift of the EDA-related signals.  

In addition, the effect of the modification on the isoelectric point (IEP) of synthesized gelatin 

derivatives was estimated using the ExPASy tool (https://web.expasy.org/compute_pi/, 

22/04/22, 1.06 pm) as described previously [Cla19]. The calculated IEPs of GM10, GM10E, 

and GM10EB were 4.2, 4.4 and 4.3, respectively. This indicates that the modification of GM10 

does not result in a pronounced change in the IEP. Thus, large differences in non-specific 

protein interactions between different gelatin derivatives and Strep-HRP are not expected when 

PBS is used as a buffer.  

 

3.3.2 Preparation and characterization of foamed and non-foamed hydrogels 

 

Hydrogel foams based on all synthesized gelatin derivatives were prepared with liquid foam 

templating using microfluidic foaming. The applied gas pressures p, the liquid flow rates vL, 

and the obtained bubble diameter 〈Db〉 are listed in Table 3.6.  

 

Table 3.6: Liquid flow rate vL and gas pressure p used for the generation of liquid foam 
templates from different gelatin derivatives via microfluidic foaming. Bubble diameter 〈Db〉 of 
liquid foam templates, pore diameters 〈Dp〉, and pore opening diameters �dp� of cross-linked 
hydrogel foams. The errors are standard deviations. Adapted from [Deh22], with permission 
from Wiley-VCH, open access article. 

gelatin 
derivative 

vL / µL min-1 p / mbar 〈Db〉 / µm 〈Dp〉 / µm �dp� / µm 

GM10 25 500 154 ± 2 147 ± 3 26 ± 6 
GM10E 20 300 140 ± 3 128 ± 4 26 ± 6 

GM10EB 20 290 154 ± 2 127 ± 3 31 ± 7 
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As can be seen from Table 3.6, very similar values for 〈Db〉 were obtained, which demonstrates 

that the bubble diameter of the liquid foam templates can still be easily controlled during 

microfluidic foaming even though different gelatin derivatives are used. To achieve a similar 

bubble diameter, however, small changes in vL and p are necessary, which implies that the 

physico-chemical properties of GM10E and GM10EB solutions are slightly different from 

those of GM10 solutions. Upon irradiation with UV light, hydrogel foams were obtained, 

indicating that the amino- or biotin functionalization does not hinder radical cross-linking. The 

generated samples were stained with methylene blue and then examined with confocal 

fluorescence microscopy. No methylene blue visibly leached out of the hydrogel foams when 

immersing them in deionized water. Thus, the functionalization of GM10 also does not impede 

the interaction between metoprolol and the hydrogel network. Figure 3.12 shows exemplary 

pictures of hydrogel foams based on different gelatin derivatives.  

 

   

Figure 3.12: Confocal fluorescence microscopy images of hydrogel foams based on GM10 
(left), GM10E (middle), and GM10EB (right). The samples were stained with methylene blue. 
Reprinted from [Deh22], with permission from Wiley-VCH, open access article. 

 

Table 3.6 summarizes the obtained values for the pore diameter 〈Dp〉 and the pore opening 

diameter �dp�. All samples had similar values for �dp�. By contrast, the values for 〈Dp〉 varied 

for different gelatin derivatives when comparing them to the corresponding values for 〈Db〉. 
This effect is most pronounced for hydrogel foams based on GM10EB, where the pore diameter 

is reduced by 18 % compared to the bubble diameter. In GM10 and GM10E hydrogel foams, 

the pore diameter is reduced by 5 % and 9 %, respectively, compared to the bubble diameter. 

This indicates that the functionalization also causes a different cross-linking behavior. The 

change of the pore diameter compared to the bubble diameter was calculated according to 

〈��〉 e 〈��〉〈��〉 . Non-foamed hydrogels based on all gelatin derivatives were prepared by curing 
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aqueous solutions of the different polymers. Compared to GM10 and GM10E samples, which 

were optically clear, GM10EB samples were slightly opaque, which might be due to the 

introduction of hydrophobic biotin groups.  

 

3.3.3 Strep-HRP immobilization and ABTS conversion 

 

To examine whether the biotin groups are intact and accessible for the immobilization of Strep-

HRP, foamed and non-foamed GM10EB samples were exposed to a Strep-HRP solution, using 

GM10 and GM10E samples as controls. All hydrogel samples were exposed to Strep-HRP only 

after hydrogel formation, because the large amount of radicals generated during cross-linking 

as well as subsequent sample processing in organic solvents and at elevated temperatures might 

damage the protein. To examine the immobilization of Strep-HRP, the 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid (ABTS)-assay was performed after thorough sample 

washing. In this assay, horseradish peroxidase oxidizes the colorless ABTS to blueish-green 

ABTS+•, which can be followed by UV/VIS spectroscopy. Figure 3.13 shows pictures of 

hydrogel samples after a reaction time of 30 min and the corresponding UV/VIS spectra of the 

supernatants.  

 

 

Figure 3.13: Representative UV/VIS-spectra of the supernatants of the ABTS assay after a 
reaction time of 30 min, using foamed hydrogels (left) and non-foamed hydrogels (right). The 
reaction was stopped by adding 1 % SDS solution. The insets show pictures of the respective 
hydrogel samples. Reprinted from [Deh22], with permission from Wiley-VCH, open access 
article. 
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As can be seen from Figure 3.13, the absorption for both foamed and non-foamed GM10EB 

samples (green lines) is considerably higher than that for GM10 and GM10E samples (red and 

blue lines). Furthermore, the GM10EB hydrogel samples are more stained than the GM10 and 

GM10E samples. Both observations indicate that Strep-HRP is predominantly immobilized via 

the biotin-streptavidin interaction and that non-specific protein interactions can be neglected. 

However, the absorption in the supernatants of GM10 and GM10E does not equal zero, which 

demonstrates that a certain degree of non-specific protein interaction occurs.  

Comparing foamed to non-foamed samples, one also sees that the supernatants of foamed 

samples have a much higher absorption than non-foamed samples. This indicates a different 

ABTS conversion rate, which was examined more closely for foamed and non-foamed 

GM10EB samples. Figure 3.14 shows the time-dependent absorption for supernatants of 

foamed and non-foamed GM10EB samples at 416 nm.  

 

 

Figure 3.14: Time-dependent absorption of the supernatants at 416 nm for foamed (purple) and 
non-foamed (blue) Strep-HRP-loaded GM10EB hydrogels. Three independent measurements 
are shown for foamed and non-foamed hydrogels, respectively. Reprinted from [Deh22], with 
permission from Wiley-VCH, open access article. 

 

The slopes of the linear regression lines represent the substrate conversion rates rA. For the 

foamed samples, a 12 times higher rate of rA = 3.4 ± 0.3 h-1 was obtained compared to the non-

foamed samples (rA = 0.29 ± 0.07 h-1). The errors are standard deviations. The difference in rA 

might be explained by two different mechanisms depending on the location of the enzyme. If 

the enzyme is located near the surface of the samples, the increased surface area of the foamed 
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samples might lead to an increased amount of immobilized enzymes due to a larger number of 

accessible biotin groups, resulting in a higher rA value. Based on a rough estimation, the surface 

area of the foamed samples is approximately A � 1900 mm2 and thus 40 times larger than that 

of the non-foamed hydrogels of the same mass (A � 50 mm2). On the other hand, if the enzyme 

is evenly distributed within the hydrogel matrix, the higher rA value might be caused by 

diffusion, i.e., shorter diffusion lengths in the foamed samples (see Section 3.2) lead to a faster 

transport of substrate and product to and from the enzyme and thus to a larger rA value. Note, 

however, that it has been shown that even if the enzyme is evenly distributed within the 

hydrogel matrix, the substrate conversion often occurs in a small catalytically active layer 

located 200 – 400 nm away from the surface [Mar93]. In such a case, rA in foamed samples is 

higher compared to non-foamed samples due to a greater amount of enzymes being exposed to 

the substrate containing medium, which is caused by the larger surface area.  

Further information on the enzyme distribution might be gained by quantifying the amount of 

immobilized Strep-HRP. However, the porous structure of the foamed hydrogels impedes an 

accurate characterization of proteins in the washing solutions. Thus, commonly used methods, 

such as quantifying Strep-HRP in the supernatant before and after loading, could not be 

successfully applied. Nonetheless, it can be strongly assumed that the immobilization of Strep-

HRP on GM10EB hydrogels occurs near the surface of the hydrogel due to two reasons. Firstly, 

an excess of biotin groups is provided (~ 170 nmol biotin per samples of the same mass, 

compared to 4.7 pmol Strep-HRP in the loading solution), which increases the probability that 

Strep-HRP binds closely to the surface before it reaches the bulk of the hydrogel. Secondly, 

Strep-HRP has a relatively large hydrodynamic radius [Cla18b], which might also hinder its 

diffusion deep into the hydrogel matrix. Thus, we assume that the increased substrate 

conversion rate in foamed hydrogels is due to an increased amount of immobilized enzyme 

compared to non-foamed hydrogels, caused by the larger surface area. Note that in any case, 

the use of foamed hydrogels also allows for using both enzyme and generated polymer more 

efficiently, since the bulk of the hydrogels most likely does not participate in the substrate 

conversion.  

In summary, a new biotinylated gelatin derivative (GM10EB) was synthesized, which allows 

for the immobilization of Strep-HRP via the biotin-streptavidin interaction. We showed that the 

new gelatin derivative GM10EB can also be used to generate hydrogel foams with defined pore 

diameters via microfluidic foaming. When comparing the substrate conversion rate rA of Strep-

HRP immobilized on foamed and non-foamed hydrogels, a 12 times larger rate was found for 

the foamed hydrogels, which is most likely due to an increased amount of immobilized enzyme 
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caused by the larger surface area of the foamed samples. The higher substrate conversion rate 

Strep-HRP immobilized on foamed hydrogels suggests that rA can be adjusted by tailoring the 

hydrogel morphology.  
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4. Conclusions and Outlook 

 

The objective of the present work was to extend the tailorability and applicability of gelatin 

methacryloyl (GM)-based hydrogel foams by focusing on both the morphology and polymer 

functionality of these materials. To this end, this work was divided into three parts.  

In the first part, we tailored the morphology of GM-based hydrogel foams by adjusting the pore 

opening diameters �dp� independently from the pore diameter 〈Dp〉. For this purpose, the gas 

fraction and the bubble diameter were decoupled during the generation of liquid foam templates 

via two complementary methods: (1) the addition of polymer solution to liquid foam templates 

produced at high initial gas fractions and thus large bubble diameters and (2) the variation of 

the bubbling frequency during the generation of liquid foam templates with low initial gas 

fractions and thus smaller bubble diameters. Decoupling the gas fraction and the bubble 

diameter was successful in both cases, which was confirmed by variable pore opening diameters 

at constant pore diameters. The results of both methods show that the ratio of the pore opening 

diameters to the pore diameters, �dp�/〈Dp〉, can be varied from 0.14 to 0.28. The upper and lower 

limits of the accessible ratios were determined by oxygen inhibition during cross-linking and 

drainage of liquid from the foam templates, respectively. In future work, the range of �dp�/〈Dp〉 
might be further expanded by using a more rigorous inert gas atmosphere or slowing down 

drainage. Comparing the experimentally obtained data with predictions for thin film diameters 

in liquid foams, we found that our data lie between disordered and FCC-ordered foams. With 

increasing gas fractions, the experimental data tend more towards predictions for ordered 

foams, which is due to an increasing degree of pore ordering within the samples. By contrast, 

the experimental data for low gas fractions agree with predictions for disordered systems, which 

indicates that the thin film diameters in liquid foams indeed determine the pore opening 

diameters. Together with previously published work [Deh19], it is now possible to vary two 

key structural parameters of hydrogel foams, namely the pore opening diameter and the pore 

diameter, independently, which enables to study the influence of both parameters on specific 

material properties systematically. This might be particularly interesting in tissue engineering, 

where the influence of the hydrogel foam morphology on the behavior of cells should be 

studied.  

In the second part, the hydrogel foam properties entailed by the inherently present functional 

groups were examined. For this purpose, the sorption and release of the cationic model drug 

metoprolol, which most likely occurs on the carboxyl groups of GM, was studied. Both 
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equilibrium and non-equilibrium conditions were examined and compared to non-foamed 

hydrogels to examine the influence of the hydrogel morphology. When studying equilibrium 

conditions, i.e. sorption and release isotherms, the hydrogel morphology did not influence the 

sorption and release behavior. The maximum sorption capacity was qmax = 530 µmol g-1, 

corresponding to 142 mg g-1 metoprolol. The equilibrium constant of sorption was 

Ks = 1.3 mL µmol-1, indicating a relatively weak interaction between metoprolol and GM. Upon 

immersion in sodium chloride solution or PBS, up to 100 % of sorbed metoprolol was released, 

which indicates that the sorption of metoprolol occurs via ion exchange and that the material 

can be entirely regenerated by immersion in salt solutions. When studying non-equilibrium 

conditions, i.e. sorption and release kinetics, the sample morphology had a pronounced 

influence on the sorption and release behavior. We obtained up to 10 times higher rate 

coefficients for foamed hydrogels, which we ascribe to the shorter diffusion paths in the foamed 

samples. In addition, the initial ion concentration in the sorption or release medium also 

influences the rate coefficients, resulting in larger rate coefficients when increasing the initial 

concentrations. For foamed hydrogels, however, an irregular release behavior was found when 

using very high ion concentrations, which we attribute to the volume shrinkage of the samples. 

Altogether, the obtained data suggest that the sorption and release rate can be adjusted by two 

different parameters: the ion concentration and the lengths of the diffusion path. As the 

diffusion path is directly determined by the pore diameter and, to a certain extent, by the pore 

opening diameter, tailoring the sorption and release rate might be achieved by adjusting these 

parameters via microfluidic foaming. Our findings are highly relevant for the potential 

application of GM-based hydrogel foams in wastewater treatment or drug delivery, where a 

controllable sorption and release rate is of great importance. In future work, the influence of the 

pH and the temperature on the sorption and release process should be studied. In addition, the 

sorption and release behavior of other drugs should be studied.  

In the third part, the carboxyl groups in GM were chemically modified to introduce biotin as 

new functional groups to the hydrogel network. For this purpose, we synthesized a new gelatin 

derivative by tethering biotin-dPEG®4 moieties to GM using a two-step modification 

procedure. TNBS- and HABA/Avidin assays as well as 1H-NMR analysis confirmed the 

biotinylation of GM. Furthermore, a high methacryloyl group content was maintained, which 

is essential for the cross-linking of polymer chains. In addition 

, a high methacryloyl group content is important for ensuring a sufficiently low viscosity for 

microfluidic foaming. After having generated foamed and non-foamed hydrogels based on the 

new gelatin derivative, we showed that the streptavidin-conjugated model enzyme horseradish 
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peroxidase (Strep-HRP) can be successfully immobilized on the materials. This demonstrates 

that the biotin groups are available for bioconjugation. Thus, the modification of carboxyl 

groups introduces a new functionality to the hydrogel foams, which might also be used to 

immobilize other streptavidin-conjugated biomolecules. As many streptavidin-conjugated 

biomolecules are commercially available, a versatile bioconjugation platform might be created, 

which might also be used for e.g. biosensing or for protein purification. The influence of the 

hydrogel morphology on the substrate conversion rate was assessed by comparing foamed to 

non-foamed hydrogels. The substrate conversion rate was twelve times higher in foamed 

hydrogels, which might be ascribed to an increased amount of immobilized enzyme due to the 

larger surface area of the foamed samples. However, the amount of immobilized enzyme could 

not be quantified due to the porous structure of the foamed hydrogel. Thus, future work should 

focus on developing a new quantification method based on e.g. eluting Strep-HRP from the 

hydrogels. Furthermore, it should be examined whether the substrate conversion rate can be 

tailored by adjusting the surface area of the foamed hydrogels, which is directly determined by 

the pore diameter and can thus be easily adjusted via microfluidic foaming.  
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5. Materials and Methods 

 

5.1 Chemicals 

 

All chemicals that were used in this work are listed in Table 5.1. Dialysis was performed using 

membranes from Medicell International (United Kingdom, molecular weight cutoff 

12-14 kDa). All chemicals were used as received, except Strep-HRP, from which aliquots were 

prepared that were stored at -20 °C until further use. All solutions were prepared with deionized 

water.  

 

Table 5.1: Chemicals used in the thesis at hand.  
 
Chemical Abbreviation Supplier 

gelatin (type B, bovine bone, 232 
bloom, batch #635621 and #641819) 

 Gelita (Germany) 

methacrylic anhydride MAAnh 
Sigma Aldrich 
(Germany) 

sodium 3-trimethylsilylpropionate-
2,2,3,3-d4 

TMSP Merck (Germany) 

perfluorohexane (98 %, 85 % n-isomer)  
abcr (Germany), 
Sigma Aldrich 
(Germany) 

D2O  
deutero (Germany), 
eurisotop (United 
Kingdom) 

lithium phenyl-2,4,6-trimethyl-benzoyl 
phosphinate 

LAP 
carbosynth (United 
Kingdom) 

Plantacare 2000 UP (active content ~ 
53%, water as solvent 

 
Cognis (now BASF, 
Germany) 

methylene blue  S3 chemicals (Germany) 

phosphate buffered saline PBS 
Sigma Aldrich 
(Germany) 

metoprolol tartrate  
Sigma Aldrich 
(Germany) 

ethanol (absolute)  VWR (Germany) 
sodium chloride  VWR (Germany) 

Ethylene diamine EDA 
Sigma Aldrich 
(Germany) 
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1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide 

EDC 
Sigma Aldrich 
(Germany) 

NHS-dPEG®4-biotin  
Sigma Aldrich 
(Germany) 

2,4,6-trinitrobenzenesulfonic acid (1 M 
in H2O) 

TNBS 
Sigma Aldrich 
(Germany) 

glycine  
Sigma Aldrich 
(Germany) 

4'-hydroxyazobenzene-2 carboxylic 
acid/Avidin reagent 

HABA/Avidin 
reagent 

Sigma Aldrich 
(Germany) 

bovine serum albumin BSA 
Sigma Aldrich 
(Germany) 

2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (liquid substrate system) 

ABTS 
Sigma Aldrich 
(Germany) 

sodium hydroxide  VWR (Germany) 
sodium hydrogencarbonate  VWR (Germany) 
1 N hydrochloric acid (Titrisol)  Merck (Germany) 

streptavidin-conjugated horseradish 
peroxidase 
(1 mg mL-1) 

Strep-HRP 
abcam (United 
Kingdom) 

sodium dodecyl sulfate (lot 184257) SDS 
fisher scientific 
(Germany) 

 

 

5.2 Synthesis and characterization of gelatin derivatives 

 

5.2.1 Synthesis of gelatin derivatives 

 

Gelatin methacryloyl: Gelatin methacryloyl (GM10) was synthesized and characterized 

according to a procedure described by Claaßen et al. [Cla18a]. 25.21 g gelatin type B were 

dissolved in 250 mL deionized water at 40 °C. To this end, gelatin from batch #635621 was 

used in Publication I, whereas gelatin from batch #641819 was used in Publication II and III. 

Once the gelatin was completely dissolved, the temperature was decreased to 37 °C. 13.15 mL 

(90.46 mmol) MAAnh were added to the solution. As this corresponds to a ten-fold molar 

excess with respect to free amino groups in gelatin (0.35 mmol g-1 according to van den Bulcke 

et al. [Bul00]), the synthesized gelatin derivative is denoted as GM10. The pH of the reaction 

mixture was adjusted to 7.25 using 4 M NaOH, and was kept between 7.0 and 7.4 throughout 

the reaction. To this end, an automatic titration device (Titrino, Metrohm, Switzerland) was 

used. After a reaction time of 5 h, the crude product was filtered, and the pH was adjusted to 
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8.5 using 1 M NaOH. The crude product was stored at 8 °C for two days. Afterward, the solution 

was sterile filtered, and dialyzed against deionized water for 5 days. The purified product was 

freeze-dried using an Alpha 1-2 LD lyophilizer from Christ (Germany). Typically, a yield of 70 

– 80 % was obtained.  

 

Gelatin methacryloyl aminoethyl: Gelatin methacryloyl aminoethyl (GM10E) was 

synthesized according to a procedure modified after Claaßen et al. [Cla19]. 4 g of GM10 which 

were estimated to contain a carboxyl group amount of 4.51 mmol (1 eq., based on the carboxyl 

group content in gelatin type B (1.128 mmol g-1 [Sew18])), were dissolved in 40 mL deionized 

water at 37 °C. 204 µL (184 mg, 3.05 mmol, 0.68 eq.) EDA were added to the solution. The pH 

was quickly adjusted to 4.5 using 1 N HCl. Afterward, 65 mg (0.34 mmol, 0.075 eq.) EDC were 

dissolved in 220 µL of deionized water and the solution was quickly added to the reaction 

mixture. The reaction mixture was stirred for 18 h and was subsequently filtered to remove the 

precipitate that formed during the reaction. To remove ionic impurities, the filtered product was 

dialyzed against a 9 g L-1 NaCl solution for two days. Afterward, the solution was dialyzed 

against deionized water for 2 days. The purified product was freeze-dried using an Alpha 1-2 

LD lyophilizer from Christ (Germany). 3.43 g of GM10E (86 %) were obtained.  

 

Biotinylated gelatin methacryloyl: Biotinylated gelatin methacryloyl (GM10EB) was 

synthesized by tethering biotin-dPEG®4 to GM10E. To this end, 2 g of GM10E (containing 

0.14 mmol, 1 eq., amino groups) were dissolved in 39 mL of PBS at room temperature. 

113.7 mg (1.36 eq.) NHS-dPEG®4-biotin were dissolved in 900 µL PBS and were added to the 

reaction mixture. After a reaction time of 18 h, the reaction mixture was sterile filtered, yielding 

a slightly opalescent solution. The crude product was dialyzed against deionized water for 6 

days. Afterward, the solution was sterile filtered and subsequently freeze-dried using an Alpha 

1-2 LD lyophilizer from Christ (Germany). 1.72 g (86 %) of GM10EB was obtained. Figure 

5.1 shows the chemical structure of NHS-dPEG®4-biotin. 

 

 

Figure 5.1: Chemical structure of NHS-dPEG®4-biotin. 
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5.2.2 Characterization of gelatin derivatives 

 

1H-NMR analysis: To determine the methacryloyl group content (DM) of GM10, GM10E and 

GM10EB, 1H-NMR analysis in D2O was used [Cla18a]. The spectra were recorded with a 

Bruker Avance NMR spectrometer. TMSP was used as an internal standard. The DM can be 

calculated according to  

 

� =  � methacryloyl� TMSP  · 9H1H ·  �(TMSP)�(gelatin derivative) , (5.1) 

  

where � methacryloyl is the integral of the methacryloyl protons (5.9 – 5.6 ppm), � TMSP is 

the integral of the TMSP protons (-0.2 – 0.2 ppm), n(TMSP) is the amount of TMSP in D2O, 

and m(gelatin derivative) is the mass of gelatin derivative dissolved in D2O. The obtained DM 

values varied between 0.88 mmol g-1 and 0.97 mmol g-1. The exact DM values of the used 

gelatin derivatives are given in the relevant experimental sections (see Sections 5.3.1 and 5.3.2).  

 

TNBS assay: To determine the amino group contents (DE) of GM10, GM10E, and GM10EB, 

the TNBS assay was performed. To this end, a 0.01 % (w/v) TNBS solution was prepared by 

diluting a 1 M TNBS solution with 0.1 M NaHCO3 (pH = 8.5). Afterward, 200 µL of the TNBS 

solution are added to 500 µL of a 1 mg mL-1 gelatin derivative solution in 0.1 M NaHCO3. The 

mixture was incubated at 37 °C under slight agitation in the dark. After 2 h, the reaction was 

stopped by adding 250 µL of a 10 % SDS solution and 125 µL of 1 N HCl. The absorbance of 

the solutions at 335 nm was measured in cuvettes with a pathlength of 2 mm, using a Lambda 

25 UV/VIS spectrometer from Perkin Elmer (Germany). The experiments were repeated three 

times. A calibration curve was obtained by performing the TNBS assay for glycine solution 

with concentrations of 0, 0.026, 0.053, 0.106, and 0.132 µmol mL-1 in 0.1 M NaHCO3. 

 

HABA/Avidin assay: To determine the biotin content (DB) in GM10EB, the HABA/Avidin 

assay was performed. Firstly, the HABA/Avidin mixture was reconstituted in 10 mL of 

deionized water. Afterward, 133 µL of a 0.55 mg mL-1 GM10EB solution in PBS were added 

to 1.2 mL HABA/Avidin mixture. A Lambda 25 UV/VIS spectrometer from Perkin Elmer 

(Germany) was used to measure the absorbance of the solution at 500 nm before and after the 

addition of the GM10EB solution. To this end, cuvettes with a pathlength of 5 mm were used. 

The experiment was performed in triplicates. A calibration curve was generated by performing 
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the HABA/Avidin assay for NHS-dPEG®4-biotin solutions with concentrations of 0, 56, 111, 

166, and 222 nmol mL-1 in PBS.  

 

5.3 Preparation of foamed and non-foamed hydrogels 

 

5.3.1 Preparation of foamed hydrogels  

 

Preparation of polymer solutions: Gelatin derivative solutions that were used to prepare 

foamed hydrogels contained 0.14 wt. % of LAP, 0.1 wt. % of Plantacare 2000 UP, and 20 wt. % 

of GM10, GM10E, or GM10EB, respectively. Deionized water was used to prepare the 

solutions. All flasks were wrapped in aluminum foil to prevent premature activation of the 

photo initiator. In Publication I, the solution was additionally stored at 8 °C until further use. 

The DM values of gelatin derivatives used to prepare foamed hydrogels are listed in Table 5.2. 

 

Table 5.2: DM values of gelatin derivatives used to prepare foamed hydrogels in different 
publications.  
 

Publication gelatin derivative DM / mmol g-1 

I GM10 0.88 

II GM10 0.88 
 GM10 0.88 

III GM10E 0.97 
 GM10EB 0.94 

 

 

Microfluidic foaming: To produce liquid foam templates, a homemade polycarbonate 

microfluidic chip (Figure 5.2) was used. The chip was fabricated by micro-milling at the Polish 

Academy of Sciences, Warsaw, and had a constriction of 70 µm.  

 

 

Figure 5.2: Polycarbonate microfluidic chip with a constriction of 70 µm.  
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The gas phase was pressure controlled, using an OB1MK1 pressure controller from Elveflow 

(France). To prevent oxygen inhibition during cross-linking of polymer solutions, nitrogen was 

used as the gas phase. Furthermore, traces of perfluorohexane were added to the gas phase to 

prevent coarsening. To this end, the outlet of the pressure controller was connected to a glass 

bottle filled with perfluorohexane. The glass bottle was sealed with a Vaplock GL45 cap from 

fisher scientific (Germany) and connected to the inlet of the microfluidic chip. The polymer 

solutions were injected with a Pump 11 Elite syringe pump from Harvard Apparatus (United 

States), which allows for controlling the liquid flow rate of the polymer solutions. An SMZ 

745T bright field microscope from Nikon (Japan). equipped with a KL 500 light source from 

Schott (Germany) was used to monitor the bubbling inside the microfluidic chip. To prevent 

premature activation of the photo initiator, the light source was covered with a UV-absorbing 

foil and the tubing was wrapped with aluminium foil. The bright field microscope was 

connected to an EoSensCL high speed camera from Mikrotron (Germany). Images were taken 

with the MBDirector2KIT software (version 1.7.11). Figure 5.3 shows an image of the setup. 

To collect the generated bubbles, a tube was connected to the outlet channel of the microfluidic 

chip.  

 

 

Figure 5.3: Image of the setup used for microfluidic foaming. (A) Syringe pump, (B) pressure 
controller, (C) glass bottle filled with perfluorohexane, (D) bright field microscope, (E) 
microfluidic chip, (F) high speed camera. 
 

The same setup was used to generate liquid foams in all publications. However, in Publication 

I, the gas fraction of the liquid foams was additionally adjusted via two different methods, 

which are described in the following.  
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Variation of the gas fraction – addition of liquid: To be able to add polymer solution to the 

generated foam, the setup was slightly modified. A second tube was connected to the outlet 

channel, which was used to add the same polymer solution. The liquid flow rate of the additional 

polymer solution vA was controlled using a Pump 11 Elite syringe pump from Harvard 

Apparatus (United States). To avoid feedback loops on the bubble pinch-off at the constriction, 

the polymer solution was added outside the microfluidic chip. Both tubes were slanted to enable 

the mixing of the generated foam with the additional liquid. Figure 5.4 shows a schematic 

drawing of the setup. This setup can also be used to add cross-linking agents to liquid foams 

[And18a].  

 

 

Figure 5.4: Schematic drawing of the experimental setup used to add polymer solution to the 
generated bubbles. Reprinted from [Deh21a], Copyright 2021, with permission from Elsevier.   
 

Variation of the gas fraction – bubbling frequency: To vary the bubbling frequency, the ratio 

of liquid flow rate and gas pressure was kept constant at 0.1 µL min-1 mbar-1, while continually 

increasing the absolute values of both parameters from 20 µl min-1 and 200 mbar to 80 µl min-1 

and 800 mbar. Figure 5.5 shows bubbles produced at with different bubbling frequencies. The 

relation between the bubbling frequency and the gas fraction of the generated foams was first 

examined for an aqueous surfactant solution [Gar04] but has never been used to tailor the pore 

opening diameters in polymer foams.  

 

   

Figure 5.5: Generation of bubbles at different liquid flow rates and gas pressures. (left) vL = 20 
µl min-1, p = 200 mbar, (right) vL = 80 µl min-1, p = 800 mbar. Adapted from [Deh21a], 
Copyright 2021, with permission from Elsevier.   
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The gas pressures p and liquid flow rates vL and vA used to produce liquid foams in different 

publications are listed in Table 5.3.  

 

Table 5.3: Gas pressures p and liquid flow rates vL and vA used for the preparation of liquid 
foam templates based on different gelatin derivatives in different Publications. 
 

Publication 
gelatin 

derivative 
gas pressure 

p / mbar 
liquid flow rate 

vL / µL min-1 

flow rate of 
additional liquid 

vA / µL min-1 

  260 7 0 
  260 7 2 
I GM10 260 7 3 
  260 7 5 
  260 7 8 
  260 7 11 

  200 20 0 
  300 30 0 
  400 40 0 
I GM10 500 50 0 
  600 60 0 
  700 70 0 
  800 80 0 

II GM10 25 500 0 

 GM10 25 500 0 
III GM10E 20 300 0 

 GM10EB 20 290 0 

 

 

Characterization of bubble diameters: To determine the bubble diameters of the generated 

liquid foams, one drop of the generated foams was collected on a microscope slide. To obtain 

a bubble monolayer, the foam was diluted with the same polymer solutions that was also used 

for microfluidic foaming. Images of the bubbles were taken with an EoSensCL highspeed 

camera from Mikrotron (Germany) using the MBDirector2KIT software (version 1.7.11). Note 

that the images must be taken quickly, as the bubbles increase in volume over time due to the 

presence of perfluorohexane. The images were analyzed using the software ImageJ (version 

1.52p). At least 40 bubble diameters were measured for each sample.  

 

Collection and curing of liquid foam templates: The generated foams were collected in 

sample containers that were placed under a stream of nitrogen to avoid oxygen inhibition during 
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cross-linking. In Publication I, cylindrical PDMS molds with a diameter of 4 mm and a height 

of 2 mm were used to collect the samples. In Publication II and III, cylindrical aluminum 

molds with a diameter of 2 cm and a height of 2 mm were used to collect the samples. As soon 

as the sample containers were completely filled, they were covered with a quartz glass pane and 

irradiated for 4.5 min with UV-A light, using an Omnicure Series 1500 UV lamp from Excelitas 

Technologies (United States). The UV lamp had a maximum emission spectrum between 

360 nm and 370 nm and was operated at 15 % intensity. The samples were placed at a distance 

of 5 cm to the light guide tip. 

  

Sample processing: In Publication I, the samples were frozen for 30 min at -60 °C directly 

after curing. Afterward, they were freeze-dried using an Alpha 1-2 LD lyophilizer from Christ 

(Germany) and stored at room temperature until further use. In Publication II and III, smaller 

samples were punched out of the cross-linked hydrogel foam by using a biopsy punch with a 

diameter of 4 mm. To avoid the formation of ice crystals that might potentially alter the structure 

and might influence further measurements, the samples were not freeze-dried. Instead, they 

were washed in deionized water for 3 days at 8 °C to remove residual photo initiator and 

surfactant. Afterward, the samples were washed in ethanol for one day at 8 °C to sterilize them 

and to ensure fast evaporation during sample drying. The washing media were changed twice a 

day. The samples were dried at 60 °C until a constant weight was obtained and were stored at 

room temperature until further use.  

 

5.3.2 Preparation of non-foamed hydrogels 

 

Preparation of polymer solutions: Gelatin derivative solutions that were used to prepare 

foamed hydrogels contained 0.14 wt. % of LAP and 20 wt. % of GM10, GM10E or GM10EB, 

respectively. In Publication II, the polymer solution additionally contained 0.1 wt. % of 

Plantacare 2000 UP. Deionized water was used to prepare the solutions. All flasks were 

wrapped in aluminum foil to prevent premature activation of the photo initiator. The DM values 

of gelatin derivatives used to prepare non-foamed hydrogels are listed in Table 5.4. 
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Table 5.4: DM values of gelatin derivatives used to prepare non-foamed hydrogels in different 
Publications.  
 

Publication gelatin derivative DM / mmol g-1 

II GM10 0.88 
 GM10 0.94 

III GM10E 0.97 
 GM10EB 0.94 

 

Curing of polymer solutions: The polymer solutions were filled into cylindrical PDMS molds 

with a diameter of 4 mm and a height of 2 mm. Afterward, the sample containers were covered 

with a quartz glass pane and were irradiated for 4.5 min with UV-A light, using a Omnicure 

Series 1500 UV lamp from Excelitas Technologies (United States). The UV lamp had a 

maximum emission spectrum between 360 nm and 370 nm and was operated at 15 % intensity. 

The samples were placed at a distance of 5 cm to the light guide tip.  

 

Sample processing: The cured samples were washed in deionized water for 3 days at 8 °C to 

remove residual photo initiator. Afterward, the samples were washed in ethanol for one day at 

8 °C to sterilize them and to ensure a fast evaporation during sample drying. The washing media 

were changed twice a day. The samples were dried at 60 °C until a constant weight was obtained 

and were stored at room temperature until further use.  

 

5.4 Characterization of foamed hydrogels 

  

Measurement of gas fraction: The gas fraction ϕ of the hydrogel foams was determined 

gravimetrically. It holds for the gas fraction  

 

ϕ = 1 −  �� ∙ }� ∙ ρ , (5.2) 

 

where m is the dry mass of the hydrogel foams, w is the mass fraction of the polymer, Vl is the 

sample volume in the liquid state, and ρ is the density of the polymer solution. All samples were 

characterized in triplicates. The density of the polymer solution was determined with a DMA 

5000 M density meter from Anton Paar (Germany). For GM10 solutions with a polymer content 

of 20 wt. %, a density of ρ = 1.056 g cm-3 was obtained.  
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Sample staining: To stain the prepared hydrogel foams, samples with a mass of approximately 

2 mg and a volume of 25 mm3 were immersed into 2 g of a 5 mg L-1 methylene blue solution. 

The samples were slightly agitated at room temperature. After 32 h, the samples were removed 

from the methylene blue solutions and were immersed in 2 g of deionized water. The samples 

were washed with deionized water for at least 12 h under slight agitation to remove unbound 

methylene blue from the gel and the sample pores. The sorption of methylene blue for 

exemplary samples was followed by UV/VIS spectroscopy using a Lambda 25 UV/VIS 

spectrometer from Perkin Elmer (Germany).  

 

Confocal fluorescence microscopy: The stained samples were characterized with a LSM 710 

confocal fluorescence microscope from Zeiss (Germany) equipped with the Zen Black software 

(version 16.0.0.0). 3D z-stacks consisting of a series of 2D pictures taken along the z-axis were 

recorded. The distance between two pictures in the 3D stack was 9.6 µm. The samples were 

placed onto a sample holder from ibidi (Germany). A drop of deionized water was placed on 

top of the samples to prevent drying of the samples during the measurement. An excitation 

wavelength of 633 nm was used and emitted light was collected between 642 and 747 nm. As 

only a few pore layers of the sample can be visualized due to light scattering, the samples were 

cut vertically and horizontally to visualize longitudinal sections and cross-sections of the 

sample. The first pore layers of the samples have an ordered morphology due to the 

crystallization of the bubbles caused by the confinement of the sample mold. As the ordered 

domains are merely surface effects [Mea15], the first pore layers are not considered for further 

analysis. All samples were characterized in triplicates.  

 

Picture analysis: The obtained pictures were analyzed using the software ImageJ (version 

1.52p). A logarithmic transformation was applied to all pictures to account for skewed 

intensities when measuring areas deep inside the hydrogel foam. At least 40 pore diameters Dp 

and pore opening diameters dp were measured for each sample. The pore diameter and pore 

opening diameter were only measured from pictures where both parameters were in the focal 

plane. This is also exemplary shown in Figure 5.6. If pore opening diameters were in a slightly 

elliptical shape, the major axis was considered the pore opening diameter.  
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Figure 5.6: 2D pictures of a pore opening (left) and a pore (right) within the same sample. Both 
pictures show different z-positions within the 3D stack to focus either on the pore opening or 
the pore. The hydrogel foams are based on GM10. Reprinted from [Deh21a], 2021, with 
permission from Elsevier.   
 
 
 
5.5 Batch sorption and release measurements 

 

5.5.1 Batch sorption measurements 

 

Metoprolol calibration curve: Calibration curves were generated by measuring the absorption 

of metoprolol tartrate solutions with metoprolol concentrations between 0.04 µmol mL-1 and 

6 µmol mL-1 at a wavelength of 274 nm. To this end, a Lambda 25 UV/VIS spectrometer from 

Perkin Elmer (Germany) was used. For metoprolol concentrations between 0.04 µmol mL-1 and 

1.0 µmol mL-1, cuvettes with a pathlength of 10 mm were used. For metoprolol concentrations 

between 1 µmol mL-1 and 6 µmol mL-1 cuvettes with a pathlength of 2 mm were used, as in this 

concentration range, the measured absorption is close to the detection limit of the spectrometer 

when using cuvettes with a pathlength of 10 mm, which might lead to an inaccurate 

determination of concentrations.  

 

Sorption isotherms: Sorption isotherms were measured for foamed and non-foamed GM10 

hydrogels. The foamed samples had a dry mass between 1.2 and 1.7 g and the non-foamed 

samples had a dry mass between 5.2 and 5.5 mg. One sample was used for each measurement. 

All samples were swollen in deionized water for 24 h. Prior to each experiment, the surface of 

the swollen samples was blotted dry to remove excess water. Afterward, the samples were 

immersed in 3 mL of a metoprolol tartrate solution with concentrations between 

0.06 µmol mL-1 and 8 µmol mL-1. The samples were placed on an orbital platform shaker 

(45 rpm) at room temperature. After 96 h, the UV/VIS spectra of the supernatants were 
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measured to determine the metoprolol concentration in the supernatant. It holds for the amount 

of sorbed metoprolol per mass of hydrogel, qe,a,1 

 

il,k = 1`� − `l,k2 ∙ }k�  , (5.3) 

 

where c0 is the initial concentration of metoprolol, ce,a 
2 is  

the equilibrium concentration of metoprolol in the supernatant, Va is the volume of the 

metoprolol solution, and m is the dry mass of the samples. The obtained data were fitted to the 

Langmuir model [Lan18]. It holds 

 

il,k =  iokp qs`l,k1 + qs`l,k.  (5.4) 

 

qmax is the maximum sorption capacity, Ks is the equilibrium constant, and ce,a is the equilibrium 

concentration of ions in the surrounding medium. For the regression, the data points were 

weighted using the reciprocal of the probability density function via the kernel density estimate. 

Hailey Poole measured the sorption isotherms.  

 

Sorption kinetics: The sorption kinetics were measured for foamed and non-foamed GM10 

hydrogels. The samples had a dry mass between 5.2 and 5.3 mg. As one foamed sample had a 

mass of approximately 1.4 mg, multiple samples had to be used to achieve a mass of 5.2 mg to 

5.3 mg. All samples were swollen in deionized water for 24 h. Afterward, the surface of the 

samples was blotted dry to remove excess water, and the samples were immersed in 3 mL of a 

0.2 µmol mL-1 or 1 µmol mL-1 metoprolol solution. The sorption kinetics were directly 

measured in a cuvette with a pathlength of 10 mm. Between measurements, the cuvettes were 

placed onto an orbital platform shaker (45 rpm) at room temperature. At different time points, 

the absorption of the supernatant was measured using a Lambda 25 UV/VIS spectrometer from 

Perkin Elmer (Germany). The amount of sorbed metoprolol at a time t per mass of hydrogel, 

qt,a, was determined according to  

 

                                                           

1 Note that q depends on the time t. For t → ∞, q is defined as qe,a , while for any other value of t, q is defined as 

qt to ensure better readability. 
2
 Note that c depends on the time t. For t → ∞, c is defined as ce,a , while for any other value of t, c is defined as ct 

to ensure better readability. 
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ij,k = (`� − `j) ∙ }k�  , (5.5) 

 

with ct being the metoprolol concentration in the supernatant at a time t. All experiments were 

performed in triplicates. The obtained data were fitted to the pseudo-first-order equation 

developed by Lagergren [Lag98]. It reads  

 

ij,k =  il,k(1 − eemnj).  (5.6) 

 

ka is the sorption rate coefficient. For the regression, the data points were weighted using the 

reciprocal of the probability density function via the kernel density estimate. Hailey Poole 

measured one replicate of the sorption kinetics for foamed and non-foamed hydrogels.  

 

5.5.2 Batch release measurements 

 

To measure the release of metoprolol, the calibration curves generated in section 5.5.1 were 

used.  

 

Release isotherms: Release isotherms were measured for foamed and non-foamed GM10 

hydrogels. The samples had a dry mass between 5.4 and 5.6 mg. As one foamed sample had a 

mass of approximately 1.4 mg, multiple samples had to be used to achieve a mass of 5.4 mg to 

5.6 mg. To load the samples with metoprolol, they were first swollen in deionized water for 

24 h. Afterward, the surface of the samples was blotted dry to remove excess water. The 

samples were immersed in 3 mL of a 1 µmol mL-1 metoprolol solution and were placed on an 

orbital platform shaker (45 rpm) at room temperature. After 96 h, the UV/VIS spectra of the 

supernatants were measured to determine the metoprolol concentration in the supernatant. To 

this end, a Lambda 25 UV/VIS spectrometer from Perkin Elmer (Germany) was used. The 

samples loaded with metoprolol were placed in 3 mL of sodium chloride solutions with 

concentrations ranging from 0 µmol mL-1 to 10 µmol mL-1. In addition to that, samples loaded 

with metoprolol were also placed in 3 mL of PBS solution. All samples were placed on an 

orbital platform shaker (45 rpm) at room temperature. After 96 h, the concentration of 

metoprolol in the supernatant was determined via UV/VIS spectroscopy. It holds for the 

percentage of released metoprolol  
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percent released = `l,x`� − `l,k  ∙ 100 %, (5.7) 

 

where ce,d is the equilibrium concentration of released metoprolol. Hailey Poole measured the 

release isotherm for non-foamed samples.  

 

Release kinetics: The release kinetics were measured for foamed and non-foamed GM10 

hydrogels with a dry mass between 5.2 and 5.3 mg. As one foamed sample had a mass of 

approximately 1.4 mg, multiple samples had to be used to achieve a mass of 5.2 mg to 5.3 mg. 

To load the samples with metoprolol, they were first swollen in deionized water for 24 h. 

Afterward, the surface of the samples was blotted dry to remove excess water, and the samples 

were immersed in 3 mL of a 1 µmol mL-1 metoprolol solution. After 96 h, the UV/VIS spectra 

of the supernatants were measured to determine the metoprolol concentration in the supernatant. 

To this end, a Lambda 25 UV/VIS spectrometer from Perkin Elmer (Germany) was used. The 

loaded samples were immersed in 3 mL of a 1 µmol mL-1 or 10 µmol mL-1 sodium chloride 

solution. In addition, 3 mL of PBS were used as release medium. The release kinetics were 

directly measured in a cuvette with a pathlength of 10 mm. The cuvettes were placed onto an 

orbital platform shaker (45 rpm) at room temperature. At different time points, the absorption 

of the supernatant was measured. It holds for the amount of metoprolol released per mass of 

hydrogel at a time t, qe,a – qt,d,  

 

il,k −  ij,x = `j,x ∙ }x�  , (5.8) 

 

with qt,d being the amount of sorbed metoprolol per mass of hydrogel at a time t, ct,d being the 

concentration of metoprolol in the release medium at a time t, and Vd being the volume of the 

release medium. All experiments were performed in triplicates. To analyze the obtained data, 

the values were fitted to equation 5.9. It holds for qe,a – qt,d 

 

il,k −  ij,x = il,x (1 − eemyj), (5.9) 

 

where qe,d is the amount of metoprolol released per mass of hydrogel in equilibrium and kr is 

the release rate coefficient. The data points were weighted using the reciprocal of the probability 

density function via the kernel density estimate. 
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5.6 Enzyme immobilization and characterization of substrate conversion 

 

Loading of Strep-HRP onto hydrogels: Strep-HRP was loaded onto foamed and non-foamed 

hydrogels based on GM10, GM10E, and GM10EB. To this end, all samples were swollen for 

24 h in 2 mL of PBS under slight agitation. The swelling medium was changed once. Afterward, 

the samples were placed in 500 µL of a 1 µg mL-1 Strep-HRP solution in PBS. The loading 

time was 24 h. The samples were washed with 500 µL PBS until no relevant amount of Strep-

HRP was detected in the supernatant. To detect Strep-HRP in the supernatant, 200 µL of ABTS 

substrate were added to 200 µL of washing solution. After thoroughly mixing the solutions, 

they were placed on an orbital platform shaker (90 rpm) in the dark. After a reaction time of 

30 min, the reaction was stopped by adding 400 µL of 1 % SDS in deionized water. The 

absorption of the solution at 416 nm was measured using a Lambda 25 spectrometer from 

Perkin Elmer (Germany). To this end, cuvettes with a pathlength of 2 mm were used. Typically, 

a washing time of 48 h was necessary during which the washing medium was changed 6 times. 

All solutions, except the ABTS substrate, contained 0.1 % (w/v) BSA to minimize non-specific 

protein adsorption. All experiments were conducted at room temperature.  

 

ABTS staining: To visualize the Strep-HRP immobilization on different gelatin derivatives, 

Strep-HRP loaded foamed and non-foamed hydrogels based on GM10, GM10E, and GM10EB 

were placed in 400 µL ABTS substrate solution under slight agitation. All samples had a dry 

mass between 5.1 and 5.3 mg. After a reaction time of 30 min, the samples were removed from 

the ABTS substrate solution and 400 µl of 1 % SDS in deionized water were added to the 

supernatant to stop the reaction. The absorbance of the solution between 700 nm and 400 nm 

was measured using a Lambda 25 UV/VIS spectrometer from Perkin Elmer (Germany). 

Cuvettes with a path length of 2 mm were used. 

 

ABTS conversion: To compare the ABTS conversion for Strep-HRP immobilized on foamed 

and non-foamed hydrogels based on GM10EB, the samples were placed in 2.5 mL ABTS 

substrate solution. All samples had a dry mass between 5.6 and 5.7 mg. The ABTS conversion 

was directly measured inside a cuvette with a pathlength of 10 mm. The cuvettes were sealed 

with a Teflon stopper and were placed horizontally on an orbital platform shaker at 115 rpm. 

All experiments were conducted at room temperature. The absorbance of the solution between 

700 – 400 nm was measured at different time intervals using a Lambda 25 UV/VIS 

spectrometer from Perkin Elmer (Germany). 
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Hypothesis: While tailoring the pore diameters in hydrogel foams has been demonstrated in numerous
studies, fine control over the diameters of the pore openings is still a challenge. We hypothesise that this
can be achieved by controlling the size of the thin films which separate the bubbles in the liquid foam
template. If this is the case, systematic changes of the template’s gas fraction / (the higher /, the larger
are the thin films) will lead to corresponding changes of the pore opening diameter.
Experiments: Since the size of the thin films depends on both bubble size hDbi and gas fraction /, we need
to decouple both parameters to control the film size. Thus, we generated foams with constant bubble
sizes via microfluidics and adjusted the gas fractions via two different techniques. The foams were solid-
ified using UV light. Subsequently, they were analysed with confocal fluorescence microscopy.
Findings: We were able to change the pore opening diameter hdpi at a constant pore diameter hDpi by
adjusting the gas fraction of the foam template. The obtained hdpi/hDpi ratios are between those obtained
theoretically for disordered foams and FCC ordered foams, respectively.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogel foams based on biopolymers such as alginate, hya-
luronic acid or gelatin have gained increasing attention in the field
of biomaterials science because they combine the porous foam
structure with the uniquematerial properties of a hydrogel. Hydro-
gels are three-dimensionally cross-linked hydrophilic polymer net-
works that swell to equilibrium in aqueous media [1,2]. Due to
their high water content [3], as well as their biocompatibility and
biodegradability [4–6], hydrogels based on biopolymers are stud-
ied extensively as functional materials in various fields, e.g. tissue
engineering or drug delivery [7–10]. What is of particular interest
in this context is the biopolymer gelatin, which contains amino
acid sequences relevant for cell adhesion as well as cleavage sites
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for biodegradation [11,12]. However, the diffusion of small mole-
cules such as drugs or nutrients through hydrogels is often hin-
dered by the small mesh sizes (up to tens of nanometres) of the
material [13–15]. Thus, the generation of hydrogel foams with pore
diameters ranging from tens to hundreds of micrometres has been
investigated thoroughly.

One suitable method for the generation of hydrogel foams
based on biopolymers is liquid foam templating [16–19]. With
the help of this technique, a liquid foam is generated from an aque-
ous polymer solution and is subsequently solidified by cross-
linking the polymer. As the morphology of the hydrogel foam is
determined by the structure of the liquid template, the key param-
eters of the material, i.e. the pore diameter and the pore opening
diameter, can be fine-tuned by tailoring the liquid template. Both
pore diameter and pore opening diameter play a key role for the
material properties of polymeric foams [20,21]. In the field of tis-
sue engineering, relations between the differentiation and colo-
nization behaviour of cells on the one hand and the pore
diameter as well as the pore opening diameter on the other hand
have been demonstrated in numerous studies [22–25]. To tailor
the structure of the liquid template and thus the morphology of
the hydrogel foam, microfluidic foaming has been examined exten-
sively [16,18,21,26]. With the help of this technique, a gas and a
liquid phase are pushed through a chip with a micrometric con-
striction, which results in the pinch-off of bubbles. As this pinch-
off occurs periodically, the generated bubbles have the same diam-
eter, i.e. they are monodisperse. The bubble diameter of the liquid
template and thus the pore diameter of the hydrogel foam can be
conveniently tailored by varying the gas pressure and/or the liquid
flow rate inside the microfluidic chip. This has been demonstrated
for hydrogel foams based on chitosan, alginate and gelatin
[16,18,21,26]. The bubble diameter is further determined by the
size of the constriction. While previous studies focussed on the
variation of the pore diameter, the variation of the pore opening
diameter has received little attention up until now. The mecha-
nism of the pore opening process is still not very well understood.
However, it can be assumed that the contact of two neighbouring
bubbles leads to the formation of a contact zone between them.
As these contact zones are subject to capillary forces generated
by the surrounding struts, the thickness of the contact zone is
reduced to a surfactant double layer. During cross-linking and
freeze-drying, these films break and pore openings are generated
(see Fig. 1).

Generally speaking, in liquid foam templating, the pore opening
diameter correlates, to a first approximation, directly with the
diameter of the thin liquid film which separates neighbouring bub-
bles. For foams with a high gas fraction / (>90%) one can show by
means of a simple scaling argument that the diameter hdpi of the
pore opening is related to the pore diameter hDpi. It holds

hdpi � 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�U

p� �
hDpi: ð1Þ
Fig. 1. Proposed mechanism for the generation of pore openings. (1) Drainage of the
polymer solution (blue) between two neighbouring bubbles due to capillary forces
(red arrows). (2) Expulsion of the polymer from the film generating a thin film with
diameter db. (3) Upon solidification of the polymer (dark blue) the thin film
ruptures and a pore opening with diameter dp is generated. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

327
For lower gas fractions, this relationship becomes a bit more
complicated, as will be discussed in Section 3.3. Nevertheless, it
shows the importance of decoupling the gas fraction and the pore
size for explicit pore opening control. This was shown qualita-
tively for polyurethane foams by Testouri et al. [27]. A more sys-
tematic approach was developed for geopolymer- or gelatin-
based foams that were generated from a foamed precursor solu-
tion which was then mixed with the geopolymer- or gelatin-
containing dispersion/solution [21,28,29]. However, this approach
is time-consuming, requires multiple formulations, and has high
demands on foam stability. These requirements cannot always
be met when using photo cross-linkable hydrogel formulations.
The decoupling of pore size and gas fraction can also be achieved
by varying the surfactant concentration, which was examined for
systems based on alginate and methacrylated dextran [18,30].
Despite the fact that this is a very elegant concept, high surfac-
tant concentrations are required, which limits potential
applications.

In the present study, we used microfluidics for the generation
of monodisperse liquid foams with a specific bubble diameter.
The continuous phase of the foams consisted of an aqueous solu-
tion of gelatin methacryloyl. In order to tailor the pore opening
diameter, we systematically adjusted the gas fraction of the foams
independently of the bubble size using two different methods. In
the first method, the polymer solution was added to the liquid
foam template made at high gas fraction from the very same
polymer solution. In the second method, the bubbling frequency
during foam generation was tailored by varying the liquid flow
rate and gas pressure while keeping the ratio of these parameters
constant. This effect was examined by Garstecki et al. [31] for an
aqueous surfactant solution, but has never been used to tailor the
pore opening diameters in polymer foams. Another question we
want to address is how hydrogel foams can be characterised. Typ-
ically, hydrogel foams are characterized by scanning electron
microscopy, m-CT or bright field microscopy. The downside of
these methods is that they are expensive and time-consuming
or do not adequately visualise the equilibrium state, i.e. the swol-
len state of the material. Here, we use confocal fluorescence
microscopy to characterise the material in the swollen state.
The paper is organised as follows: Firstly, we briefly report and
discuss the use of confocal fluorescence microscopy for the char-
acterisation of gelatin-based hydrogel foams. Secondly, we apply
the two aforementioned approaches to decouple gas fraction
and pore size. Finally, we compare the ratios of our experimen-
tally determined pore opening diameters and pore diameters with
predictions by Princen [32] and Arditty [33] for disordered foams,
as well as with predictions by Pitois et al. [28,34] for foams with
an FCC order.
2. Experimental

2.1. Chemicals

Gelatin (Type B, 232 bloom, batch #635621) was purchased
from Gelita (Germany). Methacrylic anhydride was purchased
from Sigma Aldrich (Germany). Sodium 3-trimethylsilylpropio
nate-2,2,3,3-d4 was purchased from Merck (Germany). Perfluoro-
hexane (98%, 85% n-isomer) was purchased from abcr (Germany).
D2O was purchased from Deutero (Germany). Lithium phenyl-2,4,
6-trimethylbenzoylphosphinate (LAP) was purchased from Car-
bosynth (UK). Plantacare 2000 UP was donated from Cognis (now
BASF). Methylene blue was purchased from S3 chemicals (Ger-
many). All chemicals were used as received. Deionised water was
used for all experiments.



Fig. 2. Scheme of experimental setup used for the generation of liquid foam
templates. The bubble size is determined by the gas pressure p and the liquid flow
rate vL, whereas the gas fraction can be controlled by the liquid flow rate vA.

Fig. 3. Generation of bubbles inside the microfluidic chip at different liquid flow
rates and gas pressures: (top) vL = 20 mL min�1, p = 200 mbar; (bottom) vL = 70-
mL min�1, p = 700 mbar.
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2.2. Synthesis of gelatin methacryoyl

Gelatin methacryloyl (GM) was prepared and analysed accord-
ing to a procedure described by Claaßen et al. [35] 25.01 g of gela-
tin were dissolved in 250 mL of water at 40 �C. After the gelatin
was dissolved completely, the temperature was set to 37 �C. The
pH was adjusted to 7.25 using a 4 M NaOH solution. 14.28 mL
(89.5 mmol) of methacrylic anhydride were added dropwise. The
amount of methacrylic anhydride corresponds to a 10-fold molar
excess with respect to free amino groups in gelatin (0.35 mmol g�1,
according to van den Bulcke et al. [36]). Consequently, the resulting
product is further denoted as GM10. The reaction mixture was stir-
red for 5 h while the pH was kept between 7.0 and 7.4 by addition
of 4 M NaOH solution. The crude product was stored at 8 �C for two
days, afterwards dialyzed for 5 days and freeze-dried using an
Alpha 1 – 4 LSC lyophiliser from Christ (Germany). 18.2 g of
GM10 were obtained, which corresponds to a yield of 73%. 1H
NMR analysis in D2O was used to determine the degree of
methacryloylation (DM). TMSP was used as a standard. A DM of
0.88 mmol g�1 was obtained.

2.3. Generation of gelatin methacryloyl foams

A solution of 20 wt% GM10, 0.14 wt% LAP and 0.1 wt% Plan-
tacare 2000 UP was prepared with deionised water. The density
of the solution was determined to be 1.056 g cm�3 by using a
DMA 5000 M density meter from Anton Paar. All flasks were
wrapped with aluminium foil and stored at 8 �C in the dark until
further use to prevent early activation of the photo initiator. Liquid
foams were produced using a polycarbonate chip produced by
micromilling, with a constriction of 70 mm in diameter (Fig. 3).
The flow of the gas phase was controlled by the gas pressure p.
To this end, an OB1MK1 pressure controller from Elveflow was
used, which was connected to a nitrogen tap. The pressure pump
was also connected to a glass bottle containing a small amount
of perfluorohexane. In this way, the gas phase contains traces of
perfluorohexane, which hinders Ostwald ripening. The flow rate v
of the liquid phase was controlled with a Pump 11 Elite Syringe
Pump from Harvard Apparatus. Bubbling in the microfluidic chip
was monitored with a Nikon SMZ 745 T bright field microscope
using a Mikrotron EoSensCL high speed camera. The accessible
range of bubble diameters that can be produced using this
microfluidic chip was assessed by varying the gas pressure p and
the liquid flow rate vL. The obtained data can be found in the Sup-
porting Information (Fig. S1).

2.3.1. Addition of polymer solution
A liquid flow rate vL of 7 mL min�1 and a gas pressure of

260 mbar were used to produce the foams. To analyse the bubble
diameter of the liquid foam, pictures of foam monolayers taken
with the Mikrotron EoSensCL high speed camera were analysed
manually using the software ImageJ. In order to be able to add
additional polymer solution to the resulting foams, a setup with
connected and slanted outlet channels was used, where the same
polymer solution that was used for the foaming was added with
a defined flow rate vA. The liquid flow rate of the additional poly-
mer solution is a direct control parameter for the liquid fraction
of the generated foam. A scheme of the setup is depicted in
Fig. 2. As the additional polymer solution was added outside the
microfluidic chip, undesirable feedback-loops on the bubble
pinch-off at the constriction are prevented.

This setup has been used previously [37] to add fast gelling
cross-linking agents to liquid foams. The mixing of additional poly-
mer solution with the foam is ensured by the moving bubbles. The
flow rate vA was set by a second syringe pump (Pump 11 Elite, Har-
vard Apparatus) and was varied from 0 mL min�1 to 11 mL min�1.
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The resulting foams were collected in cylindrical PDMS moulds
with a height of 2 mm and a diameter of 4 mm. By choosing this
small sample height, we aimed to minimise the influence of drai-
nage on the liquid foams. During the collection of the foams, the
samples were overflown with nitrogen to prevent oxygen inhibi-
tion during cross-linking. The foams were covered with a quartz
glass and irradiated immediately with UV-A light for 4.5 min. An
Omnicure Series 1500 UV lamp with a maximum emission spec-
trum between 360 and 370 nm was used. The UV light guide tip
had a distance of 5 cm to the samples and was operated at 15%
intensity. After cross-linking, the samples were frozen at –60 �C
for 30 min and freeze-dried. The dry samples were stored at room
temperature until further use. The gas fraction / of the foams was
determined gravimetrically from the mass of the dried sample m,
the sample volume in the liquid state Vl, the density q, and the con-
centration c of the polymer solution, using Eq. (2).

/ ¼ 1� m
c � q � V l

ð2Þ

All experiments were carried out three times. All errors corre-
spond to standard deviations.
2.3.2. Variation of the bubbling frequency
Liquid foams were generated by varying the liquid flow rate vL

stepwisely from 20 mL min�1 to 80 mL min�1. The ratio of liquid
flow rate to gas pressure was kept constant at 0.1 mL min�1 mbar�1.
As a result, the liquid fraction in the foam decreases with increas-
ing liquid flow rate vL, while a constant bubble size is maintained.
Pictures of bubbles produced in the microfluidic chip at different
liquid flow rates and gas pressures are depicted in Fig. 3.

As the production parameters were changed for each sample,
the bubble diameters were determined for each sample as
described in Section 2.3.1. The samples were collected, cross-
linked and freeze-dried as described in Section 2.3.1. The gas frac-
tion of the samples was determined as described in Section 2.3.1.
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All experiments were carried out three times. All errors correspond
to standard deviations.
2.4. Staining and absorption spectroscopy

As fluorescence microscopy relies on the excitation and emis-
sion of a fluorescing compound in the hydrogel matrix, a suitable
dye which permanently stains the hydrogel had to be found. The
isoelectric point of GM10 is 4.2, which leads to a negative net
charge of the polymer in deionised water [38]. In contrast to that,
the dye methylene blue (Fig. 4, left) is positively charged at a neu-
tral pH.

To stain samples with methylene blue, freeze-dried GM10
foams, which had a mass of about 2 mg and a volume of about
25 mm3, were immersed in 2 g of a 5 mg L�1 methylene blue solu-
tion under slight agitation (45 rpm) at room temperature. After 32
hrs of staining, the methylene blue solution was removed, and the
samples were immersed in 2 g water for at least 12 h to remove
unbound methylene blue from the gel phase as well as the pores.
The samples were left at room temperature under slight agitation
(45 rpm) until characterization with fluorescence microscopy. To
follow the complete adsorption of the dye in the foam, the progres-
sive reduction of the signal of the supernatant in the visible range
was measured with a Lambda 25 UV/VIS spectrometer from Perkin
Elmer at different times. The VIS absorption spectra of the super-
natant after different immersion times are shown in Fig. 4 (right).
After 29 h of immersion, almost no methylene blue can be detected
in the supernatant. No methylene blue visibly leaches out of the
material. The absorption and emission maxima of methylene blue
are located at 664 nm and 684 nm, respectively [39].

2.5. Fluorescence microscopy

An LSM 710 confocal laser scanning microscope from Zeiss
(Germany) equipped with the Zen Black software was used to char-
acterise the stained samples. 3D z-stacks composed of 2D pictures
along the z-axis of the sample were recorded. To prevent the sam-
ples from drying during the measurement, they were placed onto a
droplet of water. Consequently, the pores of the sample are filled
with water. The excitation wavelength was 633 nm. Emitted light
was collected between 642 and 747 nm. To be able to not only
visualise the surface of the sample but the inside, the samples were
cut. The cutting was carried out both horizontally and vertically to
obtain cross-sections and longitudinal sections. Please note that
the surface of the samples displays an ordered morphology as
the bubbles crystallise under the confinement of the sample mold
walls and the quartz glass plate. Exemplary pictures of the ordered
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Fig. 4. (left) Chemical structure of methylene blue. (right) Absorption spectra of a
5 mg L�1 aqueous methylene blue solution after different immersion times of a
GM10 foam.
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surface areas for samples discussed in Sections 3.2.1 and 3.2.2 are
shown in the Supporting Information (Fig. S2). As the crystallised
areas are merely surface effects that are relevant for the first bub-
ble layers only [41], they are not considered for further analysis.
2.6. Picture analysis

Compared to SEM, where the samples are cut at a random dis-
tance from the equatorial plane, stacks of 2D pictures can be
recorded with confocal fluorescence microscopy. Thus, the
acquired pore diameters were measured in pictures obtained close
to the equatorial plane of the pores. Consequently, the maximum
underestimation of the pore diameter depends on the distance of
the 2D pictures in the stack, which is 9.6 mm in our case. As a result,
the maximum underestimation of the pore diameter in our study is
only between 0.26 mm and 0.33 mm. The obtained pictures were
analysed using the software ImageJ (version 1.52p). A logarithmic
transformation was applied to all pictures to account for skewed
intensities due to light scattering when measuring deep inside
the sample. Only 2D pictures of the 3D z-stack that captured either
the pore diameter hDpi or the pore opening diameter hdpi in the
focal plane were used (see Fig. 5). At least 40 pore and pore open-
ing diameters were analysed manually for each sample. Since all
samples were prepared three times, we have a total of 120 values
for each pore diameter and each pore opening diameter. The corre-
sponding size distributions are shown in the Supporting Informa-
tion (Figs. S3-S6). When the pore opening diameters had slightly
elliptical shapes in the 2D projections, the major axis was consid-
ered the pore opening diameter. All errors correspond to the stan-
dard deviation.
3. Results and discussion

3.1. Visualisation of GM10 hydrogel foams

One of the most important aspects to consider when tailoring
the morphology of a material is a suitable characterization method.
In this study, we want to demonstrate the possibility of using con-
focal fluorescence microscopy for the extensive characterization of
GM10 hydrogel foams. A confocal fluorescence microscopy picture
of a GM10 hydrogel foam stained with methylene blue which was
immersed in water is shown in Fig. 6 (right). As can be seen in the
picture, it is only the hydrogel matrix that fluoresces (red areas in
the picture) but not the water that fills the pores of the matrix
(black areas in the picture).

In a previous study, GM10 hydrogel foams were characterised
using both SEM and bright field microscopy (Fig. 6, left and middle)
[26]. SEM has often been used as a standard characterization tech-
nique for hydrogel foams [16,24,40], as it visualises the intercon-
nected structure and the pore diameter of the material (Fig. 6,
left). However, the material needs to be dried, which entails the
formation of artefacts such as shrinkage. We have shown before
that pore diameters in freeze-dried GM10 hydrogel foams are also
smaller than pore diameters in GM10 foams swollen to equilib-
rium [26]. What is yet unknown is the behaviour of pore openings
during drying in general and the degree of pore opening shrinkage
relative to the shrinkage of the pore diameters in particular.
Another method that has been used frequently for the characteri-
zation of hydrogel foams is m-CT [19,24]. In this technique, the
attenuation of X-rays by the material is detected and a 3D picture
is reconstructed. The method is suitable for both dry and swollen
samples. Although this method is undoubtedly the most precise
method for the characterization of both dried and swollen hydro-
gel foams, several drawbacks should be considered. Firstly, the
acquisition can take several hours, which is not very efficient if



Fig. 5. Determination of pore opening diameter (left) and pore diameter (right). Note that the 2D pictures refer to the same area in the sample, but are taken at different z-
positions in the 3D stack to focus either on the pore opening or on the pore.

Fig. 6. Pictures of a GM foam visualised with SEM (left)a, bright field microscopy (middle)a and confocal fluorescence microscopy (right, maximum intensity projection).
aAdapted with permission from Dehli, F.; Rebers, L.; Stubenrauch, C.; Southan, A. Highly Ordered Gelatin Methacryloyl Hydrogel Foams with Tunable Pore Size,
Biomacromolecules, 2019, 20, 2666 – 2674. Copyright 2019 American Chemical Society.
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multiple series of samples need to be characterised. Secondly, the
acquisition time steeply increases with increasing resolution,
which makes the characterization of the very thin pore opening
boundaries even more time-consuming. Thirdly, the equipment is
extremely expensive and only few research facilities have access
to such instruments. Alternatively, the pore diameters of swollen
hydrogel foams can be examined by bright field microscopy as
the outlines of the pores (Fig. 6, middle) can be distinguished.
However, due to the low contrast between the hydrogel matrix
and the medium, detailed morphological structures such as pore
openings are difficult to analyse. By contrast, confocal fluorescence
microscopy enables the visualization of both pore and pore open-
ing diameters in the swollen state due to the high contrast
between the hydrogel matrix and the aqueous medium. Compared
to what can be achieved by bright field microscopy, the intercon-
nected structure can be visualised much better. As the picture
acquisition time is only a matter of minutes, the method can be
used to characterise multiple series of samples. However, there is
a general limitation of confocal fluorescence microscopy when
analysing porous materials. Due to the porous structure, some of
the excitation light as well as the fluorescence emission are scat-
tered when passing through the sample. Hence, the depth for pic-
ture acquisition is limited to approx. 220 mm in the case of GM10
hydrogel foams. As a result, thicker samples cannot be analysed
without cutting them. Therefore, the samples must be cut and
visualised several times to ensure thorough characterization.
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Nevertheless, confocal fluorescence microscopy can be considered
an alternative to m-CT for the visualization of swollen hydrogel
foams when analysing the system described in this study.

3.2. Control of the pore opening diameter

3.2.1. Addition of polymer solution
To decouple the bubble diameter from the gas fraction, the liq-

uid content of the foam templates was varied by adding polymer
solution to the generated foam at flow rate vA. The liquid foams
were successfully cross-linked by irradiation with UV light to yield
hydrogel foams. Cross-linked foams were swollen to equilibrium
and analysed using confocal fluorescence microscopy. Pictures
taken by confocal fluorescence microscopy are depicted in Fig. 7
together with the flow rate vA of the additionally added polymer
solution. The obtained values for pore diameters and pore opening
diameters, as well as their ratios and gas fractions are listed in
Table 1. Other than in Section 3.2.2, the bubble diameter (hDbi =
174 ± 2 mm) was only measured once, since the experimental
parameters used for bubble formation were not changed.

Looking at Fig. 7 and Table 1, one sees that the gas fraction
decreased with increasing vA from 82% to 66%, i.e. we decoupled
bubble size and gas fraction. The pore opening diameter varied
from 50 ± 11 mm to 27 ± 6 mm, respectively, while the pore diam-
eter remained constant. Thus, the ratio of pore opening diameter
and pore diameter could be adjusted between 0.15 and 0.28.



vA = 0 μl min-1

 = 50 ± 11 μm
vA = 3 μl min-1

 = 43 ± 9 μm

vA = 5 μl min-1

 = 38 ± 9 μm
vA = 8 μl min-1

 = 27 ± 7 μm
vA = 11 μl min-1

 = 27 ± 6 μm

vA = 2 μl min-1

 = 44 ± 10 μm

Fig. 7. Pictures of GM10 foams taken with confocal fluorescence microscopy. The flow rate vA and the average pore opening diameter hdpi are displayed in the inlets. The flow
rate vL and the gas pressure p during foam generation were kept constant at 7 mL min�1 and 260 mbar�1, respectively.

Table 1
Liquid flow rates vA of additionally added GM solution, pore diameters hDpi, pore opening diameters hdpi, the ratio hdpi=hDpi, and the gas fraction of the liquid foams. The mean
bubble diameter hDbi of the generated liquid foam templates was 174 ± 2 mm.

vA/mL min�1 hDpi/mm hdpi/mm hdpi/hDpi Gas fraction/%

0 178 ± 4 50 ± 11 0.28 82 ± 4
2 175 ± 4 44 ± 10 0.25 80 ± 1
3 181 ± 5 43 ± 9 0.24 79 ± 1
5 179 ± 3 38 ± 7 0.21 74 ± 1
8 178 ± 3 27 ± 7 0.15 67 ± 1
11 177 ± 4 27 ± 6 0.15 66 ± 0*

* As the gas fraction of samples produced with this liquid flow rate could only be determined from two samples which did not differ in weight, the obtained standard
deviation is zero.
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Fig. 7 also illustrates that the gas fraction influences the degree of
pore ordering in the hydrogel foam. When no additional polymer
solution is added to the sample (top, left), the pores are more
ordered compared to samples where additional polymer solution
is added (bottom, right). It was also found that the number of pore
openings per pore decreases when polymer solution is added with
high flow rates such as 8 mL min�1 and 11 mL min�1. Note that add-
ing polymer solution can only be used to tailor the pore opening
diameter of foams with a high initial gas fraction and thus a large
bubble size. We thus used a different method to tailor the pore
opening diameters for foams with low initial gas fractions and thus
smaller bubble sizes.

3.2.2. Variation of the bubbling frequency
To decouple the bubble diameter from the gas fraction, the bub-

bling frequency during microfluidic bubbling was varied by
increasing gas pressure and liquid flow rate at a constant ratio.
The resulting bubble diameters as well as their corresponding pro-
duction parameters and the initial gas fraction are listed in Table 2.
The resulting foams were successfully cross-linked by irradiation
with UV-light and were swollen in water for confocal fluorescence
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microscopy. Pictures taken by confocal fluorescence microscopy
are depicted in Fig. 8 together with the liquid flow rate vL of the
polymer solution during the production. The obtained values for
pore diameters and pore opening diameters, as well as their ratios
and the gas fraction are also listed in Table 2. Other than in Sec-
tion 3.2.1, the bubble diameter was measured for each set of sam-
ples, as the experimental parameters for bubble formation were
different. Looking at Table 2, one sees that we worked with a con-
stant bubble diameter of ~140 mm, while the gas fraction increases
from top to bottom. In addition, Table 2 and Fig. 8 illustrate that
the pore opening diameter increases from 19 mm to 32 mm in the
same direction, while the pore diameter remained constant. Thus,
the ratio of pore opening diameter and pore diameter varied
between 0.14 and 0.23. Similar to Section 3.2.1, foams with higher
gas fractions are more ordered.

Please note that the gas fraction of foams produced with a liquid
flow rate of 20 mL min�1 or 30 mL min�1 is below 63.5%, which cor-
responds to the critical packing limit for disordered foams. Theo-
retically, no pore openings should be observed for these samples.
However, a drainage layer was observed at the bottom of the
foams, which leads to an increased gas fraction in the foams and



Table 2
Liquid flow rates vL and gas pressures p used to produce GM10 foams, bubble diametershDbi, pore diameters hDpi, pore opening diameters hdpi, the ratio hdpi=hDpi, and the gas
fraction of the liquid foams.

vL/mL min�1 p/mbar hDbi/mm hDpi/mm hdpi/mm hdpi/hDpi Gas fraction/%

20 200 140 ± 5 131 ± 6 18 ± 4 0.14 60 ± 4
30 300 135 ± 3 133 ± 3 19 ± 5 0.14 54 ± 1
40 400 138 ± 3 136 ± 3 19 ± 4 0.14 65 ± 1
50 500 145 ± 4 138 ± 3 20 ± 5 0.15 68 ± 1
60 600 144 ± 2 140 ± 3 24 ± 6 0.17 71 ± 1
70 700 144 ± 3 144 ± 3 30 ± 7 0.21 75 ± 2
80 800 142 ± 2 142 ± 4 32 ± 8 0.23 76 ± 1

Fig. 8. Pictures of GM10 foams taken with confocal fluorescence microscopy. The flow rate vL and the average pore opening diameter hdpi are displayed in the inlets. The ratio
of flow rate vL and gas pressure p during foam generation was kept constant at 0.1 mL min�1 mbar�1.
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thus to the formation of pore openings. Consequently, the samples
are not considered for further analysis in Section 3.3. For all other
samples, no drainage layer was observed. To conclude one can say
that the two techniques complement each other and allow gener-
ating hydrogel foams with controllable pore opening diameters at
constant pore size.
332
3.3. Comparison of pore opening diameters to bubble contact zones of
liquid foams

All experimentally obtained results for hdpi/hDpi are plotted in
Fig. 9. Combining all results from Sections 3.2.1 and 3.2.2, one sees
that hdpi/hDpi can be varied between 0.14 and 0.28. The variation of



Fig. 9. Ratio of experimentally determined pore opening diameters hdpi and pore
diameters hDpi obtained by adding liquid (blue data) and by varying the bubbling
frequency (green data) plotted against the gas fraction / of the foam. Also plotted
are theoretical predictions calculated from Eq. (3) for disordered foams (solid line)
or obtained by Surface Evolver simulations for ordered foams (dotted line) [34]. The
errors are determined from an error propagation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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hdpi/hDpi was also examined for geopolymer foams by systemati-
cally adding the geopolymer-dispersion to a precursor foam gener-
ated from an aqueous surfactant solution [28,29]. In these studies,
the ratio of pore opening diameter to pore diameter was varied
from 0.15 at low to 0.38 at very high gas fractions. Theoretically
such high gas fractions could also be obtained for our system. How-
ever, since our gelatin-based hydrogel foams are cross-linked via
radical polymerization, we encounter the more oxygen inhibition
the higher the gas fraction is. Thus, a gas fraction of 82% represents
the upper limit of the accessible pore opening diameters when
generating foams under the conditions described in Section 2.3.
By using a more rigorous inert gas atmosphere during foaming
and cross-linking, larger gas fractions and thus also larger pore
openings might be accessible. The lower limit of the pore opening
diameters corresponds to a gas fraction of 65%. Even though liquid
foams with gas fractions of less than 65% can be generated, these
foams instantaneously start to drain. As this competes with the
rapid cross-linking of the polymer chains, inhomogeneous foams
are generated which cannot be reliably compared to foams with
gas fractions above 65%. In a study by Costantini et al. [18],
hdpi/hDpi of alginate foams were varied by using surfactant concen-
trations between 0.6 wt% and 5 wt%. The ratio of pore opening
diameter to pore diameter varied between 0.25 and 0.32. However,
our techniques avoid the preparation and formulation of multiple
solutions. Moreover, we can work at low surfactant concentrations
which is of particular importance in applications such as tissue
engineering.

To a first approximation, the pore opening diameters hdpi are
believed to be closely linked to the diameter of the contact zone
hdbi between touching bubbles in the liquid template. The ratio
of this contact zone hdbi and the bubble diameter hDbi can be esti-
mated based on the gas fraction / of the liquid foam. A prediction
of this relation was derived by Princen for polydisperse disordered
foams [32] and adapted to monodisperse disordered systems by
Arditty [33]
333
hdbi
hDbi ¼

0:6

/
1
3

1� 1:74

/
1�/ þ 1:3

� �1
2

0
BB@

1
CCA

1
2

: ð3Þ

To relate the gas fraction of the solid foam to that of the liquid
template, we make the following assumption: As the bubble diam-
eters of the liquid templates are almost equal to the pore diameters
of the obtained hydrogel foams (see Tables 1 and 2), we assume
that shrinkage during cross-linking and freeze-drying is counter-
balanced by an isotropic swelling in water. Thus, the gas fraction
in the hydrogel foam can be assumed to be equal to the gas fraction
of the liquid template. The gas fractions of the liquid templates are
listed in Tables 1 and 2. In Fig. 9 we also plot the predictions of Eq.
(3) for disordered foams and those obtained from Surface Evolver
simulations by Pitois et al. [28,34] for ordered foams (hexagonally
close-packed - FCC). We can see that globally our data lies between
the predictions for disordered and ordered foams, with a tendency
to move from the disordered to the ordered case with increasing
gas fraction. This tendency is confirmed by visual inspection of
the samples, which, as discussed in Sections 3.2.1 and 3.2.2, show
increased local ordering of the bubbles with increasing gas frac-
tion. This can be explained by the fact that bubble interactions
become stronger for increasing gas fraction, which, in turn,
increases the driving force towards an energetically more favour-
able packing. For monodisperse foams, this packing is the FCC
structure.
4. Conclusions

We describe two approaches to the independent variation of
the pore diameter and the pore opening diameter in hydrogel
foams generated by microfluidic bubbling. The pore opening diam-
eter was decoupled from the pore diameter by varying the gas frac-
tion of the templating foam at constant bubble size. To this end,
two complementary methods were used. The liquid fraction was
varied (1) by adding polymer solution to the generated liquid
foams and (2) by changing the bubbling frequency. The pore open-
ings were visualised with confocal fluorescence microscopy, which
allows for a fast characterisation of the hydrogel foams in their
equilibrium swollen state. We successfully varied the ratio of pore
opening diameters to pore diameters hdpi/hDpi between 0.14 and
0.28. As the pore openings are hypothesised to be generated by
the rupture of thin films that form between neighbouring bubbles
touching each other, the area of the thin films can be predicted
based on surface area minimisations of bubble assemblies
[32,33]. We show that our data lies in between the theoretical pre-
dictions obtained for disordered foams and Surface Evolver simula-
tions for ordered (FCC) foams [34]. Our hdpi/hDpi ratios correlate
well with the predicted values for disordered foams at low gas
fractions, indicating that the pore opening sizes are indeed deter-
mined by the thin film sizes in the template. For higher gas frac-
tions, the ratios hdpi/hDpi approach predicted values for FCC
ordered foams. In other words, we observe an increasing degree
of ordering for hydrogel foams with increasing gas fraction. Despite
being of great importance in the field of biomaterials, the variation
of the pore opening in chemically cross-linked polymer foams was
examined in very few other studies. Costantini et al. [18] used dif-
ferent surfactant concentrations between 0.6 wt% and 5 wt% to
vary the thin film area, while Testouri et al. [27] qualitatively
examined the pore opening diameter in free standing foams sub-
jected to drainage. The variation of the pore opening in geopolymer
foams has been achieved by letting generated precursor foams
drain and adding a cross-linking geopolymer dispersion afterwards
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[28,29]. However, these approaches are either time-consuming or
involve the formulation of multiple solutions. With the methods
presented here, it is possible to systematically vary the influence
of the gas fraction of the foam template on the pore opening size
while working at low surfactant concentrations. By decoupling
the bubble diameter from the gas fraction and thus the pore open-
ing diameter from the pore diameter, it is now possible to indepen-
dently study the influence of pore size and pore opening size on the
behaviour of cells in tissue engineering, which is the subject of
ongoing research. In addition to that, a new arena in the field of
adsorption and release has opened up as the staining of the hydro-
gel foams for confocal microscopy relies on a cation exchange with
methylene blue. This effect could be used for drug delivery or
wastewater treatment where cationic drugs or pollutants are
adsorbed on the hydrogel matrix.
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Calibration of microfluidic chip 
 
The range of accessible bubble sizes was obtained by varying the liquid flow rate or the gas 
pressure. Figure S1 depicts the obtained bubble sizes as a function of the gas pressure and the 
liquid flow rate, respectively.  
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Figure S1: Bubble sizes of liquid foams as a function of (left) the gas pressure at a liquid flow 
rate of 10 µL min-1 and (right) the liquid flow rate at a gas pressure of 350 mbar.   
 
 
Surface areas of samples 
 
The surfaces of the samples display an ordered morphology - the bubbles crystallise at the 
sample mold walls and the quartz glass plate. Exemplary images of the first bubble layer for 
different samples are depicted in Figure S2. 
 

      
 
Figure S2: Pictures of surface layers for different samples: (left) The sample was prepared 
according to the method described in Section 2.3.1. Additional liquid was added with a flow 
rate of 3 µL min-1. (right) The sample was prepared according to the method described in 
Section 2.3.2. A liquid flow rate of 50 µL min-1 and a gas pressure of 500 mbar was used.  
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Distributions of pore diameters and pore opening diameters  
 

 

Figure S3: Distribution of pore opening diameters when additional polymer solution was 
added to the liquid templates (see Sections 2.3.1 and 3.2.1). 

  

 

Figure S4: Distribution of pore diameters when additional polymer solution was added to the 
liquid templates (see Sections 2.3.1 and 3.2.1). 
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Figure S5: Distribution of pore opening diameters for samples produced with different 
bubbling frequencies (see Sections 2.3.2 and 3.2.2).  

 

 

Figure S6: Distribution of pore diameters for samples produced with different bubbling 
frequencies (see Sections 2.3.2 and 3.2.2).  
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ABSTRACT: The influence of gelatin methacryloyl hydrogel morphology on the sorption and release behavior of metoprolol was
studied for both equilibrium and non-equilibrium conditions. For samples examined in equilibrium conditions, no influence of the
sample morphology was observed. The maximum sorption capacity qmax was determined to be 530 μmol g−1. Furthermore, up to
100% of the sorbed drug was released from both foamed and non-foamed samples upon immersion into salt solutions, which
demonstrates the regenerability of the material. By contrast, the sample morphology strongly influenced the sorption and release
kinetics. We found that the sorption and release rate coefficients k increased up to 10 times for foamed hydrogels as compared to
non-foamed hydrogels. Furthermore, k increased with increasing ion concentration in the sorption and release medium. This effect
was more pronounced for non-foamed hydrogels. The obtained results indicate that the sorption and release rate can be controlled
by the morphology of the sorbents and, to some extent, by the ion concentration of the surrounding medium.

KEYWORDS: metoprolol, foam templating, desorption, porous hydrogel, drug delivery

1. INTRODUCTION

Hydrogels are three-dimensional hydrophilic polymer net-
works that are swollen in water and are generated by chemical
or physical cross-linking of polymer chains. Due to their high
water content1,2 as well as their ability to be fabricated in a
variety of shapes,3,4 hydrogels have gained a lot of attention as
functional materials in fields such as tissue engineering,5,6 drug
delivery,7 or wastewater treatment.8 Furthermore, hydrogels
are also attractive materials for ion exchange if suitable
functional groups within the hydrogels are provided. As the
meshes of hydrogels are generally permeable for small
molecules,9 the sorption of ions can not only take place at
the surface of the hydrogels, i.e., at the interface between the
hydrogels and the surrounding medium, but also inside the
hydrogels. Thus, the material fraction available for sorption is
increased considerably compared to other polymeric materials.
The most widely used hydrogels for the sorption of ions are
based on poly(styrene sulfonate)10 or poly(acrylic acid).11

However, these materials entail several drawbacks such as their
lack of biodegradability or the non-renewable origin of their
building blocks. Consequently, hydrogels12−15 or hydrogel
composites16−18 based on various biopolymers have been

examined extensively as materials for the sorption of ions due
to their low cost, biocompatibility, and biodegradability.19,20

For example, the removal of the cationic dye methylene blue
from aqueous solutions was demonstrated not only for
hydrogels based on cellulose−graft−acrylic acid21 but also
for chitosan−halloysite composite hydrogels.8 Furthermore,
foamed hydrogels have also been examined for the sorption of
heavy metal ions13,18 or organic dyes15,22 via ion exchange. If
the pores of the foamed hydrogel are interconnected, the
sorbate first diffuses through the pores before entering the
hydrogel matrix, where the sorption takes place. From our
perspective, the sorption behavior of foamed hydrogels has not
yet been sufficiently compared with their non-foamed
counterparts and, by the same token, the influence of the
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foamed hydrogel morphology on the sorption and release
behavior has not been characterized thoroughly.
One way to generate foamed hydrogels with a defined

morphology is foam templating.23,24 In this technique, a liquid
foam based on an aqueous polymer solution is generated and
subsequently solidified. During solidification, the structure of
the liquid foam is retained and serves as a template for the
structure of the solid foam. Consequently, the morphology of
the foamed hydrogel can be efficiently tailored by adjusting the
structure and properties of the liquid foam. This approach has
recently been used to generate hydrogel foams with defined
pore diameters and pore opening diameters based on the
biopolymer gelatin by adjusting the bubble diameter and the
liquid fraction via microfluidic techniques.25,26 In these studies,
the solidification of the liquid templates was enabled using
methacryl-modified gelatin, which can be cross-linked by
irradiation with UV light in the presence of a suitable
photoinitiator. Gelatin methacryloyl can be synthesized by
modification of the amine and hydroxyl groups in the
polypeptide side chains (Figure 1, left) with methacrylic
anhydride.27 The physicochemical properties as well as the
generation of gelatin methacryloyl hydrogels have been
characterized thoroughly in the recent years.27−30 By contrast,
foamed hydrogels based on gelatin methacryloyl were only
investigated in two studies.25,26

When using gelatin-based hydrogels for ion exchange, the
methods for preparing gelatin hydrogels have to be carefully
considered. Unmodified gelatin is a polypeptide that is
generated by either acidic (type A) or alkaline (type B)
hydrolysis of collagen.31 The reaction conditions during
hydrolysis considerably influence the charge distribution on
the polypeptide. While gelatin type A has an isoelectric point
of 8.8,32 which closely resembles that of native collagen,31

gelatin type B has an isoelectric point of 4.9.32 This decrease is
due to the conversion of the amino acids asparagine and
glutamine into aspartic and glutamic acid under basic
conditions. Upon methacryloylation of amine groups in
amino acid side chains (Figure 1, left), the isoelectric point
is further decreased to 4.5 for gelatin type A and to 4.1 for
gelatin type B.32 As this results in a net negative charge at a
neutral pH, hydrogels based on gelatin methacryloyl are
potential materials for the sorption of cations via ion exchange.
In fact, gelatin has often been used as part of a polymer mixture
whose sorption capability is studied.12,16,17 However, the
contribution of gelatin regarding the sorption of ions remains
unclear and has not yet been thoroughly characterized. One
aspect that is also highly relevant in the field of sorption is the
reusability of the material, especially for adsorbers used, e.g., in
wastewater treatment. Sorbed ions can be released from
hydrogels by changing the pH value16 or by immersing the
material in salt solutions.33 This effect can also be applied in
the field of drug delivery and controlled release if ionic drugs

are sorbed on the hydrogel.34 Especially in drug delivery, the
control of the release rate is of utmost importance.
In this study, we examine the sorption and release behavior

of gelatin methacryloyl hydrogels with different sample
morphologies. To this end, foamed hydrogels with a defined
pore diameter generated by liquid foam templating are
compared with non-foamed hydrogels. To examine whether
sorption and release on the net negatively charged gelatin
methacryloyl hydrogels take place via ionic interactions, the
cationic drug metoprolol (Figure 1, right) is used as a model
sorbate. We chose metoprolol because (i) it is a β-blocker that
is often used for treating cardiovascular diseases,35 (ii) it is a
micropollutant in surface water,36 and (iii) it can be easily
quantified using UV/Vis spectroscopy. To examine the
sorption and release behavior in equilibrium, sorption and
release isotherms are measured. Furthermore, the sorption and
release behaviors under non-equilibrium conditions are studied
by measuring the kinetics for differently concentrated sorption
and release media.

2. MATERIALS AND METHODS
2.1. Chemicals. Gelatin (type B, 232 bloom, batch #641819) was

donated by Gelita (Germany). Methacrylic anhydride, phosphate
buffered saline (PBS), and metoprolol tartrate were purchased from
Sigma Aldrich (Germany). Methylene blue was purchased from S3
Chemicals (Germany). Plantacare 2000 UP was donated by Cognis
(Germany, now BASF) and lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP) was purchased from Carbosynth (U.K.).
Perfluorohexane (95, 85% n-isomer) was purchased from abcr
(Germany). Ethanol (absolute) and sodium chloride (NaCl) were
purchased from VWR (Germany). All chemicals were used as
received and deionized water was used for all experiments.

2.2. Synthesis of Gelatin Methacryloyl. Gelatin methacryloyl
was synthesized and characterized according to a procedure described
elsewhere.25,27 Briefly, 13.65 mL of methacrylic anhydride was added
to a solution of 25.01 g of gelatin type B at 37 °C. As the amount of
methacrylic anhydride corresponds to a 10-fold molar excess
compared to free amine groups (0.35 mmol g−1 according to Van
Den Bulcke et al.37), the modified gelatin is further denoted as GM10.
The pH was adjusted to 7.25 using a 4 M NaOH solution. Thus, the
counter ions of the carboxylic acids in the resulting GM10 are only
sodium ions, which will translate into the hydrogels prepared below
for sorption and release experiments. After 5 h of reaction time, the
crude product was filtered, stored at 8 °C for 2 days, and dialyzed
against deionized water for 5 days. The purified product was freeze-
dried and the degree of methacryloylation was determined via 1H
NMR to be 0.88 mmol g−1.27

2.3. Sample Preparation. Both foamed and non-foamed
hydrogels were prepared using an aqueous solution of 20 wt %
GM10, 0.14 wt % LAP, and 0.1 wt % Plantacare 2000 UP.

2.3.1. Foamed Hydrogels. Monodisperse foamed hydrogels were
prepared using liquid foam templating.25 The liquid foam templates
were generated by microfluidic bubbling using a home-made
polycarbonate microfluidic chip with a confined coflow geometry.
The microfluidic chip was manufactured by micromilling and had a
constriction of 70 μm. The polymer solution was pushed through the

Figure 1. Chemically modified gelatin (left) and the chemical structure of metoprolol tartrate (right).
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chip by applying a liquid flow rate of 25 μL min−1 and a gas pressure
of 500 mbar. Traces of perfluorohexane were added to the gas phase
to prevent coarsening. The resulting bubble diameter was Db = 154 ±
2 μm. The liquid foam was collected in a cylindrical aluminum mold
with a height of 2 mm and a diameter of 2 cm and covered with a
quartz glass pane. The foams were irradiated immediately with UV-A
light for 4.5 min using an Omnicure Series 1500 UV lamp with a
maximum emission spectrum between 360 and 370 nm. The UV lamp
was operated at 15% and the light guide tip had a distance of 5 cm to
the samples. Smaller samples with a height of 2 mm and a diameter of
4 mm were punched out of the cross-linked hydrogel foam using a
biopsy punch. The cross-linked samples were washed for 3 days with
deionized water and 1 day with ethanol to both sterilize the samples
and to ensure rapid evaporation of the solvent during the drying
process. The washing medium was changed twice a day. To avoid the
generation of additional pores due to the formation of ice crystals
during freezing, the samples were not freeze-dried like in previous
studies25,26 but were dried at 60 °C until a constant mass was reached.
The samples were stored at room temperature until further use. To
characterize the pore diameter and pore opening diameter of the
swollen hydrogel foams, three random samples were stained with
methylene blue according to a procedure described elsewhere26 and
examined with confocal fluorescence microscopy. The resulting pore
diameter was Dp = 147 ± 3 μm and the resulting pore opening
diameter was dp = 26 ± 6 μm. A representative image of the generated
foams is depicted in Figure 2.

2.3.2. Non-foamed Hydrogels. The polymer solution was poured
into cylindrical molds with a height of 2 mm and a diameter of 4 mm
and covered with a quartz glass pane. Curing by UV irradiation and
subsequent washing and drying were done identical to the procedure
described for foamed hydrogels.
2.4. UV/Vis Spectroscopy. A Lambda 25 UV/Vis spectrometer

from PerkinElmer (Germany) was used to determine metoprolol
concentrations present in the supernatants in sorption and release
experiments. The absorption at the maximum wavelength (274 nm)
was used for the analysis of the experimental data. Calibrations for
metoprolol measurements were carried out using two different
cuvettes. For cuvettes with a pathlength of 10 mm, standard solutions
with concentrations between 0.04 and 1.0 μmol mL−1 were used. For
cuvettes with a pathlength of 2 mm, standard solutions with
concentrations between 1 and 6 μmol mL−1 were used. Cuvettes
with a pathlength of 2 mm were only used where measured
metoprolol concentrations exceeded 1.74 μmol mL−1. At this
concentration, the measured absorption exceeds 2.5 when using a
cuvette with a pathlength of 10 mm. This extent of absorption is close

to the detection limit of the spectrophotometer used at hand and
might lead to an inaccurate determination of the concentration.

2.5. Sorption Measurements. To determine the sorption
isotherms for foamed and non-foamed hydrogels, the dry samples
were swollen in deionized water for 24 h. The dry mass of the gels was
between 5.2 and 5.5 mg for the non-foamed samples and between 1.2
and 1.7 mg for the foamed samples. One sample was used for each
measurement. The surface of the swollen hydrogel samples was
blotted dry to remove excess water and the samples were immersed
into 3 mL of metoprolol solutions with concentrations ranging from
0.06 to 8 μmol mL−1. Please note that all concentrations refer to
metoprolol concentrations instead of metoprolol tartrate concen-
trations, i.e., the metoprolol concentration is twice as big as the
metoprolol tartrate concentration. The samples were placed onto an
orbital platform shaker (45 rpm) at room temperature. After 96 h, the
UV absorption spectrum of the supernatant was measured. The
amount qe,a of sorbed metoprolol per mass of hydrogel was
determined according to eq 1

=
−

q
c c V

m

( )
e,a

0 e,a a

(1)

with c0 being the initial concentration of metoprolol and ce,a being the
equilibrium concentration of metoprolol in the supernatant. Va is the
volume of the metoprolol solution and m is the dry mass of the
hydrogel.

To measure the sorption kinetics, dry foamed and non-foamed
samples were swollen in deionized water for 24 h. The dry mass of the
samples varied between 5.2 and 5.3 mg. As one foamed sample
specimen corresponded to a mass of ∼1.4 mg, multiple foamed
samples were used to achieve a mass between 5.2 and 5.3 mg.
Afterward, the surface of the samples was blotted dry to remove
excess water and the samples were immersed into cuvettes with a
pathlength of 10 mm containing 3 mL of a 0.2 or a 1 μmol mL−1

metoprolol solution. The samples were placed on an orbital platform
shaker (45 rpm) at room temperature. The concentration in the
supernatant was determined at different time points via UV/Vis
spectroscopy and the amount qt of metoprolol present per mass of
hydrogel at a time t was determined according to eq 2

=
−

q
c c V

m
( )

t
t0 a

(2)

with ct being the concentration of metoprolol in the supernatant at a
time t. All of the kinetic measurements were carried out in triplicates.

2.6. Release Measurements. To load the hydrogel samples for
the release isotherms, the dry samples were swollen in deionized water
for 24 h. Afterward, the surface of the swollen hydrogel samples was
blotted dry to remove excess water and the samples were immersed
into 3 mL of metoprolol solution with a concentration of 1 μmol
mL−1. The samples were placed onto an orbital platform shaker (45
rpm) at room temperature. After 96 h, the UV absorption spectrum of
the supernatant was measured to determine the equilibrium
concentration ce,a after sorption. To determine the release isotherms,
the samples were placed into 3 mL of NaCl solution with
concentrations ranging from 0 to 10 μmol mL−1. Additionally,
samples were also placed in 3 mL of PBS solution. The concentration
of metoprolol in the supernatant was determined after 96 h, and the
percentage of metoprolol being released from the hydrogel was
determined from the initial loading concentration c0, the equilibrium
concentration after sorption ce,a, and the equilibrium concentration ce,d
after desorption, according to eq 3

=
−

×
c

c c
percent released 100%e,d

0 e,a (3)

To measure the release kinetics, both foamed and non-foamed
samples with dry masses between 5.2 and 5.3 mg were swollen in
water and loaded with metoprolol as described above. As one foamed
sample specimen corresponds to a mass of ∼1.4 mg, multiple foamed
samples were used to achieve a mass between 5.2 and 5.3 mg. The
loaded hydrogels were immersed in a cuvette with a pathlength of 10

Figure 2. Confocal fluorescence microscope image of a foamed
hydrogel sample stained with methylene blue. The resulting pore
diameter was Dp = 147 ± 3 μm and the resulting pore opening
diameter was dp = 26 ± 6 μm.
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mm containing 3 mL of a 1 or 10 μmol mL−1 NaCl solution and the
UV absorption spectrum of the supernatant was measured after
different time intervals. Between measurements, the samples were
placed onto an orbital platform shaker (45 rpm) at room temperature.
The amount of metoprolol released at a time t per mass of hydrogel,
qe,a − qt,d, was calculated according to eq 4

− =q q
c V

mt
t

e,a ,d
,d d

(4)

with ct,d being the concentration of metoprolol in the release medium
at time t, Vd is the volume of the release medium, and m is the dry
mass of the hydrogel. All kinetic measurements were carried out in
triplicates.

3. RESULTS AND DISCUSSION
3.1. Sorption and Release Isotherms. To assess the

interaction of metoprolol with both foamed and non-foamed
hydrogels in the equilibrium state, sorption and release
isotherms were measured. Sorption isotherms were determined
by calculating the equilibrium concentrations qe,a of metoprolol
inside the hydrogel and plotting them against the correspond-
ing equilibrium concentrations ce,a of metoprolol in the
surrounding medium (Figure 3, left). For both foamed and
non-foamed hydrogels, qe,a initially increased with increasing
ce,a values until a plateau was reached. The data points were
subsequently analyzed using the Langmuir model (eq 5).38 In
this model, it is assumed that a specific amount of equal
sorption sites are provided by the sorbent. Each sorption site
can sorb only one molecule and the sorption sites are
accessible to all sorbate molecules. Furthermore, no
interactions between neighboring sorption sites and sorbed
molecules occur. It holds

=
+

q q
K c

K c1e,a max
s e,a

s e,a (5)

where qmax is the sorption capacity and Ks is the equilibrium
constant, which is the ratio of the sorption and desorption rate
constants. The values for Ks and qmax obtained by non-linear
regression are summarized in Table 1.
The obtained values for Ks and qmax differed only slightly

between foamed and non-foamed hydrogels. Thus, it can be

concluded that the morphology of the material does not
influence the equilibrium sorption behavior. This indicates that
metoprolol can enter the hydrogel through the surface of the
material, i.e., that there is no size exclusion and that metoprolol
has the same accessibility to sorption sites in both materials.
For both foamed and non-foamed hydrogels, Ks is close to 1
mL μmol−1, implying that the rate constants of sorption and
desorption are approximately the same. Although a direct
comparison between metoprolol and heavy metal ions is not
possible, we note that the Ks value is two orders of magnitude
larger in the case of systems such as alginate/polyurethane
foams for which Ks values of up to 11 mL μmol−1 were
obtained for the sorption of heavy metal ions.13

The maximum sorption capacity qmax reached approximately
520−530 μmol g−1 for both foamed and non-foamed
hydrogels, which corresponds to 142 mg g−1. When analyzing
the amino acid composition of gelatin type B, which was used
for this study, 427 μmol g−1 aspartic acid and 701 μmol g−1

glutamic acid were found.32 Thus, the theoretical maximum
sorption capacity is 1128 μmol g−1, assuming that sorption of
metoprolol takes place at the carboxyl groups of gelatin. The
fact that this is approximately twice as high compared to the
experimentally determined value might be due to incomplete
dissociation of metoprolol tartrate in aqueous solutions.
To demonstrate the reusability of the material, the hydrogels

were loaded with 248 ± 10 μmol g−1 metoprolol and
subsequently immersed into differently concentrated sodium
chloride solutions. The percentage of metoprolol released from
the hydrogel was plotted against the initial sodium chloride
concentration (Figure 3, right). Equally to the equilibrium
sorption behavior, it was found that the morphology had no

Figure 3. (Left) Metoprolol concentrations qe,a inside foamed and non-foamed hydrogels against equilibrium concentrations ce,a of metoprolol in
the surrounding medium. The lines represent fits according to eq 5. The data point marked in black was not included in the non-linear regression.
(Right) Percentage of released metoprolol against initial sodium chloride concentrations for both foamed and non-foamed hydrogels. Prior to the
release experiments, the samples were loaded with 248 ± 10 μmol g−1 metoprolol.

Table 1. Langmuir Isotherm Parameters Ks and qmax for the
Sorption of Metoprolol onto Foamed and Non-foamed
Hydrogels Obtained by Fitting the Data to Equation 5a

Ks/mL μmol−1 qmax/μmol g−1

foamed 1.3 522
non-foamed 1.1 531

aThe data points were weighted using the reciprocal of the probability
density function via the kernel density estimate.
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significant influence on the equilibrium release behavior, either.
It was observed that for both foamed and non-foamed
hydrogels, the percentage of released metoprolol increased
with increasing sodium chloride concentration from ∼20% at a
concentration of 0 μmol mL−1 (deionized water) to 90−100%
at a concentration of 10 μmol mL−1. The release of up to 20%
metoprolol upon immersion into deionized water can be
ascribed to the weak interaction between metoprolol and
gelatin, which is also indicated by the low Ks value. When
increasing the sodium chloride concentration, a plateau is
reached where up to 100% of metoprolol is released, which
demonstrates that the material is fully regenerable by
immersing it into a salt solution. This also substantiates that
the sorption and release of metoprolol and sodium takes place
via ion exchange, which is again confirmed by the fact that
100% of sorbate is released by immersion in PBS, a buffer that
matches the ion concentrations and osmolarity of the human
body. PBS has a total salt concentration of 151 μmol mL−1. In
addition to immersion in salt solutions34 at a constant pH
value, hydrogels for ion exchange are often regenerated by
immersing the material in, e.g., HCl solutions and thus
changing the pH value.16 However, this method is not suitable
for the materials examined in this study as gelatin is a
polypeptide and thus sensitive to hydrolysis at high or low pH
values.

3.2. Sorption and Release Kinetics. To study the time-
dependent interaction of metoprolol with both foamed and
non-foamed hydrogels, the sorption kinetics as well as the
release kinetics were examined. Two different initial
metoprolol concentrations, namely, 0.2 and 1 μmol mL−1,
were used for measuring the sorption kinetics, and the amount
of metoprolol inside the hydrogels, qt, was plotted against time
t (Figure 4, top left and top right). For both foamed and non-
foamed hydrogels, as well as for both initial sorbate
concentrations c0, the value of qt initially increased with
increasing time until a plateau was reached, which represents
the equilibrium concentration qe,a of metoprolol inside the
hydrogels. It was observed that qe,a is the same for both foamed
and non-foamed samples if the same initial sorbate
concentrations c0 are used. This confirms again that the
sample morphology does not influence the equilibrium state.
By contrast, the initial slope of the qt(t) curves, which is related
to the sorption rate coefficient k1, varies considerably between
foamed and non-foamed hydrogels as well as for initial sorbate
ion concentrations.
To determine the sorption rate coefficients, the kinetic data

were analyzed using the pseudo-first-order kinetic model39

= − −q q (1 e )t
k t

e,a
1

(6)

Figure 4. (Top) Sorption kinetics: Metoprolol concentrations qt inside foamed (left) and non-foamed (right) hydrogels against time t. Solutions
with c0 (Metoprolol) = 1 and 0.2 μmol mL−1 were used as starting points. The solid and dashed lines represent the fits according to eq 6. (Bottom)
Release kinetics: Amount of released metoprolol, qe,a − qt, for foamed (left) and non-foamed (right) hydrogels against time t. Prior to the release,
the samples were loaded with 254 ± 10 μmol g−1 metoprolol. Solutions with c0 (NaCl) = 10 and 1 μmol mL−1 sodium chloride were used as release
medium. The solid and dashed lines represent the fits according to eq 7.
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The values for qe,a and k1 obtained by non-linear regression are
summarized in Table 2. Furthermore, the release kinetics were
examined by immersing both foamed and non-foamed
hydrogels, which were loaded with 254 ± 10 μmol g−1

metoprolol into sodium chloride solutions. Two different
sodium chloride concentrations were used, namely, 1 and 10
μmol mL−1, and the amount of metoprolol released from the
hydrogels, qe,a − qt, was plotted against time t (Figure 4,
bottom left and bottom right). Similar to the sorption kinetics,
the values of qe,a − qt initially increased with increasing time
until a plateau was reached, which represents the equilibrium
amount qe,d of metoprolol released per mass of hydrogel.
Again, qe,d was the same for foamed and non-foamed hydrogels
if the same initial sodium chloride concentrations were used,
confirming that the sample morphology does not influence the
equilibrium state. Furthermore, one sees that the sample
morphologies, as well as the sodium chloride concentrations,
strongly influence the initial slope of the curves, which is
related to the release rate coefficient k2. To determine release
rate coefficients, the kinetic data were analyzed using the
expression

− = − −q q q (1 e )t
k t

e,a e,d
2

(7)

The values for qe,d and k2 obtained by non-linear regression are
also summarized in Table 2.
Looking at Table 2 and comparing foamed with non-foamed

hydrogels, one sees that the sorption rate coefficient k1
obtained for an initial metoprolol concentration of 0.2 μmol
mL−1 is 10-fold higher for foamed hydrogels. For an initial

metoprolol concentration of 1 μmol mL−1, a 6-fold increase in
k1 was found. This large increase in k1 for both initial
metoprolol concentrations can be ascribed to the difference in
both the surface area and diffusion path for foamed and non-
foamed hydrogels. The surface is defined as the interface
between the hydrogel matrix and the surrounding medium,
whereas the diffusion path is the distance a metoprolol
molecule has to cover until sorption occurs at a specific
sorption site. During the sorption process for both foamed and
non-foamed hydrogels, the sorbate crosses the surface of the
hydrogel and diffuses through the meshes of the polymer
network until it sorbs onto the polymer network (Figure 5). In
case of foamed materials with interconnected pores, the
sorbate additionally has to diffuse through the water-filled
pores before entering the hydrogel matrix, which is due to the
swelling step in deionized water. However, the diffusion
coefficient Dw of metoprolol in water should be much larger
compared to the diffusion coefficient of metoprolol inside the
hydrogel Dh. The latter depends on parameters such as the
cross-linking density, polymer concentration, and amount of
charged groups inside the hydrogel. For calcium alginate
hydrogels, the diffusion coefficient of copper ions inside the
hydrogels was reported to be 25% of the diffusion coefficient of
free copper ions.40 Thus, the initial diffusion through the
interconnected pores in foamed hydrogels, which are first filled
with deionized water and which have to be passed before the
drug reaches the hydrogel matrix, should not affect the
equilibration time significantly. Note that the properties of the
hydrogel (e.g., the equilibrium swelling degree) may change

Table 2. Kinetic Parameters k1 and qe,a for the Sorption of Metoprolol on Foamed and Non-foamed Hydrogels Using Different
Metoprolol Concentrations c0 as well as Kinetic Parameters k2 and qe,d for the Release of Metoprolol from Foamed and Non-
foamed Hydrogels Using Different Sodium Chloride Concentrations c0

a

c0 (Metoprolol)/μmol mL−1 k1/h
−1 qe,a/μmol g−1

sorption foamed 0.2 0.64 ± 0.19 79 ± 6
1 0.67 ± 0.07 258 ± 11

non-foamed 0.2 0.061 ± 0.017 82 ± 2
1 0.12 ± 0.015 258 ± 9

c0 (NaCl)/μmol mL−1 k2/h
−1 qe,d/μmol g−1

release foamed 1 0.71 ± 0.05 139 ± 4
10 1.27 ± 0.23 227 ± 8

non-foamed 1 0.102 ± 0.005 131 ± 4
10 0.31 ± 0.03 241 ± 10

aPrior to the release experiments, all samples were loaded with 254 ± 10 μmol g−1 metoprolol. The values are obtained by non-linear regression
and the listed errors are standard deviations. The data points were weighted using the reciprocal of the probability density function via the kernel
density estimate.

Figure 5. (Left) Schematic drawing of the sorption process in non-foamed hydrogels. The metoprolol molecule (green) crosses the surface of the
hydrogel matrix (yellow) and diffuses through the meshes of the hydrogel. The average distance a metoprolol molecule has covered at a given time
t is denoted as ddiff,1, whereas the maximum distance to the surface is denoted as ddiff,max1. The scale bar is 500 μm. (Right) Schematic drawing of the
sorption process in foamed hydrogels. The blue circles represent the water-filled pores, whereas the hydrogel matrix is illustrated in yellow. The
average distance a metoprolol molecule has covered at a given time t is denoted as ddiff,2. Note that ddiff,max2 is much shorter compared to the non-
foamed hydrogel. As a result, a bigger fraction of the available hydrogel matrix is penetrated by the metoprolol solution at a given time t. The scale
bar is 500 μm.
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during the sorption of ions, which, in turn, influences Dh. Also,
Dh can be expected to depend on the local occupation of
sorption sites, which out of equilibrium is a function of time
and location. Thus, Dh will also depend on time and location.
For a more detailed understanding, it is useful to define a

characteristic diffusion time τ that a metoprolol molecule
needs to travel an average distance ddiff

41

τ ∼
d
D
diff
2

h (8)

If one assumes a relatively small curvature of the hydrogel
surface A, ddiff is correlated to the penetrated volume V by

=d
V
Adiff (9)

By combining eqs 8 and 9, it is obvious that a reduction of the
maximum diffusion path through the hydrogel meshes will
result in a much faster penetration of the entire sample volume,
leading to shorter equilibration times.
Figure 5 visualizes the sorption process for both foamed and

non-foamed hydrogels. Due to the larger surface area in
foamed hydrogels, the volume V of the hydrogel that is
penetrated by the metoprolol solution at a given time t is much
larger for an equal distance ddiff. As a result, foamed hydrogels
have a shorter equilibration time and thus a larger sorption rate
coefficient k1. The equilibrium state is reached when
metoprolol is distributed evenly on the polymer network.
The difference in the diffusion path between foamed and

non-foamed hydrogels can also be illustrated via the maximum
distance ddiff,max from the center of the hydrogel to its surface.
For non-foamed hydrogels, ddiff,max1 can be estimated to be 1
mm (see Section 2.3) based on the cylindrical shape of the
sample (Figure 5). For foamed hydrogels, ddiff,max2 is much
shorter and can be estimated assuming a hexagonal closed
packing of pores with a volume fraction of 74% and a pore
diameter Dp. In this case, ddiff,max2 equals the radii of octahedral
(eq 10) and tetrahedral voids (eq 11) between the pores of the
hydrogel foam

= − ≈ ×d
D

D( 2 1)
2

0.207diff,max2
p

p (10)

i
k
jjjj

y
{
zzzz= − ≈ ×d

D
D

6
2

1
2

0.112diff,max2
p

p
(11)

In this study, foams with a pore diameter Dp = 147 μm were
used, which corresponds to ddiff,max2 = 30 μm (octahedral
voids) or ddiff,max2 = 17 μm (tetrahedral voids).
During the release, which is essentially the sorption of

sodium ions on the sorption sites, the reverse process takes
place. First, the sodium ions cross the surface of the hydrogels
and diffuse through the meshes of the hydrogel until they are
sorbed at the sorption sites. As a result, metoprolol is displaced
from the sorption sites, diffuses through the polymer network,
and is finally released into the surrounding medium by crossing
the hydrogel surface. Equilibrium is attained when the sodium
ions are evenly distributed on the polymer network. Again, the
equilibration time should depend on both the surface area and
the diffusion path. Indeed, similar trends like those for the
sorption kinetics can be observed for the release kinetics.
Comparing foamed to non-foamed samples, the release rate
coefficient k2 is ∼7-fold higher for an initial sodium chloride
concentration of 1 μmol mL−1 and ∼4-fold higher for an initial

sodium chloride concentration of 10 μmol mL−1. Note that at
a concentration of 1 μmol mL−1 metoprolol or sodium
chloride, the rate constants k1 and k2 are identical for both
foamed and non-foamed hydrogels. This further indicates that
the sorption and release are complementary processes.
As both the surface area and ddiff,max directly depend on Dp, it

might be possible to adjust the rate of sorption and release by
tailoring the pore radius of the foamed hydrogels. This could
be of particular relevance in fields such as wastewater
treatment or drug delivery, where a controlled removal of
water contaminants or a controlled release of ionic drugs is
desirable.
In addition to the effect of the sample morphology, a second

parameter, namely the initial metoprolol or sodium chloride
concentration, can be identified to influence both k1 and k2.
For the sorption of metoprolol, this effect is more pronounced
for non-foamed hydrogels, where a 2-fold increase in k1 was
found when increasing the initial metoprolol concentration
from 0.2 to 1 μmol mL−1. For foamed hydrogels, k1 is
approximately the same for both sorbate concentrations.
Similar trends can again be observed for the release kinetics.
When increasing the sodium chloride concentration from 1 to
10 μmol mL−1, a 3-fold increase in k1 was found for non-
foamed hydrogels, whereas a 2-fold increase in k1 was observed
for foamed hydrogels. The influence of the concentration on
the rate coefficients can be explained by considering that the
rate coefficients describe the mass transfer of the sorbate into
and out of the gel. The mass transfer is in turn influenced by
the gradient of qt or qe,a − qt inside the hydrogel matrix. Both qt
and qe,a − qt are related to the sorbate concentrations via the
Langmuir isotherm, which is only linear for small values of ce. If
higher ce values are obtained, the gradients of qt or qe,a − qt
should differ for different concentrations due to the non-
linearity of the Langmuir isotherm, which in turn should lead
to different rate coefficients. However, the relation between the
rate coefficients and the sorbate concentrations is far more
complex because the diffusion coefficient of metoprolol in the
hydrogel is influenced by, e.g., the equilibrium swelling degree,
which may change during the sorption and release process.
When comparing the influence of the concentration for
different hydrogel morphologies, one sees that the effect of
the concentration is higher for non-foamed hydrogels as
compared to foamed hydrogels. This might again be ascribed
to the larger diffusion path, which increases the time until
equilibrium is attained. This effect is especially pronounced for
the sorption kinetics of foamed hydrogels, where almost equal
values for k1 were obtained. The difference in k2 on the other
hand is more obvious, which can be ascribed to the fact that
the difference in initial sodium chloride concentration is larger.
Similar to the influence of the morphology, the influence of the
initial concentrations on the sorption and release rate
coefficients is also important for potential application fields
such as wastewater treatment and drug delivery, where a
control over the rate coefficients is of practical relevance.
Finally, when looking at the amounts of released metoprolol

for different sodium chloride concentrations (Table 2), one
can learn something about the relative affinity of metoprolol
and sodium to the sorption sites. All samples were loaded with
metoprolol using a solution with a concentration of 1 μmol
mL−1. When immersing the materials in a 1 μmol mL−1

sodium chloride solution, ∼139 μmol mL−1 metoprolol was
released, which corresponds to 55%. By contrast, ∼241 μmol
mL−1 metoprolol, which corresponds to 95%, was released
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when immersing the materials in a 10 μmol mL−1 sodium
chloride solution. As the volume of sorption and release
medium is the same, the ratios of metoprolol to sodium
chloride are 1:1 and 1:10, respectively. Interestingly, this
results in a release of 55% and 95%, which would be expected if
both ions had approximately the same affinity to the sorption
sites.

4. CONCLUSIONS

In this study, the sorption and release behavior of gelatin-based
hydrogels were examined for two different morphologies using
the cationic molecule metoprolol as a model drug. The
sorption and release behavior in equilibrium conditions was
characterized by measuring the sorption and release isotherms.
When analyzing the sorption isotherm, we found that the
equilibrium constant Ks is close to 1 mL μmol−1 for both
foamed and non-foamed hydrogels, indicating a relatively weak
interaction between metoprolol and hydrogels based on gelatin
methacryloyl. Furthermore, the maximum sorption capacity
was determined to be qmax ≈ 530 μmol g−1 for both sample
morphologies, which is approximately half of the theoretically
expected value. The release of sorbed metoprolol was
controlled by immersing the samples in sodium chloride
solutions, which shows that the material can be fully
regenerated. Consequently, the material can be reused in
potential applications. The results show that the sample
morphology has no influence on either sorption or release
behavior in equilibrium. The sorption and release behavior
under non-equilibrium conditions were characterized by
kinetic measurements, which was subsequently used to
determine the rate coefficients. In contrast to the equilibrium
behavior, the sample morphology had a pronounced effect on
the rate coefficients, which increased up to 10-fold for foamed
hydrogels. This effect might be ascribed to the increased
surface area and decreased diffusion path through the hydrogel.
The rate coefficients could be further increased by increasing
the ion concentrations in the surrounding medium. The
observed effect was more prominent for non-foamed hydro-
gels, which might again be due to the increased diffusion path
and surface area of the hydrogel. Future work will focus on
elucidating the role of the diffusion path by further varying the
sample morphology, which can be achieved by varying the pore
diameter and pore opening diameter. Furthermore, the
influence of temperature and the pH value will be examined.
Once the influence of each parameter is determined, our
concept of controlling sorption and release rates with foamed
gelatin methacryloyl hydrogels can be applied for different
drugs.
Our findings for both equilibrium and non-equilibrium

conditions are highly relevant for potential applications such as
drug delivery or wastewater treatment. The interaction
between sorbate and sorbent is important for the efficiency
and the amount of drug loading or the removal of
contaminants. Our results clearly show that the rate of
sorption and release can be adjusted by tailoring the sample
morphology as well as the ion concentration. As the pore
diameter of the hydrogel foams can be efficiently adjusted by
microfluidic techniques, tailor-made materials for the sorption
and release of cationic molecules can easily be generated.
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New Gelatin-Based Hydrogel Foams for Improved Substrate
Conversion of Immobilized Horseradish Peroxidase

Friederike Dehli, Cosima Stubenrauch, and Alexander Southan*

Hydrogel foams provide an aqueous environment that is very attractive for the
immobilization of enzymes. To this end, functional polymers are needed that
can be converted into hydrogel foams and that enable bioconjugation while
maintaining high enzyme activity. The present study demonstrates the
potential of biotinylated gelatin methacryloyl (GM10EB) for this purpose.
GM10EB is synthesized in a two-step procedure with gelatin methacryloyl
(GM10) being the starting point. Successful biotinylation is confirmed by
2,4,6-trinitrobenzene sulfonic acid and 4’-hydroxyazobenzene-2-carboxylic
acid/avidin assays. Most importantly, a high methacryloyl group content (DM)
is maintained in GM10EB, so that solutions of GM10EB show both a
sufficiently low viscosity for microfluidic foaming and a pronounced curing
behavior. Thus, foamed and nonfoamed GM10EB hydrogels can be prepared
via radical crosslinking of the polymer chains. Within both sample types,
biotin groups are available for bioconjugation, as is demonstrated by coupling
streptavidin-conjugated horseradish peroxidase to the hydrogels. When
assessing the substrate conversion rate rA in foamed hydrogels by enzymatic
conversion of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), a value
for rA 12 times higher than the value for nonfoamed hydrogels of the same
mass is observed. In other words, rA can be successfully tailored by the
hydrogel morphology.

1. Introduction

Hydrogels are crosslinked, hydrophilic polymer networks that
can absorb and retain large amounts of water or biological
fluids.[1,2] In the past few years, hydrogels have received in-
creased attention in the field of materials science due to their
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easily adjustable physical shapes,[3,4]

their high water content,[5] and their
biocompatibility.[6,7] Hydrogels are par-
ticularly interesting for fields of appli-
cation such as drug delivery[8] or tissue
engineering.[9,10] Furthermore, hydrogels
have been investigated as solid support ma-
terials for the immobilization of enzymes
with the aim of facilitating their recov-
ery and reuse.[11–13] Enzymes are highly
specific, yet, at the same time, delicate
biocatalysts that are used in various fields,
including food technology,[14] sensing,[15]

or synthetic chemistry.[16] Due to their high
water content, hydrogels provide a suitable
physiological environment for enzymes,
and are therefore believed to increase their
stability.[17] To date, the most widely used
methods to immobilize enzymes have been
entrapment,[18] enzyme crosslinking,[19]

covalent attachment,[20] or adsorption.[21]

However, these methods entail several
drawbacks, for example, the decrease of en-
zyme activity due to damaged protein func-
tional groups, the limitation of mass trans-
fer, or the leaching of enzymes from their
supports.[22] Ultimately, this results in a

decreased rate of enzyme substrate conversion per mass of solid
support. A much more promising approach is the immobiliza-
tion of enzymes via the biotin-streptavidin interaction, which pro-
vides strong attachment while avoiding additional chemical pro-
tein modification. For glucose dehydrogenase (GDH) immobi-
lized via the biotin-streptavidin interaction it was found that after
several days the enzyme activity of GDH was considerably higher
compared to enzymes immobilized via crosslinking.[23] In addi-
tion, this technique is extremely versatile, because many biotin-
or streptavidin-conjugated biomolecules are easily accessible.

Another aspect that influences the rate of enzyme substrate
conversion is the shape of the hydrogel. Glucose oxidase immobi-
lized inside poly(ethylene glycol) hydrogel membranes with a mi-
crotubular structure showed a rate of H2O2 formation, which was
1.5 times higher than that of nonstructured hydrogels.[24] This
effect can be attributed to an increase in contact between sub-
strate solution and encapsulated enzymes as a result of the larger
surface area. However, since the materials used in that study
were prepared by photolithography, only samples with a height
of up to 800 μm could be studied. Much larger samples of porous
materials can be prepared by means of foam templating.[25–27] In
this approach, a liquid foam template is formed from an aqueous
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Figure 1. Schematic depiction of Strep-HRP immobilization and conversion of colorless ABTS to bluish-green ABTS+• on foamed (left) and nonfoamed
(right) samples.

polymer solution, and is subsequently solidified by crosslinking
the polymer chains. During crosslinking, the structure of the liq-
uid template is retained. In this way, the structure of the resulting
porous materials, which are also called foamed hydrogels, can
be tailored by adjusting the structure of the liquid template.[28–31]

This has also been demonstrated for the generation of foamed
hydrogels based on gelatin methacryloyl: By adjusting the struc-
ture of the liquid template via microfluidic methods, foamed
hydrogels with defined pore diameters and pore opening diam-
eters were generated.[32,33] Gelatin methacryloyl is a derivative
of the biopolymer gelatin, which is generated by methacry-
loylation of amine and hydroxy residues in the polypeptide
side chains and allows for radical crosslinking of the polymer
chains.[34,35] The generation of gelatin methacryloyl hydrogels,
as well as their physicochemical properties, have been examined
thoroughly.[36–38] Moreover, it was demonstrated that available
carboxyl groups in polypeptide side chains can be used for further
polymer modification and that the biotin group can withstand
the radical curing chemistry of gelatin methacryloyl.[39,40]

In this study, we aim to provide a method for preparing func-
tional hydrogel foams based on gelatin methacryloyl that can fur-
ther be used to immobilize enzymes via the biotin-streptavidin
interaction. To this end, biotin groups are tethered to available
carboxyl groups of gelatin methacryloyl via a two-step synthe-
sis. This modification route leads to a dual functionalization of
gelatin, which allows for processing by microfluidics as well as
for reliable crosslinking via the methacryloyl groups. Further-
more, the generated polymers allow for the immobilization of
streptavidin-conjugated enzymes after hydrogel formation (Fig-
ure 1). The influence of the hydrogel shape on the rate of sub-
strate conversion will then be assessed by comparing foamed
with nonfoamed hydrogels. To our best knowledge, the synthe-
sis of biotinylated gelatin methacryloyl as well as the genera-
tion of foamed and nonfoamed hydrogels based on this poly-
mer have not been examined to date. The present study is di-
vided into three sections: (1) the synthesis and characterization
of biotinylated gelatin methacryloyl, (2) the generation of foamed
and nonfoamed hydrogels based on this polymer, and (3) the
immobilization of a suitable enzyme, followed by the compar-
ison of the enzyme substrate conversion for different hydrogel
shapes. As a suitable enzyme, we chose horseradish peroxidase

(HRP), which catalyzes the oxidation of colorless 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) to bluish-green rad-
ical cations ABTS+• (Figure 1). This allows easily assessing both
enzyme immobilization and substrate conversion by means of
UV/Vis spectroscopy.

2. Results and Discussion

2.1. Synthesis and Characterization of Biotinylated Gelatin
Methacryloyl

To synthesize biotinylated gelatin methacryloyl, a two-step
procedure with gelatin methacryloyl (GM10) being the
starting point was developed (Figure 2). During the first
reaction step, the carboxyl groups of GM10 are partially
modified with ethylene diamine (EDA), using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as a coupling agent.
In this way, primary amino groups are introduced into the
polymer, which can then be used in the second reaction step to
tether biotin moieties to the polymer backbone. The resulting
polymers are denoted as GM10E (Step 1) and GM10EB (Step 2).

The first reaction step was performed following a procedure
previously described by Claaßen et al.,[39] which was modified
for the study at hand. Compared to the original procedure, less
EDA and EDC were used to obtain a lower degree of modi-
fication. This was done to avoid a significant increase of the
isoelectric point of GM10E compared to GM10, as it was de-
scribed for higher degrees of modification.[39] An increase in IEP
might cause significant differences in nonspecific protein ad-
sorption between the gelatin derivatives during the immobiliza-
tion of Strep-HRP. Furthermore, only a low amount of functional
groups is required for immobilizing enzymes. Like in the previ-
ous report, EDA was added in large excess with respect to the
coupling agent EDC to avoid EDC-mediated crosslinking of the
polymer chains. Indeed, visual observation of GM10E solutions
showed that the reaction product was completely soluble in both
water and phosphate-buffered saline (PBS), i.e., that the polymer
chains are not crosslinked. The content of primary amino groups
(DE) in both GM10 and GM10E was quantified with the 2,4,6-
trinitrobenzene sulfonic acid (TNBS) assay. The obtained values
are listed in Table 1. In accordance with previous results,[39] no
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Figure 2. Reaction scheme for the biotinylation of gelatin methacryloyl (GM10). Step 1: Modification of GM10 with EDA, resulting in GM10E. Step 2:
Biotinylation of GM10E with NHS-dPEG4-biotin, resulting in GM10EB.

Table 1. Methacryloyl group content (DM), amino group content (DE), and
biotin content (DB) of the gelatin derivatives prepared in this study. The bi-
otin content for GM10EB was determined indirectly with the TNBS assay
and directly with the HABA/avidin assay. The errors are standard devia-
tions, except for DB (TNBS) for which the error was derived from error
propagation.

Gelatin
derivative

DM
[mmol g−1]

DE
[μmol g−1]

DB
(TNBS)

[μmol g−1]

DB
(HABA/avidin)

[μmol g−1]

GM10 0.94 −2 ± 2 – –

GM10E 0.97 71 ± 2 – –

GM10EB 0.94 38 ± 1 33 ± 3 26 ± 2

amino groups were detected in GM10 (DE = −2 ± 2 μmol g−1).
By contrast, an amino group content of DE = 71 ± 2 μmol g−1

was obtained for GM10E, which corresponds to a modification of
6.3% of the total carboxyl groups or 0.8% of all amino acids.[36]

The effect of this modification on the isoelectric point (IEP) of
GM10E compared to GM10 was estimated using pKa values of
the amino acid residues according to Bjellqvist et al.,[41] similar
to a previously described method.[39] According to this calcula-
tion, GM10 has an IEP of 4.2, whereas GM10E has an IEP of
4.4, which is only slightly higher. Consequently, significant dif-
ferences in nonspecific protein adsorption are not to be expected
with the PBS buffer used. In addition, the obtained GM10E was
examined with 1H-NMR spectroscopy (Figure 3, middle).

Compared to the 1H-NMR spectrum of GM10 (Figure 3, top),
two additional shoulders appear at 3.50 and 3.15 ppm, which be-
long to the two CH2 groups of EDA.[39] The signals are consider-
ably smaller compared to previously published work,[39] which
is due to the lower DE in the study at hand. In addition, the
methacryloyl group content (DM), which is important both for
the formation of hydrogels via radical crosslinking as well as
for the viscosity of the solutions used in microfluidic foam-
ing, was determined from the 1H-NMR spectra using sodium 3-
trimethylsilyl-propionate-2,2,3,3-d4 (TMSP) as an internal stan-
dard (Table 1). It was found that the DM of GM10E remained vir-
tually unchanged compared to GM10. This is in contrast to previ-
ously published work, where the DM was decreased by 23% after
modification with EDA.[39] We attribute this observation to the

Figure 3. 1H-NMR spectra of GM10 (top), GM10E (middle), and GM10EB
(bottom) in D2O. The insets display signals between 3.0 and 3.7 ppm.
EDA-related signals are marked in blue, while dPEG4-related signals are
marked in purple.
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use of less EDA in the study at hand, which leads to fewer EDA-
related side reactions, i.e., aminolysis or hydrolysis of methacry-
loyl groups.

In the second reaction step, GM10E was biotinylated by reac-
tion of the amine groups with biotin-dPEG4-NHS (Figure 7). Vi-
sual observation of GM10EB solutions showed that the obtained
polymer was completely soluble in PBS and demineralized wa-
ter, yielding a slightly opalescent solution. Since a successful bi-
otinylation of GM10E should lead to a lower amount of primary
amino groups, the TNBS assay was again performed for GM10EB
(Table 1). Indeed, it was found that compared to GM10E (DE =
71 ± 2 μmol g−1), the amino group content in GM10EB is re-
duced by 47% to DE = 38 ± 1 μmol g−1. Consequently, the biotin
group content (DB) can be determined by subtracting the DE of
GM10EB from the DE of GM10E. In this way, a biotin content of
DB (TNBS) = 33 ± 3 μmol g−1 was obtained (Table 1). The differ-
ence corresponds to a total biotinylation of 3.2% of the carboxyl
groups in GM10 or 0.4% of all amino acids. The IEP of GM10EB
was again calculated as described above, and a slightly decreased
IEP of 4.3 was found. In addition, the biotin content was also di-
rectly quantified with the 4’-hydroxyazobenzene-2-carboxylic acid
(HABA)/avidin assay, where the molecule HABA is coordina-
tively bound to the protein avidin from which it is displaced af-
ter the addition of biotin. This process results in a color change
at 500 nm, which can be used to quantify the biotin content. Ac-
cording to the HABA/avidin assay, the biotin content in GM10EB
was DB (HABA/avidin) = 26 ± 2 μmol g−1 (Table 1), which is
in good agreement with the value determined with the TNBS
assay. The fact that DB (HABA/avidin) was slightly lower com-
pared to DB (TNBS) might be ascribed to steric hindrance, as
biotin in GM10EB is bound to a macromolecule. Another expla-
nation could be that traces of coordinatively bound EDA were
still present in GM10E, leading to an overestimation of the DE in
GM10E and thus to an apparently higher DB (TNBS) in GM10EB.
Furthermore, the reaction product was examined with 1H-NMR
spectroscopy (Figure 3, bottom). Comparing the 1H-NMR spectra
of GM10EB and GM10E, one sees that three new signals appear
at 3.68, 3.39, and 3.31 ppm, which might either belong to the
CH2 groups of the tetra(ethylene glycol) spacer or might result
from a shift in the signals of the CH2 groups that belong to EDA.
However, no quantitative conclusion can be drawn since the sig-
nals are quite small and are superimposed by other signals of the
polymer. The DM of GM10EB was again determined as before
(Table 1) and was found to be unchanged, confirming that a high
degree of methacryloylation was maintained during the reaction.

Taken together, the results of the HABA/avidin assay and
of the TNBS assay demonstrate a successful biotinylation of
gelatin methacryloyl. This finding is supported by the respec-
tive 1H-NMR spectra. Furthermore, a high degree of methacry-
loylation was maintained during polymer modification. Conse-
quently, GM10EB solutions should have sufficiently low viscosi-
ties for microfluidic foaming and enough polymerizable groups
for hydrogel generation.

2.2. Preparation and Characterization of Foamed and Nonfoamed
Hydrogels

Nonfoamed hydrogels with all gelatin derivatives (GM10,
GM10E, and GM10EB) could be prepared straightforwardly by

Table 2. Liquid flow rate vL and gas pressure p used to generate liquid foam
templates from different gelatin derivatives, as well as bubble diameters
Db of liquid foam templates, pore diameters Dp, and pore opening diam-
eters dp of crosslinked samples. All listed errors are standard deviations.

Gelatin derivative vL [μL min−1] p [mbar] Db [μm] Dp [μm] dp [μm]

GM10 25 500 154 ± 2 147 ± 3 26 ± 6

GM10E 20 300 140 ± 3 128 ± 4 26 ± 6

GM10EB 20 290 154 ± 2 127 ± 3 31 ± 7

UV-initiated curing of the respective polymer solutions. This con-
firms that the amino and biotin functionalization did not in-
terfere with the radical crosslinking reaction. However, the vi-
sual appearance of the hydrogels was different between the three
derivatives. For GM10EB, slightly opaque samples were obtained,
while samples based on GM10 and GM10E were optically clear
(Figure S4, Supporting Information). During several washing,
drying, and re-swelling steps, the opacity in GM10EB samples
did not change.

Furthermore, foamed hydrogels based on GM10, GM10E, and
GM10EB could be prepared by means of foam templating, using
very similar procedures for the different gelatin derivatives. To
prepare foamed hydrogels, liquid foam templates with a defined
bubble size Db were generated by microfluidic foaming. The bub-
ble diameter Db of the liquid foam templates as well as the gas
pressure p and liquid flow rate vL during microfluidic foaming
are listed in Table 2.

Looking at Db, one sees that liquid foams with very similar
bubble diameters between 140 and 154 μm were obtained from
solutions of different gelatin derivatives, i.e., the bubble size can
be easily controlled in all cases by means of microfluidic foaming.
However, small adjustments in p and vL were necessary, which in-
dicates that the polymer modifications in GM10E and GM10EB
entail a certain change in the physicochemical properties of their
aqueous solutions. Irradiation of the liquid templates with UV-
light yielded foamed hydrogels with interconnected pores, which
were characterized with confocal fluorescence microscopy (Fig-
ure 4).[33] The values obtained for the pore diameters Dp and for
the pore opening diameters dp are listed in Table 2.

The pore opening diameter dp is similar for all generated sam-
ples. However, comparing the bubble diameter Db with the pore
diameter Dp for different gelatin derivatives, one sees for all three
gelatin derivatives that a shrinkage took place during crosslink-
ing. The change of the pore diameter compared to the bubble
diameter can be expressed as

Db− Dp

Db
. In fact, the pore diame-

ter of GM10EB decreased by 18% compared to the bubble size
of the liquid templates. For foamed hydrogels based on GM10
and GM10E, a decrease of 5% and 9% was observed, respec-
tively. While a shrinkage of 5% is almost in the error range of
the values for Db and Dp, and might therefore be neglected,
a shrinkage of 9% and 18% is more pronounced, which indi-
cates that the additional modification of the polymer also results
in a different behavior during crosslinking. This effect needs
to be considered if foamed hydrogels with predefined pore di-
ameters are required. For the present study, the achieved pore
diameters allow comparing GM10, GM10E, and GM10EB hy-
drogel foams as well as comparing the foamed hydrogel with
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Figure 4. Confocal fluorescence microscopy images of foamed hydrogels stained with methylene blue, prepared with GM10 (left), GM10E (middle), and
GM10EB (right).

Figure 5. Representative UV/Vis–spectra of the supernatants after a reaction time of 30 min of the ABTS assay, using foamed hydrogels (left) and
nonfoamed hydrogels (right). The reaction was stopped by the addition of 1% SDS solution. The insets show photos of the corresponding hydrogel
samples.

their nonfoamed counterparts, as described in the following
section.

2.3. Strep-HRP Immobilization and ABTS Conversion

2.3.1. Strep-HRP Immobilization on Different Gelatin Derivatives

To be able to immobilize streptavidin-conjugated enzymes effec-
tively on the generated GM10EB hydrogels, the biotin groups
have to be intact and accessible after radical crosslinking. In ad-
dition, it has to be shown that the biotin functionalization indeed
leads to an enhanced immobilization of streptavidin-conjugated
enzymes, i.e., that nonspecific adsorption is less important. To
examine both aspects, both foamed and nonfoamed hydrogels
prepared with GM10, GM10E, and GM10EB were exposed to
a Strep-HRP solution, followed by several washing steps. Note

that the conjugation of Strep-HRP to the biotin moieties was per-
formed after hydrogel formation. This is because a large num-
ber of radicals are generated during crosslinking of the poly-
mer chains, which can damage the protein structure of Strep-
HRP. In addition, subsequent treatment of the generated ma-
terials involves both an organic solvent and elevated tempera-
tures, which might also damage the protein structure. As Strep-
HRP catalyzes the oxidation of colorless ABTS to bluish-green
ABTS+•, the presence of Strep-HRP was determined with the
ABTS assay. Both the obtained UV/Vi spectra of the supernatants
after a reaction time of 30 min and the photos of the correspond-
ing hydrogel samples are shown in Figure 5. Comparing the
UV/Vis spectra of the supernatants for different gelatin deriva-
tives, one sees that the absorption for GM10EB hydrogels (green
lines) is considerably higher than the absorption for GM10 and
GM10E hydrogels (red and blue lines) regardless of the sample
morphology.
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Accordingly, foamed and nonfoamed samples based on
GM10EB have a pronounced green staining (Figure 5, insets),
which indicates the presence of Strep-HRP. By contrast, the
foamed and nonfoamed samples based on GM10 and GM10E
(Figure 5, insets) appear either less stained or colorless. How-
ever, even though some samples appear completely colorless, the
corresponding UV/Vis spectra of the supernatants show nonzero
absorptions, which demonstrates that a certain degree of nonspe-
cific protein adsorption takes place. However, since the difference
between biotin-containing and biotin-free hydrogels is very pro-
nounced, it can be concluded that Strep-HRP is predominantly
immobilized via the biotin-streptavidin interaction and that non-
specific interactions can be neglected. Note that the amount of
Strep-HRP present in the loading solution is only 4.7 pmol. By
contrast, GM10EB samples contain ≈170 nmol of biotin, which
was estimated from the biotin content determined with the TNBS
assay (see Section 2.1). Due to this large excess of biotin moieties,
Strep-HRP probably binds to biotin moieties at or close to the sur-
face before it reaches the bulk of the hydrogel. This effect might
also be enhanced by a hindered diffusion of Strep-HRP inside
the hydrogel matrix due to its large hydrodynamic radius.[40]

2.3.2. ABTS Conversion Rate

Looking at Figure 5 and comparing the UV/Vis spectra of foamed
samples with those of nonfoamed samples, one sees that the su-
pernatants of the foamed samples display a greater color inten-
sity. As the color intensity is directly related to the amount of gen-
erated ABTS+•, this observation indicates a difference in ABTS
conversion rate for different hydrogel shapes. The conversion
rate was quantified by following the time-dependent color devel-
opment of the supernatants of foamed and nonfoamed GM10EB
samples by means of UV/Vis spectroscopy. The corresponding
absorptions of the ABTS solutions at 416 nm are shown in Fig-
ure 6.

The substrate conversion rate rA was defined as the slope of the
linear regression line. For the nonfoamed samples, a rate of rA =
0.29 ± 0.07 h−1 (mean ± standard deviation) was obtained, while
the foamed samples had a twelve times higher rate of rA = 3.4 ±
0.3 h−1 (mean ± standard deviation). We ascribe the increased
rA values of the foamed samples compared to the nonfoamed
samples to a different enzyme distribution within the hydrogel
depending on the sample shape. As explained in Section 2.3.1,
most of the enzyme is likely immobilized near the hydrogel sur-
face. Consequently, the larger surface area of the foamed sam-
ples provides a larger amount of easily accessible binding sites
during enzyme loading. This might lead to an increased amount
of immobilized enzyme, which, in turn, results in an increased
rate of substrate conversion. In addition, in the nonfoamed sam-
ples enzymes can generally be immobilized further away from
the sample surface than in the foamed samples due to differ-
ent characteristic diffusion lengths.[42] Thus, the shorter diffu-
sion lengths inside the hydrogel matrix of the foamed hydrogels
might cause a faster transport of both substrate and product to the
immobilized enzyme and back into the supernatant, respectively,
which leads to an increased substrate conversion rate. Note, how-
ever, that the diffusion path length of substrate molecules inside
the hydrogel matrix is also largely influenced by their enzymatic

Figure 6. Time-dependent absorption of the ABTS solutions at 416 nm
for foamed and nonfoamed Strep-HRP-loaded GM10EB hydrogels. Three
independent measurements for each hydrogel type are shown.

conversion.[43] For glucose oxidase immobilized in poly(pyrrole)
films it was demonstrated that substrate conversion only takes
place in an active layer that is located 200–400 nm from the sur-
face, which is due to the rapid substrate conversion. Further in-
sight into the prevailing mechanism can be gained by quantify-
ing the amount of immobilized Strep-HRP. However, commonly
used methods, such as the quantification of Strep-HRP in the su-
pernatant before and after hydrogel loading, cannot be easily ap-
plied as the porous structure impedes an accurate quantification
of proteins in the washing solutions. Nevertheless, the obtained
results demonstrate that the substrate conversion rate can be tai-
lored by the shape of the hydrogel. The overall substrate conver-
sion for t → ∞ is however most likely determined by the enzyme
amount itself and should be independent of the sample structure,
provided that the enzyme is stable for sufficiently long times. Our
findings are highly relevant for applications where the substrate
conversion rate needs to be adjusted, such as in biocatalysis. De-
pending on the type of application, a lower or higher substrate
conversion rate can be achieved by using foamed or nonfoamed
hydrogels. However, one unequivocal advantage of the immobi-
lization of enzymes on foamed hydrogels is that they allow for
a more efficient use of the generated polymer since the bulk of
nonfoamed samples does not contribute to the ABTS-conversion
if the reaction takes place at the surface of the material. An in-
creased surface area could also be generated by using micro-
spheres or thin sheets based on GM10EB. However, compared
to these materials, a foam offers several advantages. First of all,
a foam is monolithic and can be easily prepared in various sizes
and shapes. Compared to spheres or sheets, a foam might there-
fore be easier to handle in batch processes, as it can be removed
from the reaction mixture in one piece. Compared to thin sheets,
a foam might also provide improved mechanical stability.
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3. Conclusions

We developed foamed gelatin-based hydrogels which improve
the substrate conversion of immobilized enzymes by a factor
of 12 compared to their nonfoamed counterparts. To achieve
this aim we 1) synthesized—for the first time—biotinylated
gelatin methacryloyl (GM10EB) by modifying the carboxylate
groups in gelatin methacryloyl in a two-step procedure, 2) gener-
ated foamed and nonfoamed hydrogels based on this derivative,
and 3) compared the substrate conversion of foamed and non-
foamed hydrogel after immobilizing the enzyme Strep-HRP via
the biotin-streptavidin interaction. We showed that GM10EB so-
lutions meet all requirements for a crosslinkable material with
properties which are suitable for microfluidic foaming and si-
multaneously provide intact and accessible biotin groups. Future
perspectives of foamed GM10EB hydrogels include the conjuga-
tion with other streptavidin-modified (bio)molecules. In this way,
a versatile bioconjugation platform can be created that might be
used not only in the field of enzyme immobilization but also for
various other applications such as protein purification or biosens-
ing. In addition, the substrate conversion rate could further be ad-
justed by tailoring the pore diameter of the samples via microflu-
idic techniques. Last but not least, the favorable GM10EB solu-
tion properties might facilitate the development of highly func-
tional and individually structured hydrogel materials by means
of other processing techniques like inkjet printing or two-photon
polymerization.

4. Experimental Section
Chemicals: Methacrylic anhydride (MAAnh), EDA, PBS, EDC, NHS-

dPEG4-biotin, TNBS solution 1 m in H2O, glycine, HABA/avidin reagent,
bovine serum albumin (BSA), and ABTS liquid substrate system were
purchased from Sigma Aldrich (Germany). NaOH, NaCl, NaHCO3, and
ethanol absolute were purchased from VWR. Gelatin (type B, 232 bloom,
bovine bone, batch #641819) was donated by Gelita (Germany). Plan-
tacare 2000 UP was donated by Cognis (now BASF, Germany). D2O
was purchased from Merck (Germany) and eurisotop (UK). Perfluorohex-
ane was purchased from abcr (Germany) and Sigma Aldrich (Germany).
TMSP was purchased from Merck and deutero (Germany). The follow-
ing chemicals were purchased from suppliers given in parentheses: 1 N
hydrochloric acid (Titrisol, Merck, Germany), methylene blue (S3 chemi-
cals, Germany) lithium phenyl-2,4,6-trimethyl benzoyl phosphinate (LAP,
Carbosynth, UK), streptavidin-conjugated horseradish peroxidase (Strep-
HRP, 1 mg mL−1, abcam, UK), sodium dodecyl sulfate (SDS, lot 184257,
fisher scientific, Germany). Dialysis was performed using dialysis mem-
branes (molecular weight cutoff 12-14 kDa) from Medicell International
Ltd. (UK). All chemicals except Strep-HRP were used as received. Upon ar-
rival, Strep-HRP was thawed to prepare aliquots that were stored at−20 °C
until further use.

Synthesis of Gelatin Methacryloyl: Gelatin methacryloyl (GM10) was
synthesized and characterized according to a previously described
procedure.[35] Briefly, gelatin type B (25.44 g) was dissolved in 250 mL
of deionized water at 40 °C. Once the gelatin was completely dissolved,
the temperature was adjusted to 37 °C and 14.3 mL MAAnh were added.
The amount of added MAAnh corresponds to a tenfold molar excess with
respect to the amount of free amine groups (0.35 mmol g−1 according to
van den Bulcke et al.[44]). Thus, the corresponding derivative is denoted
as GM10. The pH of the reaction mixture was kept between 7.0 and 7.4
by the addition of 4 m NaOH solution. After a reaction time of 5 h, the
reaction mixture was filtrated using a sterile filter and stored at 8 °C for 2
d. Afterward, the crude product was dialyzed against deionized water for 5

Figure 7. Chemical structure of NHS-dPEG4-biotin.

d and then freeze-dried. A yield of 73%–77% was obtained. The degree of
methacryloylation (DM) was determined by means of 1H-NMR (500 MHz)
in D2O using TMSP as an internal standard.[35]

Synthesis of Gelatin Methacryloyl Aminoethyl: Gelatin methacryloyl
aminoethyl (GM10E) was synthesized using a modified procedure de-
scribed by Claaßen et al.[39] 4.0 g of GM10 (DM = 0.94 mmol g−1) were
dissolved in 80 mL of deionized water. 4 g of GM10 were estimated to con-
tain a carboxyl group amount of 4.51 mmol (1 eq.), based on the carboxyl
group content in gelatin type B (1.128 mmol g−1).[36] The temperature
was adjusted to 37 °C. 204 μL (184 mg, 3.05 mmol, 0.68 eq.) EDA was
added and the pH of the solution was quickly adjusted to 4.5 using 1 N
HCl. Subsequently, EDC (65 mg, 0.34 mmol, 0.075 eq.) was dissolved in
220 μL deionized water and was quickly added to the reaction mixture.
After a reaction time of 18 h, the precipitate that was formed during the
reaction was removed by filtering the crude product with a sterile filter. The
filtrate was subsequently dialyzed against a 9 g L−1 sodium chloride solu-
tion for two days to remove any ionic impurities. Afterward, the product
was dialyzed against deionized water for two days and then freeze-dried.
The purified product (3.43 g, 86%) was analyzed by means of 1H-NMR
(500 MHz) in D2O. In addition, the DM was determined using TMSP as
an internal standard, as described above for gelatin methacryloyl.

Synthesis of Biotinylated Gelatin Methacryloyl: Biotinylated gelatin
methacryloyl (GM10EB) was synthesized by dissolving 2.0 g GM10E (con-
taining 0.14 mmol, 1 eq., amine groups) in 39 mL PBS at room tempera-
ture. Afterward, 113.7 mg (1.36 eq.) NHS-dPEG4-biotin was dissolved in
900 μL PBS and was quickly added to the reaction mixture. The chemi-
cal structure of NHS-dPEG4-biotin is shown in Figure 7. The solution was
stirred for 18 h at room temperature. The crude product was filtrated with
a sterile filter and the slightly opalescent solution was subsequently dia-
lyzed against deionized water for 6 d. The visual appearance of the polymer
solution was unaffected by several filtering steps as well as dialysis, thus
indicating that the opalescence is not caused by impurities or bacterial
contamination The purified product was again sterile filtered and subse-
quently freeze-dried. The purified product (1.72 g, 86%) was analyzed by
means of 1H-NMR (500 MHz) in D2O. In addition, the DM was deter-
mined using TMSP as an internal standard as described above.

2,4,6-Trinitrobenzenesulfonic Acid Assay: The amine group contents of
GM10, GM10E, and GM10EB were determined using the TNBS assay.
Briefly, a 0.01% (w/v) TNBS solution was prepared by diluting a 1 m TNBS
solution with 0.1 m NaHCO3 (pH = 8.5). 250 μL of this solution were
added to 500 μL of a 1 mg mL−1 gelatin derivative solution in 0.1 m
NaHCO3. The mixture was reacted at 37 °C under slight agitation in the
dark. After 2 h of reaction time, 250 μL of a 10% SDS solution in deionized
water as well as 125 μL of 1 N HCl were added. The assay was performed
in triplicates. A standard curve was generated by performing the TNBS
assay with glycine solutions at concentrations of 0, 0.026, 0.053, 0.106,
and 0.132 μmol mL−1 in 0.1 m NaHCO3. The absorbance of the solutions
at 335 nm was measured using a Lambda 25 UV/Vis spectrometer from
Perkin Elmer (Germany). Cuvettes with a path length of 2 mm were used.
The obtained values are visualized in Figure S1 (Supporting Information).

4’-Hydroxyazobenzene-2-carboxylic acid/avidin Assay: The biotin con-
tent of GM10EB was determined using the HABA/avidin assay. Briefly, the
commercially available HABA/avidin mixture was reconstituted in 10 mL
of deionized water. 133 μL of a 0.55 mg mL−1 GM10EB solution in PBS
was added to 1.2 mL of the HABA/avidin solution. The assay was per-
formed in triplicates. A standard curve was generated by performing the
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HABA/avidin assay with NHS-dPEG4-biotin solutions in PBS at concen-
trations of 0, 56, 111, 166, and 222 nmol mL−1. The absorbance of the so-
lution at 500 nm before and after the addition of GM10EB was measured
using a Lambda 25 UV/Vis spectrometer from Perkin Elmer (Germany).
Cuvettes with a path length of 5 mm were used. The obtained values are
visualized in Figure S2 (Supporting Information).

Preparation of Nonfoamed and Foamed Hydrogels: All polymer solu-
tions that were used for the preparation of nonfoamed and foamed hydro-
gels contained 0.14 wt% LAP and 20 wt% of GM10, GM10E, or GM10EB,
respectively. The solutions used for preparing foamed hydrogels addition-
ally contained 0.1 wt% of the surfactant Plantacare 2000 UP. Deionized
water was used to prepare all solutions.

Foamed Hydrogels: To prepare foamed hydrogel samples, liquid foam
templating was used, similar to a previously described procedure.[33]

Briefly, liquid foam templates were generated using a homemade poly-
carbonate microfluidic chip with a flow-focusing geometry that had a con-
striction of 70 μm. The gas pressures p, as well as liquid flow rates vL that
were used to push the polymer solutions through the microfluidic chip,
are summarized in Table 2. To prevent coarsening, traces of perfluorohex-
ane were added to the gas phase. The bubble sizes Db of the generated
liquid foam templates were analyzed according to a procedure described
previously[32] and are summarized as well in Table 2. Cylindrical aluminum
molds (2 cm in diameter and 2 mm in height) were used to collect the liq-
uid foam templates. The liquid foam templates were immediately covered
with a quartz glass pane and subsequently irradiated with UV-A light for
4.5 min, using a UV lamp (Omnicure Series 1500, 15% intensity) with a
maximum emission spectrum between 360 and 370 nm. The light guide
tip had a distance of 5 cm to the samples. Smaller hydrogel foam samples
with a diameter of 4 mm and a height of 2 mm were punched out of the
crosslinked material using a biopsy punch. The samples were washed for 3
d with deionized water and 1 d with ethanol. To enable long-term storage,
the samples were subsequently dried at 60 °C until a constant weight was
reached. To determine the pore diameter Dp and pore opening diameter
dp in the swollen state, three random samples were analyzed via confocal
fluorescence microscopy. Staining and image analysis was done accord-
ing to a procedure described before using the software ImageJ (version
1.53f51).[33]

Nonfoamed Hydrogels: The polymer solutions were poured into PDMS
molds with a diameter of 4 mm and a height of 2 mm that were covered
with a quartz glass pane. Curing, washing, and drying of the samples was
identical to the procedure described for foamed hydrogels.

Loading of Streptavidin-Conjugated Horseradish Peroxidase onto Foamed
and Nonfoamed Hydrogels: To load Strep-HRP onto hydrogel samples,
the dried samples were swollen for 24 h in 2 mL PBS under slight agi-
tation. The swelling solution was changed once. Afterward, the samples
were placed in 500 μL of PBS solution containing 1 μg mL−1 Strep-HRP.
After 24 h, the samples were washed with 500 μL of PBS until no rele-
vant amount of Strep-HRP was detectable in the supernatant. The deter-
mination of Strep-HRP in the washing solutions is shown in Figure S3
(Supporting Information). Typically, the samples were washed for 48 h and
the washing medium was changed six times. Furthermore, the stability of
Strep-HRP at room temperature was assessed by performing ABTS assays
with a 25 ng mL−1 Strep-HRP solution at different time points (Figure S5,
Supporting Information). To minimize nonspecific protein adsorption, all
solutions contained 0.1% (w/v) BSA. All experiments were performed at
room temperature.

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic Acid Assay: After sam-
ple loading, the ABTS assay was performed using two different ap-
proaches. To visualize the effect of the hydrogel functionalization on the
Strep-HRP immobilization, foamed and nonfoamed hydrogels were pre-
pared with the gelatin derivatives GM10, GM10E, and GM10EB and loaded
with Strep-HRP as described above. Each sample was placed in 400 μL
ABTS substrate solution under slight agitation. All samples had a mass
between 5.1 and 5.3 mg. After 30 min, the samples were removed from
the ABTS substrate solution. 400 μL of 1% SDS in deionized water were
added to the solution to stop the reaction. The absorbance of the solution
between 400 and 700 nm was measured using cuvettes with a path length
of 2 mm.

To compare the ABTS conversion rate by Strep-HRP immobilized on
foamed and nonfoamed hydrogels, GM10EB samples with a dry mass
between 5.6 and 5.7 mg were placed in 2.5 mL ABTS substrate solution
inside a cuvette with a path length of 10 mm. The cuvettes were sealed
with a Teflon stopper and the absorbance of the solution at 416 nm was
measured at different time intervals. Between measurements, the cuvettes
were placed horizontally on an orbital shaker at 115 rpm. All experiments
were performed at room temperature. To measure the UV/Vis spectra, a
Lambda 25 spectrometer from Perkin Elmer (Germany) was used.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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1. TNBS Assay 
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Figure S1: Standard curve (green) and obtained values for GM10 (black), GM10E (blue) and 

GM10EB (purple).  
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2. HABA/Avidin Assay 
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Figure S2: Standard curve (green) and obtained values for a 0.55 mg mL-1 GM10EB solution 

in PBS (white) 

 

3. Determination of Strep-HRP in Washing Solutions 

The presence of Strep-HRP in the washing solutions was determined by performing the 

ABTS assay after each washing step. Briefly, 200 µL of washing solution were added to 

200 µL of ABTS substrate. The solutions were thoroughly mixed and placed on an orbital 

shaker (90 rpm) in the dark. After 30 min of reaction time, the reaction was stopped by adding 

400 µL of 1 % SDS in deionized water. The absorption of the solution at 416 nm was 

measured in cuvettes with a pathlength of 2 mm using a Lambda 25 spectrometer from Perkin 

Elmer (Germany). The absorption of the solutions at 416 nm plotted against the number of 

washing steps is displayed in Figure S3. All experiments were conducted at room temperature 

and all of the six washing steps were performed within 48 h.  
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Figure S3: ABTS-absorption at 416 nm of solutions after each washing step.  

It was observed that the absorption for foamed samples is much higher, i.e. the content of 

Strep-HRP in the washing solutions is larger compared to non-foamed samples. This is due to 

the loading solution being still present in the pores of the foamed hydrogels after the first 

washing steps. Nevertheless, the absorption rapidly decreased for both foamed and non-

foamed samples and for all gelatin derivatives with increasing number of washing steps. After 

the 5th and 6th washing step, the absorption for all samples is close to zero. Thus, it was 

concluded that no relevant amount of Strep-HRP is present in the washing solutions and that 

the washing steps are sufficient to remove unbound Strep-HRP.  

 

4. Photos of Nonfoamed Hydrogels 

 
Figure S4: Photos of nonfoamed hydrogels based on GM10 (left), GM10E (middle) and 

GM10EB (right) swollen in PBS.  

 

5. Stability of Step-HRP 

The stability of Strep-HRP was assessed by performing ABTS assays with a 25 ng mL-1 Strep-

HRP solution in PBS, containing 0.1 % (w/v) BSA at different time points. All experiments 
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were performed at room temperature. Briefly, 200 µL of the 25 ng mL-1 Strep-HRP solution in 

PBS were added to 200 µL of ABTS substrate. The solutions were thoroughly mixed and placed 

on an orbital shaker (90 rpm) in the dark. After 30 min of reaction time, the reaction was 

stopped by adding 400 µL of 1 % SDS in deionized water. The absorption of the solution at 

413 nm was measured in cuvettes with a path length of 2 mm using a Lambda 25 spectrometer 

from Perkin Elmer (Germany). Between measurements, the Strep-HRP solution was stored at 

room temperature. The absorption of the solutions at 413 nm plotted against the storage time of 

the Strep-HRP solution is displayed in Figure S5. 

 

 

Figure S5: Absorption at 413 nm after ABTS conversion in 25 ng mL-1 Strep-HRP solutions 

plotted against the storage time. The Strep-HRP solutions were stored at room temperature. 

 

As can be seen, the amount of converted ABTS decreases with increasing storage time of the 

Strep-HRP solution. However, no relevant reduction in enzyme activity is to be expected for 

the experimental times used in this study (< 1 h). 


