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Summary 

Hydrogels comprising biopolymers have been employed as an emerging and promising tool for 

in vitro cell culture studies, and play an important role for the development of wound gels, since 

they usually feature a high biocompatibility. A crucial point of wound gels are their mechanical 

properties: they should readily wet and cover the entire area of an uneven wound before gelation 

takes place in situ, i.e. before they form a stiff protection layer. Once a wound gel formulation 

that provides these required mechanical properties is generated, bioactive compounds can be 

integrated. Mucins, the key components of native mucus, are such bioactive compounds and serve 

as an initial barrier in the human body against microbial attack: they are able to prevent bacterial 

adhesion and can trap viruses. So far, only the weak mechanical properties of mucin solutions 

have prevented their application in a physiological environment, e.g. as a wound gel. In addition 

to the anti-microbial-properties brought about by the hydrogel itself, therapeutic agents which are 

of benefit to wound healing should be released from a wound gel. Here, for many pharmaceutical 

applications, it is important that different drugs are present in the human body at distinct time 

points. Typically, this is achieved by a sequential administration of different therapeutic agents. 

A much easier alternative would be the application of a drug enriched hydrogel that serves as a 

therapeutic agent delivery system containing a whole set of medically active compounds which 

are liberated in an orchestrated and controlled manner. 

In this thesis, first commercially available basal lamina hydrogels are analyzed to study the effect 

of the biochemical composition of these extracellular matrix (ECM) gels on their biophysical 

properties, the ECMs have all been purified according to the same protocol. Nevertheless, in those 

gels, strong differences in the migration behavior of leukocyte cells as well as in the Brownian 

motion of nanoparticles could be detected. It could be shown that these differences correlate with 

the mechanical properties and the microarchitecture of the gels which in turn arise from small 

variations in their biochemical composition. In the next part of this thesis, the aim was to develop 

a mucin based wound gel, therefore a (mechanical) adjuvant was needed to overcome the 

mechanical limitation of mucin. ECM could not be employed as such an adjuvant since ECM gels 

are quite expensive and do not provide the required mechanical properties. Instead 

methylcellulose (MC) biopolymers are used to meet the mechanical requirements, thus generating 

a thermoresponsive methylcellulose/mucin hybrid system. The developed hybrid material 

combines the selective permeability properties brought about by mucins with the thermal 

autogelation properties of methylcellulose. As a consequence, triggered by contact with body-

warm surfaces, the hybrid material rapidly forms a gel at physiological conditions, and this 

external temperature stimulus can also be harnessed to stimulate drug release from incorporated 



thermosensitive liposomes. In addition, the hybrid gel selectively retards the release of embedded 

molecules which can be used to further control and prolong drug release from the gel. However, 

to achieve orchestrated drug release this is not sufficient. Instead it is demonstrated in this thesis, 

how two molecular mechanisms can be combined to solve this problem: i.e. a build-up of osmotic 

pressure by the depletion of a control molecule and triggered disaggregation of nanoparticle 

clusters by synthetic DNA sequences. The efficiency of these molecular mechanisms was 

investigated employing a simple hydrogel matrix, in which - due to the increased pore size and 

the inert character of the matrix, steric effects and electrostatic interactions with the drugs that 

could alter the outcome, can be excluded. Instead, with this approach, spatio-temporal control 

over the release of molecules and nanoparticles from the gel environment could be gained.  

The findings presented here extend our knowledge of how the biochemical composition of 

biopolymer gels can affect their microarchitecture and mechanical properties. In addition, the 

development of a thermoresponsive MC/mucin hybrid gel and the strategy presented for 

achieving an orchestrated drug release have strong implications for developing complex anti-

microbial drug delivery systems for medical applications such as wound treatment. The 

nanoparticle/hydrogel system developed here could also be used for the sustained release of 

pharmaceuticals overcoming the problem of burst drug release and will lower the need for 

multiple drug administrations. 
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 Introduction 
Hydrogels are three-dimensional network structures obtained from polymers carrying hydrophilic 

domains or groups which can absorb and retain a significant amount of water.[1] Hydrogels have 

been employed as an emerging and promising tool in cell culture studies and tissue engineering, 

to support cell proliferation, morphogenesis and differentiation, and they play an important role 

for the development of wound gels.[2, 3] They facilitate the transport of oxygen, nutrients and 

cellular waste, as well as water soluble growth factors.[4] Typically, hydrogels are formed from 

aqueous solutions of polymers by a mechanism called gelation. 

Both the gelation kinetics and the gel strength are determined by the polymers of the gel, the 

solvent and the environmental conditions. The gelation kinetics are very important for the 

practical applicability: e.g., in situ formed hydrogels applied to damaged tissue have to be able to 

form a gel within a short period of time to remain on site. Gel strength is at least as important as 

gelation kinetics, not only for the stability of the gel itself but also for cells embedded into such a 

gel: hydrogels used as cellular scaffolds can influence cellular mechanotransduction (the 

conversion of mechanical information form the microenvironment into biochemical signaling) 

and cell differentiation.[5, 6] Different types of hydrogel gelation mechanisms are summarized in 

Figure 1. Gelation can be a result of either intermolecular forces creating physical gels, 

intramolecular forces resulting in chemical gels, or a combination of both. Physical gels can be 

subdivided into weak and strong physical gels. Weak physical gels have reversible links formed 

from temporary associations between polymer chains established by e.g. weak intermolecular 

forces such as weak hydrogen bonds, hydrophobic or ionic associations. Strong physical gels 

require strong intermolecular forces, between polymer chains and are effectively permanent at a 

given set of environmental conditions.[7] A typical example of a strong physical gel is the gelatin 

gel: here, helical structures forming the network are stabilized by a multitude of interchain 

hydrogen bonds.[8] On the other hand, chemical gels are a result of the formation of covalent bonds 

leading to strong gels. The three main chemical gelation processes include condensation 

polymerization (where molecules join together, with elimination of water or other small 

byproducts), additive polymerization (which involves the reaction of unsaturated monomers, 

leaving no side products) and cross-linking.[7]  
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Figure 1 Classification of gelation mechanism and relevant examples.1 

 

In general, two different types of scaffolds are used for cell culture studies and wound gels: 

reconstituted matrices comprising purified biomacromolecules such as e.g. collagen, fibrin or 

hyaluronic acid obtained from natural biological sources,[9-12] or synthetic extracellular matrices 

(ECM), e.g. composed of polyethylene glycol (PEG), polyvinyl alcohol and poly-2-hydroxy 

methacrylate.[13-15] Purified biomacromolecules are promising substrates primarily for 

biodegradable, temperature- and pH-responsive scaffolds and typically lead to physical gels (as 

long as no disulfide bridges are involved). Designed synthetic ECM, on the other hand, utilize 

intermolecular forces or intramolecular forces depending on the requirements. Both 

biomacromolecules and synthetic ECMs are often employed as thin coatings for 2D cell culture 

studies, which can provide important insights into many aspects of cellular behavior. The true 

strength of both systems is, however, that they can be applied as a 3D environment for embedding 

cells to offer a more in vivo-like environment than a 2D system.[16-18] Hydrogels composed of 

biopolymers offer the additional benefit that they usually feature a high biocompatibility which 

is a basic prerequisite for investigating cell behavior. Of course, biocompatibility is equally 

important in the context of wound treatment, especially with respect to internal injuries, where 

wound gels cannot be removed after treatment. A major advantage of an engineered synthetic 

scaffold is the opportunity to tune certain physical parameters, such as the mechanical properties 

or the permeability of the matrix and to investigate the influence of certain stimuli at well-defined 

conditions. On the other hand, ECM extracts of biological origin may be better suited to 

                                                      
1 Figure adapted from: Syed K. H. Gulrez, Saphwan Al-Assaf and Glyn O Phillips (2011). Hydrogels: 
Methods of Preparation, Characterisation and Applications, Progress in Molecular and Environmental 
Bioengineering - From Analysis and Modeling to Technology Applications, Prof. Angelo Carpi (Ed.), 
ISBN: 978-953-307-268-5, InTech 
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approximate an in vivo environment in detail, especially if the biopolymers used to construct the 

scaffold are obtained from the same organism and tissue as the cells that are integrated into the 

matrix.[19-21] 

One of the simplest biopolymer model systems in use for constructing such 3D scaffolds, mainly 

for cell culture studies, is a reconstituted hydrogel formed by collagen type I fibers. 

Macromolecules of the collagen family compromise 25 % (by dry weight) of the total protein 

content in vivo,[22] and are key constituents of various tissues including the connective tissue 

(collagen type I, triple helical fibers), the basal lamina (collagen type IV, fibers) and cartilage 

(collagen type II, fibrils).[23-25] However, they are not the only macromolecular components in 

those tissues, so the predictive strength of results obtained from experiments with such simple 

collagen matrices is limited. Also, the degree of variability and the ensuing range of biophysical 

properties of a scaffold comprising only one specific macromolecular component is much lower 

compared to a scaffold consisting of a variety of components. A more complex in vivo-like multi-

component ECM model system is given by basal lamina gels that are typically purified from 

murine tumor tissue. The basal lamina is an extracellular matrix that supports epithelia, muscle 

fibers, blood vessels and peripheral nerves and separates endothelial or epithelial cells from the 

connective tissue. This specialized ECM is composed of three main macromolecular constituents, 

i.e. laminin 56 %, collagen IV 31 % and the perlecan complex, the latter of which combines three 

heparin sulfate chains into a finger-like structure which is attached to the biopolymer network. In 

addition to those macromolecular components and other minor components, basal lamina gels 

contain about 8 % of the cross-linker protein entactin (nidogen) which connects the laminin 

macromolecules with the collagen network (see Figure 2).[26] Thus, such a basal lamina gel offers 

a much higher complexity and biologically more relevant environment than simple collagen 

gels.[24, 27-29]  

The complexity of such multi-component hydrogels is, in many cases, at the same time the weak 

point of experiments conducted with these kind of matrices. Commercially available basal lamina 

variants, e.g. those purified from the same murine tissue following the identical protocol 

established by Kleinman, [30, 31] should be very similar and differ only minimally in their protein 

composition. Though these deviations may appear negligibly small, but they can nevertheless 

have a large impact on e.g. the mechanics, permeability and bioactivity of the gel matrix. Such 

unwanted differences in the protein composition of basal lamina gels from four different vendors 

have been used in this thesis to investigate how the biophysical properties of such gels depend on 

their biochemical composition (see chapter 3.1). Therefore, the precise composition of the four 

basal lamina variants was identified and the influence on cell migration and particle diffusion was 
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investigated. With this approach, a detailed understanding of how variations in the biophysical 

properties of those gels are regulated on a molecular level was obtained. Such information will 

not only simplify the interpretation of future cell culture experiments but also provides important 

insights for the design of artificial hydrogel scaffolds. 

Figure 2 Molecular structure of basal lamina: The main components laminin and collagen IV self-
assemble into networks which are connected via entactin and perlecan. (I want to thank Iris König-
Decker for designing the 3D model of the basal lamina which provided the basis for this schematic 
visualization.) 

 

In the second part of this thesis, a bioactive hydrogel was developed that can serve as a wound 

gel with tailored mechanical properties. As the name indicates, hydrogels have a high water 

content which is important for maintaining a moist environment and thus permits optimal healing 

rates for a wound.[32] Furthermore, hydrogels are applied as wound gels especially in cases where 

a conventional dressing is difficult to apply e.g. on deep and irregular lesions. Simple wound gels 

offer mechanical wound protection and are able to prevent, to a certain extent, microbial 

infections. The latter ability is becoming more and more important due to the increasing number 

of bacterial strains that are resistant to modern antibiotics. As of today, despite modern medicine, 

bacterial and viral infections still represent a major cause of disease that may lead to severe illness 
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or even death. Each year in the US alone, at least 2 million people are confronted with bacterial 

infections that are resistant to modern antibiotics, and of those over 23,000 are lethal 

(status 2013).[33] In particular, patients suffering from an open wound, where the skin (our first 

natural barrier against such microbial infections) is compromised, have a drastically increased 

risk of contracting an infectious disease. [34, 35] The same is true during and after surgery, where 

the vulnerable core of the human body is exposed to microbial attacks, even though surgery is 

performed under as sterile conditions as possible. Examples for pathogens causing such 

nosocomial infections include Hepatitis B and C, HIV, Staphylococcus aureus, Proteus mirabilis, 

Klebsiella pneumoniae, and Acinetobacter.[36] For instance, a study performed at a Korean 

hospital between April 1991 and March 1992 on 789 surgery patients showed that the Hepatitis 

C infection rate was more than 10-fold higher for patients that had undergone surgery compared 

to the control group.[37]  

One approach to enhance the antimicrobial quality of wound gels is engineering bioactive 

hydrogels.  This type of wound dressings are made of materials that can play an active role in 

wound protection and healing.[38] One example for such a bioactive hydrogel in the human body 

is the mucus layer covering the surface of wet epithelia, a natural gel that offers many properties 

desired for wound healing.[39] The major macromolecular constituents of mucus are large, highly 

glycosylated macromolecules called mucins. Mucin molecules have a protein core rich in thiol 

groups and contain both hydrophobic and charged domains. The cysteine rich regions contain 

domains that possess sequence similarity to C-terminal cystine knot domains, and von Willebrand 

factor (vWF) C and D domains.[40-42] These regions of the mucin molecule have been shown to be 

involved in mucin dimerization and subsequent polymerization to form multimers via disulfide 

bonds.[43] In addition, carbohydrates such as N-acetylgalactosamine, N-acetylglucosamine, 

fucose, galactose, sialic acid and traces of mannose and sulfate are attached to the protein 

backbone. These oligosaccharides consist of up to 15 monomers, provide intramolecular and 

intermolecular hydrogen bonding capabilities and are arranged in a “bottle brush” configuration 

(see Figure 3).[44] Mucin glycoproteins that have been manually purified from natural sources 

still exhibit their native inherent glycosylation pattern. In contrast to commercially purified (and 

partially degraded) mucins, those native mucins have recently been demonstrated to have a broad 

range of medically highly relevant properties, which would be of great benefit for any kind of 

wound gel: Mucins reduce bacterial adhesion when used as surface coatings,[45, 46] and they can 

also serve as a potent shielding layer reducing the infection rate of various viruses.[47] Moreover, 

the abundant glycosylation of the protein backbone, which can make up to 75 % of the weight,[48] 

give mucins considerable water-binding capacity and make them quite resistant to proteolysis. 

Thus, they are ideal components for hydrogels.  
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Figure 3 (a) Schematic visualization of the porcine gastric mucin monomer consisting of a core protein 
which is highly glycosylated in the middle and is flanked by regions of low glycosylation. (b) The 
symbols indicate the different domains of the drawing in (a). (c) A dimer can be formed by two 
monomeric subunits linked through disulfide bonds in the low-glycosylated regions, (d) which can be 
further linked via disulfide bonds to form longer multimers.2 
 

A source from which sufficient quantities of mucins can be purified is the porcine gastric mucosa. 

However, special attention has to be paid to maintain the glycosylation motifs, since they are 

critical for the medically interesting properties of mucins. [49, 50]  These purified and lyophilized 

mucins can be reconstituted at different concentrations and pH conditions as desired,[51, 52] and 

they possess buffering capabilities themselves.[53, 54] However, due to their unsatisfactory 

mechanical performance, reconstituted mucin solutions are not suitable for a direct application as 

a wound gel: Whereas reconstituted mucin solutions are able to form a weak gel with a shear 

stiffness on the order of a few Pascal, this gelation only occurs at acidic pH (≤ pH 4) and at low 

ionic strength (≤ 100 mM NaCl).[55] Ideally, the final shear stiffness of a wound gel should be on 

the order of the stiffness of cells and soft tissues, which is in the range of a few to tens of kPa.[56] 

Moreover, both conditions, i.e. low pH and low ionic strength, are not compatible with the 

physiological environment of a wound. Thus, to develop a bioactive mucin hydrogel in order to 

benefit from the anti-microbial properties of mucins, the viscoelastic properties of mucin 

solutions needed to be improved. Crouzier and coworkers were able to produce a mucin hydrogel 

with a shear stiffness similar to that of soft mammalian tissue, serving as a platform for sustained 

drug delivery.[57] There, gelation was triggered by ultraviolet light in the presence of a free radical 

photoinitiator, resulting in a covalently crosslinked hydrogel of methacrylate-modified mucin. 

Unfortunately, none of these conditions are suitable for an application in a physiological 

                                                      
2 Figure adapted from: Bansil, R. and B.S. Turner, Mucin structure, aggregation, physiological functions 
and biomedical applications. Current Opinion in Colloid & Interface Science, 2006. 11(2–3): p. 164-170. 
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environment: neither ultraviolet light, nor the free radical photoinitiator can be used, if gelation 

should take place in situ, i.e. on a wound. 

The idea pursued in this thesis was to develop a hybrid gel consisting of a nontoxic base material 

providing the required mechanical properties (i.e. a gelation mechanism suitable for application 

on a patient’s wound) and to incorporate mucin into this base material (see chapter 3.2). The 

addition of small amounts of mucins should be sufficient, since it is known from literature that 

mucin solutions as diluted as 1 % (w/v) exhibit high antiviral activity.[47] This concentration is 

also a good approximation for the concentration of mucins in native mucus gels.[58-60] Ideally, the 

hybrid gel should still be fluid enough so it can cover even the most difficult and uneven areas of 

a wound. At the same time, the mixture is required to form a stiff gel within seconds upon contact 

with the wound. Employing the previously examined basal lamina as an adjuvant to receive the 

desired mechanical properties would offer the requested gelation kinetics but a shear stiffness of 

only a few Pascal. Furthermore, this approach would involve unnecessarily high costs as 

commercial basal lamina is purified from murine tumor tissue. Instead, methylcellulose (MC) 

biopolymers were chosen as a mechanical adjuvant to provide the mixture with the required 

gelation properties. MC is nontoxic, biocompatible, cheap and forms a gel at high temperatures. 
[61, 62] The use of MC enabled the development of a MC/mucin hybrid wound gel, capable of 

forming a stiff gel at physiological temperatures and possessing selective permeability properties 

similar to those of mucus. Since hydrogel wound gels are increasingly also employed as drug 

reservoirs to support the wound healing process, temperature sensitive liposomes were added to 

the MC/mucin gel. Thus the same temperature trigger responsible for quick gelation can also 

initiate prolonged drug release from liposomes stored in the macromolecular MC/mucin matrix 

(see Figure 4).  
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Figure 4 Schematic visualization of a lesion covered with the MC/mucin hybrid gel for successful 
wound healing. Here, the MC/mucin hybrid gel acts as a protective layer against bacteria and viruses 
and can be enriched with drug-loaded nanoparticles. 

 

In the final part of this thesis, the aim was to achieve control over drug release kinetics from 

hydrogels (see chapter 3.3). To some extent, this was already possible with the MC/mucin hybrid 

gel system in combination with temperature sensitive liposomes. For many pharmaceutical 

applications, it is important that different drugs are present in the human body at distinct time 

points. Typically, this is achieved by a sequential administration of different therapeutic agents. 

A much easier alternative would be to develop a drug delivery system containing a whole set of 

medically active compounds which are released in a pre-defined manner. One example of a 

complex biological process requiring the orchestrated action of multiple molecules, which could 

benefit from such a hydrogel, is wound healing: Here, the regeneration of lost or inflammated 

tissue is more effective if growth factors are released sequentially within narrow time windows 

when they are needed.[63] After an injury, a finely tuned and well-timed healing cascade takes 

place: Different kinds of cytokines are required at certain points in time, including the platelet-

derived growth factor (PDGF), transforming growth factor-beta (TGF-ß) and vascular endothelial 

cell growth factor (VEGF). PDGF initiates the chemotaxis of a variety of cell types such as 

neutrophils, macrophages, smooth muscle cells and fibroblasts – a process that is critically needed 
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to initiate wound healing. TGF-ß is also required during the early stage of the healing cascade, as 

it stimulates fibroblast proliferation, collagen synthesis,[64] attracts macrophages and stimulates 

them to secrete additional cytokines.[65-67] VEGF, in contrast, is the most important cytokine of 

the angiogenic cascade which takes place at a later stage of wound healing.[68, 69] This example 

involving only three different cytokines already illustrates the complexity of the wound healing 

process. It also shows that the three growth factors need to be available at different time points to 

ensure that the process correctly runs its course. 

To support the natural wound healing abilities of the human body after injuries or to compensate 

for a pathological defect in the wound healing cascade of certain patients, medical products loaded 

with a set of therapeutic agents can be used. Typically, a gel enriched with molecules beneficial 

for the wound healing process is applied to the damaged tissue area.[70-73] In many cases, it is 

necessary to replace such wound gels several times during the healing process or to apply different 

liquids or gel formulations – each containing another set of bioactive molecules providing optimal 

support of each stage.[74, 75] Even though certain medical treatments are more efficient when drugs 

are administered sequentially,[76] this is not easily possible when repeated access to the tissue area 

is restricted, e.g. in the case of internal wounds after surgery. Here, all relevant therapeutic agents 

are typically applied at the same time[77, 78] – although their individual function is required at 

different time points. Moreover, even for easily accessible lesions avoiding the unpleasant 

procedure of wound gel replacement would be beneficial, as this would lower the risk of 

infections and contribute to the patient’s well-being. 

One existing strategy for establishing control over the release kinetics of therapeutic agents from 

gels targets the chemical composition of the gels to tune their pore size [79, 80] or the binding affinity 

of the drug to the gel constituents.[80] However, this strategy requires a tailored gel matrix for each 

drug. Examples for such an optimized drug/gel release system include the release of lidocaine 

from poloxamer 407 or sodiumcarboxymethyl cellulose gels,[81] or the release of doxorubicin 

from acrylate-based hydrogels[82]. Another approach makes use of the liberation of molecules 

from nanoparticles; here, the type and architecture of the nanoparticle determines the release 

kinetics of the encapsulated drug.[83]  

When liposomes are used as drug carriers, variations in the lipid composition result in different 

release kinetics.[84] Anorganic porous nanoparticles on the other hand such as mesoporous silica 

nanoparticles (MSNs) and titanium dioxide (TiO2) particles possess a stable, uniform and porous 

structure, high surface area, tunable pore sizes and well defined surface properties. When such 

porous nanoparticles are loaded with drugs, they release their cargo by diffusion.[85-89] Surface 

modifications of porous nanoparticles such as amination make use of electrostatic interactions to 
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achieve high loading rates and sustained drug release of negatively charged drugs like Ibuprofen 

and Aspirin.[90, 91] A different drug release mechanism from nanoparticles require polymer based 

nanoparticles and utilizes a combination of diffusion of cargo molecules from the nanoparticles 

and nanoparticle degradation.[92] Examples for such polymeric nanoparticles include chitosan,[93, 

94] dextran[95, 96] and poly(methyl methacrylate) based nanoparticles.[97] 

For medical applications such as wound treatment, such nanoparticles are typically incorporated 

into hydrogels. This is done to ensure that particles remain in place and to allow possible 

retardation of the release of the incorporated drugs by two mechanisms: release from the 

nanoparticle and subsequent release from the gel.[98, 99] Yet, whereas this combined strategy is 

sufficient to achieve prolonged drug release, always the same molecule is liberated. Therefore, 

drug co-delivery systems based on the encapsulation of multiple therapeutic agents into 

nanoparticles or embedding multiple nanoparticle species into a hydrogels have been 

developed.[100, 101] 

As complex as those release approaches already are, they still share a key disadvantage: drug 

release can be prolonged but is immediately initiated for all molecules at the same time, i.e. after 

the gel sample is prepared (see Figure 5). Yet, there is a clear need for devising a control 

mechanism which allows for coordinating the release of the different incorporated drugs, e.g. 

liberating a second drug only when a another one has already left the gel. 

 

Figure 5  Schematic illustration of current drug release mechanisms from hydrogels: On the left side a 
simple setup, for the release of a bare drug form the hydrogel to the surrounding tissue, is depicted. In the 
middle, in addition to the first drug, the setup is supplemented by nanoparticles loaded with a second type 
of drug. The right side of the figure shows a schematic, illustrating the simultaneously starting drug release, 
of drug type1 and drug type 2 over time, corresponding to the setup in the middle. 

 
To address this issue, a complex drug release mechanism from a hydrogel was developed that 

combines two different kind of nanoparticles. The first kind of nanoparticle was designed to 

release its cargo by a physiological trigger, the released cargo, in turn, initiated the disaggregation 

of clusters formed by a second nanoparticle species and thus the retarded release of those 

nanoparticles from the hydrogel.  
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 Materials and Methods 
The following chapter follows in part the publication: “The biophysical properties of basal 

lamina gels depend on the biochemical composition of the gel” published 2015 in Plos One.[102]  

 

2.1 Biochemical Composition and Biophysical Properties of Basal 

Lamina Gels 

Commercially available basal lamina preparations for in vitro studies (purified from the 

Engelbreth-Holm-Swarm sarcoma of mice according to the protocol established by    

Kleinman)[30, 31] were purchased from different vendors. Divergent results obtained from these 

different ECMs suggested that they vary in their composition. This gave the incentive for the first 

part of this thesis, i.e. to study the effect of the biochemical composition of these ECM gels on 

their biophysical properties. 

 

2.1.1 Basal Lamina Gels 

All basal lamina gels used in this thesis were growth factor reduced (gfr) but could due to the 

particular purification process still contain minor amounts of molecules that originate from other 

tissue types[103] in addition to the main macromolecular components 56 % laminin, 31 % 

collagen IV and 8 % entactin.3 The gels were purchased from the following four suppliers: Sigma-

Aldrich, Schnelldorf, Germany (ECM1), BD Bioscience, Heidelberg, Germany (ECM2), 

Trevigen, Gaithersburg, USA (ECM3) and Life Technologies, Carlsbad, USA (Invitrogen) 

(ECM4). The protein concentration of the ECMs varied from c = 7.37 mg/mL (ECM1) to 

c = 15.65 mg/mL (ECM3), but was adjusted for all experiments to 3.5 mg/mL by dilution with 

Iscove’s Modified Dulbecco’s Medium (IMDM, PAA Laboratories GmbH, Pasching, Austria) or 

Dulbecco's Modified Eagle's Medium (DMEM, Life Technologies). All experimental results have 

been verified with a second batch of gels, except ECM1 from Sigma-Aldrich, since it was not 

possible to obtain a second gfr gel batch from Sigma. Thus, as an alternative, a non-gfr gel from 

Sigma-Aldrich was used to repeat all experiments except the cell migration studies, since it could 

not be excluded that the additional growth factors would alter the results. 

 

                                                      
3 According to the manufacturer’s information 
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2.1.2 Polystyrene Particles for Diffusion Experiments 

Fluorescent [(Ex/Em) (580 nm/605 nm)] polystyrene latex particles, carboxyl-terminated 

(COOH) or amine-terminated (NH2) with a diameter of 200 nm were obtained from Invitrogen. 

A polyethylene glycol (PEG, Mw = 750 Da, Rapp Polymere, Tübingen, Germany) coating 

shielding the negative surface charge of fluorescent 200 nm carboxyl-terminated latex beads was 

performed using a carbodiimide-coupling protocol [104]. Successful PEGylation was verified by 

determining the zeta-potential of the particles suspended in 20 mM Tris-(hydroxymethyl)-

aminomethanhydrochlorid (Tris/HCl, Carl Roth, Karlsruhe, Germany), 10 mM sodium chloride 

(NaCl, Carl Roth) buffer at pH 7.3, using dynamic light scattering implemented in a Zetasizer ZS 

(Malvern Instruments, Herrenberg, Germany). A zeta-potential of ζ = -34.7 ± 1.0 mV was 

measured for the carboxylated particles before PEGylation and ζ = -11.4 ± 1.6 mV after 

PEGylation proving that a least a partial PEGylation was achieved. For the aminated particles, a 

positive zeta-potential of +7.5 ± 1.7 mV was measured. 

 

2.1.3 Particle Diffusion Experiments 

For particle diffusion experiments carboxyl-terminated, amine-terminated and PEGylated 

particles as described in section 2.1.2 were embedded into ECM gels. First, ECM gels were 

thawed on ice and afterwards diluted with IMDM to a final protein concentration of 3.5 mg/mL 

in presence of the respective test particles before gelation was induced at 37 °C for 30 min. 

Dehydration of the samples and drift within the sample was prevented by sealing the diffusion 

chamber, consisting of an object slide and a cover glass, with vacuum grease which also served 

as a spacer. Particle trajectories were obtained and analyzed as described before in Arends et al 
[105]. In brief, movies of particles were acquired with a digital camera (Orca Flash 4.0 C11440, 

Hamamatsu, Japan) at frame rates of about 16 fps using the software Hokawo provided by 

Hamamatsu on an Axiovert 200 (Zeiss, Oberkochen, Germany) fluorescence microscope with a 

32 x objective (Zeiss). Particle trajectories were obtained using the image analysis software 

OpenBox developed at TU München:[106] Particle positions were determined for each frame by 

fitting a Gaussian to the x- and y-section of the intensity profile of each individual particle. Then, 

the mean-square displacement (MSD) was determined from the trajectory ����� of a particle, as 

follows: 

 ����	� = 1
� �����∆� + 	� − ����∆���

�

���

�
 

(1) 
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where ���� is the position of the particle at time �, and 	 is the lag time between two positions. 

Assuming normal diffusion, the mean-square displacement is related to the diffusion coefficient 

� via ����	� = 2��	, where � = 2 applies for the quasi-two-dimensional trajectories       

����� = �����, �����, since all trajectories obtained are 2-dimensional projections of 

3-dimensional particle movements. All particles with an apparent diffusion coefficient lager than 

� !" = 1 $%� &⁄ , which is half the diffusion coefficient of a 200 nm-sized particle in pure water, 

were classified as “diffusing”. In every sample, particles from at least three different fields of 

view were analyzed, with some spatial distance to each border to avoid spatial restriction. Every 

experiment was repeated three times so that a total of at least 1000 particles have been analyzed 

for each particle species. 

 

2.1.4 Liposome Generation and Loading 

Liposomes were generated by means of lipid film hydration as follows. First, the needed amount 

of lipids dissolved in chloroform were mixed and transferred into a glass vial. The chloroform 

was then evaporated overnight, and the remaining lipid film could be hydrated with any buffer of 

intrest, typically containing everything the liposome should be loaded with. Only in the case of 

doxorubicin hydrochloride (Dox) loading, the loading process took place after liposome 

formation (see section 2.2.9). During hydration, thorough vortexing led to the formation of large 

multilamellar liposomes. Subsequently, an ultra-sonication step was added to obtain unilamellar 

liposomes of decreased size. Afterwards, the size of the liposomes was adjusted using a 

mini-Extruder (Avanti Polar Lipids, Alabaster, USA) equipped with a polycarbonate membrane 

possessing a pore size matching the desired liposome diameter. Finally, free molecules which 

were not enclosed within the liposomes were removed by means of dialysis using dialysis tubes 

(Carl Roth) or by SEC with an appropriate cut-off. 

 

2.1.5 Liposomes of Varying Charge 

Unilamellar liposomes of neutral, negative and positive charge with a size of 100 nm were 

produced according to section 2.1.4. Therefore, 1 µmol of the following lipid mixtures were used: 

neutral liposomes (DOPC (+/-) liposomes): 85 mol% 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 5 mol% 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 5 mol% 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

(DOPE-Rhod); negative liposomes (DOPG (-) liposomes): 90 mol% 1,2-dioleoyl-sn-glycero-3-

phospho-(1’rac-glycerol) (DOPG), 10 mol% DOPE-Rhod; positive liposomes 

(DOTAP (+) liposomes): 90 mol% DOTAP, 10 mol% DOPE-Rhod and rehydrated in 300 µl 

IMDM (all lipids were purchased from Avanti Polar Lipids, Alabaster, USA). Dynamic light 
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scattering was used to determine the zeta-potential of the different charged liposomes on a Nano 

ZS zetasizer (Malvern Instruments). Liposome concentration was determined, after image 

acquisition using ImageJ 1.47d. Therefore, the liposome solution was diluted and loaded onto a 

thoma counting chamber possessing a depth of 0.005 mm, before images were taken on an Orca 

Flash 4.0 C11440 digital camera mounted onto an Axiovert 200 (Zeiss, Oberkochen, Germany) 

fluorescence microscope with a 32 x objective (Zeiss). 

 

2.1.6 Cell Migration within Different ECMs 

For cell migration experiments, the human promyelocytic leukemia cell line HL-60 (CCL-240, 

ATCC, Wesel, Germany) was used. This cell line is a simple model system developed to study 

neutrophil cell migration without the need to derive cells from primary tissue [107]. HL-60 cells 

have several advantages over primary neutrophils, which include a higher reproducibility in their 

behavior and a significantly longer life span. HL-60 cells are maintained as suspension cell line 

in culture, and can be terminally differentiated into adherent migration-competent neutrophil-like 

cells (dHL-60) using, for example, dimethylsulfoxide (DMSO, Carl Roth). In brief, HL-60 cells 

were cultivated in IMDM supplemented with 15 % (v/v) heat-inactivated fetal bovine serum 

(FBS, PAA Laboratories GmbH, Pasching, Austria) at 37 °C and 5 % carbon dioxide (CO2) and 

passaged when cell density of 1-2x106 cells/mL was reached. To differentiate cells, 1.3 % (v/v) 

DMSO was added to 2x105 cells/mL suspended in fresh IMDM+FBS. Upon differentiation, cells 

underwent clear morphological changes which were followed using a light microscope in phase 

contrast mode. Since cells are most active 4-5 days post-differentiation they were used after 

4 days for cell migration studies. Respectively, 1x104 dHL-60 cells were suspended in ice-cold 

ECM samples as obtained from the four different suppliers and diluted with IMDM supplemented 

with N-formyl-methionine-leucine-phenylalanine (fMLP, Sigma-Aldrich) to a final concentration 

of 3.5 mg/mL ECM and 50 nM fMLP. The uniformly distributed chemoattractant fMLP was 

added to trigger spatially homogeneous cell migration. A volume of 50 µL of each ECM/cell 

mixture was then transferred into one lane of a µ-Slide VI 0.4 (ibidi, Planegg/Martinsried, 

Germany) while avoiding bubbles and incubated for 30 min at 37 °C and 5 % CO2 in a cell 

incubator to allow for gel formation. After gelation, 50 µL of IMDM supplemented with 50 nM 

fMLP were added on top of the gel both at the inlet and outlet of the lane to allow for continuous 

nutrient supply and to minimize dehydration of the samples. Images for the migration experiments 

were acquired on a motorized Axiovert 200M microscope (Zeiss) using a 10x objective (Zeiss). 

A heating- and CO2-chamber mounted onto the microscope was used to control temperature and 

CO2 concentration. Movies of migrating cells were recorded with an AxioCam digital camera 

(Zeiss) and the software AxioVision V.4.8.20 (Zeiss). To avoid artefacts arising from gel swelling 
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often occurring at the beginning, an initial adjustment time of 4 h was provided. Then, phase 

contrast images were acquired every minute for 2 h at different locations in the gel. The 

x-y-position of the cells in the gel matrices were determined manually with ImageJ 1.47d for 

every frame of the migration video, and the migration velocity was then calculated by multiplying 

the average migrated distance per frame with the frame rate. The Euclidean distance (ED) between 

the start and the end position of each cell of the evaluation was calculated with a Chemotaxis and 

Migration Tool V2.0 (ibidi) and averaged over all cells in the respective gel. 

 

2.1.7 Cell Migration in ECM Gels in Presence of Liposomes of Different Charge 

ECM2 gels were loaded with either neutral, negatively or positively charged liposomes and 

analyzed for effects on dHL-60 cell migration. Therefore, ECM2, fMLP, dHL-60 cells and 

liposomes (final liposome concentration within the gel: 1010 liposomes/µL) were mixed before 

gelation. Gel production as well as image acquisition and evaluation was performed according to 

section 2.1.6. 

 

2.1.8 Western Blots 

Detection and quantification of specific proteins in each ECM sample by means of western blot 

was performed by K. Pflieger at the Department of Pharmacy—Center for Drug Research of the 

Ludwig Maximilians University of Munich in the group of Prof. S. Zahler. The following primary 

antibodies were used: mouse monoclonal anti-fibronectin C6F10 (1:200), rat monoclonal anti-

nidogen ELM1 (1:500) (sc-73611, sc-33706; Santa Cruz, Heidelberg, Germany), rabbit 

polyclonal anti-collagen type IV (1:200) (AB756P; Millipore, Darmstadt, Germany) and rabbit 

polyclonal anti-laminin (1:500) (L9393; Sigma-Aldrich). The following secondary antibodies 

were used: anti-mouse IgG, horseradish peroxidase-linked (HRP-linked, 1:2000) (7076; Cell 

Signaling Technologies, Cambridge, UK), anti-rabbit IgG (H+L), HRP-linked (1:2000) (111-035-

144; Dianova, Hamburg, Germany), anti-rat IgG (H+L), HRP-linked (1:2000)  (6180-05; 

SouthernBiotech, Birmingham, USA) and anti-rabbit IgG (H+L), IRDye 800 (1:5000) (611-132-

122; Rockland, Gilbertsville, USA). The ECM gels were thawed on ice and heated in Laemmli 

buffer at 95 °C for 5 min before equal amounts of total protein were loaded on polyacrylamide 

gels. The proteins were separated according to their size by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes 

using tank blotting. For the detection of protein levels, the ECL detection system (Amersham 

Pharmacia Biotech, Uppsala, Sweden) or Odyssey Infrared system version 2.1 (LI-COR 

Biosciences, Lincoln, USA) was used. 
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2.1.9 Confocal Microscopy 

Confocal microscopy was performed as well in collaboration with K. Pflieger from the group of 

Prof. S. Zahler. The following antibodies were used for imaging applications: goat polyclonal 

anti-collagen type IV (1:100) (sc-167526; Santa Cruz, Heidelberg, Germany) and Alexa Fluor 

680 donkey anti-goat IgG (H+L) (1:200) (A-21084; Life Technologies). To investigate the gel 

microarchitecture by means of confocal microscopy, the ECMs were thawed on ice and 

afterwards diluted with DMEM to a final concentration of 3.5 mg/mL. The gels were stained in 

µ-Slide Chemotaxis3D (ibidi), therefore 6 µL of each ECM was injected into the observation 

channel of the slide and incubated for 30 minutes at 37 °C and 5 % CO2 to allow for gel formation. 

Afterwards, the gels were fixed with 2 % (v/v) glutaraldehyde for 40 min and blocked with 

1 % (w/v) bovine serum albumin (BSA) in phosphate-buffer saline (PBS) for 24 h at 4 °C. 

Subsequently, gels were incubated first for 72 h at 4 °C with primary antibodies, diluted 1:100 

with 1 % (w/v) BSA in PBS, and then washed three times with PBS for 20 min respectively. 

Finally, the ECM gels were incubated for 48 h at 4 °C with secondary antibodies, diluted 1:200 

with 1 % (w/v) BSA in PBS before images were obtained using a SP8 SMD confocal microscope 

(Leica, Wetzlar, Germany) and a 63x HC PL APO 1.2 NA water objective (Leica, Wetzlar, 

Germany). The thickness of the optical slices was 0.9 µm.  

 

2.1.10 Scanning Electron Microscopy 

To investigate the gel microarchitecture determined by all contributing proteins, scanning electron 

microscopy (SEM, JEOL-JSM-6060LV, Jeol, Germany) images were generated. Therefore, the 

ECMs were thawed on ice and diluted afterwards to a final protein concentration of 3.5 mg/mL 

with IMDM. 30 µL of ECM was pipetted onto a sample holder and incubated for 30 min at 37 °C 

to induce gelation. Each sample was fixated in 2.5 % (v/v) glutaraldehyde (in 50 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4) for one hour and washed 

with ddH2O for another hour. For dehydration, the samples were incubated in an increasing 

ethanol series of 50 %, 70 %, 80 % and 99.8 % (v/v) ethanol for 30 min, each. Then, the samples 

were critical point dried, sputtered with a conductive gold film (40 mA, 40 s) and imaged at 5 kV 

which allowed for obtaining a sufficient resolution without destroying the samples. 

 

2.1.11 Rheological Characterization of ECM  

To investigate the macroscopic viscoelastic properties of different ECMs, rheological 

measurements were performed on a commercial shear rheometer (MCR 302, Anton Paar GmbH, 

Graz, Austria). Gelation kinetics were obtained in stress-controlled mode. The applied oscillatory 

stress ( = () sin�-�� (with () being the stress amplitude, � the time and - the frequency) results 
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in an oscillatory strain, . = .) sin�-� + /�, where / denotes the phase shift between stress ( and 

strain .. For a purely elastic material, the phase shift would be / = 0° and for a purely viscous 

material / = 90°, whereas materials with a phase shift between / = 0° - 90° are classified as 

viscoelastic materials. These can be subdivided further into viscoelastic gels and viscoelastic 

fluids with a phase shift / = 0 - 45° and / = 45 - 90° respectively. The storage modulus 

01�-� (2), which is a measure for the elastic properties, and the loss modulus 011�-� (3), which 

is measure for the viscous properties of a material, can be calculated according to the following 

formulas:  

 01�-� = ()
.)

cos�/� (2) 

 011�-� = ()
.)

sin�/� (3) 

with / = / �-�  (see Figure 6). For each experiment, 150 µL of ECM thawed on ice and 

afterwards diluted with IMDM to a final concentration of 3.5 mg/mL was pipetted onto a pre-

cooled (5 °C) peltier plate using a 25 mm plate-plate geometry. After lowering the measuring 

head to 200 µm, a thin polydimethylsiloxane (PDMS, Dow Corning, Midland, USA) oil layer 

was applied to the outer rim of the sample to prevent sample dehydration. Gelation of the ECM 

samples were induced by a rapid change in temperature to 37 °C, and the response of the ECM to 

this shift in temperature was recorded for 30 min. This was achieved by applying a torque of 

0.5 µNm at a frequency of 1 Hz. Afterwards, frequency spectra were obtained at 37 °C in strain-

controlled mode form 0.1 – 10.0 Hz at constant strain, which was one and a half times the strain 

value obtained at the end of the gelation measurement to guarantee linear response during the 

frequency sweep. 
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Figure 6 Rheological characterization of hydrogels. In (a) a schematic drawing of a measuring head and 
a temperature controlled plate of the rheometer, used for oscillatory measurements, is depicted. By 
oscillatory rotation, the measuring head induces shear stress on the hydrogel sample. (b) The deformation 
of the sample in response to the applied stress is recorded by the rheometer, where / denotes the phase shift 
between the applied oscillatory stress, and the strain response which allows to calculate the viscoelastic 
moduli 01�-� and 01′�-�. 

 

2.1.12 Fingerprint Mass Spectroscopy 

ECM gels were thawed on ice and heated in Laemmli buffer supplemented with 250 mM 

dithiothreitol (DTT, Sigma-Aldrich) at 95 °C for 5 min. An amount of 30 µg of total protein was 

loaded on a 4 - 20 % gradient polyacrylamide gel (BIO-RAD, Munich, Germany) for each ECM 

sample. The proteins were separated by SDS-PAGE and stained with coomassie brilliant blue 

R-250 staining solution (Bio Rad, Munich, Germany). Even though the overall pattern of protein 

bands in the coomassie staining was similar in all four gels, some additional bands were detected 

in ECM1, which were further analyzed by means of fingerprint mass spectroscopy. The bands of 

interest were cut out and sent to the chemistry department (TUM, Garching) for trypsin digestion 

and subsequent matrix-assisted laser desorption/ionization time-of-flight/time-of-flight (MALDI 

TOF/TOF) fingerprint mass spectroscopy. 

 

2.1.13 Life-Dead Assay 

Since the migration behavior of dHL-60 cells differed, in part, remarkably between the four ECM 

gels, a life-dead assay was performed. Therefore, tissue-culture treated 96-well plates were loaded 

with 50 µL of the different ECM gels at a final concentration of 3.5 mg/mL containing 50 nM 

fMLP and 1x104 dHL-60 cells as described in section 2.1.6. After gel formation for 30 min at 

37 °C and 5 % CO2 in a cell incubator, 100 µL fresh IMDM containing 15 % (v/v) FBS and 

50 nM fMLP were added on top to avoid sample dehydration. After additional 24 h of incubation 
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in the cell incubator, a LIVE/DEAD Viability/Cytotoxicity Kit was used following the 

manufacturer’s instructions (Life Technologies) to quantify the amount of live and dead cells. In 

short, 150 µL of a 4 µM calcein-AM/ethidium homodimer-1 mix in IMDM was added to each 

well. Calcein-AM is a fluorescent dye, which emits green light in its activated conformation in 

the cytoplasm of vital cells. Here, it is activated by intracellular esterases and, at the same time, 

becomes trapped after the acetoxymethyl (AM) group has been removed. The red fluorescent 

ethidium homodimer-1, on the other hand, binds to DNA in the cell nucleus of dead cells since 

these possess a damaged cell membrane. Accordingly, green vital cells can easily be distinguished 

from dead red cells and simply counted by using a fluorescence microscope. Image acquisition 

was performed after 1 h of incubation on an Axiovert 200M microscope (Zeiss) using a 

10x objective (Zeiss) and analyzed using ImageJ 1.47d. 
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The following chapter follows in part the publication: “A Selective Mucin/Methylcellulose Hybrid 

Gel with Tailored Mechanical Properties” published 2016 in Macromolecular Bioscience.[108] 

 

2.2 Bioactive Mucin Hydrogels as Wound Gels 
Mucin glycoproteins combine a rich spectrum of medically interesting properties. They can 

reduce bacterial adhesion,[45, 46, 49] serve as a potent shielding layer reducing the infection rate of 

various viruses,[47] and would thus be ideal candidates for applications in infection prevention and 

wound management. However, aqueous solutions of mucins suffer from their unsatisfactory 

mechanical performance as they, by themselves, are only able to form a weak gel at acidic pH 

and low salt concentrations.[55] This issue has so far prevented their application in medical 

settings. Overcoming this long-standing problem was the motivation for the second part of this 

thesis. This issue was solved by combining purified mucin glycoproteins with the biopolymer 

methylcellulose serving as mechanical adjuvant, creating a temperature responsive hybrid gel. 

 

2.2.1 Mucin Purification 

Porcine gastric mucins (i.e. mainly mucin MUC5AC) were purified from scrapings of fresh 

porcine stomachs, essentially as described in [51] with several modifications to accelerate the 

purification process and increase the yield. Importantly, the high glycosylation of the protein, 

which can make up to 75 % of the weight of the mucin[48] and is essential for its properties, was 

conserved during the process.4  

In the following three chapters to avoid fast protein degradation and bacterial growth, all solutions 

and the equipment used were precooled, and the individual purification steps were performed on 

ice or at 4 °C if not stated otherwise. 

 

                                                      
4 I want to thank Konstantina Bidmon and Benjamin Käsdorf, who were the people mainly responsible for 
the purification of mucin. 
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2.2.1.1 Mucin extraction 

Stomachs were opened to discard the food debris, and the lumen was gently rinsed with tap water 

before the thick mucus gel could be collected by scraping the mucosal surface. The mucus was 

subsequently diluted 1:4 with 10 mM PBS, before the pH was adjusted to pH 7.4 using 1 M 

sodium hydroxide (NaOH). Afterwards, 0.04 % (w/v) sodium azide (NaN3) was added as a 

bacteriostatic agent. To prevent degradation, protease inhibitors were added as follows: 5 mM 

benzamidine-HCl, 1 mM 2,4‘-dibromoacetophenon, 1 mM phenylmethane sulfonyl fluoride 

(PMSF, stock solution 1 M in DMSO), 5 mM ethylenediaminetetraacetic acid (EDTA, stock 

solution 0,5 M, pH 7,4). To solubilize the mucus, the suspension was stirred gently overnight at 

4 °C. 

 

2.2.1.2 Ultracentrifugation and size exclusion chromatography 

The overnight suspension was centrifuged for 30 min at 8300 x g, and the supernatant was 

collected. This step was repeated for 45 min at 15000 x g to remove all food debris and coarse 

impurities. Until further processing, the supernatant was stored at -80 °C. Due to the large 

molecular weight of mucin, which ranges from several hundred kDa up to ~15 MDa when 

multimers are formed,[109] it can easily be separated from smaller proteins by means of size 

exclusion chromatography (SEC). Therefore, the mucus solution was thawed over night at 4 °C 

and centrifuged a last time at 4 °C for 60 min at 149000 x g. Subsequently, 180 mL of the 

supernatant was injected into an ÄKTApurifier system (GE Healthcare, Freiburg, Germany) 

equipped with a sepharose 6FF XK50/100 column (GE Healthcare, column volume 1639.52 mL) 

which was connected to an Faco-950 autosampler (GE Healthcare). Separation parameters were 

as follows: running buffer: degassed PBS; flow rate: 9.5 mL/min; pressure limit: 0.35 MPa; 

temperature: 4 °C; fraction volume: 44 mL. During the separation process, the protein content 

was monitored at 280 nm, where the first peak of the flow-through was attributed to mucins. This 

assumption was later verified by a periodic acid-Schiff assay according to reference [110], which 

is a detection method for polysaccharides of glycoproteins like mucins. Thus, fractions 

corresponding to the mucin peak were pooled and stored at -80 °C.  

 

2.2.1.3 Crossflow filtration 

To concentrate the mucin solution by a factor of about three, the pooled mucin solution was 

thawed overnight at 4 °C and concentrated by means of crossflow filtration using a QuixStand 

Benchtop System (GE Healthcaere) equipped with an UFP-100-E-3MA ultrafiltration hollow 

fiber cartridge (100,000 MWCO; GE Healthcare). To optimize the mucin yield the trans-

membrane pressure was kept at 0.78 bar while operating the pump with 100 rpm. Since mucins 



22 
 

are known to form a weak gel only at low pH and low ionic strength,[55] an additional diafiltration 

step of the mucin solution against ddH2O was necessary to decrease the salt concentration. 

Desalting process was stopped when a conductivity value of 50 µS/cm² or lower was reached, 

which was determined using a FiveEasy Plus conductivity meter (METTLER TOLEDO, Gießen, 

Germany).  Finally, the solution was concentrated to ~90 mL, before 4.5 mL aliquots were frozen 

at -80 °C and afterwards lyophilized. From this procedure, sufficient amounts of the mucin 

MUC5AC were obtained in lyophilized form and could be reconstituted at distinct pH conditions 

and ionic strengths by rehydration in tailored buffers.  

 

2.2.2 Methylcellulose 

Methylcellulose (MC) with an average number of 1.5 – 1.9 methoxide substituent groups attached 

to the ring hydroxyls (resulting in maximum water solubility) with an average molecular weight 

of approximately 88 kDa and 17 kDa, respectively, was obtained from Sigma-Aldrich. A 

2 % (w/v) aqueous solution of the larger MC molecule exhibits a relatively high viscosity of 

4000 mPa*s at 20 °C, whereas a 2 % (w/v) aqueous solution of the smaller MC molecule has a 

viscosity of only 25 mPa*s.5 

 

2.2.3 Methylcellulose/Mucin Hybrid Gel Preparation 

Lyophilized mucin was rehydrated over night at 4 °C under constant shaking. The final 

MC/mucin hybrid gel mixture was prepared by dilution from a stock solution which contained all 

additives except mucin. Unless stated otherwise, the final hybrid gel contained 10 % (w/v) 

17 kDa-MC, 10 % (v/v) glycerol, 150 mM NaCl, 20 mM HEPES ([4-(2-hydroxyethyl)-

piperazino]-ethanesulfonic acid) and 1 % (w/v) mucin at pH 7.0. 

 

2.2.4 Rheological Characterization of Hybrid Gel Mixtures  

The quantification of the viscoelastic properties as well as the gelation kinetics of the different 

hybrid gel mixtures were performed similarly as described in section 2.1.11 with the following 

exceptions: A plate separation of 150 µm, a torque of 10 µNm and 100µL sample volume were 

used. The samples were first kept at 4 °C for 10 min and then heated up to 37 °C. After 1 h at 

37 °C (where the normal force was kept at zero during gelation to allow for temperature induced 

sample contraction) frequency spectra from 0.1 – 10.0 Hz were measured. In addition, a viscosity 

measurement was performed with a 25 mm cone-plate geometry (cone angle of 1°) at 4 °C using 

a shear rate ramp. The viscosity 5 was calculated according to Newton’s Law (4) where the shear 

                                                      
5 According to the manufacturer’s information 
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stress 	 is given through equation (5). Here, � denotes the torque and 6  the cone radius. The 

shear rate .7  is given trough equation (6), where rpm denotes the speed of rotation and 8 the cone 

angle. 

 

 5 = 	 .7⁄  (4) 

 	 = �
2 3⁄ ∗ ; ∗ 6 <

 (5) 

 .7 = 2 ∗ 2 ∗ ; ∗ �=% 60⁄
sin θ  (6) 

 

2.2.5 Gelation Experiments on a Tilted Model Tissue 

To test the adhesion and gelation of the hybrid gel on an uneven wound naturally consisting of 

cellular tissue a model tissue surface was developed: Human NIH-3T3 fibroblasts were cultivated 

at 37 °C in 7.6 % CO2 in IMDM supplemented with 15 % (v/v) heat-inactivated FBS (PAA 

Laboratories, Pasching, Austria). Cells were then harvested by trypsination and cultivated to 

confluency on two PDMS half-pipes with dimensions of approximately 8.3 cm x 1.2 cm x 0.4 cm. 

Each half-pipe was designed to open into a round cavity at one side. Subsequently, the medium 

was discharged and 300 µL of ice-cold biopolymer solution colored with 5 % (v/v) royal blue ink 

(Pelikan, Hannover, Germany) was added to those cavities. By adjusting the tilt angle α to 10° or 

45°, respectively, the experiment was initiated, and the biopolymer solution started to flow along 

the cell-covered half-pipe channel (see Figure 7). To monitor flow/gelation at 37 °C, pictures 

were taken over a time period of 3 h using a Canon SX240 HS camera (Canon, Krefeld, 

Germany). The flow distance was then calculated from the digital pictures using the image 

processing software ImageJ, version 1.47d.  



24 
 

 

Figure 7 Schematic visualization of the gelation assay on a tilted model tissue surface. The scheme shows 
the half-pipe made from PDMS which is coated with fibroblasts and can be placed at defined tilt angles to 
model an uneven tissue surface.  

 

2.2.6 Wound Healing Assay 

HT-1080 fibroblasts were maintained following the same protocol as described for NIH-3T3 cells 

in section 2.2.5 and cultivated to confluency on tissue culture treated PET transwell plates with a 

pore size of 0.4 µm (Corning Life Science, Amsterdam, Netherlands). A straight scratch through 

the cell layer was applied with a 200 µL pipette tip to generate an artificial wound. Detached cells 

were removed by several washing steps with PBS before the artificial wound was covered with 

300 µL of the MC/mucin hybrid solution. Image acquisition for the wound healing experiments 

was performed on an Axiovert 200M microscope (Zeiss) equipped with a 5x objective (Zeiss) in 

phase contrast mode. An incubation chamber mounted onto the microscope was used to control 

temperature and CO2 concentration. Images of the artificial wound were recorded with an 

AxioCam digital camera (Zeiss) using the software AxioVision V.4.8.20 (Zeiss). To avoid 

artefacts arising from gel swelling, an initial adjustment time of 6 h was provided. Then, phase 

contrast images were acquired every 15 min for 24 h.  

 

2.2.7 Fluorescence Microscopy and Particle Tracking 

Fluorescence microscopy images of the hybrid gel were acquired on an Axioskop 2 MAT mot 

microscope (Zeiss) equipped with a 10x objective (Zeiss) and an Orca-R2 C10600 camera 

(Hamamatsu, Japan) and the image acquisition software HCImageLive (Hamamatsu) was used. 

Images were acquired 48 h after sample preparation to test for phase separation. Mucins were pre-

stained using 10 µg/mL lectin-tetramethylrhodamine isothiocyanate (lectin-TRITC, Sigma-

Aldrich) one day before final sample generation to allow for binding of the fluorescently labeled 

lectin to the sugar moieties of the mucin. 100 µg/mL of either negatively charged 4 kDa 

carboxymethyl (CM) dextrans or positively charged diethylaminoethyl (DEAE) dextrans 

fluorescently labeled with fluorescein isothiocyanate (FITC) were incorporated into the gel before 

taking pictures. The same procedure was performed to test the charge selective permeability of 
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the gel towards customized oligopeptides obtained from PEPperPRINT (Heidelberg, Germany) 

using either 10 µg/mL positively charged (KKK)8 or negatively charged (EEE)8 conjugated to a 

carboxytetramethylrhodamine (TAMRA) fluorophore. For this set of experiments, mucins were 

labeled with 20 µg/mL lectin-FITC instead of lectin-TRITC. 

To verify the homogeneous distribution of mucin within the hybrid gel, sample preparation and 

acquisition were performed exactly the same way as for the permeability tests; however, neither 

dextrans nor peptides were added and only 20 µg/mL lectin-FITC (Sigma-Aldrich). For particle 

tracking experiments, mesoporous silica nanoparticles (MSNs) were mixed into the MC/mucin 

solution and incubated for 30 min at 37 °C prior to the measurements. MSNs were coated with 

amine- or carboxyl-groups on the outside, the former was fluorescently labeled with Atto 633 and 

the latter with Atto Rho6G. MSN synthesis was performed according to ref.[111] in the Functional 

Nanosystem research group of Prof. T. Bein by C. Hsin-Yi at the Ludwig Maximilians University 

of Munich. Dynamic light scattering was used to determine the particle size distribution and zeta-

potential on a Nano ZS zetasizer (Malvern Instruments). The average size and the polydispersity 

index (PDI) were determined using the general purpose analysis mode and a backscatter angle of 

173°. Data acquisition for particle tracking was performed as described in section 2.1.3.  

 

2.2.8 Interleukin-8 Diffusion Measurements by PFG NMR Spectroscopy 
1H pulsed-field-gradient nuclear magnetic resonance (PFG-NMR) measurements were performed 

on a Bruker 600 Avance III NMR spectrometer (resonance frequency of 600.1 MHz for 1H 

equipped with 5 mm TXI probe with a z-gradient) in cooperation with A. Penk from the group of 

Prof. D. Huster at the Institute of Medical Physics and Biophysics of the University of Leipzig. 

To quantify human Interleukin-8 (IL-8) diffusion within the MC/mucin gel at 37 °C, the double 

echo PGSTE-Watergate sequence was used.[112] Human IL-8 was expressed in E. coli, purified as 

described before [113] and added at 1 mM concentration to the biopolymer mixture. As a control, 

IL-8 diffusion was also measured in the hybrid gel buffer in the absence of mucin and MC. In 

order to obtain sufficient water suppression and minimize all resonances except the IL-8 signals, 

the number of 1H atoms in the sample was reduced to a minimum by replacing hydrogen by 

deuterium wherever possible. To this end, D2O and deuterated glycerol were used when preparing 

the hybrid gel buffer. Further, IL-8 and MC were dialyzed against D2O prior to sample preparation 

exchanging 1H atoms of hydroxyl groups against deuterium.  
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2.2.9 Thermoresponsive Liposomes for Doxorubicin Release 

Doxorubicin (Dox) loaded multilamellar liposomes with a size of 1 µm were produced as 

described in Fritze et al.[114]. To generate thermoresponsive liposomes with a phase transition 

temperature of about 37 °C, the following lipid mixture was used: 84 mol% 

1,2-dipalmitoy-sn-glycero-3-phosphocholine (DPPC) (Avanti Polar Lipids, Alabaster, USA) and 

16 mol% DOTAP (Avanti Polar Lipids, Alabaster, USA),[115] according to section 2.1.4 using 

1 µmol of lipids and  1 mL of 300 mM (NH4)2HPO4 buffer (pH 7.2). Dox hydrochloride (Sigma-

Aldrich) was added to the liposome solution in a drug to lipid ratio of 1:3 (mol/mol). The drug 

automatically accumulated in the liposomes by following an ion gradient which was established 

by extra-liposomal buffer exchange. This ion gradient and the ensuing pH difference between the 

liposome volume and the outside buffer prevented Dox release from intact liposome particles. 

The buffer exchange was performed using a PD MidiTrap G-25 column (GE Healthcare) 

equilibrated with a 10 mM HEPES buffer (pH 7.4) supplemented with 140 mM NaCl. To 

demonstrate temperature-induced drug release, 1 mg/mL thermoresponsive liposomes loaded 

with Dox were mixed into a MC/mucin hybrid gel and transferred into dialysis tubes (Carl Roth) 

with a cut-off of 6-8 kDa. After gelation at 37 °C, those dialysis tubes were immersed into dialysis 

buffer containing 10 mM HEPES at pH 7.4, supplemented with 140 mM NaCl. A 10-fold excess 

of the sample volume was used for dialysis, which was performed either at 37 °C or 4 °C. Samples 

(100 µL each) were taken in 30-60 min intervals in triplicates from the dialysis buffer, measured 

and passed back to the dialysis volume. Dox concentration in the dialysis samples was quantified 

using a Victor3 plate reader (Perkin Elmer, Rodgaum, Germany) at λex = 485 nm and 

λem = 642 nm. The phase transition temperature of those liposomes was determined following 

Michel et al.[116] In short, changes in the scattering intensity of the liposomes in water were 

measured with a Nano ZS zetasizer (Malvern Instruments) during a temperature sweep from 

25 °C to 40 °C at a backscatter angle of 173°. The minimum of the mean count rate (= average 

number of photons detected per second) indicated the gel-to-liquid crystalline phase transition 

temperature (see Figure 29). 

 

2.2.10 Retarded Drug Release 

To demonstrate charge selective retarded drug release, FITC labeled 4 kDa dextrans of either 

negative or positive charge were mixed into the hybrid gel with or without mucin as described in 

section 2.2.7. The mixtures were transferred into dialysis tubes (Carl Roth) with a cut-off of 

12-14 kDa and immersed into dialysis buffer containing 20 mM HEPES, 10 % glycerol and 

150 mM NaCl at pH 7. Dialysis was performed at 37 °C using a ten-fold excess of sample volume. 

Over a time span of 24 h, samples (100 µL each) were taken from the dialysis buffer and were 
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returned to the buffer reservoir after dextran concentrations were measured using a Victor3 plate 

reader at λex = 485 nm and λem = 535 nm.  

 

2.2.11 Bacterial Penetration 

To test for bacterial penetration through the hybrid gel, either 50 µL or 25 µL of the gel with and 

without mucin were layered onto polyester membranes of HTS Transwell-96 Well Permeable 

Supports with 8.0 µm pore size (Sigma-Aldrich) and incubated for 20 min at 37 °C to allow for 

gel formation. Afterwards, 25 µL of a green fluorescent protein (GFP) expressing E. coli 

(BZB1011) overnight culture were added on top. The lower chamber of each well was filled with 

235 µL of LB-media containing 0.2 % (w/v) L-arabinose. The same L-arabinose containing 

LB-media was used to grow the overnight culture at 37 °C in a shaking incubator where 

L-arabinose acted as a transcriptional activator inducing the expression of GFP. After 20 h of 

incubation at 37 °C, the fluorescent intensity was measured using a Victor3 plate reader at 

λex = 485 nm and λem = 535 nm. The obtained value correlated with the concentration of green 

fluorescent E. coli which were able to penetrate the gel layer and proliferate in the lower chamber.  

 

2.3 Orchestrated Drug/Nanoparticle Release from Hydrogels  

So far a MC/mucin hybrid gel could be developed, which possesses the feature to control drug 

release kinetics to some extent. However, from a pharmaceutical point of view, there is a need for 

more ambitious fine-tuned release solutions, e.g. allowing for the sequential release of therapeutic 

agents from hydrogels in an orchestrated and controlled manner. This issue is addressed in the 

last part of this thesis, where I introduced osmotic pressure sensitive liposomes loaded with DNA 

to initiate disaggregation of gold nanoparticle clusters trapped within a hydrogel matrix. 

 

2.3.1 Polynucleotide Design 

Cross-linker DNA (crDNA) sequences with self-complementary regions were designed such that 

the constructs can form cross-links between gold nanoparticles (Au-NPs) onto which they are 

bound through gold-thiol interactions. As a consequence of this cross-linking process, the Au-NPs 

are supposed to build large aggregates which are then trapped in the gel due to geometric 

constraints. Au-NP disaggregation is supposed to occur only in the presence of a suitable 

displacement DNA (dDNA) with a higher affinity to the crDNA (Figure 8).  
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Figure 8 Molecular design of the cross-linking (crDNA) DNA sequence and the corresponding 
displacement (dDNA) DNA sequence. Two gold NPs, each functionalized with at least one crDNA 
sequence through a thiol-gold bond, are connected via a crDNA cross-link: a subsequence of the crDNA 
molecule is designed such that it can hybridize with another crDNA molecule forming a stable but weak 
8 bp cross-link with a melting temperature of Tm = 39.5 °C. Displacement (dDNA) DNA molecules are 
designed to hybridize with a larger part of the crDNA molecule (22 bps) thus forming an energetically more 
favorable and more stable (Tm = 67.6 °C) double strand. For simplicity, only a single crDNA cross-link is 
depicted. In the experiments discussed in section 2.3, each gold NP is likely to carry several crDNA 
sequences on its surface and thus can form multiple cross-links with other gold NPs.  

 

To enable covalent binding of the crDNA to the surface of Au-NPs, a thiol-C6 capped poly(A)-

tail was integrated at the 5’-end of the sequence. The self-complementary region of the crDNA 

was chosen such that it had a melting temperature Tm above 37 °C so that the construct allows for 

the formation of stable cross-linked Au-NP aggregates at temperatures ≤ Tm. In contrast, the 

dDNA sequence was designed to exhibit a higher affinity to the crDNA than two crDNA 

molecules have to each other.  Thus, the crDNA/dDNA complex had a much higher (predicted) 

melting temperature than the crDNA/crDNA complex. As a control molecule, a polynucleotide 

sequence (coDNA) with the same number of nucleotides as the dDNA was chosen but designed 

such that it had only a negligible binding affinity to the crDNA sequence.  
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Two sets of polynucleotides pairs (crDNA and dDNA) with different Tm values and different 

sequences were designed as described, tested with the software OligoAnalyzer 3.1[117] 

(parameters: target type, DNA; oligo concentration: 0.25 µM; Na+ concentration: 150 mM; Mg2+ 

concentration: 5 mM; deoxynucleoside triphosphate (dNTPs) concentration: 0 mM) to ensure that 

they fit the above mentioned requirements and then obtained from Integrated DNA Technologies 

(IDT, München, Germany). The detailed sequences and calculated melting temperatures of those 

constructs are listed in Table 1. 

Table 1 Nucleotide sequence and melting temperature of both DNA sets (DNA1 and DNA2) 

 

Here, the self-complementary regions of the respective crDNA sequences responsible for 

establishing cross-links are highlighted in red, and the melting temperatures given in Table 1 

describe the stability of the formed crDNA/crDNA or dDNA/crDNA complex. The NUPACK 

web application was used to calculate the minimum free energy (MFE) structures of the designed 

DNA sequences. The free energy of a secondary structure was calculated using nearest-neighbor 

empirical parameters as outlined in ref. [118] for DNA at 37 °C in the presence of 150 mM Na+ and 

5 mM Mg2+.6   

 

2.3.2 PAGE Analysis of DNA-Hybridization Efficiency 

To verify that the designed polynucleotide constructs only efficiently hybridize when DNA 

constructs with complementary sequences are mixed, a polyacrylamide gel electrophoresis 

(PAGE) analysis was performed. For the constructs, a high degree of complementarity is only 

expected for sequence combinations with a high calculated Tm (i.e. only for matching 

crDNA/dDNA sequences). As a control, synthetic DNA sequences (coDNA) with a length 

                                                      
6 I want to thank Prof. Fritz Simmel for helpful discussions about how to design the DNA sequences to 

fulfill the needed requirements. 
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identical to the dDNA molecules but with a different sequence (and thus very low calculated Tm) 

was used. DNA sequences were mixed in 1:1 ratios at a concentration of 1 nmol each and were 

incubated at room temperature (RT) for 2 h in presence of 500 mM DTT and 0.5 mM tris-(2-

carboxyethyl)-phosphin hydrochlorid (TCEP, Carl Roth) to prevent the formation of S-S-bonds. 

Subsequently, 6x sample loading buffer (Sigma-Aldrich) was added, and the samples were loaded 

into Mini-PROTEAN TBE Precast Gels (BIO-RAD). Electrophoresis was performed at 100 V in 

0.5x Tris-Borat-EDTA (TBE) buffer (pH 8.0) containing 5 mM DTT, and pictures were recorded 

on a Molecular Imager Gel Doc XR System (BIO-RAD) after the gels were stained at RT for 1 h 

with SYBR Green I solution (Sigma-Aldrich) in 0.5x TBE buffer. 

 

2.3.3 Gold Nanoparticle Functionalization and Aggregate Formation 

Polyvalent DNA-functionalized gold nanoparticles were generated by coating colloidal gold with 

a monolayer of DNA. This coating approach makes use of the strong interaction between gold 

and thiols, the latter of which have been integrated at the terminus of the synthetic polynucleotides 

via a 5’-Thio-Modifier C6 S-S linker. Such thiol-modified crDNA sequences were obtained from 

IDT in their oxidized form, i.e. with the sulfur atoms protected by a S-S-bond. Thus, to enable 

thiol-gold interactions, those disulfide bridges had to be reduced. Lyophilized crDNA was 

therefore dissolved in 180 mM phosphate buffer (pH 8.0) containing 100 mM DTT and incubated 

at RT for 1 h. Deprotected crDNA was separated from the protection groups by means of SEC 

using a NAP-25 Sephadex G-25 column (GE Healthcare); in this step, also a buffer exchange was 

performed to 180 mM phosphate buffer (pH 8.0) without DTT. The crDNA concentration was 

then measured with a NanoDrop-1000 spectral photometer (Thermo Fischer Scientific, Ulm, 

Germany) and adjusted to 100 µM. To obtain a sufficiently high coating density of Au-NPs with 

crDNA while minimizing the required amount of crDNA, the following estimation[119] was used 

to determine the number of crDNA molecules needed: 

 �AB �C���D� =  D�E ∗ C�E ∗ � FG�H ∗ I�E (7) 

Here, D�E denotes the surface area of the Au-NP, C�E the concentration of the Au-NP solution 

(in units of Au-NPs/L), � FG�H the crDNA density on each Au-NP (estimated to be ~35 pmol 

crDNA/cm2 according to ref. [120]) and I�E the volume of Au-NP solution used (in L). For the Au-

NPs, this estimation gave a value of ~1.5 nmol crDNA for 1 mL of Au-NP solution. A 

corresponding volume of crDNA was then incubated in the presence of 100 µM of the reducing 

agent TCEP at RT for 1 h before commercial Au-NPs (5 nm in diameter, stock solution of 

5.5*1013 Au-NP/mL stabilized in a citrate buffer, Sigma-Aldrich) were added. After 12 h of 
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incubation, the NaCl concentration of the Au-NP/crDNA mixture was increased by 50 mM, 

followed by a 10 s sonication step and 20 min of incubation at RT. This process was repeated 

until a final NaCl concentration of 1 M was reached, a process which promotes aggregate 

formation. At this high ionic strength, the Au-NP/crDNA solution was then incubated at RT for 

48 h and subsequently stored at 4 °C. For each experiment, equal volumes of this Au-NP solution 

were centrifuged at 10000 x g for 20 min to separate the crDNA cross-linked Au-NP aggregates 

from unreacted reagents, and three washing steps with the desired final buffer were performed for 

the same purpose.   

 

2.3.4 Calcein- and DNA-Loaded Liposomes 

Liposomes loaded with calcein were generated by means of lipid film hydration as described in 

section 2.1.4 using 0.5 µmol of DOPG (Avanti Polar Lipids, Alabaster, USA). Hydration was 

performed with 120 µL PBS containing 2 M sorbitol (PBS-2MS) and 1.5 mM calcein, before the 

lipid/calcein solution was thoroughly vortexed and sonicated. Free calcein (= calcein which was 

not enclosed into liposomes) was removed by SEC using a PCR Kleen Spin Column (BIO-RAD) 

following the manufacturer’s instructions. 

Liposomes loaded with dDNA were produced in the same way, but using 0.5 µmol of a lipid 

mixture consisting of L-α-phosphatidylcholine from egg yolk (Egg-PC), DOTAP and cholesterol 

in a molar ratio of 3:1:1. All lipids were obtained from Avanti Polar Lipids, (Alabaster, USA). 

After rehydration in 120 µL PBS-2MS and 600 µM dDNA, the solution was subjected to five 

freeze/thaw cycles (freezing in liquid nitrogen / thawing at 37 °C) to increase the DNA loading 

efficiency, before free DNA was removed. For testing the efficiency of dDNA release by osmotic 

pressure, 30 µL of liposomes were added either to 270 µL of PBS (thus inducing a strong osmotic 

pressure) or PBS-2MS (= osmotically balanced buffer, serving as a control). For DNA detection, 

SYTOX green (a membrane impermeable nucleic acid stain, Thermo Fischer Scientific, Ulm, 

Germany) was used as this dye shows very low autofluorescence (i.e. more than a 500x 

fluorescence enhancement upon binding to nucleic acids). For DNA staining, SYTOX green was 

added to a final concentration of 1 µM and incubated at 37 °C for 30 min. dDNA release was then 

quantified spectroscopically using a Victor3 plate reader (Perkin Elmer, Rodgaum, Germany) at 

λex = 485 nm and λem = 535 nm. 
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2.3.5 Formulation of NP-Loaded Agar Gels 

A 2 % (w/v) agarose solution (Type IX-A, ultra-low gelling temperature agarose, Sigma-Aldrich) 

was prepared in PBS-2MS and was allowed to cool down from 80 °C to RT.  Au-NP aggregates 

(obtained from 0.5 mL of the crDNA cross-linked Au-NP solution from chapter 2.3.3 by 

centrifugation) were incorporated into 100 µL of this RT agarose solution, supplemented with 

buffer containing either 0.33 µM dDNA or coDNA to a final agarose concentration of 0.5 % (w/v) 

and incubated at 4 °C for 20 min to form a gel. Both gel preparations, the one containing dDNA 

and the control (containing coDNA), were then incubated at 37 °C. Au-NP disaggregation could 

visually be followed by the development of a red color in the gel which originates from released 

single Au-NPs. Pictures of this NP-loaded agar gels were acquired over a  time  period  of  24 h  

using  a  Canon  SX240  HS  camera  (Canon, Krefeld, Germany).  

 

2.3.6 Quantification of Au-NP Disaggregation 

To quantify the observed Au-NP disaggregation process and the subsequent release of individual 

Au-NPs (or small Au-NPs complexes) from the agar gels, NP-loaded gels were prepared as 

described in section 2.3.5. However, this time a larger amount of Au-NP aggregates (i.e. the 

amount obtained from 1 mL of the crDNA cross-linked Au-NP solution from chapter 2.3.3) was 

used. Also, instead of free DNA, now 20 µL of a DNA-loaded liposome solution was 

incorporated. The prepared mixtures were then transferred to cuvettes (UV-Cuvette semi-micro, 

Brand, Wertheim, Germany) which had already been filled with 75 µL of the respective liposome-

loaded agar gel (but lacking Au-NP aggregates). This procedure allowed to prevent sedimentation 

of the relatively large Au-NP aggregates and to trap them on top of the pre-filled liposome loaded 

ager gel layer, i.e. in the middle of an agar gel with a total volume of 150 µL (Figure 9). Another 

benefit of this filling procedure was that the Au-NPs were surrounded by dDNA-containing 

liposomes from above and from below.  
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Figure 9 Schematic representation of the light absorption assay used for quantifying NP release from 
the gel. Individual Au-NPs (or small Au-NP complexes) are released from the agar gel and can be 
detected in the buffer supernatant spectroscopically. 

 

After gel formation was concluded, the experiment was initiated by adding either 1350 µL of PBS 

(thus inducing a strong osmotic pressure) or PBS-2MS (= osmotically balanced buffer  serving as 

a control). The cuvettes were sealed with PARAFILM M (Wagner & Munz, Munich, Germany) 

to prevent dehydration and were incubated at 37 °C. Release of single Au-NPs was monitored 

spectroscopically at 532 nm (see Figure 9) over a time period of several days using a specord 210 

spectral photometer (Analytikjena, Jena, Germany). Samples were inverted carefully before each 

measurement to achieve homogeneous distribution of the released Au-NPs throughout the buffer 

phase of the cuvette to ensure accurate measurement signals.  

To retard the triggered liberation of Au-NPs, positively charged polystyrene microparticles 

(amine-terminated, size 1 µm, fluorescent yellow green, stock solution 5*1010 particles/mL, 

Sigma-Aldrich, Schnelldorf, Germany) serving as charge traps for the negatively charged dDNA 

were added to the gel matrix. Therefore, polystyrene beads in dilutions ranging from 1:100 up to 

1:10 were incorporated into the agar, Au-NP solution together with the DNA-loaded liposomes 

before gelation.  

A similar setup was used to quantify the release of calcein from liposomes embedded into agar 

gels. Here, cuvettes were filled with 150 µL of agar containing calcein loaded liposomes, and the 
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gel was layered either with 1350 µL PBS or PBS-2MS to initiate the experiment. Samples of 

200 µL each were taken from the supernatant, measured and returned to the cuvettes afterwards. 

The calcein concentration in the supernatant samples was quantified spectroscopically using a 

Victor3 plate reader (Perkin Elmer, Rodgaum, Germany) at λex = 485 nm and λem = 535 nm. 
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 Results and Discussion 
The following chapter follows in part the publication of the same name: “The biophysical 
properties of basal lamina gels depend on the biochemical composition of the gel” published 
2015 in Plos One.[102]  

I want to thank Dr. Fabienna Arends and Dr. Kerstin Pflieger for contributing data discussed in 
this chapter of the presented thesis. 

 

3.1 The Biophysical Properties of Basal Lamina Gels Depend on the 

Biochemical Composition of the Gel 

Here, basal lamina gel preparations obtained from four different suppliers have been used as a 

platform to investigate how the biophysical properties of such gels depend on their biochemical 

composition. All four, commercially available, basal lamina variants originated from the same 

murine tissue, and were purified following the identical purification protocol established by 

Kleinman, [30, 31] and should therefore be very similar in their protein composition. Despite the 

similarity, minor differences in the protein composition between such basal lamina preparations 

can have large impact on the biophysical properties. Therefore, the biochemical constitution of 

these four basal lamina gels was analyzed and compared. The discovered variations in the 

composition were related to their microstructure, viscoelastic properties, permeability towards 

NPs, and results obtained from cell migration experiments of dHL-60 cells within these gels.  

 

3.1.1 Molecular Gel Composition  

The composition of the gels was examined by electrophoresis, loading each gel pocket with the 

same total amount of protein. As expected, the overall pattern of protein bands in the coomassie 

staining was similar in all four gels (Figure 10a), apart from minor differences in protein band 

intensities and some additional bands in the ECM1 (vendor: see Materials and Methods) lane. 

The intensity variations of the coomassie staining already hints towards quantitative differences 

in the ECM composition which were further analyzed by western blot. A comparison of the four 

main matrix constituents fibronectin, laminin, entactin, and collagen IV showed that all of them 

are more abundant in ECM2 (Figure 10b, c). Interestingly, the most prominent difference was 

observed for the cross-linker protein entactin, which was nearly absent in ECM1, ECM3 and 

ECM4. Entactin is responsible for the formation of connections between the collagen network 

and the laminin macromolecules.[26] Putative differences in the stiffness of ECM2 compared to 

the other three ECM gels are most likely to arise from variations in the entactin concentration. 

The stiffness of a biopolymer-based hydrogel is governed by several parameters: First, the 
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concentration of biopolymers determines the storage modulus, the more polymers the higher this 

value. However, the total protein concentration was adjusted to be equal. Western blots showed 

only a slight increase with respect to fibronectin, laminin and collagen IV concentrations in 

ECM2. Therefore, significant differences in stiffness caused by the concentration of these high 

molecular weight biopolymers are not expected. Second, the amount of cross-linking molecules 

determines the stiffness of a gel: the gel stiffness typically increases with the increasing 

concentrations of cross-linking molecules. In theory this should also be true for the cross-linker 

entactin, leading to a higher storage modulus of ECM2 compared to the other three gels. Third, 

parameters like temperature, pH and salt concentration can influence the mechanical properties 

of biopolymer-based hydrogels as well, however, those parameters were identical for all 

experiments and ECM variants. Therefore, ECM1, ECM3 and ECM4 were expected to have a 

similar elasticity to each other, but lower than ECM2. 

Up to now, the additional bands from ECM1 have not been discussed yet. As it can be seen from 

the coomassie staining (Figure 10a) their concentration was quite low, making it unlikely that 

they contribute significantly to the gel stiffness if they were to represent biopolymers. However, 

in case that these bands were to represent cross-linkers, they could very well play a critical role 

regarding the gel stiffness. Therefore, it was necessary to further analyze these bands by a 

proteomics approach. From mass spectroscopy analysis, the laminin subunits alpha1 and beta1 

were identified in one of the additional bands from ECM1 together with some proteins unrelated 

to the extracellular matrix (see Table A1 of the appendix). However, there was no indication that 

one of the additional ECM1 bands originates from a cross-linker protein. The identified laminin 

subunit proteins are known from literature to have a molecular weight around 300 kDa and 

200 kDa, respectively,[121] but were detected at approximately 50 kDa. An explanation for these 

fragments could be proteolytic breakdown during the purification process of ECM1.  

Before, however, the viscoelastic properties of the four ECM gel variants are discussed, their 

microstructure is evaluated. This approach is reasonable since, in biopolymer networks, 

alterations in the microstructure very often affect the viscoelastic response of biopolymer 

hydrogels.  
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Figure 10 Content of selected ECM proteins in the four different ECM gel variants. (a) A coomassie 
staining of the four gel variants shows extra bands in ECM1 at low molecular weight. The star denotes the 
band which is further investigated by mass spectroscopy (see Table A1 of the appendix for details). (b) 
The content of fibronectin, laminin, entactin and collagen type IV in the four different ECM gels is analyzed 
by western blot. (c) Densiometric analysis of fibronectin, laminin, entactin and collagen IV signals. The 
error bars denote the standard deviations as obtained from four independent gel runs. 

 

3.1.2 Particle Diffusion and Gel Microarchitecture 

The microscopic permeability properties and microarchitecture of the different gels were 

quantified. For this, 200 nm-sized fluorescently labeled polystyrene beads were chosen as tracer 

particles, and incorporated into the gels to investigate their Brownian motion. Two major gel 

properties can be obtained from such diffusion experiments of NPs within a gel: First, information 

about the gel microstructure can be obtained when inert NPs, that do not interact with the gel 

constituents, smaller or in the range of the mesh size are used. Second, selective properties of the 

gel matrix can be mapped when NPs identical in size (but smaller than the mesh size) but with 
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different surface modifications are compared [122]. Accordingly, the diffusion behavior of 

aminated, carboxylated or PEGylated polystyrene particles was compared. In a previous study 

with ECM1, it had been observed that only particles with neutral or weakly charged surfaces are 

able to diffuse within those gels – provided that their size is smaller than the mesh size, i.e. the 

average spacing between neighboring macromolecule strands of the gel. [105, 123] At a total protein 

concentration of 4.55 mg/mL for ECM1 the hydrogel mesh size is around 2-3 µm. [124] Therefore, 

considering that the final ECM concertation used, was 3.5 mg/mL instead of 4.55 mg/mL it can 

be assumed that for the utilized NPs with a diameter of 200 nm, which should be at least ten times 

smaller than the mesh size, geometrical constraints are minimal. However, this can only be said 

with certainty for ECM1 and needs to be verified for the other gel variants. It was expected that 

the diffusion behavior of the 200 nm polystyrene particles should only depend on their net charge, 

since buffer and temperature were the same for all experiments. From the previous study with 

ECM1 it was known that diffusion of strongly charged particles can be completely suppressed 

even for small particles. This behavior is most likely based on binding events of the particles to 

oppositely charged regions of the gel [105, 123]. Indeed, similar charge dependent diffusion behavior 

could be observed for the four gel variants. Aminated as well as carboxylated polystyrene particles 

were found to be immobilized within all gels. For PEGylated particles, on the other hand, two 

populations could be observed, a greater part of diffusing (80 ± 1 % in ECM1, 77 ± 3 % in ECM3 

and 73 ± 4 % in ECM4) and a smaller part of immobilized particles. However, when monitoring 

PEGylated particles in ECM2, all of them were found to be immobilized. Exemplary particle 

trajectories from all gel variants are shown in Figure 11a. As particle PEGylation is well known 

to shield NPs from adhesive interactions established by both electrostatic and hydrophobic forces 
[125-127], this indicates that the microarchitecture of ECM2 might differ from that of the other three 

gel variants. A possible reason could be that the mesh size of ECM2 is even smaller than or at 

least comparable to the particle diameter (200 nm), thus obstructing the diffusion of the 

PEGylated particles by spatial hindrance. From this diffusion experiments it can be concluded 

that the microstructure should be different for ECM2 compared to the other three gel variants. 

Depending on whether this structural difference is large enough, it might be possible to directly 

visualize these differences in the gel architecture using fluorescence microscopy. To obtain a first 

impression of the micromorphology of the four gels, the main component collagen IV was stained 

with fluorophore-conjugated antibodies and imaged by means of confocal microscopy. The 

results shown in Figure 11b confirmed the previous notion based on the particle diffusion 

experiments: ECM2 showed a much more homogeneous micromorphology and an at least 10-fold 

smaller mesh size than the other ECMs - despite the fact that the same final protein concentration 

of 3.5 mg/mL was used. On the other hand, the collagen IV networks of ECM1, ECM3 and ECM4 
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appeared to be very similar, which agrees with the Brownian motion data. The advantage of 

fluorescence microscopy to visualize specific components of a complex material like ECM, is at 

the same time, the drawback of the method: it is very tedious and time consuming to get 

information of all components assembling such a network. In order to close this knowledge gap 

and to consolidate the findings obtained by fluorescence microscopy, the microarchitecture of the 

gels was also analyzed using scanning electron microscopy (SEM). Figure 11c shows the SEM 

images obtained for the four gels. Again, ECM1, ECM3 and ECM4 had a similar 

microarchitecture whereas ECM2 appeared to be more homogeneous with a smaller mesh size. 

There are two ways how a decreased pore size of a gel can be realized: First, by increasing the 

total protein concentration. However, in all experiments the ECM concentration for all four gels 

was adjusted to 3.5 mg/mL. Thus here, the second option, i.e. the formation of thinner strands 

might be responsible. Indeed, at high magnification SEM images suggest that, thinner fibers set 

up the local meshwork in ECM2 (Figure 11c lower row). Since ECM2 is very similar to the other 

gels with respect to the protein composition, and differs only significantly in the amount of 

entactin, the observed differences in mesh size and fiber thickness are most likely a result of the 

increased amount of entactin. This assumption is not self-evident, since higher concentrations of 

cross-linkers can in principle, lead to a decrease,[128] as well as to an increase in mesh size. The 

latter is, for example, known form actin networks, where increasing cross-linker concentrations 

may result in the formation of a bundle network.[129]  
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Figure 11 Micromorphology of the four gels determined by three different methods. (a) Exemplary 
trajectories of PEGylated particles with a diameter of 200 nm in the four different gels. (b) 
Micromorphology of the four different basal lamina gel variants as determined by confocal fluorescence 
microscopy. Representative staining of the matrix component collagen IV. The scale bar in the left image 
denotes 50 µm and applies to all images. (c) Micromorphology of the whole network of the four gel variants 
imaged by SEM. The scale bar in the upper row corresponds to 25 µm and in the lower row to 5 µm and 
applies to all images. 

 

3.1.3 Viscoelastic Gel Properties  

In the previous two sections it was shown, that the four ECM gels differ, in part, in their 

composition and in terms of their mesh size and microstructure. Therefore, it is reasonable to 

expect differences in their macroscopic viscoelastic properties. This expectation is based on the 

fact that macromechanical properties of hydrogels depend, despite from external factors, on the 

concentration and micromechanical properties of their macromolecules (stiffness, ability to form 

bundles and cross-links), and the microarchitecture of the gels. The latter can be described by the 

type of spatial configuration within the hydrogel – be it a homogeneous or heterogeneous 
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distribution of components – and the pore size.[129, 130] Thus in a next step, the impact of the altered 

microstructure observed for ECM2, which is probably caused by the entactin concentration, was 

investigated using a macrorheometer (see chapter 2.1.11). The ECM gels used here are typically 

stored at -20 °C, thawed slowly on ice and kept at temperatures of 5 °C or below until usage in 

the experiments. This is necessary since ECM is known to form a viscoelastic gel at RT. First, the 

gelation kinetics of the gels were examined at 37 °C. As before, the total protein concentration of 

the four gels was adjusted to 3.5 mg/mL to allow for experimental comparison. In accordance 

with the manufacturers’ information, all ECM variants formed a gel within the first few minutes 

when heated to 37 °C. Significant differences in gelation kinetics between the four gel variants 

did not occur (Figure 12). Second, the final elasticity after complete gelation of the four basal 

lamina gels was compared. ECM1, ECM3 and ECM4 reached nearly identical final elasticities of 

G’ ~ 3 Pa, whereas ECM2 showed a four-fold higher stiffness (Figure 12) which was 

independent of the measuring frequency (Figure 13). This agrees with the previous results 

obtained from fluorescence microscopy and SEM images and confirms the notion that differences 

in the gel mesh size should manifest themselves in the viscoelastic properties of the gel. At the 

same time, it strengthens the assumption made in chapter 3.1.1 that the additional bands in the 

coomassie staining of ECM1 do not originate from cross-linkers, but represent other protein 

fragments.  

 

Figure 12 Gelation kinetics of the four different gels measured with a macrorheometer. The temperature 
is increased from 5 °C to 37 °C after one minute to induce gelation. The curves shown represent averages 
of three independent measurements. The inset shows the storage moduli G’ of the four gels at 30 min. The 
error bars denote the error of the mean. 
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Figure 13 Viscoelastic frequency spectrum obtained for the basal lamina variants. The storage moduli G’ 
(full circles) dominate over the loss moduli G’’  (empty circles) for all gel variants. Moreover, the storage 
moduli of all gels are nearly constant over two decades of frequency. The measurements were performed 
on a stress-controlled macrorheometer with a 25 mm plate-plate geometry at a plate separation of 200 µm 
after 30 min gelation time at 37 °C. 

 

3.1.4 Cell Migration Studies 

As a next step, the tested ECM gels were used for one of their classical applications: Reconstituted 

extracellular matrices such as basal lamina gels are mostly used for embedding cells and analyzing 

their migration behavior as a function of distinct knock-out mutations or external (bio)chemical 

stimuli. Such ECM gels offer a more in vivo-like 3D environment than, for example, fibronectin 

coated 2D systems [16-18]. In such cell migration experiments, the unaffected migration activity of 

the cells within the 3D environment of the gel is typically used as a reference. Cell migration can 

be influenced by two types of factors: First, external factors like pH, temperature or cytokines. 

And second, physical influences of the extracellular environment such as confinement, rigidity, 

surface topology and whether forces generated by the cells are transmitted to other cells, the ECM, 

or both.[131] However, all experiments described here were performed under identical external 

conditions. From the previous set of experiments on the gel composition and its effect on the 

microstructure and the macromechanical properties, comparable cell migration within ECM1, 

ECM3 and ECM4 but a decrease of cell migration activity in ECM2 was expected. The external 

environment for cells in respect to final elasticity and micromorphology are quite comparable 

within ECM1, ECM2 and ECM3 gels, and should therefore have an equal impact on cell 

migration. However, ECM2 has a much more homogeneous microstructure and smaller mesh size 

compared to the other gels, leaving cells no weak points to migrate through. In combination with 

the higher final shear stiffness of ECM2, this should force migrating cells to apply higher forces 

on the gel matrix or to weaken the gel locally by enzymes to be able to migrate within the gel, 
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slowing them down. In order to verify if this assumption was true, all cell migration experiments 

were conducted with the same concentration of dHL-60 cells embedded into the ECM. 

Experiments were performed on a microscope equipped with an incubation and CO2 chamber to 

ensure constant temperature and pH. Constant temperature was not only crucial for the cells, but 

also for controlled and fast ECM gelation after the cells together with the chemoattractant fMLP 

were mixed with the liquid, precooled gels. Figure 14 shows the trajectories of migrating dHL-60 

cells obtained 4 hours after gelation of the basal lamina gels. This delayed observation time was 

necessary to exclude influences of gel swelling (as it occurs during the first hours of the 

experiment) during acquisition on the cell migration data. Each trajectory shown denotes the time-

dependent x- and y-position of a cell for a time course of 2 hours. For clarity, the start point of all 

trajectories was shifted to the origin, and the end point after 2 hours of migration was marked by 

a dot. As shown in Figure 14, dHL-60 cells are able to efficiently migrate within ECM2, ECM3 

and ECM4. Due to the uniform distribution of the chemoattractant fMLP, which was added to 

stimulate cell migration, random cell migration without any spatially oriented preference was 

observed. The area covered by the trajectories of the cells varied depending on the ECM used and 

is a measure for the migration activity. This area was comparable for ECM3 and ECM4 whereas 

it was significantly smaller for ECM2. For ECM1, no migratory activity could be detected, since 

the single trajectories and the area covered by them were on the order of the tracking error. 

Another measure for the migratory activity of cells is the Euclidean distance (ED) (the distance 

between the start and the end point) which was only ED = (4 ± 4) µm for cells embedded in ECM1 

and ED = (41 ± 43) µm for ECM2. ECM3 and ECM4, on the other hand, gave significantly higher 

values: ED = (112 ± 90) µm for ECM3 and ED = (132 ± 92) µm for ECM4, which were again 

very similar to each other. A further analysis of this data revealed that only a fraction of f = 10 % 

of the migrating cells embedded within the ECM2 showed an Euclidean distance greater than 

105.5 µm (depicted by a red circle in Figure 14). In contrast in ECM3 and ECM4, a fraction of 

f = 44 % and f = 51 % respectively was calculated. In ECM1, cell migration was basically absent 

and f = 0 %. To further quantify those differences in the migratory behavior of the dHL-60 cells 

in the four different gels, the cell migration speed was calculated from the individual trajectories. 

When this velocity data was pooled for each basal lamina gel and compared in a box plot     

(Figure 14e), the following differences between the distinct gel environments were observed: 

First, the migration speeds determined for cells in ECM1 was close to zero (although only living 

cells were included in the analysis) and the median velocity of cells within ECM3 and ECM4 was 

higher than in ECM2. These results corroborated the findings from the analysis of the total area 

explored by the migrating cells and the ED of the four gel variants. Second, the velocity 

distribution of migrating dHL-60 cells is quite broad, both in ECM3 and ECM4, but more 
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homogeneous in ECM2. Together, this data suggests that ECM3 and ECM4 offered the most 

favorable extracellular environment for dHL-60 migration, whereas ECM2 appeared to slow 

down the cellular migration activity and ECM1 suppressed dHL-60 cell migration completely. 

These findings correlate well with the results from the previous experiments on gel composition 

and its effect on the macromechanical properties and the microstructure, except for the suppressed 

cell migration within ECM1. The detected laminin fragments (see chapter 3.1.1), which might 

originate from proteolytic breakdown during the manufacturing procedure of ECM1, may be 

responsible for this observation, since they are known to be able to affect cells (e.g. via increased 

substrate adhesion). Already in 1991, cellular activities of proteolytic laminin fragments with 

exposed cryptic motifs have been described.[132] By now, this has been confirmed by several 

publications.[133, 134] However, a clear and systematic analysis of the different fragments and their 

biological effects is still missing. 
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Figure 14 Migration trajectories of dHL-60 cells tracked from hours 4-6 after the cells are embedded into 
the four different basal lamina matrices. (a-d) The starting point of all trajectories is shifted to the origin 
for clarity, and the end point is marked by a dot. The average start-to-end distance (Euclidean distance) 
travelled by the cells and the respective standard deviation is denoted by ED. The fraction of cells with an 
ED greater than ED = 105.5 µm (red circle) is denoted by f. (e) Comparison of the migration velocity of 
dHL60 cells in different ECM gels. The red line denotes the median of the velocity distribution, the box 
includes 25 % of the observed velocities above and below this median, respectively. The remaining 25 % 
of slower as well as the 25 % of faster cells are indicated by the dashed lines. Outliers are denoted by a red 
cross.  

 

In addition to the suppressed cell migration activity, more dead cells were observed in ECM1 than 
in any of the other ECMs. To quantify this observation, a live/dead assay staining dead cells 
fluorescently red and vital cells green was performed. In ECM2, ECM3 and ECM4 a comparable 
fraction of dead cells in the range of 5-10 % was detected, but at least twice as many, i.e. about 
20 % dead cells, was observed for ECM1 (Figure 15). This could indicate a cytotoxic effect 
brought about by the laminin fragments.[132-134] 
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Figure 15 Life dead assay for dHL-60 cells embedded in the four basal lamina variants. Dead cells are 
obtained in all gels, but the amount differs significantly between ECM1 (about 20 % dead cells) and the 
other three variants (about 5-10 % of dead cells). 

 

According to the presented results, all examined ECMs, except from ECM1, are well suited for 

cell experiments in a 3D-envirnonment. Therefore, in a final experiment, ECM2 gel was chosen 

in combination with liposomes to investigate if charged nanoparticles can influence the migration 

behavior of dHL-60 cells. This experiment is motivated by the fact that hydrogels are not only 

used for classical cell culture experiments, but more and more frequently also as medical products 

in combination with diverse nanoparticles to promote the healing process. Depending on the type 

of nanoparticle and the applied concentration, a considerable amount of neutral, positively or 

negatively charged nanoparticles can accumulate within hydrogels and may locally influence the 

cell migration behavior of cells. Such a phenomenon would be important for our immune system 

and could potentially compromise the healing process. Therefore, neutral DOPC (+/-), negatively 

charged DOPG (-) and positively charged DOTAP (+) liposomes with a zeta potential 

of -0.8 ± 0.5 mV, -36.4 ± 1.1 mV and 37.2 ± 0.9 mV respectively, were introduced at a final 

concentration of 1010 liposomes/µL into the ECM2, fMLP, dHL-60 hydrogel system. It could be 

shown, that, at least in an ECM2 matrix, the migration activity of dHL-60 cells seems not to be 

compromised by liposomes, regardless of the charge of the liposomes (see Figure 16). However, 

changing the kind of nanoparticle or the type of hydrogel may alter the outcome of this 

experiment, and has to be tested individually. Nevertheless, this result can serve as a first 

indication that charged nanoparticles do not drastically influence cell migration within hydrogels. 

The charge of nanoparticles should therefore most likely not restrict their application as drug 

carriers in hydrogels for medical applications, which is a topic that will be revisited later in this 

thesis. 
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Figure 16 Migration trajectories of dHL-60 cells tracked from hours 4-6 after the cells are embedded 
into ECM2 in presence of liposomes of varying charge. (a-d) The starting point of all trajectories is 
shifted to the origin for clarity, and the end point is marked by a dot. The average start-to-end distance 
(Euclidean distance) travelled by the cells and the respective standard deviation is denoted by ED. (e) 
Comparison of the migration velocity of dHL60 cells in ECM2 gels in presence of different charged 
liposomes. The red line denotes the median of the velocity distribution, the box includes 25 % of the 
observed velocities above and below this median, respectively. The remaining 25 % of slower as well as 
the 25 % of faster cells are indicated by the dashed lines.  

 

It should be mentioned, that all experiments except from the cell migration experiments were 

repeated with a second batch of the four ECMs, showing the same outcome. Therefore, it can be 

assumed that the discovered differences between the basal lamina gels are indeed very likely to 

arise from deviations in the manufacturing process of the four suppliers and do not represent 

batch-to-batch variations.  

 

3.1.5 Conclusion to Chapter 3.1 

By comparing the four different basal lamina gel variants, strong differences in the Brownian 

motion of NPs, the gel microarchitecture and the viscoelastic properties of the gel were observed. 

Those findings were surprising considering that all four gels were adjusted to the same total 

protein concentration. Furthermore, identical experimental conditions were chosen for each set of 

experiments to maximize comparability of the results. It could be shown, that the increased 

amount of the cross-linker protein entactin in ECM2 compared to the other ECMs leads to a 
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smaller pore size, and this altered mesh size is most likely responsible for those unexpected 

differences: the cell migration activity of dHL-60 cells within the gels, the final elasticity of the 

gels and differences in particle diffusion behavior, could all be attributed to those variations in 

the gel microarchitecture: small pore sizes cause higher gel stiffness and increased hindrance 

towards migrating cells and diffusion of NPs (ECM2), while larger pores facilitate cell migration 

and particle diffusion (ECM3, ECM4). The only discrepancy in this correlation appeared for 

ECM1. Although the microarchitecture (and therefore the pore size), particle diffusion and final 

gel elasticity are comparable with those of ECM3 and ECM4, cell migration activity deviated 

dramatically in comparison to the other gels. A possible explanation is that the proteins detected 

as additional bands by coomassie staining of ECM1 are somehow responsible for this difference. 

In addition, using ECM2 as a 3D scaffold for cell migration experiments, it could be shown that 

NPs of either charge have no strong influence on cell migration activity within ECM hydrogels.  
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The following chapter follows in part the publication of the same name: “A Selective 

Mucin/Methylcellulose Hybrid Gel with Tailored Mechanical Properties” published 2016 in 

Macromolecular Bioscience.[108] 

 

3.2 A Selective Methylcellulose/Mucin Hybrid Gel with Tailored 

Mechanical Properties 

The structure and therefore the mechanics of ECM mostly depends on the amount of the 

cross-linker entactin which serves as a bridge between type IV collagen and laminin.[135] 

There are more examples of naturally occurring cross-linked biopolymer hydrogels such 

as F-actin and microtubule gels.[136, 137] However, if searching for a base material to design 

a wound gel, these cross-linkable biopolymers are not necessarily the optimal choice since 

they are quite expensive and the mechanical properties of gels assembled from them may 

fluctuate significantly from batch to batch. Alternatively, chemically cross-linked 

hydrogels could be used. Most of them are cheap to manufacture, their mechanical stiffness 

can be adjusted as desired, and the resulting material qualities are very reproducible. The 

major disadvantage of such chemically cross-linked hydrogels arises from chemicals 

which have not reacted. These unreacted chemicals are often toxic, and it takes great effort 

to remove them. Moreover, in most cases neither biopolymers cross-linked by proteins nor 

chemically cross-linkable polymers provide the possibility to undergo gelation upon 

contact with a wound. Physical triggered cross-linking by to the unique ionic 

strength/pH/temperature of the human body would be an ideal mechanism if gelation 

should be achieved upon contact with a wound.[138] From these three options, temperature 

is most likely the most promising trigger for designing a wound gel since materials 

possessing sol/gel transitions on the basis of small changes in pH or ionic strength (those 

changes have to be small to avoid tissue damage) are rare. For a wound gel that can 

undergo a thermally activated gelation process upon contact with the wound and its 

physiological temperature, deacetylated chitosan and methylcellulose (MC) could be well-

suited, since solutions of either biopolymer can form a gel at higher temperature.[61, 139] 

The driving force behind the sol/gel transition of those two biopolymer systems is the 

hydrophobic effect, which triggers a phase separation in aqueous solutions. This 

mechanism, which does not require any additional (potentially toxic) chemicals, 

constitutes a highly promising candidate for in situ gelation on wounds. Furthermore, both 

MC and chitosan are commercially available, relatively cheap and have been proven to be 

nontoxic and biocompatible.[62, 140] One critical advantage of MC over chitosan, however, 

is that MC can reduce the formation of scars, and this is especially important after 
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surgery.[141] Therefore, MC was chosen here as base material to design a thermoresponsive 

wound gel. The ability of such a MC solution to form a gel at physiological temperature 

makes it especially attractive for internal surgery, since there is no need of postoperative 

activation from the outside. Furthermore, due to the good biocompatibility the closed and 

partially healed wound does not have to be opened again to remove the old MC wound 

gel.[142] 

Once a solid foundation for a wound gel is laid, i.e. a system providing the mechanical 

properties and gelation kinetics to quickly form a stiff gel of a few kilo Pascal on a wound, 

this platform can be used to incorporate biologically active materials which contribute 

beneficial qualities for wound care. Mucin, the main biopolymer of mucus, is such a 

bio-active material. It is known to prevent bacterial adhesion, [45, 46] and can trap different 

kinds of viruses, [47] thereby shielding the wound against microbial attacks. Unfortunately, 

reconstituted mucin solutions are only able to form a weak gel with a shear stiffness on the 

order of a few Pascal, and only at acidic pH and at low ionic strength.[55] Both conditions 

are not compatible with the physiological environment of a wound. Thus, due to their 

unsatisfactory mechanical performance reconstituted mucin solutions are not suitable for 

a direct application as a wound gel. However, to harness the valuable anti-microbial 

properties of mucins, mucins were incorporated into the MC based hydrogel. The rationale 

behind this was that the MC component should compensate for the weak mechanical 

properties of the mucin without diminishing its anti-microbial features. However, the 

performance of hybrid materials comprising two or more components are by no means 

easy to predict and often not just a combination of the individual characteristics. Unwanted 

effects such as phase separation or intermolecular interaction need to be tested and – if 

possible – prevented. 

 

3.2.1 Adjusting the Gelation Properties of a Methylcellulose Solution 

In initial experiments, the gelation behavior of a MC variant with a large average molecular 

weight of 88 kDa was tested. However, when a 3 % (w/v) solution of this MC variant was 

hydrated in 20 mM HEPES buffer with a physiological concentration of 150 mM NaCl at 

pH 7.0, the mixture remained a viscoelastic fluid at 37 °C and no gelation occurred 

(Figure 17a). This is in line with previous reports on the gelation properties of MC 

solutions which determined the gelation temperature for MC to be above 40 °C.[143] A 

simple strategy to reduce the gelation temperature is to increase the ion concertation of 

such MC solutions,[144] yet such an approach would not be well suited developing a wound 

gel where physiological conditions are required. As a consequence, an alternative method 
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was needed to induce gelation at a physiological temperature of 37 °C. Since glycerol is 

reported to enhance the aggregation mechanism responsible for MC gelation, the addition 

of glycerol was expected to lower the gelation temperature of the MC solution.[145] Indeed, 

when 10 % (v/v) of glycerol was added to the 3 % (w/v) MC solution with physiological 

salt and pH, gelation was achieved at 37 °C, and the 88 kDa-MC solution reached a shear 

stiffness of ~200 Pa after ~60 min of heating. Moreover, glycerol is not only able to 

enhance the gelation of MC mixtures, but it is also known for stabilizing proteins in 

aqueous solutions,[146] which could be an advantage for the incorporation of mucin. 

However, the so far realized gelation kinetics were to slow, and therefore not sufficient for 

applying the mixture as a wound gel. To accelerate the gelation process, a MC with a 

smaller molecular weight of 17 kDa was chosen next. The rationale was that, for the 

shorter MC macromolecules, the thermally driven process of aggregation should occur 

considerably faster and, accordingly, gelation of the solution should be significantly 

enhanced. This assumption turned out to be correct, and a strong increase in the gelation 

kinetics for a 3 % (w/v) 17 kDa-MC solution could be observed: the MC/glycerol mixture 

was now able to form a gel within a few minutes (Figure 17b).  

 

 

Figure 17 Thermal gelation behavior of different MC solutions. (a, b) By tuning the molecular weight and 
concentration of MC and the addition of glycerol, rapid gelation behavior is obtained. Closed symbols 
represent the storage modulus G′ and open symbols denote the loss modulus G″. Both moduli are shown 
for a probing frequency of 1 Hz. In addition, the final shear stiffness of the gel can be adjusted so that the 
elasticity of soft native tissue (i.e., connective tissue) is approximated. All symbols represent the mean of 
at least three measurements. 
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However, the maximal stiffness of the gel was now reduced compared to when the longer 

MC species were used. This called for further adjustment. Ideally, a wound gel should 

exhibit a final shear stiffness that is on the order of the wound stiffness itself and therefore 

of the stiffness of cells and soft tissues, i.e. in the range of a few to tens of kPa.[56] The 

final shear stiffness of MC solutions depends on the concentration of MC 

macromolecules.[145] Therefore, the gel stiffness was adjusted by increasing the 

17 kDa-MC biopolymer concentration to 10 % (w/v). As a side effect, this higher amount 

of MC led to an increase in viscosity. However, the viscosity was still relatively low 

(15.8 ± 0.4 Pa·s at 4 °C and a shear rate of 1/s, see Figure 21b) and should enable a 

refrigerated MC solution to readily wet and cover the entire area of an uneven wound. 

Now, the MC/glycerol mixture exhibited both rapid gelation kinetics (which is important 

for the polymer material to remain in place after application) and a suitable final shear 

stiffness of about 3-4 kPa (Figure 17b). 

Virtually the same final gel stiffness was obtained for the MC solution when the gelation 

was performed outside of the rheometer, i.e. inside an incubation chamber set to 37 °C, 

and the resulting gel exhibited viscoelastic moduli that were almost independent of 

frequency (Figure 18).  

 

Figure 18  Frequency-independent viscoelastic behavior of the methylcellulose-based gel. Closed symbols 
denote the storage modulus G’ and open symbols denote the loss modulus G’’  as measured at 37 °C. All 
symbols represent the mean of at least 3 measurements. 

 

Furthermore, it was tested, if the gelation kinetics of the designed MC solution could be further 

improved by substituting 130 mM of NaCl with the slightly more kosmotropic salt KCl. 

Kosmotropic ions like KCl are known to strengthen hydrophobic interactions[147] and might 
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therefore accelerate the gelation process. Nevertheless, no sign of improvements of the gelation 

kinetics could be observed (Figure 19). Of course, one could argue that the use of even stronger 

kosmotropic ions would provide a stronger acceleration of the gelation kinetics. However, strong 

kosmotropic ions such as Rb+ or NH4
+[148] are not compatible with the physiological context of a 

wound. As a consequence, the physiological NaCl was used for the remainder of this study, as 

this salt variant possesses the advantage to cause no cell signalling as e.g. calcium ions do.[149]  

 

Figure 19 The kinetics of the thermal autogelation of the MC mixture are robust towards minor changes 
in the ion composition. When the ion composition of the buffer is changed from 150 mM NaCl to 130 mM 
KCl + 20 mM NaCl, i.e. when a slightly stronger kosmotropic ion is used, the virtually identical gelation 
behavior of the biopolymer mixture is observed. Closed symbols represent the storage modulus G’ and 
open symbols denote the loss modulus G’’ . Both moduli are shown for a probing frequency of 1 Hz. All 
symbols represent the mean of at least 3 measurements. 

 

3.2.2 Mucin Glycoproteins can be Integrated into the Methylcellulose Matrix without 

Disturbing Gel Formation 

So far, the type and concentration of the MC macromolecule and the buffer system to adjust the 

viscoelastic properties required for a thermoresponsive wound gel have been tuned. The next aim 

was to integrate the medically active mucin glycoprotein into this base material, without 

disturbing the gelation properties of the system. From previous experiments with purified gastric 

mucins it was known that high antiviral activity of the mucins is already achieved at a 

concentration of 1 % (w/v).[47] This value is also a good approximation for the concentration of 

mucins in native mucus gels.[58-60] Thus, a concentration of 1 % (w/v) mucin was chosen for a first 

formulation of a hybrid gel mixture. For such a polymer blend, a homogeneous distribution of 

mucins throughout the MC matrix is mandatory so that the final hybrid gel can perform its 

protecting abilities without presenting any open voids for pathogens. To check the spatial 
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distribution of mucins within the MC matrix, mucin glycoproteins were selectively stained with 

fluorescently labeled lectins which could afterwards be localized within the gel by means of 

fluorescent microscopy. On a microscopic scale, the spatial distribution of 1 % (w/v) mucin in a 

10 % (w/v) MC mixture strongly depended on how the blend was generated. When both 

biopolymers, mucin and MC, are mixed in their lyophilized form and afterwards simultaneously 

co-hydrated in 20 mM HEPES containing 10 % glycerol and 150 mM NaCl at pH7.0, strong 

heterogeneities in the spatial mucin distribution were observed (Figure 20a). However, those 

heterogeneities could be eliminated to a large extent when the hydrated MC/mucin solution was 

thoroughly mixed on a magnetic stirring table for 20 min (Figure 20b). The achieved sample 

homogeneity was no temporary effect, but stable over time, and no spontaneous phase separation 

could be detected within a time span of 24 h. 

 

Figure 20 Mucins can be successfully integrated into the MC matrix if the blend is thoroughly mixed. 
Fluorescence microscopy images demonstrate the spatial distribution of mucins in a MC/mucin hybrid gel 
which has been generated by (b) simple co-hydration and (c) by additional mechanical mixing. 

 

Having demonstrated that the medically active mucin component can be distributed reasonably 

well within the MC matrix, it was confirmed that the viscoelastic properties of this hybrid mixture 

are not compromised by the integration of the glycoprotein. Therefore, the in situ gelation 

experiment with the mucin/17 kDa-MC/glycerol solution was repeated, which showed that the 

hybrid solution exhibits nearly identical gelation kinetics and frequency-independent viscoelastic 

behaviour as the pure 17 kDa-MC/glycerol solution (Figure 21a, b, c). 
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Figure 21 Mucins can be successfully integrated into the MC matrix without compromising the 
viscoelastic properties. (a) The addition of 1 % (w/v) mucin to the MC solution does not interfere with this 
thermal gelation process. And the addition of the mucin component does not significantly affect the 
viscosity (b) or the frequency-independent viscoelastic behavior (c) of the methylcellulose-based gel. 
Closed symbols denote the storage modulus G’ and open symbols denote the loss modulus G’’  as measured 
at 37 °C. All symbols represent the mean of at least 3 measurements. Viscosity values were determined at 
4 °C and a shear rate of 1/s. Error bars denote the standard deviation as obtained from at least three 
independent measurements 

 

The same was true when the concentration of the mucin component was increased up to 3 % (w/v) 

(Figure 22). These results supported the assumption that the viscoelastic properties of the 

MC/mucin blend will be mostly determined by the mechanical adjuvant, MC.  
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Figure 22 The viscoelastic properties of MC mixtures are robust towards increasing amounts of mucins. 
Increasing the concentration of the mucin component does not significantly affect the thermal gelation 
behavior (a) or the frequency-independent viscoelastic behavior (b) of the biopolymer mixture. Closed 
symbols represent the storage modulus G’ and open symbols denote the loss modulus G’’ . Both moduli of 
the gelation curve are shown for a probing frequency of 1 Hz. All symbols represent the mean of at least 3 
measurements. 

 

3.2.3 Gelation on a Model Tissue Surface 

So far, the gelation properties of the MC/mucin biopolymer solution have been probed on 

a plane metallic surface, which was part of the rheometer setup. However, eventually, the 

hybrid mixture is supposed to be applied on wound tissue surface covered by cells. Another 

challenge in this context will be that any wound in the human body will possess an intrinsic 

curvature and thus will be locally tilted. For a more realistic setup mimicking this 

challenging conditions, the gelation experiment was repeated on a tilted model tissue 

surface consisting of elongated PDMS wells that had been coated with a confluent 

monolayer of fibroblasts (see Figure 23a and methods). For this purposes, such a model 

tissue surface with a well-defined geometry provided a reasonable approximation of a cell-
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covered tissue surface. The device was placed onto an adjustable ramp, which granted the 

opportunity to probe in situ gelation on the biological surface with well-defined tilt angles. 

 

 

Figure 23 Thermal autogelation of MC/mucin solutions on tilted model tissue surfaces. A scheme 
of the gelation assay is depicted in (a). A half-pipe made from PDMS is coated with fibroblasts and 
placed at a defined tilt angle of 10° and stored in an incubator at 37 °C to model a tissue surface. 
(b, c) In contrast to pure mucin solutions (M), the MC/mucin mixture (MC-M) does not flow along 
the PDMS channel due to its thermal autogelation properties. The bar chart in (b) shows the mean 
value and standard deviation as obtained from two independent experiments. 
 

First, the gelation efficiency of the MC/mucin (MC-M) solution was examined at a tilt 

angle of 10 ° and a temperature of 37 °C. For better visualization of the otherwise almost 

transparent solution, a few drops of ink were added to the biopolymer mixture. As control, 

a pure mucin solution (M) lacking the mechanical adjuvant MC was added to a 

neighboring well (Figure 23c). When this model tissue surface was tilted at the start of the 

experiment, the control solution (M) instantly started to flow due to its low viscosity 

(0.24 ± 0.02 Pa·s at 4 °C and a shear rate of 1/s, see Figure 21b), and after only 5 seconds 

the majority of the liquid had already reached the bottom of the ~8 cm long cell-covered 

channel. The MC/mucin solution, on the other hand, exhibited significantly less flow due 

to its higher viscosity (19.0 ± 3.7 Pa·s at 4 °C and a shear rate of 1/s, see Figure 21b) and 

its thermal auto-gelation properties. Thus, the hybrid mixture formed quickly a stiff gel in 

situ and remained at the site of application even after extended time periods, i.e. up to 3 h 

(Figure 23b, c). A very similar result was obtained at a large tilt angle of 45 ° (Figure 24). 
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This findings emphasizes the rapid and efficient auto-gelation properties of the MC/mucin 

mixture and agrees well with the results obtained using the rheometer setup. 

 

 

Figure 24  Thermal auto-gelation of MC/mucin solutions on tilted model tissue surfaces. A PDMS 
half-pipe is coated with a monolayer of fibroblasts and placed at a defined tilt angle of 45 ° and 
stored in an incubator at 37 °C to model a tissue surface. In contrast to pure mucin solutions, the 
MC/mucin mixture does not flow far along the PDMS-channel due to its thermal autogelation 
properties. 
 

3.2.4 The Integrated Mucins Establish Selective Permeability in the Hybrid Gel  

Naturally occurring mucin based gels possess selective permeability properties. This 

selectivity is caused by charge patterns along the mucin backbone and are mainly brought 

about by the sugar residues. Therefore, the net charge of particles and molecules is an 

important parameter, which dictates how efficiently those objects can penetrate a mucin 

gel.[52, 150] Thus, in a next step it was tested if the integrated mucin glycoproteins establish 

such charge selective permeability in the hybrid gel. First, the behaviour of two variants 

of fluorescent dextran molecules in the MC/mucin gel were compared: positively charged 

DEAE-dextran and negatively charged CM-dextran. Although those two dextran variants 

have almost identical molecular weight (≈ 4 kDa), it is expected that their distribution in 

the gel matrix will differ. The rationale for this notion is that the mucin glycoproteins carry 

a significant amount of negatively charged groups as a consequence of the high 

glycosylation density by e.g. sialic acid. Those negatively charged groups should 

selectively attract the positively charged DEAE-dextrans whereas the negatively charged 

CM-dextrans should remain unaffected. Indeed, when performing co-localization 

experiments by again using fluorescent lectins as a stain for mucins, a clear co-localization 

of DEAE-dextrans with the mucin domains of the hybrid gel was observed (Figure 25a). 

In contrast, the spatial distribution of the CM-dextrans was not influenced by the mucin 

macromolecules. As expected, pure MC-gels do not exhibit this charge-selective local 

accumulation of dextrans (Figure 25b), which underscores that the selective permeability 

properties of the hybrid gel are brought about by the integrated mucins.  
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Of course, this selective trapping of positively charged molecules should also occur for 

other molecules. Whereas dextrans are a convenient model system for probing the 

molecular distribution through hydrogels[151, 152] many molecules which are relevant in the 

context of wound healing applications are based on peptides.[153] Indeed, when the spatial 

distribution of positively charged (KKK)8 oligopeptides is compared with that of 

negatively charged (EEE)8 oligopeptides in the hybrid gel, the results agree with those 

obtained with the two dextran variants: the positively charged peptides co-localize with 

mucin whereas the negatively charged peptides do not (Figure 25c).  
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Figure 25 Mucins establish charge selective permeability in the hybrid gel. (a, c) Positively 
charged DEAE-dextrans (FITC labeled) as well as positively charged (KKK)8 oligopeptides 
(TAMRA labeled) co-localize with mucin (labeled via a TRITC-lectin stain) in the MC/mucin gel. 
In contrast, negatively charged CM-dextrans as well as negatively charged (EEE)8 oligopeptides do 
not co-localize with mucin but are distributed homogeneously throughout the hybrid gel. (b) In pure 
methylcellulose gels, negatively and positively charged fluorescently labeled dextrans are 
distributed homogeneously and no co-localization is observed. 
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Since the integrated mucins can selectively trap positively charged molecules in the matrix 

of the hybrid gel, the release of those molecules from the gel should also be selectively 

retarded. Indeed, for covalently cross-linked hydrogels comprising bovine salivary mucins 

such a behavior has recently been described.[57] Here, a similar release experiment with 

DEAE-dextrans and CM-dextrans from the MC/mucin hybrid gel was performed. In pure 

MC gels, the release kinetics of both positively and negatively charged dextrans, was 

virtually identical (Figure 26a). However, the MC/mucin hybrid gel selectively retarded 

the release of the positively charged DEAE-dextran, which underscores the previous 

notion that integrating the mucin glycoproteins into the gel conveys selective permeability 

properties similar to those of pure mucin gels.  

 

 

Figure 26  The MC/mucin hybrid gel selectively retards the release of positively charged dextrans, 
while trapping nanoparticles of either net charge. (a) The release of FITC labeled DEAE-dextrans 
form MC/mucin hybrid gels is significantly retarded compared to FITC labeled CM-dextrans. (b) 
On the length scale of drug delivery nanoparticles, the hybrid gel efficiently traps objects regardless 
of their net charge, i.e., both amine-terminated and carboxyl-terminated nanoparticles. 
 

Finally, it was tested if the selective permeability properties of the hybrid gel as brought 

about by the mucin component are also present on the length scale of nanoparticles. For 

this purpose, two variants of porous nanoparticles which have been envisioned as potential 

carriers for drug delivery applications were incorporated into the hybrid gel:[154] silica 

particles coated with amine- and carboxyl-groups. Both nanoparticles have similar size 

distributions which are centered around 150 nm in diameter, yet the particles significantly 

differ in their zeta-potentials (see Table 2). When the diffusive mobility of these particles 

in the MC/mucin hybrid gel was determined, it was observed that both particle variants 

are efficiently immobilized in the gel. In contrast to the previous diffusion experiments 

with dextrans and peptides, even the negatively charged carboxyl-particles were 
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immobilized (Figure 26b). This effect is most likely due to steric confinement as imposed 

by the hydrogel microarchitecture, especially since the theoretical mesh size of a 

0.4 - 1.0 % (w/v) MC gel ranges from 48 - 20 nm, suggesting that the mesh size of our 

hydrogel is even lower.[155] More importantly, this result shows the potential to firmly 

embed nanoparticles of either surface charge into the gel to allow for prolonged drug 

release from the gel matrix while avoiding nanoparticle depletion from the gel. Such an 

enrichment of the gel with NPs should have no strong impact on cell migration activity, at 

least previous experiments with liposomes of either net charge embedded into ECM gels 

did suggest so (see chapter 3.1.4). 

 

Table 2 Size distribution and zeta-potential data from dynamic light scattering experiments. 

 diameter [nm] polydispersity index zeta-potential [mV] 
MSN-NH2 155.1 ± 41.4 0.08 16.0 ± 0.7 
MSN-COOH 140.8 ± 35.9 0.07 -35.3 ± 1.6 

 

3.2.5 Methylcellulose/Mucin Hybrid Gels can Support Wound Healing Processes 

When applied as a gel to support wound healing, the biopolymer mixture should provide 

three additional features in addition to possessing appropriate gelation properties and 

selective permeability: first, a damaged cell layer must be able to close when covered with 

the gel, i.e. the adhesion strength between the cells and the gel may not be too strong. 

Second, added substances that promote the wound healing process must be able to diffuse 

through the gel so that they can be released after application on a wound. Third, the release 

of embedded drugs from the gel should occur slowly, which is typically achieved by 

enclosing the drugs into nanoparticles. Ideally, the drug release from such nanoparticles 

would only occur after the gel has been applied onto a wound.  

To verify if the first desired feature is met by the hybrid gel, an in vitro wound healing 

assay with a fibroblast monolayer was performed (see Methods). Indeed, the fibroblasts 

could successfully close the artificial wound within a time span of ~24 h even if they were 

covered with the MC/mucin gel. In the absence of mucin, i.e. when pure MC gels are used, 

the artificial wound closed within 24 h as well (Figure 27). This absence of cell-adhesive 

behavior of MC gels agrees well with our previous notion that the MC component should 

aid in reducing scar formation of the damaged tissue as described in ref.[141] It should be 

mentioned that a gel lacking significant cell-adhesion behavior but possessing a too high 

shear stiffness would probably also prevent the closure of a damaged cell layer - unless 
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the cells are able to soften the gel locally by enzymes. However, since the hybrid gel was 

adjusted to match the shear stiffness of soft tissue, this should not be an issue. Thus, being 

capable to close a damaged cell layer while preventing scar formation, the hybrid mixture 

constitutes a promising wound gel candidate, especially for damage tissue arising from 

burns. Here, the high water content of hydrogels such as the hybrid gel developed here 

conveys a soothing, cooling effect,[156] which leads to a faster healing process of the 

wound. 

 

 

Figure 27 Healing of an artificial wound covered with the MC gel mixture with and without mucin. A 
monolayer of HT-1080 cells was damaged by performing a micro scratch and was then covered with the 
MC/mucin mixture or the MC mixture lacking mucin. Even though both mixtures form a viscoelastic gel 
with a stiffness of several kPa, the underlying cells are still able to close the wound by a combination of 
proliferation and migration. The scale bars represents 500 µm. 

 

For testing the second gel property, the gel was enriched with molecules that are helpful 

for the natural wound healing response of the human body. Therefore, interleukin-8 (IL-8) 

was chosen as an example of cytokines, which play important roles in the inflammatory 

response of native tissues. IL-8 exhibits an isoelectric point of about 9.2 and is therefore 

positively charged at physiological pH.[157] Thus, it is possible that, similar to the positively 

charged DEAE-dextrans and peptides tested before, this molecule might get trapped in the 

gel matrix by the negatively charged mucins. As an experimental platform to test the 

diffusion behaviour of IL-8 in MC/mucin gels, 1H PFG NMR spectroscopy was used (this 

was done in cooperation with A. Penk from the group of Prof. D. Huster at the Institute of 

Medical Physics and Biophysics of the University of Leipzig) as this technique does not 
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require any labeling of the IL-8 molecule. This is important as such a (for instance, 

fluorescent) label might drastically alter the diffusion behaviour of such a small protein in 

the complex environment of a multi-component biopolymer gel by e.g. introducing muco-

adhesive interactions. However, due to the complex composition of MC/mucin hybrid 

gels, special care needs to be applied when selecting the signals for the diffusion analysis. 

In Figure 28a and Figure 28b, the IL-8 NMR signal used to directly measure its diffusion 

behaviour is marked with an asterisk. The signal attenuation for the relevant spectral range 

as a function of the applied gradient strength is shown in panel b for IL-8 in buffer (black) 

and in buffer with MC/mucin (red). From this decay, the apparent diffusion constant (D) 

can be calculated (Figure 28c). The value obtained in the hybrid gel, 

DIL-8 in MC/mucin = 69 µm2/s, was only ~20 % smaller than its corresponding value in buffer, 

DIL-8 in buffer = 89 µm2/s. 

Thus, it could be shown that the diffusive mobility of IL-8 is not significantly restricted 

by the MC/mucin gel matrix. As a consequence, the protein of interest (here IL-8) would 

be efficiently released from the gel after its application onto the wound, where it should 

boost the healing process. 
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Figure 28 Interleukin-8 can diffuse in the hybrid gel. The signal of IL-8 used for data analysis (asterisk) 
is shown in panel (a), the enlarged relevant spectral region in (b) for IL-8 in buffer (black) and for IL-8 
in the MC/mucin gel (red). Furthermore, the intensity decays of the spectra (from dark to light color) 
corresponding to the higher effective applied gradients are shown. In (c) the normalized intensity decays 
(I/I 0) of the IL-8 resonance with and without MC/mucin are plotted versus the b-value according to 
I/I 0 =  exp(−D*b). The b-value is a function of the applied gradient strength and timing used to generate 
diffusion-weighted images and allows for the calculation of the apparent diffusion constant using linear 
regression in a semi-logarithmic plot. The IL-8 exhibits only a slightly weaker decay within the 
MC/mucin, which demonstrates that IL-8 diffusion is virtually unrestricted in the gel. 

 

To achieve the third property, i.e. prolonged drug release from the gel, it was already 

demonstrated that choosing positively charged drug molecules can be a successful strategy 

as the release of these charged molecules is retarded by the integrated mucins. If this is not 

possible or when drug release over even longer time spans is needed, embedding drug-

loaded nanoparticles into the gel is a good alternative. The results from the diffusion 

experiments with porous silica-nanoparticles suggest that any nanoparticles with diameters 

of 150 nm and larger could be used for this purpose since they will be trapped in the gel 

matrix independent of their net charge. Here, liposomes were chosen, which are already 

commonly employed for drug encapsulation and delivery since they are easy to produce, 

nontoxic and allow for prolonged drug release when the appropriate lipid composition is 

chosen.[158] In addition, the previous results from the cell migration experiments of dHL-60 

cells within basal lamina gels in presence of liposomes suggest, that liposomes embedded 

into the hybrid gel will have no strong effect on cell migration activity (see chapter 3.1.4). 
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Several methods exist to load liposomes with drugs,[159] but achieving a triggered drug 

release is much more difficult. For the developed thermoresponsive gel system, it would 

be ideal to also use the gelation-inducing temperature shift as a trigger for drug release. 

Therefore, thermoresponsive liposomes were generated consisting of 84 mol% DPPC and 

16 mol% DOTAP, as this particular lipid composition yields lipid bilayers with a phase 

transition temperature of about 37 °C (Figure 29b). Liposomes with an average size of 

1 µm were chosen to guarantee efficient particle arrest in the gel and to provide sufficient 

particle volume for drug loading. During the heating-induced phase transition, the 

permeability of the lipid bilayer is strongly increased,[160] which offers a microscopic 

mechanism that should be sufficient to trigger drug liberation from the liposome particles. 

When the DPPC/DOTAP liposomes were loaded with doxorubicin (Dox), a fluorescent 

drug used in cancer chemotherapy,[161] a temperature-induced drug release of the 

uncharged Dox molecule at 37 °C was expected (Figure 29a).[114] In contrast, at 4 °C, i.e. 

when the phase transition is not triggered, the amount of released drug should remain low 

and constant over time. Indeed this temperature-dependent drug liberation occurs when 

the Dox-loaded liposome particles are embedded in the hybrid gel (Figure 29c). This 

demonstrates that the chosen trigger mechanism is also efficient in the complex 

environment of a multi-component biopolymer gel. 
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Figure 29 Drug release from the MC/mucin gel can be induced simultaneously with gelation due 
to gel-to-liquid crystalline phase transition of liposomes. A scheme of temperature-dependent drug 
release from thermoresponsive liposomes loaded with Dox is depicted in (a). Liposomes consisting 
of 84 mol% DPPC and 16 mol% DOTAP were produced in water to determine the phase transition 
temperature (Tm) at which the membrane gets leaky for small molecules. This transition temperature 
can be determined by changes in the scattering intensity observed during dynamic light scattering 
as shown in (b). The symbols represent the mean of four measurements. For the drug release data 
shown in (c), these thermoresponsive liposomes were embedded into the MC/mucin mixture. Dox 
release from the biopolymer mixture is significantly higher at 37 °C, i.e., when the MC/mucin mix 
has formed a gel, compared to 4 °C, i.e., when the MC/mucin mix remains a viscous solution. The 
highest Dox concentration measured during release is set to 1. The symbols in (c) represent the 
mean of three measurements and the error bars denote the standard deviation. 
 

3.2.6  Anti-Microbial Properties of Methylcellulose/Mucin Hybrid Gels  

An additional gel property, beneficial for any kind of wound treatment, would be to shield 

the injured tissue from viral and bacterial infections. The MC/mucin hybrid gel combines 

several anti-microbial properties to achieve this goal: Purified porcine gastric mucins show 

broad-range anti-viral activity at concentrations of 0.5 – 1 % (w/v) since the glycoproteins 

can trap different virus particles in the biopolymer matrix.[47, 162] The finely reticulated gel 

meshwork presented here traps nanoparticles with sizes of 150 nm and thus will also pose 

a significant barrier towards bacterial penetration as those microbes are considerably larger 

than those nanoparticles. This is exemplarily shown for E. coli (Figure 30). Of course, 

bacteria may be able to actively penetrate the gel layer if they manage to adhere to the gel; 
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however, the incorporated mucins should be able to prevent this initial adhesion         

step.[45, 163]  

 

 

Figure 30 Owing to their small mesh size, both MC/mucin hybrid gels as well as MC gel mixtures 
without mucin prevent penetration of E. coli trough the gels. 50 µL and even 25 µL of wound gel, 
corresponding to 3.57 mm and 1.79 mm of layer thickness respectively, were sufficient to prevent 
migration of GFP expressing E. coli from the upper to the lower chamber of 96 transwell plates 
with a pore size of 8 µm. The highest fluorescence intensity measured in the wells where no gel 
layer was applied (= positive control) is set to one. The bars represent the mean of 3 measurements 
and the error bars denote the standard deviation. 
 

In addition, the MC/mucin mixture can be enriched with further medically active 

anti-bacterial components other than mucin glycoproteins. As additional supplements, 

silver nanoparticles (Ag-NPs) could be interesting candidates as silver ions are known for 

their anti-bacterial properties and thus are already used as components in wound 

dressings.[164] To have an inhibitory effect on bacterial growth, the silver nanoparticles 

should be used in concentrations of at least 20 - 200 µg/mL depending on their size.[165] At 

those high concentrations, the nanoparticles might interfere with the gelation properties of 

the biopolymer mixture. Yet, when 200 µg/mL of 100 nm silver nanoparticles were added 

to the MC/mucin mixture, it was observed that the gelation behavior and the frequency-

independent viscoelastic behavior of the biopolymer solution remains basically the same 

(Figure 31a, b). This robustness of the thermoresponsive auto-gelation system might 

prove to be a striking advantage over other gel-inducing methods. 
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Figure 31 The viscoelastic properties of MC/mucin mixtures are robust towards incorporation of silver 
nanoparticles (Ag-NPs). (a) The virtually identical gelation behavior of the biopolymer mixture is observed 
when 200 µg/mL of silver nanoparticles are added to the hybrid gel. (b) The same is true for the frequency-
independent behavior of the viscoelastic moduli of the biopolymer mixture. Closed symbols represent the 
storage modulus G’ and open symbols denote the loss modulus G’’ . Both moduli of the gelation curve are 
shown for a probing frequency of 1 Hz. All symbols represent the mean of at least 3 measurements. 

 

3.2.7 Long Term Storage of Methylcellulose/Mucin Hybrid Gels  

Another key feature that makes the hybrid gel system very interesting for medical 

applications is the property that the MC/mucin solution can be frozen, stored at -20 °C and 

thawed again without losing its autogelation properties (Figure 32a) or its frequency-

independent viscoelastic behavior (Figure 32b). This finding underscores again the 

robustness of the thermoresponsive auto-gelation system, probably lowering costs due to 

longer durability. 
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Figure 32 The viscoelastic properties of MC/mucin mixtures are robust towards storage at -20 °C. (a) 
When the biopolymer mixture is stored in a frozen state at -20 °C for several days, its thermal autogelation 
properties remain unaffected. (b) The same is true for the frequency-independent behavior of the 
viscoelastic moduli of the biopolymer mixture. Closed symbols represent the storage modulus G’ and open 
symbols denote the loss modulus G’’. Both moduli of the gelation curve are shown for a probing frequency 
of 1 Hz. All symbols represent the mean of at least 3 measurements. 

 

3.2.8 Conclusion to Chapter 3.2 

By developing and characterizing a MC/mucin hybrid gel, it could be demonstrated that the 

antimicrobial properties brought about by the glycoprotein mucin can be combined with a 

mechanical adjuvant such as MC. The generated biopolymer hybrid system possesses thermal 

autogelation properties at physiological pH and selective permeability properties. The relatively 

low viscosity of this MC/mucin hybrid solution should allow for wetting the entire area of an 

uneven wound. The mixture also quickly forms a viscoelastic gel upon contact with warm body 

surfaces, thereby the hybrid material remains in place even at steep tilt angles. The final shear 

stiffness resembles that of soft tissue, but nevertheless, allowed the closure of a damaged cell 

layer covered by the hybrid gel due to its low cell adhesive behavior. All additives used here, i.e. 
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MC, glycerol, and NaCl, are cheap and Food and Drug Administration (FDA) approved, and the 

ready-to-use hybrid mixture with all its additives can be frozen at -20 °C for long term storage 

without losing its autogelation properties. In addition the MC/mucin hybrid system can be 

enriched with diverse medically active components such as interleukin-8 thus further tuning its 

properties. The selective properties of the gel can be harnessed to control the diffusive release of 

certain molecules – in dependence on the size and the charge of the molecules. However, by 

integrating thermoresponsive liposomes into the gel matrix, it was possible to use an increase in 

temperature, which triggers the gelation process, to induce at the same time delayed and 

prolonged drug release from the gel. With this mechanism a better control over drug release is 

achived. Provided that functional mucin with antimicrobial activity can be made available in 

sufficient quantities, the MC/mucin hybrid gel developed here may provide a powerful and 

versatile platform for the efficient treatment of different types of wounds, ranging from cuts and 

bruises to large open wounds occurring during surgery.  
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3.3 Orchestrated Nanoparticles for Tailored and/or Prolonged Drug 

Release  

The incorporation of temperature sensitive liposomes into the developed MC/mucin hybrid gel 

system allows to control drug release kinetics to some extent. However, for many pharmaceutical 

applications an orchestrated drug release at distinct time points, where different kind of 

therapeutic agents can be released, is necessary. A promising approach to achieve this goal is the 

liberation of molecules from NPs, which are embedded into a hydrogel matrix. Here, in a given 

hydrogel environment, the architecture of the NP determines the release kinetics of the 

encapsulated drug.[83] A further approach is to tune the chemical composition of the gel matrix 

to achieve control over the drug release kinetics. However, this would require tailoring the gel 

matrix for each drug separately. When several drugs are incorporated into one and the same gel 

matrix it is probably very difficult to find a gel composition which affects the release kinetics of 

all therapeutic agents as desired. Here, an inert agarose gel matrix was chosen, which does not 

influence the diffusion of molecules and small NPs. This agarose gel was then used to develop a 

complex drug release mechanism able to master the challenging task of tailored drug release. This 

drug release mechanism combines two different kind of NPs, which are incorporated into the 

agarose gel, where the release kinetics of one NP species directly influences the liberation of the 

other.  

 

3.3.1 Gold-Nanoparticle Release from Hydrogels 

The first step was to achieve a controlled release of NPs from a gel by triggering NP 

disaggregation (see Figure 33). NPs can not only be used to release drugs from their interior or 

exterior while trapped within a gel, but serve as potential drug carriers if they are mobile, i.e. be 

released from the gel over time. To accomplish this goal, it is necessary to use NPs, which are 

small enough so they can leave the gel by diffusion, but to generate relatively large NP-

aggregates, which are trapped in the gel matrix according to their increased size. 

In this thesis Gold-NPs (Au-NPs) were selected due to their unique physical, chemical, optical 

and electronic properties.[166] As a strategy for NP-aggregation, cross-linking by complementary 

DNA sequences was employed: such DNA-mediated NP-aggregates can be disassembled by 

adding complementary DNA sequences to the gel, which open the NP-cross-links through 

competitive binding. 
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Figure 33 Schematic illustration of the NP release mechanism from a gel. Gold nanoparticle aggregates 
are embedded into the gel environment and are stabilized by DNA cross-links, each formed by the 
hybridization of two cross-linking DNA sequences (crDNAs). In presence of displacement DNA (dDNA) 
the dDNA starts to bind to complementary crDNA sequences and thus dissolves the crDNA-mediated cross-
links. As a consequence, individual gold nanoparticles are removed from the aggregate, become mobile, 
and can leave the gel by diffusion.  

 

For the formation of DNA-mediated Au-NP-aggregates, two sets of DNA sequences (DNA1 and 

DNA2) were designed, each consisting of a cross-linking DNA sequence (crDNA), the 

corresponding displacement DNA (dDNA) and a non-complimentary sequence of the same length 

then the dDNA serving as a control (coDNA). After attaching the crDNA molecules to the surface 

of 5 nm Au-NPs through a thiol linker present at the 5’-end of the polynucleotide, the crDNA 

molecules are supposed to form cross-links between Au-NPs by hybridizing with complementary 

parts of other crDNA molecules attached to the surface of neighboring Au-NPs. To ensure 

sufficient stability of this hybridized DNA strands at physiological conditions, the sequences were 

designed such that they possesed a calculated melting temperature Tm > 37 °C (Table 1). Indeed, 

when those crDNA sequences were loaded onto a PAGE gel, a band at higher molecular weight 

was detected (indicating successful hybridization) – but not for coDNA (Figure 34).  

To meet the second requirement for the DNA-mediated (de)aggregation process, the dDNA 

sequences are designed to have a considerably higher affinity to the crDNA than the crDNA 

molecule to itself – which is indicated by the higher Tm values for the dDNA/crDNA 

polynucleotide hybrids (see Table 1). If this requirement is met, then the dDNA molecules should 

be able to displace one crDNA molecule from the crDNA/crDNA cross-link established between 

Au-NPs, thus inducing NP disaggregation. Consistently, also for dDNA, a band at higher 

molecular weight was found in the PAGE gel, which reflects both the ability of this 

polynucleotide sequence to hybridize with itself and the successful formation of a dDNA/crDNA 

complex at physiological conditions. In contrast, the coDNA constructs are designed to have only 

negligible affinity to the crDNA molecules and thus should be unable to hybridize, neither with 
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themselves nor with crDNA or dDNA polynucleotide sequences. Indeed, for the coDNA 

constructs, bands at higher molecular weight could not be detected. 

 

Figure 34 Properties of the designed DNA molecules. (a) Electrophoretic separation of SYBR Green I 
stained DNA mixtures indicates the hybridization efficiency of the different DNA mixtures. (b) Estimated 
minimum free energy secondary structures for the designed polynucleotide sequences at 37 °C. Each base 
is colored according to the probability at which it will assume the depicted paired or unpaired state at 
equilibrium. 

 

In a next step, it was tested whether the dDNA sequences can indeed dissolve crDNA-cross-linked 

Au-NP-aggregates when they are incorporated into agarose gels. Successful NP disaggregation 

could be followed visually as single Au-NPs and aggregates consisting of only a very few Au-NPs 

released from lager aggregates introduce red color into the gel (Figure 35) – similar to individual 

Au-NPs in solution before aggregation is induced.  
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Figure 35 DNA-mediated disaggregation of DNA-crosslinked Au-NP-aggregates. When incorporated 
into agarose gels, crDNA2-crosslinked Au-NP-aggregates can successfully be dissolved by dDNA2 at 
37 °C. Released Au-NPs introduce a red color into the gel, which makes it possible to visually follow the 
disaggregation process over time. Such a disaggregation process is, however, not observed when control 
DNA (coDNA) or the crDNA1/dDNA1 constructs are used. In all cases, heating the samples for 1 h to 
temperatures above the Tm of the corresponding crDNA induced full disaggregation.  

 

Surprisingly, even though both crDNA sequences induce efficient Au-NP-aggregation and both 

sets of DNA sequences should be able to form dDNA/crDNA complexes as suggested from gel 

electrophoresis, only crDNA2-cross-linked Au-NP-aggregates could be dissolved in presence of 

the corresponding displacement DNA (dDNA2). To demonstrate that crDNA1 cross-linked 

Au-NP aggregates can in principle be disaggregated as well, Au-NP aggregates incorporated into 

agarose gels were heated up to 80 °C for 1 h. Since this temperature is considerably above the Tm 

of 50.5 °C of crDNA1, thermal energy should be sufficient to induce disaggregation. As shown 

in Figure 35, this is indeed the case.  
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One possible explanation for the failure of dDNA1 molecules to induce such disaggregation of 

crDNA1 cross-linked Au-NP aggregates could be that this polynucleotide sequence might be able 

to form secondary structures at 37 °C, which are too stable to allow for efficient hybridization 

with the corresponding crDNA1 sequences within a reasonable period of time. Indeed, a 

calculation of free energy secondary structures for the different DNA sequences suggests that 

dDNA1 tends to from looped regions via intramolecular base paring, which first need to unfold 

before it can hybridize with the crDNA1 sequences (Figure 34b). This unfolding process may 

drastically slow down the kinetics of the crDNA1 displacement and therefore the disaggregation 

process. This might also be responsible for the observation that the bands from the PAGE analysis 

involving dDNA1 molecules are broader than those involving dDNA2, since secondary structures 

prevent polynucleotides from migrating strictly according to their size.[167] In this context, it is 

important to realize that the Au-NPs are probably stabilized via multiple crDNA/crDNA cross-

links between each pair of neighboring NPs. Thus, efficient dDNA/crDNA hybridization is 

required for triggering NP-aggregate disassembly. In contrast, such a secondary structure 

formation is very unlikely for the dDNA2 construct, which agrees with the high efficiency of this 

displacement DNA. Thus, for the remainder of this thesis, the second set of polynucleotides is 

used (crDNA2, dDNA2, coDNA2). 

 

3.3.2 Triggered Gold-Nanoparticle Release from Hydrogels 

Having identified a suitable set of polynucleotide constructs for the aggregation and 

disaggregation of Au-NPs, the next aim was to trigger this NP-disaggregation process by inducing 

a controlled release of dDNA molecules into the gel. As a depot for those dDNA molecules,  

liposome particles were chosen as they can easily be embedded into hydrogels [108] and can be 

loaded with a broad range of (macro)molecules including proteins, peptides, DNA, RNA, as well 

as hydrophilic and hydrophobic drugs [168, 169]. When searching for a simple external trigger to 

induce the release of incorporated molecules from liposomes, the previously presented system of 

temperature sensitive liposomes cannot be applied here: Temperature sensitive liposomes release 

preferably small molecules, since their lipid membrane becomes merely leaky if the ambient 

temperature matches their phase transition temperature but remains otherwise intact. The dDNA 

sequences used here are rather large, this prevents the usage of this simple temperature trigger. 

However, when a NP-loaded gel is brought in contact with the human body, not only the 

temperature may change, but also other external parameters such as the pH – provided that the 

gel is produced and stored at non-physiological conditions. Unfortunately, employing differences 

in pH as a trigger for inducing molecule release from liposomes is difficult: in the context of a 

wound a significant deviation of gel pH from physiological levels would lead to discomfort or 
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even tissue damage. In turn, designing a release mechanism based on minor changes in pH would 

be rather challenging. Instead, it is important to recall that molecules embedded into the gel will 

be able to leave the gel by diffusion when the gel is applied to a different and considerable lager, 

water-based environment. If the gel is loaded with a control molecule, the depletion of such a 

control molecule from the gel can be used to trigger liposome disassembly, e.g. by inducing an 

osmotic pressure. Thus, applying the gel onto a body surface serving as sink for such control 

molecules should induce the desired dDNA release, which in turn triggers NP release from the 

gel through disaggregation (see Figure 36). 
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Figure 36 Schematic illustration of the triggered NP release mechanism from a gel. Two different types 
of NPs are embedded into the gel environment: DNA-loaded liposomes and gold nanoparticle aggregates, 
the latter of which are stabilized by DNA cross-links (crDNA). A depletion of control molecules from the 
gel entails a build-up of osmotic pressure which triggers the bursting of liposomes and thus a release of 
displacement DNA (dDNA) into the gel. These dDNA molecules can then diffuse through the gel, bind 
complementarily to the crDNA sequences and thus dissolve the crDNA-mediated cross-links. As a 
consequence, individual gold nanoparticles are removed from the aggregate, become mobile, and can leave 
the gel by diffusion. 

 

Based on this idea, the gel was enriched with the small monosaccharide sorbitol. This molecule 

is harmless when applied to body surfaces but is not found in human tissue. As a consequence, 

when a sorbitol-enriched gel is applied to human tissue, the sorbitol molecules can leave the gel 
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over time by simple diffusion, as long as no interaction between the sorbitol and the gel matrix 

occurs. Here, due to the inert nature of the utilized agar gel, such simple diffusive flux can be 

assumed. However, to achieve osmotic balance as long as the agar gel is not exposed to another 

water-based environment, the dDNA loaded liposomes were also enriched with an identical 

concentration of sorbitol, which is unable to leave the interior of liposomes as long as they possess 

an intact lipid membrane. Thus, by depletion of the sorbitol molecules from the gel, an osmotic 

pressure will build up. Once a critical pressure is reached, the liposomes should burst and their 

incorporated cargo should be released into the agar gel. This release is independent of the size of 

the cargo and thus should also be suitable for the release of dDNA to trigger NP-disaggregation. 

As a proof of concept, DOPG liposomes were loaded with sorbitol and 1.5 mM of the fluorescent 

dye calcein and embedded into the gel. As shown in Figure 37a, after 72 h a ~3-fold higher 

calcein release from the agar gel is detected when an osmotic pressure is present compared to 

when osmatic balance is maintained, i.e. when the gel is layered with sorbitol-enriched PBS. This 

demonstrates that the build-up of an osmotic pressure by the depletion of a control molecule from 

the gel can indeed be a suitable trigger for the aim pursued here. 

 

 

Figure 37 Release of molecules from liposomes can be triggered by a build-up of osmotic pressure. (a) 
Calcein-loaded DOPG liposomes embedded into an agar gel release more cargo in the presence of osmotic 
pressure than under osmotic balance. The experiment was conducted at 37 °C. (b) At 37 °C, osmotic 
pressure can also efficiently induce the release of larger molecules such as DNA from liposomes. The 
amount of released DNA was determined 30 min after the depletion of the control molecule sorbitol was 
initiated. In both subfigures, the error bars denote the standard deviation as obtained from at least three 
independent experiments. 

 

To verify that such a build-up of an osmotic pressure is indeed sufficient to release dDNA from 

liposomes, dDNA2-loaded liposomes were diluted 1:10 with PBS, and dDNA release was 
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quantified in this liquid environment at 37 °C. The experiment showed that, even at osmotic 

balance a small amount of released dDNA is detected as well. A possible explanation could be, 

that liposomes are known to release their cargo if the lipid membrane spreads on a suitable 

surface; such a behavior is e.g. observed for DOTAP liposomes on silica [170] and could thus 

account for the low amount of dDNA release in the absence of osmotic pressure. In contrast, when 

osmotic pressure is present, a 4-5 times higher dDNA2 release can be observed (Figure 37b). The 

amount of liberated dDNA was >20 µM which should be sufficient to trigger NP disaggregation. 

Indeed, when an agar gel is enriched with both crDNA-cross-linked Au-NP aggregates and 

dDNA-loaded liposomes, the amount of released Au-NPs over a time period of several days is 

considerably higher in the presence of osmotic pressure (Figure 38a). In the control sample, i.e. 

at osmotic balance lacking the build-up of an osmotic release trigger, there is virtually no NP 

release detectable for the first 10 h. The occurring NP-release at later time points reflects the 

intrinsic life time of liposomes which are subjected to chemical and physical degradation,[171] and 

possibly the previously mentioned cargo release if the lipid membrane spreads on a suitable 

surface (such as the cuvette surface in which the experiment was conducted). 

 

 

Figure 38 Release of molecules and NPs from gels can be triggered by a build-up of osmotic pressure.  
(a) Osmotic pressure induced release of dDNA from liposomes triggered by a build-up of osmotic pressure 
leads to liberation of individual Au-NPs (or small Au-NP complexes) from the agar gel over time. (b) By 
supplementing the gel with positively charged polystyrene beads (PS) acting as charge traps, the triggered 
liberation of Au-NPs can be retarded. In both subfigures, the error bars denote the standard deviation as 
obtained from at least three independent experiments. 

 

In a further step, it was tested whether the onset of triggered NP-release can be delayed by 

implementing an additional control mechanism into the gel. As the dDNA molecules released 

from the liposomes need to reach the cross-linked NP-aggregates by diffusion, retarding the 
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diffusion of the DNA constructs through the gel could provide such a control mechanism. DNA 

molecules are highly negatively charged. Thus, distributing local ‘charge traps’ throughout the 

otherwise inert agarose gel matrix should give rise to a ‘sticky diffusion’ process of the DNA 

molecules as already observed for NPs in complex biological gels.[105] Experimentally, such local 

charge traps can be generated in the agar gel by adding positively charged polystyrene 

microparticles to the gel matrix. For this purpose, the size of those particles has to be large enough 

to ensure that they will be trapped in the gel. Then, the particles should engage in transient binding 

interactions with the diffusing DNA molecules thus retarding their diffusive spreading throughout 

the gel. Indeed such a behavior is observed: the onset of Au-NP particle release is delayed by 

compared to the gel formulation without polystyrene particles, and the strength of this effect 

depends on the concentration of particles added (Figure 38b). Though, if the binding strength 

between the polystyrene particles and the DNA molecules were too strong, the charge traps could 

permanently reduce the total amount of free DNA molecules. However, it can be observed that, 

at later time points, the amount of liberated NPs approaches the quantity released from the sample 

lacking charge traps. And after 2 weeks all samples reached the same release level of Au-NPs 

from the gel and remained on this final level for later time points, except for the highest 

concentration of polystyrene particles. Adding polystyrene beads in a ratio of 1:10 into the gel 

retards the amount of released Au-NPs so drastically that only a quarter of the ultimate amount 

of Au-NP release is reached after 2 weeks. However, from Figure 38b it is not clear, if the amount 

of liberated Au-NPs in presence of the highest concentration of charge traps will finally approach 

the level of the control at some point. However, a discrepancy is not expected, since all samples 

were prepared with the same amount of dDNA2 loaded liposomes and Au-NP-aggregates. Thus 

it can be assumed that, indeed, the dDNA molecules released from the liposomes are only retarded 

by the installed charge traps, and the amount of permanently trapped dDNA molecules is 

negligible.7 

 

3.3.3 Conclusion to Chapter 3.3 

Here, a mechanism was introduced, which combines a triggered build-up of osmotic pressure 

causing the rupture of liposomes and the subsequent liberation of synthetic DNA constructs to 

evoke NP disaggregation and thus release of individualized NPs from a hydrogel. Au-NPs were 

chosen as one possible NP species that can be released from a gel through diffusion following a 

disaggregation process. One reason for this choice is that those Au-NPs have been extensively 

studied in a biological and therapeutic context, and there are already several approaches, which 

                                                      
7 I want to thank Benjamin Käsdorf for pursuing the Au-NP release experiments and contributing data 
discussed in this part of the presented thesis.  
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make use of Au-NPs for the selective delivery of therapeutic agents.[172-175] Of course, the potential 

drug liberation system introduced here could also be transferred to other suitable drug carrier 

molecules/NPs – provided that they can be functionalized with DNA sequences. The combination 

of liposomes and cross-linked NPs already offers the possibility to release two types of 

molecules/particles at different time points. By depositing charge traps in the gel, it was possible 

to extend the time interval between DNA release into the gel and NP release from the gel. 

Furthermore, this time interval can also be modulated by tuning the amount of charge traps 

installed into the gel. 

A hydrogel system with a controlled and orchestrated drug release mechanism as demonstrated 

here would greatly benefit wound healing approaches since it allows for the release of different 

therapeutic agents at distinct time points but only requires a single treatment with such a gel. 

Thus, the otherwise typically performed sequential drug administration and the risks involved 

(unnecessary irritation of the wound caused by wound gel replacement and the increased infection 

risk during the procedure) could be avoided. Moreover, for internal wounds after surgery, where 

sequential administration is no viable alternative, the developed wound gel system offers a 

solution for orchestrated drug release. 

In addition to the orchestrated release of different drugs, the developed system could also be used 

to achieve prolonged drug release if liposomes and the NPs are loaded with one and the same 

therapeutic agent. This approach would thereby prevent a burst drug release, which is a common 

problem in pharmacokinetics.[176] 
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 Outlook 
In this thesis it was demonstrated that the antibacterial glycoprotein mucin can be combined with 

the mechanical adjuvant MC to genrate a biopolymer hybrid system, which possesses thermal 

autogelation properties at physiological pH and selective permeability properties. In addition to 

these selective permeability qualities, it could be shown that NPs such as thermoresponsive 

liposomes can be incorporated into this hydrogel to achieve controlled drug release from such a 

gel. Furthermore, DNA molecules released from liposomes into the gel after a triggered build-up 

of osmotic pressure were successfully used in combination with DNA cross-linked Au-NP 

aggregates to evoke NP disaggregation. This mechanism offers the possibility of orchestrated 

drug release, where the therapeutic agents can be released form the gel at distinct and well 

separated time points. 

In chapter 3.2 it was demonstrated that the developed thermoresponsive MC/mucin hybrid 

gel provides a powerful and versatile platform for the treatment of a variety of wounds - 

whether they are internal or external - and remains in place even at steep tilt angles. 

However, if certain applications require specific mechanical properties of the biopolymer 

mixture that differ from the so far realized viscosity, gelation kinetic or final shear 

stiffness, this should be adjustable. As discussed in chapter 3.2.1 the gelation kinetics can 

be tuned by choosing a MC variant of appropriate molecular weight: the lower the 

molecular weight, the faster the gelation. The final shear stiffness, in turn, can be adjusted 

by the MC concentration: higher concentrations result in an increase of the shear stiffness. 

However, it should be considered that both parameters, the viscosity and the shear 

stiffness, are a result of the molecular weight of the employed MC and its concentration, 

and both material properties have to be coordinated to match the detailed requirements. 

The viscosity of such a biopolymer mixture can also be increased, if necessary, by the 

addition of PEG,[177] which should due to its inert nature have no strong effect on the other 

gel properties. A situation different from wound treatment where strengthening the local 

human immune defense  with  the  hybrid  gel  would  be  highly desirable, can be found 

in patients at high-risk of preterm labor.[178] Here, the mucus plug sealing the entrance of 

the uterus can be compromised. This decreased barrier function of the mucus plug might 

facilitate intrauterine infections which in turn are thought to trigger preterm labor. 

Reinforcing the mucus plug of pregnant women with the MC/mucin solution should 

therefore lower the risk for preterm labor. For this application, the hybrid system offers 

the following features: Due to the viscous behavior of the biopolymer mixture at low 

temperatures, an elongated syringe could be used to deposit a drop of MC/mucin gel on 
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top of the compromised mucus plug, where it forms a stiff protective layer triggered by 

the temperature shift. Whereas boosting the protective function of compromised native 

mucus with a purified mucus component, the mucin glycoprotein, might appear to be an 

obvious choice, this is only possible by additionally harnessing the mechanical properties 

brought about by the adjuvant MC. Furthermore, MC cannot only provide the required 

gelation properties but is also not easily degraded by the human body, which should 

increase the lifetime of the applied MC/mucin protection layer thus reducing the necessity 

to repeat the treatment. The incorporated mucin, in turn, should reduce bacterial adhesion 

to the gel and prevent bacterial penetration into the uterus, hence decreasing the risk of 

intrauterine infections and preterm labor (see Figure 39). A next step towards a clinical 

application would be performing in vivo assays, preferably in mouse models, to investigate 

the clinical benefit of this method. Of course, also in this context, liberation of therapeutic 

agents, such as antibiotics, taking effect in situ over a prolonged time period may be of 

benefit for the patients.  

 

 

Figure 39 Schematic visualization of a compromised cervical mucus plug reinforced by the 
MC/mucin hybrid gel. Here, the MC/mucin hybrid gel could act as a protective layer against 
bacteria and viruses and could be enriched with drug-loaded nanoparticles. 
 

To achieve this goal of prolonged and even orchestrated drug release, the strategy presented in 

chapter 3.3, i.e. employing osmotic pressure sensitive liposomes loaded with DNA to initiate 

disaggregation of gold nanoparticle clusters trapped within a gel, could be employed. However, 
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this strategy may also allow for installing even more complex control mechanisms into hydrogels 

thus enabling the orchestrated release of different molecules/particles from the gel at well-defined 

and separated time points. One possibility for such further adjustment of the release process could 

make use of the tunability of liposomes: The lipid composition of liposomes affects their 

sensitivity towards osmotic pressure changes.[179] Furthermore, the sequences of the cross-linking 

and displacement DNA molecules can be varied. This offers additional opportunities to control 

the dynamics of the process, e.g. by tuning the binding affinity between the crDNA sequences or 

between the crDNA and the corresponding dDNA sequences, or by adding competitive 

constructs. Introducing another step into the release cascade, e.g. triggered by a displaced crDNA 

which is not bound directly to NPs, but cross-links two DNA sequences bound to the surface of 

neighboring particles, may even offer the possibility to release more than two types of 

molecules/NPs at different time points. Here, the displaced crDNA could be used to trigger 

disaggregation of another set of DNA cross-linked NPs incorporated into the gel, now serving as 

dDNA itself (see Figure 40). 
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Figure 40 Schematic illustration and molecular design of NPs cross-linked by DNA, to achieve 
orchestrated particle release initiated by osmotic pressure induced release of only one set of displacement 
DNA (dDNA) sequences from liposomes. (a) Depletion of sorbitol from the gel induces an increase in 
osmotic pressure, thus the dDNA molecules are released from the liposomes. This set of dDNA sequences 
(green and purple) now trigger by competitive binding the liberation of another DNA sequence (red), which 
previously cross-linked the first two NP species, thus initiating their disaggregation. The released 
cross-linking DND (crDNA), in turn, can now serve itself as dDNA for a third species of DNA cross-linked 
NPs, following the mechanism illustrated previously in Figure 33. Thus, their disaggregation starts delayed 
to the first NP species, and therefore the first and the last particle species can be released from a gel at 
distinct and separated time points. (b) depicts a possible molecular design and the envisioned interplay of 
the DNA sequences required for the mechanism shown in (a). For simplicity, the NPs depicted here are 
only cross-linked by a single DNA linker; in reality, each NP is likely form multiple cross-links with other 
NPs. 
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Another release mechanism making use of DNA molecules and NPs to achieve control over drug 

release kinetics, can be realized by the combination of mesoporous silica nanoparticles (MSNs) 

functionalized with smart DNA molecule-gated switches.[180] Here, the DNA sequences grafted 

onto the MSN surface are only able to hybridize and block the pores of the MSNs in presence of 

Ag+ ions, e.g. by bridging cytosine (C) mismatches through the formation of C − Ag+ − C 

structures. Therapeutic agents trapped within the MSN can then be liberated over time by 

depletion or competitive displacement of Ag+ ions, e.g. triggered by the addition of 

thiol-containing molecules such as dithiothreitol (DTT). In addition to therapeutic agents, these 

DNA gated MSNs could be loaded with dDNA, initiating the previously described disaggregation 

of DNA cross-linked Au-NPs (see Figure 41).  

 

 

Figure 41  Schematic illustration of the release mechanism of displacement DNA from DNA-gated 
mesoporous silica nanoparticles after depletion of silver ions (Ag+).8 

 

These two additional release mechanisms of displaced and released crDNA serving as dDNA 

itself, and the DNA gated MSNs regulated by Ag+ ions, in combination with the previously 

discussed system of osmotic pressure sensitive liposomes and DNA cross-linked Au-NPs, offers 

now theoretically the possibility to design a five-step release process from a gel. For this purpose, 

the wound gel has to be enriched with sorbitol and Ag+ ions and loaded with liposomes, several 

DNA cross-linked Au-NP species and with DNA-gated MSNs. The crucial point here is that the 

liposomes have to be loaded with Ag+ ions in addition to the first set of dDNA sequences 

                                                      
8 Figure adapted from: He, D., et al., Reversible stimuli-responsive controlled release using mesoporous 
silica nanoparticles functionalized with a smart DNA molecule-gated switch. Journal of Materials 
Chemistry, 2012. 22(29): p. 14715-14721.  
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(initiating, once released by osmotic pressure, the mechanism shown in Figure 40). This is 

necessary, to compensate for the depletion of Ag+ from the Ag+ enriched gel after application, at 

least until the liposomes are depleted themselves. Thus, in theory five different 

molecules/particles could be liberated from the gel at distinct time points: the first drug is released 

from the liposomes, the second and third in form of disaggregated Au-NPs, the fourth from 

DNA-gated MSNs, and the last drug again in the form of disaggregated Au-NPs since the MSNs 

can be loaded with both, a therapeutic agent and a crDNA sequence (see Figure 42). However, 

the detailed order in which the drugs are released here, will depend on the dissociation constant 

of Ag+ ions bound to C:C mismatched base pairs: the MSNs have to release their content after the 

final Au-NP disaggregation process took place. However, whereas the dissociation constant 

cannot be manipulated easily, the number of C:C mismatched base pairs of the DNA locking the 

MSN pores can be tuned. Each C:C mismatched base pair should contribute cumulatively to the 

average time necessary to separate two annealed DNA strands. Thus, the release time of cargo 

from the MSNs should scale with the number of C:C mismatches, since Ag+ ions and C:C 

mismatched base pairs possess stoichiometric binding without interference and negative 

cooperativity.[181] 

In addition, fine-tuning of the different drug release kinetics could be realized by altering the 

biopolymer hydrogel matrix itself into which the NPs are incorporated. Here, the same mechanism 

of electrostatic interaction, utilized in chapter 3.2.4 to retard the diffusion of positively charged 

DEAE-dextrans and in chapter 3.3.2 to retard the diffusion of DNA constructs through the gel by 

the distribution of oppositely charged traps throughout the gel, could be employed: the polymers 

that constitute the hydrogel could be modified by attaching positively or negatively charged 

molecules covalently to the polymer backbone, as required. With this approach, one could 

distribute charge traps of either charge very homogeneously throughout the matrix while 

maintaining the overall hydrophobic character of the polymers that allows for triggering gelation 

by an increase in temperature. Charge traps of negative charge could be used to retard the 

depletion of Ag+ ions form the gel and thus the opening of the pores of the DNA-gated MSNs. 

Polymers possessing positively charged motifs, in turn, should retard the diffusive spreading of 

negatively charged DNA constructs, which are used to initiate Au-NP disaggregation. However, 

such positive charge traps will retard the diffusion of all DNA molecules. For a more specific 

diffusive retardation of certain DNA constructs, DNA molecules which match (to some extent) 

the DNA sequence of the target DNA construct (i.e. that construct  whose distribution should be 

retarded by transient binding) could be attached to the polymer backbone constituting the gel 

matrix instead of positively charged molecules. Possibly, polymers modified with different DNA 

molecules could be used within one and the same gel to specifically retard the diffusion of several 
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DNA constructs thus tuning the kinetics of multiple Au-NP disaggregation processes at the same 

time. 

The benefit for medical applications realizing such a tunable drug release system would be 

enormous. However, the complexity of the presented setup will probably give rise to new 

challenges, which have to be addressed in the future. 
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Figure 42  Schematic illustration of the interplay of nanoparticles within a hydrogel for orchestrated drug 
release. (a) Molecular mechanism of the interplay between liposomes, DNA cross-linked Au-NPs and DNA 
gated MSNs. Here, each NP is loaded with a different type of therapeutic agent. (b) shows the theoretically 
possible drug release kinetics of the five drug molecules, at well-defined and separate time points, which 
can be achieved with the setup shown in (a). 

 

 



91 
 

 Appendix 
Table A1 Results from mass spectroscopy analysis of the additional band of ECM1. Database: NCBInr 
20140323, Taxonomy: Mus musculus, Type of search: Peptide mass fingerprint, Enzyme: Trypsin 

 Mass Score Expected Matches 
gi|52858 37712 63 0.087 8 
Hartl,L., Oberbaumer,I. and Deutzmann,R., The N terminus of laminin A chain is homologous to the B 
chains, Eur. J. Biochem. 173 (3), 629-635 (1988) 
gi|74224878 37746 46 4.1 8 
gi|400977322 58595 31 1.5e+02 8 
gi|111305466 63060 27 3.7e+02 7 
gi|119226206 11651 45 5.2 5 
gi|6531381 10720 32 1.2e+02 4 
gi|74152705 12396 43 9.1 4 
gi|74224092 15468 36 39 4 
gi|148666045 54791 34 63 6 
gi|15126700 33604 33 87 6 
gi|19353516 48696 26 4.7e+02 6 
gi|26346418 48757 26 4.7e+02 6 
gi|269308251 48742 26 4.7e+02 6 
gi|148694651 3714 33 95 2 
gi|9837303 12897 32 1.2e+02 3 
gi|347943574 6034 31 1.3e+02 3 
gi|12853295 22326 30 1.7e+02 4 
gi|18845005 17541 30 1.9e+02 4 
gi|159162515 14644 30 1.9e+02 3 
gi|148685215 33776 29 2e+02 4 
gi|83627687 11276 29 2.2e+02 3 
gi|289526642 4440 29 2.3e+02 2 
gi|568912134 54738 29 2.3e+02 5 
gi|568912132 55153 28 2.4e+02 5 
gi|568912128 55368 28 2.5e+02 5 
gi|568912108 60167 27 3.5e+02 5 
gi|568912106 60582 27 3.7e+02 5 
gi|568912104 60796 27 3.8e+02 5 
gi|568912102 61195 26 3.9e+02 5 
gi|568935374 102356 28 2.4e+02 6 
gi|26343501 108941 27 3.1e+02 6 
gi|164519057 108914 27 3.1e+02 6 
gi|2558835 108928 27 3.1e+02 6 
gi|50511047 64568 28 2.5e+02 6 
gi|18044474 55932 28 3e+02 5 
gi|67010061 56108 27 3.2e+02 5 
gi341940401 55727 27 3.6e+02 5 
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DOPE-Rhod 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)  

DOPG  1,2-dioleoyl-sn-glycero-3-phospho-(1’rac-glycerol) 

DOTAP  1,2-dioleoyl-3-trimethylammonium-propane 

Dox  doxorubicin 
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IMDM  Iscove’s Modified Dulbecco’s Medium 

MALDI  matrix-assisted laser desorption/ionization 

MC  methylcellulose 

MFE  minimum free energy 

MSD  mean-square displacement 

MSN  mesoporous silica nanoparticles 

NaCl   sodium chloride 

NaN3  sodium azide 

NaOH   sodium hydroxide 

NP  nanoparticle 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate-buffer saline 

PBS-2MS PBS containing 2 M sorbitol 

PDGF  platelet-derived growth factor 

PDI  polydispersity index 

PDMS  polydimethylsiloxane 

PEG   polyethylene glycol 

PFG-NMR  pulsed-field-gradient nuclear magnetic resonance 

PMSF  phenylmethane sulfonyl fluoride 

PS  polystyrene beads 

RT  room temperature 

SDS  sodium dodecyl sulfate  

SEC  size exclusion chromatography 

SEM  scanning electron microscopy 

TAMRA carboxytetramethylrhodamine 

TBE  tris-Borat-EDTA 

TCEP  tris-(2-carboxyethyl)-phosphin hydrochlorid 

TGF-ß  transforming growth factor-beta 

TiO2  titanium dioxide 

TOF  time-of-flight  
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