
                                                                                                                                     

DEPARTMENT OF MECHANICAL ENGINEERING 

 

 

 

Selective permeability properties of a 

basal lamina model system  

 

 

 

a thesis  

presented by 

 

Fabienna Arends 

 

 

 

 

TECHNISCHE UNIVERSITÄT MÜNCHEN 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

                                                                                  

Fakultät für Maschinenwesen 

 

Professur für Biomechanik 

 

Selective permeability properties of a basal lamina 

model system 

 

Fabienna Arends 

 

Vollständiger Abdruck der von der Fakultät für Maschinenwesen der 

Technischen Universität München zur Erlangung des akademischen Grades 

eines 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

genehmigten Dissertation. 

 

Vorsitzender: Univ-Prof. Dr. Wolfgang A. Wall 

Prüfer der Dissertation:  

1. Univ-Prof. Dr. Oliver Lieleg 

2. Univ-Prof. Dr. Friedrich C. Simmel 

 

 

Die Dissertation wurde am 27.08.2015 bei der Technischen Universität 

München eingereicht und durch die Fakultät für Maschinenwesen am 

16.12.2015 angenommen. 



 

 

 



 

 

Summary 

Biological filters establish a selective permeability towards the passage of beneficial and harmful 

molecules in the human body. One example for such a selective filter is the vascular system 

consisting of a cell layer, the endothelium, and a thin extracellular matrix at the basolateral side 

of the endothelium, the basal lamina. This matrix separates the underlying cells from the 

connective tissue, mechanically supports the cells and passes signals bidirectionally between the 

endothelium and the connective tissue. Moreover, the basal lamina serves as a molecular filter for 

compounds passing from the blood stream into the connective tissue and vice versa. Despite the 

important function of the basal lamina for the body, the detailed physical mechanisms responsible 

for this selectivity are still not fully understood. An in-depth knowledge about the barrier function 

would help to design drug carriers which either harness or avoid binding interactions with the 

basal lamina.  

In this thesis, commercially available basal lamina gels were analyzed to explore both, the 

physical interactions and the basal lamina components participating in the selective filtering 

process. First, particle diffusion studies with uncharged polystyrene particles were performed in 

those gels. The diffusion experiments showed that the mesh size, which sets the size cutoff for 

particles passing through those basal lamina gels, depends on the concentration of the crosslinking 

molecule entactin. In another set of diffusion studies performed at high salt concentrations, it was 

shown that a combination of hydrophobic and electrostatic interactions is responsible for the 

trapping of charged polystyrene particles. Moreover, the mobilization of trapped particles was 

dependent on the salt concentration as well as on the salt species. In addition, transient binding 

events of the polystyrene particles to the basal lamina gels were observed at high ion 

concentrations in combination with two distinct types of binding to the network: weakly bound 

and strongly bound particles where a strongly bound state was attributed to the simultaneous 

binding of the particles to several filaments of the network. A microfluidic setup was designed to 

test the diffusive transport of molecules from a buffer compartment into the basal lamina. It was 

shown that positively charged molecules accumulated at the basal lamina/buffer interface whereas 

for negatively charged molecules of equal size no such behavior was observed. Moreover, the 

height of the accumulation peak depended on the amount of positive charge present on the 

molecules. These findings were reproduced by a simple diffusion-reaction model in which 

molecules were able to transiently bind to the gel with high and low affinity, respectively. The 

simulations showed that the height of the accumulation peak was set by the binding affinity of the 

molecules to the gel. In a last step, the diffusive spreading of the test molecules in an in vivo tissue 

were compared to the results obtained in the microfluidic chip. It was verified that the in vitro test 

setup correctly reproduces key results obtained from in vivo experiments in the cremaster muscle 

of living mice. 

The findings presented here extend our understanding of the physical mechanisms underlying the 

selective permeability of the basal lamina. In the future, this might help to design new drug 

carriers with surface modifications which allow them to interact with the basal lamina in a desired 

way and to test these new designs in a microfluidic setup which reproduces key results from in 

vivo experiments. 
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 Introduction 
 

In the human body, complex barriers prevent the entrance and distribution of foreign compounds 

such as bacteria, viruses and other pathogens. These barriers include the skin, the oral cavity, the 

gastrointestinal tract, the blood-brain-barrier, and the vascular system [1-6]. The skin is one of 

the largest and in most cases the first barrier for compounds from the outside. The outer layer of 

the skin, the epidermis, consists of several layers of epithelial cells and comprises a physical as 

well as a chemical/biochemical barrier [1]. The basal cell layer of the epidermis is coated by a 

thin extracellular matrix (ECM), the basal lamina, which sets the borderline to the connective 

tissue of the dermis [7]. In addition to the protective function of the skin, it also has a regulatory 

function: the skin allows for uptake of oxygen and prevents the loss of water from the underlying 

tissue [1]. Another example for a complex biological barrier in the human body also comprising 

a cell and a basal lamina layer is the blood-brain-barrier [5]. The blood-brain barrier protects the 

brain tissue from pathogens and neurotoxic molecules whereas it allows the passage of other 

molecules such as hormones from the blood stream into the cerebrospinal fluid [8]. To show such 

a selectivity towards molecules, i.e. deciding which of them are allowed to pass and which are 

rejected from passing, an advanced molecular filter is needed. Most molecules are excluded from 

the surrounding extracellular space by the tight junctions between the endothelial cells which line 

the inner side of the blood vessels [8]. If the tight junctions between the cells are impaired, the 

basal lamina becomes directly accessible for blood compounds. A similar structure is present in 

the vascular system. Here, the first barrier is set by endothelial cells which are again coated by a 

thin layer of basal lamina [7]. In the vascular system, the passage of beneficial molecules such as 

nutrients, growth factors, proteins, hormones or polysaccharides from the blood stream into the 

connective tissue is mostly regulated by the endothelial cells [6,9,10]. However, for molecules 

entering from the connective tissue into the blood stream, first the basal lamina is encountered 

before they reach the endothelial cells. Although these barriers are found at different locations in 

the body, they all share a common structure: a cell layer, either endothelial cells or epithelial cells, 

coated by the basal lamina. 

The basal lamina is a thin matrix located at the basolateral side of the epithelium or the 

endothelium, thus separating these cells from the surrounding connective tissue [7]. The basal 

lamina consists of different types of biopolymers, most of them are secreted by the underlying 

cells [7]. The main constituents of the basal lamina are laminin, collagen IV, perlecan, and 

entactin (nidogen) [11,12]. Laminin is a protein mainly found in basement membranes such as 

the basal lamina and it is composed of three polypeptide chains: α-chain, β-chain and γ-chain. 

The three chains assemble into a cross-like structure as illustrated in Figure 1. Laminin self-

assembles into a sheet-like structure which is anchored to the underlying cell layer via integrin 

interactions [13,14]. Collagen IV is a type of collagen mostly found in the basal lamina and it 

assembles similar to collagen I into a helix [15]. Type IV collagen also self-assembles into a sheet-

like structure but has no direct interaction with laminin. Both, laminin and collagen IV, bind 

perlecan as well as entactin (nidogen) which both act as crosslinkers between the two sheet-like 

structures (Figure 1), thus building the complex structure of the basal lamina [16]. 

In addition to the task of building a complex structure and to anchor itself to the underlying cell 

layer, all of these basal lamina components fulfill tasks concerning the fate of the cells: laminin, 
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in combination with collagen IV supports cell attachment, differentiation, migration and growth 

[17]. It was suggested that type IV collagen and laminin together with fibronectin are involved in 

the formation of tight junctions [18]. Both, laminin and collagen IV also maintain the mechanical 

stability of the basal lamina [7]. The proteoglycan perlecan consists of a core protein at which 

heparan sulfate (HS), a heavily charged glycosaminoglycan, is attached. In addition to the 

function as a crosslinker between laminin and collagen IV, perlecan and in particular the heavily 

charged HS chains act as a molecular filter and are responsible for the hydration of the matrix 

[19-21]. 

 

 

Despite the important function of the basal lamina for the body, the physical mechanisms 

responsible for the selectivity of this extracellular matrix still remain largely unknown. A detailed 

knowledge of those interactions are in particular interesting for the design of new drug carrier 

vehicles. Advanced drug delivery uses drug carrier vehicles instead of the direct administration 

of drugs. Those drug carriers have several advantages over the direct application of drugs: First, 

the drug carriers embed the drug and protect it from the surrounding body environment such as 

the gastric acid and blood compounds. Thus, the drug carrier ensures that the drug is not directly 

degraded by the body and, additionally, that the drug does not affect the body on the route to the 

intended site [22]. Second, an advantage of drug carriers over the directly applied drug is that 

Figure 1. (A) Molecular structure of the basal lamina: The main components are laminin, 

collagen IV, perlecan, and entactin (nidogen). (B) Collagen IV and laminin self-assemble into 

networks which are connected via entactin and perlecan. Laminin also binds to integrins which 

are anchored in the plasma membrane. Figure taken from [7] with kind permission of Garland 

Science. 



1 Introduction 

 

3 

 

 

drug carriers can exhibit other physical and chemical properties than the drugs which are 

incorporated. As an example, drug carriers can possess a hydrophilic surface whereas the drugs 

embedded in the drug carrier can be hydrophobic. This can results in a faster uptake of the drug 

carriers compared to the drug alone. In some situations it might be advantageous to have a stable 

drug concentration over time instead of a concentration peak, e.g. directly after application. This 

can be realized by designing drug carriers with prolonged drug release [23]. However, the drug 

carrier is, depending on the route of administration, still present in the whole body and can interact 

with various body parts. Thus, the next step in the design of drug carriers is to target only specific 

regions of the body whereas all other regions are unaffected by the drug carriers. This is also 

referred to as targeting drug delivery. There are several questions which have to be asked when 

drug carriers should be designed for targeting drug delivery [24]: Which route of administration 

is chosen? Which drug should be embedded? What is the tissue of interest? Which body barriers 

have to be passed? 

One example for targeting drug delivery is the specific targeting of tumors. Drug carriers are often 

injected intravenously, thus the vascular system is the barrier which the drug carriers have to pass. 

Here, the passage of drugs/drug carrier vehicles from the blood stream into the adjoining tissue is 

primarily regulated by the endothelial cells. However, in most cases the endothelium around 

tumors is leaky as sketched in Figure 2. This is also known as enhanced permeability and retention 

effect (EPR) [25-27]. Since the barrier function of the endothelium is impaired by the tumor, the 

basal lamina is directly accessible for compounds from the blood stream. In such a scenario, the 

passage of drug carrier systems and their incorporated drugs is regulated by the basal lamina. The 

basal lamina becomes even more important in tumors since they usually show an increased 

production of ECM [28].  

 

Figure 2. Schematic representation of a leaky endothelium. The tight junctions between the 

endothelium cells are opened due to a tumor in the vicinity of the blood vessel. This allows 

compounds from the blood stream such as growth factors, proteins and hormones to enter into the 

adjacent tissue. This also opens a route for drug carriers which are supposed to treat the tumor. 

 

To efficiently pass the basal lamina barrier the physical interactions between drug carriers and 

this complex multi-component ECM need to be known. Possible physical interactions include 

steric hindrances, electrostatic interactions, hydrophobic interactions or specific binding motifs. 

The following parameters of the drug carriers can be tuned during their production to overcome 

or to promote interactions with the basal lamina: the choice of the material, the size, the shape, 

and the surface modifications of the particles [29]. To efficiently tune these parameters, the 

detailed physical mechanisms responsible for the interactions as well as the basal lamina 
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components which play a role need to be identified. The easiest type of interaction to overcome 

are steric hindrances imposed by the mesh size of the basal lamina. Here, the size of the drug 

carrier must be adjusted to be smaller than the mesh size. Electrostatic interactions can be 

prevented by a passivation of the particle surface groups. In most cases this is realized by binding 

polyethylene glycol (PEG) to the surface of the drug carrier. If electrostatic interactions are meant 

to harness, charged groups can be deposited on the particle surface. Similarly, specific binding 

molecules can be introduce which bind to certain motifs of the basal lamina. Hydrophobic 

interactions can be prevented by hydrophilic surfaces or surface modifications of hydrophobic 

drug carriers. For this, also a PEGylation of the particle surface is employed. Thus, there are ways 

to circumvent electrostatic and hydrophobic interactions, nevertheless an in-depth knowledge 

about the basal lamina components which constitute the electrostatic or hydrophobic interactions 

together with the strength of these interactions will result in various new design possibilities for 

drug carrier vehicles.  

To evaluate the sort of interactions together with the strength of the interactions in vivo testing is 

not feasible. In addition to the parameters of interest, there are a wealth of other parameters which 

are in part unknown or impossible to influence from the outside. This makes the analysis of 

experiments conducted in vivo very hard. Furthermore, to evaluate the strength of an interaction, 

particles with only slight differences have to be tested in a systematic manner. Doing this in vivo 

would result in hundreds to thousands of animals needed to perform the tests. Thus, the life of 

many animals would be sacrificed only to study one parameter. In contrast, a robust in vitro setup 

which correctly predicts the in vivo outcome can be employed to conduct thousands of 

experiments without the ethical problems associated with animal tests. The first challenge for 

such an in vitro setup is to model the tissue of interest. The preferable way would be to purify the 

tissue from the organism one is interested in. For the basal lamina a well-established model system 

is an extracellular matrix purified from the Engelbreth-Holm-swarm sarcoma [30,31]. It was 

shown that this ECM maintains its biological activity and promotes cell adhesion, differentiation 

and migration [32]. Experiments with this ECM gels, conducted in a bulk setting showed that the 

mesh size of this gel is in the order of micrometers [33]. Another set of experiments showed that 

ECM gels show a high selectivity for nanoparticles based on their charge. Heparan sulfate was 

identified to mediate the selectivity towards positively charged polystyrene particles [33]. Until 

now, the ECM component responsible for the trapping of positively charged particles remains 

unknown as well as the screening for other physical interactions, such as hydrophobic 

interactions.  

The second challenge for such an in vitro setup is to match the in vivo environment: the diffusive 

entry of particles into the ECM at the interface between the basal lamina and a liquid phase (such 

as the blood stream) cannot be characterized in the bulk experiments mentioned above. In addition 

to the diffusion behavior of nanoparticles also the spreading of encapsulated drug molecules, once 

they are released, is of great interest [34]. One promising approach for the realization of such 

predictive in vitro experiments is microfluidics [35,36]. There are already a broad range of 

experimental settings in which such an approach is used, e.g. for the design of a cardiac tissue 

model [37], for the investigation of nanoparticle translocation across a permeable endothelium 

[38] or through a endothelial/epithelial double layer simulating the biological interface in alveoli 

[39]. Those chips are able to reproduce key results obtained in living tissue in an in vitro setting 

although their setup is strongly simplified: to date, most of those microfluidic penetration assays 

mainly focus on the barrier function of the cell layer and neglect the influence of the adjacent 
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biopolymer matrix. This is partly due to the fact that it is technically challenging to deposit a soft 

biopolymer gel on a microfluidic chip in such a way that a stable gel/liquid interface is generated 

which can be used for a penetration experiment. First realizations of such a molecular penetration 

experiment with a biopolymer gel have been achieved for mucin gels [40,41], but are still lacking 

for other gels such as the basal lamina.   

The following key questions are tackled in this thesis:  

 How does the molecular composition of basal lamina gels influence the biophysical 

properties of the gels? 

 Are there, in addition to electrostatic interactions, other physical interactions responsible 

for the trapping of nanoparticles? 

 Are the same selective properties obtained, when nanoparticles are substituted by 

molecules with an approximated size of a few nanometers?  

 Are there differences between the in-bulk diffusion of test molecules and their diffusive 

transport across an interface?  

 Do results obtained with a simplified in vitro microfluidic setup successfully predict the 

outcome of in vivo experiments? 

In Section 4.1 of this thesis, the biophysical properties of basal lamina gel preparations obtained 

from four different suppliers are used as a platform to investigate how these properties depend on 

the biochemical composition of the gels. The motility of differentiated HL-60 cells in those gels 

are analyzed, the Brownian motion of nanoparticles in the gel and the viscoelastic properties of 

the gels are quantified, and their biochemical constitution and microstructure are compared. 

Although all gel variants tested have been purified from the same tumor tissue of mice, strong 

differences in the gel properties ranging from decreased permeability to increased stiffness and 

mild cytotoxic behavior are detected. Those differences in the gel properties can be traced back 

to small variations in the molecular composition of the gel preparations which lead to differences 

in the gel architecture. 

In Section 4.2, it is demonstrated that a combination of generic electrostatics and ion-specific 

interactions gives rise to an efficient but tunable immobilization of colloids in basal lamina 

hydrogels. It is shown that if the interaction strength between the colloids and the gel is 

sufficiently weakened by increasing the salt concentration of the hydrogel buffer, transient escape 

events of trapped particles occur on a time scale of several seconds. As a consequence, a particle 

ensemble can be divided into two general subsets: either mobile or immobile particles. 

Quantitative parameters obtained from the mean squared displacement (MSD) confirm this 

classification. It is further shown that the trapping efficiency of colloids depends not only on the 

ion concentration but also on the ion species demonstrating the relevance of ion-specific effects 

for the hydrogel permeability. 

In Section 4.3, a microfluidic assay for the quantification of the diffusive transport of molecules 

across basal lamina interfaces is presented. The penetration efficiency of different fluorescent 

molecules such as dextrans with different molecular weights and net charges as well as 

customized peptides are analyzed. In this microfluidic setup, those molecules accumulate at the 

gel/buffer interface in a charge selective manner in full agreement with model calculations 

considering transient binding of molecules to the gel components. In vivo microinjection 

experiments conducted in mice show a similar charge selective accumulation of those molecules 
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around blood vessels and a colocalization with collagen IV, a key component of the basal lamina. 

Thus, the in vitro setup presented here successfully predicts the selective transport of molecules 

across this biological barrier.  
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 Material 
 

2.1 Basal lamina  
To conduct predictive in vitro experiments the in vivo situation should be modeled as closely as 

possible. Accordingly, it is best to use materials purified from the site of interest. In this thesis, 

the focus lies on the permeability properties of the basal lamina. Therefore, a model system for 

native basal lamina gels is needed. Since the basal lamina constitutes only a very thin sheet of a 

few hundred nanometers in vivo, it is very challenging to purify this matrix at reasonable amounts. 

However, the Engelbreth-Holm-Swarm sarcoma in mice is known for a high production of ECM 

which led to the commercial purification of ECM from this tumor according to the protocol 

established by Kleinman [31,32]. This commercially available ECM contains approximately 

56 % laminin, 31 % collagen IV and 8 % entactin1 which is close to the fractions found in native 

basal lamina. In addition to matching the composition compared to native basal lamina also the 

biological activity is maintained: cells cultured in this ECM show enhanced proliferation and 

differentiation compared to normal cell culture or when collagen is used as a matrix [42].  

2.1.1 ECM comparison 

ECM purified according to Kleinman’s protocol [31,32] can be bought by several vendors. 

However, contradictory results are obtained depending on which supplier is chosen. This 

motivated the first part (Section 4.1) of this thesis in which growth factor reduced ECMs from the 

following four suppliers were used: Sigma-Aldrich (ECM1), BD Bioscience (ECM2), Trevigen 

(ECM3) and Life Technologies (Invitrogen) (ECM4). The protein concentration of the ECMs was 

matched to 3.5 mg/mL by dilution with Iscove’s Modified Dulbecco’s Medium (IMDM, PAA 

Laboratories GmbH, Pasching, Austria). A second batch of ECM2, ECM3 and ECM4 was used 

to check the experimental outcome. However, no second batch of ECM1 was available. Thus, a 

non-growth factor reduced gel from the same vendor was used to reproduce the experimental 

results except the cell migration studies, since the additional growth factors may influence the 

outcome of this experiment and it would not be comparable to the results obtained before. 

2.1.2 Ion-specific effects 

The second study (Section 4.2) did not include cells and was based on a study conducted before 

[33]. Accordingly, the same ECM vendor, Sigma-Aldrich, was here chosen. For the experiments, 

the ECM was thawed on ice and afterwards diluted 1:1 with MEM-α (Minimum Essential 

Medium Alpha, Invitrogen, Karlsruhe, Germany; salt content: 117 mM NaCl, 26 mM NaHCO3, 

5 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4; pH 6.8) to a final protein concentration of 4.3 

mg/mL. The ionic strength was adjusted with different salts as indicated in the individual 

experiments. The addition of high amounts of salts can lead to a change of pH which could change 

the properties of the gel. Therefore, the pH was checked after the addition of the various ions but 

no significant change was observed. Moreover, macrorheological tests showed that the gelation 

of ECM was not impaired by the ionic conditions used here and the structural integrity of the 

sample was inspected by phase contrast microscopy. To induce gelation, all samples were 

incubated at their final protein concentrations in presence of the respective test particles at 37°C 

                                                      
1 According to the manufacturer’s information 
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for 30 min. For all ionic conditions tested here, it was ensured that no increased particle 

aggregation compared to low-salt conditions occurred. 

2.1.3 Microfluidics 

For the microfluidics study in Section 4.3, growth factor reduced ECM was again obtained from 

Sigma-Aldrich at a protein concentration of 7.37 mg/mL. This choice was made since the 

permeability properties of this gel variant towards polystyrene particles and liposomes have been 

investigated in this ECM before [33,43,44]. Prior to the experiments, the ECM was thawed on ice 

for several hours. It was used undiluted since a high mechanical strength is advantageous when 

buffer is filled into the chip perpendicular to the gel (see Section 3.5 for more details). A volume 

of 2 µL was inserted into the microfluidic device through inlet 1 (see Figure 5) by carefully 

pipetting with a pipette having a volume range from 0.1µL to 2.5 µL. This pipette has a high 

piston stroke length which facilitated the proper filling of the channel. 

 

2.2 Test particles and molecules 

 

 

Throughout this thesis the diffusion of test particles and molecules was studied. As test particles 

fluorescent polystyrene beads with distinct surface properties were used. Those particles have a 

size on the order of a few hundred nanometers which makes them suitable for single particle 

tracking (see Section 3.2). With this method diffusion coefficients of single particles are obtained 

and local differences in the diffusion of those particles can be quantified. In contrast, dextrans and 

peptides have a Stoke’s radius of only a few nanometers which enables them to diffuse faster than 

the polystyrene particles and also enter into regions which are inaccessible for the large particles. 

The peptides are customized such that the amino acid sequence was given by the customer which 

results in a detailed knowledge about the charge density and the charge distribution of the peptides 

whereas both is unknown for the polystyrene particles. Since both, dextrans and peptides, are very 

small single particle tracking is not applicable and only an ensemble averaged diffusion 

coefficient can be obtained.  

2.2.1 Test particles for the ECM comparison 

In Section 4.1, positively charged, negatively charged and neutral particles were used to determine 

differences in the diffusion behavior depending on the particle charge. Since the mesh size of 

ECM1 was determined to be 1-2 µm [33], 200 nm-sized fluorescent polystyrene latex particles 

were used for the single-particle tracking experiments. The particles were obtained from 

Figure 3. Three different sorts of test particles were used: Polystyrene particles, dextrans (glucose 

units illustrated in black, FITC molecules indicated in green) and peptides. The net charge given 

for the molecules is a theoretical estimation.  
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Invitrogen. It was not possible to obtain neutral (PEGylated) particles commercially, thus a 

polyethyleneglycol (PEG, Mw = 750 Da, Rapp Polymere, Tübingen, Germany) coating of the 

carboxyl-terminated beads was performed using a carbodiimide-coupling protocol [45]: the bead 

suspension was vortexed and sonicated for several minutes. A volume of 100 µL of the particle 

suspension was centrifuged for 20 min at 5000 x g (Biofuge fresco, Heraeus, Hanau, Germany). 

The supernatant was discarded and the pellet was resuspended with 400 µL ultrapure water. 

Resuspension was performed by pipetting, vortexing und sonication until all aggregates vanished. 

Centrifugation and resuspension was repeated twice. The last resuspension was performed with 

ultrapure water containing 50 mM PEG and 100 mM N-hydroxysulfosuccinimide (Sigma-

Aldrich). At the same time 600 µL borate buffer (50 mM boric acid and 36 mM sodium 

tetraborate, pH 8.5) containing 60 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC, Sigma-Aldrich) was prepared and added to the resuspended beads. After 

rotation for 4 h at room temperature the suspension was centrifuged for 20 min at 5000 x g. The 

supernatant was discarded and the pellet was resuspended with 1 mL ultrapure water by pipetting, 

vortexing and sonication. This was repeated twice and for the last resuspension only 100 µL were 

used to obtain the original particle concentration. Successful PEGylation was verified by zeta-

potential measurements (see subsection 3.1 for details).  

2.2.2 Particles used for studying ion-specific effects 

In the study described in Section 4.2 fluorescent latex beads with carboxyl surface groups 

(negatively charged) and amine surface groups (positively charged), respectively, and a size of 

300 nm were obtained from Magsphere (Pasadena, CA).  

2.2.3 Test molecules used in the microfluidic setup 

For the experiments conducted in the study described in Section 4.3 macromolecules were used 

to test the diffusive transport across a basal lamina interface. Two types of macromolecules were 

used: dextrans and custom-made peptides.  

 

Name approx. number 

of glucose units 

approx. number 

of FITC 

molecules 

approx. number 

of CM- and 

DEAE-groups, 

respectively 

maximum 

charge at 

neutral pH [e] 

CM 4 kDa 22 1 3 -4 

CM 150 kDa 825 3-4 161 -165 

DEAE 4 kDa 22 1 6 +5 

DEAE 150 kDa 825 3-4 196 +200 

 

Dextrans are polysaccharide chains with glucose as a repeating unit. To evaluate the diffusive 

transport of dextrans by fluorescence microscopy a fluorescent label is attached randomly to 

glucose units at a ratio of 0.001-0.008 mol per mol glucose. To investigate if the size of the 

dextrans influences the diffusive transport, two different molecular weights of dextrans were used: 

4 kDa (Stoke’s radius of ~ 1.4 nm) and 150 kDa (Stoke’s radius varies from ~ 5 nm to 8.5 nm 

Table 1: Properties of the dextrans based on supplier information. All numbers given are 

estimates based on the molecular structure, average labeling density and pKa of the CM- and 

DEAE-groups, respectively. 



2 Material 

 

10 

 

 

depending on the method used to determine the size). In addition to the influence of dextran size 

on the diffusive transport also the influence charge has on the diffusion of the dextrans is 

investigated. Glucose itself does not carry any charge but it can be modified by adding charged 

groups such as diethylaminoethyl (DEAE) and carboxymethyl (CM) to the glucose units. Both 

types of charged dextrans were obtained from Sigma-Aldrich and the content of charged groups 

amounts to 2-5 % for DEAE and 3-7 % for CM. The number of glucose units and also the 

maximum charge for these dextrans are listed in Table 1. For the diffusion studies dextrans were 

dissolved in PBS at a concentration of 10 mg/mL. 

Dextrans are a convenient platform to screen if there are differences in molecular diffusion in 

dependence on molecule size and charge. However, for a detailed investigation dextrans are not 

suitable since their individual properties are not well enough defined: the molecular weight as 

well as the label extend and the percentage of charged groups are only average values which 

makes it hard to pinpoint the exact interaction responsible for the behavior observed in the 

experiments. The smaller 4 kDa dextrans have the same charge density as the larger dextrans 

which results in a lower net charge, but they also have less fluorescence molecules. Differences 

in the behavior of 4 kDa and 150 kDa dextrans are difficult to interpret because it is unclear if the 

size, the absolute charge or both are responsible for the observed behavior. The analysis of the 

experiments is performed by comparison of the fluorescence intensity (see Section 3.6 for more 

details) which is also complicated when the amount of fluorescent molecules differs. To fill this 

gap peptides of identical length and with a customized sequence were obtained from 

PEPperPRINT (Heidelberg, Germany). The length of the peptide was chosen to match the 

molecular weight of the 4 kDa dextrans which leads to a peptide consisting of 24 amino acids. 

The diffusive transport of the peptides is evaluated by fluorescence microscopy, thus a 

carboxytetramethylrhodamine (TAMRA) label was added to the N-termini of the peptides. In 

total four different peptides were designed: highly negatively charged, highly positively charged, 

moderate negatively charged, and moderate positively charged peptides. The corresponding 

amino acid sequences are: TAMRA-(EEE)8, TAMRA-(KKK)8, TAMRA-(QQE)8 and TAMRA-

(QQK)8. Here, E is the 1-letter abbreviation of glutamic acid, K stands for lysine and Q is 

glutamine. Glutamic acid has a molecular weight of 147.13 g/mol and the free side chain 

carboxylic acid group has a pKa of 4.1. This results in a negatively charged group at physiological 

pH as used in the experiments. Lysine has a molecular weight of 146.19 g/mol and the pKa of the 

side chain amino group is 10.5, thus it is positively charged at neutral pH. Glutamine has a 

molecular weight of 146.15 g/mol and a zwitterionic side chain. It was therefore assumed to be 

net neutral at pH 7. More details can also be found in Table 2. For the experiments, the peptides 

were dissolved in PBS and used at a concentration of 1 mg/mL. 

  

Name molecular 

weight [kDa] 

fluorophore type, 

fluorophore charge [e] 

maximum charge [e] 

(KKK)8 4 TAMRA, 0 +23 

(QQK)8 4 TAMRA, 0 +7 

(EEE)8 4 TAMRA, 0 -25 

(QQE)8 4 TAMRA, 0 -9 

Table 2: Properties of peptides used in the study. The charge was calculated assuming that all 

carboxyl- and amine-groups are charged. 
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 Theoretical background and methods 

3.1 Debye screening length and zeta potential 

 

 

The following theoretical part follows the book of Hunter [46], where a more detailed discussion 

can be found. 

For a quantitative evaluation of electrostatic interactions between particles and the ECM, the 

surface charge or the surface potential of the particles should be known. However, both 

parameters are not directly accessible for the particles used here. Moreover, the particles are 

suspended in a solution containing ions which screen the charge of the particle surface. Several 

models have been developed to describe the screening process by counterions mathematically. 

The first model introduced by Helmholtz assumes a double layer consisting of a layer of fixed 

charges at the surface, such as electrons, followed by a monolayer of fixed counterions. This 

model results in a linear decrease of the surface potential with the distance. However, the 

assumption of a fixed double layer is very strict and neglects diffusion and mixing of ions. An 

improved model, introduced by Gouy and Chapman, assumes a diffusing double layer. This 

assumption leads to the Poisson-Boltzmann equation. For small potentials (Debye-Hückel 

approximation): 

                                                      
2 "Diagram of zeta potential and slipping planeV2" modified and converted to SVG by Mjones1984. 

Original work by Larryisgood. - Modified image based upon 

http://en.wikipedia.org/wiki/File:Zeta_Potential_for_a_particle_in_dispersion_medium.png by 

Larryisgood. Licensed under CC BY-SA 3.0 via Wikimedia Commons - 

http://commons.wikimedia.org/wiki/File:Diagram_of_zeta_potential_and_slipping_planeV2.svg#/media/

File:Diagram_of_zeta_potential_and_slipping_planeV2.svg 

Figure 4. Illustration of the Stern model2: A negatively charged particle adsorbs positively 

charged ions from the electrolyte (Stern layer). Adjacent, a diffusive layer according to the Gouy-

Chapman model is located. If the particle is moved by an external electric field, the ion cloud 

moves with the particle. The border at which ions stop following the particle movement is defined 

as the slipping plane.  
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the exponential function of the Poisson-Boltzmann equation can be linearized and the differential 

equation can be analytically solved. Here, ψ is the potential at the particle surface, kB the 

Boltzmann constant, T the temperature in Kelvin, e the elementary charge, and z the valency of 

the ions in solution. For monovalent ions at room temperature the potential has to be smaller than 

25.7 mV to fulfill the assumption of small potentials. Both models, the Helmholtz and the Gouy-

Chapman model, have been combined by Stern resulting in a model which allows some ions to 

adhere at the interface giving rise to a Stern layer whereas some form a diffusive layer according 

to the Gouy-Chapman model (Figure 4). This results in a linear decrease of the surface potential 

over the Stern layer (Helmholtz model) and then turns into an exponential decrease with the 

Debye screening length as characteristic length. The Debye screening length is given by: 
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Here, εr is the dielectric constant of the medium, ε0 is the permittivity of vacuum, kB the Boltzmann 

constant, T the temperature in Kelvin, NA the Avogadro constant, e the elementary charge, ci the 

concentration of ion i in mol/L and zi is the valency of ion i. There are only three parameters in 

this equation which can be influenced from the outside: the temperature, the concentration and 

the sort of ions used. Since the temperature is given in Kelvin, huge temperature changes are 

needed to noticeably affect the Debye screening length. That leaves the concentration as well as 

the valency of the ions as parameters to tune the screening length. It should be noted that the 

valency contributes quadratically whereas the concentration of the ions contributes only linearly 

to the ionic strength. Thus, for some experiments where efficient charge screening is desired, it 

might be advantageous to e.g. substitute Na+ ions by Ca2+ ions instead of increasing the Na+ 

concentration. Although, the assumption of low potentials made in the Debye-Hückel 

approximation is not always true, the effects of ion concentration and valency of the electrolyte 

solution are qualitatively consistent with results from more elaborated calculations [47]. 

As previously mentioned, the surface potential is often not directly accessible, however, another 

parameter related to the surface potential is measurable: the zeta potential which is also referred 

to as the electrokinetic potential of the slipping plane since it is defined as the potential between 

the slipping plane and the bulk solution. When the charged surface in solution experiences a shear 

stress, the ions within the slipping plane will remain around the surface. In contrast, ions outside 

the slipping plane will be sheared off the surface. A common technique to induce shear stress on 

the particle, is to apply an electrical field which results in the movement of the particle towards 

the electrode of opposite charge. The particle mobility µ can then be related to the ration of the 

particle drift velocity v and the electrical field strength E. The drift velocity depends on the 

potential at the slipping plane – the zeta potential ζ – and on the viscosity of the medium η, 

whereas the strength of the electrical field is influenced by the dielectric constant of the medium 

εr. From this consideration one yields the following equation for the particle mobility: 
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To determine the zeta potential of a particle, the drift velocity of the particle needs to be measured 

provided that the electric field strength, the viscosity and the dielectric constant of the medium 

are known. During this thesis zeta potential measurements were performed using a ZetaSizer ZS 

(Malvern Instruments, Herrenberg, Germany). The ZetaSizer applies an electrical field to the 

particle suspension, then uses laser Doppler electrophoresis and phase analysis light scattering3 

to obtain the drift velocity of the particles and calculates the zeta potential as outlined before. This 

technique is sensitive to high conductivity, accordingly the salt concentration of the medium used 

to perform the measurement should not exceed 10 mM.  

For zeta potential measurements, about 1 µL of particles were suspended in 999 µL buffer (see 

Table 3 for more details). The success of the particle PEGylation was verified by determining the 

zeta potential of ζ = -38 mV for the carboxylated particles before PEGylation and ζ = -20 mV 

after PEGylation.  

 

Particles Buffer Zeta potential/mV Study 

200 nm COOH 20 mM Tris 

10 mM NaCl 

pH 7 

-35 Biophysical properties of 

basal lamina 

Section 4.1 

200 nm NH2 20 mM Tris 

10 mM NaCl 

pH 7 

+8 Biophysical properties of 

basal lamina 

Section 4.1 

200 nm PEG 20 mM Tris 

10 mM NaCl 

pH 7 

-12 Biophysical properties of 

basal lamina 

Section 4.1 

300 nm COOH 20 mM HEPES 

20 mM NaCl 

pH 7 

-87 Ion-specific effects 

Section 4.2 

300 nm NH2 20 mM HEPES 

20 mM NaCl 

pH 7 

+51 Ion-specific effects 

Section 4.2 

 

Although it is tempting to deduce quantitative information about the surface potential from the 

zeta potential measurements, this is not possible since the position of the slipping plane is 

unknown and varies depending on parameters such as buffer type, pH and sort of ions. However, 

for matching buffer conditions the zeta potential gives a hint how strong a particle species is 

charged compared to another particle species and thus allows for making a quantitative statement. 

                                                      
3 Detailed information about both techniques can be found on the Malvern website:  

http://www.malvern.com/de/pdf/secure/TN101104PhaseAnalysisLightScattering.pdf 

Table 3: Zeta potential of particles used in Section 4.1 and Section 4.2  
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3.2 Particle diffusion experiments 

3.2.1 Mean squared displacement 

Diffusion or Brownian motion of particles in an aqueous medium was detected already in 1827 

by Robert Brown. The explanation for the random movement of particles was given by Albert 

Einstein in 1905 [48]: the particle motion is due to collisions with the surrounding water 

molecules. Since collisions are equally probable from all directions, the mean displacement of the 

particle is zero, however, the mean squared displacement grows with time. Thus, Einstein related 

the diffusion coefficient to the mean squared displacement of the particle as follows: 

<x2>=2nDt (4) 

 

Here, n is the dimension in which the diffusion process is observed, D is the diffusion coefficient 

and t is the time of observation. In two dimensions, the mean squared displacement can be 

regarded as the mean area a particle can explore within a given time. In addition to normal 

diffusion, two other types of diffusion have been described: super diffusion and subdiffusion. In 

general, a diffusive process is described by a power law in time where the value of the exponent 

α is used to discriminate between the three types of diffusion: 

<x2>~ta (5) 

 

When a particle is super diffusive which occurs mostly if it is actively transported, the mean area 

it explores does not scale linearly in time anymore but with an exponent greater than one (α > 1). 

One example for active transport is found in cells where cargo is transported by kinesin “walking” 

on microtubuli. In contrast, a subdiffusive particle explores a smaller area in a given time than a 

normal diffusive particle which leads to an exponent of t smaller than one (α < 1). An example 

for subdiffusion is the diffusion of lipids in a lipid bilayer in which obstacles are present and thus 

spatially restrict the area of lipid movement. Only for α = 1 the relation given by Einstein 

(Equation (4)) is valid, in all other cases an apparent diffusion coefficient may be calculated 

according to this equation; however, the value obtained for Dapp does not reflect a truly diffusion 

behavior.  

In this thesis, particle tracking experiments were conducted (Section 4.1 and Section 4.2) using a 

conventional wide-field microscope and a digital camera (see Section 3.2.2 and Section 3.2.3 for 

more details). This setup allows for recording the particle movement in an x-y-plane (2D) 

although the particle can actually move in all three spatial dimensions. If the particle movement 

is isotropic, which is a reasonable assumption in a homogenous gel, the 3-dimensional diffusion 

process can be projected into a 2-dimensional plane without loss of information about the 

diffusion process. Such a situation occurs when a particle is observed under a conventional 

microscope because only movements in the x-y-plane are observed. This leads to the impression 

that the particle moves slower than it would if also the movement in z-direction could be observed. 

However, this is corrected for by the dimensionality n which is included in the equation given by 

Einstein. Thus, the same diffusion coefficient is obtained for a 3-dimensional diffusion process 

observed only in the x-y-plane as if the particle could be followed in 3-dimensions.  

To calculate a diffusion coefficient for a particle from the recorded videos, the trajectory of the 

particle is needed. Such trajectories were obtained using the image analysis software OpenBox 
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developed at TU München [35]. The particle position was followed by a tracking algorithm using 

a two-dimensional Gaussian fit to the particle intensity profile. For a point-source, the intensity 

distribution is well-approximated by a Gaussian, and an accuracy of 2 nm has been demonstrated 

for a particle tracking procedure using 2-dimensional Gaussian fits [36]. Whereas this Gaussian 

approximation does not hold true anymore for particles much larger than the wavelength of light, 

the intensity profiles of the 300 nm and 1 µm particles used here can still be well-approximated 

by a Gaussian fit, and the applied tracking procedure resulted in subpixel resolution [35].  

The output from OpenBox is a text file with the x- and the y-coordinate of the particle given in 

pixel values for every frame. Usually, a frame rate of 15.6 frames per seconds was used resulting 

in a temporal resolution of 64.1 ms. The length of a movie was 20 s which leads to a total of 312 

images per movie. The mean squared displacement (MSD) can then be determined from the 

trajectory 𝑟(𝑡) of a particle, as follows: 
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Here, the trajectory 𝑟(𝑡) = (𝑥(𝑡), 𝑦(𝑡)) has an x- and a y-component, which correspond to the x- 

and y-coordinates given by OpenBox. For both, τ and t, only such values can occur, which are 

multiples of the temporal resolution of 64.1 ms. An exemplary set of values for x- and y-

coordinates can be found in Table 4. 

 

Frame Time [ms] x-position [pixel] y-position [pixel] 

1 0 1252.183  398.3111 

2 64.1 1253.138 398.281 

3 128.2 1253.549 398.093 

4 192.3 1251.611 400.0533 

5 256.4 1250.843 401.2951 

 

In the next step, the mean squared displacement for the first value of τ which corresponds to one 

frame or 64.1 ms is calculated. The easiest way of calculating this is by generating a table 

according to the example given in Table 5. Here, the x- and y-coordinates for every frame are 

written into the second and fifth row. Those rows are copied, shifted by one entry and inserted in 

the first and the fourth row. Now all entries in the second row are subtracted from the entries in 

the first row. The same is done for the y-coordinates of the particle in row four and five. This 

results in four values for particle position differences Δx(τ = 64.1 ms)  and Δy(τ = 64.1 ms). Those 

values are squared and then the mean is calculated. This procedure is repeated with increasing 

time shift τ ranging from 64.1 ms to 19.9351 s.4 The example given in Table 5 already illustrates 

the problem that sets in for larger time shifts τ: the number of entries which are averaged decreases 

by one entry per time shift.  

 

                                                      
4 The maximum of τ is determined by the time difference between the first and the last image of the movie. 

Table 4: Exemplary values obtained from a particles tracking experiment. 
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x-position 

[pixel] 

shifted by 

one image  

x-position 

[pixel] 

Δx(τ = 64.1 ms) y-position 

[pixel] 

shifted by 

one image 

y-position 

[pixel] 

Δy(τ = 64.1 ms) 

1253.138 1252.183

  

0.955 398.281 398.3111 -0.0301 

1253.549 1253.138 0.411 398.093 398.281 -0.188 

1251.611 1253.549 -1.938 400.0533 398.093 1.9603 

1250.843 1251.611 0.768 401.2951 400.0533 1.2418 

 1250.843   401.2951  

 

When 312 images are available, τ = 64.1 ms results in 311 entries which are averaged. For the 

next value of τ = 128.2 ms 310 entries are averaged until for the last τ = 19935.1 ms only one 

entry is left which makes averaging impossible. To avoid artifacts arising from these statistical 

limitations, only the first 10 % of the 𝑀𝑆𝐷(𝜏) data are used to determine the apparent diffusion 

coefficient and the degree of subdiffusivity The mean squared displacement is then fitted by 

[49]: 

MSD(τ)=4Dt+v2t2 (7) 

 

The first part of Equation (7), the diffusive part, is already known from Equation (4). In the second 

part, the flow part, v represents the drift or flow velocity. This function accounts for potential drift 

in the MSD data, which can occur in the experimental setting, e.g. because of convection. The 

diffusive part will dominate at earlier times (τ << 4D/v2) whereas the flow will dominate at later 

times (τ >> 4D/v2). To ensure a reliable value for the diffusion coefficient the following criterion 

should be fulfilled: 

τ = 2 s < 4D/v2   (8) 

 

The value of τ = 2 s comes from the fact that only the first 10 % of the MSD data are used for the 

fitting procedure. As long as Equation (8) is valid, the flow is not dominant and a reasonable 

diffusion coefficient is obtained.  

As mentioned earlier, there are three types of diffusion, and only in the case of normal diffusion 

Equation (4) yields the diffusion coefficient. Thus, the exponent 𝛼 is determined by fitting a power 

law function 𝑀𝑆𝐷(𝜏) = 𝐴 + 𝐵𝜏𝛼 to the short-time regime of 𝑀𝑆𝐷(𝜏). In this thesis, MSD curves 

were classified as normal diffusive as long as 0.7 < α < 1.2.  

 

To validate this methodology, it was applied to 1 µm particles freely floating in water. The 

obtained diffusion coefficient 𝐷𝐻2𝑂 = 0.43 µm2s-1 can be related to the viscosity of water 𝜂𝐻2𝑂 

using the Einstein relation 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅
 where 6𝜋𝜂𝑅 denotes the Stokes friction coefficient for a 

spherical particle of radius R. The obtained value of 𝜂𝐻2𝑂 = 1.04 𝑚𝑃𝑎𝑠 matches the viscosity of 

Table 5: The first and fourth row are shifted by τ = 64.1 ms and then the second and fifth row are 

subtracted, respectively.  
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water at room temperature very well. Also, we obtain an exponent 𝛼 = 0.88 for an ensemble of 

1 µm particles that are freely floating in water, which is reasonably close to the theoretically 

expected value of 1.  

3.2.2 Particle tracking experiments: ECM comparison 

For the particle diffusion experiments in Section 4.1, the ECM gels were thawed on ice and 

afterwards diluted with IMDM to a final protein concentration of 3.5 mg/mL. To induce gelation, 

all samples were incubated at their final protein concentrations in presence of the respective test 

particles at 37 °C for 30 min. Particle trajectories were obtained and analyzed as mentioned 

before. The movies of particles were acquired with a digital camera (Orca Flash 4.0 C11440, 

Hamamatsu, Japan) using the software Hokawo provided by Hamamatsu on an Axiovert 200 

(Zeiss, Oberkochen, Germany) microscope with a 32 x objective (Zeiss, Oberkochen, Germany). 

All particles with an apparent diffusion coefficient larger than Dcut = 1 µm/s2 which is half the 

diffusion coefficient of a 200 nm-sized particle in water, were classified as “diffusing”. In every 

sample, particles from at least three different fields of view were analyzed, and every experiment 

was repeated three times. That way, a total of at least 1000 particles were analyzed for each 

particle species. 

3.2.3 Particle tracking experiments: Ion-specific effects 

Fluorescence microscopy for image acquisition was conducted on an Axioskop 2 MAT mot 

microscope (Zeiss, Oberkochen, Germany) equipped with an EC Epiplan-NEOFLUAR 50x HD-

DIC objective (Zeiss). Images were acquired with a digital camera (Orca-R2 C10600, 

Hamamatsu, Japan) using the software HCImageLive provided by Hamamatsu. To classify 

particles as mobile and immobile, videos of 10 s duration were analyzed in a fast-forward mode. 

In this mode, one can clearly distinguish between mobile and trapped particles. After a first rough 

classification into a mobile or a trapped state, it was checked if the particles change their state of 

mobility during the duration of the video. If that was the case, the particles were assigned to the 

state they were in at the beginning of the video. 

 

3.3 Computer simulations 
Matlab (MathWorks, Ismaning, Germany) was used for the numerical simulations of freely 

diffusing particles to evaluate the level of statistical uncertainties of the experimental data. Each 

coordinate of a simulated particle trajectory was generated by drawing a random number from a 

Gaussian probability distribution which is centered around zero. This was done independently for 

x- and y-coordinates. Both data sets, the one numerically generated and the one experimentally 

acquired, were evaluated with the same routine in order to ensure maximal comparability. 

 

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

ECM gels in Section 4.1 was performed on a stress-controlled macrorheometer (MCR 302, Anton 

Paar, Graz, Austria) with a 25 mm plate-plate geometry at a plate separation of 200 µm using a 

torque of 0.5 µNm and a frequency of 1 Hz ensuring linear response. The rheometer plate was 

cooled to 5 °C before 150 µL of the samples were added, and gelation was induced by a sudden 

temperature change to 37 °C. A thin layer of polydimethylsiloxane oil (ABCR, Karlsruhe, 
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Germany) was applied to the outer rim of the sample to avoid drying artefacts. An applied 

oscillatory stress σ = σ0sin(ωt) with a frequency ω resulted in an oscillatory strain with the same 

frequency, γ = γ0sin(ωt + δ), where δ denotes the phase shift between stress σ and strain γ. With 

those parameters, the storage modulus G’ = σ0/γ0cos(δ) can be calculated which is a measure for 

the elastic properties of the gel, and the loss modulus G’’ = σ0/γ0sin(δ)  which is a measure for the 

viscous properties of the gel.  

To ensure that the high salt concentrations in the study on ion-specific effects (Section 4.2) did 

not impair the mechanical integrity of the ECM, rheological measurements were performed on a 

stress-controlled macrorheometer (MCR 102, Anton Paar, Graz, Austria). The settings were 

chosen as described above with only small differences: only 100 µL of ECM was used which 

resulted on a plate separation of 175 µm.  

3.5 Microfluidic channel 
 

 

 

Soft lithography was used to fabricate the microfluidic chips (Section 4.3). The channel geometry 

was designed using AutoCAD (Autodesk, Munich, Germany) and the mask was printed at a 

resolution of 64000 dpi (Zitzmann, Eching, Germany). The master was fabricated on a silicon 

wafer (Siegert Wafer, Aachen, Germany) with EpoCore (micro resist technology, Berlin, 

Germany) as a negative photoresist. First the silicon wafer was checked for cleanness and, if dust 

was visible, pressurized air was used to remove it. Next, 3-5 mL of the photoresist was dispensed 

carefully, to avoid air bubbles, into the center of the clean silicon wafer. The wafer was placed 

onto the spin coater (Laurell, North Wales, USA) such that the dispensed photoresist droplet was 

centered on the axis of rotation. The wafer was spun for 15 s at low rotation speed (300 rpm) but 

Figure 5. (A) The microfluidic chip as used in the study described in Section 4.3 has two inlets: 

inlet 1 for inserting the ECM and inlet 2 for inserting buffer together with fluorescent molecules 

of interest. The pillar structure prevents the injected ECM from entering the lower channel due to 

surface tension. (B) For data analysis, the fluorescence intensity within each channel is measured 

within a rectangular area (red rectangle) with a length of 880 pixels corresponding to 2.75 mm. 

The lower end of the rectangular is placed 50 pixels into the lower channel so that the bulk 

intensity in the buffer channel is obtained as well. The orange dotted line denotes the position of 

the gel/buffer interface. All dimensions in the shown scheme are given in mm.  
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high acceleration to spread the photoresist. After this initial spin, the wafer was spun at the final 

rotation speed of 1000 rpm for 35 s to obtain the desired thickness of about 125 µm. The wafer 

was immediately placed on a 65 °C hotplate for 5 min and covered with a glass petri dish to avoid 

contaminations. Subsequently, the wafer was placed onto a 95 °C hotplate for 10 min and again 

covered with a petri dish. The wafer was cooled down (still covered with a petri dish) for 10 min 

to prevent the photomask from sticking to the photoresist. The crosslinking of the EpoCore was 

achieved via UV irradiation for 7 min with the photomask placed on top of the wafer. The 

photoresist is crosslinked in all transparent areas of the photomask, all other spots will remain 

uncrosslinked. Next, the wafer was placed on a hotplate at 65 °C for 5 min and afterwards at 95 °C 

for 20 min. After this post exposure baking, the wafer was cooled down and all remaining 

uncrosslinked photoresist was develop with mr-Dev 600 (micro resist technology, Berlin, 

Germany). Finally, the master was rinsed with isopropanol to remove remaining developer. 

For the microfluidic channel fabrication Sylgard 184 (Dow Corning, Midland, MI, USA) 

elastomer was mixed at a 10:1 ratio with curing agent, i.e. 20 g elastomer was mixed with 2 g of 

curing agent. Mixing of both components results in a high amount of air bubbles which were 

removed by applying a vacuum for 30 min. The now clear but very viscous solution was carefully 

poured onto the master without creating any air bubbles. This is achieved best when the PDMS is 

poured into the center of the master since potential air bubbles are then transported to the edge of 

the petri dish distant from the region of interest. The PDMS will cure at room temperature for 

48 h, however, the curing process can be accelerated by increasing the temperature. Here, 80 °C 

was chosen as a curing temperature for 1 h. The cured PDMS was carefully cut around the channel 

geometry with a scalpel. During the cutting, the channel structure of the master should not be 

touched by the scalpel, to avoid damage. The cut PDMS was peeled off and inlets were punched 

into the PDMS using a biopsy puncher with a diameter of 1 mm. The side of the PDMS on which 

the channel geometry is printed on, was protected from dust by applying a stripe of adhesive tape 

to it. When several PDMS stamps were manufactured, they were bonded to a glass slide using 

oxygen plasma at 20 W for 30 s. When PDMS is exposed to oxygen plasma polar silanol groups, 

mainly SiOH are introduced to the PDMS surface. This introduction of polar surface groups 

results in a change from hydrophobic to hydrophilic surface properties of the PDMS [50]. The 

silanol groups on the PDMS surface react with the same type of groups on the glass surface 

resulting in a Si-O-Si covalent bond between glass and PDMS [51]. The PDMS regains the 

hydrophobic properties by diffusion of low molecular weight silicon chains from the bulk to the 

surface. This process is facilitated by higher temperatures [52], thus the bonded device was stored 

in an oven at 120 °C overnight to restore the hydrophobic properties of the PDMS.  

For the experiments, the ECM was thawed on ice for several hours. The liquid (i.e. still ice-cold) 

ECM was filled into the chip through inlet 1. Here, at half the channel length, a “finger-like” 

structure begins where five pillars divide the main channel into six smaller channels of identical 

width. When liquid ECM is filled into inlet 1, it can be carefully pushed into this finger-like 

structure until, at the end of the pillars, surface tension effects ensure stopping of the liquid (see 

inset of Figure 5) and prevent it from entering into the buffer channel which is oriented 

perpendicular to the pillars. With this setup, a well-defined liquid/air interface is created which is 

important for the following experiments. As the ECM was inserted into the chip in its liquid state, 

gelation has to be induced on chip. Such a gelation of ECM is usually achieved by a heating step 

to 37 °C for 30 minutes. Here, the gelation was induced at room temperature since all following 

experiments were conducted at this temperature. During gel formation, it is important to prevent 
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drying of the ECM - especially at the interface to the compartment which will be filled with 

fluorescent solutes. A naive approach to avoid such drying of the ECM interface might be to 

induce gel formation at a water interface. This could be achieved by inserting an aqueous solution, 

e.g. buffer, through inlet 2 directly after loading the chip with the liquid ECM. However, as 

gelation requires some time, the mechanical strength of the ECM is still weak when the buffer is 

inserted, and thus the integrity of the ECM compartment is disturbed by buffer influx. 

Furthermore, when placed at an aqueous interface during gelation, the ECM tends to swell and 

locally dissolves which in turn results in a diffuse gel interface. A better solution would be to 

perform gelation at an interface with a hydrophobic fluid that is immiscible with the ECM (and 

thus does not dissolve the ECM matrix) but still prevents drying. Thus a polydimethylsiloxane oil 

(PDMS) was chosen which fulfills those requirements and is based on the same polymer used for 

crafting the microfluidic chip. The PDMS oil was inserted through inlet 2 into the lower channel 

and it was kept in this compartment until ECM gelation was finished. The oil was then removed 

from the chip through the outlet and replaced by PBS buffer. Buffer containing test molecules 

was carefully inserted into inlet 2 with a Hamilton syringe (1702 sleeve type), which ejects a 

volume of 0.33 µL per rotation. The buffer was inserted very slowly and carefully especially when 

it approached the finger-like structure. Here, it was very important move the front of the PBS only 

a few micrometers per second to ensure minimal forces acting on the ECM interface in the finger-

like structure.  

 

 

 

When the channel was completely filled with buffer the flow was stopped. When the PBS was 

inserted into the channel, a clear interface between PBS and PDMS oil was visible under the 

microscope. This feature allowed to monitor the proper removal of the oil from the channel. In 

some rare cases, the PDMS oil was not fully removed from the border of the gel at the end of the 

finger-like structure. However, such an event can easily be detected under the microscope (see 

Figure 6). If a thin layer of oil remains at the gel interface, the test molecules are not able to enter 

the gel phase at all, and those channels were excluded from the analysis. With this approach, intact 

gel/buffer interfaces were generated with which reproducible penetration profiles with different 

test molecules were obtained. 

In the first experiments conducted with this microfluidic chip, it was observed that the 

fluorescence in the outermost channels of the finger-like structure appeared to be lower than in 

Figure 6. Left: The six fingers of the microfluidic channel are shown shortly after the PBS with 

test molecules was inserted. Right: Zoom into the 5th finger at whose interface the oil was not 

removed. The finger remained dark as no buffer with fluorophores could enter this finger. 
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their neighboring channels. It was suspected that those outermost channels are subjected to drying 

effects since they are mostly surrounded by PDMS. In general, PDMS is hydrophobic but it is 

permeable to water vapor. Thus, water from the outermost channels could vaporize and leave 

through the PDMS. To prevent this drying effect, a water reservoir was placed on top of the PDMS 

at the position of the finger-like structure (Figure 7). The water reservoir should not come into 

contact with inlet 1 since this resulted in unwanted influx of PBS buffer into the finger-like 

structure upon insertion.  

 

 

3.6 Data acquisition and evaluation 
Images were acquired with a digital camera (Orca Flash 4.0 C11440, Hamamatsu, Japan) using 

the software Hokawo provided by Hamamatsu on an AxioVert 200 (Zeiss, Oberkochen, 

Germany) microscope using a 4x objective (Zeiss, Oberkochen, Germany). To account for the 

inhomogeneous illumination of the microfluidic chip, two steps were performed prior to the start 

of the experiment: First, an image was taken without any illumination. This image served as 

background image IMGbackground and contains the pixel bias offset level and the noise acquired 

from electronic and thermal sources. Second, an image was obtained with a fluorescent sample in 

the field of view and the illumination turned on. For this, a glass slide was prepared with 40 µL 

of PBS buffer containing fluorescent test molecules and a cover slip on top of it. Since the 

illumination was inhomogeneous, the acquired image of the fluorescent sample showed 

heterogeneous grey values. This image IMGShading was stored as a reference for the shading 

correction. Both, the background image and the shading correction were used to compensate for 

the inhomogeneous illumination. This was realized by a built-in function of the software Hokawo. 

This function calculates the grey value of the live image according to the following equation: 

background

Mean

Shading background

RAW IMG
IMG RAW

IMG IMG


 


  

(9) 

 

 

Figure 7.  A water reservoir was placed on top of the microfluidic chip to prevent drying. 
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To obtain the live image (IMG), the background image is subtracted from both the raw image 

(RAW) and shading correction image, followed by the division of the resulting values. This is then 

multiplied by the mean pixel value of the raw image in order to corrected image intensities.5 

For a proper evaluation of the intensity values, two things have to be considered: First, the grey 

values of the pixels should not be at their saturation value. Second, the camera detector should 

also not operate at its minimum photon count since then noise is not negligible anymore. The 

potential gray values of the single pixels range from 0 to 65535 for a 16 bit image where 65535 

is the saturation value. The amount of photons and thus the grey value of the pixel can be tuned 

either by binning of pixels or by an increase of the exposure time. The first method, binning, 

decreases the spatial resolution whereas the second method decreases the temporal resolution. In 

the study conducted in Section 4.3 the images were acquired every 5 min, accordingly the 

temporal resolution was not important. Thus, the exposure time was chosen such that no pixel 

saturation occurred. Each of the six channels was analyzed individually with ImageJ. A 

rectangular with a height of 880 pixels corresponding to 2.75 mm and a width of 30 pixels 

(0.09 mm) was placed in the channel such that 50 pixels (0.16 mm) of this rectangular were 

located in the lower channel (Figure 5 B). This procedure allows to account for the bleaching of 

the fluorescent label of the test molecules. Since no continuous flow was applied, the fluorophores 

in the buffer compartment are subjected to same rate of bleaching as the molecules within the 

ECM. Therefore, the fluorescence intensity in the buffer channel (calculated from the 50 pixels 

of the rectangular in the lower channel) was used as a reference to normalize the intensity in the 

finger-like structure. This ensures the comparability of the calculated intensity profiles at different 

time points during the experiments.  

The intensity within the chosen rectangular was averaged per pixel line with a function 

implemented in ImageJ. Thus, one intensity value per line was obtained. In a next step, these 

average intensity values per line were averaged again, first over the six finger channels of a chip 

and then over three different microfluidic chips. 

  

                                                      
5 Information from the Hokawo software help center, „Shading correction“ 
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 Summaries of publications 

4.1 The Biophysical Properties of Basal Lamina Gels Depend on the 

Biochemical Composition of the Gel 
 

The extracellular matrix (ECM) purified from the Engelbreth-Holm-Sarcoma of mice serves as a 

model system for the basal lamina. It is widely used in cell culture and as a 3D matrix in cell 

migration experiments. The ECM can be obtained from different suppliers which all use the same 

purification protocol established by Kleinman [31,32]. However, results obtained with these gels 

often contradict each other and the reason for this remains unknown. In this publication, the 

biophysical properties of ECM gels from four different suppliers are investigated and differences 

between the gels are related to their biochemical composition. 

When cell migration experiments are conducted with HL-60 cells in these ECMs, drastic 

differences between the gels are obtained. In ECM3 and ECM4 fast migration is observed, in 

ECM2 the migration is retarded and in ECM1 the cells show no migration activity but a high 

number of dead cells compared to the other gel variants is observed. The retarded migration 

activity of the HL-60 cells in ECM2 is related to a difference in microstructure of the network 

obtained by diffusion studies with tracer particles. PEGylated 200 nm-sized polystyrene particles 

are mobile in ECM1, ECM3 and ECM4 but not in ECM2. As no electrostatic or hydrophobic 

interactions are expected for PEGylated particles, the lack of diffusion results from a smaller mesh 

size in ECM2 compared to the other ECM variants.  

The microstructure of the ECM network is further investigated by imaging techniques such as 

confocal fluorescence microscopy, where key components of the ECMs are stained by antibodies, 

and scanning electron microscopy. Both approaches show similar results concerning differences 

in the microstructure of the gel variants: ECM1, ECM3 and ECM4 are very similar, whereas for 

ECM2 a much denser network is obtained. The same trend is observed in macrorheological 

measurements where ECM2 shows a several fold higher storage modulus than the other three gel 

variants which are again very similar to each other. Both, the higher storage modulus and the 

denser network, is due to a higher amount of the crosslinking molecule entactin in ECM2 which 

is revealed by densiometric analysis.  

The higher amount of dead cells in ECM1 compared to the other gels is further investigated by 

an analysis of the macromolecular components of the ECMs using SDS-PAGE with coomassie 

staining. ECM1 shows an additional band which is further analyzed by mass spectroscopy. The 

laminin subunits alpha1 and beta1 are detected but at a smaller molecular size than normal. This 

suggests that a proteolytic breakdown has occurred during the purification process. Further, it is 

speculated that these laminin fragments are cytotoxic and therefore responsible for the higher 

amount of dead cells in ECM1.  

This study underlines the impact single proteins and their fragments can have on the biophysical 

properties of biological hydrogels. 

Individual contributions of the candidate: I contributed to the conception and design of the 

original study. I performed the particle diffusion studies as well as the rheological measurements 

and analyzed the data from both experiments. I wrote the article.  
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4.2 Ion-Specific Effects Modulate the Diffusive Mobility of Colloids in 

an Extracellular Matrix Gel 
 

Understanding the physical principles which regulate the diffusive transport of nanoparticles 

through biological barriers such as the basal lamina is important for the design of drug delivery 

vehicles. Previous experiments have shown that charged polystyrene particles are trapped by an 

extracellular matrix (ECM) gel which serves as a model system for the basal lamina. The trapping 

of particles was attributed to electrostatic interactions between the particles and the ECM 

constituents.  

In this publication, these interactions are further investigated by diffusion studies with negatively 

and positively charged polystyrene particles at increasing concentrations of mono- and divalent 

ions. The addition of these ions results in an effective charge screening, and - as a result - a fraction 

of formerly trapped polystyrene particles is mobilized. The fraction of mobile particles increases 

with increasing ion concentrations. Divalent ions are more efficient in mobilizing particles 

compared to monovalent ions which results in a higher fraction of mobile particles for divalent 

ions than for monovalent ions at matching concentrations. Moreover, this mobilization effect is 

ion-specific: at intermediate salt concentrations of the divalent cations Mg2+ and Ca2+ the mobile 

fraction of negatively charged particles is higher for Ca2+ than for Mg2+, although both ions have 

the same valency and should screen electrostatic interactions with similar efficiency. This 

efficiency of Mg2+ and Ca2+ to mobilize particles is inverted when positively charged particles are 

used for the experiments. The observed Hofmeister-like ion-specific effects underline the 

previous notion that in addition to electrostatic interactions also hydrophobic interactions play a 

key role in the immobilization of polystyrene particles in this ECM gel.  

Single particle tracking is employed to evaluate the trajectories of individual particles at high 

concentrations of KCl. A rigorous analysis of these trajectories leads to a discrimination between 

three states of particle motion: freely diffusing particles, particles which are weakly bound to the 

ECM and strongly bound particles. The particles are able to dynamically switch between the 

mobile and immobile state as well as between the weakly and the strongly bound state. Moreover, 

selected particles even exhibit all three states of motion within an observation time of several 

minutes. The mean squared displacement curve of such a particle which transiently binds to the 

network during the tracking indicates subdiffusive behavior although the particle exhibits normal 

diffusion between the binding events. This underlines the importance of a detailed analysis of 

particle trajectories in single particle tracking experiments to identify the physical mechanism 

leading to subdiffusive behavior. 

The results obtained here about electrostatic and hydrophobic interactions contributing to the 

trapping of nanoparticles in basal lamina gels, might help in the design of new drug carrier 

vehicles. Furthermore, the salt dependent mobilization of nanoparticles might also find an 

application in the tattoo removal industry. 

 

Individual contributions of the candidate: In this publication, I designed, performed and analyzed 

the experiments with the different ions and obtained the transient binding events. I wrote the 

article. 
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4.3 A microfluidics approach to study the accumulation of molecules 

at basal lamina interfaces 
 

The passage of molecules such as nutrients, growth factors and drugs from the blood stream into 

the connective tissue is regulated by a complex barrier, the blood vessel wall. This barrier consists 

of a cell layer of endothelial cells and a layer of basal lamina. In the case of a leaky endothelium 

which occurs e.g. during inflammation or when a tumor is present, blood compounds can easily 

pass the endothelium, and the only barrier to overcome before they reach the connective tissue is 

the basal lamina.  

In this study, a microfluidic setup is designed to investigate the diffusion of molecules across a 

basal lamina interface. As model system for the basal lamina, an extracellular matrix purified 

from the Engelbreth-Holm-Swarm sarcoma is used. This biological material is liquid at 

temperatures below 15 °C and becomes a soft gel at temperatures above 15 °C. The design of the 

microfluidic chip is chosen such that the ECM can be filled into the chip in its liquid state and 

stops at the end of pillars because of surface tension effects. To prevent the ECM from drying 

during the gelation process, which has to take place on chip, polydimethylsiloxane oil is inserted 

into the channel perpendicular to the ECM and a water reservoir is placed on top of the channel. 

Oil is used since it does not mix with the hydrophilic ECM. After gelation is finished the 

mechanical stability of the ECM is high enough so that the oil can be replaced by an aqueous 

buffer containing test molecules without damaging the gel. With this method, it is possible to 

produce stable buffer/ECM interfaces in a reproducible manner. 

The diffusive transport of test molecules across this stable buffer/ECM interface is analyzed by 

fluorescence microscopy. As test molecules, FITC-labeled dextrans with two different molecular 

weights are used. Both dextrans carry a certain percentage of either positively charged or 

negatively charged groups. Negatively charged dextrans of both molecular sizes enter from the 

buffer compartment into the gel compartment as one would expect from Fick’s law of diffusion. 

The same in-bulk behavior is observed for the positively charged dextrans. However, at the 

buffer/ECM interface positively charged dextrans of both molecular sizes show an accumulation 

peak whereas no accumulation is observed for the negatively charged dextrans. Further 

experiments with custom-made peptides show that the height of the accumulation peak depends 

on the amount of positive charge. Transient binding events of positively charged molecules to the 

ECM along with the high concentration of molecules in the buffer compartment are responsible 

for this accumulation peak at the buffer/ECM interface. This interface behavior is reproduced by 

numerical calculations in which molecules can transiently bind to the gel with high and low 

affinity, respectively. The accumulation peak height is then set by the binding affinity of the 

molecules to the gel. 

In vivo experiments in which the test molecules are microinjected into the cremaster muscle of 

mice show an accumulation of positively charged test molecules around blood vessels. 

Subsequent immunohistological staining shows that the accumulation co-localizes with collagen 

IV, a key component of the basal lamina. Thus, the in vitro setup designed here correctly predicts 

the diffusive transport of molecules in an in vivo setting and can therefore serve as a test setup for 

the spreading of molecules without the need for animal experiments.  
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Individual contributions of the candidate: In this publication, I designed the experiment, 

developed the microfluidic setup, performed and analyzed the in vitro experiments. I wrote the 

article. 
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 Discussion and Outlook 
 

In this thesis the following key results have been found and will be discussed in more detail: 

 The proteolytic breakdown of laminin results in decreased cell viability.  

 The mesh size and the mechanical stability of a basal lamina gels depend on the amount 

of the crosslinker entactin.  

 Basal lamina gels and nanoparticles interact via electrostatic and hydrophobic 

interactions, and ion-specific effects.  

 Transient binding events occur between polystyrene particles and the basal lamina  

 At buffer/basal lamina gel interfaces, positively charged molecules show an 

accumulation peak whose height is determined by the amount of charge whereas 

negatively charged molecules show no such accumulation. In contrast, both types of 

molecules show similar diffusive transport in-bulk 

 A simplified microfluidic chip is sufficient to predict key results for the diffusive 

distribution of molecules as obtained in in vivo experiments in living mice 

 

It was shown in Section 4.1 that a proteolytic breakdown of laminin had occurred in ECM1 gel 

samples. In the same ECM no migratory activity of HL-60 cells was observed along with a higher 

amount of dead cells. It was suspected that laminin fragments, as they were found in this ECM 

by mass spectroscopy, are responsible for the retarded cell migration and also for the decreased 

cell viability and the cell death, respectively. In general, proteolysis of ECM components and thus 

the remodeling of this matrix is a process permanently present in the body. Remodeling of the 

ECM is e.g. a crucial part of wound healing and cell differentiation [53]. In addition, the 

degradation of ECM components can be responsible for cell apoptosis but, depending on the ECM 

component degraded, it can also enhance cell viability [54]. In particular, the degradation of 

laminin seems to be responsible rather for apoptosis than for the enhancement of cell viability. In 

a study conducted in mice it was determined that the breakdown of laminin by the matrix 

metalloproteinase 9 (MMP-9) induces neuronal apoptosis but can be prevented by the addition of 

MMP-9 inhibitors [55]. In principle, the degradation of laminin in the basal lamina could be used 

to increase the mesh size of the matrix. This would be advantageous for drug delivery application 

since larger particles could be used and therefore a higher amount of drugs could be delivered. 

However, the degradation of laminin does not only result in cell apoptosis but has also an impact 

on the mechanical stability of the basal lamina since removal of laminin results in a mechanical 

breakdown of the basal lamina [56]. In addition to the important role of laminin for the mechanical 

stability, it also interacts with the integrins on the cell surface and is the anchor between cells and 

basal lamina. A breakdown of laminin results in the detachment of the basal lamina from the 

underlying cell layer which results in a loss of cell-matrix communication [57,58]. Thus, 

enzymatic digestion of laminin might result in a higher particle mobility but is likely accompanied 

by unwanted side effects such as cell death. Such severe consequences as a result of protein 

degradation are, however, not observed for other basal lamina constituents. It was reported that 

the inactivation or mutation of the gene encoding entactin results in a normal basal lamina 

phenotype without any indication that the viability of the organism is impaired [59-61]. 

Exceptions are the lung and the kidney, both are organs which fulfill important filtering tasks; 

consequently, they contain a huge amount of basal lamina [62]. In Section 4.1, no correlation 

between the amount of entactin and the behavior of cells was found, except for a slow-down of 

cell migration velocity due to the smaller mesh size. This is in good agreement with the notion 

that the removal of entactin does not impair cell viability. In addition it was also shown that a 
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higher concentration of entactin results in a smaller mesh size of the ECM gel which hindered the 

diffusion of the PEGylated polystyrene particles due to steric hindrances. 

The results presented here might help to circumvent steric hindrances in future applications. The 

exclusion of particles or molecules by the size of the particles is one of the simplest mechanism 

for retarding particle diffusion: a mesh size smaller or on the order of the particle diameter will 

efficiently trap particles. A straightforward way to circumvent steric hindrances would be to 

choose a particle size smaller than the mesh size. However, this might not be applicable in all 

situations especially when large amounts of drugs need to be incorporated. Another possibility to 

facilitate the diffusion of uncharged particles in the basal lamina could be to increase the mesh 

size. As mentioned above, entactin plays a major role in the determination of the mesh size of 

basal lamina gels. If entactin could be removed by the particles, the mesh size would increase 

locally. An approach for the removal of entactin could be the enzymatic digestion of the 

crosslinker molecules. To harness such a strategy for drug delivery, one could devise a 

combination of particles: one particle species with incorporated enzymes and a specific binding 

motif for collagen IV on the surface in combination with PEGylated particles (Figure 8). When 

the first particle species binds to collagen IV, which mostly occurs in basal lamina, the enzymes 

are released and digest the crosslinker entactin. Thus, the PEGylated particles could diffuse 

through the basal lamina without steric hindrances. The removal of entactin would result in a 

mechanical weakening of the gel. This effect, however, should not be as pronounced as if e.g. 

collagen IV or laminin would be digested.  

As discussed previously, no negative influence on cells is expected when entactin is locally 

removed. Moreover, the production of entactin is not impaired by its local digestion. Thus, the 

removed crosslinkers can be replaced by newly produced entactin. Still, the influence of the 

enzyme on cell viability needs to be investigated and the following challenges need to be dealt 

with: First, an enzyme is needed which only cleaves entactin whereas laminin and collagen IV 

remain intact. Most enzymes used for the degradation of the basal lamina belong to the family of 

metalloproteinases, e.g. matrilysin. This enzyme degrades entactin but it acts also on collagen IV 

[63,64], which is unwanted for reasons previously mentioned. Another family of enzymes, known 

to degrade entactin, are the serine proteases [65]. However, those enzymes can also breakdown 

other ECM components, thus their specificity has to be tested. Second, if a proper enzyme is 

found, the influence of the enzyme on the cell viability needs to be investigated. To test this, cells 

can be embedded in a basal lamina gel and the cell viability is monitored by a WST-assay with 

and without the addition of entactin digesting enzymes. Third, if the cell viability is unchanged 

in the present of the enzyme, the incorporation of the enzyme into a particle and the release 

triggered by specifically binding to collagen IV needs to be tackled. Liposomes could be used as 

a carrier particle since incorporation of macromolecules into the phospholipid bilayer is easy, they 

are biodegradable and are already used in many drug delivery applications. A collagen IV 

antibody could be inserted into the lipid bilayer and the enzymes would be deposited inside the 

liposome. Still, a trigger is needed which opens the liposome upon binding to collagen IV.  

 

In Section 4.2 it was shown that a combination of electrostatic and hydrophobic interactions is 

responsible for the trapping of charged polystyrene particles. At physiological salt concentrations, 

charged particles of both algebraic signs were efficiently trapped. Such a behavior has been 

reported before for polystyrene particles and for liposomes in basal lamina gels [33]. Similar 

results were obtained for other biological hydrogels such as mucus and the vitreous humor [66-

68]. In all of these gel environments, PEGylation of the test particles resulted in nearly free 
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diffusion within the gels. In general, the covalent attachment of PEG chains to the carboxyl-

groups of the particle surface has two effects: First, the particles become uncharged since the 

charged COOH groups are used for the covalent binding of the PEG chains. Second, PEGylation 

decreases the hydrophobicity of drug carriers [69,70]. Thus, PEGylation of particles alone does 

not suffice to entangle the contribution of electrostatic and hydrophobic interactions to particle 

trapping in hydrogels. To achieve such an entanglement of those interactions, high amounts of 

salts were added in Section 4.2 which results in an efficient charge screening. If only electrostatic 

interactions were responsible for particle trapping, all particles should be mobile at ion 

concentrations as high as 1 M NaCl. However, a significant fraction of particles remained trapped. 

This high fraction might be a result of Manning condensation, also referred to as counterion 

condensation. The concept of Manning condensation assumes that ions are recruited to a charged 

polymer to obtain an equilibrium between electrostatic energy and entropy [71]. The charged 

polymer is modelled as a line of charges with a certain charge density. If this charge density is 

very high, e.g. when DNA is considered, the polymer is restricted in the possible conformations 

it can assume. This results in an entropic penalty. The entropy can be increased when the charge 

of the polymer is screened, e.g. by counterions. This results in an entropy decrease for the ions 

since they are “bound” to the polymer but an increase in entropy for the polymer because more 

conformations are conceivable. It might be entropically even more favorable if the ions “bound” 

to the polymers are replaced by other charged objects, e.g. polystyrene particles, since the 

decrease in entropy for one particle is lower than the decrease of entropy for many ions. The 

polymers considered here are dissolved in an aqueous solution; thus, electrostatic forces between 

neighboring charges are decreased due to the high dielectric constant of water. A measure for the 

impact of electrostatic interactions compared to the thermal energy is given by the Bjerrum length 

[72] which is the ratio of the force acting between two elementary charges and the thermal energy. 

For water, the Bjerrum length has a value of 0.7 nm; accordingly, if two charges are closer to each 

other than 0.7 nm, electrostatic forces dominate. In contrast, if the distance between neighboring 

charges is greater than 0.7 nm thermal energy dominates. Thus, Manning condensation can only 

play a role, when the line charges are closer to each other than the Bjerrum length; this is also 

referred to as the Manning criterion. Thus, if the ratio Bjerrum length and the distance between 

two neighboring charges is greater than 1, Manning condensation is observed. To decide whether 

Manning condensation is applicable for the situation described in Section 4.2, the basal lamina 

constituents responsible for the binding of particles need to be known and evaluated. In a previous 

study, the molecule responsible for the trapping of the positively charged particles was identified 

to be heparan sulfate [33]. This glycosaminoglycan is strongly negatively charged and constitutes 

one of the main components of the basal lamina. For heparan sulfate, the ratio of Bjerrum length 

and line charge results in 2.1-2.8 depending on the degree of sulfonation which fulfills Manning’s 

criterion. However, the fraction of mobile particles increased with increasing salt concentrations 

whereas the effect of counterion condensation is independent of the salt concentration [73]. Thus, 

Manning condensation effects are highly unlikely to significantly contribute to the strong particle 

trapping observed here.  

In Section 4.2 it was shown, that the fraction of mobile particles increases with increasing ion 

concentration. This effect is even more pronounced when divalent ions instead of monovalent 

ions are used. It was argued that hydrophobic interactions are responsible for this observation 

since the observed effect is ion-specific (probably related to the Hofmeister effect). More than 

100 years ago, Franz Hofmeister studied the effect of salts on the solubility of proteins [74]. In 
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his experiments with egg white, he observed that the precipitation of the egg white proteins 

depends on the cations and anions he chose for his experiments. Moreover, he observed a 

difference in the efficiency of precipitation between the anions and cations: In his experiments, 

the anions showed a larger effect on the protein precipitation than the cations. From his 

experimental results, he deduced the following order of anions and cations according to their 

efficiency of precipitating proteins (also referred to as the “Hofmeister series”): 

Anions: 

F- ≈ SO2-
4 < HPO2-

4 < CH3COO- < Cl- < NO3- < Br- < ClC-
4 < SCN- < Cl3CCOO- 

Cations: 

NH+
4 < K+ < Na+ < Li+ < Mg2+ < Ca2+ 

In this series the anions and cations are ordered from increasing hydrophobic effects 

(kosmotropes, left) to decreasing hydrophobic effects (chaotropes, right). When the hydrophobic 

interactions are increased, proteins form aggregates because the hydrophobic parts of the proteins 

tend to accumulate to minimize the contact area with the water molecules surrounding them. In 

contrast, the anions and cations further to the right in the Hofmeister series decrease the 

hydrophobic interactions. This results in a higher solubility of proteins since the folding of the 

proteins is driven by hydrophobic interactions, and when those interactions are decreased the 

proteins denature. The series presented above is not universally valid but depends on several 

parameters which are described below. In addition to the occurrence of ion-specific effects in 

protein systems, ion-specific effects are also observed in other systems, such as surfactant and 

polymer systems, at interfaces and in colloidal systems [75]. The detailed origin of ion-specific 

effects is still not fully understood because diverse interactions, such as ion-particle, ion-hydrogel 

as well as particle-hydrogel interactions, have to be considered [76]. These interactions are 

governed by a broad range of parameters, such as charge density, surface tension, structure and 

the chemical composition of macromolecules [76]. Molecular dynamics simulations along with 

spectroscopy techniques and light scattering are used to explore the influence of these parameters 

but up to now only simple systems were investigated with those approaches and still the detailed 

mechanism remains unknown [77-80].  

Although the detailed mechanism underlying ion-specific effects still needs to be identified, ion-

specific effects and their ability to solubilize proteins and to mobilize particles might be used for 

drug delivery applications. Two scenarios can be imagined: first, the mobilization of charged 

particles as it was seen in Section 4.2 and second, circumvention of steric hindrances imposed by 

the mesh size of the basal lamina by a local gel-solution transition of the basal lamina constituents. 

For the first scenario two particle species are needed: charged particles with incorporated drugs 

and a second particle species with embedded ions. Upon release of the ions the charge of the first 

particle species is screened and the drug carrying particles can further diffuse into the network. 

Two particle species are used because of the limited loading capacity and to exclude interactions 

between the salt ions and the drugs within the drug carrier. The second scenario would act on the 

side of the basal lamina and would need higher salt concentrations than the first scenario. As 

mentioned in Section 2.1 the gelation of the basal lamina gels is induced by an increase in 

temperature. A temperature triggered solution-gel transition is usually found for gel assembly as 

the result of hydrophobic interactions. Water molecules which are located at hydrophobic spots 

on the polymers of the matrix are forced into an ordered structure which results in a decrease in 

entropy. When the temperature is increased, the entropic penalty is increased which eventually 

results in an assembly of hydrophobic spots of polymers next to each other. As explained above, 
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chaotropic ions decrease hydrophobic interactions and can therefore reverse the solution-gel 

transition. This can be used for the delivery of large drug carriers through the basal lamina. When 

a high concentration of chaotropic ions is released, this could result in a local increase in mesh 

size since hydrophobic interactions responsible to maintain this mesh size are weakened. The ions 

have to be chosen carefully to keep the influence on the underlying cells to a minimum. Upon ion 

release a high local salt concentration is achieved which is depleted quickly since ion diffusion is 

very fast. When the salt concentration is back to its physiological concentration, the basal lamina 

should regain its former structure. In both scenarios, liposomes could be used to release the ions 

upon binding e.g. to collagen IV. When a high concentration of ions is incorporated into 

liposomes the osmotic pressure needs to be matched, otherwise the lipid bilayer can rupture and 

release the ions. If the osmotic pressure between liposomes, blood, and interstitial fluid is too high 

another ion carrier such as mesoporous polystyrene particles enclosed into an envelope which 

opens upon contact with e.g. collagen IV, might be used.  

 

 

In Section 4.2, a combination of electrostatic and hydrophobic interactions was identified to trap 

polystyrene particle in basal lamina gels. In a next step, it would be desirable to measure the exact 

interaction strength between the particles and the basal lamina gel. An instrument commonly used 

to measure forces in the range of pN is an atomic force microscope (AFM) [81]. An AFM 

basically consists of three components: a cantilever, a laser, and a position sensitive photo 

detector. The laser beam is reflected from the cantilever onto the detector which consists of four 

domains (quad-cell). Those four domains detect variations in the position of the laser beam which 

is changed by a deflection of the cantilever. The degree of the deflection depends on the force 

acting on the cantilever and can be calculated from the laser beam position on the photo detector 

[82]. AFM measurements can be conducted to determine e.g. the force acting between different 

materials [83,84], the force to extract lipids from a lipid bilayer [85] or the force needed to unfold 

a protein [86]. Such a force spectroscopy measurement might also be used to determine the force 

acting between particles and the basal lamina. An approach might be to attach components of the 

basal lamina to the cantilever tip and use polystyrene as a surface. In this case the polystyrene can 

be used without functional groups and solely the hydrophobic interactions between single basal 

lamina components and the polystyrene can be measured. When those forces are known, the 

Figure 8. (A) Enzymes are released from liposomes upon binding to a basal lamina component, 

e.g. collagen IV. The enzymes digest the crosslinking molecules resulting in an increased mesh 

size. Larger drug carriers are then able to pass the matrix. (B) A long linker molecule with a 

charged group at the end is attached to a polystyrene bead at a cantilever. The linker is brought 

into contact with the ECM and the retraction force is measured.  
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experiments can be repeated with a functionalized polystyrene surface, e.g. by introducing 

charged groups such as carboxyl or amino groups. Those experiments would then determine the 

total interaction strength. The strength of the electrostatic force acting between polystyrene and 

basal lamina components might be calculated by subtracting the hydrophobic part, measured with 

polystyrene alone, from the total interaction strength. One disadvantage of this approach is that 

every component has to be provided separately which can be challenging. In addition, only the 

individual contributions of the single components are determined, however, when acting together 

as a network the interactions strength might be different since not all potential binding spots might 

be available in a network. Another approach might be to attach a polystyrene particle to the 

cantilever tip and coat the basal lamina gel to a surface (Figure 8). With this experiment, the 

interaction strength of the whole network with the polystyrene particles would be measured. 

However both, electrostatic and hydrophobic interactions would contribute to the measured force. 

To entangle these two contributions, polystyrene particles without surface modifications might 

be used. Another possibility would be to attach a long linker molecule to the particle such that the 

particle has no contact with the basal lamina surface. In this scenario, the short-ranged 

hydrophobic interactions should not contribute to the interaction strength. However, multiple 

binding of linkers to the cantilever tip have to be considered. At the end of the linker a defined 

amount of charge would be deposited interacting with the basal lamina. This would gain insight 

into the strength of electrostatic interactions. Together with experiments in which polystyrene 

particles without linker are used, the contributions of hydrophobic and electrostatic interactions 

might be disentangled.  

With the exact interactions strength between polystyrene particles and the basal lamina known, 

nanoparticles might be designed such that the interaction strength is on the order of the thermal 

energy. This would result in transient binding of the particles to the basal lamina network which 

would give rise to a decreased bulk diffusion coefficient in the gel. The exact value of this 

diffusion coefficient might be tuned by the interaction strength and thus by the time the particles 

are bound to the matrix. With this design of nanoparticles, retarded drug delivery might be 

achieved where the retardation depends on the amount of surface charge of the particles. 

Differently charged particles might be applied at once in a high concentration, however, due to 

their varying diffusion constants they would arrive at their intended target at different times.  

In Section 4.3 it was shown that the positively charged peptides and dextrans accumulate at the 

basal lamina interface. Moreover, it was observed that within the basal lamina gel all peptides and 

dextrans showed a similar penetration profile. The height of the intensity peak and thus the 

amount of peptides bound at the interface was shown to depend on the amount of charge present 

on the peptides. The experimental results were reproduced by a simple diffusion-reaction equation 

which was numerically solved. For the reaction part of the equation, both a binding and unbinding 

constant were introduced. The numerical calculations showed that the height of the peak scales 

with the binding affinity and thus with the ratio of the binding and unbinding rate. This effect 

might be harnessed to increase the concentration of drug carriers at the basal lamina interface 

above its value in solution (partitioning effect). In principle, an optimal ratio between the binding 

affinity and the diffusion rate, which should be decreased when the binding affinity is increased, 

should exist such that with a lower drug carrier concentration in the “blood stream” a high 

concentration of drug carrier at the basal lamina interface is achieved. Despite the potentially 

retarded diffusion within the basal lamina the high concentration at the interface might result in a 

more efficient transport, i.e. higher drug carrier concentration within the basal lamina compared 

to non-interaction particles as illustrated in Figure 9. To find the optimal combination of binding, 

unbinding and diffusion rate, more numerical calculation need to be performed. With the results 

from those calculations the surface charge of particles might be adjusted, accordingly. The 
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microfluidic setup presented in Section 4.3 is well-suited to test if the numerically calculated 

profiles are also obtained experimentally and predict the diffusive spreading of “sticky” particles 

in vivo. 

 

 

 

The setup presented in Section 4.3 was designed to be as simple as possible but still be able to 

reproduce key results from in vivo experiments. However, to approach the complexity of an in 

vivo system, a more sophisticated setup design is needed. So far, only a basal lamina gel is 

incorporated in the chip, but the endothelial cell layer, which takes also part in the filter function 

of the vascular system, is still missing. Thus, the next step would be to design a microfluidic chip 

with a cell compartment adjacent to the already existing basal lamina compartment. For the 

incorporation of a cell layer into a microfluidic chip, a stable environment with a temperature of 

37 °C, a cell-type dependent concentration of CO2, and a continuous supply of fresh medium is 

required. Additionally, a robust filling method has to be established such that the gel and the cell 

compartment remains mechanically intact. When those challenges are overcome, various cell 

types can be cultured in such a microfluidic setup. In contrast to traditional cell culture, the 

microfluidic channel offers the possibility to apply a continuous flow to the cells. This is in 

particular interesting for endothelial cells since they are subject to shear stress in their natural 

environment. It was shown that endothelial cells need this shear stress to build up their in vivo 

Figure 9. Illustration of the partitioning effect: (A) Test molecules (red rods) show no interaction 

with the basal lamina and diffuse fast from the buffer (light blue) into the gel compartment (light 

pink). (B) Test molecules (blue rods) accumulate at the basal lamina/buffer interface resulting in 

a high concentration at the interface and a slower diffusion into and in the gel. Inset: two 

exemplary penetration profiles for test molecules with weak (red line) and strong (blue line) 

binding affinity. The overall concentration of the accumulating molecules is higher in the first 

third of the gel compartment compared to the fast diffusing molecules. At longer distances from 

the interface, the highly mobile test molecules show a higher concentration. 
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morphology [87]. Moreover, the in vivo-like production of certain components such as the 

glycocalyx layer is only observed when endothelial cells experience a shear stress exerted e.g. by 

a continuous flow [88-90]. However, it must be ensured that the cells are attached to the inner 

walls of the channel before a continuous flow is applied to prevent the cells from being flushed 

out of the channel. A compartment filled with basal lamina adjacent to the cell compartment will 

support cell adhesion and thus should reduce cell removal due to buffer flux. To even better mimic 

the in vivo situation, a layer of collagen I should be incorporated as well. With this setup, the 

overall structure of the vascular system together with the connective tissue should be reasonable 

well matched. The fine-tuning of parameters such as the flow velocity, the concentration of basal 

lamina and collagen I need to be done experimentally. When all challenges of the proposed setup 

are overcome, in vivo situations such as an inflammation could be mimicked. An inflammation 

response of endothelial cells is initiated by the tumor necrosis factor alpha (TNF-α) and results in 

a leakiness of the endothelium due to a disruption of intercellular junctions [38]. After the 

inflammation induction, particles might be inserted into the microfluidic channel and their 

translocation from the “blood stream” into the connective tissue can be observed. The influence 

of the basal lamina on the particle/molecule translocation is already known from previous 

experiments, thus any deviation from the previous results would be due to the newly introduced 

cell layer. A next step to add more complexity to this setup might be to introduce leukocytes into 

the channel and monitor their migration from the blood stream into the connective tissue. With 

this setup, the influence of drug carriers on leukocyte migration can be investigated. All these 

improvements of the setup presented in Section 4.3 might result in a model vascular system on 

chip with a high predictive power for in vivo behavior. In the long run, such a microfluidic tissue-

on-chip platform has the potential to reduce the need for in vivo experiments by pre-testing drug 

delivery strategies on chip. 
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A Appendix 

A.1 The Biophysical Properties of Basal Lamina Gels Depend on the 

Biochemical Composition of the Gel 
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A.2 Supporting Information: The Biophysical Properties of Basal 

Lamina Gels Depend on the Biochemical Composition of the Gel 

 

 

Figure S1. 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 drastically between ECM1 

(about 20 % dead cells) and the other three variants (about 5-10 % of dead cells). 

 

Table S1. Analysis of particle tracking experiments for a second batch of the gels. Again, amine-

terminated as well as carboxyl-terminated particles are immobile in all ECMs. ECM1, ECM3 and 

ECM4 show a similar fraction of diffusing PEGylated particles whereas in ECM2 only immobile 

particles are detected. 

 Amine Carboxyl PEG 

ECM1 0 0 (84 ± 12) % 

ECM2 0 0 0 % 

ECM3 0 0 (71 ± 7) % 

ECM4 0 0 (74 ± 2) % 
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Figure S2. Micromorphology of the four gel variants. (a) Magnification of the images obtained 

by fluorescence microscopy. The bar corresponds to 10 µm and applies to all images in the first 

row. (b) Images obtained with SEM at magnifications of 500x and 5000x. The scale bar in the 

upper row corresponds to 50 µm and in the lower row to 5 µm. 

 

 

Figure S3. Micromorphology of the second batch of the ECM variants as determined by 

confocal fluorescence microscopy. Representative staining of the matrix component collagen 

IV. The scale bar in the upper left image denotes 50 µm and applies to all images. 
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Figure S4.  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. This allows us to define a plateau modulus G0 for each of the gels: G0,ECM1 

= 3 Pa, G0,ECM2 = 11 Pa, G0,ECM3 = 3 Pa, G0,ECM4 = 4 Pa. The measurement was performed 

on a stress-controlled macrorheometer (MCR 302, Anton Paar, Graz, Austria) with a 25 

mm plate-plate geometry at a plate separation of 200 µm after 30 min gelation time at 

37 °C. 
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Figure S5. Rheological results for the second batch of the gels. Again, ECM2 shows a 

significant higher G’ than the other three gel variants. The error bar denotes the error of the 

mean. 

 

 

 
 

Figure S6. SDS-PAGE for second batch. There was no second batch of growth factor reduced 

ECM1 available therefore we used non-growth factor reduced (ngfr) ECM1 as a control. In 

ECM1 there is an additional band at 50 kDa which was not detected in the other ECMs. 
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Figure S7.  Uncropped blots for detection of the ECM proteins entactin, laminin, 

collagen IV and fibronectin. The entactin blot shows non-specific bands at 130 kDa, 

110 kDa and 100 kDa, which were identified by Paulsson et al (Purification and 

structural characterization of intact and fragmented nidogen obtained from a tumor 

basement membrane, Eur. J. Biochem. 156, 467-478 (1986)), as entactin fragments 

obtained under conditions with less stringent control of endogenous proteolysis. The 

unspecific bands occurring in the laminin blot might show laminin B1 and B2 (>200 kDa) 

as well as shorter proteolytic laminin fragments (130 and 72 kDa). Short proteolytic 

fragments might also occur in the collagen IV blot (72 kDa). This blot additionally shows 

non-specific bands in the region between 300 kDa and 180 kDa, which might be 

explained by cross-reactivity of the collagen IV-antibody with laminin and fibronectin. 

The non-specific bands in the fibronectin blot might be also due to short proteolytic 

fragments. 
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Figure S8. The content of fibronectin, laminin, entactin and collagen type IV in the second batch 

of the four different ECM gels is analyzed by western blot. Densiometric analysis of fibronectin, 

laminin, entactin and collagen IV signals. The error bars denote the standard deviations as 

obtained from three independent gel runs. ECM2 shows again the significantly highest amount of 

entactin. 
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Table S2. 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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gi|4249595 55743 27 3.6e+02 5 

gi|254281186 59054 26 4.3e+02 5 
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A.3 Ion-Specific Effects Modulate the Diffusive Mobility of Colloids in 

an Extracellular Matrix Gel 
 

 

 



A Appendix 

 

60 

 

 



A Appendix 

 

61 

 

 



A Appendix 

 

62 

 

 



A Appendix 

 

63 

 

 



A Appendix 

 

64 

 

 



A Appendix 

 

65 

 

 



A Appendix 

 

66 

 

 



A Appendix 

 

67 

 

 



A Appendix 

 

68 

 

 

 

  



A Appendix 

 

69 

 

 

A.4 Supporting Information: Ion-Specific Effects Modulate the 

Diffusive Mobility of Colloids in an Extracellular Matrix Gel 

 

Table S1. The main constituents of Matrigel and their corresponding pI values calculated 

from expasy.  

Protein pI 

Laminin subunit α 6.26 

Laminin subunit β 4.82 

Laminin subunit γ 5.08 

Heparan sulfate 
proteoglycan core 
protein 

5.88 

Collagen IV 8.85 

Nidogen 5.22 

 

 

Figure S1. Diffusion behavior of 1 µm polystyrene particles in Matrigel diluted with 

HEPES buffer (pH 7.5) at an ionic strength of 100 mM KCl. From the particle trajectories, 

mean square displacement curves are calculated for (A) PEGylated, (B) amine-terminated 

and (C) carboxyl-terminated polystyrene particles. 
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Figure S2. Three exemplary MSD curves with an exponent α ranging from 0.7 to 1.2 

obtained from simulations of free diffusion (curves are shifted for clarity). The exponent 

α is defined by 〈𝑥2〉 ∝ 𝜏𝛼   as described in the manuscript. The amount of data points 

matches the number of data points collected in our single particle tracking experiments.   
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Figure S3. Further examples for trapping/release events observed for 300 nm-sized 

particles in Matrigel. (A) shows the x-coordinate of a particle trajectory obtained for a 

300 nm carboxyl-terminated polystyrene particle in Matrigel at a salt concentration of 0.5 

M KCl. At first, the particle is bound to the hydrogel but starts diffusing after ~7 s. (B) 

The particle diffuses for the first 3 min of the observation but then it becomes trapped as 

it binds to the hydrogel. (C) Two types of binding can be observed: at the beginning and 

at the end of the observation, the particle is loosely bound as reflected the high fluctuation 

amplitude of the particle displacement. In between those loosely bound states, the particle 

is tightly bound as indicated by the smaller fluctuation amplitude. (B) and (C) were both 

obtained for 300 nm carboxyl-terminated polystyrene particles in Matrigel supplemented 

with 1.5 M KCl.  
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Figure S4.  Viscoelastic frequency spectrum obtained for Matrigel which has been 

diluted 1:1 with MEM-α cell media. The storage modulus G’ (filled circles) as well as the 

loss modulus G’’ (open circles) are nearly constant over three decades of frequency. This 

allows us to define a plateau modulus 𝐺0 = 𝐺′~ 5 Pa. It is tempting to calculate a mesh 

size from this plateau value, however, the plateau modulus of a biopolymer network 

depends on a range of parameters: First, the bending stiffness of the biopolymer is a 

crucial parameter: scaling relations for the plateau modulus are markedly different for 

networks of flexible, semi-flexible or stiff polymers. Second, it is important to distinguish 

between an entangled solution and a cross-linked polymer network, respectively. For a 

cross-linked polymer network, as it is the case for Matrigel, the concentration of cross-

linking points mainly sets the value of the plateau modulus. Tharmann et al (PRL 98, 

088103 (2007)) have shown that the plateau modulus of an actin network can be increased 

by two orders of magnitude while the mesh size is kept constant. The weak frequency 
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dependence of the loss modulus G’’ is an indication for suppressed macromolecule 

reptation which is probably due to cross-linking interactions of laminin with other laminin 

macromolecules. The measurement was performed on a stress-controlled 

macrorheometer (MCR 102, Anton Paar, Graz, Austria) with a 25 mm plate-plate 

geometry at a plate separation of 175 µm after 30 min gelation time at 37°C. 

 

Figure S5.  Gelation curve for Matrigel which has been diluted 1:1 with MEM-α cell 

media without further addition of ions (black) and with either additional 0.5 M CaCl2 

(blue) or 1.5 M NaCl (green). The storage modulus G’ (filled circles) as well as the loss 

modulus G’’ (open circles) approach a plateau for all conditions. The final storage 
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modulus of Matrigel with additional CaCl2 is the highest of the three conditions tested. 

This finding supports the idea of deswelling of the gel at higher divalent ion 

concentrations. The measurement was performed on a stress-controlled macrorheometer 

(MCR 102, Anton Paar, Graz, Austria) with a 25 mm plate-plate geometry at a plate 

separation of 175 µm and at 37°C. 
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A.5 A microfluidics approach to study the accumulation of molecules 

at basal lamina interfaces 
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A.6 Supporting Information: A microfluidics approach to study the 

accumulation of molecules at basal lamina interfaces 
 

 

Figure S1. Detailed scheme of the microfluidic setup; all dimensions are given in mm.  

 

 

Figure S2. Intensity profiles for dextrans 5 min after insertion into the microfluidic channel. The 

4 kDa dextrans (dashed lines) penetrate deeper into the channel than the 150 kDa variants. We 

observe a small accumulation peak at the ECM/buffer interface (marked by the orange dotted 

line) for both positively charged DEAE-dextrans (red dashed line 4 kDa, red line 150 kDa), 

whereas no accumulation is observed for the negatively charged CM-dextrans. 
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Figure S3. Fluorescence images showing the distribution of negatively charged CM (A) and 

positively charged DEAE (B) dextrans (MW = 150 kDa) 5 min after microinjection into the 

cremaster muscle of a mouse. The CM-dextrans rapidly spread from the injection site (white 

cross) next to muscle fibers (A) whereas the DEAE-dextrans accumulate around blood vessels 

(white arrows, B). Scale bar: 50 µm. 

 

 

Figure S4. Fluorescence images showing the distribution of negatively charged CM (A) and 

positively charged DEAE (B) dextrans (MW = 4 kDa) 60 min after microinjection into the murine 

cremaster muscle. The CM-dextrans accumulate at the injection site (white cross) along muscle 

fibers (A) whereas the DEAE-dextrans remain in the interstitial space and around blood vessels 

(white arrows, B). Scale bar: 50 µm. 
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Figure S5. Intensity profiles for peptides 5 min after insertion into the microfluidic channel. The 

penetration profiles are similar for all peptide variants. For the (QQK)8 peptides, we observe a 

small accumulation peak at the ECM/buffer interface (marked by the orange dotted line). We 

measure an accumulation peak intensity of 94 % of the channel intensity. For the higher positively 

charged (KKK)8 peptides, the accumulation is stronger with a peak intensity of 113 %. Negatively 

charged (EEE)8 and (QQE)8 peptides show no accumulation at the interface. 

 

 

 

 

 

 

 



A Appendix 

 

88 

 

 

 

Figure S6. Confocal immunofluorescence images of (KKK)8 peptides 60 min after 

microinjection into the murine cremaster muscle. (A) and (E) show 3D rendered images of 20 

confocal z-planes  (1 µm distance) of postcapillary venules in the muscle tissue. Single confocal 

z-planes from the regions indicated in (A) and (E) are shown in (B-D) and (F-H). Cell nuclei are 

depicted in blue (TO-PRO3), Collagen IV green (A, B and D) and CD31, which marks endothelial 

cells green in (E, F and H). The (KKK)8 peptide (red A, B, D, E, F and G) co-localizes with 

collagen IV at the basolateral side of endothelial cells. Scale bar: 30 µm.   

 

 

Simulation of diffusion and binding to the gel 

As a general description of the diffusive process we used a standard reaction-diffusion model in 

one dimension that includes the binding and unbinding processes to the gel. We set up a system 

of two coupled partial differential equations for the time dependent evolution of the corresponding 

concentrations of the bound and the unbound part: 

 

2

2

u u

b

c c
D R

t x

c
R

t

 
 

 


 



  

Here, cu and cb denote the unbound and the bound concentration, respectively, and D is the 

diffusion coefficient. The reaction part ±R of the equations describes the binding to and the 

unbinding from the gel. 
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In the simulation, we assumed that a reservoir of infinite size with concentration cu = 1 is coupled 

to a small intermediate buffer region at position x = 0. The gel extends from x = 0.05 to the right 

boundary at x = L, where we applied absorbing boundary conditions (i.e. an infinitely large 

reservoir of concentration cu = cb = 0). Since binding and unbinding rates are directly proportional 

to the corresponding concentrations we obtain linear reactions terms: 

 
off on

b uR k c k c    

The rate constants for binding and unbinding are given by kon and koff, respectively. To take into 

account that both, binding and unbinding processes can only take place in the gel (i.e. in the region 

0.05 < x < 1), the rate constants have to be chosen such that: 

 0on offk k   for x < 0.05 

By inserting the reaction part into the reaction-diffusion we obtain: 
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   (2) 

These partial differential equations describe the full time evolution of the reaction-diffusion 

system in the gel. The total concentration is given by the sum of the bound and the unbound part: 

 ( , ) ( , ) ( , )tot u bc x t c x t c x t    

For a numerical simulation of the reaction-diffusion model, the equations (1) and (2) have to be 

discretized in space and time. Therefore, a grid of Nx equally spaced points with distance  

/ xx l N   is introduced. From considerations of numerical stability a fixed time step is chosen. 

The solution is propagated stepwise in time by an Euler-Forward scheme. The discretized 

equations read: 
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where x j x   and t k t  . This was implemented in Matlab and calculated for the parameters 

shown in Table S1. 

Table S1: Parameter choice for the calculation of penetration profiles. 

Parameter Value Description 

D 2*10-5 Diffusion coefficient 

kon (1) 2*10-4 

(2) 2*10-5 

on rate (red dash-dotted line in Fig. 3 of the main paper) 

on rate (red line in Fig. 3 of the main paper) 

koff (1) 2*10-5 

(2) 2*10-6 

off rate (red dash-dotted line in Fig. 3 of the main paper) 

off rate (red line in Fig. 3 of the main paper) 

 

The model allows for a continuous fast diffusion of molecules to the interface. However, when 

the molecules reach the interface, the binding affinity of the molecules to the gel results in a 

“slowed down” diffusion from the interface back into the buffer compartment due to binding 

events. This results in an effective asymmetric diffusion and gives rise to the concentration peak 

at the interface. 
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