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   Abstract 

 
 

Abstract 
This thesis will provide a closer insight in the preparation and characterization of two 

biologically inspired hydrogel systems that may be used for the encapsulation of drugs. In 

more specific, for the encapsulation of bacteria. Bacterial drug delivery systems are a new 

approach to prevent and treat neurodegenerative diseases such as Alzheimer’s disease and 

Parkinson’s disease. The two systems that were considered, are the 

fluorenylmethoxycarbonyl-diphenylalanine-based hydrogels and hybrid material of a depsi 

peptide cross-linked to a macromolecular dextran backbone. 
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Introduction 
 

Drug delivery has always been a large field of research with the main aspects of delivering the 

active compound most efficiently and controlled. This aspect is important regardless of the 

compound, whether synthetic, naturally derived or even living, such as bacteria. 

Regarding bacterial delivery, recent research gives evidence of the connection between the 

microbiome and neurodegenerative diseases as for example Parkinson’s disease (PD), 

Alzheimer’s disease (AD), multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS) [1], 

[2]. These diseases all have aggregated protein deposits in the brain in common, and are 

usually composed of misfolded β-sheet structures, the so-called amyloid plaques. These 

aggregates are not just found in the brain, but also in the gut. It is known that some bacteria, 

for instance E. coli or Salmonella, can produce amyloid fibers, though not all amyloids are 

pathogenic [3]. Several studies prove a connection between amyloids present in the gut and 

enhanced amyloid accumulation in the brain, via the so-called microbiota-gut-brain axis. 

Unfortunately, the exact connection is still unclear. Of all the above mentioned diseases PD is 

the most intensively studied in this context and AD research is becoming more popular 

because it is the most common form of dementia in the western world with about 300,000 

new cases per year [4]. 

In terms of new therapeutic approaches for diseases, bacterial drug delivery opens up a 

completely new area. With regards to AD, Harach et al. [5] propose to improve an imbalanced 

gut microbiome by reestablishing an healthy intestinal microbiome. More specifically, the 

encapsulation and delivery of, in AD patients lacking bacteria, Akkermansia and Allobaculum, 

are of large interest. The encapsulation could be supported by already known approaches such 

as a dry formulations or coatings with biopolymers [6]. However, the microencapsulation in 

hydrogel systems is an already disseminated delivery method which promises higher viabilities 

of the bacteria than dry approaches throughout processing [7], [8]. Hydrogels are three-

dimensional networks of polymers that can entrap water and other compounds, e.g. drugs. 

This type of material can be prepared from a large variety of precursor molecules [9]. 

Depending on the synthesis, the behavior can be fine-tuned that a controlled drug release in 

the gut is possible [10]. Importantly, hydrogels that are built up from fibrillary substructures 

are well known to support the attachment and differentiation of mammalian cells [11]. 

Whether these structures also support bacterial viability in drug delivery is not known yet.  
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1. Definition of Hydrogels 
Hydrogels are three-dimensional matrices that can entrap water. Overall these networks can 

be built up from synthetic or natural monomers as well as polymers. Their distinct properties 

can be changed for different applications, such as charge, cross-linking degree or 

biodegradability [9]. All these parameters create a very broad field of preparation and 

application. 

 

The evolution of hydrogels can be roughly split into three generations. The first generation 

consisted on the one hand of water-swollen cross-linked materials (pHEMA) that were 

reported in the 1960s and used for soft contact lenses [12]. Whereas on the other hand 

covalently cross-linked hydrogels, for example poly(vinyl alcohol) (PVA) and poly(ethylene 

glycol) (PEG) were positioned. From the naturally inspired side, cellulose gained attention in 

terms of biomedical application (fig. 1). 

 

Figure 1: Molecular structures of pHEMA, PVA, PEG and cellulose 

The second generation emerged in the early 1970s, where the development moved further to 

the direction of materials with the capability of responding to environmental changes such as 

temperature or pH. The main representatives for thermo-responsive materials are PEG-

polyester block copolymers and poly(N-isopropylacrlyamide (pNIPAAm) [13] (fig. 2). 

 

Figure 2: Molecular structures of PEG-polyester block copolymer and pNIPAAm 

Further physical influences like stereo-complexation and ionic interactions were explored in 

the mid-1990s [13] which counts into the third big step of hydrogel development. Smart 

hydrogels, as they are prepared in situ nowadays, include a larger variety of cross-linking 
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reactions like enzyme catalyzed reactions, Michael additions, radical polymerizations, click 

reactions or the self-assembly of block copolymers (fig. 3). 

Furthermore, one can separate the field of hydrogels in two sections. One section consists of 

hydrogels as tunable, three-dimensional networks that can swell by entrapping water. 

Whereas the other section consists of fibrillary networks which can also entrap water, but 

does not have a swelling property as such [10]. 

 

Figure 3: Broad field of crosslinking systems for the preparation of hydrogels ranging from covalent crosslinking over charge-
repulsive forces to hydrophobic orientations [9] 
 

2. Peptide-based Hydrogels 
As already mentioned, hydrogels can be formed out of several materials. Herein the focus will 

be on biohybrid materials composed of self-assembling peptides. Peptides in general are 

highly promising materials in drug delivery systems, and due to their biodegradability and in 

terms of bacterial encapsulation they promise high biocompatibility [14]. 

 

2.1 Peptides 

Peptides are organic polymers of amino acids that are connected by their characteristic 

peptide bond which forms in a condensation reaction of a carboxyl group and an amide group 

(Fig. 4) [15]. They can be classified by their length, as dipeptides consisting of two amino acids, 

oligopeptides consisting of up to ten amino acids and polypeptides consisting of more than 

ten amino acids. 
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Figure 4: Condensation reaction of carboxyl group and amide group to form a peptide bond 
 

These molecules can either be naturally synthesized by ribosomes in the process of 

polypeptide biosynthesis of cells or synthetically in the lab in solid-phase peptide synthesis 

(SPPS). Naturally synthesized peptides mostly have a designated use as bioactive compounds 

in living cells. For example, they can form ion channels and membrane receptors, act as 

antibodies and toxins or can catalyze reactions by the formation of enzymes. 

Peptides can develop characteristic structures. The primary structure is defined by the amino 

acid sequence. The secondary structures describe the local arrangement of a primary 

sequence due to hydrogen bonds. This includes the formation of three-dimensional α-helices, 

β-sheets or random coiled structures. The tertiary structure describes the three-dimensional 

arrangement of a protein or a protein subunit which may form due to hydrophobic effects or 

intramolecular disulfide bridges. The quaternary structure describes the interaction of several 

protein subunits with each other (Fig. 5) [15]. 
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Figure 5: Hierarchy of protein structures 
 

As an example, of the possible combinations of all natural 21 amino acids in the primary 

sequence, a protein of 100 amino acids has a variety of 20100. Also, the molecular recognition 

patterns and self-assembling structures offer a great opportunity of fine tuning the properties 

of a peptide. Another advantage of peptides is their biocompatibility and biodegradability 

[14]. Unfortunately, polypeptides cannot be synthesized on a large scale due to their 

inefficiency and cost of synthesis, although current technological advances are attempting to 

push these limits [16]. Thus it is much more promising to use specific short peptide sequences 

of 2-30 amino acids as building blocks [17]. 
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2.2 Self-assembling Peptides 

The idea of using self-assembling peptides as building blocks for the formation of ordered 

nanostructures is inspired by naturally occurring self-assembling building blocks such as in the 

actin cytoskeleton, collagen proteins in extracellular matrices, or amyloid β (Aβ) structures 

(fig. 6). 

 

Figure 6: Schematic assembly of actin filament, F-actin = filamentous actin, G-actin = globular actin monomer [18] 

The self-assembling process of these building blocks is driven by their mutual recognition 

patterns [19], as charge complementary alignments, hydrophobic interactions, hydrogen 

bonds and aromatic stacking interactions. These lead to the formation of nanostructures like 

fibers and particles or three-dimensional networks as for example hydrogels (Fig. 4) [17]. 

 
Figure 7: Self-assembly by charge complementarity (left). Amphiphilic self-assembly (right) [20] 

 

One type of building block, which is commonly used for the preparation of hydrogels, are self-

assembling short peptide sequences. This system was developed from the observation of 

amyloid fibrils that share a diphenylalanine recognition patter to cause the fibrillation of for 

example the amyloid-beta (Aβ) protein in Alzheimer’s disease [21]. The diphenylalanine motif 

contains two aromatic rings that are well-known to form supramolecular structures through 

hydrogen bonds and π-π-stacking interactions [22]. 

On the basis of these findings, Gazit et al. [23], [24] could show that these stacking interactions 

can lead to different morphologies in hydrogels. Depending on other amino acids in 

combination with the aromatic amino acid motif, they could observe the formation of stiff 

fibers, microtubes or hollow spheres. 

This thesis is focused on the N-terminal protected fluorenylmethoxycarbonyl-diphenylalanine 

(Fmoc-FF) because of its soft mechanical properties and its low toxicity in cell cultures, 

compared to other Fmoc-protected di-amino acids [25]. 
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Using this monomer for the formation of hydrogels was firstly reported by Jayawarna et al. in 

2006 [26]. The hydrogel formation is driven by hydrogen bonding and π-π-interactions of the 

aromatic fluorenyl rings of the Fmoc-group as shown in the illustration below (Fig. 5) [26], 

[27]. 

 

Figure 8:Self-assembly of fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) to form a hydrogel via π-π-interaction of the 
aromatic Fmoc-groups and the phenyl side chains and formation of hydrogel via hydrogen bonds. 

 

Another approach to form supramolecular structures through self-assembling building blocks, 

are the so called Depsi peptides (O-acyl isopeptides) [19]. Depsi-peptides can be synthesized 

as natural cyclic compounds produced by bacteria, fungi and marine organisms [28]. But they 

can also be synthetically produced by solid phase peptide synthesis (SPPS) according to the 

method established by Merrifield et al. [29]. In SPPS, the introduction of depsi-peptides was 

implemented to facilitate the synthesis of “difficult” peptides. Difficult peptides are prone to 

aggregate throughout the procedure [30], [31]. 

The main characteristic of depsi-peptides is the, in the peptide backbone introduced ester-

bond [30] built by a hydroxyl side-chain group of a serine or a threonine and the carboxyl 

group of the subsequent amino acid [32]. This introduces a kink in the naturally linear 

structure of the peptide which prevents the peptide aggregation. The ester-bond can undergo 

a quantitative O,N-acyl rearrangement (Fig. 6) under mild basic conditions which in turn leads 

to fibrillation and thus the formation of β-sheet structures. 

 

Figure 9: N,O-acyl shift of depsi ester-bond [30] 
 

A fibrillation of β-sheets can be finely tuned by altering C- and N-terminal amino acid residues, 

which can lead to a controlled assembly and disassembly of the peptides [33]. 
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3. Application and Prospects of Hydrogels 
Hydrogels can be used in a broad range of applications. They were reported for the first time 

in 1954 in the use of contact lenses [34], and since then the field has opened up to many other 

areas: 

Table 1: Fields of application for hydrogels 

Field of application Example exemplary hydrogel  

Biomedicine Implants [35] PNIPAAm 

Medicine Wound dressings [36] Alginate 

Regenerative 

medicine 

ECM-like matrix for cell culture 

[37] 

Self-assembling peptides 

Food Additives [38] Agarose 

Diagnostics Glucose biosensor [39] HEMA 

Drug delivery systems Controlled drug release from 

implants [40] 

Any type 

 

Regarding the goal of this project, the drug delivery will be presented in the following 

paragraph in more detail: 

Summarizing challenges faced when designing hydrogels for drug delivery is the toxicity of the 

material, the incorporation and release of drug molecules. 

Regarding the toxicity, all compounds that are used prior to the formation of the hydrogel - 

no matter if natural, synthetically or semi-synthetically - have to be non-toxic for humans. 

The method by which drugs are released from hydrogels can be categorized as either 

diffusion-controlled, swelling-controlled or chemically controlled. According to Fick’s first law 

of diffusion the most common way is passive diffusion which is mainly limited by the hydrogels 

mesh size and the diameter of the molecule. The mesh size in turn is influenced by several 

parameters such as degree of crosslinking, chemical structure of the monomers or external 

stimuli. The release mechanism of the active compound also depends on its size and typically 

the mesh size of hydrogels is between 10 µm to 100 nm in the swollen state [41]. If there are 

macromolecules, i.e. peptides or proteins, to be released the network may have to be 

chemically or enzymatically degraded. The drug release can be controlled in two different 

ways, time-controlled or stimuli-induced, which gives the advantage of releasing a certain 

compound in a specific tissue at a specific time. The stimuli-induced hydrogels are also known 

as “smart” hydrogel systems and can be divided in physically-, chemically and other stimuli-
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induced release systems. Physical stimuli may be temperature or light, chemical stimuli 

include changes in pH or molecular recognition events and another stimulus may for example 

be an infection-responsive drug release [42], [43]. 

 

 

3.1 Bacterial Drug Delivery 

The main aspect in bacterial drug delivery systems is their viability, which is crucial to support 

their resettlement in the intestine. To identify the optimal growth and viability conditions for 

each microorganism many parameters, as for example temperature, pH, pressure, aerobic or 

anaerobic metabolism and nutrients, have to be taken into consideration. 

Microorganisms inter alia, Lactobacillus spp., Bifidobacterium spp., Escherichia coli nissle and 

Saccharomyces cerevisiae have already been studied to a great extent because of their 

perceived health benefits. This is also the origin of the expression probiotics, which is derived 

from the Latin word pro “for” and the Greek word bios “life”. This knowledge is applied by 

many food researchers, who incorporate these organisms in mostly dairy products, for 

example yogurt [6]. Most of the research was done in the direction of providing health 

benefits but not to cope with threatening diseases. 

Microencapsulation is a method to package a core material to protect it and release it in a 

controlled manner. Techniques are for example: spray-drying, freeze-drying, or coating 

methods. The choice of technique strongly depends on the polymers that are chosen for the 

encapsulation. The coated material can then be either mix in i.e. dairy products or filled in 

capsules as gel beads or emulsion. For spray- and freeze-drying techniques no coating is used, 

but one has to take into consideration that the extreme conditions, heat or coldness and 

pressure, throughout the processing have a large influence on the viability of the bacteria. 

Another problem with the oral administration of probiotics is that they are usually no longer 

detected after the end of administration [44]. 

When it comes to the medical application of bacterial drug delivery systems, the research is 

recently emerging. Especially when it comes to the reestablishment of the whole gut flora, 

former studies have already proven the success of fecal microbiota transplantation (FMT) 

towards humans to cure the infection with clostridium difficile or ulcerative colitis [45], [46]. 

The FMT is implemented via an endoscopic colorectal enema, not orally as for probiotics. In 

the example of CDI (C. difficile infection) it shows good recovery as such that C. difficile is 
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eliminated. Other bacterial populations reestablish their original occurrence after one week, 

aside of naturally occurring deviations in the microbial population [47]. This implies the 

necessity of a time-consuming weekly treatment, in the case that a long-term reestablishment 

is desired. Furthermore, the unappealing treatment remains a main disadvantage of FMT. 

Comparing the numbers of patients of CDI and Parkinson’s disease (PD) or Alzheimer’s disease 

(AD), these two facts decrease the potential application in these diseases. Speaking of 50 

million people worldwide suffering from AD, that cannot be cured as compared to a yearly 

infection of 453,000 patients in CDI, with only 6 % incurable [48], [49]. 

 

 

 

4. Methods 

4.1 Solid Phase Peptide Synthesis (SPPS) 

Peptide synthesis was first conducted as documented by Merrifield et al. [29], starting from 

the C-terminus reaching the N-terminus. Since then, the technique has been further improved 

that nowadays peptides can by synthesized at a range of up to 70 amino acids. 

The first part of the method requires the first C-terminal amino acid to be immobilized to the 

solid phase. The solid phase is presented by a polystyrole resin with specific surface 

modifications that link the C-terminus of the peptide to the resin. The most commonly used 

resin is the so called Wang resin, which links the resin with p-alkoxybenzylester to the carboxyl 

group of the amino acid (Fig. 10) [50].  

 

Figure 10: Different linker strategies for the surface modification of polystyrol resins used in SPPS 
 

The final peptide can be cleaved off with ≥ 90 % TFA after synthesis. Other Resins, such as the 

Rink amide linker or the chlorotrityl linker are much more sensitive to acidic cleavage [51]. 

Furthermore, there also exist linkers that can be cleaved off by photolysis or selective 

palladium(O) catalysis (allyl linker). 
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Figure 11: Scheme of a peptide synthesis according to Merrifield et al. [29] 

The next step in SPPS is the N-terminal deprotection of the previous amino acid. To avoid 

undesired side reactions, many protecting groups can be used to prevent functional groups 

reacting. The most commonly used protecting groups in SPPS are listed in Table 2. 

 

Table 2: Protecting groups in SPPS 

Functional group Protecting group Site Cleavage 

Amino group Fluorenylmethyloxycarbonyl 

group (Fmoc) 

N-terminal/ 

side chain 

Base-labile 

 tert-Butyloxycarbonyl group 

(BOC) 

N-terminal/ 

side chain 

Acid-labile 

Carboxyl group tert-Butylester C-terminal/ 

side chain 

Acid-labile 

 Trityl (Trt) C-terminal/ 

side chain 

Acid-labile 

Hydroxyl group tert-Butylether Side chain Acid-lable 

Amino group Benzyloxycarbonyl group (Cbz) Side chain H2 

 

After deprotection the subsequent amino acid has to be activated through the formation of 

an active ester, at the C-terminus, with either a carbodiimide (i.e. DIC), uranium salt (i.e. HBTU) 

or a phosphonium salt (i.e. PyBOP) (fig. 11). 
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Figure 12: Activator reagents which are commonly used in SPPS.  

 

 

4.2 Rheology 

Rheology is the first choice when it comes to the analysis of viscoelastic properties of 

hydrogels [52]. Originally it was used to study the flow behavior of liquids but can also be used 

for materials that can respond to deformation stress [53]. In particular oscillatory 

measurements are used to determine viscoelastic behavior. 

Throughout these measurements, oscillatory rotational deformations (shear stress, τ) are 

exerted on a material as illustrated in the figure below (Fig. 8). 

 

Figure 13: Setup of shear stress-controlled rheology device [54]. 

The deformation storage modulus (G’) and the loss modulus (G’’) give the crucial information 

[55]. G’ represents the elastic behavior of a material by the energy which is stored within the 

material and the driving force for the back deformation. G’’ represents the viscous behavior 

of a material from the energy which is lost through deformation and dissipated as heat. For a 

hydrogel G’ has to be larger than G’’. 

Mathematically these moduli are described as in equation 1 and 2. 

𝐺′ =  
𝜏𝐴

𝛾𝐴
cos(𝛿) [1] 

𝐺′′ =   
𝜏𝐴

𝛾𝐴
sin(𝛿) [2] 
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The relation of 
𝜏𝐴

𝛾𝐴
 describes the shear viscosity (η) of material. 𝜏𝐴 stands for the shear stress 

and 𝛾𝐴 for the shear strain. δ characterizes the phase shift of 𝜏𝐴 and 𝛾𝐴, the so-called loss 

angle. 

The gelation process of a hydrogel can be monitored at a constant frequency over a desired 

time, by the ratio of  
𝐺′′

𝐺′
= tan(𝛿). If tan (δ) > 1 the material is still liquid, and if tan (δ) < 1 a 

gel is formed. From this relationship tan (δ) = 1 describes the point of gelation. 

To determine the stability of a hydrogel an amplitude test is performed. During this 

measurement, the strain is increased from 0.1 % to 1000 % at a constant rotation angle and a 

frequency of 1 Hz. At a certain strain G’ crosses over G’’ which in term leads to tan (δ) > 1. This 

crossover is characteristic for the full disruption of an existing gel network (fig. 9). 

 

Figure 14: Amplitude test - frequency sweep. ΓL is the characteristic frequency at which the linear-viscoelastic (LVE) region is 
left. It describes the beginning of breakdown of a network. 
 

Hydrogels can be classified in their viscous behavior, for example they be thixotropic which 

makes them suitable as injectable components [56]. 
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Motivation 
 

The goal of this work is to investigate new biologically inspired materials that form hydrogels 

and can be applied to an oral bacterial drug delivery system. These delivery systems are hoped 

to support the prevention and treatment of neurodegenerative diseases such as Parkinson’s 

disease and Alzheimer’s disease. Both systems that were used are inspired by the self-

assembling amyloids, leading to the formation of fibrous macromolecules in hydrogels. 

Furthermore, both materials were chosen because of their soft and self-healing material 

properties. Their soft nature imitates the natural environment of the bacteria in the gut and 

could also support a prolonged exposition of incorporated bacteria to the intestinal mucosa 

compared to a burst release from instantly disintegrating delivery systems. 

The challenges that arise in bacterial delivery systems are the toxicity of the material towards 

humans but also towards bacteria and the cost-effectiveness of the therapeutic agent. As the 

effects on humans are more frequently assessed, both requirements can be fulfilled by 

scanning through a variety of materials that are known to be non-toxic towards humans, 

testing these materials on bacteria and optimizing their synthesis. 

 

The first system, the Fmoc-diphenylalanine (Fmoc-FF) system, was characterized by its 

gelation and mechanical properties by the solvent exchange method with different solvents 

and different solvent ratios. The solvents were chosen according to their beneficial value 

towards bacteria and further use of the hydrogels. As hydrogels cannot be delivered in their 

hydrated form, the materials were dehydrated. To simulate a release of the material into the 

intestine, different conditions were tested to rehydrate the materials. 

 

The second system herein tested is originally reported as a hybrid system consisting of a 

cationized and PEGylated HSA backbone that is covalently cross-linked to depsi-peptides. The 

cationic charges of the modified HSA are known to have a negative influence on bacterial 

viability [57]. To estimate whether the system in general is applicable on bacterial cell delivery 

two different depsi sequences were used to perform a toxicity assay with an exemplary E. coli 

cell culture. The sequences that were chosen are the already known cationic charged 

KIKISQINM sequence and the not yet published anionic charged sequence EIEISQINM. To 

improve the bacterial viability of the material, this work used the general setup by using 
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dextran as a macromolecular backbone. Dextran itself is already known to be highly water-

soluble, biocompatible and biodegradable. Furthermore, dextran is known to be degraded in 

the intestine by the enzyme dextranase, which leads to a disintegration of the hydrogel and a 

release of the potentially incorporated drugs [58]. The dextran was modified with a maleimide 

group to further cross-link the backbone with the peptides. The depsi sequence KIKISQINC was 

chosen according to the published sequence whereby the exchange of the original methionine 

to the cysteine provides the electron donor for the Michael addition towards the maleimide 

group (fig. 15). It is known that small changes in the sequence may influence the fibrillation of 

peptides [59], however an overall presence of a cysteine has a positive effect on the fibrillation 

of peptides. 

 

Figure 15: Strategy for the Dextran-Depsi hybrid material 
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1. Fmoc-Diphenylalanine Hydrogels 
 

1.1 Results and Discussion 
 

Gelation 

Fmoc-diphenylalanine (Fmoc-FF) hydrogels were prepared as described using MilliQ water 

(MQ), fastidious medium (FM) or freeze-drying buffer (FDB). DMSO concentrations from 5 % 

to 10 % and were tested on their effect on the appearances of the hydrogels. The different 

solvents and the different DMSO concentrations were chosen according to the storage 

viabilities of Akkermansia muciniphila, as model organism for future applications in, for 

example, Alzheimer’s therapy and improving the handling in further applications such as 

encapsulation in capsules. 

Hydrogels formed with the same solvent but different DMSO concentrations resulted in 

different hydrogel appearances (table 3). 

Table 3: Appearance of hydrogels formed with different solvents and different DMSO concentrations 

CDMSO Appearance in MilliQ H2O Appearance in FM Appearance in FDB 

10 % Clear, homogenous gel Clear, homogenous, soft 

gel 

Clear, homogeneous gel 

9 % Clear, homogenous gel Clear, homogenous, soft 

gel 

Clear, homogeneous gel 

8 % Clear, homogenous gel inhomogeneous gel Clear, homogeneous gel 

7 % Clear, homogeneous, 

soft gel 

Inhomogeneous gel, 

disintegrates easily 

Clear, slightly 

inhomogeneous soft gel 

6 % Slightly inhomogeneous Inhomogeneous, viscous Clear, slightly 

inhomogeneous soft gel 

5 % Inhomogeneous Inhomogeneous, liquid to 

viscous 

Clear, slightly 

inhomogeneous soft gel 

 

The appearance of the hydrogels differs by varying ratio of DMSO/ Fmoc-FF stock solution and 

the solvent. A reason for this observation may be changing volume ratio of the solvents. This 
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means that for a lower DMSO concentration, a lower stock volume has to be equally 

distributed throughout the hydrogel, compared to a higher concentrated DMSO hydrogel. 

Due to the inhomogeneity of hydrogels with DMSO concentrations below 8 % when prepared 

with MilliQ water (MQ) fastidious medium (FM) or freeze-drying buffer (FDB), they were not 

further characterized regarding their rheological properties. 

 

When different DMSO concentrations and different solvents were used rheological 

measurements were conducted on a DH-3 rheometer (TA instruments) to characterize the 

gelation and the viscoelastic behavior. Depending on the medium which was used to perform 

the gelation, the gelation time and the modulus cross-over varied. All values are not absolute 

but calculated as mean values (n = 5). 

Figure 16 and 17 illustrate the influence of the solvent and the solvent ratios used to perform 

the gelation. 

 

Figure 16: Comparison of rheological studies of Fmoc-FF peptide hydrogels, prepared in H2O (left), fastidious medium (center), 
freeze-drying buffer (right) and 8 %, 9 % and 10 % DMSO content, respectively. Gelation was monitored by measuring the 
storage modulus (G’) and the loss modulus (G’’). 

 

Figure 17: Comparison of rheological studies of Fmoc-FF peptide hydrogels, with 8 %, 9 % and 10 % DMSO content, respectively 
and H2O (left), fastidious medium (center), freeze-drying buffer (right) as solvents. Gelation was monitored by measuring the 
storage modulus (G’) and the loss modulus (G’’). 
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After one hour of gelation no clear tendency on the influence, of different DMSO 

concentrations or solvents on the strength of the hydrogels could be observed. 

Throughout all measurements, large standard deviations of 20-30 % (appendix 3.1) could be 

observed. This large discrepancy may arise from the gelation mechanism thus the 

inhomogeneity of the hydrogels. Because of the hydrogen bonds and π-stacking interactions 

are non-static as compared to covalently cross-linked hydrogels and provide the self-healing 

properties of the material. Fmoc-FF hydrogels are known to be composed of self-assembling 

fibers, which are built up from Fmoc-FF monomers, that form β-sheet structures [24]. As β-

sheet structures are also based on electrostatic interactions of the fibers, they may slip along 

each other when force is exerted on them. This sliding may have caused the large standard 

deviations but also provides the soft of the material [60]. 

The electrostatic interactions can also be interrupted by compounds of the FDB and FM 

compared to MilliQ water. Salts are known to cause electrostatic shielding, which leads to the 

formation of softer materials [61]. This in turn, leads to the expectation that hydrogels formed 

with FM and FDB are softer than the hydrogels formed with just water, which was not 

observed. Additionally, the FDB contains 10 % sucrose compared to 1 % in FM which leads to 

a higher viscosity of the buffer solution, which in turn may also support the strength of the 

hydrogels.  

 

The measurement data gathered in amplitude tests, was used to identify the modulus cross 

over of the storage modulus (G’) and the loss modulus (G’’), which represents a gel-to-sol 

transition of the hydrogel when G’>G’’ applies (fig. 18). 
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Table 4: Summary of the modulus cross-over during the amplitude stress test of Fmoc-FF hydrogels prepared in MilliQ H2O, 
FM and FDB 

cDMSO (%) Solvent Strain [%] 

10 MilliQ 123 

10 FM - 

   

10  FDB 134 

9 MilliQ 170 

9 FM 48 

9 FDB 94 

8 MilliQ 299 

8 FM 31 

8 FDB 84 

 

 

Figure 18: Gel-sol transition of hydrogels prepared with different solvent ratios and with different solvents. FM (yellow), FDB 
(green), MQ (blue). For hydrogels prepared with 10 % DMSO in FM no modulus cross-over was detected. 

As illustrated in figure 18, the hydrogels prepared with FM (yellow) undergo the gel-sol 

transition at the lowest strain of about 50 %, followed by the FDB at about 100 % strain and 

about 200 % for MQ. This tendency confirms the already proposed expectation that the 

additional compounds in the FM and the FDB may shield attractive forces, stabilizing the 

hydrogel. 

With higher amounts of DMSO more stress was required to cause a modulus cross-over in FM 

and FDB hydrogels. For MQ hydrogels the opposite was observed. These findings indicate that 

also hydrogels with 8 % DMSO, respectively, provide sufficient mechanical strength for good 

biomedical application. 

The large standard deviation for G’ = G’’ throughout all rheological measurements can be 

explained by two main criteria. As already described the first could be due to the physical 

1 10 100 1000Stress [%]

10 %_MQ 10 %_FDB 9 %_MQ 9 %_FM 9 %_FDB 8 %_MQ 8 %_FM 8 %_FDB



   1. Fmoc-Diphenylalanine Hydrogels 

20 
 

cross-linking properties of the material. While stress is applied on the material, the formed 

fibers may slide along each other instead of forming a crack in the matrix. Additionally, it could 

be observed that water was quickly extruded from the gel during gentle mixing. If this is also 

the case for the applied stress by the rheometer, an aqueous film might have formed in 

between the hydrogel and the geometries of the device. This water film could blur the exact 

transition point. 

Another reason for the large standard deviations throughout all rheological measurements, 

could be due to the handling, as the hydrogel is formed immediately after mixing the pre-

dissolved Fmoc-FF in DMSO with the solvent on the geometry of the device. This in turn may 

influence the even distribution of the monomers. Because of this it is very difficult to control 

the homogeneity of the material prior to the measurement. 

 

 

Dehydration 

The dehydration of the hydrogels was performed to eventually deliver the material in 

capsules. As commercially used gelatin capsules quickly disintegrate in aqueous environment, 

it is important that the content does not include any water anymore. The aqueous 

environment includes also hydrated hydrogels. To identify an extensive but also mild method 

three different approaches were tested. A vacuum setup, an air-flow (AF) and a freeze-drying 

(FD) setup. 

For all three setups it the formation of hard sticky residues. Hydrogels dried under vacuum 

could not be dried to the same extent as the hydrogels dried via AF or FD. The AF and FD dried 

hydrogels showed similar strengths. In general it could be observed, that hydrogels which 

were prepared with MilliQ water formed a sticky but clear film-like residue. 

The material dehydrated under vacuum for four days was not dried to the same extend as the 

hydrogels dried via AF and FD after 24 h. Another advantage of the freeze-drying procedure is 

that the hydrogel is shock frosted at – 196 °C in liquid nitrogen, which supports the 

conservation bacteria that will eventually be incorporated. In contrast, the AF and desiccator 

processes take place at room temperature. This process may not be advantageous for the 

bacteria because their metabolism remains active. They could use up all nutrients in the 

hydrogels which should support the bacterial settlement in the gut. For further application it 
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was decided to focus on the freeze-drying approach since bacterial viability has the least likely 

hood of being harmed throughout this process. 

To investigate the fibrillary nanostructure after freeze-drying, the samples imaged using SEM 

(scanning electron microscopy). After freeze-drying different consistencies were observed. 

Hydrogels prepared in H2O and FM were rather sticky whereas hydrogels prepared with FDB 

appeared in flaky residues. 

 

Figure 19: SEM images of freeze-dried hydrogels formed with MilliQ H2O (left), freeze-drying buffer (center) and fastidious 
medium (right) on a scale of 5 µm. 

In figure 19, it is shown that the overall surface differs in all three hydrogels. While the water-

based gel appears smoother but wrinkled, the other two hydrogels look more uneven and 

agglutinated. These agglutinations may be formed from compounds within the freeze-drying 

buffer and the fastidious medium. 

 

Figure 20: SEM images of freeze-dried hydrogels formed with MilliQ H2O (left), freeze-drying buffer (center) and fastidious 
medium (right) on a scale of 500 nm. The SEM images were taken by Gunar Glaser. 

Images taken on the nanometer scale could prove the existence of fibrils within the dried 

samples of hydrogels formed in freeze-drying buffer and fastidious medium. The fibers had a 

diameter of 29.88 nm which is also reported for hydrated gels [62]. Freeze-dried hydrogels 

formed with water resulted in a smooth and wrinkled surface, which may result from left over 

water inclusions that suppress the exhibition of the nanofibers.  
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Rehydration 

The rehydration of the hydrogels was performed to exemplify a release of dried hydrogels, 

from a capsule, into the intestine. Gelatin capsules can be enteric coated that they retain their 

integrity throughout the gastric passage and disintegrate in the intestine. 

The tests could show, that environmental conditions like temperature, as well as the solvent 

with which the hydrogel was prepared play a crucial role. By the addition of water at room 

temperature or by increasing the relative humidity of the environment, no swelling could be 

observed for the hydrogels prepared with water and FM. The hydrogels remained as a white 

milky residue attached to the test tube whereas their previous appearance was clear for 

water-based, and slightly yellow for FM-based residues. Whereas the increase of the 

temperature to 37 °C leads to softening of the dried network after 20 minutes. And the 

subsequent addition of water, PBS buffer and medium lead again to a change in color from 

clear to white and milky. Two hours after addition of the solvent the residue exhibited a dry 

consistency. Nevertheless, a change in the color of the solvent could be observed which might 

indicate a diffusion of hydrogel incorporated compounds out of the dried hydrogel. 

The rehydration behavior changed when the hydrogels were prepared in FDB such that after 

20 minutes of incubation at 37 °C, the material was soft and sticky. 

 

Figure 21: Microscope images of the rehydration assay of hydrogels formed with FDB, left: t = 20 min of incubation at 37 °C, 
right: t = 60 min of total incubation, 30 min after addition of solvent 

Microscope images of the substance support this observation by the lubricous edges of the 

material on the glass slide (fig. 21). 30 minutes after the addition of the PBS buffer, the content 

of the reaction tube was aqueous with small clear soft lumps (fig. 21, right). 

The overall low swelling behavior of the dehydrated hydrogels can be explained by the 

composition of the material. Fmoc-FF monomers are hydrophobic due to the aromatic rings 

in the Fmoc group and the two phenylalanine side chains. The increased viscosity and swelling 

at 37 °C might result from the reduction of hydrophobic interactions and π-stacking 
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interactions. The observed improved rehydration behavior of the hydrogels prepared with the 

freeze-drying buffer possibly relies on the 10 % of sucrose, which is highly soluble in water. 

 

 

Bacterial viability: 10 % DMSO vs. 8 % DMSO 

This assay was performed to determine the importance of the DMSO concentration towards 

bacterial viability. Organic solvents like DMSO, ethanol and methanol are known for their toxic 

effects to several bacteria, including E. coli [64], [65]. Due to its comparably low toxicity, DMSO 

is often used to dissolve compounds that are tested in bacterial or mammalian cell culture. 

Here, the dissolution of Fmoc-FF prior to the formation of the hydrogels is crucial [26]. Because 

the hydrogel prepared with 8 % to 10 % DMSO, respectively, did not show large discrepancy 

in their gelation and resistance, it was decided to compare the highest and lowest DMSO 

concentration on their toxicity. 

Figure 22 illustrates exemplarily the influence of hydrogels prepared with 10 % (grey) and 8 % 

DMSO (blue) on the viability of E. coli. During the assay the samples were stored at 4 °C, to 

reduce bacterial metabolism. The viability was determined as colony forming unit (CFU). 

 

Figure 22: E. Coli CFU over 14 days at 4 °C, incorporated in Fmoc-FF hydrogels prepared with 10 % (grey) and 8 % (blue) DMSO. 

Over 14 days no significant tendency could be observed. For each day an individual sample 

was prepared, from the same initial culture (C1.1). As the samples were prepared individually, 

which also introduces an overall variation in the exact initial cell number of each sample. This 

may be a reason why the daily samples differ to such an extent from each other. On day zero 

the viability is usually lower than on day one because the bacteria undergo high amount of 

stress throughout the handling, and therefore recover until day one [66]. Therefore, a higher 

CFU for day one compared to day zero, for the 10 % DMSO hydrogel is to be expected. 
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To provide a more significant insight in the bacterial viability, some changes in the protocol 

have to be taken into consideration. First, more time points with shorter intervals could 

provide a better overview on how the viability variates in between day 2 and day 14. Second, 

for each day more than two samples have to be plated to create a statistical independence. 

 

 

Bacterial release from freeze-dried hydrogels 

The assay was performed to mimic a bacterial release into the intestine. Therefore, it was 

chosen to perform the assay in a simulated gastric fluid (SGF) which simulates the gut with pH 

6.5 and in a simulated intestine fluid (SIF) to simulate the intestine with pH 1.66. The overall 

2.5 h setup represents a shortened intestinal passage time which can be about 60 h [67]. 

Human gelatin capsules were chosen regarding that the hydrogels will be administered to 

humans in the future. The overall approach of dissolving the hydrogels with or without E. coli 

and delayed or without capsules in both fluids was implemented as preliminary test. It was 

not used to determine a quantitative release and survival of bacteria from the freeze-dried 

hydrogels and the capsules. 

A clear tendency between the tested fluids could be observed, as the colony density in figure 

23 shows. 

 

Figure 23: Fresh E. coli culture throughout incubation in SIF and SGF throughout 2.5 h at 37 °C. 

The E. coli culture showed enhanced growth in the SIF compared to the SGF. This finding was 

expected as the bacteria have their optimal growth conditions in the range of a pH from 5 to 

9. Some bacterial growth was observed in the SGF which may be due to the fact that they can 

survive for a short time at low pH [68]. This was equally observed for the survival of freeze-

dried bacteria in SIF and SGF (fig. 24). 
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Figure 24: Survival of freeze-dried E. coli in SIF and SGF throughout 2.5 h at 37 °C. 

When the freeze-dried bacteria were encapsulated in human capsules, a retarded and 

reduced bacterial growth for both media could be observed. 

 

Figure 25: Survival of freeze-dried E. coli in capsules in SIF and SGF throughout 2.5 h at 37 °C 

The retardation can be related to the time which is required for the gelatin capsule to 

disintegrate and for the E. coli to rehydrate. The growth was lower in both fluids, whereas is 

to be assumed that SGF, 1.5 h was interchanged with the respective plate of SIF. In this case a 

higher viability for the released E. coli in SIF compared to SGF can be assumed. The delay is 

most likely due to the fact that the acid resistant coating of the capsules prevents their 

dissolution in the stomach. The coating supports a directed release of the content in the 

intestine at higher pH instead of a release in the stomach. The reduced growth after 2 h may 

also arise from the delayed release, which could easily be proven by an additional sample 

collection at a later stage. 

Further observations of the bacteria released from freeze-dried hydrogels in human capsules, 

revealed that only scattered colonies grew on the plates (fig. 26). 
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Figure 26: Survival of E. coli released from freeze-dried hydrogels in SIF and SGF throughout 2 h. 

The reduced number of colonies compared to the prior mentioned setups leads to the 

conclusion that the bacteria could not be released from the hydrogels into the media. The 

reason for this may be due to the freeze-dried Fmoc-FF material not being rehydrated 

sufficiently or due to a bacterial interaction with the hydrophobic Fmoc-FF material [69]. 

The interaction of the bacteria with the material could be monitored in a microscope via 

fluorescence. Due to its aromatic rings the Fmoc-FF peptide exhibits an auto-fluorescence at 

an absorption maximum of 265 nm and an emission maximum at 324 nm in hydrogels, due to 

its aromatic systems [70]. This property provides the advantage that the hydrogel matrix does 

not have to be labeled. Regarding the bacteria, an E. coli strain that expresses a fluorophore 

which can be exited at any wavelength other than 265 nm, should be chosen 

 

The O/N-kinetic (appendix 3.2) could not give sufficient information on how the bacteria 

survive after released into the fluids. The only observation was that freeze-dried E. coli could 

survive much better in FDB than in SIF or SGF. Furthermore, it can be assumed that the 

bacteria can survive better in SIF than in SGF after 20 hours. The high OD values for SFG data 

may arise from the composition of the fluid or the fact that a slightly different setup was used, 

which may cause a higher particle pollution in the solution and thus increase the OD. The data 

did show large variations in the monitored optical density for dissolved material with and 

without bacteria. The highest OD could be monitored from the samples that were taken 20 

minutes after the start of the dissolution assay. This may be due to the capsules at that time 

started to disintegrate thus the incorporated material could be set free, but also the 

disintegrated gelatin may lead to an increased OD. The overall fluctuations may arise from the 

other compounds that could dissolve in the fluids, such as the gelatin from the capsules, the 
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hydrogel material and also dead bacteria that could not divide anymore. Also, their 

distribution within the fluids may play a role. 

To improve the overall assay, it may be more conclusive to focus on the colony forming 

approach than on the kinetic approach. Using this approach particle pollution by other 

compounds in the solution can be circumvented. To produce more solid data a data set of 

three plates per time point would be beneficial. Also, a fluorescence-based kinetic, could 

provide more specific data. 

 

Overall the Fmoc-FF hydrogel system provides a good platform for the encapsulation of 

bacteria. It could be shown, that varying the solvent does not have an influence on neither the 

gelation nor the stability. Also the reduction of the respective DMSO concentration leads to 

the formation of homogeneous, soft hydrogels as desired. In subsequent tests the successful 

dehydration and also rehydration in simulated gastrointestinal fluids could be shown. With 

the help of enteric coated gelatin capsules the release of the encapsulated bacteria could be 

directed towards the intestine. 
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1.2 Methods 
 

Gelation 

The Fmoc-Diphenylalanine (Fmoc-FF-OH) hydrogels were prepared according to the solvent 

exchange method established by Jayawarna et al. [26]. 

Chemicals were ordered from Sigma-Aldrich (DMSO) and Bachem (Fmoc-FF-OH). Whereas 

MilliQ water, the fastidious medium and the freeze-drying buffer were prepared in house. 

Fmoc-FF-OH was analyzed via LC-MS prior to use. 

The composition of the fastidious medium (table 5) was developed according to the AD-gut 

project to optimize the viability of Akkermansia muciniphila gut bacteria. 

Table 5: Composition of fastidious medium for Akkermansia muciniphila  

Compound Concentration 

[g/l] 

Peptone 16.0 

Yeast extract 7.0 

Sodium chloride 5.0 

Starch 1.0 

Glucose 1.0 

L-arginine 1.0 

Sodium pyruvat 1.0 

Sodium succinate 0.5 

L-cysteine HCl 0.5 

Sodium bicarbonate 0.4 

Ferric pyrophosphate 0.5 

Haemin 0.005 

Vitamin K 0.0005 

Sodium thioglycollate 0.5 

Dithiothreitol 1.0 

 

The freeze-drying buffer (FDB) was developed by Christine Barth to improve the viability of 

Akkermansia muciniphila after freeze-drying. 
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Table 6: Composition of freeze-drying buffer 

Compound Concentration [g/ l] 

Casein peptone 17 

Dipotassium hydrogen phosphate 2.5 

Glucose 2.5 

Sodium chloride 5 

Soya peptone 3 

Sucrose 10 

Starch 1 

 

All samples were prepared in MilliQ water, fastidious medium and freeze-drying buffer, 

according to the ratios as given in table 7. 

Table 7: DMSO concentrations tested in Fmoc-FF hydrogels in MilliQ water and fastidious medium 

Solvent cDMSO wtFmocFF 

MilliQ 10% 1% 
 9% 1% 
 8% 1% 

Fastidious medium 10% 1% 
 9% 1% 
 8% 1% 

Freeze-drying buffer 10% 1% 

 9% 1% 
 8% 1% 

 

Fmoc-FF was first dissolved in the given quantity of DMSO and gelation was then triggered by 

the addition of the respective solvent. 

 

 

Rheological characterization 

For rheological analysis the Discovery Hybrid Rheometer (DHR-3) with a 8 mm stainless steel 

solvent trap peltier plate-plate as upper geometry and 8 mm plate-plate as lower geometry 

were employed (both TA instruments). Analysis were performed at 25 °C. For analysis the 

TRIOS software from the same supplier was used. The oscillation time sweep was performed 

at a frequency of 1 Hz and 1 % of strain. A frequency of 1 Hz and a strain from 1 % to 1000 % 

were applied for the amplitude sweep. 
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Measurements were performed throughout the gelation for 60 minutes. The gel was prepared 

on the geometry and measured instantly after setting the gap that a full contact was 

maintained. In a second approach the gel was prepared on the geometry and could swell for 

1 h without measurement, then a time sweep measurement was performed for 5 minutes. 

 

 

Dehydration 

All samples were prepared on a scale of 200 µl in MilliQ water and Fastidious medium, 

according to the same ratios as described in table 7. After the preparation the gels could gel 

for 2 h. 

 

A) Freeze drying 

Samples prepared in 1.5 ml Eppendorf Tubes®, frozen in liquid nitrogen and dried on the 

freeze dryer at -83 °C and 0.34 mbar. 

 

B) Dry air flow drying 

The hydrogels were prepared as described on a scale of 200 µl, in a 96-well plate. The plate 

was placed for 24 h under a continuous air-flow. 

 

C) Vacuum-drying at room temperature 

The hydrogels were prepared as described on a scale of 200 µl, in a 96-well plate. The plate 

was placed for 4 days in a desiccator with MgSO4 in the bottom. 

 

 

Rehydration 

The dried hydrogels were rehydrated under several conditions (table 8) 

Table 8: Rehydration methods 

Rehydration method Conditions 

Water Room temperature, 100 % humidity 

Steam Room temperature, wet steam 

Incubator 37 °C, 0 – 100 % humidity 
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Further rehydration tests were enrolled based on an incubator approach approximated to 

real-life exposure. Therefore, the hydrogels were placed for 30 minutes under dry conditions 

in the incubator to simulate the stomach passage, where the hydrogel is kept dry in the acid 

resistant Capsule. After 30 minutes the hydrogels were rehydrated, with either MilliQ H2O, 

PBS solution (pH 6.5) or Medium, for two hours. The PBS solution was used to simulate the pH 

conditions in the upper intestine region. 

 

 

Hydrogel Toxicity Assay of Hydrogels with 8 % DMSO 

The hydrogel stock solution was prepared as described above. The assay was performed with 

two independent cultures of E. coli GFP (ATCC® 25922GFP™) in LB medium. They were grown 

up to an OD 0.6 in a LB pre-culture with 100 µg/ ml ampicillin. Gelation was performed for 2 h 

at room temperature. Afterwards the hydrogels were stored at 4 °C for 14 days. 

Samples were taken on day 0, 1, 3 and 14 and plated in dilutions of 1:1000, 1:10000, 1:100000 

and plated on LB plates with 100 µg/ ml ampicillin. 

 

 

Bacterial Release from Hydrogels 

Hydrogels were prepared as earlier described in a scale of 200 µl. The gelation was initiated 

with either freeze-drying buffer (FDB) or an E. coli (K12 MG1655 strain) cell culture dispersed 

in FDB. The cell culture was adjusted to OD 0.4 which is equivalent for a cell number of 

75.78x106. This was achieved by that 1.3 ml of the culture were centrifuged for 8 minutes at 

8,500 rpm, the supernatant was decanted and the remaining pellet resuspended in 300 µl 

FDB. The thereof formed hydrogels could gel for 2 h at 4 °C and were then extensively freeze-

dried over 48 h at -83 °C and 0.34 mbar. 

The release test itself was performed in a simulated intestine fluid (SIF) and a simulated gastric 

fluid (SGF). Both fluids are composed as shown in the table below (table 9) 
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Table 9: Composition of the simulated intestine fluid and the simulated gastric fluid 

Chemical SGF [g/l] SIF [g/l] 

Sodium Tauchlorate 0.043 1.6 

Lecitin 0.163 0.163 

Pepsin 100 - 

Sodium chloride 1.99 4.01 

Sodium hydroxide - 1.39 

Maleic acid - 2.2 

pH 1.66 6.5 

 

Therefore, the hydrogels were placed encapsulated in human capsules (size 0 clear licaps® 

liquid-filled capsules, DR T&T HEALTH UK LTD) or non-encapsulated in 10 ml of either SIF or 

SGF at 37 °C and 150 rpm. Samples were taken at t = 0 h/ .20/ .40/ 1.5h/ 2.5h. 20 µl of the 

samples were plated on LB-amp (100 µg/ml) plates. The first sample was after 20 minutes, all 

the other samples were plated right after they were taken. The plates were incubated over 

night at 37 °C. All samples were placed in the fridge after they were taken, to suppress further 

growth of organisms. After all samples were taken, they were pipetted in a TC plate 96-well 

suspension F (SARSTED) and a O/N-kinetic over 20 h at 37 °C was monitored in a Tecan SPARK® 

MULTIMODE MICROPLATE READER. 
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2. Biohybrid Hydrogels 
 

2.1 Results and Discussion 
The subsequent section covers the synthesis of a new depsi-dextran hybrid material and the 

toxicity assessment of two depsi-peptides. 

 

2.1.1 Toxicity testing of Depsi-Sequences 

The toxicity assay was performed, in order to compare the already established D1 peptide 

(KIKISQINM) with a modified sequence D4 (EIEISQINM), for the formation of a peptide-

polymer hybrid material. The modified sequence promises a higher compatibility with 

bacteria, because of the exchange of the cationic lysines to anionic glutamic acids [71]. As 

bacterial cell membranes are negatively charged, attractive and repulsive forces coming from 

surrounding material have an influence on their attachment [69]. 

Figure 27 summarizes the outcome of the assay with an E. coli culture. The graph on the left 

shows the colony forming unit (CFU) per milliliter, the right graph depicts the relative survival 

compared to a non-exposed culture as control. 

 

Figure 27: Results of toxicity assay with depsi 1 (KIKISQINM) and depsi 4 (EIEISQINM), presented as CFU/ ml (left) and overall 
survival (right) compared to the E. coli culture without treatment, plated dilution: 1:1k 

Throughout the slope of seven days a clear trend of a higher CFU/ml and relative survival rate 

indicates lower toxicity of D4 compared to D1. On day zero the bacterial response is equal to 

the treatment, whereas bacteria treated with D4 can recover while bacteria treated with D1 

do not. The reduced survival on day three and seven, compared to day one, are usually 

observed because the bacteria use up all nutrients from the solvent [66]. As expected, this 

results from the exchange of the lysine side chains to the glutamic acid side chains. 

Electrostatic interactions of the positively charged groups of D1 and the negatively charged 

surface of bacterial cell membranes can lead to an attachment of the bacteria to the peptide 
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[57]. In contrast the negatively charged D4 may have limited reactions with the bacterial cell 

membrane. It is known, that the interaction of charged polymers or peptides can harm 

bacterial cell integrity [72], [73]. Even though Gačanin et al. could prove a good viability of 

HUVECs when exposed to D4, it has to be considered that mammalian cells have a different 

cell membrane composition compared to bacteria [74]. Bacterial cell walls are mostly 

composed of acidic lipopolysaccharides, whereas mammalian cell walls are made up of 

zwitterionic phospholipids [75]. Thus, there is a lower negative charge density present on their 

surface that could interact with positively charged amino acids. 

 

 

2.1.2 Synthesis of Depsi-Lys-Ile-Lys-Ile-(COOH)-Gln-Ile-Asn-Cys 

The sequence KIKISQINC was chosen as model to prepare the resulting hybrid material the 

most comparable to the system presented by Gačanin et al. [37]. The synthesis route (fig. 28) 

was established by Pieszka et al. [33] and further modified by Adriana Sobota. 

 

Figure 28: Reaction scheme for the three-step synthesis route of depsi-peptide KIKISQINC. 

The synthesis was performed according to the Fmoc-method in a microwave assisted SPPS. In 

the first step, the preloaded Fmoc-protected cysteine-Wang resin was deprotected with 
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20 % v/v piperidine solution. Subsequently, the respective Fmoc-protected L-amino acids 

were coupled sequentially with PyBOP and DIPEA as coupling reagents. The amino acids 

asparagine, glutamine and lysine had additional trityl protecting groups to prevent undesired 

reactions. The carboxyl group of the serine was protected with a tert-butyloxycarbonyl 

protecting group to ensure esterification through the side chain hydroxyl group. 

Compared to the original method, the performance of the ester coupling was modified to 

improve the yield. Therefore, the coupling of the previously synthesized pentapeptide and the 

subsequent isocleucine was performed outside of peptide synthesizer. MALDI-ToF MS 

measurements were performed before and after the reaction to confirm successful coupling. 

Therefore, some resin beads were taken from the sample and the formed was cleaved off with 

a solution consisting of 95 % TFA, 2.5 % H2O and 2.5 % TIPS. The MALDI-ToF measurement was 

performed by embedding the sample in a CHCA matrix (188.16 g/mol). The intermediate 

product (1) was found as its sodium adduct (m/z =calc. 563, found 589 [M + Na]+). 

The formation of the characteristic ester bond was performed via a DIC/DMAP activated 

Steglich-esterification. This system was chosen, as pyridines show a 104-fold higher effectivity 

compared to other bases [76]. This in turn decreases the basic exposure towards the, under 

slightly neutral or even basic conditions labile, depsi peptide (fig. 9). This coupling step was 

performed twice at room temperature, first for two hours followed by an overnight coupling, 

to maximize the yield. Again, MALDI-ToF MS measurements were performed before and after 

the reaction to confirm successful coupling. The intermediate product (2) was found as its 

sodium adduct (m/z = calc. 899, found 921.34 [M + Na]+). 

The remaining three amino acids were subsequently coupled to the N-terminus of the 

hexapeptide in the synthesizer. 

 

After termination of the synthesis the final resin-attached peptide was removed from the 

synthesizer with DCM. The resin had a slightly yellow color. After evaporation of DCM, the 

cleavage solution was added to cleave the peptide from the resin for 2 h at room temperature 

on a shaker (50 rpm). Throughout this time the resin decolorized, whereas the solution turned 

yellow. The crude peptide was found at (m/z = calc. 1046, found 1046.4029 [M + H]+) in a 

MALDI-ToF-MS measurement. After purification by HPLC with an acidified water-acetonitrile 

mixture as eluent, the sample was again analyzed in a MALDI-ToF-MS (fig. 29) and a LC-MS 

(fig. 30) measurement. 
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Figure 29: MALDI-ToF-MS spectrum of purified D6 peptide using CHCA as matrix 

The MALDI spectrum indicates the presence of impurities in the sample, as not all mass peaks 

could be assigned to the desired product. The peaks that could be assigned to the product are 

at m/z = 1046.4029 [M+H]+, 1068.3821 [M+Na]+, 1084.3541 [M+K]+, 1106.3339 

[M+IsoProp+H]+, as well as a double charged species at 585.0347 [M+3ACN+2H]2+. The peaks 

at 569.0638 g/mol, 585.0347 g/mol, 940.3049 g/mol and 918.3257 g/mol correspond to single 

charged species based on their isotope pattern but could not be assigned to known molecules. 

The LC-MS analysis (fig. 30) could also show that the sample was not as impurified as to be 

expected from the MALDI-ToF-MS analysis. 



   2. Biohybrid Hydrogels 

37 
 

 

 

Figure 30: LC-MS analysis of D6 after purification by HPLC. The peak marked in the LC spectrum (top) was integrated to remove 
background signals. The MS spectra below show the occurring mass species detected in the positive (upper) and negative 
(lower) mode. Due to the low intensities detected in the chromatogram a zoomed section is shown. 

The chromatogram shows a main peak (*) with a minor shoulder in the absorption trace for 

214 nm, which indicates that the desired depsi-peptide could be obtained in good purity. The 

absorption chromatogram at 254 nm does not give a precise information on where the 

product is detected. However, a small peak with a delayed elution was observed. In the 

respective mass spectra, the expected product (m/z = calc. 1046) could be identified as the 

dominant signal, when integrating over the main elution peak (m/z = 1047 [M+H]+, 

524 [M+2H]2+, 350 [M+3H]3+). The peaks at m/z = 113, 227 could be assigned as one and two 

TFA molecules as the molecular weight of TFA is 114 Da. The single charged species at 919 m/z 

originated from the small shoulder of the main peak and was also detected in the MALDI-ToF-

MS spectra, indicting it is a true contaminating species and not a measurement artifact. 

Nevertheless, the small number of impurities observed in the LC-MS data confirms the 

successful synthesis of the depsi-peptide. 

The total yield of this synthesis was rather low and determined to be 2.7 % and did not reach 

the previous yield of 6.8 % achieved by Gačanin et al [37]. An optimization of the reaction and 

purification steps should be considered to improve the yield in the future. 

During HPLC purification it was already observed that there were many impurities present, as 

the fraction containing the desired product is not very prominent (fig.31). 
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Figure 31: Section of 15-to 28.5 minutes of the HPLC chromatogram (190 nm and 254 nm) where the product (*) could be 
identified 

The outcome of the chromatographic analysis indicate that the separation gradients have to 

be extended for both methods. Extending the runtime and using a less steep gradients can 

lead to a better separation of the product from impurities. Also, it has to be considered to 

switch the detection wavelength in the HPLC to an UV absorption maximum of 214 nm, as this 

leads to a better identification of the desired product as shown in the LC-MS chromatogram. 

This finding is also known from literature [77]. 

As already known from the literature, in SPPS it is challenging  to achieve quantitative yields 

of especially “difficult” peptide sequences such as depsi-peptides [31]. A known side reaction 

that can take place when DIPEA is used, is a beta-elimination that leads to the cleavage of the 

ester bond (fig. 32), which may have contributed to undesired side reaction during the 

coupling. 

 

Figure 32: Beta-elimination caused by the use of DIPEA which leads to the cleavage of the ester bond, the figure was modified 
from Coin et al.  [78] 

This mechanism takes take place depending on the base and the solvents that are used [78].  

Coin et al. [78] could show that this mechanism primarily takes place when HOBt is used as 

activating reagent. HOBt is less reactive and reacts slower than the herein used PyBOP, 

nevertheless this does not exclude that the reaction may also take place in the presence of 

PyBOP. To prevent this side reaction, it could be show that this side reaction can be 

suppressed by using the activator combination of a carbodiimide and HOBt in non-polar 
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solvents, such as DCM. This would indicate that the presence of the base is fundamental for 

this elimination reaction. Furthermore, it is known that PyBOP itself as activator leads to low 

yields in the synthesis of difficult sequences [79], [80]. Therefore, reaction yield may be 

improved by using either the combination of PyAOP/ HOAt or the chlorinated uranium salt 

derivatives as, for example, TCTU in DMF (fig. 33).  

 

Figure 33: Alternatively used activating reagents for peptide synthesis, f.l.t.r PyAOP, HOAt, TCTU 

Another important factor for an efficient synthesis is the solubility of all compounds. Hence 

there may be a benefit in using DCM instead of DMF as solvent. DMF is commonly used in the 

synthesis of linear peptides whereas DCM is proposed to result in higher yields in the ester 

coupling of depsi-peptides [81]. 

Overall it is assumed that the ester formation during the synthesis is the most difficult step, 

as the overall protocol for linear peptides is an established process. Therefore, either the 

reaction conditions for the esterification have to be changed or a completely new approach 

has to be considered. Regarding the esterification reaction, other conventional carbodiimides 

(i. e. EDC) in combination with additives as HOBt or NHS may increase yields. Other approaches 

also propose the use of different polystyrylsulfonyl-resins which are promising in terms of a 

reduced racemization [82]. 
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2.1.3 Synthesis of Maleimide-Dextran 

To perform the maleimide-thiol coupling reaction of the depsi-peptide and the dextran, a 

maleimide functionality had to be introduced to the dextran. This was achieved through the 

reaction of dextran with maleimidopropionic acid. As shown in figure 34, the activated 

maleimidopropionic acid-N-hydroxysuccinimide ester (MG1) was synthesized by a 

nucleophilic attack of the amide group of β-alanine (1) towards the carbonyl C-atom of maleic 

anhydride (2) to form maleoylpropionic acid (3). In a second step, this intermediate underwent 

a base-catalyzed esterification with N-hydroxysuccinimide (5). This step was catalyzed by DCC 

(4) through the formation of the activated O-acylisourea for the nucleophilic attack of the 

hydroxyl group of the NHS. 

 

Figure 34: Reaction scheme for the synthesis of maleimidopropionic acid-N-hydroxysuccinimide ester (MG1) 

The crude product was purified by removing the precipitated dicyclohexylurea (6). The light 

red filtrate was further purified by precipitation and washing resulting in a red-white solid as 

the final product. The reaction was performed with a 78 % yield and 95, 3 % purity. The purity 

was determined by integration of the respective peaks in the 1H NMR spectra. 

The reason for the reduced yield could be due to the purification which includes a precipitation 

and washing with a saturated KCl solution. The active esters could have undergone hydrolysis 

during the purification procedure. In addition, the coupling step of the NHS to the carboxyl 

group is very critical as the reaction is kinetically controlled. The ester is formed in a slow 

nucleophilic attack by the NHS, but also the rearrangement of the O-acylurea to the N-acylurea 

takes place slowly. To slow down the overall reaction mechanism by decreasing the 

temperature to 0 °C, the side reaction is limited [76]. 
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The synthesis of dextran-maleimidopropionic ester (MG2) was performed in a base catalyzed 

mechanism (fig. 35). In a first step the dextran (7) was deprotonated to form a nucleophile. 

This nucleophile could then attack the highly nucleophilic carbonyl-C-atom of the NHS-ester 

(MG1). It was decided to use DIPEA as base for the deprotonation, because of its steric 

hindrance and thus lower nucleophilicity. A less sterically hindered, and thus more 

nucleophilic base such as DMAP could uncontrollably attack the carboxyl-C-atom of the NHS-

ester and thereby deactivating it. 

 

Figure 35: Reaction scheme for the esterification of dextran with the maleimidopropionic acid – NHS (MG1) 

After purification the expected product of MG2 was analyzed by MALDI-ToF-MS and NMR 

spectroscopy measurements where, unfortunately, the desired product could not be detected 

(fig. 36 & 37). 

The MALDI spectra did not show expected peaks in the region of 13,000 Da. This mass range 

was to be expected because the dextran used, is naturally produced by Leuconostoc spp. as a 

polydisperse distribution of molecular weight in between 9,000 and 11,000 Da. The herein 

used reagent ratios could lead, as reported by Peng et al. [83], to a modification density of 

about 20 maleimide groups per dextran. Instead, signals in a mass range of 150-1800 Da could 

be found, which may be the result of fragmentation occurring during the MALDI 

measurement. This implies that only molecule fragments could be detected, whereby it is 

difficult to state if a modification did take place or not. 
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Figure 36: MALDI-TOF data of pure dextran (blue) and MG2 

In order to increase the signal from intact dextran polymers during the MALDI measurement 

several steps could be implemented in the future. First, by suppressing the signal of small 

molecules up to 3,000 m/z, well below the expected mass, a saturation of the detector could 

be voided. Furthermore, the matrices other than the previously used sinapinic acid could 

improve ionization of full polymers. Other adjustments, such as changing the laser intensity 

or the mode of measurement may also potentially improve the signal [84]–[86]. 

Next, NMR measurements were performed, where the expected chemical shifts for the maleic 

hydrogens (δ = 4.4 (s), 6.9 (s)) could not be found (fig. 36) 
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Figure 37: 1H NMR (300 MHz) spectrum overlay of dextran (red) and the reaction product (turquoise) 

The peaks in the shift region of 1 (δ (ppm) = 4.9) and 2 (δ (ppm) = 3.2-4.0) are characteristic 

for the glucosidic protons of the glucose subunits [83]. The shifts at 1.25 ppm (s) and 2.63 ppm 

(d) could not be assigned to the desired product. Shifts in this region are usually observed for 

alkanes. To find out whether these two peaks belong to a substitution product of the dextran 

or a soluble impurity, a DOESY (Diffusion ordered SpectroscopY) measurement was performed 

(fig. 38). This method combines the routine radio-frequency NMR pulses with magnetic field 

gradients through which the molecules diffuse. 



   2. Biohybrid Hydrogels 

44 
 

 

Figure 38: DOSY spectrum of MG2 (500 MHz) 

From the different diffusion times of the molecules it is clear that the compounds which 

belong to the peak 3 and 4 diffuse much faster than the dextran molecule and are therefore 

not linked to the dextran, but likely originate from small molecule contaminations or side 

products. 

 

The NMR results suggest that the substitution did not occur as expected. One reason may be 

that the dextran could not be deprotonated, because the reaction time with the base was not 

long enough. Second, the reaction was performed under dry conditions, to shift the reaction 

equilibrium to the product side as water is a side product of the esterification reaction. It is 

possible that the reaction environment was contaminated with water, which could have 

reacted with the NHS ester of the maleimidopropionic acid-NHS in a nucleophilic substitution 

to form the maleimidopropionic aicid (fig. 39). 

 

Figure 39: Reaction scheme for the base-catalyzed hydrolysis of maleimidopropionic acid-NHS 

The maleimidopropionic acid is less reactive for than the active ester, which could result in an 

inefficient coupling to the dextran. 
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Summarizing the deps-dextran hybrid material remains a promising approach for the 

encapsulation of bacteria, as their good viability could show after being exposed to the anionic 

depsi sequence EIEISQINM. The modified depsi-peptide synthesis could be performed 

successfully for the exemplary KIKISQINC sequence but requires further optimization of the 

synthesis route and the purification. Unfortunately, the dextran modification could, not be 

performed successfully which was rather an obstacle of limited time. 
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2.2 Methods 
 

Toxicity Testing in E. coli Cell Culture 

The toxicity testing, of the cationic Depsi-Sequences D1 (KIKISQINM) and the anionic D4 

(EIEISQINM) Sequence, was performed in a two independent E. coli (K12 MG1655 strain) 

culture setup. The testing was performed on a total volume of 6 µL. The amount of the 

peptides was calculated according to a 4 % wt Depsi-cHSA hybrid gel as established by Gačanin 

et al. [37]. 

Two independent E. coli GFP (ATCC® 25922GFP™) starter cultures were grown in LB medium 

with 100 µg/ml ampicillin up to OD 0,6. Both peptides were weighted twice in 210 µg and 

dissolved once in cell culture 1 (C1) and cell culture 2 (C2) to a concentration of 7.08 mg/ml. 

The diluted peptides were aliquoted in 6 µL PCR tubes for samples on day 0, 1, 3 and day 7 

and stored in the fridge. The bacteria were plated in dilutions of 1:1000, 1:10000 and 1:100000 

in a volume of 20 µl on LB-ampicillin plates (100 µg/ml) and incubated over night at 37 °C. 

 

 

Solid Phase Peptide Synthesis (SPPS) 

For the automated synthesis, the microwave-assisted device Liberty Blue Automated Peptide 

Synthesizer from CEM was applied. The solid-phase consisted of preloaded Fmoc-Cys(Trt)-

Wang-resin (100-200 mesh, Merck Millipore). 

All syntheses were performed on a scale of 0.1 mmol. Prior to the synthesis, the Wang-resin 

was placed for 1 h in an excess of DMF to swell at room temperature. The other reagents were 

dissolved in DMF on final dilutions as described in table 11. All quantities were calculated 

according to the loading density of the pre-load resin (0.57 mmol/g) and the amount of 

coupling steps (single coupling). 

Table 10 Reagent concentrations for SPPS 

 Reagent Final concentration in DMF [M] 

Amino acids Fmoc-amino acid 2 

Activator PyBOP 0.5 

Activator base DIPEA 2 

Deprotection solution Piperidine 20% v/v 
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Preparative HPLC 

For the peptide purification a Shimadzu device was used. The device contains the parts as 

followed: DGU-20A5R, LC-20AT, CBM-20A, CTO-20 AC, SPD-M20A, SIL-20AC HT, FRC-10A. For 

reverse-phase purification a Phenomenex Gemini® 5 µm NC-C18 column with a pore size of 

110 Å and a flow rate of 25 ml/min was used. The solvent gradient of MilliQ-H2O + 0.1 % TFA 

(solvent A) and acetonitrile + 0.1 % TFA (solvent B) was adapted to the sample. As the 

maximum loading capacity of the column is 100 mg/ml the 10°ml manual injection loop was 

used to administer the dissolved peptide. 

Before the purification the peptide was dissolved in MilliQ-H2O + 0.1 % TFA and additionally 

filtered with a 25 mm, 0.2 µm syringe filter (GE Healthcare, WhatmanTM). The collected 

fractions were analyzed via ESI-MS and freeze-dried for further used. 

 

 

NMR-Spectroscopy 

For the record of 1H-NMR, 13C-NMR and DOSY spectra, the Avance 300 and Avance III 500 

from Bruker were used. Samples were diluted in deuterated solvents (D2O, CDCl3) from Sigma 

Aldrich. The spectra were analyzed with the software MestReNova-12.0.04-22023 from 

Mestrelab Research. 

 

 

Mass-Spectroscopy 

Analysis regarding the mass and purity of the sample were performed with the following 

devices: 

LC-MS: Shimadzu LCMS-2020 Single Quadrupole MS, Kinetex® 2.6 µm EVO C18 100 Å column 

MALDI-TOF-MS: Waters MALDI SYNAPT G2-Si HDMS 

ESI-MS: Advion expression L CMS 
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2. 3 Synthesis Routes 
 

2.3.1 Depsi-Peptide Lys-Ile-Lys-Ile-(COOH)-Gln-Ile-Asn-Cys 

 

 

Figure 40: Synthesis route for Depsi-Peptide KIKISQINC 
 

After each step of the synthesis, samples were cleaved from the resin with a cleavage solution 

(95 % TFA/ 2.5 % H2O/ 2.5 % TIPS) to proof the reaction. 

 

2.3.1 A) Ser-Gln-Ile-Asn-Met 

The peptide synthesis was enrolled according to the SPPS method described in 2.2. 

Therefore the Fmoc-Cys(trt)-wang resin (0.175 g, 0.1 mmol, 1 eq.), Fmoc-L-Asn(trt)-OH (0.36 g 

in 3 ml DMF, 0.5 mmol, 5 eq.), Fmoc-L-Ile-OH (0.22 g in 3 ml DMF, 0.5 mmol, 5 eq.), Fmoc-L-

Gln(Trt)-OH (0.37 g in 3 ml DMF, 0.5 mmol, 5 eq.), Fmoc-L-Ser-OH-monohydrat (123 mg in 3 ml 

DMF, 0.5 mmol, 5 eq.), PyBOP (1.8 mg in 7 ml DMF, 0.5 mmol, 5 eq.) and DIPEA (1.4 ml in 

2.6 ml DMF, 1 mmol, 10 eq.) were added to the reaction vessel in the synthesizer. 
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All amino acids were added in a quantity of 2.5 ml, the activator base in 0.5 ml and the 

activator in 1 ml to the reaction mixture. 

Each single coupling step was performed at 75 °C for 10 minutes, followed by three times 

washing of the resins with 3 ml DMF. Nα-Fmoc deprotection was performed with 3 ml of the 

cleavage solution for 5 minutes and for 10 minutes, followed by washing with DMF. 

HRMS (MALDI-TOF): m/z: 647.3361 [M + IsoProp + Na + H]+ 

 

2.3.1 B) Ile-(COOH)-Ser- Gln-Ile-Asn-Met 

The coupling of the Depsi ester bond was performed outside of the synthesizer in da double 

coupling procedure. Therefore, the resin was removed from the reaction vessel with DCM. 

After removal of DCM, Fmoc-Ile (0,353 g in 3 ml DMF, 1 mmol, 10 eq.), DMAP (12.22 mg, 

0.1 mmol, 1 eq.) and DIC (30.9 µl, 0.2 mmol, 2 eq.) were added to the resin on a total volume 

of 2 ml DMF. The mixture was stirred for 2 h at room temperature, then refreshed and stirred 

for another 24 h. 

HRMS (MALDI-TOF): m/z: 921.3435 [M + Na]+ 

 

2.3.1 C) Lys-Ile-Lys-Ile-(COOH)-Gln-Ile-Asn-Cys 

To attach the remaining amino acids to the sequence, the sample was added to the reaction 

vessel of the synthesizer again. Fmoc-Ile (0.22 g, mmol, 5 eq.), Fmoc-Lys (0.53 g in 3 ml DMF, 

0.5 mmol, 5 eq.), PyBOP (1.3 g in 5 ml DMF, 0.5 mmol, 5 eq.) and DIPEA (1 ml in 2 ml DMF, 

1 mmol, 10 eq.) were added in the same procedure as described in 2.3.1 A) 

HRMS (MALDI-TOF): m/z: 1046.4040 [M + H]+ 
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2.3.2 Maleimidopropionicacid-N-hydroxysuccinimidester 

 

 

 

The synthesis was performed according to Yang et al. [87]. 

Maleic anhydride (99.04 mg, 1.01 mmol, 1 eq.) and β-alanine (89.98 mg, 1.01 mmol, 1 eq.) 

were dissolved in 2 ml dry DMF and stirred for 2 h under argon atmosphere. The solution was 

cooled down to 0 °C with an ice bath prior to the addition of N-hydroxysuccinimide 

(139.48 mg, 1.21 mmol, 1.2 eq.) and DCC (437 mg, 2.12 mmol, 2.1 eq.). The reaction mix was 

stirred overnight. The precipitate was removed by filtration, DMF was removed from the 

filtrate on the rotary evaporator. The formed solid was dissolved in DCM and precipitate in 

cold hexane. The precipitate was then again dissolved in DCM and washed with a saturated 

Sodium chloride solution. The organic phase was separated from the watery phase and dried 

with potassium sulfate. The crude product was obtained after removal of DCM (208.5 mg, 0.78 

mmol, 78 %). 

 

1H-NMR (250 MHz, CDCl3): δ [ppm] = 6.74 (s, 2H, 7), 3.94 (t, J = 7.0 Hz, 2H, 5), 3.02 (t, J = 7.0 Hz, 

2H, 4), 2.82 (s, 4H, 1). 
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Figure 41: 1H-NMR (250 MHz, CDCl3) spectrum of maleimidopropionic acid-NHS  
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2.3.3 Maleimidopropionic-dextran-ester 

 

 

 

The Dextran modification was conducted according to Peng et al. [88]. The equivalents were 

calculated based on the entire dextran molecule (10,000 g/mol). 

Prior to modification the dextran was dried for 6 hours. Dextran (100 mg, 0.5 mmol, 1 eq.) and 

DIPEA (235.39 µl, 0.67 mmol, 1.3 eq.) were dissolved in 2 ml anhydrous DMSO. The previously 

synthesized maleimidopropionicacid-N-hydroxysuccinimidester (65.1 mg, 5 mmol, 10 eq.) was 

dissolved separately in DMSO and added to the dextran solution. The mixture was stirred for 

24 h at room temperature. The product was obtained by precipitation in cold ethanol and 

three times washing. The product was further purification by ultrafiltration (MWCO 3500) and 

recovered by freeze drying. 

The sample was analyzed in a 1H-NMR and a MALDI-TOF measurement. 
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Summary and Outlook 
This thesis covers two new approaches for bacterial encapsulation in drug delivery. They are 

of special interest for the prevention and treatment of neurodegenerative diseases like 

Parkinson’s disease and Alzheimer’s disease. To promote research in this field, the systems 

presented in this work are inspired from already established systems which are used in 

mammalian cell culture. The principles of both systems were transferred and optimized for 

bacterial encapsulation.  

The first approach is based on the Fmoc-FF hydrogel system. It could be shown that the system 

provides a good platform for the encapsulation of bacteria. Rheological data indicate that the 

use of various solvents does not have a significant influence on the gelation or the stability of 

the hydrogels. This opens up the field of application for this system. Also the reduction of the 

respective DMSO concentration, down to 8 %, leads to the formation of soft hydrogels as 

desired. The reduction of DMSO concentration was performed to minimize its effects towards 

an increased viability of incorporated bacteria. The advantageous effect on the survival of 

bacteria could be shown in further experiments with improved time intervals and the 

generation of more statistical solid data. Another approach to prevent the use of DMSO in this 

system is the pH-switch method for hydrogel preparation [89]. Throughout this procedure the 

solid Fmoc-FF is dissolved at pH 9.5 and gelation is initiated by titrating the pH below 6. 

However, this may be challenging as the pH may not be esily adjustable in the herein proposed 

bacterial buffering solvents. 

The dehydration of the hydrogels was brought into focus, as the delivery capsules for future 

applications rapidly disintegrate when filled with aqueous compounds. Regarding the 

incorporation of bacteria in hydrogels for future applications, it was important to develop a 

fast method that rapidly stops bacterial metabolism without harming them. Furthermore, it 

could be shown that the fibrous nanostructure was not influenced by various solvents. In 

subsequent tests, the rehydration with a freeze-drying buffer, optimized for the use with 

bacteria, could be performed successfully in simulated gastro-intestinal fluids. 

To further improve the bacterial release profile and to better understand the bacteria-

material interaction, a more detailed investigation of how bacteria are incorporated and 

survive within the material is suggested for future studies. 

The interaction of bacteria with the fibrous Fmoc-FF structures could for example be 

monitored with the help of cryoTEM (cryogenic transmission electron microscopy) or in 



   2. Biohybrid Hydrogels 

54 
 

fluorescence microscopy. In this connection, an advantage of the Fmoc-FF system is, that it 

emits auto-fluorescence at 265 nm and consequently does not require labeling [70]. To 

prevent overlaying spectra, the mCherry expressing E. coli strain may be beneficial. mCherry 

is a fluorophore that can be excited at 590 nm and emits at 635 nm, thus a spectral overlay 

with the FmocFF system can be prevented [90]. 

 

The second approach covers the combination of an electrostatically and covalently cross-

linked hybrid material, which promises to be a more controlled system when it comes to the 

formation and disintegration of the hydrogel, but also with regards to its interaction with 

incorporated bacteria. 

The approach comprises the crafting of the depsi-peptide sequence KIKISQINC to the 

maleimide functionalized dextran backbone. While a new, negatively charged depsi-peptide 

was successfully synthesized and purified, the total yield of about 3 % needs to be significantly 

improved in the future to fully explore the potential of this material. In order to achieve a 

higher yield, the following changes to the synthetic route are proposed. 

In literature, a promising approach of a depsi-peptide building block is recommended [30], 

[91]. In this procedure the two amino acids that are part of the esterification are ligated in a 

solution-phase procedure, purified separately, and subsequently introduced in the 

established SPPS (fig. 41). 

 

Figure 42: Proposed new synthesis route based on the depsi-peptide building block of Jin et al. [91] 
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This approach offers an 80 % yield in esterification [91]. Combined with convenient SPPS this 

could lead to an overall yield of 86 %, if activators such as TCTU are used [80]. 

However, it also has to be considered that the cationic KIKISQINM-sequence lead to a reduced 

viability of E. coli compared to the anionic EIEISQINM-sequence. This in terms would lead to a 

change in the overall sequence towards a dextran-EIEISQINC hybrid. 

Regarding the dextran modification, the time was limited. Therefore, the optimization of 

reaction conditions is suggested for ongoing studies. Nevertheless the acid-catalyzed 

approach proposed by Peng et al. [83] (fig. 42) is highly promising and is considered. 

 

Figure 43: Dextran-maleimide modification according to Peng et al. [79] 

This work could provide a first insight into the field of fibrillary hydrogels for the encapsulation 

of bacteria. Further adjustments have to be done in the future to move the systems towards 

the desired application. Both systems, the Fmoc-FF matrix and the dextran-depsi hybrid 

material, remain promising matrices to mimic the natural environment of intestinal bacteria, 

and hence promote the bacterial reestablishment in the intestine. 
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List of Abbreviations 
 

AD Alzheimer Disease 

AF Air-flow 

ALS Amyotrophic lateral sclerosis 

Aβ Amyloid-beta 

CDI Clostridium difficile infection 

CFU Colony forming unit 

cHSA Cationized human serum albumin 

DCC N,N′-Dicyclohexylcarbodiimid 

DCM Dichlormethan 

DIC Diisocarbodiimide 

DIPEA Diisopropylethylamin 

DMAP 4-(Dimethylamino)-pyridin 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

ECM Extra cellular matrix 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid 

FD Freeze-drying 

FDB Freeze-drying buffer 

FM Fastidious medium 

Fmoc-FF Fluorenylmethoxycarbonyl diphenylalanine 

FMT fecal microbiota transplantation 

G’ Storage modulus 

G’’ Loss modulus 

HOAt 1-Hydroxy-7-azabenzotriazol ( 

HOBt 1-Hydroxybenzotriazol 

HPLC High performance liquid chromatography 

HRMS High resolution mass spectroscopy 

HUVEC Human Umbilical Vein Endothelial Cells 

IsoProp Isopropanol 
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MALDI-ToF-

MS 

Matrix-assisted laser desorption ionization – time of flight mass 

spectrometry 

MS Multiple sclerosis 

MWCO Molecular weight size exclusion 

NHS N-Hydroxysuccinimid 

NMR Nuclear magnetic resonance 

OD Optical density 

PD Parkinson’s disease 

PEG Poly(ethylene glycol) 

PVA Poly(vinyl alcohol) 

PyAOP (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate 

PyBOP Benzotriazol-1-yl-oxytripyrrolidinophosphonium-hexafluorophosphat 

SEM Scanning electron microscope 

SGF Simulated gastric fluid 

SIF Simulated intestine fluid 

SPPS Solid phase peptide synthesis 

TCTU O-(6-Chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

tetrafluoroborate 

TFA Trifluoroacetic acid 

TIPS Triisopropyl silane 

 

 

Amino acids 
Name Abbreviation Symbol 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Asparatic acid Asp D 

Cysteine Cys C 

Glutamine Gln Q 

Glutamic acid Glu E 
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Name Abbreviation Symbol 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucin Leu L 

Lysin Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Typtophane Trp W 

Tyrosine Tyr Y 

Valine Val V 
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[14] A. M. Jonker, D. W. P. M. Löwik, and J. C. M. van Hest, “Peptide-and protein-based 

hydrogels,” Chem. Mater., vol. 24, no. 5, pp. 759–773, 2012. 

[15] D. Voet, J. G. Voet, and C. W. Pratt, Fundamentals of biochemistry: life at the 



   Appendix 

60 
 

molecular level. John Wiley & Sons, 2016. 

[16] R. Behrendt, P. White, and J. Offer, “Advances in Fmoc solid‐phase peptide synthesis,” 

J. Pept. Sci., vol. 22, no. 1, pp. 4–27, 2016. 

[17] E. Gazit, “Self-assembled peptide nanostructures: the design of molecular building 

blocks and their technological utilization,” Chem. Soc. Rev., vol. 36, no. 8, pp. 1263–

1269, 2007. 

[18] S. Nonaka, H. Naoki, and S. Ishii, A multiphysical model of cell migration integrating 

reaction-diffusion, membrane and cytoskeleton, vol. 24. 2011. 

[19] G. Tuchscherer et al., “Switch-peptides as folding precursors in self-assembling 

peptides and amyloid fibrillogenesis,” Pept. Sci., vol. 88, no. 2, pp. 239–252, Jan. 2007. 

[20] L. Nuhn et al., “pH-degradable imidazoquinoline-ligated nanogels for lymph node-

focused immune activation,” Proc. Natl. Acad. Sci., vol. 113, no. 29, pp. 8098–8103, 

2016. 

[21] E. Gazit, “A possible role for π-stacking in the self-assembly of amyloid fibrils,” FASEB 

J., vol. 16, no. 1, pp. 77–83, 2002. 

[22] C. G. Claessens and J. F. Stoddart, “π–π Interactions in self‐assembly,” J. Phys. Org. 

Chem., vol. 10, no. 5, pp. 254–272, 1997. 

[23] M. Reches and E. Gazit, “Formation of Closed-Cage Nanostructures by Self-Assembly 

of Aromatic Dipeptides,” Nano Lett., vol. 4, no. 4, pp. 581–585, Apr. 2004. 

[24] M. Reches and E. Gazit, “Casting Metal Nanowires Within Discrete Self-Assembled 

Peptide Nanotubes,” Science (80-. )., vol. 300, no. 5619, p. 625 LP-627, Apr. 2003. 

[25] V. Jayawarna, A. Smith, J. E. Gough, and R. V Ulijn, “Bionanotechnology: From Self-

Assembly to Cell Biology Three-dimensional cell culture of chondrocytes on modified 

di-phenylalanine scaffolds,” no. ii, pp. 535–537, 2007. 

[26] V. Jayawarna et al., “Nanostructured hydrogels for three-dimensional cell culture 

through self-assembly of fluorenylmethoxycarbonyl-dipeptides,” Adv. Mater., 2006. 

[27] A. P. H. J. Schenning and E. W. Meijer, “Supramolecular electronics; nanowires from 

self-assembled π-conjugated systems,” Chem. Commun., no. 26, pp. 3245–3258, 2005. 

[28] M. Stawikowski and P. Cudic, “Depsipeptide Synthesis,” in Peptide Characterization 

and Application Protocols, G. B. Fields, Ed. Totowa, NJ: Humana Press, 2007, pp. 321–

339. 

[29] R. B. Merrifield, “Solid Phase Peptide Synthesis. I. The Synthesis of a Tetrapeptide,” J. 

Am. Chem. Soc., vol. 85, no. 14, pp. 2149–2154, Jul. 1963. 

[30] I. Coin et al., “Depsipeptide Methodology for Solid-Phase Peptide Synthesis:  

Circumventing Side Reactions and Development of an Automated Technique via 

Depsidipeptide Units,” J. Org. Chem., vol. 71, no. 16, pp. 6171–6177, Aug. 2006. 

[31] M. Paradís-Bas, J. Tulla-Puche, and F. Albericio, “The road to the synthesis of ‘difficult 

peptides,’” Chem. Soc. Rev., vol. 45, no. 3, pp. 631–654, 2016. 

[32] T. Okino, M. Murakami, R. Haraguchi, H. Munekata, H. Matsuda, and K. Yamaguchi, 

“Micropeptins A and B, plasmin and trypsin inhibitors from the blue-green alga 

Microcystis aeruginosa,” Tetrahedron Lett., vol. 34, no. 50, pp. 8131–8134, 1993. 

[33] M. Pieszka, A. M. Sobota, J. Gacanin, T. Weil, and D. Y. W. Ng, “Orthogonally 



   Appendix 

61 
 

Stimulated Assembly/Disassembly of Depsi-peptides by Rational Chemical Design,” 

ChemBioChem, vol. 0, no. ja, Jan. 2019. 

[34] W. Otto, “Method for centrifugal casting a contact lens.” Google Patents, 29-Oct-

1968. 

[35] M. A. Ward and T. K. Georgiou, “Thermoresponsive Polymers for Biomedical 

Applications,” Polymers , vol. 3, no. 3. 2011. 

[36] B. Balakrishnan, M. Mohanty, P. R. Umashankar, and A. Jayakrishnan, “Evaluation of 

an in situ forming hydrogel wound dressing based on oxidized alginate and gelatin,” 

Biomaterials, vol. 26, no. 32, pp. 6335–6342, 2005. 

[37] J. Gacˇanin et al., “Autonomous Ultrafast Self-Healing Hydrogels by pH-Responsive 

Functional Nanofiber Gelators as Cell Matrices,” Advanced Materials, 2018. 

[38] S. Maurer, A. Junghans, and T. A. Vilgis, “Impact of xanthan gum, sucrose and fructose 

on the viscoelastic properties of agarose hydrogels,” Food Hydrocoll., vol. 29, no. 2, 

pp. 298–307, 2012. 

[39] I. S. Han, Y. H. Bae, and J. J. Magda, “Glucose biosensor.” Google Patents, 05-Nov-

2002. 

[40] T. R. Hoare and D. S. Kohane, “Hydrogels in drug delivery: Progress and challenges,” 

Polymer (Guildf)., vol. 49, no. 8, pp. 1993–2007, 2008. 

[41] J. Li and D. J. Mooney, “Designing hydrogels for controlled drug delivery,” Nat. Rev. 

Mater., vol. 1, p. 16071, Oct. 2016. 

[42] M. Hamidi, A. Azadi, and P. Rafiei, “Hydrogel nanoparticles in drug delivery,” Adv. 

Drug Deliv. Rev., vol. 60, no. 15, pp. 1638–1649, 2008. 

[43] Y. Suzuki, M. Tanihara, Y. Nishimura, K. Suzuki, Y. Kakimaru, and Y. Shimizu, “A novel 

wound dressing with an antibiotic delivery system stimulated by microbial infection.,” 

ASAIO J. (American Soc. Artif. Intern. Organs 1992), vol. 43, no. 5, pp. M854-7, 1997. 

[44] A. Berlec, M. Ravnikar, and B. Štrukelj, “Lactic acid bacteria as oral delivery systems 

for biomolecules,” Die Pharm. Int. J. Pharm. Sci., vol. 67, no. 11, pp. 891–898, 2012. 

[45] Z. Kassam, C. H. Lee, Y. Yuan, and R. H. Hunt, “Fecal Microbiota Transplantation for 

Clostridium difficile Infection: Systematic Review and Meta-Analysis,” Am. J. 

Gastroenterol., vol. 108, p. 500, Mar. 2013. 

[46] S. Kunde et al., “Safety, Tolerability, and Clinical Response After Fecal Transplantation 

in Children and Young Adults With Ulcerative Colitis,” J. Pediatr. Gastroenterol. Nutr., 

vol. 56, no. 6, 2013. 

[47] A. Weingarden et al., “Dynamic changes in short- and long-term bacterial composition 

following fecal microbiota transplantation for recurrent Clostridium difficile 

infection,” Microbiome, vol. 3, no. 1, p. 10, 2015. 

[48] Z. Peng et al., “Advances in the diagnosis and treatment of Clostridium difficile 

infections,” Emerg. Microbes Infect., vol. 7, no. 1, p. 15, Feb. 2018. 

[49] “World Alzheimer Report,” Christina Patterson, Jun. 2018. 

[50] S.-S. Wang, “p-Alkoxybenzyl alcohol resin and p-alkoxybenzyloxycarbonylhydrazide 

resin for solid phase synthesis of protected peptide fragments,” J. Am. Chem. Soc., vol. 

95, no. 4, pp. 1328–1333, 1973. 



   Appendix 

62 
 

[51] H. Rink, “Solid-phase synthesis of protected peptide fragments using a trialkoxy-

diphenyl-methylester resin.,” Tetrahedron Lett., vol. 28, no. 33, pp. 3787–3790, 1987. 

[52] C. Yan and D. J. Pochan, “Rheological properties of peptide-based hydrogels for 

biomedical and other applications,” Chem. Soc. Rev., vol. 39, no. 9, pp. 3528–3540, 

2010. 

[53] L. J. Struble and X. Ji, “Handbook of analytical techniques in concrete science and 

technology,” William Andrew, New York, 2001. 

[54] W. Weitzlab, “Introduc)on to Rheology.” 

[55] T. G. Mezger, Das Rheologie Handbuch. 2016. 

[56] J. A. Hubbell, “Injectable hydrogel compositions.” Google Patents, 10-Oct-2000. 

[57] C. M. Goodman, C. D. McCusker, T. Yilmaz, and V. M. Rotello, “Toxicity of Gold 

Nanoparticles Functionalized with Cationic and Anionic Side Chains,” Bioconjug. 

Chem., vol. 15, no. 4, pp. 897–900, Jul. 2004. 

[58] L. Hovgaard and H. Brøndsted, “Dextran hydrogels for colon-specific drug delivery,” J. 

Control. Release, vol. 36, no. 1–2, pp. 159–166, 1995. 

[59] C. Schilling et al., “Sequence-Optimized peptide nanofibers as Growth Stimulators for 

Regeneration of Peripheral Neurons,” Revis., 2019. 

[60] R. S. Jacob et al., “Self healing hydrogels composed of amyloid nano fibrils for cell 

culture and stem cell differentiation,” Biomaterials, vol. 54, pp. 97–105, 2015. 

[61] G. Cheng, V. Castelletto, C. M. Moulton, G. E. Newby, and I. W. Hamley, 

“Hydrogelation and Self-Assembly of Fmoc-Tripeptides: Unexpected Influence of 

Sequence on Self-Assembled Fibril Structure, and Hydrogel Modulus and Anisotropy,” 

Langmuir, vol. 26, no. 7, pp. 4990–4998, Apr. 2010. 

[62] A. M. Smith et al., “Fmoc‐diphenylalanine self assembles to a hydrogel via a novel 

architecture based on π–π interlocked β‐sheets,” Adv. Mater., vol. 20, no. 1, pp. 37–

41, 2008. 

[63] L.-T. Li, Z. Li, and E. Tatsumi, “Determination of starch gelatinization temperature by 

ohmic heating,” J. Food Eng., vol. 62, no. 2, pp. 113–120, 2004. 

[64] M. T. Peinado, A. Mariscal, M. Carnero-Varo, and J. Fernández-Crehuet, “Correlation 

of Two Bioluminescence and One Fluorogenic Bioassay for the Detection of Toxic 

Chemicals,” Ecotoxicol. Environ. Saf., vol. 53, no. 1, pp. 170–177, 2002. 

[65] T. Wadhwani et al., “Effect of various solvents on bacterial growth in context of 

determining MIC of various antimicrobials,” Internet J. Microbiol, vol. 7, no. 1, pp. 1–8, 

2009. 

[66] G. Juck, H. Neetoo, E. Beswick, and H. Chen, “Influence of prior growth conditions, 

pressure treatment parameters, and recovery conditions on the inactivation and 

recovery of Listeria monocytogenes, Escherichia coli, and Salmonella Typhimurium in 

turkey meat,” Int. J. Food Microbiol., vol. 153, no. 1, pp. 203–211, 2012. 

[67] S. J. Lewis and K. W. Heaton, “Stool form scale as a useful guide to intestinal transit 

time,” Scand. J. Gastroenterol., vol. 32, no. 9, pp. 920–924, 1997. 

[68] P. Small, D. Blankenhorn, D. Welty, E. Zinser, and J. L. Slonczewski, “Acid and base 

resistance in Escherichia coli and Shigella flexneri: role of rpoS and growth pH.,” J. 



   Appendix 

63 
 

Bacteriol., vol. 176, no. 6, p. 1729 LP-1737, Mar. 1994. 

[69] J. S. Dickson and M. Koohmaraie, “Cell surface charge characteristics and their 

relationship to bacterial attachment to meat surfaces.,” Appl. Environ. Microbiol., vol. 

55, no. 4, p. 832 LP-836, Apr. 1989. 

[70] K. Ryan et al., Nanoscale Piezoelectric Properties of Self-Assembled Fmoc–FF Peptide 

Fibrous Networks, vol. 7. 2015. 

[71] F. Schweizer, “Cationic amphiphilic peptides with cancer-selective toxicity,” Eur. J. 

Pharmacol., vol. 625, no. 1, pp. 190–194, 2009. 

[72] Y.-C. Chung et al., “Relationship between antibacterial activity of chitosan and surface 

characteristics of cell wall,” Acta Pharmacol. Sin., vol. 25, no. 7, pp. 932–936, 2004. 

[73] R. E. W. Hancock, “Cationic peptides: effectors in innate immunity and novel 

antimicrobials,” Lancet Infect. Dis., vol. 1, no. 3, pp. 156–164, 2001. 

[74] K. Matsuzaki, “Control of cell selectivity of antimicrobial peptides,” Biochim. Biophys. 

Acta - Biomembr., vol. 1788, no. 8, pp. 1687–1692, 2009. 

[75] C. Ratledge and S. G. Wilkinson, Microbial lipids, vol. 2. Academic Pr, 1988. 

[76] N. B and S. W, “Simple Method for the Esterification of Carboxylic Acids,” Angew. 

Chemie Int. Ed. English, vol. 17, no. 7, pp. 522–524, 1978. 

[77] B. J. H. Kuipers and H. Gruppen, “Prediction of molar extinction coefficients of 

proteins and peptides using UV absorption of the constituent amino acids at 214 nm 

to enable quantitative reverse phase high-performance liquid chromatography− mass 

spectrometry analysis,” J. Agric. Food Chem., vol. 55, no. 14, pp. 5445–5451, 2007. 

[78] I. Coin, P. Schmieder, M. Bienert, and M. Beyermann, “The depsipeptide technique 

applied to peptide segment condensation: scope and limitations,” J. Pept. Sci. an Off. 

Publ. Eur. Pept. Soc., vol. 14, no. 3, pp. 299–306, 2008. 

[79] F. Albericio, M. Cases, J. Alsina, S. A. Triolo, L. A. Carpino, and S. A. Kates, “On the use 

of PyAOP, a phosphonium salt derived from HOAt, in solid-phase peptide synthesis,” 

Tetrahedron Lett., vol. 38, no. 27, pp. 4853–4856, 1997. 

[80] G. Sabatino, B. Mulinacci, M. C. Alcaro, M. Chelli, P. Rovero, and A. M. Papini, 

“Assessment of new 6-Cl-HOBt based coupling reagents for peptide synthesis. Part 1: 

Coupling efficiency study,” Lett. Pept. Sci., vol. 9, no. 2–3, pp. 119–123, 2002. 

[81] C. R. Lohani, R. Taylor, M. Palmer, and S. D. Taylor, “Solid-Phase Total Synthesis of 

Daptomycin and Analogs,” Org. Lett., vol. 17, no. 3, pp. 748–751, Feb. 2015. 

[82] N. Zander, J. Gerhardt, and R. Frank, “Polystyrylsulfonyl-3-nitro-1H-1,2,4-triazolide-

resin: a new solid-supported reagent for the esterification of amino acids,” 

Tetrahedron Lett., vol. 44, no. 35, pp. 6557–6560, 2003. 

[83] K. Peng, I. Tomatsu, A. V Korobko, and A. Kros, “Cyclodextrin–dextran based in situ 

hydrogel formation: a carrier for hydrophobic drugs,” Soft Matter, vol. 6, no. 1, pp. 

85–87, 2010. 

[84] S. Bashir, P. J. Derrick, P. Critchley, P. J. Gates, and J. Staunton, “Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry of dextran and dextrin 

derivatives,” Eur. J. Mass Spectrom., vol. 9, no. 1, pp. 61–70, 2003. 

[85] W.-T. Hung, S.-H. Wang, Y.-T. Chen, H.-M. Yu, C.-H. Chen, and W.-B. Yang, “MALDI-TOF 



   Appendix 

64 
 

MS analysis of native and permethylated or benzimidazole-derivatized 

polysaccharides,” Molecules, vol. 17, no. 5, pp. 4950–4961, 2012. 

[86] M. López-García, M. S. D. García, J. M. L. Vilariño, and M. V. G. Rodríguez, “MALDI-TOF 

to compare polysaccharide profiles from commercial health supplements of different 

mushroom species,” Food Chem., vol. 199, pp. 597–604, 2016. 

[87] C. Yang et al., “Dual Fluorescent‐and Isotopic‐Labelled Self‐Assembling Vancomycin 

for in vivo Imaging of Bacterial Infections,” Angew. Chemie Int. Ed., vol. 56, no. 9, pp. 

2356–2360, 2017. 

[88] C. Park, K. Oh, S. C. Lee, and C. Kim, “Controlled release of guest molecules from 

mesoporous silica particles based on a pH-responsive polypseudorotaxane motif,” 

Angew. Chemie - Int. Ed., 2007. 

[89] J. Raeburn, G. Pont, L. Chen, Y. Cesbron, R. Lévy, and D. J. Adams, “Fmoc-

diphenylalanine hydrogels: Understanding the variability in reported mechanical 

properties,” Soft Matter, 2012. 

[90] E. L. Lagendijk, S. Validov, G. E. M. Lamers, S. De Weert, and G. V Bloemberg, “Genetic 

tools for tagging Gram-negative bacteria with mCherry for visualization in vitro and in 

natural habitats, biofilm and pathogenicity studies,” FEMS Microbiol. Lett., vol. 305, 

no. 1, pp. 81–90, 2010. 

[91] K. Jin et al., “Total synthesis of teixobactin,” Nat. Commun., vol. 7, p. 12394, Aug. 

2016. 

 

  



   Appendix 

65 
 

2 Illustrations 
FIGURE 1: MOLECULAR STRUCTURES OF PHEMA, PVA, PEG AND CELLULOSE ............................................ 2 

FIGURE 2: MOLECULAR STRUCTURES OF PEG-POLYESTER BLOCK COPOLYMER AND PNIPAAM ........................ 2 

FIGURE 3: BROAD FIELD OF CROSSLINKING SYSTEMS FOR THE PREPARATION OF HYDROGELS RANGING FROM 

COVALENT CROSSLINKING OVER CHARGE-REPULSIVE FORCES TO HYDROPHOBIC ORIENTATIONS [9] ............ 3 

FIGURE 4: CONDENSATION REACTION OF CARBOXYL GROUP AND AMIDE GROUP TO FORM A PEPTIDE BOND ....... 4 

FIGURE 5: HIERARCHY OF PROTEIN STRUCTURES .................................................................................... 5 

FIGURE 6: SCHEMATIC ASSEMBLY OF ACTIN FILAMENT, F-ACTIN = FILAMENTOUS ACTIN, G-ACTIN = GLOBULAR 

ACTIN MONOMER [18] .............................................................................................................. 6 

FIGURE 7: SELF-ASSEMBLY BY CHARGE COMPLEMENTARITY (LEFT). AMPHIPHILIC SELF-ASSEMBLY (RIGHT) [20] .. 6 

FIGURE 8:SELF-ASSEMBLY OF FLUORENYLMETHOXYCARBONYL-DIPHENYLALANINE (FMOC-FF-OH) TO FORM A 

HYDROGEL VIA Π-Π-INTERACTION OF THE AROMATIC FMOC-GROUPS AND FORMATION OF HYDROGEL VIA 

HYDROGEN BONDS. ................................................................................................................... 7 

FIGURE 9: N,O-ACYL SHIFT OF DEPSI ESTER-BOND [30]........................................................................... 7 

FIGURE 10: DIFFERENT LINKER STRATEGIES FOR THE SURFACE MODIFICATION OF POLYSTYROL RESINS USED IN 

SPPS ................................................................................................................................... 10 

FIGURE 11: SCHEME OF A PEPTIDE SYNTHESIS ACCORDING TO MERRIFIELD ET AL. [29] ................................ 11 

FIGURE 12: ACTIVATOR REAGENTS WHICH ARE COMMONLY USED IN SPPS. .............................................. 12 

FIGURE 13: SETUP OF SHEAR STRESS-CONTROLLED RHEOLOGY DEVICE [54]. .............................................. 12 

FIGURE 14: AMPLITUDE TEST - FREQUENCY SWEEP. ΓL IS THE CHARACTERISTIC FREQUENCY AT WHICH THE LINEAR-

VISCOELASTIC (LVE) REGION IS LEFT. IT DESCRIBES THE BEGINNING OF BREAKDOWN OF A NETWORK. ...... 13 

FIGURE 15: STRATEGY FOR THE DEXTRAN-DEPSI HYBRID MATERIAL ......................................................... 15 

FIGURE 16: COMPARISON OF RHEOLOGICAL STUDIES OF FMOC-FF PEPTIDE HYDROGELS, PREPARED IN H2O 

(LEFT), FASTIDIOUS MEDIUM (CENTER), FREEZE-DRYING BUFFER (RIGHT) AND 8 %, 9 % AND 10 % DMSO 

CONTENT, RESPECTIVELY. GELATION WAS MONITORED BY MEASURING THE STORAGE MODULUS (G’) AND 

THE LOSS MODULUS (G’’). ....................................................................................................... 17 

FIGURE 17: COMPARISON OF RHEOLOGICAL STUDIES OF FMOC-FF PEPTIDE HYDROGELS, WITH 8 %, 9 % AND 10 

% DMSO CONTENT, RESPECTIVELY AND H2O (LEFT), FASTIDIOUS MEDIUM (CENTER), FREEZE-DRYING 

BUFFER (RIGHT) AS SOLVENTS. GELATION WAS MONITORED BY MEASURING THE STORAGE MODULUS (G’) 

AND THE LOSS MODULUS (G’’). ................................................................................................. 17 

FIGURE 18: GEL-SOL TRANSITION OF HYDROGELS PREPARED WITH DIFFERENT SOLVENT RATIOS AND WITH 

DIFFERENT SOLVENTS. FM (YELLOW), FDB (GREEN), MQ (BLUE) .................................................... 19 

FIGURE 19: SEM IMAGES OF FREEZE-DRIED HYDROGELS FORMED WITH MILLIQ H2O (LEFT), FREEZE-DRYING 

BUFFER (CENTER) AND FASTIDIOUS MEDIUM (RIGHT) ON A SCALE OF 5 µM. ........................................ 21 

FIGURE 20: SEM IMAGES OF FREEZE-DRIED HYDROGELS FORMED WITH MILLIQ H2O (LEFT), FREEZE-DRYING 

BUFFER (CENTER) AND FASTIDIOUS MEDIUM (RIGHT) ON A SCALE OF 500 NM. THE SEM IMAGES WERE 

TAKEN BY GUNAR GLASER. ....................................................................................................... 21 

FIGURE 21: MICROSCOPE IMAGES OF THE REHYDRATION ASSAY OF HYDROGELS FORMED WITH FDB, LEFT: T = 20 

MIN OF INCUBATION AT 37 °C, RIGHT: T = 60 MIN OF TOTAL INCUBATION, 30 MIN AFTER ADDITION OF 

SOLVENT ............................................................................................................................... 22 

FIGURE 22: E. COLI CFU OVER 14 DAYS AT 4 °C, INCORPORATED IN FMOC-FF HYDROGELS PREPARED WITH 10 

% (GREY) AND 8 % (BLUE) DMSO. ........................................................................................... 23 



   Appendix 

66 
 

FIGURE 23: FRESH E. COLI CULTURE THROUGHOUT INCUBATION IN SIF AND SGF THROUGHOUT 2.5 H AT 37 °C.

 ........................................................................................................................................... 24 

FIGURE 24: SURVIVAL OF FREEZE-DRIED E. COLI IN SIF AND SGF THROUGHOUT 2.5 H AT 37 °C. .................. 25 

FIGURE 25: SURVIVAL OF FREEZE-DRIED E. COLI IN CAPSULES IN SIF AND SGF THROUGHOUT 2.5 H AT 37 °C .. 25 

FIGURE 26: SURVIVAL OF E. COLI RELEASED FROM FREEZE-DRIED HYDROGELS IN SIF AND SGF THROUGHOUT 2 H.

 ........................................................................................................................................... 26 

FIGURE 27: RESULTS OF TOXICITY ASSAY WITH DEPSI 1 (KIKISQINM) AND DEPSI 4 (EIEISQINM), PRESENTED 

AS CFU/ ML (LEFT) AND OVERALL SURVIVAL (RIGHT) COMPARED TO THE E. COLI CULTURE WITHOUT 

TREATMENT, PLATED DILUTION: 1:1K ......................................................................................... 33 

FIGURE 28: REACTION SCHEME FOR THE THREE STEP SYNTHESIS ROUTE OF DEPSI-PEPTIDE KIKISQINC. .......... 34 

FIGURE 29: MALDI-TOF-MS SPECTRUM OF PURIFIED D6 PEPTIDE USING CHCA AS MATRIX ....................... 36 

FIGURE 30: LC-MS ANALYSIS OF D6 AFTER PURIFICATION BY HPLC. THE PEAK MARKED IN THE LC SPECTRUM 

(TOP) WAS INTEGRATED TO REMOVE BACKGROUND SIGNALS. THE MS SPECTRA BELOW SHOW THE 

OCCURRING MASS SPECIES DETECTED IN THE POSITIVE (UPPER) AND NEGATIVE (LOWER) MODE. THE ENTIRE 

ELUTION SPECTRUM IS SHOWN IN THE APPENDIX. .......................................................................... 37 

FIGURE 31: SECTION OF 15-TO 28.5 MINUTES OF THE HPLC CHROMATOGRAM (190 NM AND 254 NM) WHERE 

THE PRODUCT (*) COULD BE IDENTIFIED ...................................................................................... 38 

FIGURE 32: BETA-ELIMINATION CAUSED BY THE USE OF DIPEA WHICH LEADS TO THE CLEAVAGE OF THE ESTER 

BOND, THE FIGURE WAS MODIFIED FROM COIN ET AL.  [78] ............................................................ 38 

FIGURE 33: ALTERNATIVELY USED ACTIVATING RAGENTS FOR PEPTIDE SYNTHESIS, F.L.T.R PYAOP, HOAT, TCTU

 ........................................................................................................................................... 39 

FIGURE 34: REACTION SCHEME FOR THE SYNTHESIS OF MALEIMIDOPROPIONIC ACID-N-HYDROXYSUCCINIMID 

ESTER (MG1) ........................................................................................................................ 40 

FIGURE 35: REACTION SCHEME FOR THE ESTERIFICATION OF DEXTRAN WITH THE MALEIMIDOPROPIONIC ACID – 

NHS (MG1) ......................................................................................................................... 41 

FIGURE 36: MALDI-TOF DATA OF PURE DEXTRAN (BLUE) AND MG2 ..................................................... 42 

FIGURE 37: 1H NMR (300 MHZ) SPECTRUM OVERLAY OF DEXTRAN (RED) AND THE REACTION PRODUCT 

(TURQUOISE) ......................................................................................................................... 43 

FIGURE 38: DOSY SPECTRUM OF MG2............................................................................................. 44 

FIGURE 39: REACTION SCHEME FOR THE BASE-CATALYZED HYDROLYSIS OF MALEIMIDOPROPIONIC ACID-NHS .. 44 

FIGURE 40: SYNTHESIS ROUTE FOR DEPSI-PEPTIDE KIKISQINC .............................................................. 48 

FIGURE 41: 1H-NMR (250 MHZ, CDCL3) SPECTRUM OF MALEIMIDOPROPIONIC ACID-NHS ...................... 51 

FIGURE 42: PROPOSED NEW SYNTHESIS ROUTE BASED ON THE DEPSI-PEPTIDE BUILDING BLOCK OF JIN ET AL. [91]

 ........................................................................................................................................... 54 

FIGURE 43: DEXTRAN-MALEIMIDE MODIFICATION ACCORDING TO PENG ET AL. [79]................................... 55 

FIGURE 44: E. COLI SURVIVAL IN FDB, SIF AND SGI OVER 20 H ............................................................. 70 

 

  



   Appendix 

67 
 

3 Measurement data 
 

3.1 Rheological data from amplitude time sweep measurement including standard deviation 
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3.2 O/N-kinetics of bacterial release 

 

Figure 44: E. coli survival in FDB, SIF and SGI over 20 h 
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