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1 Introduction 

Since the beginning of my study of chemistry in 2008, over 54.000 additional publications 

have appeared in the biological, medical, polymer, material science, and chemistry journals 

that mention the terms “bioconjugate” or “bioconjugation”. I often asked myself: 

 

What is it that makes this topic so interesting for researchers worldwide from different 

disciplines? 

 

It has been easy to recognize, that the technology of bioconjugation has affected nearly every 

discipline in life science. [1] The majority of the research articles of web links in the Internet 

focuses on new reagents and reactions for the formation of bioconjugates of all types for the 

application in various fields, as highly sensitive assays, for in vivo imaging and diagnosis, 

therapeutic drug targeting, the capture and purification of biomolecules, catalysis and 

chemical modification, or for vaccine development and immune modulation. Besides this, 

the ability to chemically attach small molecules to a biomolecule has caused the birth of 

billion-dollar biotech companies that are working on discovering the secrets of protein 

engineering in living cells and revealing new therapeutic targets. In fact, most of the largest 

biotech and pharmaceutical companies worldwide rely on various bioconjugation techniques 

to develop future product pipelines and protect a vital edge over the competition. The 

concepts of “magic bullet” described by Paul Ehrlich and the “targeted drug” delivery to a 

large extent rely on the creation of highly specific bioconjugates offering therapeutic 

efficacy towards specific cells or tissues.  

 

On the one hand, the field of bioconjugation has had a deceptively quiet but at the same time 

an enormous impact on science and technology. The ability to synthesize diverse 

bioconjugate complexes having unique properties suitable for a wide variety of applications 

has become the underlying success story of many research endeavors. 

 

Today we have to admit, that there are more options available than ever before to design and 

chemically create nearly any covalent complex imaginable between two or more molecules 

of virtually any type.  

 

Bioconjugation – one way to make the impossible possible.  
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1.1 Bioconjugate techniques 

In general, bioconjugation can be described as the chemical derivatization of biomolecules as 

proteins, DNA, RNA and carbohydrates. To be more precise, it is a chemical strategy to 

form a stable covalent binding of two or more molecules, at least one of which is a 

biomolecule, to form a novel complex. The final product is called a bioconjugate, having the 

combined properties of its individual components.  

 

Forming a bioconjugate involves the reaction of two molecules and often a crosslinking 

agent that links the two molecules A and B together. Sometimes an activation agent is used 

that results in linking of the two molecules without an intervening cross-bridge between 

them.  

 

Figure 1: Formation of a bioconjugate 

For an example, a molecule (e.g. drug A) able to interact discreetly with a target inside the 

cell (e.g. DNA) can be conjugated with a reporter molecule (e.g. a biomolecule like a peptide 

B), which functions as the delivery agent to form a bioconjugate (Figure 1). It is important 

that the coupling does not affect the biological function of the two molecules.  

 

 

 

Figure 2: Common bioconjugates used in life science applications include (A) antibody-enzyme 

conjugate, (B) PEGylated proteins, in this case interferon, (C) an antibody-drug conjugate, (D) an 

immobilized affinity ligand on a particle, (E) antibody-dye conjugate, (F) a biotinylated enzyme. [1] 
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Figure 2 shows several examples of the enormous possibilities of bioconjugation 

applications such as labelling molecules with chromophores to study the natural environment 

of antibodies, peptides or proteins, preparing antibody-toxin conjugates for use as targeted 

therapeutic agents in cancer therapy or producing polymer conjugates to modulate 

bioactivity or stability of biomolecules, as for instance the PEGylation of interferon. [1] 

Finally, bioconjugate techniques are responsible for the discovery of new biomolecules, the 

elucidation of complex biological processes, and the spawning of entire industries within the 

medical, diagnostics, life sciences, microelectronics, and material sciences fields. 

 

Conjugation techniques utilized to prepare bioconjugates are diverse and depend on the 

functional groups intrinsically present in the respective molecules. There are hundreds of 

reagents described in literature and offered commercially, but most utilize common 

principles of organic chemistry that can be reduced to a few primary reactions. The 

following section is giving a short overview of examples of typical reactions in the field of 

bioconjugate chemistry applied to couple a biomolecule with another molecule to form 

bioconjugates. [1] 

 

1.1.1 Amine modification 

The natural abundance of amino groups in biomolecules is markedly high and coupling 

reactions with amine-reactive molecules is by far the most common, where such processes 

can be used to conjugate nearly all available biomolecules. The primary coupling reactions 

for modification of amines are mainly performed by one of two routes: either acylation or 

alkylation. The advantages of both routes and for amine coupling reactions in general, are 

fast reaction times coupled with high yields that lead to the formation of a stable primary or 

secondary amine bond. [1] 

 

Referred to the modification of peptides, the ε-amino group of lysine and the N-terminal 

amine of the peptides play a key role. Most of the amino-groups are situated on the peptide’s 

surface in solution and are available for further modification steps and coupling processes. 

Whereas the pKs-value of the lysine amine is around 9.0-9.5, the pKs value of the N-terminus 

is lower (7.5-8.0). To obtain good coupling yields without affecting or changing the peptides 

structure, reactions are generally performed at pH 7-9, enabling the modification of amines 

with isocyanates, NHS-esters or sulfonyl chlorides (Figure 3).  
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Figure 3: Chemical modification techniques for amino-groups of biomolecules [1] a) isocyanate group 

to form an isourea bond, b) succinic anhydride to form an amide bond, c) NHS ester derivative to 

form an amide bond, d) sulfonyl chloride derivative to form a sulfonamide bond 

 

Especially amide bond formation is an important reaction in organic synthesis and plays a 

major role in the structure of biological systems. Amide bonds possess high stability due to 

its resonance stabilization and can also be cleaved in the body by enzymes such as proteases. 

The building blocks of amide bonds are typically carboxylic acids and amines; however the 

unification of these two does not occur spontaneously at ambient temperatures. The 

necessary elimination of water in the reaction only takes place at high temperatures 

(>200°C), which are incompatible with many living systems and biomolecules. For this 

reason, the formation of an amide bond is often assisted through “activated esters” of the 

carboxyl group, which react with a free amino group. 

 

Figure 4: Amide bond formation between an amine and a carboxylic group using TSTU as a coupling 

reagent 

 

As depicted in Figure 4 O-(N-succinimidyl)-1,1,3,3-tetramethyluronium tetrafluoroborate 

(TSTU) can be employed for an effective and fast formation of carboxamides by previous 

transformation of the carboxyl group into the corresponding hydroxysuccinimido ester, 

having the advantage to be less sensitive to water compared to common reagents as 

carbodiimides. [2] Nowadays, scientist are mainly focusing on in situ activation with 
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reagents like HATU, PyBOB or HBtO belonging to the next generation of amide coupling 

reactions in order to enhance the reactivity and yield of the reaction.  

 

Despite these advances, the choice of base is also important in amide coupling reactions. 

Especially tertiary amines such as N,N-diisopropylethylamine (DIPEA) and N-

methylmorpholine (NMM) have been considered as practically useful bases due to their non-

nucleophilic property. Because of the shielded nitrogen by two isopropyl groups and an ethyl 

group, DIPEA is a good base but a poor nucleophile. Thus, side reactions such as a 

nucleophilic attack to the activated carboxyl group by the base are not possible. [1] 

 

1.1.2 Thiol modification 

Besides amino-groups, sulfhydryl-groups are probably the second most common functional 

group present on biomolecules. In case of using the free thiol group of a biomolecule, the 

coupling reactions proceed by one of the two routes: either alkylation or disulfide 

interchange. In both cases, the formed bonds are stable in aqueous environments and allow 

further coupling steps with other functional groups in a two-step conjugation strategy. Again, 

these reactions are rapid and occur in high yield to give stable disulfide or thioether bonds. 

[1] 

 

Cysteine is the only proteinogenic amino acid containing a thiol group. Under physiological 

conditions this group is either present in the protonated thiol form (pKs 8.8-9.1) or even more 

often in its oxidized disulfide form, which often plays a key role in preserving the spatial 

structure. Nevertheless, both forms are still reactive and used for more than 100 years for 

peptide and protein modification in different ways, as it is shown on the following figure and 

described in the next section. [3] [4] 
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Figure 5: Chemical modification techniques for thiol-groups of biomolecules; a) iodoacetyl derivative 

to form a thioether bond, b) maleimide derivative to form a thioether bond, c) vinylsulfone reactive 

group to form β-thiosulfonyl linkage (thioether bond), d) pyridyl disulfide derivative to form a 

disulfide bond [1]  

 

The sulfhydryl group is among the most highly reactive nucleophiles found in biomolecules 

and thus enables rapid conjugation with electrophilic functional groups, such as acyl or alkyl 

group, N-ethyl maleimide or iodoacetate derivatives, as well as pyridyl disulfide containing 

derivatives (Figure 5). Reversible protection can be done through disulfide formation, 

susceptible to be cleaved by reduction (e.g. glutathione (GSH)) in the cytosol. Activation of 

thiols with such derivatives enables further coupling-reactions with other free thiol groups, 

as pyridine-2-thione is a good leaving group. The advantage of e.g. 2,2’-dithiopyridine 

towards other permanent thiol protecting agents such as sodium tetrathionate or S-methyl 

methanethiosulfonate is the absorption of the leaving group pyridine-2-thione at 343 nm, 

which can be applied to monitor the progress of the subsequent reaction with thiols  (Figure 

5 - d). [7].  

 

An additional example for thiol modification of peptides was demonstrated by Shiu et al., 

where electron poor terminal alkynes can also react with thiol groups, but only under basic 

conditions, which are not tolerated by all biomolecules. [5] Jones et al. were able to reduce 

the disulfide bond of salmon calcitonin with water-soluble phosphines (e.g. TCEP) to form 

two thiol groups, which were coupled to PEG-methacrylate by Michael addition (Figure 6). 

[6] 
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Figure 6: Disulfide reduction and modification based on Michael addition reaction for the peptide 

salmon calcitonin 

 

Pyridine disulfides are the most common reactive group for initiating disulfide exchange 

reactions. They are used to temporarily protect or to activate thiol groups, respectively.  

1.1.3 Imine, hydrazone and oxime groups  

The functionalization of ketones and aldehydes with amino groups continues to play an 

important role in the field of bioconjugation. Especially the facile synthesis of carbon-

nitrogen double bonds via condensation of the previously mentioned functional groups in 

aqueous solution under neutral pH without the addition of any coupling reagents render them 

attractive for bioconjugation. [8] The introduction of aldehydes and ketones into proteins site 

specifically is attributed to chemical, enzymatic, and genetic methods, which include 

periodate oxidation of N-terminal serine or threonine residues, addition of ketone-containing 

small molecules to protein C-terminal thioesters generated by expressed protein ligation or 

genetically encoded incorporation of unnatural amino acids containing ketones via amber 

stop codon suppression. [9] 

 

In general, reactions between ketones and primary or secondary amines form a Schiff base, a 

dehydration reaction yielding an imine. Imines can undergo hydrolysis in aqueous solutions, 

meaning a reversible reaction which is not always suitable for modifications. Therefore, the 

labile Schiff base can be chemically stabilized by reduction (e.g. using cyanoborohydride) 

creating a secondary amine linkage between the two molecules and, thus, a convenient 

modification technique. [1] 
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Figure 7: Reaction of carbonyl groups with amine nucleophiles to form reversible Schiff base 

intermediates  as well as the resonance forms of carbon-nitrogen double bond conjugates of the oxime 

and hydrazone bond formation (R = aryl or alky group) 

 

In contrast, hydroxylamines or hydrazine-groups will react with ketones via oxime or 

hydrazone bond formation, which are much more stable than imines under similar 

conditions. This greater hydrolytic stability invokes the participation of the additional 

heteroatom in electron delocalization compared to a simple amine. The additional resonance 

form increases the negative-charge density on the carbon atom and hence reduces its 

electrophilicity (Figure 7). 

 

The comparative stability of hydrazones and oximes was investigated by Kalia and Raines 

and established oximes as the linkage of choice for the stable conjugation of molecules via 

carbon-nitrogen double bond. [8] The explanation for this effect is the resistance to 

protonation based on the higher electronegativity of oxygen in the oxime versus nitrogen in 

the hydrazone. On the other hand, hydrazone bonds are frequently used in drug delivery 

areas, as this bond is stable at pH 7, but undergoes hydrolysis in acidic environments. 

 

The possibility to use aldehydes and ketones for modification purposes have been 

demonstrated in different experiments. For instance, Bertozzi and coworkers demonstrated 

that certain keto sugars are metabolized by cells and integrated into cell-surface glycans, 

where they can be coupled with aminooxy and hydrazone probes. [9] Furthermore, our group 

has recently shown the potential of an oxime bond as part of a cross-linking reagent to 

couple the cytotoxic drug doxorubicin, which in this case contains the keto group, to the 

tumor targeting vector octreotide. [10] 
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1.1.4 Bioorthogonal reactions 

As described in the previous section, conventional covalent chemical attachment methods 

focus on the targeting of primary amines, thiols or carboxylic acids of proteins using 

commercially available reagents such as hydroxysuccinimide esters, isocyanates or 

maleimides. The critical drawback of this technique is the resulting heterogeneity of the 

modified products, which occurs due to the lack of selectivity of the targeted functional 

groups. [11] 

 

In contrast, bioorthogonal reactions are defined as reactions with a very high selectivity for 

certain functional groups and high overall yields, in which side reactions are almost 

eliminated completely. Furthermore, these reactions are achievable in aqueous solutions, 

under soft reaction conditions, and even in presence of other functional groups (Figure 8). 

[11] 

 

 

Figure 8: Schematic overview of the vast complexity of functional groups in living systems and the 

schematic principle of a bioorthogonal reaction in the middle  
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As an example, the discovery of the genetically encoded green fluorescent protein (GFP) is 

based on a bioorthogonal technique (genetic engineering) that has dramatically increased our 

understanding of cellular processes. Nevertheless, this principle remains restricted to 

biomolecules that can be genetically engineered. The same is true for the work of Nobel 

Prize winner Roger Y. Tsien, who invented this α-helical motif, composed of mainly four 

cysteines (sequence Cys-Cys-Xaa-Xaa-Cys-Cys, where Xaa is an non-cysteine amino acid), 

which binds organoarsenic compounds selectively and could be used for bioorthogonal 

coupling reactions. The special amino-acid sequence is genetically fused to or inserted 

within the protein, where it can be specifically recognized by a membrane-permeant 

fluorescein derivative with two As(III) substituents. [13] 

 

In the last decade different techniques of bioorthogonal reactions have been developed and 

applied for the modification of various biomolecules in vitro as well as in vivo, which will be 

discussed below with few examples. 

 

Back in the 1950s, Huisgen and coworkers were the first to report the [2+3]-cycloaddition 

between azides and alkynes. [12] However, since this reaction is typically very slow under 

ambient conditions, high temperatures or pressure was required to obtain high yields of the 

corresponding triazol product, conditions which are not compatible with biomolecules. 

Because of the remarkable work of Sharpless and Medal, who independently proved that 

Cu(I) salts can be used to dramatically increase the reaction rate between azides and alkynes 

at biocompatible conditions, the copper-catalyzed azide-alkyne cycloaddition (CuAAC) has 

achieved a widespread application in the field of bioorthogonal chemistry. [11] [13] For 

example, the profiling of enzymes with fluorescent tags using CuAAC has already been 

reported by Cravatt and co-workers more than 10 years ago. [14] Due to the cytotoxicity of 

the Cu(I) catalyst, which can lead to oxidative damage in living cells through the formation 

of reactive oxygen species such as hydroxyl radicals, these reactions were mainly used in 

vitro. [15] Therefore, Blomquist et al. first suggested in 1953 the use of strained alkyne rings 

to circumvent copper catalysts, but its potential as a bioorthogonal reaction was first 

recognized by Bertozzi et al. in 2004 with the application of a cyclooctyne ring as an 

activated reaction partner for azides. [16] 

 

An alternative conjugation technique that does not require the addition of a catalyst or rely 

on complex cyclooctyne molecules is the inverse electron-demand Diels-Alder reaction 

(IEDDA). In 2008, Fox and co-workers reported the efficient, irreversible coupling reaction 

between the strained molecule trans-cyclooctene (TCO) and the electron-deficient 
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biaryltetrazine in a [4+2]-cycloaddition under the loss of nitrogen, that proceeds in aqueous 

solutions and does not interfere with other biomolecules (Figure 9). [11] [17] 

 

 

Figure 9: Schematic representation of typical bioorthogonal reactions a. CuAAC, b. SPAAC, c. 

IEDDA, d. native chemical ligation   [11] 

 

Further examples of bioorthogonal reactions include Staudinger Ligation between azides and 

triarylphosphins, (hetero)-Diels-Alder-Reaction between a diene and a dienophile in [4+2]-

cycloaddition, Pictet-Spengler Ligation for the modification of reactive carbonyl groups with 

hydrazine, alkyl/arylhydrazine or aminooxy nucleophiles or the Native Chemical Ligation 

between peptide segments, one containing a C-terminal thioester and the other containing an 

N-terminal cysteine residue that leads to the formation of stable amide bond. [11] 

 

The field of bioorthogonal techniques is increasing dramatically and illustrates a crucial part 

of the aforementioned journey of taking advantage of bioconjugation to create novel tools for 

research, diagnostics, and therapeutics.  
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1.1.5 Crosslinker molecules applied for bioconjugation 

Next to the type of coupling reactions, which were previously outlined, bioconjugate 

crosslinkers are also significant to the field of bioconjugation. They play an important role in 

the formation of bioconjugates, as they are often responsible for the connection of both 

molecules. Thereby, bioconjugate crosslinkers must possess high stability in aqueous 

solutions and can be subdivided in zero-length, homo- and heterobifunctional, as well as 

trifunctional types. Their application mainly depends on the functional groups in the 

different molecules, which should be linked. Crosslinkers are extensively applied in drug 

modifications and their utilization has proven to be very important for the attachment of 

diverse carriers, such as monoclonal antibodies [18], proteins [19], polymers [20] and 

peptides [21] to drugs or dyes. [22] 

 

 

Figure 10: Overview of the different linker types, A: DSP = Dithiobis(sulfosuccinimidylpropionate), 

B: SPDP = N-succinimidyl-3-(2-pyridyldithio)proprionate, C: ABNP = 4-Azido-2-

nitrophenylbiocytin-4-nitrophenyl ester 

The smallest available reagent systems for bioconjugation are the so-called zero-length 

linkers. The coupling techniques in the aforementioned section belong to this class of 

bioconjugation reagents, as one atom of a molecule is covalently attached to an atom of a 

second molecule with no intervening linker or spacer.  Examples for the other types of 
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crosslinkers are shown on Figure 10, which can be subdivided in homo- (A) or 

heterobifunctional (B) reagents and heterotrifunctional (C) reagents.  

 

The main disadvantage, however, of using homobifunctional reagents is the potential for 

creating a broad range of poorly defined conjugates, as the probability of coupling two times 

the same molecule in contrast to two different molecules, all possessing identical functional 

groups, is increased (Figure 10, A). In contrast, heterobi- or heterotrifunctional conjugation 

reagents (Figure 10, B and C) contain different reactive groups that can couple to different 

functional targets on proteins and other macromolecules, thus garnering better control over 

the conjugation process.  

 

In the last decade, researchers have been focusing intensively on coupling reactions 

involving thiol groups of reduced disulfide bonds. Examples of such crosslinkers are N-

Succinimidyl-3-(2-pyridyldithio)-propionate, having the advantage of fast and efficient 

coupling reactions, as well as the introduction of a disulfide bond between the conjugates, 

which is cleavable inside the cell under reducing conditions (e.g. intracellular glutathione). 

Further details about crosslinkers focusing on thiol coupling reactions are highlighted in the 

following chapter.  

 

1.2 Disulfide intercalating agents 

Most thiol groups are present as disulfide bonds in peptides and proteins, as they are 

essential for its stability and function. Therefore, a reduction of the disulfide bond to form 

two free thiol groups in a first step is necessary to enable any type of modification at the 

disulfide bond in a second step. The crucial point is that the peptide or protein can lose its 

activity due to the conformational changes in the secondary or tertiary structure. Thus, it is 

important to introduce techniques which do not influence the actual activity of the 

biomolecule. 

 

Disulfide-intercalating agents belong to a relatively young subclass, which is gaining 

increasing interest in the field of bionconjugated chemistry and is therefore discussed in this 

section part separately. The advantage of this structural instrument is the site-selective 

modification of complex peptides and proteins at its disulfide bond, neither changing its 

structure nor function. Brocchini et al. pioneered this field with his work published in 2006 

with a novel designed and synthesized bissulfone linker system for disulfide intercalation 

reactions after a soft reduction step to form two thiols in the first step. Thereby the disulfide 
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bond of the biomolecule is cleaved and re-bridged, yielding the respective bis-sulfide 

bioconjugate while the function and stability is maintained, as there is almost no change in 

the secondary structure ( 

Figure 11).  

 

Figure 11: Schematic disulfide intercalation process of somatostatin using the bis-sulfone linker 

system 

 

Up to now, this linker system has been used in different studies for the modification of 

peptides, most frequently the cyclic peptide somatostatin, which contains one disulfide bond 

only. Brocchini himself, and his group accomplished the PEGylation of cytokines, enzymes, 

antibody fragments as well as peptides, without destroying the biomolecule’s tertiary 

structure or abolishing its biological activity. [24, 25] Weil and coworkers reported different 

modifications of somatostatin for a targeted drug delivery, but also on a versatile toolbox of 

such bis-alkylation reagents offering improved solubility and multiple functionalities at 

predefined positions of peptides and proteins. [26-28] 

However, many time consuming and extensive synthesis steps have to be carried out in 

advance and the final peptide modification needs long reaction times with relatively low 

yields (Figure 12). 

 

 

Figure 12: Synthetic pathway for the bis-sulfone linker introduced by Brocchini 
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An additional way of disulfide intercalation and, thus, modification of peptides was 

described by Smith et al., using 2,3-dibromomaleimides. [29] In the first step the 

biomolecule’s disulfide bond is reduced, afterwards both bromo atoms are replaced by the 

peptide’s thiol groups in a double nucleophilic substitution reaction forming two stable 

thioether bonds. The advantage of this linker system is the fast coupling rate and high yield 

compared to the bis-sulfone linker, which takes up to 24 h for a complete disulfide 

intercalation. Furthermore, the number of atoms which are introduced between the two sulfur 

atoms are reduced to two atoms only, which is a positive side effect concerning possible 

structural changes of the biomolecule after the modification. Literature describes many 

successful examples using dibromomaleimides, for instance, it was utilized for cysteine 

modification as illustrated on the SH2 domain of the Grb2 adaptor protein (L111C) and for 

the insertion of disulfide bonds as illustrated on the peptide hormone somatostatin via 

PEGylation (Figure 13). [29] [30] 

 

 

Figure 13: Schematic disulfide intercalation process of somatostatin using 2’3-Dibromomaleimide 

 

Both reagents have been successfully used for the site-selective modification of peptides by 

disulfide intercalation generating two stable thioether bonds not affecting the biomolecules 

stability or activity. However, these frequently used reagents are stable and cannot be 

cleaved controlled under physiological conditions. For instance, the dibromomaleimide 

needs up to 100 eq of glutathione to be cleaved to release the drug, conditions which are far 

away from the reality inside the cell. [29] Thereby, they cannot be applied for the release of a 

toxic freight admittedly, which is a crucial drawback in the field of drug delivery. [10]  

 

Recently our group has introduced a new approach to overcome the aforementioned 

limitation in the field of targeted drug delivery (Figure 14). A novel disulfide-intercalating 

cross-linking reagent was used to couple the cytotoxic drug doxorubicin to the tumor-

targeting vector octreotide. The cornerstone of this linker system are two activated thiol 

groups, which react with both thiol groups of octreotide by the formation of two disulfide 
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bonds to keep the cyclic structure of the peptide active. Furthermore, those two disulfide 

bonds allow the efficient release of the toxic cargo within the reducing environment in 

cancer cells, as it was shown in different experiments by the addition of cellular 

concentrations of glutathione.  

 

 

 

Figure 14: Doxorubicin-octreotide conjugate for a targeted drug delivery with additional cleavage 

potential under reducing conditions inside the cell synthesized in our group by Marco Lelle [10], 

orange: 11 linker atoms are introduced between the initial disulfide bond, green: active centre of the 

peptide, yellow: reducible disulfide bonds, red: toxic cargo Doxorubicin 

 

The synthesis of this novel reducible linker is also quite time-consuming and elaborate, as it 

needs six steps to synthesize the linker and two more to couple the drug to the peptide. 

Furthermore, the linker itself, which is introduced between the sulfur atoms of the disulfide 

bond, is relatively large compared to the structure of bis-sulfone and dibromomaleimide 

linkers. As this can influence the structure of the biomolecule and thus the function, the 

linker should be as small as possible. Nevertheless, this novel disulfide based linker type has 
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the big advantage over all other disulfide linker types in that it is cleavable under 

physiological conditions. 

Although there was much work done in this interesting field of disulfide intercalation as a 

part of bioorthogonal peptide and protein modification, open questions still remain 

concerning important facts, which are listed below and will be a main part of this work: 

1) the size of the linker, which is introduced between the sulfur atoms, 

2) the synthetic effort and yield of the linker, 

3) efficacy and coupling yield of the reaction, 

4) as well as the possible cleavage of a delivered cargo at the place of interest.  

 

1.3 Bioconjugation in the field of tumor targeting 

In the field of chemotherapeutic agents, unavoidable side effects are mainly caused by the 

poor targeting of the highly toxic agents. Therefore, especially in the field of cancer therapy, 

drug delivery research aims in helping patients by developing clinically useful formulations 

to minimize the aforementioned limitation.  

 

Within the last decades, drug delivery technology in general has advanced significantly. 

Current technologies include the development of various clinical formulations allowing the 

delivery of drugs at desired locations and controlled release kinetics. [31] The clinically 

significant impact of targeted drug delivery depends on the ability to specifically target a 

drug and to minimize the drawback of drug-originated systemic toxic effects. [32, 33] 

Therefore, targeted drug delivery can be defined as the predominant drug accumulation 

within a targeted area, which is independent of the method and route of drug administration. 

[34]  

 

Tumor targeting, in particular, is mainly possible due to the slightly different composition 

and metabolism of tumor tissue and healthy tissue, a concept which has already been 

introduced by the Nobel Prize winner Paul Ehrlich more than 100 years ago and is still 

applied in the development of drug formulations nowadays. [35] To achieve a targeted 

delivery and release in cancer therapy, there are different strategies described in literature, 

which have frequently been divided into two categories, “passive” or “active” tumor 

targeting. In the following section part both terms will be described separately.  
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Nevertheless, improving and overcoming the challenges of developing a successful targeted 

drug delivery strategy requires deeper knowledge of the events involving the transport of 

drugs or drug carriers to a targeted site after application – that is what it makes a highly 

interesting and interdisciplinary research field. 

1.3.1 Passive tumor targeting 

Passive targeting is mostly connected with the enhanced permeation and retention (EPR) 

effect. When a solid tumor reaches a given size, the normal vasculature present in its close 

vicinity is not sufficient to provide all nutrients and oxygen supply required for its further 

proliferation. [31] [36] Thus, cells start to die in this area, but there are growth factors, which 

trigger the budding of new blood vessels from the surrounding capillaries - a process, which 

is called angiogenesis. [37] As blood vessels are needed for the tumor cells to survive, this 

process promotes the rapid development of new, irregular blood vessels, that present a 

discontinuous epithelium and lack the basal membrane of normal vascular structures. [38] 

Depending on the tumor type, the localization and general environment, the resulting 

fenestrations in those capillaries can reach sizes ranging from 200 – 2000 nm. As these 

fenestrations offer little resistance to extravasation to the tumor interstitium, nanoparticles or 

any type of blood components are able to reach the abnormal, discontinuous vascular bed 

and can accumulate, a process which represents the enhanced permeation component of the 

EPR effect (Figure 15).  

 

In comparison, the extracellular fluid is constantly drained to the lymphatic vessels at a mean 

flow velocity around 0.1 – 2 µm/s in normal tissue causing the continuous draining and 

renewal of interstitial fluid and colloids back to the circulation. [39] Furthermore, this 

mechanism and the lymphatic function are defective in tumors resulting in minimal uptake of 

the interstitial fluid. Therefore, molecules which are smaller than 4 nm can diffuse back to 

the blood circulation and are reabsorbed. In contrast, the diffusion of macromolecules or 

nanoparticles (NPs) is hindered by their large hydrodynamic radii. In conclusion, NPs which 

have reached the perivascular space will not be cleared efficiently and accumulate in the 

tumor interstitium, a process which represents the enhanced retention component of the EPR 

effect.  

 

Thus, NPs such as dendrimers, micelles or liposomes can be used as delivery system for 

drugs due to its size between 10 – 100 nm, which is intended to selectively accumulate in the 

tumor tissue. For example, the PEGylated liposome-encapsulated form of doxorubicin, 
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which is distributed under the trade name Doxil, has to be mentioned here as it is the first 

FDA-approved nano-drug. [40] 

 

For more than 30 years, since the early works of Matsumura and Maeda in the mid-1980s, 

the EPR effect has not only been comprehensively investigated and documented using 

various tumor types and animal models, but it has also been successfully used to treat and 

fight cancer. Nevertheless, as many factors such as extravasation, tumor vasculature as well 

as its environment, the diffusion and convection in the interstitium, tumor biology and 

physicochemical parameters in general, the EPR effect is much more complex than initially 

defined and going to be revealed by researchers. [31] 

 

 

 

Figure 15: Difference between the composition of healthy tissue versus tumor tissue and a schematic 

example how NPs as dendrimers or liposomes loaded with doxorubicin can permeate the tumor tissue.  
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1.3.2 Active tumor targeting 

In contrast to “passive targeting”, the so called “active targeting” does not depend on the 

constitution of the tumor tissue, but relies on the different metabolism of cancer cells 

compared to healthy cells. In general, the term is used to describe the specific interaction 

between the drug, its carrier system, respectively, and the cancer cell itself, usually through 

specific ligand-receptor or ligand-surface molecule interactions. This interaction is based on 

a close proximity between the two components and thus the system also depends on the 

blood circulation and extravasation followed by intra-tumoral retention and distribution. The 

efficiency of targeting and delivery depends on the availability of the selective receptor on 

the cell surface and its frequency of occurrence compared to non-target cells. Furthermore, 

other factors like the administration route, physicochemical properties like ligand density 

and the choice of targeting ligand as well as the architecture and ligand conjugation 

chemistry have been shown to have a huge influence. [41-43] 

 

Cell receptors can interact with different kinds of ligands, as for instance antibodies, proteins 

or peptides. In turn, these biomolecules can also act as the drug itself, as for instance the 

monoclonal antibody Cetuximab, which is an epidermal growth factor receptor (EGFR) 

inhibitor used for the treatment of metastatic colorectal cancer, metastatic non-small cell 

lung cancer and head and neck cancer. It is distributed under the trade name Erbitux by the 

drug companies Bristol-Myers Squibb and Merck KGaA. [44] [45] Another example is the 

octapeptide and somatostatin analogue octreotide, which is distributed under the trade name 

Sandostatin by Novartis Pharmaceuticals, which is described in the following section. [46] 

Nevertheless, biomolecules acting as ligands without any further function can be used for the 

accumulation of a drug inside the desired tissue after the internalization of the whole 

complex due to strong interactions with the receptors or molecules overexpressed at tumor 

cell. [47] For instance, glycoproteins as transferrin and lektin were used for an efficient 

accumulation of doxorubicin in cancer cell. [48] [49] Even octreotide itself can be used as a 

ligand to achieve receptors selectively and enable an internalization of the drug to tumor 

cells. [50]  In this context, both, tumor and endothelial cells, can be addressed with the drug-

ligand conjugates to achieve a selective uptake, but in the end the toxic effect depends on the 

drug. 
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1.3.3 Octreotide 

Octreotide is a cyclic peptide which is known chemically as L-Cysteinamide, D-

phenylalanyl-L-cysteinyl-L-phenylalanyl-D-tryptophyl-L-lysyl-L-threonyl-N-[2-hydroxy-1-

(hydroxymethyl)-propyl]-, cyclic (2→7)-disulfide; [R-(R*, R*)] acetate salt. It is distributed 

by Novartis Pharmaceuticals under the trade name Sandostatin and mimics the natural 

hormone somatostatin pharmacologically. It is even a more potent inhibitor of growth 

hormone, glucagon, and insulin than somatostatin and has been used to treat the symptoms 

associated with metastatic carcinoid tumors (flushing and diarrhea) and Vasoactive Intestinal 

Peptide (VIP) secreting adenomas (watery diarrhea). Octreotide is administrated as an 

injection as a clear sterile solution in a buffered lactic acid solution by deep subcutaneous or 

intravenous injection. [51]  

 

Figure 16: Structure of octreotide diacetate, the disulfide bond is highlighted in red and the tetrameric 

amino acid motif FWKT (Phenylalanine-Tryptophan-Lysine-Threonine) is marked in green 

 

Somatostatin itself is a cyclic tetradecapeptide with an internal disulfide bond and is known 

as growth hormone-inhibiting hormone (GHIH). Its main function is similar to octreotide 

and associated with the regulation of the endocrine systems as well as cell proliferation via 

interaction with G protein-coupled somatostatin receptors. The cyclic peptide is mainly 

produced in the small intestine and endocrine pancreas. [52]  The drawback of somatostatin 

is its short half-life (1-3 min) which limits its clinical use. Synthetic somatostatin analogues 

as lanreotide, octreotide or vapreotide achieve much longer circulation half-lives due to 

shorter sequences and the right integration of D-amino acids within the cyclic structure of 

the peptide. Somatostatin and its analogues all possess the cyclic structure enabled by the 

formation of a disulfide bond as well as the tetrameric amino acid motif FWKT 
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(Phenylalanine-Tryptophan-Lysine-Threonine), which is responsible for the interaction with 

the somatostatin receptors (Figure 16). [53] 

 

Next to its intrinsic function; somatostatin as well as octreotide possesses a high affinity 

towards somatostatin receptors 2 and 5, which are overexpressed in different tumor cells. 

[54] Therefore, these peptides are frequently used as a tumor targeting peptides, which have 

been successfully coupled to drugs, polymers [25] and chromophores to achieve tumor 

targeting for drugs and tumor visualization by the chromophore. [10, 28] 
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2 Motivation and Objectives 

Gaining deeper knowledge of function and possible utilization of proteins in living organism 

is an increasing necessity in many fields like biology, chemistry and medicine. The 

widespread use of bioconjugated techniques provides researchers with an ever expanding 

toolbox to take advantage of the functionalities of different proteins either in using such 

molecules as potential drugs or as targeting moiety for addressing specific cells or tissues.  

 

However, the critical drawback of conventional covalent, chemical techniques is the 

resulting heterogeneity of the modified proteins caused by the lack of selectivity of the 

chosen functional groups. In contrast, bioorthogonal techniques that enable the selective 

modification of proteins at pre-defined positions hold a central role in this regard and offer 

the opportunity to design biopharmaceuticals with increased efficacy as well as superior 

pharmacokinetic properties to tackle therapeutic challenges that are left unmet by the current 

modification methods. Thereby, a key requirement to ensure optimal efficacy of protein 

therapeutics is the preservation of the native function of the protein upon conjugation of the 

synthetic component. Performing such a chemoselective reaction on a protein and preserving 

its integrity is a very challenging task, due to the intrinsic sensitivity of biomolecules against 

heat, presence of organic solvents as well as high concentrations of salts or other chemical 

reagents.  

 

Naturally, such selectivity and preservation of the integrity can be achieved by targeting one 

of the most distinguished canonical amino acid on proteins, namely cysteine. The thiol group 

of cysteine is an excellent soft nucleophile, rarely present as a free amino acid on the protein 

surface and usually found in disulfide bonds.  

 

As mentioned and discussed in the previous section, different cross-linkers enabling the 

disulfide modification of proteins have been published within the last decade comprising 

different advantages and disadvantages such as stability under physiological conditions, 

conversion time, reaction yield or simply the molecular size of the cross-linker and necessary 

synthetic effort. 
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Therefore, the main goal of this work is to develop novel disulfide intercalating agents 

combining the advantages of the aforementioned approaches, while overcoming the 

disadvantages of previously reported cross-linkers. Applications like the PEGylation of 

peptides, visualization of biomolecules inside the cell and a targeted drug delivery towards 

tumor cells could benefit from the chemical properties of novel, efficient conjugates, thus, 

these concepts will be investigated in this work (Figure 17).  

 

 

Figure 17: Aim, requirements and drawbacks  in the field of peptide modification (octreotide was 

chosen as the model peptide, in which blue circles indicate general possible modification sites of the 

peptide and the green highlighted part of the peptide indicates the receptor binding motif of 

octreotide)  
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In the first part of this work (Chapter 3) the main focus is on the development of an 

improved cleavable cross-linker, based on an approach previously described in our group by 

Lelle et al. The advantage to this conjugate is that the number of atoms between the sulfur 

atoms of the initial disulfide bond was reduced from 11 to 6 atoms. In addition, compared to 

previously reported bis-sulfone and maleimide based conjugates, the delivered cargo can be 

released inside the cell. 

After the successful synthesis that started from the amino acid cysteine, peptide modification 

was tested first with a model peptide, namely octreotide, possessing a high binding affinity 

towards cell surface somatostatin receptors 2 and 5, which are overexpressed on tumor cells 

(e.g. lung cancer). Different perylenediimide-based dyes were synthesized and coupled to the 

peptide to visualize the conjugates inside cells. In the next step, this approach was extended 

to the targeted delivery of the anticancer drug doxorubicin within cancer cells. Furthermore, 

functional groups like hydrazine, hydroxylamine, iodo- or ethynyl-groups were introduced to 

octreotide based on the novel intercalation cross-linker, to enable bioorthogonal-coupling 

reactions with different types of substituents.   

 

In Chapter 4, a completely novel conjugate was designed and synthesized focusing on the 

molecular size as well as fast and high coupling efficiencies. The goal is to create a cross-

linker, which combines the advantages of previously reported examples while only needing 

one atom for the re-bridging of the disulfide bond after the reductive cleavage. A cross-linker 

like this has not been reported in literature and possesses the unique advantage that the 

spatial structure of modified peptide is perturbed as little as possible. Peptide modification 

using the 2, 3-dibromomaleimide, as performed by Baker and coworkers, is achieved by a 

double addition-elimination reaction of the bromines with the thiol groups of the reduced 

peptide’s disulfide bond. After the addition of the thiolate to the bromo-carrying carbon 

atom, the elimination of the bromine is favored by the constitution of the maleimide and the 

corresponding mesomeric effect inside the five membered rings, as the carbon atoms 

carrying the halogens are partially positively charged. In contrast to this approach, 3,3-

dichloroacrylic acid was chosen in this work as the cornerstone of a novel cross-linker that 

inserts only one carbon atom between the two thiol ends by retaining the cyclic structure of 

the peptide. Within the modification process of a peptide at the disulfide-bond, both 

chlorines are substituted stepwise by the sulfhydryl groups of the reduced peptide (two 

subsequent addition-elimination reactions).  
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First, the effect of the insertion of the novel cross-linker was investigated by computational 

studies as well as circular dichroism and receptor binding studies with AtT-20 pituitary 

tumor cells, which is endogenously expressing somatostatin receptor subtypes. In the 

following steps the novel conjugate was used as the cornerstone for three different topics:  

1) PEGylation of octreotide in order to improve the plasma half-live of the peptide,  

2) Tumor imaging based on a dye-octreotide conjugate and  

3) Targeted drug delivery based on a drug-octreotide conjugate. 

Among others, microscopy and cell viability studies were performed to prove the intended 

application after having successfully finished the synthesis of all the desired conjugates. 

 

The anticancer drug doxorubicin was chosen as the model drug within this work, because it 

is highly toxic and possesses an intrinsic fluorescence. Furthermore, doxorubicin belongs to 

the class of DNA intercalation agents and it is used in the clinical treatment of different 

cancer types (e.g. solid breast cancer). Therefore, Chapter 5 focuses on the possibility to 

increase the toxicity of this drug by the addition of different indole units, as they are known 

to be strong minor groove binders of the DNA. The motivation of this work is to combine 

both ways of DNA binding in one molecule: DNA intercalation and minor groove binding. 

The target molecule should possess a higher binding affinity to DNA, which would result in 

a higher toxicity compared to single doxorubicin or indole derivatives alone, as well as 

reduced doses reducing side effects during treatments. Furthermore, Microscale 

Thermophoresis, a relatively new technique to determine binding affinities between 

biomolecules, was applied to evaluate the binding of doxorubicin-derivatives with DNA. The 

advantage of MST compared to other techniques such as isothermal titration calorimetry, 

electrophoretic mobility shift assay) or surface plasmon resonance based techniques are the 

easy sample handling, small sample amount, short measuring time and that there is almost no 

limitation of the size or molecular weight of the bound conjugates for MST.  

 

Finally, chapter 6 summarizes the results obtained and outlines future applications and 

utilization of bioorthogonal cross-linkers, doxorubicin, peptides as well as proteins in 

medicine. 
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3 Novel disulfide-based linker platform for site-selective 

modification of peptides and proteins  

As already mentioned in the introduction chapter, Brocchini et al. pioneered the field of 

disulfide-intercalating agents with his work published in 2006 with a novel designed and 

synthesized bis-sulfone linker system (Figure 18, compound a). [1] For the first-time 

disulfide bonds were used for the PEGylation of peptides by the introduction of two 

thioether bonds, keeping the cyclic structure of somatostatin intact. However, time 

consuming and extensive synthesis steps have to be carried out in advance and the final 

peptide modification needs long reaction times (~24 h) with relatively low yields depending 

on the attached cargo. [2] In contrast, functional bis-bromomaleimides are easier to 

synthesize and enable fast peptide modification with higher yields as it was shown by Baker 

et al. (Figure 18, compound b). [3] Nonetheless, all intercalating reagents described in the 

literature based on these two techniques generate two widely stable thioether bonds with the 

biomolecule, which cannot be cleaved under physiological conditions and thereby could not 

be applied for the controlled release of a toxic fright yet. 

 

 

Figure 18: a) Bis-sulfone linker, b) bis-bromomaleimide linker 

 

Overcoming the aforementioned limitations, the focus of this chapter is set on the design and 

synthesis of a novel cleavable disulfide-intercalating cross-linking reagent for the site-

selective modification of peptides. This linker reagent is similar to the one introduced by our 

group before (Figure 19, compound c), with the advantage to be smaller in size (Figure 19, 

compound d). A decrease of the number of atoms between the sulfur atoms of the initial 

disulfide bond from 11 atoms to 6 atoms is a crucial point as the peptide structure is less 

influenced by the shorter spacer after modification (Figure 19). Octreotide was chosen as a 

model peptide for accessing the potential of the novel linker d, because only one single 

disulfide bond is present for chemical modification in this peptide. [4, 5]  
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Figure 19: Disulfide-based intercalating agent, c) old version, d) novel version, the red R is going to 

be replaced by the different functional groups going to be attached to the linker in this work 

 

Furthermore, there is an increasing interest in the development of chemically modified 

peptides, which enable bioorthogonal-coupling reactions with different types of substituents. 

Therefore, next to the design of the novel linker, the main aim of this section is to extend the 

linker’s application by the introduction of a huge variety of functional groups suitable for the 

attachment of different molecules to the peptide. Finally, the novel linker platform was used 

to create new bioconjugates by attaching different molecules as a drug or chromophore to 

octreotide, having the combined properties of its individual components. 
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3.1 Synthesis and Characterization  

Amino acids offer a high potential for bioorthogonal reaction due to its diversity as they are 

small molecules which typically bear several different reactive sites. Therefore, as main 

scaffold for the synthesis of the novel linker mentioned in the previous passage (compound 

d, Figure 19) cysteine-derivative N-(tert-Butoxycarbonyl)-cysteine 3-5 was selected. It 

enables the introduction of different functionalities to construct the desired linker and further 

modification opportunities. 

 

The straightforward synthetic route toward the novel linker 3-7 is shown on Scheme 1. It 

starts with an activation of the thiol group of the cysteine for further disulfide coupling 

reactions by stirring 3-1 overnight in methanol with a 6-fold excess of 2,2′-Dithiodipyridine. 

[6] Purification was accomplished by precipitation in hexane and a subsequent filtration. To 

synthesize the final disulfide-intercalating agent 3-7, the carboxylic acid was reacted with 2-

(2-pyridyldithio)-ethylamine hydrochloride (3-2), while N,N,N,N-tetramethyl-O-(N-

succinimidyl)uronium tetrafluoroborate (TSTU) was used as a coupling reagent to form the 

amide bond. The product was washed with brine to remove unreacted educts. Afterwards, 

silica column chromatography was used to obtain the final pure compound 3-7 as yellow oil 

with high yields (86 %). With compound 3-7 in hand, a novel, smaller and cleavable 

disulfide intercalation reagent was successful synthesized (Scheme 1). It possesses two 

activated thiol groups for the formation of two new disulfide bonds during the peptide 

intercalation process and the number of atoms, which is introduced between the peptides 

sulfur atoms, is reduced to 6 atoms only.  

 

Scheme 1: Synthesis of 2-amino-3-(pyridin-2-yldisulfaneyl)-N-(2-(pyridin-2-

yldisulfaneyl)ethyl)propanamide (3-8): a) 2,2′-Dithiodipyridine (6 equiv), methanol, argon, overnight, 

r.t., quantitative yield. b) N-Hydroxysuccinimide (1.05 equiv), N,N′- diisopropylcarbodiimide (1.15 

equiv), dry DCM, argon, 4 h, r.t., 93%. c) 2,2′-Dithiodipyridine (6 equiv), methanol, argon, overnight, 

r.t., quantitative yield . d) 3-2 (1.15 equiv), TSTU (1.15 equiv), DIPEA (4 equiv), dry DMF, argon, 5 

h, r.t., 86%. e) dry DCM/TFA (1:1), 1 h, r.t., quantitative yield.  
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In order to prove the successful coupling and the existence of both 2-pyriyldisulfides, 

compound 3-7 was analyzed by MALDI-TOF MS as well as NMR. The corresponding NMR 

spectrum of 3-7 exhibits well-separated and clearly assignable signals as depicted on Figure 

20. The intensity ratios of all peaks agree with the theoretically expected integrals of all 

protons, as for instance of the 2-pyridyl groups (8 protons) or the two amide-bonds (2 

protons). 

 

 

Figure 20: 
1
H- NMR spectrum of compound 3-7 in DMSO-d

6
 (300 MHz) 
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3.1.1 Introduction of different functional groups to create a novel linker 

platform 

The intention of this section is the extension of the portfolio of chemically modified 

octreotide with different functional groups based on the novel linker 3-7, as this strategy 

offers a broad range of alternatives for the bioorthogonal modification with different 

molecules.  

 

Besides the frequently used amine and carboxyl groups we focused on the introduction of 

iodo- and ethynyl - substituents, enabling subsequent coupling reactions such as 

palladium(0)-catalyzed cross coupling reactions (e.g. Heck, Suzuki or Sonogashira reactions) 

as well as [2+3] cycloaddition “click” reactions. [4] For instance, dyes containing an azide 

bond can be easily attached to a peptide in a [2+3] cycloaddition “click” reaction with the 

introduced ethynyl group at the linker. Additionally, further functional groups as a hydrazine 

as well as a hydroxylamine group were introduced to the novel linker allowing the 

attachment of aldehyde or ketone carrying molecules via an oxime or pH sensitive hydrazone 

bond.  

 

As main scaffold for the introduction of different unnatural functional groups to octreotide, 

the novel disulfide intercalating linker 3-7 was selected. The straightforward synthetic route 

towards the different linker molecules is shown on Scheme 2. In all cases it starts with the 

deprotection of 3-7 to obtain compound 3-8 bearing a free amine. This reaction was 

performed under acidic conditions with equal amounts of dichloromethane and 

trifluoroacetic acid and allowed quantitative yield within 1 h. [7] In the following steps 3-8 

was either directly coupled to an carboxyl bearing compound or modified with different 

linker molecules to achieve an introduction of the desired ethynyl-, iodo-, acid-, hydrazine- 

or hydrazone- functional groups as described in Scheme 2. 
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Scheme 2: Synthesis of the different 2-amino-3-(pyridin-2-yldisulfaneyl)-N-(2-(pyridin-2-

yldisulfaneyl)ethyl)propanamide - derivatives: a) succinic anhydride (6 eq), DIPEA (6 eq), NMP, 

argon, 2 h, r.t., 68%. b) 4-pentynoic acid (1.02 eq), HATU (1.02 eq), DIPEA (1.2 eq), dry DMF, 

argon, 2 h, r.t., 87%. c) 4-iodobenzoic acid (1.05 eq), HATU (1.25 eq), DIPEA (1.25 eq), dry DMF, 

argon, 2 h, r.t., 79%. d) HATU (1.15 eq), DIPEA (1.2 eq), tert-butyl carbazate (1.1 eq), dry DMF, 

argon, 1.5 h, r.t., 85%. e) 4 (1.2 eq), DIPEA (1.5 eq), dry DMF, argon, 3 h, r.t., 50%. f) 4-

maleimidobutyric acid (1.1 eq), HATU (1.15 eq), DIPEA (1.2 eq), dry DMF, argon, 2 h, r.t., 54%, g) 

dry DCM/TFA (1:1), 1 h, r.t., quantitative yield, h) dry DCM/TFA (1:1), 1 h, r.t., quantitative yield 

 

After the successful deprotection of 3-7, both solvents (DCM and TFA) were removed under 

reduced pressure. Compound 3-8 was dissolved in DMF and DIPEA was added as base to 

conduct the following reactions under slightly basic conditions. For the synthesis of 3-9, the 

Boc-deprotected 3-8 was stirred in NMP with an excess of succinic anhydride for 2 h. 

Afterwards EtOAc was added to the reaction mixture, which was washed with brine to 

obtain the pure product. The introduction of an oxime as well as a hydrazine functional 

group to the linker was accomplished by an amide bond formation by adding tert-butyl 

carbazate to 3-9 and 3-4 to 3-13 (Scheme 2). The active ester 3-4 was prepared as described 

before in Scheme 1. After removal of DMF under reduced pressure compounds 3-12 and 3-

13 were purified by silica column chromatography. Finally, an attachment of a maleoyl-, 
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ethynyl- and iodo-functionality to the linker cornerstone 3-8 was achieved by the reaction 

with 4-maleimidobutyric acid, 4-pentynoic acid or 4-iodobenzoic acid. In all cases DMF was 

used as the solvent, HATU as a coupling reagent and DIPEA as the base to enable a slightly 

basic pH of the reaction solution (Scheme 2).  

 

 

Figure 21: 
1
H- NMR spectrum of compound 3-13 in DMSO-d

6
 (300 MHz) 

 

All compounds were analyzed and identified by means of NMR spectroscopy and mass 

spectrometry (MALDI-TOF). As an example 3-13 was chosen and the corresponding 

characteristic 
1
H NMR spectrum together with the peak assignment is shown on Figure 21. 

The integrated signals of the 2-pyridyl disulfides as well as the amide protons were utilized 

for the confirmation of the structure. Furthermore, the existence of the protected aminooxy-

functionality can be proven by both singlets at 10.32 ppm and 1.42 ppm as well as the 

additional two methyl-protons h, giving a quartet at 4.25 ppm.  All other signals are as 

expected identical to compound 3-7. Traces of the solvents as DCM and EtOAc could not be 

removed completely even after intensive drying steps at the vacuum line (10
-3

 mbar, 48 h), 

which is probably caused by the oily characteristic of product 3-13. 
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3.1.2 Reduction of octreotide 

After the successful synthesis of the different disulfide intercalation agents described in the 

previous section, the model peptide octreotide was modified in the following steps. The 

disulfide bond of the peptide was reduced to make the sulfur atoms accessible; otherwise an 

intercalation would not be possible. The reduction of the cyclic peptides, bearing one 

disulfide bond, is known in literature and is generally performed with equimolar amounts of 

either dithiothreitol (DTT) or tris(2-Carboxyethyl)phosphine-hydrochloride (TCEP) 3-16, 

within 1 h (Scheme 3). [1] [8] [9]  

 

 

 

Scheme 3: Reduction of octreotide using TCEP as the reducing agent, a) TCEP (3-16, 4 eq), 

phosphate buffer pH 6.2, argon, r.t., 1 h, 90 % 

 

The above-mentioned reducing agent has no thiol groups in contrast to DTT and was 

therefore used in this reaction to avoid any side reactions with the linker conjugates. Due to 

the analogy of somatostatin and octreotide the conditions described in literature, reduction 

with 1.5 eq of TCEP in a phosphate buffered solution (pH 6.2) was applied here and 

followed by analytical RP-HPLC. [3, 10] Figure 22 shows the reduction of octreotide to its 

reduced version within 1 h. The detection of the peptide was performed at 280 nm, the 

characteristic UV-absorption area of the aromatic amino acids phenylalanine and tryptophan, 

which are part of octreotide amino acid sequence. Interestingly, there is always a small peak 

(26 min) with shorter retention time present in the chromatogram, next to the main peak of 

the product at 27 min. This fact is caused by the favorable ring closure of the peptide in 

absence of TCEP, as both substances are separated on the column as soon as the reaction 

solution is in the HPLC system. The ring closure on the HPLC could be verified by a 

comparison of the retention times, as the small peak has the same retention time as 
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octreotide. Furthermore, octreotide as well as its reduced form could be detected by MALDI-

TOF MS.  

 

Reduction of octreotide and the additional purification by preparative HPLC is performed 

before each coupling step to guarantee that the reduced form of the peptide is present, thus, 

the fractions collected were used directly for subsequent coupling steps.  

 

 

 

Figure 22: Reduction of native octreotide 3-15 using TCEP as the reducing agent to form 3-17 after 1h 

of reaction time 
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3.1.3 Synthesis of ethynyl- and iodine-modified octreotide conjugates 

Extending the portfolio of chemically modified octreotide with different functional groups is 

one of the main interests of this study offering alternatives for the bioorthogonal 

modification of this peptide. Especially the introduction of functional groups which are not 

present in nature as iodo- and ethynyl – substituents are very attractive, as bioorthogonal 

coupling reactions as palladium(0)-catalyzed cross coupling reactions (Heck, Suzuki or 

Sonogashira) as well as [2+3] cycloaddition “click” reactions are rendered possible. [4]  

 

The synthesis of the bifunctional linkers 3-10 and 3-11 as well as the reduction of the peptide 

was already described, enabling the final modification of octreotide. Accordingly, 

compounds 3-10 and 3-11 were added to an excess of the reduced peptide octreotide (3-17) 

and reacted for 1 h in phosphate buffer pH 7.4 (Scheme 4). The reaction mixture was 

analyzed by analytical HPLC at different time points.  

 

 

Scheme 4: Synthesis of ethynyl- and iodo-functionalized octreotide 3-18 and 3-19, a) 3-17 (1.2 eq), 

DMF, DPBS, Argon, 1 h, r.t., 83 %, b) 3-17 (1.2 eq), DMF, DPBS, Argon, 1 h, r.t., 72 % 

 

The chromatograms of octreotide, reduced octreotide and the modified octreotide were 

recorded and visualized in Figure 23 for the synthesis of 3-18. The reduced octreotide (red 
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curve, b) has a prolonged retention time (28 min) compared to octreotide (black curve, a). 

The peak at 27 min of the red curve with lower absorbance intensity belongs to octreotide. 

The prolonged retention time of the modified octreotide c compared to octreotide a, suggests 

that the conjugate is getting more hydrophobic, as the interaction with the unpolar column 

material is increased. Full conversion of the reduced peptide is not possible, as it was used in 

excess, which explains the peak of the reduced octreotide at around 28 minutes in the HPLC 

run of compound c.  

 

 

Figure 23: HPLC chromatogram of octreotide 3-15 a (black), reduced octreotide 3-17 b (red) and 

Iodo-octreotide 3-19 c (blue) 

 

After purification by preparative RP-HPLC the collected fractions were analyzed by 

MALDI-TOF MS as shown on Figure 24 to confirm the presence of the products 3-18 and 3-

19. 
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Figure 24: MALDI-TOF MS spectrum of octreotide 3-15 (a), ethynyl-octreotide 3-18 (b) and iodo-

octreotide 3-19 (c), (matrix: α-CHCA) 

Examples how to take advantage of the herein introduced functional groups as ethynyl and 

iodo groups for peptide modifications were already discussed and proven by Pfisterer et al. 

with the model peptide somatostatin using the bis-sulfone linker, for instance the 

cycloaddition of 3-azido-7-hydroxycumarin. The same is feasible using octreotide as the 

peptide and the herein introduced linker agents (Scheme 5). Furthermore, all these 

conjugates described here have the additional advantage over the bis-sulfone linker to be 

cleavable, meaning if a cargo is transported (e.g. dye or drug) it can be released inside the 

cytosol of the cell. [4] 

 

 

Scheme 5: Example: synthesis of a cumarin-octreotide conjugate, a) 3-azido-7-hydroxy-cumarin, 

CuSO4 [3]  
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3.1.4 Synthesis of perylenediimide-linker and perylenediimide-octreotide 

We investigated the performance of the synthesized linkers for the labeling of peptides, in 

this case octreotide. The purpose of this strategy is to get a better understanding of the 

biomolecule inside the cell. Octreotide-dye conjugates are suitable components to prove 

whether the biologically active conformation of the peptide is retained after the intercalation 

and to investigate the cell-uptake characteristics of modified octreotide-conjugates. The 

concept of a targeted delivery to tumor cells and the release of the cargo inside the cell under 

reducing conditions was investigated in a following chapter separately. 

 

Rylene chromophores have proven to be a remarkable class of dyes that are characterized by 

an exceptional thermal and photochemical stability as well as having fluorescence quantum 

yields close to unity in organic solvents. [11] [12] Especially sulfonated PDIs have been 

reported to show good water solubility (10
-2

 M) and high fluorescence quantum yields in 

water as shown by Kohl. [13] All of the above mentioned demanding studies could benefit 

from the extraordinary properties of the rylene dyes. The herein used sulfonated PDI 

chromophores were synthesized as described by Peneva et al. [11] The molecular structures 

and purity of the sulfonated asymmetric perylene chromophores were confirmed by 
1
H and 

13
C-NMR spectroscopy and MALDI-TOF analysis. 

 

 

After the successful synthesis of the dyes, the dye-linker conjugates were obtained by the 

coupling of the two different functionalized PDI chromophores 3-20 and 3-21 to either the 

amine or acid modified disulfide intercalating linker 3-8 or 3-9 within 2 h, while HATU was 

used as a coupling reagent to form the amides (Scheme 6). Interestingly, the amide bond 

formation did not work using any other coupling reagent as TSTU or DCC/DIC in 

combination with NHS. A reason for this could be that the reaction solution contains parts of 

water bound to the sulfone groups of the dye, although dry DMF is used as the solvent and 

the reaction is performed under argon. As water can prevent the formation of the activated 

NHS ester of the used acid, which is going to be formed with the different coupling reagents, 

the coupling will not be possible. The reason for the water in the reaction solution are 

probably the sulfonated PDI conjugates 3-20 and 3-21, as the sulfo groups strongly bind 

water molecules.  
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Scheme 6: Synthesis pathway for compounds 3-22 and 3-23, a) HATU (1.25 eq), DIPEA (1.5 eq), 3-8 

(1.1 eq), dry DMF, argon, 2 h, r.t., 84 %. b) HATU (1.25 eq), DIPEA (1.5 eq), 3-9 (1.1 eq), dry DMF, 

argon, 1.5 h, r.t., 81%. 

 

Reaction control and purification of the final conjugates was conducted by analytical and 

preparative RP-HPLC. In the following steps the solvents were removed and the product was 

precipitated in diethyl ether, after resolving it in a small amount of methanol, to give the 

final product as violet powder in high yields. Without precipitation, the salt content of final 

product would be too high, as triethylammonium acetate was used as HPLC solvent during 

the purification. Complete analysis of 3-22 and 3-23 was carried out by 
1
H NMR and 
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MALDI-TOF MS, whereas the 
1
H and TOCSY NMR of 3-22 are shown on Figure 25 to 

verify the successful synthesis. This NMR spectrum exhibits well-separated and clearly 

assignable signals and their intensity ratios of all peaks agree with the theoretically expected. 

 

 

Figure 25: H,H-TOCSY-NMR spectrum of compound 3-22 in DMSO-d
6
 (500 MHz) 

 

After the successful synthesis of the dye-linker conjugates, the final coupling to octreotide 

was performed. Therefore, octreotide was reduced first as described before in presence of an 

excess of the reducing agent TCEP and purified by preparative RP-HPLC. This purification 

step is necessary as the reducing agent can influence the following coupling reaction of the 
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peptide and the dye-linker conjugates. The isolated fractions of the reduced peptide were 

then directly conjugated to the pyridyl disulfide carrying reagents 3-22 and 3-23 to yield the 

pure products 3-24 and 3-25 after purification by reversed-phase chromatography (Scheme 

7). Monitoring of the reaction process was possible by HPLC, because pyridine-2-thione is 

released during the formation of the two disulfide bonds, which has a characteristic 

absorbance at 343 nm. [14] 

 

 

Scheme 7: Synthesis of the PDI-octreotide hybrid 3-24, a) 3-17 (1.2 eq), DMF, DPBS, argon, 1 h, r.t., 

85 % 
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Interestingly, two new peaks appeared in the HPLC chromatogram (reaction control), 

although only one product was expected to be formed. To analyze the formed products, 

purification was performed by preparative HPLC to collect both peaks separately. Because 

of the close proximity of the peaks in the chromatogram, clear base-line separation was not 

achievable and only one fraction was collected containing both peaks. The solvent was 

removed under reduced pressure, resolved in methanol and precipitated in diethyl ether to 

yield the product as a violet powder. The sample was analyzed by MALDI-TOF MS to 

identify the two products. Figure 26 shows the corresponding spectrum and clearly verifies 

the existence of only one product without any site products or educts. The agreement 

between the calculated (m/z calculated = 2559.20) and experimentally determined m/z ratios 

(m/z observed = 2559.13) confirms the existence of this monofunctional water soluble dye-

linker conjugates. Due to the equal reactivity of both pyridyl disulfides and both thiols, two 

isomers (3-24a and 3-24b) were formed during the reaction for each of the final conjugates 

explaining the two peaks in the chromatogram.  

 

Figure 26: MALDI-TOF MS spectrum of 3-24 additionally showing five different sodium and 

potassium adducts of the product (matrix: α-CHCA), in the zoom at the top left the single sodium and 

potassium adduct is given only. 

 

The described PDI-octreotide conjugates 3-24 and 3-25 confirmed the potential of the novel 

linker system in the field of site-selective peptide modification. The numbers of atoms, 

which are introduced between the sulfur atoms of the peptide during the intercalation, were 
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reduced to six atoms compared to the cleavable linker system which has been developed by 

our group in the past. [5] This reduced length can be crucial for retaining the biological 

function of peptides active after modification. As already mentioned before, another 

advantage of this linker system is that the delivered cargo, in this case the dye-chromophore, 

can be released after the receptor mediated cell uptake inside cells in the presence of 

increased levels of glutathione, which will be discussed in a following chapter. This is an 

important characteristic, which is not achievable with other linker systems used in literature 

for instance by Brocchini et al. or Baker et al. [3, 15] 

3.1.5 Synthesis of doxorubicin-octreotide conjugates 

Nowadays, chemotherapeutic agents are applied often as first line of treatment of cancer 

disease. Among others there are many active drug molecules available with outstanding 

characteristics and toxicity, for instance doxorubicin, but their application in patients is 

limited due to low therapeutic efficacy or side effects as systemic toxicity. To bypass these 

limitations, doxorubicin, for instance, has already been encapsulated in liposomes or 

micelles so that the accumulation of the drug in the tumor tissue is facilitated by the EPR-

effect (passive targeting of tumor cells). [16-18] 

 

Another technique to circumvent these limitations is to use drug delivery systems that 

enables activate targeting of tumor cells. Therefore, anticancer drugs have been modified 

with highly specific ligands (e.g., gonadotropin-releasing hormone, transferrin, folic acid) for 

cell surface associated receptors to overcome limitations as crucial side effects of the drug 

caused by poor tumor selectivity. [19-21]  

 

In general synthetic somatostatin analogs, such as lanreotide, octreotide or vapreotide, have a 

much longer half-life due to the incorporation of D-amino acids compared to somatostatin, 

which makes them more stable against peptidases and thereby interesting for therapeutic 

applications. The strong interaction of somatostatin and its analogs to the corresponding cell 

surface receptors is enabled by two factors, on the one hand the cyclic structure of the 

peptide due to the formation of the disulfide bond between two cysteines, and on the other 

hand the tetrameric amino acid motif FWKT (Phenylalanine-Tryptophan-Lysine-Threonine, 

Figure 19), which is responsible for the receptor interaction. So far the application of 

doxorubicin-somatostatin bioconjugates is not considered in clinical application studies 

mainly due to the low half-life of the peptide (half-life somatostatin 1-3 min). [22] 

Nevertheless, there are few doxorubicin-somatostatin-analog conjugates described in 

literature. [23, 24] Nagy et al. established a coupling between the drug and the peptide based 
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on glutaric acid, in which the primary alcohol of the drug and the amine of the N-terminus 

were conjugated via an ester bond. [25] The drawback is that ester bonds are known to be 

cleaved under physiological conditions by hydrolysis and the drug will be set free at any 

place causing undesired side effects as destroying healthy tissue by killing the cells. Weil 

and coworkers prepared a doxorubicin-somatostatin conjugate using the already introduced 

bis-sulfone linker system. [26, 27] This system is again limited by the short half-life of 

somatostatin and the absence of a release mechanism for the drug molecule. [27] In contrast, 

the potential of octreotide as a stable targeting moiety with prolonged half-life has been 

shown by Reubi et al. by the attachment of the peptide to the surface of doxorubicin loaded 

liposomes or micelles. [28, 29]  

 

We compiled in our group the formation of a doxorubicin-octreotide conjugate based on the 

aforementioned linker system, which is stable against hydrolysis, but cleavable under 

reducing conditions in the cytosol. Therefore, the main goal of this chapter is to synthesize 

drug-octreotide conjugates based on the novel, cleavable cysteine based linkers. First, 

doxorubicin was attached to the novel aminooxy- or hydrazine-functionalized linker 

derivatives 3-12 and 3-13. In the next step the coupling and modification of octreotide was 

performed in a similar way as already discussed for the PDI dyes in the previous part 

(chapter 3.1.4).  

 

Scheme 8: Synthesis of the disulfide intercalating doxorubicin derivatives 3-26 and 3-27, a) dry 

DCM/TFA (1:1), 1 h, r.t., quantitative yield; b) doxorubicin-hydrochloride (1 eq), 0.4 M sodium 

acetate buffer (pH 5.0), DMF, 40 h, r.t., 54 %, c) dry DCM/TFA (1:1), 1 h, r.t., quantitative yield; d) 

doxorubicin-hydrochloride (1 eq), 0.4 M sodium acetate buffer (pH 4.8), DMF, 40 h, r.t., 78 % 
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In analogy to previously described synthesis of linker-cargo conjugates the Boc-protective 

group of 3-12 and 3-13 were cleaved to unmask the desired aminooxy-/ hydrazine-group. 

The product was dried under reduced pressure to remove the solvents residues. The addition 

of the disulfide-intercalating cross-linking reagent to the aliphatic keto-group of doxorubicin 

was followed by analytical RP-HPLC, in which both condensation reactions between the two 

components were carried out under slightly acidic conditions in sodium acetate buffered 

solution (pH 4.8 for oxime bond formation, respectively pH 5.0 for hydrazone bond 

formation). After few hours an additional peak next to the peak of doxorubicin (18 min) with 

a retention time of 19 min could be detected in the HPLC chromatogram at the wavelength 

490 nm, indicating the existence of a doxorubicin derivative. The same peak was still present 

after two days, but with much higher absorption intensity. In contrast, the peaks of the linker 

derivatives 3-12 and 3-13 were gone, indicating that the reaction was completed 

successfully. Afterwards preparative RP-HPLC was used for purification and all solvents 

were removed under reduced pressure. The residues were dissolved in methanol and 

precipitated in diethyl ether to obtain product 3-26 and 3-27 as a red powder in high yields 

(Scheme 8). The removal of any remains of the triethylammoniumacetate buffer used for the 

HPLC purification was successful performed by the precipitation in diethyl ether. Besides 

analytical RP-HPLC, both drug-linker conjugates were analyzed by MALDI-TOF MS as 

well as proton and carbon NMR.   

 

The novel formed doxorubicin-derivatives have a longer retention time compared to 

doxorubicin, which was expected, since an unpolar molecule is attached to the drug. The 

corresponding m/z ratios of the products were detected by MALDI-TOF MS analysis. 

Additionally, both products were analyzed by NMR spectroscopy for a complete structural 

characterization based on 2D experiments using COSY, NOSY and TOCSY. The 

corresponding H, H – TOCSY spectrum is depicted in the following Figure 27. The aromatic 

area was used as the reference. In total, the integration of the aromatic signals was in sum 13, 

which fits to the expected three protons of doxorubicin (“c” and “d”), the eight protons of the 

two pyridyl-groups (“a”, “d”, “e” and “f”) as well as the two amide protons (“a” and “b”). 

Furthermore, the acetate anion of the daunosamine is present (integral 3 of “v”), which is 

important as this group is responsible for the water solubility of the product. Based on the 2D 

signals all aromatic signals could be clearly assigned and the including methyl- and ethyl- 

groups (“r, n, o and s”) could be identified. As assumed, the aliphatic protons in close 

proximity to the chiral carbon atom of “i” are separated in the 
1
H NMR, but could be clearly 

differentiated due to the long range coupling of the different protons in the TOCSY 

spectrum. 
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Figure 27: H,H-TOCSY-NMR spectrum of 3-27 in DMSO-d
6
 (700 MHz) 

 

In order to couple the doxorubicin linker conjugates 3-26 and 3-27 with the peptide, 

octreotide was first reduced using TCEP as the reducing agent and then purified by 

preparative HPLC. The reaction process of the final peptide modification was determined by 

means of analytical RP-HPLC. After one hour reaction time, the cyclisation was completed 

successfully as indicated by the existence of one peak in the chromatogram absorbing at the 
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characteristic doxorubicin wavelength 490 nm and the missing peak of the educts 3-26 and 

3-27.  

 

Scheme 9: Synthesis of the doxorubicin-octreotide hybrid 3-28, a) 3-17 (1.2 eq), DMF, DPBS, Argon, 

1 h, r.t., 80 % 

 

A pyridyl disulfide has the advantage to readily undergo an interchange reaction with a free 

sulfhydryl to yield a single mixed disulfide product; otherwise the activated thiol is stable. 

This is due to the fact that the pyridyl disulfide is easily transformed to into a non-reactive 

compound (2-pyridinthion) not capable of participating in further mixed disulfide formation.  

Therefore, the formation of a peak absorbing at 343 nm could be detected during the reaction 

process, which is the corresponding signal of 2-pyridinthion, the cleavage product of the 

coupling process. Purification of the final drug-octreotide hybrids were accomplished by 

preparative RP-HPLC as already described for the dye-octreotide hybrids to yield the 3-28 

and 3-29, which were analyzed by analytical HPLC and MALDI-TOF MS. Although only 
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one peak could be detected during the purification, the following analytical HPLC run shows 

two signal peaks. The reason for this can be found in the nature of the cyclisation reaction, as 

two different isomers can be formed during this reaction step as shown on Scheme 9. In 

order to prove this assumption, the purified sample was analyzed by MALDI-TOF MS 

(Figure 28). On the basis of this it can be clearly proven that only one product is formed with 

the expected cyclic structure, otherwise the m/z would not fit. Thus, compound 3-28 is 

present in both isomers, which can be separated by analytical HPLC due to their slightly 

different chemical characteristics. 

 

 

Figure 28: ESI-TOF MS spectrum of 3-28 

 

Finally, both novel conjugates are expected to have high potential in the field of targeted 

drug delivery, as they allow a safe and stable transport of the drug to the place of interest. In 

the following sections of this chapter different experiments are described to confirm the 

controlled release mechanism of the novel linker under reducing conditions and to prove the 

targeting effect of octreotide based on the interaction with overexpressed receptors on tumor 

cells. 
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Scheme 10 and Scheme 11 give a final overview of all synthesized products and octreotide 

conjugates. For the final coupling, the disulfide bond of octreotide acetate 3-15 was first 

reduced in a short period of time by adding a small excess of tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP HCl) to form reduced octreotide 3-17. The excess of the reducing 

agent was removed by RP-HPLC and the isolated product fraction of the reduced peptide 

was then conjugated to the different pyridyl disulfides carrying reagents 3-10, 3-11, 3-22, 3-

23, 3-26 and 3-27 to yield the pure products 3-18, 3-19, 3-24, 3-25, 3-28 and 3-29 after 

purification by reversed-phase chromatography. Due to the equal reactivity of both pyridyl 

disulfides and both thiols, two isomers were formed during the reaction for each of the final 

conjugates.  

 

The advantage of this novel linker type over the before mentioned linker systems used for 

site-selective peptide modification by disulfide intercalation is its smaller size as well as its 

ability to be cleaved under reducing conditions inside the cell, which will be discussed in the 

following section. [30] [31] Additionally, based on the high interaction of octreotide with 

somatostatin receptors, which are overexpressed on certain tumor cells and primary tumor 

tissue, a targeted delivery of the dye and drug towards tumor cells is achieved (e.g. MCF 7, 

Mia-Paca 2). [28, 29, 32] 
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Scheme 10: Overview of the different linker molecules  



C h a p t e r  3   

 

 
58 

 

Scheme 11: Overview of the final octreotide conjugates  
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3.2 Glutathione dependent perylenediimide release 

One of the major goals in modern cancer chemotherapy is the design of multi-functional 

drug conjugates aiming at not only cell type specific drug uptake, but also at intracellular 

cleavage to liberate the drug molecules based on various stimuli. [33] [27] Such intracellular 

release mechanisms are e.g. based on pH changes in some cellular compartments or on the 

reductive conditions inside the cytosol. Glutathione (GSH) is present in a concentration 

range of 0.5-10 mM in the cytosol; while its concentration in plasma is considerably lower 

(ca. 2-20µM). [34] Furthermore, increased intracellular glutathione concentrations have been 

reported for different cancer cells, thus offering potential for the controlled, cell-type 

selective drug release.  

 

In this study the potential of the novel linker system was investigated focusing on a 

controlled cleaving process of the drug in presence of glutathione. Therefore, PDI functions 

as a model molecule due to its intensive UV absorbance which is necessary for the following 

HPLC-UV/MS study. The advantage of this analysis method is that the different cleavage 

products can be separated by HPLC and analyzed by UV absorbance as well as MS 

simultaneously in one step. Thereby, the different cleavage products were first identified by 

their m/z ratio (ESI-MS) and afterwards assigned to the UV absorbance peaks in the HPLC 

chromatogram. It has to be emphasized that this cleavage procedure is only possible for the 

herein used disulfide based linker system. Such exceptional properties are not achievable for 

peptide modifications as using the formation of stable thioether bonds.  

 

To evaluate and confirm the efficient release of the cargo under reducing conditions present 

in the cytosol, compound 3-24 was incubated with the tripeptide glutathione, the most 

prevalent cellular thiol, which mainly serves as an indispensable reducing agent in 

mammalian cells. [35] A 0.5 mM solution of 3-24 was incubated with a 10 mM GSH 

solution at 37°C for 24 h and analysis of the mixture was performed by analytical HPLC-

ESI-MS at hourly intervals to separate the different fractions and allow a distinct 

characterization in one step. Additionally, the characteristic absorbance of the PDI dye at 

560 nm and octreotide at 280 nm was used to monitor the reduction process. Identification of 

the cleavage products was conducted by mass spectrometry. Figure 29 summarizes the 

measured chromatograms and Figure 30 shows the detected and identified cleavage 

products.  

 

After 10 h the initial conjugate was almost completely reduced and the major cleavage 

products are molecules b and d, in which the two thiols of the PDI-linker where oxidized to 
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build a disulfide bond with themselves (b) or with two different glutathione molecules. 

Substance d consists of two isomers, similar to 3-24, as there is no preference for 

reformation of the disulfide bonds. However, it seemed that b is converted to c over time, as 

this compound is visible with higher intensity after 24 h. Due to the complexity of the 

products formed during this cleavage step, the assignment of the peaks was only possible 

using a coupled HPLC-UV/MS system.  

 

 

Figure 29: Glutathione-mediated degradation of the peptide-drug conjugate. (A) RP-HPLC analysis of 

the degradation of 3-24 (0.5 mM) in the presence of 10 mM glutathione in DPBS (pH 7.4) at 37 °C.  
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Figure 30: Corresponding structures of the cleavage products of the glutathione-mediated degradation 

of the peptide-drug conjugate 3-24  

 

 

In conclusion, this experiment proved our hypothesis, that the dye is released from the 

peptide in presence of GSH under physiological conditions. As the dye functions as a model, 

this experiment can be seen as the proof of concept and therefore true for any type of cargo. 

In this context, it has to be mentioned, that the linker has a high potential to couple drugs or 

other active substance to octreotide or other peptides containing disulfide bonds.  
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3.3 Stability and cleavage study of the hydrazone based 

doxorubicin – octreotide conjugate  

The main aim of targeted drug delivery is not only that the cytotoxic cargo is delivered 

inside the cell, but also released in its active form following the uptake. However, 

transferring the knowledge gained in the previous cleavage study towards the synthesized 

doxorubicin-octreotide conjugates 3-28 and 3-29, it has to be stated, that there will be no 

native doxorubicin formed. As GSH only reduces the disulfide bonds, there is always at least 

a linker part or even GSH attached to doxorubicin, similar to the structures shown on Figure 

30, which can reduce the drug’s toxicity. [5] In case of anthracyclines like doxorubicin a 

complete release of the cargo is a crucial and necessary advantage, since its main action is 

recognized as DNA intercalation. Thereby, it hinders the enzyme topoisomerase 2 to 

function, which in the end causes cell death of the tumor cells. This means, if a drug can only 

act in its native form or the toxicity is hindered by modifications of its molecular structure, 

solutions have to be found to improve this linker system. 

 

Therefore, an additional bond has to be introduced allowing the native drug to be set free 

inside the cell. Commonly described techniques enabling a drug release of cytotoxic agents 

into the cytosol or even the nucleus after receptor-mediated endocytosis are based on the 

coupling between the drug and the delivery or targeting agent via a hydrazone bond. This 

bond is known to be stable at neutral pH, but starts to hydrolyze in an acidic environment, 

which is typically found in tumor tissue in general and especially the late endosomes. Thus, 

doxorubicin could be cleaved inside the cell after being taken up by the cells. To investigate 

the stability of the chemotherapeutic agent at neutral pH, followed by the final release caused 

by hydrolysis, the drug-peptide conjugate 3-28 was dissolved in DBPS (pH 7.4) as well as in 

a sodium acetate buffered solution (pH 5) for 24 hours at 37°C and the mixtures were 

analyzed by analytical RP-HPLC (Figure 31). The characteristic absorbance of doxorubicin 

at 494 nm was used to monitor the process of drug release and the identification of the free 

doxorubicin was achieved by running a control standard (0.5 mM doxorubicin HCl in water).  

 

This study demonstrated the expected and highly desired release of native doxorubicin in an 

acidic environment of the tumor milieu. After 3 h most of the initial doxorubicin-octreotide 

conjugate 3-28 was cleaved and doxorubicin was released. Finally, after 24 h there was no 

conjugate left, only free doxorubicin was detected. Consequently, the novel linker system is 

not only able to intercalate disulfide bonds for a site selective modification, but also enables 

the desired drug release inside the cell to achieve an unlimited DNA intercalation. In 
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contrast, there is no cleavage at all at pH 7.4 indicating the stability of the conjugate in blood 

serum. 

 

Figure 31: Analytical HPLC chromatograms of the pH dependent cleavage study of 3-28 at pH 7.4 

and pH 5.0 over 24 h at 37 °C 

 

3.4 Cellular uptake and intracellular distribution 

In the following study, the main focus of attention is given to the intracellular distribution of 

conjugate 3-28, the cellular visualization of doxorubicin inside the cell and finally 

demonstrating the targeted receptor mediated cell uptake, which is necessary for a successful 

tumor targeting. [36] The intracellular distribution of the oxime containing compound 3-27 

was not analyzed in this study, as native doxorubicin is only supposed to be set free for the 

hydrazine based conjugate 3-28 as shown in the previous stability study. Two different cell 

lines were chosen, human pancreatic carcinoma cell line MIA PaCa-2 cells as a control cell 

line that overexpress somatostatin receptors and  adenocarcinomic human alveolar basal 

epithelial cells A549 cells as negative control cell lines as these cells almost lack these 

receptors completely.  
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Both cell lines were incubated with a 10 μM solution of 3-28 and the anthracycline derivative 

was monitored by fluorescence microscopy at 24 h and 48 h. The application of this 

concentration ensures imaging of live cells, even after prolonged incubation (48 h). The 

initial interaction of octreotide with the somatostatin receptors on the cell surface causes the 

internalization of the ligand receptor complexes via endocytosis. [37] The distinct binding of 

the ligand to somatostatin receptors on the cell surface of MIA PaCa-2 cells after a short 

incubation time is also visible in Figure 32. Here, the overlay of the brightfield and the 

fluorescence microscopy image clearly indicates that anthracycline fluorescence is present at 

the membrane. Furthermore, after 24 h of incubation with the drug, intracellular doxorubicin 

associated fluorescence (red) was already visible in MIA PaCa-2 cells by exhibiting 

fluorescence in the endosome/lysosomes as well as the cytosol (Figure 32). [38] After 48 h 

the fluorescence in the cytosol and at the membranes was even more widespread.  

 

 

 

Figure 32: Intracellular trafficking of the doxorubicin−octreotide hybrid 3-28 in MIA PaCa-2and A 

549 cells imaged by confocal laser scanning microscopy and fluorescence widefield microscopy at 

various time points. All cell lines were incubated with 10 µM of 3-28 at 37 °C. Red color illustrates 

doxorubicin fluorescence. Scale bars represent 15 µM. 

 

The advantage of 3-28 is that the drug is attached to the linker via a hydrazone bond in 

comparison to 3-27 using an oxime bond for the attachment of doxorubicin to octreotide. 

Oxime bonds are in general stable under physiological conditions, even in slightly acidic 

milieus with pH 5. In contrast, hydrazone bond is stable under neutral pH, but undergoes 

hydrolysis at such low pH values as they are present in the endosomes. Therefore, the 
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internalization of the conjugate 3-28 via endocytosis is favorable for the delivery of 

cytotoxic substances like doxorubicin that exhibit their anticancer activity predominantly in 

the cell nucleus through DNA intercalation and subsequent inhibition of DNA 

topoisomerases. [39] To prove the localization of the anthracycline in the cell nucleus, MIA 

PaCa-2 cells were stained with DRAQ5 nuclear stain prior to microscopy. The colocalization 

with the drug 3-28 is unambiguous because of the obtained violet color from the overlay of 

both channels. (Figure 33) 

 

 

Figure 33: Determination of the nuclear localization of the anthracycline drug in MIA PaCa-2 and 

A549 cells by microscopy, 48 h after the incubation with 10 µM of 3-28. (A) Bright field image. (B) 

Confocal fluorescence microscopy image of the doxorubicin derivative. (C) Nuclei staining via 

incubation with 5 µM DRAQ5, carried out 5 min prior to microscopy. (D) Overlay of the drug-

associated fluorescence (red) and the fluorescence of the nuclear stain (blue). The corresponding 

colocalization is represented by violet color. Scale bars represent 15 µM. 

 

The endocytotic cell entry can be followed by a translocation to perinuclear regions 

accompanied by release of the ligand as already reported in previous reports. [32] [40] This 

pathway is crucial for the herein described peptide−drug conjugate to mediate cleavage in 

acidic environment and subsequent action of the anthracycline in the nucleus. Incubation for 

48 h proves that the drug reaches the nucleus of MIA PaCa-2, by the overlay of the red and 

blue pseudocolor forming a violet color (Figure 33, part D). In contrast, the same overlay is 

missing for the A549 cells. The few red dots of doxorubicin in close proximity to the blue 

color of the nuclei are assumed to be aggregates sticking to the cell membrane. Endosomes 

containing the drug-peptide conjugate could be another explanation, but in this case we 

would expect the drug to become cleaved and set free by endosomal escape as for observed 
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for the Mia-Paca 2 cell line. The only difference between both tumor cells is the amount of 

somatostatin receptors on the surface, which is responsible for the receptor-mediated cell 

uptake by endocytosis. The result of the nuclei staining experiment is also supporting the 

previous discussed microscopy pictures of 3-28 and the somatostatin receptor mediated 

uptake in the cellular distribution experiment (Figure 32).  

 

The performed intracellular trafficking experiments once more supported our hypothesis of 

selective delivery of hybrid 3-28 to cancer cells overexpressing somatostatin receptors 

subtypes 2 and 5 and additionally setting free the native tumor drug. The co-localization with 

the drug is unambiguous because of the obtained violet color from the overlay of both 

channels and proves the presence of the drug in the nuclei. 

 

3.5 Cytotoxicity studies of the doxorubicin – octreotide conjugate 

The in vitro toxicity of the doxorubicin-conjugates 3-27 and 3-28 described before was 

investigated by quantification of the cell viability using the CellTiterGlo
TM

 cell viability 

assay. Mia Paca-2 cells were chosen as a “positive control” due to the overexpression of the 

corresponding somatostatin receptors and A549 cells as a “negative control”.  

 

In the first study the focus was set on the cell toxicity determination of the novel synthesized 

doxorubicin-octreotide conjugates 3-27 and 3-28 as well as the direct comparison of the 

hydrazone and oxime. For this purpose Mia Paca-2 cells were chosen only.  

 

Table 1: In Vitro Cytotoxic effects of the doxorubicin-octreotide conjugate 3-27 and 3-28, as well as 

native doxorubicin on MIA PaCa-2 (data expressed as IC50 Values in μM, n ≥ 3, Mean ± Standard 

Deviation) 

 Doxorubicin – 

Hydrazone - 

Octreotide  

(3-28) 

Doxorubicin – 

Oxime -  

Octreotide  

(3-27) 

 

Doxorubicin 

IC50   

Mia Paca-2 cell line 

(µM)  

72 h 

2.56 14.21 0.80 

 

The obtained toxicity values herein are almost 7-times higher on Mia Paca-2 cells for the 

hydrazine based conjugate 3-28 (𝐼𝐶50 = 2.56 µ𝑀), compared to the oxime based conjugate 

3-27 (𝐼𝐶50 = 14.21 µ𝑀). The big difference in the IC50 values are caused by the fact, that 
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there is only free doxorubicin present inside the cell in case of the hydrazone based 

doxorubicin octreotide conjugate 3-28.  In contrast, in case of the doxorubicin-oxime-

octreotide conjugate it is not possible to release native doxorubicin, because the linker 

molecule contains a bond not cleavable at low pH. A doxorubicin derivative is formed, 

which is still carrying a small cross-linker residue, similar to the PDI-derivative formed in 

the GSH cleavage study in section 3.2 of this work. Those types of molecules are still 

capable of mediating their cytotoxic properties as reported in previous studies, but to a lesser 

extent. [41] [42]  

 

Doxorubicin antiproliferative action on Mia Paca-2 cells after an incubation of 72 h was 

slightly stronger (IC50 = 0.80) compared to the herein tested conjugate, which can be 

explained by a different cellular uptake mechanism ( 

Table 1). The doxorubicin-octreotide conjugate is taken up by a receptor-mediated 

endocytosis followed by an endosomal escape, while doxorubicin is taken up quickly by 

passive diffusion (direct transcytosis). 

 

In the second study the focus was set on the cell toxicity determination of 3-28 on the two 

different cell lines Mia Paca-2 and A549. Therefore, both cell lines were incubated for 24 h 

and 72 h with the hydrazine based conjugate. 

 

Table 2: In Vitro cytotoxic effects of the doxorubicin-octreotide conjugate 3-28 on MIA PaCa-2 and 

A549 Cells (Data Expressed as IC50 Values in μM, n ≥ 3, Mean ± Standard Deviation) 

Compound 

IC50  Mia Paca-2 cell 

line (µM) 

IC50  A549 cells line 

(µM) 

24 h 72 h 24 h 72 h 

Doxorubicin – Hydrazone - 

Octreotide (3-28)   4.57 2.56  14.28 7.25 

 

 

The tested conjugate 3-28 shows a three times higher toxicity for the MIA PaCa-2 cells (IC50 

= 4.57, 24 h) with an overexpression of somatostatin receptors compared to the basal 

epithelial cells A549 (IC50 = 14.28, 24 h). In turn, the IC50 value for the last mentioned cell 

line is around three times higher after 24 h as well as 72 h compared to Mia Paca-2 cells 

(Table 2). Furthermore, for both cell lines the IC50 value after 72h is half of the value for 24 

h. This result proves the expected higher toxicity of the synthesized doxorubicin-octreotide 

on the somatostatin overexpressing cell line Mia Paca-2, which is supposed to be caused by a 

receptor mediated cell uptake mechanism.  
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3.6 Conclusions 

Based on our successful experience before in making conjugates for targeted tumor delivery 

we have designed and prepared a linker molecule that works even better because of its 

smaller size and still possessing the potential to be cleaved under reducing conditions inside 

the cell. The number of atoms, which are introduced between the sulfur atoms of the peptide 

during the intercalation could be almost halved, which is a crucial factor and important for 

keeping the function of peptides active after modification.  

 

Additionally, we have expanded the initial idea of modifying biomolecules with the novel 

linker by the introduction of a high diversity of different reactive unnatural substituents into 

peptides and proteins while the bioactive structure is obtained. Thereby, a new platform was 

build enabling a high portfolio of different coupling reactions to take place to octreotide. For 

instance, derivatives of the peptide hormone octreotide bearing a single iodo or ethynyl 

group were synthesized via the novel linker by the intercalation into the disulfide bridge. The 

iodo and ethynyl bioconjugation reagents 3-10 and 3-11 presented herein could be applied 

for introducing such substituents into alternative peptides and proteins.   

 

All different intercalating reagents synthesized in this work allow a covalent modification of 

native disulfide bonds through reductive liberation of the cysteine thiol groups followed by 

the formation of two new disulfide bonds. The successful intercalation was demonstrated by 

the application of octreotide, which contains a single disulfide bridge, by means of RP-

HPLC, NMR spectroscopy and MALDI-TOF MS experiments 

 

Besides the synthesis of the different linker reagents, the potential of those in the field of 

site-selective peptide modification could be confirmed by the synthesis of dye- and drug-

octreotide conjugates showing high overall yields and fast coupling steps (1h). In contrast, 

similar coupling steps using a bis-sulfone linker need much more time (24 h). [43] This is in 

important aspect, as time can be crucial for many peptides that are sensitive and difficult to 

handle. 

 

The advantage of the novel linker to be cleavable under reducing conditions was proven for 

the PDI-octreotide conjugates 3-24 and 3-25. Furthermore, these dye-octreotide conjugates 

are assumed to have high potential for tumor imaging experiments, due to the exceptional 

thermal and photochemical stability as well as fluorescence quantum yields of the chosen 

PDI dye. 
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Regarding a targeted delivery of drugs towards tumor cells we also created a pH responsive 

group that enables the controlled release of the drug doxorubicin in tumor tissue. Stability 

experiments of the synthesized doxorubicin-octreotide conjugate by RP-HPLC confirmed the 

controlled release of native doxorubicin in acidic solutions only.  The cytotoxicity assays 

conducted for the herein synthesized doxorubicin-octreotide conjugates 3-27 and 3-28 with 

the two tested cell lines demonstrated that the hybrids can be applied as potent and selective 

antitumor agents. The performed microscopy and intracellular trafficking experiments once 

more supported our hypothesis of a selective delivery of hybrid 3-28 to cancer cells and 

additionally setting free the native tumor drug.  

 

Based on this novel, smaller and cleavable linker type as well as the introduction of different 

functional groups the field of bioconjugate chemistry will be extended to new fields and 

applications not known before. In principle, the different molecules presented herein could 

facilitate the efficient design of a broad variety of artificial protein and peptide analogues 

with previously unknown bioactivities. 
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4 Site-selective modification of peptides and proteins with 

minimal structural alteration 

Literature describes three linker systems for the disulfide intercalation of biomolecules so 

far, which have been discussed in the introduction of this work. The first linker belongs to 

the group of disulfide-based disulfide intercalation and was first described by our group in 

the last year (compound 4-1). [1] An improved derivative of this linker system was described 

in the previous Chapter 3, in which the number of atoms used for the disulfide intercalation 

could be halved (compound 4-2). However, the common advantage of these two linker 

systems is its ability to undergo a controlled cleavage process inside the cell, thus enabling a 

targeted delivery of the cargo.  

 

 

Figure 34: Peptide modification reagent for disulfide intercalation described in literature  

 

In contrast, cleavable linker systems are only useful for the transport of those drugs, which 

should be set free inside the cell. If one wants to attach a polymer or to label a peptide, the 

linker system has to be stable under physiological conditions, which is not the case for the 

disulfide based linker systems. In turn this is an advantage of the bis-sulfone or 2, 3-

dibromomaleimide based linker systems (4-3 and 4-4) due to the formation of stable 

thioether bonds. Furthermore, these two linker systems are relatively small when talking 

about the number of atoms, which are inserted during the intercalation between the disulfide 

bonds for the desired modification. The bis-sulfone based linker systems consists of three 

carbon atoms and the dibromomaleimide linker system contains two carbon atoms. [1-3] 

Finally, the small size is an additional advantage of the linker systems 4-3 and 4-4 (Figure 
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34). The following chapter will point out the missing piece of the puzzle in the field of 

bioconjugation techniques. 

 

Although the last mentioned two systems have been used successfully in different projects, 

they either lack fast and high coupling reactions or even more important the required 

stability in physiological conditions, even though they form stable thioether bonds. It has 

been previously reported that maleamic acids are labile in acidic pH and maleimide derived 

conjugates are known to be susceptible to exchange reactions with endogenous proteins. [4] 

[5] In the case of PEGylation, meaning the attachment of the polymer PEG to the 

biomolecule, the exchange reactions result in deconjugation of the protein from polymer. 

Finally, as PEGylation endows proteins with many favorable characteristics such as 

enhanced water solubility, reduced immunogenicity, improved circulating half-life in vivo 

due to and improved thermal and mechanical stability, this will lead to a rapid, uncontrolled 

clearance of the protein and a reduction in efficacy (Figure 35). 

 

 

 

Figure 35: Assembly/cleavage of a disulfide (e.g. from Fab ADC) modified with a dibromomaleimide 

linker, a) TCEP, pH 8.0 37 °C, 1.5 h, addition of the linker, 37°C, 1h; b) pH 7.4, 20 h; c) pH 4.5, 72 h 

 

 

The same is true for the bis-sulfone linker, as it has been reported that reagents that undergo 

conjugation by a Michael addition reaction are susceptible to retro Michael reactions leading 

to deconjugation of the PEG or the labeling unit (e.g. dyes) from the protein. In cases of bis-

sulfones this problem can only be circumvented by an additional reduction of the electron-

withdrawing carbonyl group. [6]  However, such reduction steps in presence of the 

therapeutically active proteins are often inappropriate as the biomolecule will easily lose its 

function.  
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In the end, we do have a portfolio of different linker systems for disulfide modification in 

hand, but none is fulfilling all of the requirements given in the introduction of this work. The 

ideal conjugation strategy for the site-directed modification of peptides or proteins should 

possess the following prerequisites: 

- ideally no additional atoms are introduced between the sulfur atoms   

- high coupling yields and fast reaction kinetics 

- stability under physiological conditions  

- easy introduction of responsive groups for controlled release of therapeutically 

active molecules 

 

The intention of this work is to present a novel linker platform based on 3’3-dichloroacrylic 

acid for the site-selective covalent modification of therapeutic peptides and proteins, 

fulfilling the aforementioned prerequisites. This linker system enables the introduction of 

one carbon atom between the sulfur atoms only and is therefore the smallest disulfide linker 

system reported so far. The reaction proceeds in two steps: (1) disulfide reduction of the 

protein to release two free thiols, and (2) two subsequent addition/elimination reactions.  

 

Figure 36: 3,3-dichloro-acrylicacid as a novel cornerstone for the disulfide intercalation of peptides 

and the suggested reaction principle with thiol groups of reduced disulfide bond of octreotide 
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Due to the carbonyl group as well as the electron withdrawing chlorine atoms, the β-carbon 

of the acrylic acid is partially positively charged, allowing the nucleophilic attack of both 

thiol groups at the same carbon atom (Figure 36). The two subsequent addition/elimination 

reactions involve the attack of one thiol on the double bond of the acrylic acid first followed 

by the elimination of one chlorine atom. The intermediate is susceptible to further 

nucleophilic attack due to the reformation of the double bond. After the addition of the 

second thiol group, the second chlorine atom is eliminated. The coupling principle is 

supposed to allow an efficient bioconjugation with high coupling yields, fast reaction times 

and without the loss of biological activity. [7] 

 

Herein, 3,3-dichloroacrylic acid (4-5) was tested as the smallest possible disulfide-

intercalating cross-linking reagent for the selective and stable modification of therapeutic 

peptides and proteins. The high potential and versatility of the novel linker system to modify 

such biomolecules was investigated for the first time. Similar reactions proving that this 

linker is able to react with two different thiol groups have been reported in literature. [8-10] 

Advantages over known linker systems in literature would be its small size and ease of 

synthesis, which would be especially important for future applications in pharmacy, as well 

as its stability under physiological conditions. The potential of the novel linker platform was 

evaluated by the PEGylation and labeling of octreotide as well as the targeted delivery of the 

anticancer drug doxorubicin. 

 

4.1 Computational calculations 

Before first test reaction were started, the idea to use 3,3-dichloroacrylic acid as a new linker 

reagent was validated by computational calculation studies in cooperation with the group of 

Prof. Till Opatz from Johannes-Gutenberg University, Mainz. 

In order to study the general effect of the insertion of an acrylamide-based linker system into 

a disulfide bond in silico, the impact on the C-S-S-C dihedral angle as well as the C-C 

distance, as these should be the primary relevant geometric factors, were investigated first. It 

is known that the disulfide bond in proteins is characterized by a preferred C-S-S-C dihedral 

angle of about (±) 90°, typically referred to as χ3. Using dimethyl disulfide as a test 

compound, relaxed surface scan using different computational levels was performed: 

 

 

 

 



C h a p t e r  4  

 

 
79 

 

 

Figure 37: Relatively energy in dependence to the dihedral angle of a model structure CH3-S-S-CH3 

 

The double-hybrid DFT calculation with a large basis set is used as a reference. It is obvious 

that the force field overestimates and the semi-empirical methods underestimate the torsional 

barriers. However, the hybrid DFT calculation at a triple-zeta level is more computationally 

feasible and yields good results. Therefore, this method was chosen to study the following 

model compound: 

 

Figure 38: Structure of the model compound (MeS)2CCH-CONH2 for the computational study  

 

The (MeS)2CCH–CONH2 single bond was constrained to be s-cis, as the nitrogen atom 

carries a sterically demanding substituent in the synthesized compounds. A two-dimensional 

surface scan was performed (scanning the 1-2-3-4 and 1-2-5-6 dihedral angles; red and blue 

mark regions of high or low electronic energy, respectively; asterisks correspond to local 

minima): 
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Figure 39: Two-dimensional surface scan, red = high energy, blue = low energy 

 

The following stationary points were found after re-optimization (mirror images are omitted 

as the potential energy surface shows inversion symmetry): 

 

Conf. No. C-C-S-C dihedral  

angle (1-2-3-4) [°] 

C-C-S-C dihedral 

angle (1-2-5-6) [°] 

ΔE [kcal/mol] ΔG [kcal/mol] 

1 179.4 359.9 0.00 0.00 

2 42.0 19.9 1.18 0.54 

3 32.5 217.2 1.81 1.07 

4 162.2 110.7 2.40 1.69 

 

All conformations are within an energetically accessible range concerning the Gibbs free 

enthalpies, especially considering ring strain effects in large cyclic proteins that could alter 

the order found here. The minima correspond to the following C-S-S-C dihedral angles as 

well as methyl-methyl distances: 

 

Conf. No. C-S-S-C dihedral angle (4-3-5-6) [°] C-C distance (4-6) [Å] 

1 179.2 4.74 

2 86.1 3.60 

3 101.4 4.58 

4 85.0 3.52 

 

These values can be compared with the data for Me2S2 (dihedral angle = 85.8°, distance = 

3.76 Å). It can be seen that conformation 2, 3, and 4 also possess C-S-S-C dihedral angles 

around 90°. Especially for conformations 2 and 4, no significant change of the C-C distance 

is observed. Only conformation 1 gives a dihedral angle of around 180°, which corresponds 

to a local maximum for a classical disulfide bond (albeit it is not as energetically disfavored 

as an angle of 0°). This “new” conformation is caused by the conjugation between the lone 
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pairs on both sulfur atoms and the unsaturated amide group. The only really disallowed (red) 

regions in the potential energy surface correspond to C-S-S-C dihedral angles of 

approximately 0° or 180° that are also disfavored for a normal disulfide bond. 

 

In conclusion, the incorporation of an acrylamide moiety in the disulfide bond of a protein 

should principally be possible without a significant change of the structure, as conformations 

2 and 4 closely resemble a classical disulfide bond. 

 

4.2 PEG-octreotide hybrid 

With the computational calculations data in hand, the outlined linker systems 3,3-

dichloroacrylic acid was applied first to a possible modification of a peptide with a polymer. 

In this case PEG was used as the polymer and octreotide as the peptide. 

 

PEGylation describes the modification of most typically peptides, proteins or antibody 

fragments by attaching the strands of the polymer PEG, having turned such molecules into 

important new biopharmaceuticals for more than 40 years, when Frank. F. Davis came up 

with the idea to develop a process to render usable bioactive biomolecules of potential 

medical value. [11] [12] Different studies have proven that the modification of peptides with 

PEG causes an optimization of the pharmacokinetic and pharmacodynamic properties as well 

as the water solubility of the conjugate. For a given molecular weight PEG has a 5-10 time 

bigger volume in water compared to a peptide with similar molecular weight. The reason for 

this is the binding of 2-3 water molecules for each repetition unit of PEG. In turn the 

increased hydrodynamic volume enables a longer circulation in the blood, as the renal 

clearance depends on the size of the molecule. [13] Furthermore, the PEG chains function as 

a protective shield hindering enzymes as peptidases proteases to digest the native peptide 

molecule and showing no toxicity. [14] Therefore, such techniques are well-known 

nowadays to overcome problems related to therapeutic applications of peptides as reduced 

immunogenicity, proteolytic degradation and rapid clearance from blood circulation. 

 

First generation techniques in the field of PEGylation mainly focus on attaching the PEG 

chain to ε-amino group of lysines. [15] Due to the huge amount of possible active reaction 

centers the peptide was modified multiple times and the whole process was not reproducible. 

Thus, evading such drawbacks, the approaches of the second generation aimed to other 

shortcut methods which ensure for example a selective modification of the N-terminus of a 

peptide. An additional opportunity includes the genetically engineered introduction of 
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cysteines at precisely defined locations in the biomolecule, leading to a monofunctional 

modification. [16] Furthermore, branched as well as higher molecular PEGs have been used 

to improve the pharmacokinetic properties. [17] The last mentioned technique has the 

drawback of being very time consuming and inconvenient, as it is not feasible with every 

peptide or protein.  

 

Octreotide is clinically used for the treatment of acromegaly and certain endocrine tumors. 

[18, 19] The commercial formulation is based on in poly(D,L-lactide-co-glycolide) (PLGA) 

micro- 

spheres (Sandostatin LAR depot, Novartis Pharma, Basel, Switzerland) and is applied for 

subcutaneous administration by injection. After injection, octreotide is absorbed rapidly and 

completely from the injection site. Compared with the elimination half-life from plasma of 

the natural hormone with 1-3 minutes, octreotide stays with an apparent half-life of 1.7 to 1.9 

hours much longer in the blood plasma. [20] 

 

PEG-octreotide hybrids are known to have greater circulation half-life and stability toward 

octreotide, as it was shown by DeLuca and co-workers. [21, 22]  Interestingly, in this work 

PEGylation of octreotide was performed at the N-terminus of the peptide via an amide bond 

formation with PEG-(2000) as well as PEG-(5000). However, the problem in this study was, 

that side products were formed, as octreotide also possesses an ε-amino group, which will 

also be modified. In order to obtain the mono-functionalized peptide an additional 

purification step would be needed. Nevertheless, as it was stated in this study, the attachment 

of PEG-(5000) to octreotide significantly improved the pharmacokinetic properties 

compared to PEG-(2000), which only showed similar properties to native octreotide. 

 

Herein, a new method of octreotide PEGylation was tested involving a mild reduction of 

disulfide bond in the first step, followed by the intercalation and back-closing of the disulfide 

bond due to the reaction with the 3,3-dichloroacrylic part of our novel synthesized linker 

system in the second step. This novel method combines fast and efficient coupling reactions 

with a single and site-specific modification of the peptide overcoming the aforementioned 

disadvantages. Thereby, octreotide’s half-life and efficiency would be extended as 

proteolytic degradation would be decreased and renal clearance would be delayed.  
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4.2.1 Synthesis 

The required bis-thiol alkylating reagent was in all cases prepared from the commercially 

available 3,3-dichloroacrylic acid (4-5) in one or two steps only, depending on the cargo. In 

case of the PEGylation agent, PEG-(5000) amine could be directly attached to the NHS ester 

of 3,3-dichloroacrylic acid (4-6), which was synthesized in presence of NHS and DIC in 

very good yields (90 %, Scheme 10). Therefore, 4-6 was used in excess to enable a complete 

conversion of the PEG-(5000)-NH2 and to simplify the following purification step by size-

exclusion chromatography. Additionally, any side reaction of the amine with the chlorine 

atoms of the linker system were avoided by using adjusted stoichiometric amounts. For the 

modification of octreotide with the linker-modified PEG-(5000), the peptide’s disulfide bond 

had to be reduced first in order to enable the addition-elimination reaction of both free thiol 

groups at the 3,3-dichloro-acrylamide part of 4-4. Reduction of the peptide’s disulfide bond 

was achieved by means of TCEP (1.5 eq) in a phosphate buffered solution (pH 6.4) at room 

temperature. Finally, the coupling of the PEG-Linker system (4-7) and the reduced 

octreotide was accomplished by stirring both reagents in Milli-Q water/DMF under slightly 

basic conditions for 3-4 h (c (4-7) = 8 mg/ml)). Interestingly, this coupling process did not 

work without the addition of 8 eq KOH in MeOH to the reduced peptide, dissolved in a 

mixture of Milli-Q water and DMF, prior to the addition of the linker dissolved in an 

identical amount of solvents. [9] Like this, the thiol groups will be deprotonated forming the 

more reactive thiolate groups for the desired addition-elimination reaction. Different other 

conditions with DPBS, EtOH or ACN were tested as it is also described in literature, but 

none of them worked at all. [8, 10] All reactions were conducted at room temperature, which 

is particularly important for many temperature-sensitive proteins such as antibodies, which 

should be addressed in future applications.  

  



C h a p t e r  4   

 

 
84 

 

Scheme 10: (a) N-hydroxysuccinimide (1.15 eq), N,N′-Diisopropylcarbodiimide (1.2 eq), dry 

dichloromethane, argon, overnight, r.t., 92% (b) PEG-(5000)-NH2 (0.9eq),  dry DMF, argon, 4 h, r.t., 

88% (c) reduced octreotide (1.5 eq), KOH in methanol (8 eq), DMF, Milli-Q water, argon, 4 h, r.t., 

86% 

 

To prove the successful coupling between the PEG-(5000) amine and octreotide, the 

different molecules and conjugates were investigated by gel-electrophoresis (SDS-PAGE, 

Figure 40), as different macromolecules will be separated and analyzed based on their size 

and charge. In this experiment it is expected that octreotide moves faster and migrates for a 

longer distance in the electric field applied than the bigger PEG-(5000)-NH2 as well as 

compound 4-8. The left panel displays the obtained protein bands after staining with 

Coomassie Brilliant blue, which is known to stain molecules containing free amine groups. 

This is the case for the octreotide molecule only as it possesses a free lysine amine as well as 

the free N-terminal amine of the phenylalanine. A characteristic staining of the amine of the 

PEG-(5000)-NH2 compound would be desirable, but was not expected due to the high 

amount of ethylene glycol units in relation to one amine group only. In addition, barium 

iodide solution was used to stain PEG bands as shown on the right panel (Figure 40). In all 

cases the gels were first stained with barium iodide solution and afterwards with Coomassie 

Brilliant blue, but a separate picture was taken after each staining step to allow a direct 

comparison and evaluation of the coupling process. Furthermore, two appropriate protein 

ladders for the accomplished SDS-PAGE were applied in different lanes and the 

corresponding molecular weights are shown next to the gel (Kaleidoscope Prestained 

Standard and the polypeptide SDS-PAGE Molecular Weight Standard).  
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Both, line 2 and line 6, show a clear signal after Coomassie staining in the left panel of the 

unmodified peptide indicating a molecular mass around 1.4 kDa (MW octreotide = 1.021 

kDa). In comparison, there is no octreotide band detectable at line 3 and 7 after the 

Coomassie staining (compound 4-8, PEG-5000-octreotide). It can be stated that the coupling 

between the peptide and polymer was successful, as there is only the final conjugate 

detectable at a molecular mass around 6.5 kDa at line 3 and 7 in the left panel (MW 

conjugate = 6.2 kDa). This observation is supported by the fact, that 4-8 (line 3 and 7) shows 

a shorter migration compared to PEG-(5000)-NH2 (line 5 and 8) after staining with barium 

iodide solution in the right panel, which indicates a higher molecular mass due to the 

coupled peptide. Different concentrations of the conjugates were tested in advance to 

improve the resolution of the relatively weak spot of 4-8 in comparison to the spot of native 

octreotide after the Coomassie staining. The problem is similar to the already mentioned 

failed Coomassie staining of PEG-(5000)-NH2 (left panel, lines 5 and 8). The high amount of 

ethylene glycol units in relation to one amine group only, respectively two amine groups in 

case of the PEG-octreotide conjugate, avoids a clear staining at the concentration used. Of 

course, a higher concentration of 4-8 would have been possible and has been tested, but the 

drawback was, that the peak in the right panel was far too intensive after the barium iodide 

staining. In the end, the concentrations utilized here have been identified to be the most 

suitable. Interestingly, 4-8 not only shows the expected band around 7.6 Da, but also three 

bands with lower intensity and shorter migration length. These bands are probably caused by 

the aggregation of the conjugates, forming molecules with higher molecular masses. A 

reason for the potential aggregation could not be found, but has been reported in different 

works using different peptides.  [23] 

 

To conclude, the molecular weights of the corresponding standard peptides verify the 

successful coupling process between peptide and polymer based on our novel linker system 

3,3-dichloroacrylic acid. In addition, the conjugates were analyzed by GPC in DMF using a 

PEG-(5000) molecule as the standard as well as by MALDI-TOF MS, confirming the results 

presented here (Appendix 2).  
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Figure 40: Comparative study of the PEG-(5000)-octreotide (4-8), PEG-(5000)-NH2 and native 

octreotide by SDS-PAGE. Peptide bands were visualized by Coomassie staining (left panel) and PEG 

bands were visualized by barium iodide solution (right panel).  

 

 

Furthermore, the suggested coupling procedure had to be proven, in which both thiols of the 

reduced octreotide are assumed to attack at the 3,3-dichloroacrylic group aiming in the 

closing back towards the cyclic structure of the peptide. Therefore NMR spectroscopy was 

chosen as a suitable method. 
1
H NMR as well as the corresponding COSY, HSQC and 

HMBC measurements of the PEG-(5000)-octreotide conjugate (4-8) were performed in 

different solvents and concentrations due to solubility problems, but the final spectra were 

not analyzable. Neither a clear assignment of the aromatic protons nor an interaction of the 

protons in the 2D NMR measurements was possible in presence of the long PEG chain, as 

the ethylene protons absorb most of the energy due to frequency of occurrence in the hybrid 

molecule. Utilization of different solvents as well as increasing the concentration of the 

conjugate until the deuterated solution was saturated gave no improvement. 
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Therefore two simple model compounds with similar characteristic to the PEG-octreotide 

conjugate were synthesized with smaller size. Benzylamine was chosen as it is a simple 

alkyl-carrying amine allowing an easy peak assignment in the NMR and tert-butyl 12-

amino-4,7,10-trioxadodecanoate (PEG-277-NH2) was selected due to its similarity to the 

PEG-(5000)-NH2. The assumed and described intercalation mechanism was proven by NMR 

with a benzylamine-octreotide (4-10) as well as a PEG-(277)-octreotide conjugate (4-13), 

consisting of three polyethylene glycol repeating units only (Scheme 11 and Scheme 12). In 

both synthetic cases, either benzylamine or tert-Butyl 12-amino-4,7,10-trioxadodecanoate 

were first coupled with 3,3-dichloroacrylic acid in presence of HATU or TSTU, in which the 

last mentioned one causes the formation of an additional unknown side product complicating 

the purification by silica column chromatography. The coupling of both linker-intermediates 

with octreotide was accomplished under similar conditions as already described before.  

 

 

Scheme 11: Synthesis of bezylamine-octreotide hybrid 4-10.  a) benzylamine (0.9),  HATU (1.3 eq), 

DIPEA (2 eq), dry DMF/DMSO, argon, 3 h, r.t. 68% b) reduced octreotide (1.5 eq), KOH in methanol 

(8 eq), DMF, Milli-Q water, argon, 4 h, r.t., 90% 

 

Validation of the successful synthesis was accomplished by analytical HPLC, mass 

spectrometry as well as NMR spectroscopy. As an example the MALDI-TOF MS spectrum 

of 4-10 is depicted in Figure 41 showing the existence of the protonated product as well as 

the sodium and potassium adducts. 
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Scheme 12: Synthesis of PEG-(277)-octreotide hybrid 4-13. a) HATU (1.3 eq), DIPEA (2 eq), 4-11 

(0.9 eq), dry DMF, argon, 3 h, r.t. 85%. b) reduced octreotide (1.5 eq), KOH in methanol (8 eq), 

DMF, Milli-Q water, argon, 4 h, r.t., 90% 

 

 

 

Figure 41: MALDI-TOF MS spectrum of 4-10 (matrix α-CHCA) 
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The final coupling to octreotide was visualized in both cases by means of analytical RP-

HPLC as a reaction control. Interestingly two different peaks were formed for both products 

4-10 and 4-13 during the reaction, a conspicuousness which was realized in cases of 

octreotide modification in chapter 3 as well. However, as shown above in the MALDI-TOF 

MS spectrum, only on single product could be detected, besides the sodium and potassium 

adducts (Figure 41). Consequentially it is assumed, that two isomers are formed during the 

reaction of the final conjugate. The detected masses of both species fit to the calculated 

mass, which is a first clear hint for the successful modification of the peptide with the novel 

linker system. Nevertheless, NMR spectroscopy was chosen as the method of choice, as 2D 

analysis of compounds 4-10 and 4-13 will give us the desired structural information. 

In the first step, the 
1
H NMR spectrum in Figure 42 together with the peak assignment 

clearly shows the successful synthesis of the intermediate 4-12, the short PEG-(277) 

modified with the novel linker functionality. The most important proton belongs to number 

11, as this olefinic proton will have a crucial part in the following 2D ROESY NMR 

experiment. In this spectrum here, number 11 gives one single singlet signal with the 

intensity of one in the
 
proton spectrum. What we would like to see in the 2D NMR 

experiment is, that this acrylic proton shows cross peaks with the amide proton as well as the 

cysteine protons which are in close proximity. Exactly this would be the clear prove wanted 

to verify the assumed intercalation process.  

 

 

Figure 42: 
1
H- NMR spectrum of compound 4-12 in DMSO-d

6
 (500 MHz) 
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The ROESY spectrum of 4-12 is shown on Figure 43. Interestingly, the same olefinic proton 

is divided into two singlets with an intensity of 0.60, respectively 0.40, after the coupling of 

4-12 to octreotide, which indicated the formation of two different preferred isomers. 

Furthermore the expected cross peaks between the olefinic protons and cysteines as well as 

amide protons are marked with black circles proving the drawn structure and the existence of 

the desired product. The concomitance of two isomers of 4-13 can be easily explained by the 

two different proton signals of the acrylic linker proton as highlighted with the green circle. 

This observation is caused by the spatial arrangement of the green marked proton causing the 

two cis/trans isomers; the proton is either directed towards the Thr or Phe. Thus the number 

of ROESY signals between the acrylic proton and the amide proton as well as the cysteine 

protons, which are in close proximity is doubled (black circles in the 2D spectrum). 

 

One possible problem of the novel linker system could be the formation of side reactions like 

the reaction with amines instead of thiols. For instance, octreotide possess a free amine at the 

side chain of the amino acid lysine. However, no side reactions could be observed so far 

indicating the attachment of this amine to the dichloro-acrylamide linker system. An 

explanation for this fact can be given by referring to the HSAB concept, also known as the 

Pearson acid base concept. The main point of this theory is that soft acids react faster and 

form stronger bonds with soft bases, whereas the same is true for hard acids and hard bases, 

all other factors being equal. Whereas the ammonia of the lysine can be seen as hard base, 

the thiol group can be assigned to the group of soft bases. In general it is known, that only 

soft bases add to the C-C double bond. Furthermore, in order to avoid side reactions during 

the amide bond formation in the first step, 3,3-dichloroacrylic acid containing was always 

used in excess (0.9 eq of the amine containing molecule). 
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Figure 43: Part of the ROESY spectra of the benzylamine-octreotide conjugate 4-12 (cis/trans 

isomers) showing the crosspeaks between the olefinic protons and cysteines as well as amide protons 

as marked. 
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4.2.2 Circular dichroism studies  

Circular dichroism (CD) spectroscopy is an excellent tool for rapid determination of the 

secondary structure and folding properties of peptides and proteins. Thereby it is one of the 

most widely used applications focus on the change of the peptide’s or protein’s structure 

after chemically modifications. Besides this, this technique can also be used for the study of 

protein interactions as well as he determination whether an expressed, purified protein is 

folded correctly or if a mutation affects the conformation or stability. [24]  

 

Herein, CD was used to evaluate possible structural changes of the peptide octreotide after 

the chemical modifications described in the previous parts to obtain the conjugates 4-8, 4-10 

and 4-13. As already described in the introduction, octreotide possesses a strong interaction 

with somatostatin receptors 2 and 5, which is mainly based on the sequence of the four 

amino acids Phe
3
-Trp

4
-Lys

5
-Thr

6
. Exactly this receptor affinity is crucial for the peptide’s 

function on cellular level. Accordingly, any change in the structure, which for instance can 

be caused by a chemical modification of the peptide, will affect the initial function of the 

peptide.  

 

Figure 44: Absorbance (picture A) and circular dichroism spectra (picture B) of octreotide (blue), 

benzylamine-octreotide 4-10 (red), PEG-(277)-octreotide 4-13 (green) and PEG-(5000)-octreotide 4-8 

(yellow) 

 

Analysis of the CD spectra shown on Figure 44 of intact octreotide (blue) and the 

synthesized conjugates have similar UV absorbance bands in the ultraviolet wavelength 

region and are almost superimposing in the range of 190 – 250 nm, which indicates complete 

structure recovery after the peptide modification. DeLuca and coworkers found similar 

results for the structural study of PEGylated octreotide by circular dichroism, with the 

difference, that PEGylation was either performed on the phenylalanine or lysine amine. [22] 
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Interestingly modification at the lysine amine showed spectral changes indicating 

conformational modifications. This observation can be easily explained by the fact, that 

lysine is part of the peptide’s receptor binding motif and the amino group has an important 

function in the formation of the spatial structure. [22] Furthermore as the sequence Phe
3
-

Trp
4
-Lys

5
-Thr

6
 in the structure of octreotide is known to be essential for biological activity, 

modifications will impede the interaction with the somatostatin receptors. [25] 

 

In conclusion, modifications at the peptide’s disulfide bond with the novel acrylamide based 

linker system indicated no changes in the structure. Additionally, the receptor affinity 

properties of octreotide are assumed to be not affected at all, which will be investigated in 

the following experiment.   

 

Pharmacokinetic properties of peptides and proteins have been successfully improved by 

PEGylation due to the increased molecular size and providing protection against proteolytic 

enzymes. [26] Herein, we abstained from the investigation of the influence of the 

PEGylation of octreotide on its pharmacokinetic properties, as DeLuca and coworkers have 

already determined the optimal polyethylene glycol (PEG)-conjugate of octreotide by 

evaluating the effects of PEGylation chemistry on the pharmacokinetic properties. The 

results of the subcutaneous administration of different conjugates to rats prove that PEG-

(5000)-octreotide showed significantly improved pharmacokinetic properties compared with 

PEG-(2000)-octreotide as well as native octreotide. Based on these results we expect our 

conjugates to show similar effects as increased serum half-life by decreasing the glomerular 

filtration rate and increasing the resistance to proteolytic digestion. [26] Furthermore the 

great benefit of our novel strategy to modify octreotide is, that we will obtain homogenous 

products, the structure of octreotide is not altered and the receptor binding motif of the 

peptide is not changed at all. 

 

4.2.3 Receptor binding studies  

The intention of PEGylating octreotide was to increase the water solubility, decrease renal 

clearance as well as to reduce the susceptibility to digestive enzymes of the modified 

peptide. However, it is significant that the ability of the peptide to interact with the 

corresponding receptors remains intact after such modification, otherwise PEGylation is 

nonsense.  
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To evaluate changes concerning receptor affinity between the synthesized peptide-conjugates 

and the unmodified peptide, a cell line was chosen, which is endogenously expressing 

somatostatin receptor subtype 2. The AtT-20 pituitary tumor cells respond to the synthetic 

ligands of this receptor by decreasing the adrenocorticotropic hormone (ACTH) secretion. 

This effect is applied to assess receptor interactions of different conjugates compared to the 

unmodified octreotide in the following study. 

 

 

Figure 45: Functional assays in AtT-20 cells, effect of octreotide compounds on ACTH secretion as 

determined by a specific radioimmunoassay after 72 hours of treatment. Data are represented as the 

ratios of ACTH (pg/ml) to cell viability values (WST-1 colorimetric assay; OD450nm) and shown as 

percentage of untreated control. The graph shows the means of 2 measurements, with each treatment 

condition accomplished in triplicates (per measurement). Compounds tested were native octreotide 

(blue), PEG-(277)-octreotide 4-13 (green) and PEG-(5000)-octreotide 4-8 (yellow, “PEGylated”). 

 

The treatment of AtT-20 cells with the different peptide conjugates 4-8 and 4-13 as well as 

octreotide for 72 h suppressed the ACTH secretion in the expected dose-dependent manner 

(Figure 45). Interestingly, the ACTH secretion is even decreased for the modified peptide 

hybrids compared to the unmodified octreotide peptide. This observation clearly indicates 

that the tumor targeting peptide is still functional after the modifications and can interact 

with the somatostatin receptors. Furthermore, the interaction of the hybrids is even slightly 

increased after the modification related to these results. As dead cells could influence the 

determination of the hormone suppression, the data obtained from the ACTH secretion assay 

were normalized to cell viability determined by the WST-1 antiproliferative assay.  

 



C h a p t e r  4  

 

 
95 

After proving that chemical modification does not affect the peptide’s structure, receptor 

binding studies successfully reveal no loss of receptor affinity and interaction of the 

modified octreotide conjugates compared to the native peptide.  

 

4.3 Perylenemonoimide – octreotide hybrid 

Understanding the function and possible utilization of biomolecules, especially peptides and 

proteins, in living organism is an increasing necessity in many fields like biology, chemistry 

or medicine. [27] Among the existing optical imaging methods, fluorescence imaging, which 

uses near-infrared (NIR) light (650-900 nm) has found widespread application both in vitro 

and in vivo. [28] [29] [30] Biocompatible organic dyes emitting in the near-infrared are 

highly desirable in such areas as fluorescence imaging techniques. Its advantages are among 

others the low absorption and autofluorescence compared to biological structures in this 

spectral range. Organic dyes such as indocyanine green, have been in clinical use for more 

than 50 years, as they have proven to be highly specific and sensitive molecular reporters. 

[31] However, conventional NIR organic chromophores usually suffer from poor 

hydrophilicity as well as photostability, low quantum yields, low detection sensitivity and 

insufficient stability in biological systems. In the last decade great effort has been invested in 

improving the aforementioned characteristics, but none of them could be applied in 

biological systems so far. For instance, rylene dyes have been reported to show exceptional 

photochemical stability, but failed due to their large size, intrinsic hydrophobicity and 

tendency to show aggregation. Kaloyanova et al. have recently published a synthetic 

approach for building novel small peri-guanidine-fused perylene monoimide chromophores, 

the first low-molecular weight, water-soluble, NIR-absorbing members of the rylene family, 

which are a cornerstone of the herein introduced NIR dye-peptide conjugate. [30]   

 

The initial idea of this study was to couple this novel NIR dye to the tumor targeting peptide 

octreotide via the novel disulfide intercalating linker system. Incorporation of such dyes to 

octreotide would enable a selective and targeted uptake of the dye in order to trace and 

visualize tumor cells. The development of such multifunctional agents for simultaneous 

tumor targeting and near infrared (NIR) fluorescence imaging is expected to have significant 

impact on future personalized oncology. [32] The investigation of multifunctional hybrids 

combining targeting, imaging and even therapeutic routes is the ambition of research in this 

field.  
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After a description of the synthesis steps, the cellular uptake and staining ability of the PMI 

chromophore was investigated by fluorescence microscopy on two different cell lines to 

prove the receptor mediated cell uptake of the dye-peptide hybrids in vitro. 

4.3.1 Synthesis 

The synthesis of the herein described perylene monoimide (PMI) dye starts via a 

Hunsdiecker reaction to form the 9,10-dibromo-functionalized perylene monoanhydrid (4-

14) as described before. The imidization with 6-aminohexanoic acid gave the 

monocarboxylic acid-functionalized dibromo perylene monoimide (4-15) and the subsequent 

introduction of the guanidine moiety was carried out by a substitution reaction with the ethyl 

ester (4-16).  

 

 

Scheme 13: Synthesis pathway for the NIR absorbing perylene monoanhydrid based PMI-COOH dye 

(4-18), a) 6-aminohexanoic acid (1,15 eq), NMP-CH3COOH (2:1), 100-105 °C, 2.5 h, 51 %; b) acetyl 

chloride, 80 °C, 3 h, 77 %; c) guanidine hydrochloride (1,2 eq), K2CO3 (1.52 eq), DMF, 110 °C 1.5 h, 

48 %; d) EtOH, NaOH, 60°C, 1 h, 53 % 

The final compound 4-18 was obtained by a deprotection step under basic conditions 

(Scheme 13Figure 15). In order to couple the linker moiety 3,3-dichloroacrylic acid to the 

carboxyl-group of the NIR dye, a diamine was needed (Scheme 14). Therefore, 4-5 was first 

reacted N-Boc-ethylenediamine. Subsequently, 4-19 was deprotected under strongly acidic 

conditions with equal amounts of dichloromethane and trifluoroacetic acid in the first step. 

[33] Deprotection of the Boc-group was achieved in quantitative yield within 1 h, and the 

PMI-COOH derivative was coupled to the free amine again in dry DMF in presence of 

DIPEA and HATU. Thereby, the desired PMI-linker derivative 4-20 was obtained, which 

was used to label octreotide in the following step, a similar synthetic approach applied for 
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the PEG-Linker conjugate already described before. Finally, the desired PMI modified 

octreotide conjugate 4-21 was obtained as a blue powder. 

Figure 46  shows the 
1
H NMR spectrum of 4-20 together with a peak assignment proving the 

existence of the desired PMI-linker conjugate. Interestingly, traces of the reaction solvent 

DMF are still present although the product was purified by silica column chromatography 

after the removal of DMF under reduced pressure over night as well as an extra precipitation 

in diethyl ether. An additional extraction of the product with EtOAc and diethyl ether to 

remove DMF was not possible due to the high polarity of the product 4-20. Nevertheless, the 

protons of the characteristic functional groups as the guanidyl (signals 1 and 2) and 3,3-

dichloroacrylamide group (signal 14) could be identified by 2D NMR spectroscopy.  

 

 

Scheme 14: Synthesis of PMI-octreotide hybrid 4-21. a) HATU (1.3 eq), DIPEA (2 eq), N-Boc-ethylenediamine 

(0.9 eq), dry DMF, argon, 3 h, r.t. 48%, b) dry DCM/TFA (1:1), 1 h, r.t., quantitative yield, c) HATU (1.15 eq), 

4-18 (1.0 eq), DIPEA (1.5 eq), dry DMF, argon, 2 h, r.t. 81%,  d) reduced octreotide (1.5 eq), KOH in methanol 

(8 eq), DMF, Milli-Q Water, argon, 4 h, r.t., 81% 

 

Physical data (RP-HPLC, MALDI-TOF MS, 
1
H NMR and 

13
C NMR spectra) confirmed the 

proposed structure of the compound 4-21. NMR spectroscopy was the most convenient 

method to verify the identity of the attachment of 4-20 to 4-21. A comparison of the NMR 

spectra of 4-20 with 4-21 gives another hint for the successful coupling. The spectrum after 

the coupling exhibits chemical shifts at δ = 5,89 ppm and δ = 6,17 ppm for the olefinic 

proton of the linker, whereas the same proton (proton 14 of the previously shown NMR 

spectrum) showed only one peak with the intensity of one before the coupling to the peptide. 
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The reason for this is the expected formation of the two cis/trans isomers. Hence, a complete 

assignment of all atoms in the corresponding NMR spectra was rather difficult as two 

isomers were formed due to the different intercalation ways either towards phenylalanine or 

threonine, which was already discussed for compounds 4-10 and 4-13. Nevertheless an 

appropriate assignment and detailed explanation is given in the appendix (Appendix 5). The 

stability of hybrid was proven by analytical RP-HPLC in DPBS over 24 h at 37 °C, an 

important property for the intended tumor imaging agent. Furthermore, the MALDI-TOF MS 

spectrum shows the m/z ratio of the protonated product as well as the sodium adduct and is 

given in Figure 47.  

 

 

Figure 46: 
1
H- NMR spectrum of compound 4-20 in DMSO-d

6
 (700 MHz) 

 

The final yield of the reaction is with 48 % relatively low compared to the previously 

described coupling reactions, in which the yield was around 90 %. During the reaction no 

side products were formed and the educt peak disappeared over time as it could be observed 

by means of RP-HPLC. In contrast, only the desired product was detected. Therefore it is 

assumed that the reason for the reduced yield can be attributed to the purification step. 

Cleaning runs after the preparative HPLC runs showed a colored solvent, which indicates, 

that product stayed on the column due to the affinity of the perylene dye to the column 

material.  
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Figure 47: MALDI-TOF MS spectrum of 4-21 (matrix α-CHCA) 

 

4.3.2 Microscopy studies 

By the incorporation of the octreotide to PMI, we would like to combine the selective uptake 

of the dye towards tumor cells with the excellent photochemical properties of the rylene dye 

4-18. It is intended to trace and label tumor cells overexpressing the somatostatin receptors 2 

and 5. Visualization of tumor cells by NIR fluorescent dyes would provide important 

information in the detection of tumor tissue. 

 

After the successful synthesis of the desired dye-peptide hybrid, the cellular uptake and 

staining ability of the novel PMI chromophore was investigated in this study by fluorescence 

microscopy on two different cell lines (MIA PaCa-2 as well as A549), which have been 

introduced before in chapter 3. 

 

Finally, the corresponding microscopy study is summarized in Figure 48. Pictures were 

taken for both cell lines after treatment with 4-21 after 2h, 6h and 24h via a bright field as 

well as a fluorescent channel. After 2h there is almost no dye detectable in both cell lines. In 

contrast, after 6 h of incubation and washing with DPBS buffer a selective staining with low 

background appeared for the MIA PaCa-2 cells only. The red pseudo color represents the 
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NIR absorbing PMI dye. It is assumed that there is almost no dye detectable even after 24 h 

of incubation in case of the human lung carcinoma cell line A549. This cell line lacks the 

somatostatin receptors, which are responsible for the cell uptake. During the measurements, 

the cells did not exhibit any structural changes, indicating good biocompatibility and no 

toxicity. In addition the PMI dye showed good photostability and prolonged fluorescence 

imaging without significant photobleaching, as there is still a significant staining present 

after 24 h for the receptor positive cell line MIA-PaCa-2, overexpressing somatostatin 2 

receptors.  

 

In summary, the PMI-octreotide conjugate takes advantage of the unique characteristics of 

this new type of PMI dye, which are small size, water solubility, high extinction coefficients 

and quantum yields as well as absorption and emission maxima beyond 700 nm. Coupling of 

this dye to functional peptides based on our novel synthesized disulfide-intercalation linker 

shows high potential in the application in trafficking studies of tumor cells. Furthermore, the 

receptor mediated uptake of the PMI towards tumor cells due to peptide-receptor interaction 

could be proven. Currently, the PMI-octreotide conjugate is under investigation in in vivo 

experiments with mice for the imaging of tumors.   
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Figure 48: Intracellular traffic of PMI-octreotide conjugate 4-21 imaged by fluorescence widefield 

microscopy in MIA PaCa-2 (Human pancreatic carcinoma) and A 549 (Human lung carcinoma) cell 

lines. A549 cells do not express the SST2 receptors.  All cell lines were incubated with 15 µM of the 

compound and the uptake was followed at different time points: 2h, 6h and 24h (cells were washed 

several times with PBS before imaging). A) bright-field images and B) the corresponding fluorescent 

images (red pseudo color represents fluorescence of the conjugate); after 6h - C) bright-field images 

and D) fluorescent images; after 24h – E) bright-field images and F) fluorescent images. Scale bars 

15µm. As negative control non-treated cells from both cell lines were imaged by the same conditions 

(pictures not shown). 
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4.4 Doxorubicin – octreotide hybrid 

A first introduction of different ways of fighting cancer including passive and active 

targeting was already given in Chapter 1 of this work. As the therapeutic efficacy of drugs is 

often limited by poor tumor selectivity, the modification with highly specific ligands as 

octreotide is an attractive target for somatostatin receptor-mediated anticancer therapy. This 

effect is based on the complex forming interaction of such ligands with receptors like 

peptides or antibodies overexpressed on tumor cells. [34] Such complexes enable the 

translocation to perinuclear regions after a rapid internalization by endocytotic processes, 

which is favorable for the delivery of cytotoxic substances acting in the cell nucleus. [35] In 

this study doxorubicin will be used as the drug. The advantage of doxorubicin compared to 

other drugs is its intrinsic fluorescence facilitating the fluorescence tracing of the drug inside 

the cell. Its anticancer activity is predominantly caused by the DNA intercalation and 

subsequent inhibition of DNA topoisomerase in the nucleus. [36] [37]  

 

With the convincing performance of the novel linker system 3,3-dichloroacrylic acid in the 

synthesis and application of PEG-octreotide and PMI-octreotide hybrids in mind, the present 

work focused on new approach to synthesize doxorubicin-octreotide conjugates based on 

3,3-dichloroacrylic acid.  

4.4.1 Synthesis 

There are different chemically reactive functional groups present on both molecules, 

doxorubicin as well as octreotide, which have been used in different ways to synthesize 

different types of conjugates as described in the literature. [1] [21] [38] The most suitable 

groups to create a drug-peptide conjugate are the keto group of the drug doxorubicin and the 

disulfide bond of octreotide. Therefore, a novel cross-linking reagent is required, that 

possesses two different functionalities. For that reason, 3,3-dichloracrylic acid (4-5) was 

chosen as a cornerstone in the preparation of the linker, as this molecule allows the covalent 

modification of native disulfide bonds through the reductive liberation of the cysteine thiol 

groups. Thus, this cornerstone allows the closing of the reduced octreotide back to a cyclic 

structure by the introduction of only one carbon atom. This means in particular, that the 

chlorine atoms can be used for a doubled addition-elimination reaction both thiol groups of 

the reduced octreotide and the carboxylic acid can be directly used for further coupling 

reactions. In case of the coupling of doxorubicin to octreotide a hydrazine component for the 

condensation with the aliphatic ketone of doxorubicin had to be introduced to the linker 

system at its carboxylic acid group (Scheme 15).  
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Scheme 15: Synthesis of the doxorubicin-octreotide conjugates 4-26. (a) 3,3-Dichloroacrylic acid 

(1eq), HATU (1.15 eq), DIPEA (1.3 eq), tert-butyl carbazate (0.9 eq), dry DMF, argon, 2h, r.t., 46% 

(b) DCM/TFA (1:1), 1 h, r.t., quantitative yield; (c) doxorubicin hydrochloride, 4-22 a (1.2 eq), dry 

methanol, argon, 24h, r.t., 57%; (d) octreotide acetate 4-24, TCEP (2eq), Phosphate buffer pH 6.2, 1h, 

r.t., quantitative yield;  (e) reduced octreotide 4-25 (1.5 eq), KOH in methanol (8 eq), DMF, Milli-Q 

Water, argon, 4 h, r.t., 86% 

In the end the linker reagent creates an additionally hydrazone bond with the drug having a 

characteristic pH-responsive behavior allowing the efficient release of the toxic cargo within 

the slightly acidic endo-lysosomal system of cells. This is an advantage compared to oxime 

bonds, which are stable under similar conditions. [39] Furthermore, the coupling of the 

linker to the peptide forms two stable thioether bonds, which are responsible for keeping the 

cyclic structure of the peptide active after the modification and showing no susceptibility to 

hydrolysis. 
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The linker was synthesized by the addition of tert-butyl carbazate to 3,3 dichloracrylic acid 

in presence of HATU. Thereby, the desired compound 4-22, containing a protected 

hydrazine group, was obtained, although the yield of this reaction was lower than expected. 

The reason for this is the formation of a side product, which could not be identified although 

it was visualized by TLC at the base line, indicating a highly polar substance. The yield 

could not be improved using other coupling reagents as TSTU or DIC/NHS. The necessary 

hydrolytic stability of the hydrazone bond at neutral pH coupled with possible hydrolysis at 

acidic pH is a key feature for the drug delivery approach utilized here, which allows a  

selective release of the drug inside cancer cells. In contrast to oxime bonds, the hydrazone 

bond is susceptible to hydrolysis in the late endosome due to the reduced pH values present 

in this environment. [40] In the following steps, first the Boc-protective group of 4-22 was 

cleaved to unmask the desired hydrazide group and to attach the linker system to 

doxorubicin afterwards. The hydrazone condensation between both components was 

achieved in methanol without the addition of TFA. The required slightly acidic conditions 

(pH around 5.2, catalytic amounts of TFA) for this coupling could be obtained by the 1 eq of 

TFA which is still present after the BOC cleavage in the previous step. Nevertheless this 

reaction is only possible, if 4-22a is tried under reduced pressure (10
-3

 mbar) over night. 

Otherwise the amount of TFA present is too much and no coupling at all to doxorubicin 

occurs. In contrast this reaction showed very low yields using a slightly acidic buffer system 

(acidic acetate buffer pH 5.2) as it is also described in literature and was used in the previous 

chapter for a similar hydrazone-bond formation (chapter 3.1.5). [41] Complete analysis of 

the final compound was achieved by analytical RP-HPLC as well as NMR spectroscopy and 

mass spectrometry. As an example Figure 49 is depicted showing the MALDI-TOF MS 

spectrum of 4-23. Although the m/z ratio of the initial protonated product is missing, the 

sodium as well as the potassium adducts of the product can be detected proving the existence 

of the desired molecule. Concerning the NMR analysis it has to be mentioned, that two 

isomers (cis/trans isomers) could be detected due to the formation of the hydrazone double 

bond. The acrylic proton was divided into two singlets in the proton NMR. In contrast, the 

RP-HPLC chromatogram only showed one single product peak, indicating that the two 

isomers were not separable with the used column.   
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Figure 49: MALDI-TOF MS spectrum of 4-23 (matrix α-CHCA) 

 

In the second step the disulfide bridge of the peptide 4-24 was reduced by adding tris(2-

carboxyethyl)phosphine hydrochloride (TCEP HCl) to form reduced octreotide (4-25), 

which was purified by RP-HPLC and afterwards added to the 3,3-dichloroacryloyl-

hydrazone carrying doxorubicin derivative 4-23 at a concentration of roughly 11 µmol/ml. 

Due to the equal reactivity of the two chlorines and both thiol groups of 4-25, two novel 

isomers of 4-26 are formed during the reaction, which could be followed by RP-HPLC this 

time. Both fractions were collected together by RP-HPLC and first analyzed by ESI-TOF 

MS to prove the existence of two isomers of the final peptide-drug conjugate showing the 

same m/z ratio (Figure 50). Next to the initial m/z ratio of the desired protonated molecule, 

there is only the m/z ratio of the double protonated product present. This additional 

observation can be explained by the nature of the product, as it possesses different functional 

groups (mostly amines, in this case three amine groups are available), which can be easily 

protonated. However, this characteristic has not been seen for any of the previous 

compounds, but it is often related to ESI measurements compared to MALDI measurements, 

due to the different ionization mechanism. 
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Figure 50: ESI-TOF MS spectrum of 4-26  

 

In addition, the covalent bond between doxorubicin and octreotide was verified by DOSY 

NMR as a clear peak assignment by 
1
H NMR was not possible due to the existence of four 

possible isomers of the final conjugate. Next to the formation of two isomers (acrylic proton 

can be directed towards Phenylalanine as well as Threonin), two more double bond isomers 

are possible during the formation of the hydrazone bond, which was already detected for 4-

23. 

 

The analysis of three characteristic signals from the doxorubicin-linker conjugate 4-23 (blue; 

8.00-7.78 [aromatic protons], 5.67-5.49 [acetalic position] and 4.06-4.00 ppm [methoxy 

group]) and octreotide (black; 7.30-7.22 [phenyls from Phe], 5.31-5.27 [-protons of Cys] 

and 0.77-0.65 ppm [-protons of Lys]) show the same diffusion constants 2.735×10
-10

 m
2
/s 

(red, doxorubicin-octreotide conjugate 4-26). These diffusion constants are different from 

the diffusion constants found for octreotide 3.665×10
-10

 m
2
/s (7.39-7.23 [phenyls from Phe], 

5.31-5.22 [-protons of Cys] and 0.65-0.51 ppm [-protons of Lys]) and doxorubicin-linker 

4.182×10
-10

 m
2
/s (7.96-7.78 [aromatic protons], 5.50-5.46 [acetalic position] and 4.06-4.00 

ppm [methoxy group]). Thereby the successful coupling of the drug-peptide hybrid could be 

proven (Figure 51).  
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Figure 51: DOSY NMR experiment of doxorubicin-octreotide (4-26, red), doxorubicin-linker (4-23, blue) and 

octreotide acetate (4-24, black) 

 

 

4.4.2 UV – ECD characterization and receptor binding studies 

As already shown for the PEG-octreotide conjugate, UV-ECD analysis was utilized to verify 

the complete structure recovery of octreotide after the coupling with doxorubicin, as this is 

crucial for the desired interaction of the peptide with the corresponding receptors. First the 

characteristic CD spectrum of each compound is shown alone (Figure 52, A-D). Afterwards 

an overlay of all spectra proves that the native octreotide and the conjugate 4-26 are nearly 

superimposed in the range of 195 – 250 nm, suggesting that the modification had no 

significant effect on the spatial structure of the peptide. Furthermore the characteristic 

absorption of doxorubicin is also maintained as there is no difference compared to pure, 

unmodified doxorubicin. 
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Figure 52: UV-ECD (A - E) and absorbance spectra (E): A: octreotide (4-24, black), B: doxorubicin-

octreotide (4-26, red), C: doxorubicin (brown), D: doxorubicin-linker (4-23, blue) F: Overlay UV-

ECD (A-D), Absorbance (A-F) 

 

After proving complete structure recovery of the peptide upon modification, direct receptor 

binding studies of the drug-peptide conjugate was investigated in a separate experiment, 

which was done in cooperation with the MPI of Psychiatry in Munich. The final results of 

these studies indicated the desired effect, namely the tumor targeting peptide octreotide 

remains intact after the coupling with the antitumor drug doxorubicin. Interestingly, this 

interaction of the conjugates with the corresponding receptors is even higher compared to 

octreotide based on the data shown on Figure 53, as the ACTH secretion is decreased. In 

conclusion, the synthesized conjugates is taken up by a receptor mediated endocytosis based 

on the still intact interaction of the modified octreotide and the corresponding somatostatin 

receptors, the first step towards a novel tumor targeting drug delivery. 
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Figure 53: Functional assays in AtT-20 cells, effect of octreotide compounds on ACTH secretion as determined 

by a specific radioimmunoassay after 72 hours of treatment. Data are represented as the ratios of ACTH (pg/ml) 

to cell viability values (WST-1 colorimetric assay; OD450nm) and shown as percentage of untreated control. The 

graph shows the means of 2 measurements, with each treatment condition in triplicates (per measurement).  

Tested compounds are octreotide 4-24 and the doxorubicin-octreotide conjugate 4-26 (“hybrid”). 

 

4.4.3 pH dependent cleavage study of doxorubicin-octreotide conjugate 

The main action of doxorubicin is attributed to DNA intercalation as well as inhibition of the 

enzyme topoisomerase 2, which in the end causes cell death of the tumor cells. Common 

techniques enabling a drug release of cytotoxic agents (e.g. doxorubicin) into the cytosol or 

even the nucleus are based on the coupling between the drug and the delivery/targeting agent 

via hydrazone bonds, as this bond is known to be stable at neutral pH, but starts to hydrolyze 

in acidic environment. Therefore, doxorubicin is supposed to be cleaved from the peptide 

octreotide at acidic milieu, which is present in tumor tissue in general and especially the late 

endosomes. 

 

To investigate the stability of the chemotherapeutic agent at neutral pH, followed by the final 

release caused by hydrolysis, the drug-peptide conjugate 4-26 was dissolved in DPBS (pH 

7.4) as well as in a acetic acid/acetate buffer (pH 5) for 24 hours at 37°C. The cleavage 

process of both mixtures was analyzed by analytical RP-HPLC (Figure 54). The 
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characteristic absorbance of doxorubicin at 480 nm was used to monitor the process of drug 

release and the identification of the free doxorubicin was achieved by running a control 

standard (0.5 mM doxorubicin HCl in water).  

 

In conclusion, the study demonstrated the expected release of doxorubicin in acidic 

environment. After 3 h most of the initial doxorubicin-octroetide conjugate 4-26 is cleaved 

and doxorubicin is set free. After 24 h there is no conjugate left, which means only free 

doxorubicin is present and no further drug derivatives are present. Consequently, the novel 

linker system is not only able to intercalate disulfide bonds for a site-selective modification, 

but also enables the desired drug release inside the cell. In order to support this statement, 

cell viability and cell distribution studies were performed, which will be discussed in the 

following section 4.4.4.  

 

 

Figure 54: pH dependent cleavage of the peptide-drug conjugate 4-26, RP-HPLC analysis of the 

degradation of 4-26 (0.5 mM) in an acetic acid/acetate buffered pH 5 solution at 37°C for 24 h as well 

as the chemical structures and the acid mediated drug release..  
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4.4.4 Cell viability and cellular distribution studies of doxorubicin-

octreotide conjugate 

The toxic effects of the conjugate were tested on two selected cell lines, which differ in the 

amount of somatostatin receptors on the surface to prove the receptor mediated uptake of the 

conjugates. Therefore, as already described in section 3.4., the human pancreatic carcinoma 

cell line MIA PaCa-2 as well as the adenocarcinomic human alveolar basal epithelial cells 

A549 was chosen. To determine the toxicity, the IC50 values were determined via a 

luminescence-based cell visibility assay for both cell lines (Table 3).  

 

Table 3: In vitro cytotoxic effects of doxorubicin on MIA PaCa-2 and A549 cells (data expressed as 

IC50 values in μM, n ≥ 3, mean ± standard deviation, appendix 8) 

 Compound IC50  MIA Paca-2 cell line (µM) IC50  A549 cells line (µM) 

Doxorubicin-Octreotide conjugate 

(4-26) 
2.29 ± 0.21 14.35 ± 1.89 

Doxorubicin 0.80 ± 0.13 - 

Octreotide > 150 > 150 

 

 

The fascinating result is, that the cytotoxic effects of the conjugate, expressed as half 

maximal inhibitory concentration, was with a factor 7 stronger for MIA PaCa-2cells 

compared to A549 cells. The characteristic feature of 4-26 is attributed to the overexpression 

of somatostatin receptors on MIA PaCa-2 cell line, which in turn enables a higher uptake of 

the drug-peptide conjugate. Thus there are more doxorubicin molecules inside the cell, 

which finally causes a higher toxicity. In contrast, A549 cells serve as negative control and 

underline the direct connection between receptor expression and cytotoxicity, respectively. 

In comparison doxorubicin antiproliferative action on MIA PaCa-2 cells after an incubation 

of 72 h was slightly stronger (𝐼𝐶50 = 0.80 ± 0.13 µ𝑀), which can be explained by a 

different cellular uptake mechanism (passive diffusion vs. receptor mediated uptake). The 

toxicity of doxorubicin on A549 was not needed in this comparison study and therefore not 

determined and the peptide octreotide showed almost no toxicity. However, the doxorubicin-

octreotide conjugate is taken up selectively by tumor cells with an overexpression of 

somatostatin receptors, finally the desired targeted drug delivery system. 
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Figure 55: Confocal microscopy images of MIA PaCA-2 and A549 cells treated with 10 doxorubicin-

hydrazone-octreotide conjugate 4-26 at 37°C and different incubation times (6 hours - 72 hours). MIA PaCa-2 

cells were used as a model system of overexpressed Somatosatin type 2 and 5 receptors (SSTR2 and SSTR5) to 

study the effect of internalized conjugate and the cleaved doxorubicin based on the fluorescence intensity (of 

doxorubicin). As negative control A549 cell line was used, which does not express the SST2 receptors. Scale bars 

represent 15 μm. 

 

To highlight the subcellular distribution, the receptor binding properties as well as the 

cytotoxic effects of the hybrid, both aforementioned cell lines were incubated with the 

conjugate at 37 °C for 72 h and analyzed by fluorescence microscopy at different time points 

(Figure 55). A relatively low concentration of 10 and 5 mM doxorubicin-octreotide solution 

ensures the imaging of live cells, even after prolonged incubation. Doxorubicin associated 

fluorescence was clearly visible only for the positive cell line MIA PaCa-2 in a time 

dependent manner, while the detected fluorescence signal in the negative A549 cells was 

comparatively weak, even after 72 h of incubation. This observation supports the results 
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from the cell viability studies, where 4-26 was much more toxic in MIA PaCa-2 cells 

compared to the A549 cell line due to lack of somatostatin receptors. [42]  

 

As doxorubicin intercalates the DNA, its main location to function is assumed to be the 

nucleus. Cleavage of the hybrid setting free the pure drug was already proven in an acidic 

environment, but clear evidence in vitro is missing. To prove the estimation that doxorubicin 

is also cleaved from the conjugate and reaches the nucleus in vitro, MIA Paca-2 cells were 

stained with DRAQ5 nuclear stain prior to microscopy (counterstaining - Figure 56). 

Microscopy images highlight the unambiguous colocalization with the drug as a violet color 

is obtained from the overlay of both channels.  

 

In conclusion, next to the interaction of our conjugates with the corresponding receptors and 

the possible cleavage in acidic environment, the performed intercellular trafficking 

experiments encouraged our hypothesis of a selective uptake of conjugate 4-26 to cancer 

cells overexpressing somatostatin receptors subtypes 2 and 5. 

 

 

 

Figure 56: Confocal microscopy images of MIA PaCA-2 and A549 incubated with 10 µM doxorubicin-

hydrazone-octreotide conjugate 4-26 at 37°C for 72 hours – nuclear accumulation of cleaved Dox is demonstrated 

with co-staining with 5 mM of DRAQ5 dye: A. Brightfield images. B. Confocal fluorescence microscopy images 

of the doxorubicin conjugate (red pseudo color). C. Nuclei staining after incubation with DRAQ5, carried out 5 

min prior to imaging (blue pseudo color). D. Overlay of the drug-associated fluorescence and the fluorescence of 

the nuclear stain, co-localization is shown with violet pseudo color. Scale bars represent 15 μm.  
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4.5 Conclusion 

In summary, we have presented a novel platform for the chemical modification of peptides, 

using a small readily available molecule based on 3’3-dichloroacrylic acid. This linker 

introduces only one carbon atom between a disulfide bond, thus represent the smallest 

crosslinker for site-selective modification of peptides reported so far The successful 

intercalation of this novel linker was demonstrated by the application of octreotide, as it 

contains a single disulfide bridge, by different experiment as 2D NMR spectroscopy, circular 

dichroism experiments and binding assays of cell lines overexpressing receptors selective to 

octreotide. This chemical approach can find widespread application in the modification of 

therapeutic proteins with polymers, dyes and drugs with high potential in future 

pharmaceutical applications. 

 

The results of the computational calculations and circular dichroism studies indicated 

complete secondary structure recovery after the incorporation of an acrylamide moiety in the 

disulfide bond of octreotide. Furthermore the successful interaction of the novel synthesized 

octreotide conjugates with the corresponding somatostatin receptors at the cell surface, 

which as a positive consequence enables tumor targeting, could be proven by the suppression 

of the ACTH secretion in AtT-20 pituitary cells to a similar extent as the unmodified 

peptide. 

 

Initially, 3,3-dichloroacrylic acid 4-5 was used to modify the somatostatin analog octreotide 

with a PEG chain, a vibrant research area for years, confirmed by the fact that different 

PEGylated proteins have been approved by the FDA. [43] [44] [45] After proving the 

successful coupling of PEG-5000 to octreotide (4-8) by 2D NMR studies and SDS-PAGE 

analysis, receptor binding studies revealed no loss of receptor affinity and interaction of the 

modified octreotide conjugates compared to the native peptide. 

 

Another aim of this work was the modification of octreotide with a low-molecular weight, 

NIR-absorbing perylene monoimide dye, as fluorescent imaging has emerged as a promising 

non-invasive, real-time and high-resolution technique for the visualization of biomolecules 

and its processes in living cells [30, 34] The successful synthesis of the PMI-octreotide 

conjugate 4-21 based on 3,3-dichloroacrylic acid was among others confirmed 2D NMR 

studies. Furthermore the high potential of the conjugate in the application in trafficking 

studies of tumor cells and enables future imaging of proteins could be proven with different 

cell experiments. 
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As the therapeutic efficacy of doxorubicin is often limited by poor tumor selectivity, the 

modification with highly specific ligands as octreotide was an attractive target for 

somatostatin receptor-mediated anticancer therapy. Therefore, the cytotoxic drug 

doxorubicin was coupled to the tumor targeting octreotide via our novel disulfide-

intercalating cross-linking reagent. The structure of the conjugate 4-26 was investigated 

using 2D NMR, as well as DOSY NMR, whereas circular dichroism studies were used to 

demonstrate the complete structural recovery of octreotide upon conjugation. The pH 

dependent cleavage of the drug was confirmed by using buffer solution with pH 5 and 

monitoring the cleavage process using analytical HPLC. Furthermore, confocal fluorescence 

microscopy studies were conducted to gain deeper insight into the subcellular distribution 

and additional co-staining of the cells with DRAQ-5 highlighted the unambiguous co-

localization with the drug in the nucleus. Finally the cytotoxic effect of the drug-peptide 

conjugate was tested on A549 and Mia Paca-2 cells demonstrating the receptor mediated 

uptake. 

 

Based on this novel, smaller and cleavable linker type the field of bioconjugate chemistry 

will be extended to new fields and applications not known before. It combines efficient 

conjugation, high coupling yields with fast reaction times and it can preserve the biological 

function of the octreotide. Thus, 3,3-dichloroacrylic acid enables the development of the next 

generation therapeutics and novel conjugation methods that allow the “almost” traceless 

introduction of payloads to biomolecules. 

 

Up to now, the focus was set to novel linker-systems for the site-selective modification of 

peptides with different cargos. In both cases the highly toxic anticancer agent doxorubicin 

was used as a drug. The following chapter addresses different possibilities to even improve 

the toxicity of doxorubicin by increasing its binding affinity towards dsDNA, the initial 

mechanism toxicity is based on. Besides the explanation of the synthesis of such conjugates, 

novel ways of determining their binding affinities towards DNA will move to the fore.  
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5 Doxorubicin-Indole conjugates as anticancer agents 

Nowadays, there are many established approaches to treat cancer such as surgical excision, 

irradiation, drug therapy, and chemotherapy, respectively. [1] In recent years, research has 

been focused on the treatment of cancer by finding chemotherapeutic agents that defeat 

cancer completely, among others by increasing the toxicity of the drugs and a targeted 

therapy. A widely discussed subclass of these agents is the group of cytotoxic antibiotics that 

inhibit cell growth or cell division. [2] 

 

Doxorubicin, also known as Adriamycin or 14-hydroxydaunomycin, belongs to the class of 

anthracycline antibiotics and was discovered by isolation from the pigment-producing 

Streptomyces peucetius in the early 1960s. [3] This drug is still frequently used in cancer 

therapy and belongs to the most effective agents with a broad scope of application against a 

multitude of tumors such as breast cancer, small cell lung bronchial carcinoma and 

malignant lymphoma. [3, 4] Chemically the framework of doxorubicin consists of a four ring 

structure that is linked via a glycoside bond to a daunosamine shown on (Figure 57, A-D). 

[3] [5] Although doxorubicin has been used for more than 40 years in chemotherapy, the 

exact mechanism of action is still unclear. [4, 6] Nevertheless, a variety of characteristics are 

known which are responsible for the cytotoxic action of doxorubicin.  

 

 

Figure 57: Doxorubicin as hydrochloric acid salt 

 

One of the molecular targets of doxorubicin is considered to be DNA intercalation and 

inhibition of DNA topoisomerases enzyme, mainly type 2, as confirmed by Cummings et al. 

[7] The enzymes catalyze the concerted breakage and rejoining of DNA strands during DNA 

replication and transcription. [8] The exact mechanism of topoisomerase inhibition was 

discussed by Topcu et al. and modelling DNA intercalation of anthracyclines was performed 

by Moro et al. [9] [10] Doxorubicin impedes the progression of this enzyme which relaxes 
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supercoils in DNA for transcription. [6, 11] Thereby, the process of replication and 

macromolecular biosynthesis is stopped. [9] [7] The interaction of the drug to DNA is either 

based on DNA intercalation or on the binding to the minor groove of the DNA. [12] The 

non-covalent binding between the drug and DNA is described to be highly efficient (binding 

affinity: 0.13 – 0.16 * 10
6
 M

-1
). [13] 

 

Another important mechanism is based on the formation of oxygen derived free radicals by 

anthracyclines resulting in the peroxidation of lipid biomembranes and disruption of cellular 

organelle structure and function. [14] These free radicals can either be formed by the 

enzymatic reduction of the anthracycline ring producing a free hydroxyl radical or 

nonenzymatically from the conjugation between the anthracycline’s hydroquinone portions 

with intracellular ferric iron. In the 1970s, Lown et al. showed the potential of these radicals 

to induce DNA breaks resulting in cell death.  

 

Additional action mechanisms of doxorubicin were also described in the review of Minotti et 

al. [4] that confirm anticancer activity, but with less support for experimental data. DNA 

interaction is supposed to be the main intracellular target for doxorubicin and the 

cytotoxicity is mediated via stabilization of a topoisomerase 2 cleavage complexes. 

However, the drug itself can also dissociate from the DNA and the enzyme is no longer 

inhibited. Thus, higher binding-affinities of the cytostatic agent are a valuable approach to 

increase the toxicity. [15, 16] 

 

5.1 Design and Synthesis of Doxorubicin-Indole conjugates  

The conjugation of doxorubicin with other DNA binding molecules is an appropriate 

strategy to increase the DNA binding affinity of the drug. Bis-intercalating doxorubicin 

dimers have already been reported in literature to have higher binding constants towards 

DNA compared to single doxorubicin. [17-19] An alternative would be to couple minor 

groove binders to doxorubicin. Minor grooves as well as major grooves are naturally formed 

cavities alternating the DNA backbone. They exist due to the fact that DNA molecules form 

a double helix by the creation of hydrogen bonds between the different base pairs attached to 

the sugar-phosphate backbone (Figure 58). [20] Minor groove binders are suitable candidates 

and are well known as strong DNA-binding ligands such as the dyes Hoechst 33258 and 

DAPI, which are used for DNA staining. In addition, Baraldi et al. reported on different 

classes of DNA minor groove binders as potential antitumor and antimicrobial agents. [21]  
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Figure 58: Schematic overview of the DNA helix and the formation of minor and major grooves 

(Figure 8-13 from Lehninger Principles of Biochemistry, Fifth Edition, © 2008 W.H. Freeman and 

Company) 

 

Specifically, several synthetic and natural indole derivatives have shown significant DNA 

binding ability as well as DNA sequence specificity. Gupta et al. concretized this possibility 

and described indole derivatives as DNA minor groove binders and thus anticancer agents. 

[22] Furthermore, Zhao et al. have used bis-indolyl moieties coupled to the DNA alkylating 

agent cyclopropabenzindole (CBI) to increase the affinity towards DNA due to the additional 

binding of the indole units to the DNA minor groove. [23] The aforementioned studies 

emphasized the high potential of DNA groove binders to increase the DNA binding affinity 

of different compounds, especially in the field of anticancer therapy. 

The motivation of this work is to combine both modes of DNA binding, DNA intercalation 

and minor groove binding in one molecule (Figure 59). The synthesis of these new 

molecules would result in a new class of anticancer agents that are previously unreported. 

Doxorubicin was used as a DNA intercalation substrate, which was functionalized at its 

daunosamine moiety with an indole derivative. Modeling systems of doxorubicin and DNA 

have already proven that the sugar part of doxorubicin is directed to the minor groove, while 

the anthracene part intercalates between the DNA base pairs via π-stacking. Furthermore, 

indole is known as a minor groove binder, which has already been demonstrated by different 

research groups. [9, 23] 
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Figure 59: Schematic overview of doxorubicin-indole derivative, the position of the different 

functional groups tested at the indole is marked with X 

 

By adding the indole to the sugar of doxorubicin, the final molecule would be capable of 

intercalating and binding into the minor groove of the DNA. Thus, the final molecules were 

expected to possess a higher binding affinity to DNA that could result in a higher toxicity 

compared to doxorubicin or indole derivatives alone. Therefore, it is a valuable approach to 

increase the cytotoxic capacity of doxorubicin. [15, 16] Binding affinities of these molecules 

with DNA were determined by means of MST and the toxicity was investigated by 

cytotoxicity in vitro assays. 

 

In the following sections, the syntheses of different doxorubicin-indole conjugates are 

described. Those conjugates mainly differ in the functional group at the indole moiety and 

the number of indole units, which are coupled to doxorubicin.  

5.1.1 Synthesis of doxorubicin-indole-NO2 conjugate (Doxind-NO2) 

The first modification of doxorubicin with an indole unit was performed using an ethyl 5-

nitroindole-2-carboxylate. In the first step the ester of the indole derivative 5-1 was 

hydrolyzed to the free acid, which was converted to the activated NHS-ester 5-3 to react with 

the free amine of the doxorubicin molecule in the next step (Scheme 16). As the indole-

derivative was used in excess, no native doxorubicin could be detected after 4 hours as 

monitored by analytical HPLC, which simplified the following purification step of 5-4. This 

was achieved by preparative HPLC yielding the final Doxind-NO2 conjugate as a red 

powder.  
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Scheme 16: (a) THF/MeOH/1M NaOH (1:1:1), 24 h, r.t., 96%. (b) N-hydroxysuccinimide (1.15 eq), 

N,N′-Diisopropylcarbodiimide (1.2 eq), dry dichloromethane, argon, overnight, r.t., 92%. (c) 

Doxorubicin hydrochloride (0.9eq), DIPEA (1.2 eq), dry DMF, argon, 4 h, r.t., 55% 

 

In addition to HPLC and MALDI-TOF MS, NMR spectroscopy was used to analyze the 

structure of 5-4 as shown on Figure 60 together with the peak assignment. The 1H NMR 

spectrum supported the proposed structure and also proved the purity of the compound. The 

spectrum exhibits signals from the indole as well as doxorubicin and the signal of the formed 

amide bond is detected at 8.29 ppm (peak p). 2D NMR experiments additionally proved the 

formation of the desired compound by showing the expected interactions of the different 

protons, for instance the crosspeaks of p and l verify the existence of the conjugated product. 
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Figure 60: 
1
H-NMR spectrum of compound 5-4 in DMSO-d

6
 (700 MHz) 

 

 

5.1.2 Synthesis of doxorubicin-indole NH2 conjugate (Doxind-NH2) 

The next indole derivative possesses an amine functional group (Scheme 17). Therefore, the 

nitro group of the starting material 5-1 was reduced in the first step. Afterwards, the amine 

was protected with a tert-butyloxycarbonyl protecting group 5-7 (Boc-group), which was 

necessary to prevent side reactions in the following steps. Afterwards, the ester of 5-7 was 

hydrolyzed to the free acid, which was converted to the activated NHS-ester. Crosslinking of 

the indole moiety 5-9 and doxorubicin was achieved by amide bond formation between the 

activated acid and the free amine of the drug. This more elaborate synthesis pathway had to 

be chosen, as neither a direct reduction of 5-4 nor 5-3 was possible under the tested 

conditions, which would have simplified the synthesis of 5-11. The 1H NMR and 
13

C NMR 

spectra as well as the MALDI MS support the proposed structures of the compounds 5-6 - 5-

9.  
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Scheme 17: a) dioxane, NaHCO3 (10 eq), Na2S2O4 (7 eq), argon, 1h, r.t., 59%. b) di-tert-butyl 

dicarbonate (1 eq), THF, argon, overnight, 70°C, 95%. c) THF/MeOH/1M NaOH (1:1:1), 24 h, r.t., 

96%. d) N-hydroxysuccinimide (1.15 eq), N,N′-Diisopropylcarbodiimide (1.2 eq), dry 

dichloromethanol, argon, overnight, r.t., 92%. e) doxorubicin hydrochloride (0.9eq), DIPEA (1.2 eq), 

dry DMF, argon, 4 h, r.t., 77 %. f) not possible 

 

However, the final selective cleavage of the Boc-group failed, although different methods 

were tested. The limiting factor is the instability of doxorubicin in presence of either heat or 

acids, which are commonly used to cleave the Boc-group. Finally, with a ratio of 10% TFA 

in DCM it was possible to detect the desired molecule by means of MALDI-TOF MS 

(Figure 61) next to different side products, but the desired target-molecule could not be 

purified either by silica column chromatography or by preparative HPLC. 
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Figure 61: MALDI-TOF MS obtained from the reaction mixture during the preparation of 5-11 

(matrix: α-CHCA) 

 

As the cleavage of the Boc-group in presence of doxorubicin was not possible, the synthesis 

plan was changed as depicted in Scheme 18. The main difference is the cleavage step of the 

Boc-protecting group after the formation of the NHS-indole derivative 5-9. The reaction 

process of the cleavage step was checked continuously by TLC to identify the optimal 

reaction time. Finally, after 30 min no starting material 5-9 was left and only a single 

fluorescent spot on the starting line could be detected under the UV lamp. After removal of 

the solvents under reduced pressure to guarantee that no TFA is left, the resulting compound 

was dissolved in DMF. The pH was adjusted to pH = 7/8 with DIPEA to neutralize 

unreacted TFA from the previous step, which could not be completely removed under the 

reduced pressure. Consequently, this solution was added to doxorubicin. The reaction 

process was monitored as well as purified by means of HPLC to obtain the final pure 

doxorubicin-indole NH2 derivate in 60% yield. The stability of this compound was 

investigated by means of NMR. The chemical shifts did not change within 10 days in DMSO 

giving a first hint for the stability of the compound. Furthermore, the compound was 

dissolved in MilliQ water and incubated for 14 days at room temperature to control the 

stability within aqueous solutions by means of HPLC. The retention times of the product did 
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not change and no additional products arose within this time period, which shows that the 

doxorubicin-indole NH2 compound is a stable compound.  

 

Scheme 18: a) dry DCM/TFA (1:1), 1h, r.t., argon, quant. yield b) doxorubicin hydrochloride (0.9eq), 

DIPEA, dry DMF, argon, 4 h, r.t., 60 %.  

 

The existence of 5-11 was shown by MALDI MS and the structural confirmation was 

achieved by NMR spectroscopy. The corresponding H-H TOCSY spectrum is shown on 

Figure 62. As already discussed for 5-4, the NMR spectrum exhibits clearly assignable signals 

and their intensity ratios of all peaks agree with the theoretically expected ones. In total the 

integration of the downfield part gives eleven protons in total, in which five at a time can be 

assigned to the drug and the indole (including the hydroxyl and amine protons). 

Additionally, the H-H interaction in the TOCSY between l and p proves the formation of the 

amide bond between doxorubicin and the indole derivative, thus the last left downfield 

proton can be assigned to the amide proton. 
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Figure 62: H-H TOCSY spectrum of compound 5-11 in DMSO d
6
 (700 MHz)  
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5.1.3 Synthesis of doxorubicin-indole-indole-NH2 conjugate (Doxindind-

NH2) 

In order to investigate the influence of the number of indole moieties on the binding affinity 

to DNA, a doxorubicin conjugate containing two indole units was prepared (Scheme 19).  

We hypothesized that the introduction of another indole unit would additionally increase the 

binding as already shown by Zhao et al. for DNA alkylating agents carrying different indole 

derivatives. [23] 

 

Scheme 19: a) dioxane, NaCHO3 (10 eq), Na2S2O4 (7 eq), argon, 1h, r.t., 59%. b) dry DCM/TFA (1:1), 

1h, r.t., argon, quant. yield, 5-6 (0.9 eq), dry DMF, argon, r.t., 4 h, 72%. c) THF/MeOH/1M NaOH 

(1:1:1), 24 h, r.t., 92%. d) N-hydroxysuccinimide (1.15 eq), N,N′-Diisopropylcarbodiimide (1.4 eq), 

dry DCM, argon, overnight, r.t., 75%. e) dry DCM/TFA (1:1), 1h, r.t., argon, quant. f) doxorubicin 

hydrochloride (0.9eq), DIPEA, dry DMF, argon, 4 h, r.t., 41 %.  
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The final synthesis of the bis-indole was accomplished via an amide bond formation between 

the previously described compounds 5-6 and 5-9. Afterwards, the ester group of 5-13 was 

hydrolyzed to the free acid, which was converted to the activated NHS-ester, analogously to 

the synthesis pathway to 5-4 and 5-11 (Scheme 16 and Scheme 18). After purification by 

preparative HPLC the product 5-17 was obtained as a red powder. The final conjugate was 

amongst others analyzed by MALDI-TOF MS as depicted in Figure 63, showing the 

detection of the sodium as well as the potassium adduct of 5-17.  

 

 

 

Figure 63: MALDI-TOF MS spectrum of the isolated doxorubicin-indole-indole NH2 conjugate 5-17 

(matrix α-CHCA) 
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5.1.4 Synthesis of doxorubicin-indole guanidyl conjugate (Doxind-G) 

Nature uses distinct functional groups to recognize and bind phosphate anions in the minor 

grove at the DNA backbone like the guanidine group. This group is a part of the side chain 

of arginine and remains charged over a wide pH range, which is reflected in the high pKa 

value (12.48) of its protonated counterpart. [24] Therefore, it possesses many structural 

features that make it a versatile moiety for molecular binding to DNA, like its ability to form 

up to five hydrogen bonds with nucleic acids. A binding mode in which it bridges two 

phosphates and establishes distinct additional interactions with a guanosine in the minor 

groove has been reported. [25] This part focused on the synthesis of another doxorubicin-

indole conjugate, possessing a guanidine group attached to the indole (Scheme 20). Thereby, 

the binding affinity of the final conjugate to dsDNA was expected to be higher compared to 

the conjugates synthesized so far. 

 

After the reduction of the nitro group, the aromatic amine of 5-6 was converted into a 

guanidine group (compound 5-18). Saponification of 5-18 was accomplished with 1M NaOH 

to obtain the free acid, as proven by 1H NMR, 13C NMR and MALDI-TOF MS. The final 

coupling to doxorubicin was tested with different coupling reagents as N,N,N′,N′-

Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU), 1-Ethyl-3-

(3dimethylaminopropyl)-carbodiimide (EDC), N,N′-Diisopropylcarbodiimide (DIC) and 1-

[Bis(dimethylamino)-methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxid hexafluorophos-

phate (HATU) using DMF, DMSO or a mixture of both as the solvent and DIPEA as a base 

to obtain a slightly basic pH value. In all cases the reaction process was monitored by 

analytical HPLC. However, none of the tested coupling reagents yielded the expected 

product 5-20 (Scheme 20).  

 

A possible explanation for the failure of this final reaction is probably the solubility of 5-19, 

as this compound was only soluble in DMF and DMSO at high dilution ratios (0.5 mg/ml). 

The reason for this is the strong intermolecular interaction due to π-π stacking and the 

mutual attraction of the negatively charged carboxylic group and the positively charged 

guanidine group (zwitterion). Thereby it is assumed that the carboxylic group is not activated 

and thus no amide formation can occur.  
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Scheme 20: a) dioxane, NaCHO3 (10 eq), Na2S2O4 (7 eq), argon, 1h, r.t., 59%. b) p-Toluenesulfonic 

acid (1.1 eq), cyanamide (1.2 eq), dioxane, argon, 90°C, overnight, 55%. c) MeOH/1M NaOH (1:1), 

argon, r.t., overnight, 78%. d) not possible 

 

Alternative reaction pathways to obtain the final desired compound 5-19 as the guanidylation 

of 5-11 or 5-12 were tried but are not accomplishable, as the required heating during this 

reaction either destroyed doxorubicin or the NHS-ester of 5-12. An additional reaction 

pathway could be the protection of the guanidyl amines of 5-18 with a tert-butyloxycarbonyl 

group in the first step. This would be similar to the use of Boc-protected arginine amino 

acids in the peptide synthesis also avoiding possible side reactions. Afterwards the procedure 

would be similar to the synthesis of 5-11, meaning saponification, NHS-ester formation, 

Boc-cleavage at the guanidyl and finally the coupling to doxorubicin.  
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5.2  Binding affinity measurements using Microscale 

Thermophoresis 

In this work Microscale Thermophoresis (MST) was used as the method of choice to 

determine binding affinities between different molecules, and to confirm the desired higher 

binding affinity of the novel synthesized doxorubicin-indole conjugates towards dsDNA. 

The advantage of this relatively new technique compared to other techniques such as 

isothermal titration calorimetry (ITC), electrophoretic mobility shift assay (EMSA) or 

surface plasmon resonance (SPR) based techniques are the easy handling, small sample 

amount, short measuring time without complex method set-ups, and the fact that there is 

almost no limitation of molecule size or molecular weight. [26] Furthermore, this technique 

enables the measurement of a wide range of biomolecular interactions under close-to-native 

conditions. [26, 27] 

 

MST is based on the fact that molecules move within a microscopic temperature gradient, 

which is called thermophoresis (Figure 64). The movement of the molecules depends on a 

number of factors including hydration shell, charge and size of the molecule. Any change of 

these factors results in a relative change of the molecule’s movement and concentration 

along the temperature gradient. MST uses fluorescence to follow the thermophoretic 

movement of the molecules and to monitor the distribution inside a capillary. This 

fluorescence can either be intrinsic to the molecule or an attached dye. [26] [27]  

 

 

Figure 64: Moving of particles in cases of binding or no binding, molecules will move from warm to 

cold (no binding) or the reverse (binding) [27] (from http://www.nanotemper-

technologies.com/technologies/mst-technology/) 
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The thermophoresis of a single fluorescently labeled molecule M typically differs 

significantly from the thermophoresis of a bound molecule B-M after a binding event 

between two components due to even minute changes in the previously mentioned three 

factors. [26] 

 

The temperature gradient is induced by an IR-Laser, which is focused into the capillary 

(Figure 64). Before the laser is switched on (t = 5s), the molecules are initially distributed 

equally in solution. Due to the strong absorption of the laser, the aqueous solution is the laser 

spot is raised between 1-6 °C, depending on the intensity chosen by the operator. The 

temperature jump is kept constant for around 30 seconds and induces the thermophoretic 

movement of the molecules inside the capillary, causing a decrease of fluorescence. 

Unbound molecules will move from warm to cold areas due to the diffusion of the solvent 

molecules to balance the temperature differences, whereas bound molecules will move the 

reverse way. [28] Within the heated region the local concentration of molecules decreases 

until it reaches a steady-state distribution, in which the thermo-diffusion is equal to the mass-

diffusion. After 30 seconds the laser is switched off again and the original fluorescence 

signal 𝐹𝑛𝑜𝑟𝑚 will be reached due to the back diffusion of the molecules. The change of 

fluorescence in such a MST experiment is directly correlated with the thermophoretic 

characteristic of the molecule used. Any binding process causes a change of parameters as 

size, charge or solvation entropy of the fluorescent molecule, which is detected by the 

system. Finally, the binding affinity is quantified based on the measured differences in the 

MST fluorescence signal. [29]   

 

A serial dilution of the binding substrate is used to detect quantitative binding parameters. 

The typical sigmoidal binding curve is obtained by plotting 𝐹𝑛𝑜𝑟𝑚 against the logarithm of 

the different concentrations of the dilution series. Finally the dissociation constant 𝑘𝐷 as the 

result of the MST experiment is directly deduced by fitting this binding curve with the 

nonlinear solution of the law of mass action (Figure 65). A detailed description of the 

derivation of the dissociation constant calculation is given in the appendix 9. 
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Figure 65: Example for fluorescent measurement and final plotting against the concentration [30]  

 

The left part shows the plotting of the normalized fluorescence in three different sample capillaries 

with different concentrations against the time. It illustrates the different MST signals due to the 

thermophoretic movements of the bound (grey) and unbound (black) molecules. The obtained 

normalized fluorescent signal of the fully bound and unbound samples is around 100% for both until 

the temperature gradient is induced by switching on the laser at t = 5s. Afterwards both samples show 

different thermophoresis due to the different sizes upon binding and led to different normalized 

fluorescent signals.  

 

The right part is a plot of the normalized fluorescence points of all different sample capillaries against 

the concentration contained in the capillary, which results in the shown binding curve used for the 

final binding affinity calculations. Every capillary contains a different amount of ligand, but the same 

amount of fluorophore, and is measured as shown of the left side. Each single measurement results in 

one of the points used for the fitting as highlighted on the right side.  The concentration of the 

fluorescent components is kept constant, whereas the concentration of the ligand is increased in each 

capillary until the saturation of the binding is achieved.  

 

 

The capability of Microscale Thermophoresis to measure binding affinities between small 

molecules or polymers and fluorescently labelled nucleic acids has already been proven by 

our group in different studies. [19, 24, 31] The simple set up of MST allows for the 

determination of affinities in a timely manner making it the method of choice for the analysis 

of small molecules binding to DNA and, therefore, was used in this work. 
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5.2.1 Doxorubicin – DNA intercalation 

To simulate the binding of the different doxorubicin-indole conjugates towards dsDNA, a Cy5 

labelled model dsDNA (12 base pairs) was used. The plotting of the measured fluorescent signal of 

the different prepared capillaries against the doxorubicin-derivative concentrations was performed for 

varying concentrations of the drug in each sample (c = 7812.5 – 7.6 nM) and a constant concentration 

of 50 nM Cy5 labelled DNA. For example, Figure 66 shows the obtained binding curve of 5-17 that 

can be used to calculate the binding affinity constant. Similar curves could be measured for 

doxorubicin, doxorubicin – indole NO2 (5-4) and doxorubicin – indole NH2 (5-11) as summarized in  

Table 4.  

 

Table 4: Binding affinity constants between a 12 base pair long DNA and doxorubicin as well as 5-4, 

5-11 and 5-17 

Molecule Binding affinity Ka in 10
6
 * M

-1
 

Doxorubicin 0.37 

Doxorubicin – Indole NO2 (5-4) 2.35 

Doxorubicin – Indole NH2 (5-11) 8.13 

Doxorubicin – Indole-Indole NH2 (5-17) 27.03 
 

The measured binding affinities confirm the expectation that the synthesized doxorubicin-indole 

conjugates have a stronger binding towards dsDNA compared to doxorubicin alone, based on the 

additional minor groove binding of the introduced indole. Whereas 5-4 already shows a 7 times (Ka = 

2.35 * 10
6
 M

-1
) stronger binding affinity compared to single doxorubicin, 5-11 as well as 5-17 show 

almost 20 times (Ka = 8.13 * 10
6
 M

-1
), respectively 70 times (Ka = 27.03 * 10

6
 M

-1
), stronger binding 

affinities. By interpreting the values given in  

Table 4, it can be stated that the amount of indole units as well as the functional group 

attached to the indole have an influence on the binding affinity towards the dsDNA. As 

already shown by Zhao and co-workers, two indole molecules have the ideal size for dsDNA 

minor grove binding. [32] Nevertheless, we can prove that one indole unit attached to 

doxorubicin also increases the dsDNA binding significantly. Concerning the utilized 

functional groups, amino- versus nitro-group, it can be declared that the increased binding 

affinity of 5-11 with an amino group is not only caused by the formation of more hydrogen 

bonds to the DNA backbone, but also due to improved water solubility.  Figure 66 is an 

example for plotting the thermophoresis data of the measured fluorescent signal against the 

concentration of the doxorubicin-indole derivative. The corresponding figures of 

doxorubicin, 5-4 as well as 5-11 are given in the appendix (appendix 9). 
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Figure 66: Thermophoresis data compound 5-17, plotting of the measured fluorescent signal against 

the doxorubicin-indole-indole NH2 (5-17) concentration of each sample prepared (c (5-17) = 7812.5 – 

7.6 nM) at a constant concentration of 50 nM Cy5 labelled DNA (12 base pairs) in each sample. 

Settings used are LED 60% and LAS 10%, Buffer MST, Absorption red – Emission red 

 

5.3 Toxicity studies of the doxorubicin-indole conjugates 

The cytotoxicity of conjugate 5-11 was investigated on three different cell lines: the wild 

type and doxorubicin resistant neuroblastoma tumor cell lines (Kelly wt and Kelly ADR) as 

well as the breast cancer cell line MCF7. The IC50 values were determined by a 

luminescence-based cell viability assay. Compared to the binding affinity calculations by 

means of MST, the determined IC50 values (Table 5) showed a lower toxicity compared to 

doxorubicin alone (IC50 = 0.5µM). Nevertheless, compound 5-11 showed higher efficiency 

against the wild type neuroblastoma cell line in comparison with the resistant type and the 

MCF7 cell line.  

 

The lower toxicity values could be explained by the lower cellular uptake of the 

doxorubicin-indole conjugate compared to doxorubicin. In order to perform the cell tests, all 

tested conjugates had to be initially dissolved in DMSO and were then diluted with MilliQ 

water to reduce the DMSO content to 10%. Otherwise the conjugates were almost insoluble 

in water. Solubility tests in water already showed the poorer solubility of the doxorubicin-

indole conjugates compared to doxorubicin, which can be explained by the fact that the 

aromatic amine of the indole is less basic and, thus, probably not charged at pH 7 compared 

to the aliphatic amine of doxorubicin. Furthermore, the possibility of aggregation in solution 
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due to π-π stacking is increased by the introduction of the indole part and further reduces the 

water solubility. 

 

However, in order to circumvent this problem of poor water solubility of compound 5-11, 

the counter ion acetate was substituted by either chlorine or sulfonate, but in both cases the 

determined IC50 values did not change significantly. Therefore, additional cytotoxicity test 

for 5-4 and 5-17 were not performed, as both compounds even showed lower water 

solubility.  

 

Table 5: IC50 values of doxorubicin-indole NH2 (5-11) for different cell lines 

Cell line IC50 [µM] 

MCF7 12.65 

Kelly Wt 9.77 

Kelly ADR 17.19 

 

In contrast to doxorubicin, the anticancer drug paclitaxel (taxol) has relatively poor water 

solubility, but still possesses high toxicity, which qualifies it to be used to treat different 

cancer types such as ovarian, beast or lung cancer. A similar behavior has been expected for 

the doxorubicin-indole derivative. However, in the end it has to be stated that the toxicity 

studies could not confirm our hypothesis of a higher toxicity of the novel conjugates 

compared to doxorubicin, although the MST results were still very promising.  

 

There are many factors that can influence cell cytotoxicity like solubility, side of action, bio 

distribution, or plasma stability. The results presented herein satisfied the expectations of 

creating conjugates combining DNA intercalation and minor grove binding with binding 

affinities towards DNA stronger than doxorubicin. However, the limiting factor in this study 

is the poor cytotoxicity influenced by the low water solubility of the conjugates compared to 

native doxorubicin. A better water solubility is supposed to lead to higher intracellular 

concentrations and therefore lower IC50 values.  

 

Although 5-20 (doxorubicin-indole with guanidine group) could not yet be synthesized 

successfully it is assumed that this molecule would have had the highest water solubility and 

toxicity of the synthesized conjugates, as the guanidine group is charged around pH 7. 

Although this remains to be proven, the synthesis of 5-20 is highly attractive towards finding 

novel and powerful anticancer agents.  

 



C h a p t e r  5  

  

 
141 

Unfortunately, even when we have an excellent idea in hand we often encounter problems 

due to the complexity of biological systems that we cannot always predict, yet this 

experience helps us to move forward in creating more efficient anticancer agents. One way 

to do so is to find suitable delivery systems such as cell-penetrating peptides or water soluble 

polymers for these proposed conjugates. A second possibility would be to introduce other 

functional groups to the indole to form a sulfonate- or phosphate-esters possessing higher 

water solubility. 
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6 Summary and Perspective 

Disulfide-intercalating agents belong to a relatively young subclass of bioorthogonal 

coupling reagents, which is gaining interest in the field of bioconjugate chemistry as they 

enable the site-selective modification of complex peptides and proteins without changing 

their structure or function. This work was focused on the design and synthesis of two novel 

disulfide intercalating systems for such modification purposes. Depending on the different 

application either drugs, chromophores or polymers were successfully attached to octreotide. 

Furthermore, novel doxorubicin derivatives combining DNA intercalation as well as DNA 

minor grove binding have been developed and their binding to DNA was compared to 

doxorubicin using microscale thermophoresis.  

 

In Chapter 3, the development of a novel cross linker reagent, which is based on the amino 

acid cysteine was described. It is similar to the bis-disulfide linker system introduced 

previously in our group, whereupon the number of atoms which are intercalating between the 

disulfide bridge during the reaction was significantly reduced. This is an important aspect 

that can greatly influence the function of peptides upon modification (Figure 67: structure 

left). In addition, this linker system can be cleaved under reductive conditions unlike 

previous analogues. 

 

 

Figure 67: Schematic overview of the two different novel approaches in the field of disulfide 

intercalation reagents, the structure left shows the disulfide based linker system described in Chapter 

3, whereas the structure right shows the novel linker system based on 3,3-dichloroacrylic acid 

discussed in Chapter 4 

 

The somatostatin analogue octreotide was chosen as the model peptide, because of its high 

affinity towards somatostatin receptors 2 and 5, which are overexpressed on various tumor 

cells and primary tumor tissues such as human pancreatic carcinoid BON cells or non-small 

cell lung cancer. [1] Based on this interaction, a targeted delivery of a perylene chromophore 

and chemotherapeutic drug towards tumor cells was accomplished, as proven by microscopy 

and cell toxicity experiments. Thereby, higher toxicity values for the doxorubicin-octreotide 
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conjugate could be achieved compared to the literature, mainly because the drug was 

attached via a hydrazone bond instead of an oxime bond as previously reported. The 

difference between both groups is the stability at acidic pH. Whereas the oxime bond is 

stable at acidic pH and does not enable the drug to release inside the cell, the aforementioned 

hydrazone bond undergoes hydrolysis in an acidic environment like within an endosome to 

free doxorubicin inside the cellular organelles and the cytoplasm of tumor cells (Figure 68). 

[2]  Different cleavage studies in the presence of glutathione or at acidic pH proved the 

formation of the expected cleavage products. Furthermore, by the addition of different 

functional groups to the linker system and, thus, to octreotide (e.g. ethynyl-, iodo-, 

hydroxylamine, hydrazine, amine – and carboxylic acid group), a new platform was created 

that enable a high portfolio of chemical modification reactions to be performed on 

octreotide. 

 

Figure 68: Microscopy images (bright field as well as fluorescence channel) of the doxorubicin-

octreotide conjugate described in Chapter 3 for a targeted delivery of doxorubicin towards MIA PaCa-

2 cell lines, which have an overexpression of somatostatin receptors, proving the receptor mediated 

uptake of the synthesized conjugates. In contrast, there is almost no uptake in A549 cells, which are 

lacking the corresponding receptor. Scale bar 15 µm, red fluorescence color is caused by the intrinsic 

fluorescence of doxorubicin 

 

The drawback of conventional chemical techniques, which often result in heterogeneous 

product mixtures due to the poor selectivity of the chosen functional groups, was discussed 

in Chapter 4. The primary aim in this part was to prepare the smallest cross-linker possible to 

avoid any disturbance on the structure of the peptide. Therefore, the synthetic approach 

presented focused on the modification of peptides and proteins at the disulfide bond by a 
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novel class of intercalating agents based on 3,3-dichloroacrylic acid, the smallest possible 

conjugate to modify disulfide bonds (Figure 67: structure right). This technique was 

successfully established for the modification of octreotide by PEGylation, a novel NIR 

absorbing perylene-monoimide dye (Figure 69) and the anticancer drug doxorubicin.  

 

 

Figure 69: Chemical structure of the PMI-octreotide conjugate (blue: PMI dye, orange: disulfide 

intercalating system, green: receptor binding motif of octreotide responsible for the receptor 

interaction); microscopy images (bright field as well as fluorescence channel) again prove the receptor 

mediated uptake of the conjugates towards Mia PaCa-2 cells only, indicated by the red fluorescent 

dots representing PMI fluorescence, scale bar 15 µm 

 

After computational calculations and circular dichroism studies were carried out, the 

complete spatial structure recovery was proven by the successful interaction of the novel 

synthesized octreotide conjugates with the corresponding somatostatin receptors. Coupling 
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of a novel synthesized NIR dye to octreotide based on this disulfide-intercalation linker 

showed high potential in trafficking studies of tumor cells which overexpress somatostatin 

receptors 2 and 5. Finally, doxorubicin was coupled to octreotide to realize a targeted 

delivery to the tumor site based on the receptor mediated cell uptake of the conjugate. First 

cleavage studies were carried out under conditions which mimic the low pH of the endo-

lysosomal environment in cells, and the successful release of doxorubicin due to the 

introduced hydrazone bond was demonstrated. The targeted cytotoxic effects of the 

conjugate were stronger by a factor of 7 for the positive MIA Paca-2 cells compared to the 

negative A549 cells (Figure 70).  

 

Figure 70: Schematic overview on the general cleavage principle of the synthesized doxorubicin-

octreotide conjugate at acidic pH enabling the native drug to be released. The table proves the targeted 

delivery of the drug-peptide conjugates towards MIA PaCa-2 cells, which overexpress cell surface 

somatostatin receptors. 

 

Due to the selective tumor targeting based on the attached octreotide, higher doses of the 

drug-peptide conjugate could be applied in contrast to doxorubicin, which is lacking the 

targeting effect and, therefore, causing almost the same toxicity to every cell line. In addition 

to this, doxorubicin is known to suffer from multidrug resistance (MDR), which means that 

the therapeutic efficacy of the anticancer drug is limited. The mechanism related to this drug 

inefficiency typically involves membrane proteins (e.g. P-glycoproteins) that belong to the 



C h a p t e r  6  

 

 
149 

ATP-binding cassette transporter superfamily. [3-5] Therefore, further studies, especially 

cell toxicity tests, should focus on the cytotoxic effect of the drug-peptide conjugate on drug 

sensitivity as well as doxorubicin-resistant cancer cells to evaluate if drug resistance can be 

overcome.  

 

The crucial advantage of the novel linker system is in addition to fast coupling reactions with 

high yields and the low number of reaction steps to obtain the final conjugate, that only one 

carbon atom is introduced between the initial disulfide bonds, properties which could not be 

achieved so far. In addition, 3,3-dichloroacrylic acid is commercially available, which means 

the molecule can directly be used for the conjugation of cargo and peptide.  

 

Future work should have a closer look at the possibility to use the novel small linker system 

for the modification of bigger peptides and proteins possessing accessible disulfide bonds as 

interferons or interleukins. The same is true for the disulfide based crosslinker described in 

Chapter 3, although 3,3-dichloroacrylic acid is expected to be more successful due to the 

introduction of only one atom between the sulfur atoms of the initial disulfide bond. For 

instance, the novel systems can be used for the PEGylation of diverse peptides suffering 

from short plasma half-life or instability due to the enzymatically digestion.  

 

Due to its small size, its proven stability and the possibility to introduce cleavable functional 

groups, the novel developed 3,3-dichloroacrylamide based linker offers great potential for 

the modification of various biomolecules in future applications. 

 

Additionally, the novel conjugation system could be further improved in future by the 

substitution of the chlorine atoms with bromine, as those are more reactive in the described 

doubled addition-elimination process with the sulfhydryl groups of the reduced peptide. As 

3,3-dibromoacrylic acid is not commercially available compared to 3,3-dichloroacrylic acid, 

it was already synthesized successfully using one step only starting from 1,1,3,3-

tetrabromoacetone (compound 7-3). A Favorsky rearrangement of the tetra halo ketone 

dissolved in an aqueous sodium carbonate solution yielded the expected Favorsky product 

3,3-dibromoacrylic acid 7-4 (Scheme 21). [6] Coupling reactions with dyes, chromophores 

and polymers could be accomplished as described in Chapter 4. Initial tests have already 

been performed by the coupling of the doxorubicin-dibromo-linker 7-7 to octreotide, 

indicating that the final peptide modification is possible in situ, which means that the peptide 

does not need to be purified after the reduction with TCEP before coupling. In contrast, 

coupling reactions with the linker systems described herein in Chapter 3 and Chapter 4 were 
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always performed after an additional purification step of the peptide after the successful 

reduction, in order to avoid any side reaction with the reducing agent.  

 

 

Scheme 21: Synthesis pathway of the novel Doxorubicin-dibromo-linker 7-7, experimental conditions 

are given in appendix 10.  

 

Compared to the modification of peptides described in the previous chapters, Chapter 5 

concentrated on the modification of the anticancer drug doxorubicin, with the intention to 

increase its binding affinity towards dsDNA and, thus, enable higher cell toxicity. 

Doxorubicin was used as the DNA intercalation substrate and was functionalized at its sugar 

amine with different indole derivatives which are known to be DNA minor groove binders 

(Figure 71 and Figure 72). 
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Figure 71: Schematic overview of a doxorubicin-indole conjugate as well as the expected DNA 

binding that combines DNA intercalation and minor groove binding 

Binding affinity studies via Microscale Thermophoresis confirmed our expectations. All 

synthesized conjugates had a significantly stronger binding towards DNA compared to 

doxorubicin. However, final toxicity tests showed the opposite result as expected based on a 

lower toxicity compared to doxorubicin, which is assumed to be caused by the poor water 

solubility of the conjugates.  

 

 

Figure 72: Alternative doxorubicin-indole conjugates with an optimized performance concerning 

improved water solubility 
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Unfortunately, even when we have an excellent idea to counter such challenges we often 

encounter problems due to the complexity of biological systems that we cannot always 

predict, but, nevertheless, this experience helps us to move forward in creating more efficient 

anticancer agents. One way to do so is to find suitable delivery systems such as cell-

penetrating peptides or water soluble polymers for these proposed conjugates like liposomal 

formulations. A second possibility would be the introduction of additional functional groups 

to the indole to form a sulfonate- or phosphate-esters. 

 

 

In the end, we can admit that the chemical approaches and results presented in this work can 

find widespread application in the modification of therapeutic proteins.  

 

 

But for sure, coming back to the introduction of this thesis, we are by far not at the end of the 

journey of taking advantage of bioconjugation to create novel tools for research, 

diagnostics, and therapeutics. 
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7 Experimental part 

7.1 General methods 

7.1.1 Chemicals and solvents 

Solvents, chemicals and reagents were bought from commercial sources (Acros Organics, 

Alfa Aesar, AppliChem, ABCR, Deutero, Fisher Scientific, Fluka, Merck, Rapp Polymere 

and Sigma Aldrich) and used without further purification. Doxorubicin hydrochloride and 

octreotide diacetate were purchased from Ontario Chemicals, Inc. (Guelph, Ontario, 

Canada). Cell viability was determined using CellTiter-Glo® Assay (Promega Corporation) 

according to the manufacturer’s instructions.WST-1 colorimetric cell viability assay was 

ordered from Roche Molecular Biochemicals (Mannheim, Germany). 

5’ labelled oligo DNA with Cy5 (12 bp DNA: sequence 5’ - CGCGCGCGCGCG - 3’, 36 bp 

DNA: 5‘–TCGACCGTTCTGCCACGTGATATCTGAGTCAGCTTA – 3‘) was purchased 

by the company Thermo Fisher Scientific GmbH. Labeled siRNA was provided by the group 

of Prof. Dr. Helm (JGU Mainz).  

7.1.2 Chromatography 

Preparative column chromatography was performed on silica gel from Macherey Nagel with 

a grain size of 0.063 – 0.200 mm (silica gel) or 0.04 – 0.063 (flash silica gel).  

For analytical thin layer chromatography (TLC), silica gel coated aluminum foils 

(ALUGRAM® SIL G/UV254) were used. Compounds were detected by fluorescence 

quenching at 254 nm, self-fluorescence at 366 nm and staining with potassium permanganate 

or ninhydrin. For eluents, analytically pure solvents (p.a. or technical grade) were distilled 

prior to use.  Corresponding mix ratios of the solvents are listed in the synthesis part. 

 

7.1.3 Inert Atmosphere 

Oxygen or moisture sensitive reactions were carried out under argon atmosphere (grade 4.8, 

Westfalen AG). Reactions were degassed by purging a stream of argon through the reaction 

mixture. 
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7.2 Analytical Techniques 

7.2.1 RP-HPLC 

RP-HPLC was conducted on a Jasco LC-2000Plus system (Groß-Umstadt, Germany), with 

appropriate diode array detector (MD-2015), solvent delivery pumps (PU-2086) and 

columns. Analytical RP-HPLC was carried out with a ReproSil 100 C18 (250 x 4.6 mm) 

column from Jasco with 5 µm particle size as a stationary phase and a flow rate of 1 ml/min. 

Purification of the products was performed on a Jasco ReproSil 100 C18 (250 x 20 mm) 

column with a flow rate of 15 ml/min and 5 µm silica as stationary phase. The applied 

eluents were 25 mM triethylammonium acetate buffer (pH 7) [A] and acetonitrile [B] with a 

linear gradient.  

 

RP-HPLC-MS studies were conducted on a Jasco LC- 2000Plus System and analyzation was 

performed with an Agilent 1290 UHPLC system equipped with a Agilent 6490 triple 

quadrupole mass spectrometer. 

 

7.2.2 Mass spectrometry 

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry 

was performed on a Bruker Reflex II TOF spectrometer equipped with a 337 nm nitrogen 

laser. 2,5-Dihydroxybenzoic acid or α-cyano-4-hydroxycinnamic acid (peptidic sample) 

were utilized as matrix.  

FD mass spectra were obtained on a VG Instruments ZAB 2-SE-FPD (8 kV) spectrometer 

and electrospray ionization (ESI) mass spectrometry was carried out on a Waters/Micromass 

QToF Ultima spectrometer. 

 

7.2.3 NMR spectroscopy 

The NMR experiments were performed on an Bruker Avance III 250, AMX 300, Bruker 

DRX 500, Bruker Avance III 700 and Bruker WB 850 (Bruker Avance III) spectrometer, as 

well as on an Avance-III 600 MHz spectrometer (Bruker, Rheinstetten, Germany) equipped 

with a TCI cryoprobe using standard pulse sequences from the Bruker library provided with 

TopSpin 3.5 pl2. For DOSY experiments an Avance-III HD 400 MHz (Bruker, Rheinstetten, 

Germany) equipped with a BBFO-Smart probe was used. The 
1
H and 

13
C chemical shifts 

were referenced to the residual solvent signal (DMSO-d6: δH = 2.50 ppm, DMSO-d6: δC = 
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39.52 ppm), (CD2HOD: δH = 3.31 ppm, CD3OD: δC = 49.00 ppm)  and the 
15

N chemical 

shifts are given relative to liquid ammonia (NH3(aq): δN = 0.0 ppm). Coupling constants (J) 

are given in Hz. 

 

7.2.4 Microscale Thermophoresis 

Measurements were performed on a NanoTemper Monolith NT.115 instrument using the red 

filter (absorption: 600-650 nm, emission: 675 – 690 nm) for excitation and detection of 

fluorescence. The measurement was performed in standard capillaries at different LED and 

IR-Laser intensities with Laser-On time 30 sec between Laser-Off time 5 sec in the 

beginning and the end. To determine the affinity of a binding reaction, a titration series of 

one binding partner was performed while the fluorescent binding partner (siRNA or labeled 

DNA) was kept at a constant concentration. 

Binding of the polymer particles to fluorescently labeled siRNA was quantified in phosphate 

buffered saline (PBS, pH 7.4, purchased from life Technologies
TM

). The ratio of polymer-

particle to siRNA was varied from 1 to 250. After mixing both components the samples were 

incubated for 20 minutes at ambient temperature for complexation.  

Binding of doxorubicin and doxorubicin-derivatives to Cy5-labeled DNA was quantified in a 

special prepared buffer (50 mM TRIS Puffer (pH 6.5), 15 mM sodium chloride, 10 mM 

magnesium chloride, 0.05 % Tween 20). 

Analysis and fitting of the detected signals was performed with the software NT Analysis 

1.4.27 based on the theoretic calculations described by Jerabek-Willemsen et al. and Baaske 

et al.
[3, 4]

 

 

7.2.5 SDS-PAGE  

SDS-PAGE was carried out with NuPAGE
®
 Novex

®
 16 % Tricine  Gels (1.0 mm, 12 well) 

and NuPAGE Tricine SDS Buffer Kit from Invitrogen. Appropriate staining of the peptide 

bands upon SDS-PAGE was accomplished with Coomassie Brilliant Blue and a 5% - barium 

iodine solution as well as 0.1 M iod solution was used for PEG staining. The obtained bands 

were compared to the Kaleidoscope Prestained Standard (Catalog number 161-0324) and the 

polypeptide SDS-PAGE Molecular Weight Standard (Catalog Number 161-0326). 
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7.2.6 Circular dichroism spectroscopy 

The ECD and UV spectra were recorded on a J-815 circular dichroism spectropolarimeter 

(Jasco, Tokyo, Japan) using a quartz glass cuvette with a path length of 1 mm and a spectral 

range of 300–180 nm. The scan speed was set to 20 nm/min and the number of repetitions to 

8. An aqueous 10 mM phosphate buffer at pH 7.6 was used as solvent during all 

measurements. The concentration was about 0.08 mmol/L. The baseline was corrected by 

subtraction of a solvent spectrum obtained with the same parameters.  

 

7.2.7 pH dependent cleavage studies 

A 0.5 mM solution of the dye or doxorubicin conjugate either in Dulbecco’s phosphate-

buffered saline (DPBS) or in a phosphate buffer with pH 5 was incubated at 37 °C in an 

Eppendorf Thermomixer compact (300 rpm). The stability of the conjugate was monitored 

by RP-HPLC on a Jasco LC - 2000Plus System for 24 h. The degradation products were 

analyzed by comparison with reference compounds. 

 

7.2.8 GPC 

All polymers were characterized using gel permeation chromatography (GPC) with 

dimethylformamide (DMF) as eluent. GPC in DMF was performed at 60°C. The columns 

used were PSS GRAM 100 and PSS GRAM 1000 (particle size: 10 μm, porosity: 100 and 

1000 Å, PSS Mainz). A refractive index detector (SECurity RID, PSS) and a UV Detector 

(SECurity VWD, wavelength: 270 nm, PSS) were used to detect the polymer. Molecular 

weights were calculated using a calibration performed with PEO standards (Polymer 

Standards Services GmbH, Mainz). 
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7.2.9 Cell cultures 

Human pancreatic carcinoma cells MIA PaCa-2 were purchased from DSMZ (German 

Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) and cultured in 

Dulbecco´s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS), 2.5% heat-inactivated horse serum and 1% Penicillin/Streptomycin 

antibiotics (Life Technologies, Darmstadt, Germany). The human lung carcinoma cells 

A549 

(ATCC CCL-185) were grown in F-12K medium (Kaighn’s modification of Ham’s F-12 

medium) supplemented with 10% fetal calf serum (FCS) and 100 units/mL penicillin as well 

as 

100 μg/mL streptomycin. Cells did not exceed passage 14 and were cultured in DMEM 

supplemented with 10% FCS, 2 nM glutamine and 10
5
 IU/l Penicillin-Streptomycin. The 

above-mentioned cells were maintained at 37°C and 5% CO2 in a humidified incubator and 

were subcultured every 3-4 days with 0.25% trypsin. Cell culture materials were from Life 

Technologies, Nunc and Sigma Aldrich. 

7.2.10 Cell viability assay 

The cytotoxic effects of doxorubicin, octreotide and the hybrid on MIA PaCa-2 and A549 

cells were investigated with the CellTiter-Glo cell proliferation assay according to 

manufacturer´s instructions. Briefly, cells were seeded into 96-well plates with a density of 

3x10
3
 cells per well in 100 µl medium and incubated to allow attachment. After 24 h the 

medium was removed and Doxorubicin or the Doxorubicin derivative was added at various 

concentrations from 0.1-50 µM in 100 µl serum free medium. The cells were incubated for 

24 h and 72h with the drugs added directly into the cell culture medium.  Cell viability was 

determined 24h and 72h after treatment with the compounds based on quantitation of ATP 

by the CellTiter-Glo luminescent cell viability assay. The evolved luminescence was 

measured on a Tecan plate reader (Grödig, Austria) to quantify the viability of the cells in 

each well. Wells without drug treatment were used to obtain 100% cell viability and blank 

wells with medium only were subtracted from sample wells and control cells. Drug 

concentrations were transformed into a logarithmic scale prior to analysis and the obtained 

data from the survival curves were expressed as IC50 values in μM. Every experiment was 

performed in independent triplicates. The viability of AtT-20 cells was determined in a 

similar manner 72 h after treatment with the compounds using the WST-1 colorimetric assay 

at 450 nm (Roche Molecular Biochemicals). 
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7.2.11 Fluorescence Microscopy  

For fluorescence microscopy imaging, cells were seeded at a concentration of 1 × 10
4
 cells 

per well in 200 µL of cell culture medium without phenol red and grown for 24 h. 8-well 

chambered cover glasses with a polymer bottom were used (µ-Slide 8 Well, IbiTreat, ibidi). 

A 1 mM solution of the respective compound was prepared in DMSO and diluted to the 

indicated concentration. Stock solutions were prepared direct prior being used. 

The subcellular localization of the respective conjugate was tested in different cell lines with 

live cells at 37°C and 5% CO2. Widefield images were obtained with a 60x/1.4 oil 

immersion objective on an inverse Olympus microscope (IX70) using following filters: for 

perylene monoimide derivatives - BP 628/40, BP 692/40. 

Fluorescence confocal laser scanning microscopy (CLSM) images were acquired with a TCS 

SP5 (Leica) equipped with a 63x/1.4 and 100×/1.4 oil objective and an incubation chamber 

for live cell imaging (37°C, 5 % CO2). The respective PMI conjugate was excited by an 

argon laser at λex = 633 nm (power set to 10 %) and the emission range was set to λem =  680-

760 nm. Dox-containing conjugate was excited at 488 nm (power set to 15 %) and the 

emission range was set to λem = 540-640 nm. Staining of the nucleus was obtained via 

DRAQ5 (2.5 µM final concentration, Thermo Fisher Scientific) excited with HeNe laser 

(633 nm, power set to 15 %) and detected at 680-760. 

 

 

7.2.12 Determination of adrenocorticotropic hormone (ACTH) secretion 

The ACTH secretion of AtT-20 cells was determined by a radioimmunoassay as previously 

described by Stalla et al., and the obtained values were normalized with the cell viability 

results from the WST-1 assay. The ACTH antisera were produced in rabbits using a synthetic 

βM-23-corticotropin-amide-bovine thyroglobulin conjugate. For the ACTH RIA, we used 

the antibody AC2-VII with a working dilution of 1:10.000. As tracer we used ACTH 1−39 

(Bachem) labeled with 125J (PerkinElmer,Waltham, MA) with the chloramine-T method. 

One-hundred microliters of the diluted supernatants were incubated with 100 μL of the 

primary antibody plus 100 μL of tracer (20.000 cpm/100 μL) for 24 h at +4 °C. The day 

after, 100 μL of secondary goat antirabbit (1:50, Upstate) was added and incubated for 1 h at 

room temperature. After washing with 6% polyethylene glycol 6000 (Merck) twice, 

radioactivity was measured in the gamma counter (PerkinElmer, Waltham, MA). Final 

ACTH values are presented as (pg/mL)/OD450 nm. 
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7.2.13 Computational details 

The UFF, AM1 and PM6 calculations were performed using Gaussian 09 (Rev. D.01).
1
 DFT 

calculations were performed using the Orca 3.0.3 program package.
2
 The B3LYP

3
 and 

B2GP-PLYP
4
 functionals were used together with the def2-TZVPP or def2-QZVPP basis 

sets, respectively.
5
 The RIJCOSX approximation was used in combination with the 

corresponding auxiliary basis sets.
6
 The D3BJ empirical dispersion correction was included.

7
 

Tight SCF and geometry optimization convergence criteria were used together with the 

following grid settings: Grid4 FinalGrid5 GridX4. The one- and two-dimensional surface 

scans were performed using step sizes of 10° for the corresponding dihedral angles. The 

stationary points were reoptimized without constraints and identified as local minima by 

calculation of the full exact hessian (yielding no imaginary frequency). 
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7.3 Organic synthesis 

7.3.1 Compounds part 3: 

2-(2-pyridyldithio)ethylamine hydrochloride 

(3-2) 

 

 

 

2,2-Dithiodipyridine (2 g, 17.61 mmol) was dissolved in 50 ml methanol and degassed in an 

ultrasonic bath for 30 minutes. To this solution 2-mercaptoethylamine hydrochloride (23 g, 

105.63 mmol, 3-1) was slowly added within one hour. Afterwards, the flask was sealed with 

a septum and the reaction mixture was stirred overnight at room temperature under argon. 

The yellow solution was precipitated twice in cold diethyl ether and the product was 

obtained as a colorless crystalline solid. 

 

Yield 

3.92 g, 17.61 mmol, quantitative yield  

MS 

m/z (MALDI-TOF) 187.00 [M+H]
+
; 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.56-8.46 (m, 1H), 8.30 (s, 3H), 7.88-7.80 (m, 1H), 7.76 (d, 1H), 7.34-7.25 (m, 

1H), 3.17-3.01 (m, 4H);
  

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 158.09, 149.80, 137.89, 121.59, 120.00, 37.65, 34.74 

 

 

2,5-Dioxopyrrolidin-1-yl-2-(tert-butoxycarbonyl)aminooxyacetat 

(3-4) 
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Initially, a slurry of N-hydroxysuccinimide (189.62 mg, 1.65 mmol) and (Boc-

aminooxy)acetic acid (300 mg, 1.57 mmol, 3-3) in 10 ml dry dichloromethane (DCM) was 

prepared. Under argon N,N´-diisopropylcarbodiimide (22.74 mg, 282,56 µl, 1.80 mmol) was 

added and the clear solution was stirred for 4 h. Afterwards, the precipitated urea was filtered 

off and washed with a small amount of DCM. The obtained solution was diluted with 100 ml 

DCM and washed four times with brine. The organic layer was dried with magnesium sulfate 

and the solvent was removed in vacuo to obtain the product as a colorless solid. 

 

Yield 

 0.420 mg, 1.46 mmol, 93% 

MS 

m/z (MALDI-TOF) 357.04 [M+3Na]
+
 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 10.36 (s, 1H), 4.82 (s, 2H), 2.84 (s, 4H), 1.42 (s, 9H)
 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 169.95, 165.14, 156.57, 80.60, 69.90, 27.93, 25.47 

 

 

N-(tert-butoxycarbonyl)-S-(pyridin-2-ylthio)cysteine 

(3-6) 

 

 

 

2,2-Dithiodipyridine (11.95 g, 54.23 mmol) was dissolved in 50 ml methanol and degassed 

in an ultrasonic bath for 30 minutes. To this solution Boc-cysteine (2 g, 9.04 mmol, 3-5) was 

slowly added within one hour. Afterwards, the flask was sealed with a septum and the 

reaction mixture was stirred overnight at room temperature under argon. Afterwards the 

solvent was removed in vacuo, the yellow oil was again dissolved in acetone and precipitated 

three times in cold hexane. The product was obtained as a colorless crystalline solid. 
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Yield 

2.99 g, 9.04 mmol, quantitative yield 

MS 

m/z (ESI-TOF) 331.4 [M+H]
+
, 353.8 [M+Na]

+
, 369.1 [M+K]

+
 
  

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.88 (s, 1H), 8.47 (d, 2H), 7.78 (m, 3H), 7.39 (d, 2H), 7.25 (m, 2H), 4.16 (m, 

1H), 3.13 (m, 2H), 1.39 (s, 9H)
 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 172.16, 158.76, 155.35, 149.16, 137.79, 121.26, 119.31, 78.33, 52.73, 39.97, 

28.15 

 

tert-butyl (1-oxo-3-(pyridin-2-yldisulfanyl)-1-((2-(pyridin-2-

yldisulfanyl)ethyl)amino)propan-2-yl)carbamate  

(3-7) 

 

The Boc protected cysteine derivative (2 g mg, 6.05 mmol, 3-6), N,N,N,N-tetramethyl-O-(N-

succinimidyl)uronium tetrafluoroborate (2 g, 6.86 mmol) and 3-2 (1.47 g, 6.86 mmol) were 

dissolved in 20 ml dry N,N-dimethylformamide (DMF). N,N-diisopropylethylamine 

(DIPEA) (4.22 ml, 24.21 mmol) was added and the solution was stirred in an argon 

atmosphere for 4 h at room temperature. Subsequently, 350 ml ethyl acetate was added and 

the solution was washed three times with brine. The organic layer was dried with magnesium 

sulfate and the solvent was removed in vacuo. Afterwards, the residue was purified by silica 

gel column chromatography (ethyl acetate) to obtain the product as yellow oil. 

 

Yield 

2.62 g, 5.25 mmol, 86% 

MS 

m/z (ESI-TOF) 499.13 [M+H]
+
, 521.11 [M+Na]

+
, 537.08 [M+K]

+ 

m/z (HR ESI-TOF) 499.0987 [M+H]
+ 

(calc. 499.0966)
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 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.48 – 8.44 (m, 2H), 8.27 (t, J = 5.8 Hz, 1H), 7.83 – 7.78 (m, 2H), 7.77 – 7.60 (m, 

2H), 7.30 – 7.26 (m, 1H), 7.24 (ddt, J = 7.2, 4.7, 1.5 Hz, 2H), 4.16 (m, J = 8.7, 4.6 Hz, 1H), 

3.37 (m, J = 12.9, 6.6 Hz, 1H), 3.29 (m, J = 13.4, 6.4 Hz, 1H), 3.14 (dd, J = 13.4, 4.8 Hz, 

1H), 3.08 – 2.99 (m, 1H), 2.92 – 2.84 (m, 2H), 1.37 (d, 9H)
 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.09, 158.99, 157.33, 155.22, 149.65, 137.95, 121.82, 119.34, 78.44, 53.66, 

40.94, 37.89, 37.26, 28.17. 

 

 

4-oxo-4-((1-oxo-3-(pyridin-2-yldisulfanyl)-1-((2-(pyridin-2-

zldisulfanyl)ethyl)amino)propan-2-yl)amino)butanoic acid 

(3-9) 

 

 

The modified Boc-cysteine derivate (500 mg, 1,00 mmol, 3-7) was dissolved in 10 ml dry 

DCM and 5 ml of trifluoroacetic acid (TFA) was added. This solution was stirred for 1 h at 

room temperature followed by removal of solvent and reagent under reduced pressure. The 

obtained oil was dissolved in 5 ml dry NMP and consecutively DIPEA (776.09 mg, 1.05 ml, 

6 mmol) and succinic anhydride (600.9 mg, 6 mmol) was added. Subsequently, the reaction 

mixture was stirred under argon for 2 h at room temperature. Afterwards, the solution was 

diluted with 250 ml ethyl acetate, washed three times with brine and dried over magnesium 

sulfate. The solvent was removed in vacuo to obtain the product as yellow oil. 

 

Yield 

341 mg, 683.85 µmol, 68% 

MS 

m/z (MALDI-TOF) 520.82 [M+Na]
+
, 542.77 [M+2Na]

+
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 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.15 (s, 1H), 8.52 – 8.43 (m, 2H), 8.36 (d, J = 8.0 Hz, 1H), 8.23 (t, J = 5.7 Hz, 

1H), 7.81 (m, J = 9.8, 7.1, 4.7, 2.1 Hz, 2H), 7.75 (m, J = 8.1, 4.7, 1.1 Hz, 2H), 7.31 – 7.21 

(m, 2H), 4.47 (td, J = 8.0, 5.2 Hz, 1H), 3.34 (m, 1H), 3.21 – 3.13 (m, 1H), 3.04 – 2.96 (m, 

1H), 2.88 (m, 1H), 2.49 – 2.40 (m, 4H)
 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 173.57, 171.31, 169.74, 159.00, 149.56, 137.82, 121.16, 119.25, 52.09, 40.71, 

38.06, 37.12, 28.78, 28.65 

 

 

N-(1-oxo-3-(pyridin-2-yldisulfanyl)-1-((2-(pyridin-2-yldisulfanyl)ethyl)amino)propan-2-

yl)pent-4-ynamide 

(3-10) 

 

The modified Boc-cysteine derivate (100 mg, 200.52 µmol, 3-7) was dissolved in 10 ml dry 

DCM and 5 ml of trifluoroacetic acid (TFA) was added. This solution was stirred for 1 h at 

room temperature followed by removal of solvent and reagent under reduced pressure. The 

obtained oil was dissolved in 2 ml dry DMF and consecutively added to a solution of DIPEA 

(31.62 mg, 42.61 µl, 244.65 mmol), HATU (77.32 mg, 203,87 µmol) and 4-pentynoic acid 

(20 mg, 203.87 µmol) in 3 ml DMF. Subsequently, the reaction mixture was stirred under 

argon for 2 h at room temperature. Afterwards, the solution was diluted with 250 ml ethyl 

acetate, washed three times with brine and dried over magnesium sulfate. The solvent was 

removed in vacuo and the residue was purified by silica gel column chromatography (ethyl 

acetate) to obtain the product as yellow oil. 

 

Yield 

85 mg, 177.58 µmol, 87% 

MS 

m/z (MALDI-TOF) 479.69 [M+H]
+
, 501.65 [M+Na]

+
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 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.48 – 8.43 (m, 2H), 8.37 (d, J = 8.1 Hz, 1H), 8.30 (t, J = 5.7 Hz, 1H), 7.81 (m, J 

= 8.1, 7.3, 3.1, 1.8 Hz, 2H), 7.75 (m, J = 8.1, 2.8, 1.0 Hz, 2H), 7.24 (ddd, J = 7.3, 4.8, 1.1 

Hz, 2H), 4.50 (td, J = 8.4, 5.4 Hz, 1H), 3.39 – 3.34 (m, 1H), 3.16 (dd, J = 13.4, 5.3 Hz, 1H), 

2.99 (dd, J = 13.4, 8.6 Hz, 1H), 2.88 (t, J = 6.9 Hz, 2H), 2.76 (q, J = 1.6, 1.1 Hz, 1H), 2.37 – 

2.33 (m, 4H)
 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.48, 169.62, 158.97, 149.59, 137.80, 121.19, 119.24, 71.34, 51.94, 40.70, 

38.03, 37.14, 34.02, 14.02. 

 

 

4-iodo-N-(1-oxo-3-(pyridin-2-yldisulfanyl)-1-((2-(pyridin-2-

yldisulfanyl)ethyl)amino)propan-2-yl)benzamide  

(3-11)  

 

 

The modified Boc-cysteine derivate (105 mg, 210.55 µmol, 3-7) was dissolved in 10 ml dry 

DCM and 5 ml of trifluoroacetic acid (TFA) was added. This solution was stirred for 1 h at 

room temperature followed by removal of solvent and reagent under reduced pressure. The 

obtained oil was dissolved in 2 ml dry DMF and consecutively added to a solution of DIPEA 

(34.39 mg, 46.35µl, 266.11 µmol), HATU (96.72 mg, 255.02 µl) and 4-iodobenzoic acid (55 

mg, 221.76 µmol) in 3 ml DMF. Subsequently, the reaction mixture was stirred under argon 

for 2 h at room temperature. Afterwards, the solution was diluted with 250 ml ethyl acetate, 

washed three times with brine and dried over magnesium sulfate. The solvent was removed 

in vacuo and the residue was purified by silica gel column chromatography (ethyl acetate) to 

obtain the product as yellow oil. 

Yield 

110 mg, 175 µmol, 79% 

MS 

m/z (MALDI-TOF) 627.04 [M+H]
+
, 649.02 [M+Na]

+
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 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.85 (d, J = 8.0 Hz, 1H), 8.51 – 8.39 (m, 2H), 8.37 (t, J = 5.7 Hz, 1H), 7.96 – 7.86 

(m, 2H), 7.83 – 7.77 (m, 1H), 7.76 – 7.71 (m, 2H), 7.70 – 7.60 (m, 2H), 7.31 – 7.16 (m, 2H), 

4.68 (m, J = 9.9, 7.9, 4.6 Hz, 1H), 3.31 – 3.26 (m, 1H), 3.23 – 3.13 (m, 1H), 2.93 – 2.85 (m, 

2H)
 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 169.71, 165.82, 158.94, 149.56, 137.76, 137.13, 133.23, 129.50, 121.18, 119.26, 

99.16, 52.72, 40.29, 38.11, 37.16 

 

 

tert-butyl 2-(4-oxo-4-((1-oxo-3-(pyridin-2-yldisulfanyl)-1-((2-(pyridin-2-yldisulfanyl)- 

ethyl)amino)propan-2-yl)amino)butanoyl)hydrazine-1-carboxylate 

(3-12) 

 

Compound 3-9 (300 mg, 601.63 µmol) was dissolved in 3 ml of dry DMF and flushed with 

argon. DIPEA (93.31 mg, 125.75 µl, 721.95 µmol) was added dropwise and the reaction 

solution was stirred for 5 minutes. Afterwards HATU (1-[Bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate, 273.46 mg, 691.87 µmol), 

dissolved in 2 ml of dry DMF, was added dropwise and stirring was continued for 10 min 

until tert-butyl carbazate (87.46 mg, 661.79 µmol) was added. Subsequently the reaction 

mixture was stirred under argon for 1.5 h at room temperature. Afterwards, the solution was 

diluted with 250 ml ethyl acetate, washed three times with brine and dried over magnesium 

sulfate. The solvent was removed in vacuo and the residue was purified by silica gel column 

chromatography (ethyl acetate) to obtain the product as yellow oil. 

Yield 

312 mg, 509.14 µmol, 85% 

MS 

m/z (ESI-TOF) 613.16 [M+H]
+
; 635.14 [M+Na]

+
  

m/z (HR ESI-TOF) 613.1395 [M+H]
+
 (calc. 613.1390) 
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 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 9.58 (s, 1H), 8.69 (d, J = 9.1 Hz, 1H), 8.45 (d, J = 4.8 Hz, 2H), 8.40 (d, J = 8.0 

Hz, 1H), 8.26 (t, J = 5.6 Hz, 1H), 7.81 (tt, J = 7.5, 2.5 Hz, 2H), 7.74 (dd, J = 8.1, 3.3 Hz, 

2H), 7.23 (dd, J = 7.6, 4.6 Hz, 2H), 4.45 (m, J = 9.8, 9.1, 5.1 Hz, 1H), 3.37 (s, 2H), 3.20 – 

3.13 (m, 1H), 3.00 (dd, J = 13.4, 9.0 Hz, 1H), 2.89 (s, 2H), 2.33 (d, J = 34.3 Hz, 4H), 1.39 (s, 

9H)
 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 171.77, 170.24, 159.51, 150.00, 138.23, 121.63, 119.74, 79.50, 52.57, 51.82, 

41.07, 38.58, 37.52, 28.52 

 

 

 

tert-butyl (2-oxo-2-((1-oxo-3-(pyridin-2-yldisulfanyl)-1-((2-(pyridin-2-

yldisulfanyl)ethyl)amino)propan-2-yl)amino)ethoxy)carbamate  

(3-13) 

 

The modified Boc-cysteine derivative (200 mg, 401.05 µmol, 7) was dissolved in 10 ml dry 

DCM and the identical amount of trifluoroacetic acid (TFA) was added. This solution was 

stirred for 1 h at room temperature followed by removal of solvent and reagent under 

reduced pressure. The obtained oil was dissolved in 5 ml dry DMF and consecutively DIPEA 

(257.8 mg, 347.4 µl, 1.99 mmol) and the NHS-BOC-aminooxyacetic acid (138 mg, 478.7 

µmol, 3-4) were added. Subsequently, the reaction mixture was stirred under argon for 3 h at 

room temperature. Afterwards, the solution was diluted with 250 ml ethyl acetate, washed 

three times with brine and dried over magnesium sulfate. The solvent was removed in vacuo 

and the residue was purified by silica gel column chromatography (ethyl acetate) to obtain 

the product as yellow oil. 

 

Yield 

115 mg, 201.1 µmol, 50% 
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MS 

m/z (ESI-TOF) 572.14 [M+H]
+
; 594.12 [M+Na]

+
; 1165.25 [2M+Na]

+
;  

m/z (HR ESI-TOF) 572.1130 [M+H]
+
 (calc. 572.1124) 

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 10.31 (s, 1H), 8.45 (d, J = 4.9 Hz, 2H), 8.41 (t, J = 5.7 Hz, 2H), 7.81 (dddd, J = 

7.6, 5.5, 3.7, 1.9 Hz, 2H), 7.74 (dd, J = 8.0, 5.1 Hz, 2H), 7.24 (dd, J = 7.8, 4.6 Hz, 2H), 4.58 

(td, J = 8.4, 5.0 Hz, 1H), 4.31 – 4.15 (m, 2H), 3.35 (dp, J = 26.7, 6.7 Hz, 2H), 3.21 (dd, J = 

13.5, 5.2 Hz, 1H), 3.03 (dd, J = 13.6, 8.7 Hz, 1H), 2.89 (t, J = 6.8 Hz, 2H), 1.40 (s, 9H) 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 169.25, 168.20, 159.00, 156.89, 149.61, 137.82, 119.29, 80.67, 74.62, 51.48, 

40.57, 38.12, 37.11, 27.98 

 

 

 

4-((4R,10S,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-((R)-2-amino-3-

phenylpropanamido)-16-benzyl-4-(((2R,3R)-1,3-dihydroxybutan-2-yl)carbamoyl)-7-

((R)-1-hydroxyethyl)-6,9,12,15,18,25-hexaoxo-24-(pent-4-ynamido)-1,2,21,22-tetrathia-

5,8,11,14,17,26-hexaazacyclooctacosan-10-yl)butan-1-aminium acetate 

(3-18) 

 

 

Initially, octreotide acetate (28 mg, 25.94 µmol, 3-15) was reduced under argon in a 4 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (29.75 
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mg, 103.77 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and the 

isolated fraction was added to 3-10 (25 mg, 52.23 µmol) dissolved in 10 ml DMF/phosphate 

buffer (1:1) – pH 7. Afterwards the reaction mixture was stirred for 1 h at room temperature 

in an argon atmosphere. Subsequently, the solution was purified by RP-HPLC and the 

solvent of the isolated fractions was removed in vacuo, whereby the product was obtained as 

a white solid. 

 

Yield 

51 mg, 38.13 µmol, 73% 

MS 

m/z (MALDI-TOF) 1278.23 [M+H]
+
, 1300.22 [M+Na]

+ 

RP-HPLC  

tR = 30.89 min (280 nm), 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A  

 

4-((4R,10S,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-((R)-2-amino-3-

phenylpropanamido)-16-benzyl-4-(((2R,3R)-1,3-dihydroxybutan-2-yl)carbamoyl)-7-

((R)-1-hydroxyethyl)-24-(4-iodobenzamido)-6,9,12,15,18,25-hexaoxo-1,2,21,22-

tetrathia-5,8,11,14,17,26-hexaazacyclooctacosan-10-yl)butan-1-aminium acetate 

(3-19)  
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Initially, octreotide acetate (50 mg, 46.33 µmol, 3-15) was reduced under argon in a 4 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (53.12 

mg, 185.31 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and the 

isolated fraction was added to 3-11 (30 mg, 47.73 µmol) dissolved in 10 ml DMF/phosphate 

buffer (1:1) – pH 7. Afterwards the reaction mixture was stirred for 1 h at room temperature 

in an argon atmosphere. Subsequently, the solution was purified by RP-HPLC and the 

solvent of the isolated fractions was removed in vacuo, whereby the product was obtained as 

a white solid. 

 

Yield 

25 mg, 16.81 µmol, 35% 

MS 

m/z (MALDI-TOF) 1427.38 [M+H]
+
; ) 1449.35 [M+Na]

+ 

RP-HPLC  

tR = 35.00 min (280 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A   
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N-(2,6-diisopropylphenyl)-N’-((3-oxo-3-((1-oxo-3-(pyridin-2-yldisulfaneyl)-1-((2-

(pyridin-2-yldisulfaneyl)ethyl)amino)propan-2-yl)amino)propyl))-1,6,7,12-tetra(4-

sulfophenoxy)-perylene-3,4:9,10-tetracarboxydiimid 

 (3-22)   

 

 

 

The modified Boc-cysteine derivate (21 mg, 41 µmol, 3-7) was dissolved in 10 ml dry DCM 

and 5 ml of trifluoroacetic acid (TFA) was added. This solution was stirred for 1 h at room 

temperature followed by removal of solvent and reagent under reduced pressure. The 

obtained oil was dissolved in 2 ml dry DMF and consecutively added to a solution of DIPEA 

(22.18 mg, 29.89 µl, 171.59 µmol), HATU (15.62 mg, 41 µmol) and PDI-COOH (45 mg, 

34.32 µmol, 3-22) in 3 ml DMF. Subsequently, the reaction mixture was stirred under argon 

for 2 h at room temperature and was subsequently purified by reversed-phase high-

performance liquid chromatography (RP-HPLC). The solvent of the isolated fractions was 

removed under reduced pressure, whereby the product was obtained as a violet solid.  
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Yield 

61 mg, 29.09µ mol, 85% 

MS 

m/z (ESI-TOF) 1691.21 [M+H]
+ 

,  

m/z (HR ESI-TOF) 1691.1725 [M+H]
+ 

(calc. 1691.1761) 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.87 (s, 5H), 8.41 (t, J = 2.4 Hz, 1H), 8.40 (d, J = 4.0 Hz, 1H), 8.37 (dd, J = 4.8, 

1.7 Hz, 1H), 8.23 (t, J = 5.7 Hz, 1H), 7.89 (d, J = 11.2 Hz, 4H), 7.76 (td, J = 7.8, 1.9 Hz, 

1H), 7.73 – 7.67 (m, 2H), 7.66 (d, J = 8.5 Hz, 4H), 7.62 – 7.59 (m, 4H), 7.41 (t, J = 7.8 Hz, 

1H), 7.28 (d, J = 7.8 Hz, 2H), 7.18 (td, J = 7.9, 4.8 Hz, 2H), 6.99 (d, J = 8.5 Hz, 4H), 6.94 (d, 

J = 8.3 Hz, 4H), 4.41 (td, J = 8.4, 5.2 Hz, 1H), 4.21 (dq, J = 24.9, 6.7 Hz, 2H), 3.27 – 3.23 

(m, 1H), 3.06 – 3.03 (m, 1H), 2.93 (dd, J = 13.5, 8.6 Hz, 1H), 2.81 (t, J = 6.8 Hz, 2H), 2.68 

(p, J = 6.8 Hz, 2H), 2.54 (s, 1H), 1.01 (d, J = 6.8 Hz, 12H). TEAA: 21: 1.16 (t, 36H), 22: 

3.09 (q, 24H), 23: 8.87 (s, 4H) 

RP-HPLC  

tR = 25.56 min (560 nm),  

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A 
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N-(2,6-diisopropylphenyl)-N’-((3-oxo-3-((1-oxo-3-(pyridin-2-yldisulfaneyl)-1-((2-

(pyridin-2-yldisulfaneyl)ethyl)amino)propan-2-yl)amino)propyl))-1,6,7,12-tetra(4-

sulfophenoxy)-perylene-3,4:9,10-tetracarboxydiimide 

(3-23)  

 

The cysteine-acid derivative (35 mg, 70.19 mmol, 3-9) was dissolved in 3 ml of dry DMF 

and flushed with argon. DIPEA (22.68 mg, 30.56 µl, 175.47 µmol) was added dropwise and 

the reaction solution was stirred for 5 minutes. Afterwards HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate, 31.94 mg, 84.22 µmol), dissolved in 2 ml of dry DMF, was added 

dropwise and stirring was continued for 10 min until the PDI-NH2 dye (45 mg, 35.09 µmol, 

3-21) was added. Subsequently the reaction mixture was stirred under argon for 1 h at room 

temperature. Afterwards the solution was purified by RP-HPLC and the solvent of the 

isolated fractions was removed in vacuo, whereby the product was obtained as a violet solid. 
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Yield 

68 mg, 29.83 µmol, 85% 

MS 

m/z (ESI-TOF) 1762.24 [M+H]
+
 

m/z (HR ESI-TOF) 1762.2080 [M+H]
+
 (calc. 1762.2127) 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.88 (s, 4H), 8.43 – 8.40 (m, 1H), 8.40 – 8.35 (m, 2H), 8.27 (t, J = 5.7 Hz, 1H), 

7.99 (t, J = 6.1 Hz, 1H), 7.92 (d, J = 3.1 Hz, 4H), 7.76 (dtd, J = 9.6, 7.6, 1.9 Hz, 2H), 7.71 

(dd, J = 7.6, 1.9 Hz, 2H), 7.67 (d, J = 8.3 Hz, 4H), 7.60 (d, J = 8.2 Hz, 4H), 7.41 (t, J = 7.8 

Hz, 1H), 7.28 (d, J = 7.8 Hz, 2H), 7.18 (ddd, J = 9.1, 7.0, 4.5 Hz, 2H), 6.99 (d, J = 8.5 Hz, 

4H), 6.94 (d, J = 8.4 Hz, 4H), 4.38 (td, J = 8.6, 4.7 Hz, 1H), 4.13 – 3.97 (m, 2H), 3.29 (s, 

2H), 3.16 (dt, J = 6.8, 4.0 Hz, 2H), 2.98 (dd, J = 13.5, 9.3 Hz, 1H), 2.86 (t, J = 7.0 Hz, 2H), 

2.67 (h, J = 7.1 Hz, 2H), 2.26 (tt, J = 20.2, 10.2 Hz, 4H), 1.16 (t, J = 7.2 Hz, 41H), 1.01 (d, J 

= 6.8 Hz, 12H); TEAA: 26: 1.16 (t, 36H), 27: 3.08 (q, 24H), 28: 8.88 (s, 4H) 

RP-HPLC  

tR = 26.43 min (560 nm),  

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A 
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N-(2,6-diisopropylphenyl)-N’-( 4-((4R,10S,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-

((R)-2-ammonio-3-phenylpropanamido)-16-benzyl-24-butyramido-4-(((2R,3R)-1,3-

dihydroxybutan-2-yl)carbamoyl)-7-((R)-1-hydroxyethyl)-6,9,12,15,18,25-hexaoxo-

1,2,21,22-tetrathia-5,8,11,14,17,26-hexaazacyclooctacosan-10-yl)butan-1-

aminiumacetate)-1,6,7,12-tetra(4-sulfophenoxy)-perylene-3,4:9,10-tetracarboxydiimide 

(3-24) 

 

 

Initially, octreotide acetate (20 mg, 18.53 µmol, 3-15) was reduced under argon in a 4 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (21.25 

mg, 74.12 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and the 

isolated fraction was added to the PDI-COOH dye derivative 3-22 (22 mg, 10.48 µmol) 
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dissolved in 10 ml DMF/phosphate buffer (1:1) – pH 7. Afterwards the reaction mixture was 

stirred for 1 h at room temperature in an argon atmosphere. Subsequently, the solution was 

purified by RP-HPLC and the solvent of the isolated fractions was removed in vacuo, 

whereby the product was obtained as a violet solid. 

 

Yield 

25 mg, 8.45 µmol, 80% 

MS 

m/z (MALDI-TOF) 2489.74 [M+H]
+
; 2511.72 [M+Na]

+
; 2527.69 [M+K]

+
; 2533.71 

[M+2Na]
+ 

RP-HPLC  

tR = 24.63 + 24.93 min (isomers, 560 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A  
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N-(2,6-diisopropylphenyl)-N’-(4-((4R,10S,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-

((R)-2-ammonio-3-phenylpropanamido)-16-benzyl-4-(((2R,3R)-1,3-dihydroxybutan-2-

yl)carbamoyl)-7-((R)-1-hydroxyethyl)-6,9,12,15,18,25-hexaoxo-24-(4-oxo-4-

(propylamino)butanamido)-1,2,21,22-tetrathia-5,8,11,14,17,26-hexaazacyclooctacosan-

10-yl)butan-1-aminiumacetate)-1,6,7,12-tetra(4-sulfophenoxy)-perylene-3,4:9,10-

tetracarboxydiimide 

(3-25) 
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Initially, octreotide acetate (15 mg, 13.9 µmol, 3-15) was reduced under argon in a 4 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (15.94 

mg, 55.59 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and the 

isolated fraction was added to (20 mg, 9.23 µmol, 3-23) dissolved in 10 ml DMF/phosphate 

buffer (1:1) – pH 7. Afterwards the reaction mixture was stirred for 1 h at room temperature 

in an argon atmosphere. Subsequently, the solution was purified by RP-HPLC and the 

solvent of the isolated fractions was removed in vacuo, whereby the product was obtained as 

a violet solid. 

 

Yield 

21 mg, 6.93 µmol, 76% 

MS 

m/z (MALDI-TOF) 2560.97 [M+H]
+
; 2582.95 [M+Na]

+
; 2604.94 [M+2Na]

+
; 2626.93 

[M+3Na]
+ 

RP-HPLC  

tR = 24.00 + 24.27 min (isomers, 560 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A  
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(2S,3S,4S)-3-hydroxy-2-methyl-6-(((3R,Z)-3,5,12-trihydroxy-3-(2-hydroxyethyl)-10-

methoxy-6,11-dioxo-4-(2-(4-oxo-4-((1-oxo-3-(pyridin-2-yldisulfaneyl)-1-((2-(pyridin-2-

yldisulfaneyl)ethyl)amino)propan-2-yl)amino)butanoyl)hydrazineylidene)-1,2,3,4,6,11-

hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-aminiumacetate 

(3-26)  

 

 

Compound 3-12 (150 mg, 244.78 µmol) was gradually dissolved in 5 ml dry DCM and 1.5 

ml of TFA was added. The solution was vigorously stirred for 30 min at room temperature 

and the solvent and reagent were removed under reduced pressure. Doxorubicin 

hydrochloride (212 mg, 365.73 µmol) was dissolved in 4 ml DMF/sodium acetate buffer 

(1:1) – pH 5.0 and was added to the oily residue. Afterwards, the reaction mixture was 

stirred for 48 h at room temperature and was subsequently purified by reversed-phase high-

performance liquid chromatography (RP-HPLC). The solvent of the isolated fractions was 

removed under reduced pressure, whereby the product was obtained as a red solid.  

 

Yield 

110 mg, 105 µmol, 43% 

MS 

m/z (MALDI-TOF) 1060.50 [M+H]
+ 
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 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 10.84 + 10.46 (2x s, 1H), 8.48 + 8.36 (d, J = 7.8 Hz, 1H), 8.45 – 8.38 (m, 2H), 

8.26 + 8.15 (2x t, J = 5.9 Hz, 1H), 7.87 (m, J = 5.2 Hz, 2H), 7.79 – 7.73 (m, 2H), 7.73 – 7.66 

(m, 2H), 7.61 (d, 2H), 7.19 (m, J = 5.9 Hz, 2H), 5.22 (d, J = 3.5 Hz, 1H), 5.05 + 4.95 (d, J = 

6.1 Hz, 1H), 4.52 + 4.42 – 4.32 (m, 1H), 4.44 (d, J = 6.5 Hz, 2H), 4.14 – 3.99 (m, 1H), 3.97 

(d, J = 2.0 Hz, 3H), 3.35 (s, 1H), 3.32 (dd, J = 10.2, 6.1 Hz, 2H), 3.17 (d, J = 1.8 Hz, 2H), 

3.12 (d, J = 4.9 Hz, 1H), 2.97 (d, J = 4.4 Hz, 1H), 2.96 – 2.88 (m, 1H), 2.86 (t, J = 6.7 Hz, 

2H), 2.71 – 2.53 (m, 1H), 2.43 (d, J = 7.2 Hz, 1H), 2.33 (dd, J = 16.4, 7.3 Hz, 1H), 2.24 (dd, 

J = 13.8, 4.7 Hz, 1H), 1.82 (d, J = 1.8 Hz, 3H), 1.68 (td, J = 12.8, 3.6 Hz, 1H), 1.53 (dd, J = 

12.6, 4.3 Hz, 1H), 1.19 – 1.10 (m, 3H); 

RP-HPLC  

tR = 19.17 (494 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 75% A – 30 min 40% A 

 

 

(2S,3S,4S)-3-hydroxy-2-methyl-6-(((3R,Z)-3,5,12-trihydroxy-3-(2-hydroxyethyl)-10-

methoxy-6,11-dioxo-4-((2-oxo-2-((1-oxo-3-(pyridin-2-yldisulfaneyl)-1-((2-(pyridin-2-

yldisulfaneyl)ethyl)amino)propan-2-yl)amino)ethoxy)imino)-1,2,3,4,6,11-

hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-aminiumacetate 

(3-27)  
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Compound 3-13 (140 mg, 244.86 µmol) was gradually dissolved in 10 ml dry DCM and the 

identical amount of TFA was added. The solution was vigorously stirred for 1 h at room 

temperature and the solvent and reagent were removed under reduced pressure. Doxorubicin 

hydrochloride (169.71 mg, 292.6 µmol) was dissolved in 7 ml DMF/sodium acetate buffer 

(1:1) – pH 4.8 and was added to the oily residue. Afterwards, the reaction mixture was 

stirred for 48 h at room temperature and was subsequently purified by reversed-phase high-

performance liquid chromatography (RP-HPLC). The solvent of the isolated fractions was 

removed under reduced pressure, whereby the product was obtained as a red solid. 

 

Yield 

182 mg, 182.52 µmol, 75% 

MS 

m/z (MALDI-TOF) 1019.35 [M+Na]
+ 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.40 (t, 1H), 8.39 (m, 2H), 8.34 (dd,  1H), 7.91 – 7.83 (m, 2H), 7.87 (m, 2H), 7.73 

(m, 3H), 7.61 (d, 2H),  7.16 (dddd, J = 17.7, 7.3, 4.8, 1.0 Hz, 2H), 5.21 (d, J = 3.6 Hz, 1H), 

4.93 (t, J = 4.6 Hz, 1H), 4.54 – 4.45 (m, 1H), 4.49 (d, 2H), 4.43 (d, J = 12.4 Hz, 1H), 4.33 (d, 

J = 12.4 Hz, 1H), 4.09 (q, J = 6.5 Hz, 1H), 3.96 (s, 3H), 3.35 (s, J = 2.8 Hz, 1H), 3.29 (m, J 

= 13.2, 6.9 Hz, 2H), 3.16 (m, 1H), 3.08 (d, J = 6.4 Hz, 1H), 3.02 (d, J = 2.6 Hz, 1H), 2.97 

(m, J = 15.9, 7.4, 4.1 Hz, 2H), 2.83 (t, J = 6.8 Hz, 2H), 2.46 – 2.39 (m, 1H), 2.18 (dd, J = 

14.4, 5.7 Hz, 1H), 1.83 (s, 3H), 1.68 (td, J = 12.7, 3.6 Hz, 1H), 1.51 (dd, J = 12.8, 4.5 Hz, 

1H), 1.14 (d, J = 6.4 Hz, 3H) 

RP-HPLC  

tR = 21.21 (494 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 75% A – 30 min 40% A 
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(2S,3S,4S)-6-(((3R,Z)-4-(2-(4-(((4R,10S,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-

((R)-2-ammonio-3-phenylpropanamido)-10-(4-ammoniobutyl)-16-benzyl-4-(1-

(((2R,3R)-1,3-dihydroxybutan-2-yl)amino)vinyl)-7-((R)-1-hydroxyethyl)-

6,9,12,15,18,25-hexaoxo-1,2,21,22-tetrathia-5,8,11,14,17,26-hexaazacyclooctacosan-24-

yl)amino)-4-oxobutanoyl)hydrazineylidene)-3,5,12-trihydroxy-3-(2-hydroxyethyl)-10-

methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)-3-hydroxy-2-

methyltetrahydro-2H-pyran-4-aminiumacetate 

(3-28) 

 

 

 

Initially, octreotide acetate (25 mg, 23 µmol, 0.9 eq, 3-15) was reduced under argon in a 4 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (26.6 

mg, 92.6 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and the 

isolated fraction was added to compound 3-26 (20 mg, 19.3 µmol) dissolved in 10 ml 

DMF/phosphate buffer (1:1) – pH 7. Afterwards the reaction mixture was stirred for 1 h at 

room temperature in an argon atmosphere. Subsequently, the solution was purified by RP-

HPLC and the solvent of the isolated fractions was removed in vacuo, whereby the product 

was obtained as a red solid. 

 



C h a p t e r  7  

 

 
185 

Yield 

25 mg, 13.61 µmol, 70% 

MS 

m/z (ESI-TOF) 919.28 [M+2H]
2+

; 1836.63 [M+H]
+
 

m/z (ESI-TOF) 1836.6741 [M+H]
+
 (calc. 1836.6782) 

RP-HPLC  

tR = 34.28 + 34.78 (isomers, 480 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A  

 

(2S,3S,4S)-6-(((3R,Z)-4-((2-(((4R,10S,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-((R)-

2-ammonio-3-phenylpropanamido)-10-(4-ammoniobutyl)-16-benzyl-4-(((2R,3R)-1,3-

dihydroxybutan-2-yl)carbamoyl)-7-((R)-1-hydroxyethyl)-6,9,12,15,18,25-hexaoxo-

1,2,21,22-tetrathia-5,8,11,14,17,26-hexaazacyclooctacosan-24-yl)amino)-2-

oxoethoxy)imino)-3,5,12-trihydroxy-3-(2-hydroxyethyl)-10-methoxy-6,11-dioxo-

1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)-3-hydroxy-2-methyltetrahydro-2H-pyran-4-

aminiumacetate 

(3-29) 
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Initially, octreotide acetate (30 mg, 27.8 µmol, 0.9 eq, 3-15) was reduced under argon in a 4 

ml phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride 

(31.9 mg, 111 µmol, 4 eq) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC 

and the isolated fraction was added to compound 3-27 (30 mg, 28.4 µmol) dissolved in 10 ml 

DMF/phosphate buffer (1:1) – pH 7. Afterwards the reaction mixture was stirred for 1 h at 

room temperature in an argon atmosphere. Subsequently, the solution was purified by RP-

HPLC and the solvent of the isolated fractions was removed in vacuo, whereby the product 

was obtained as a red solid. 

 

Yield 

40 mg, 21.6 µmol, 76% 

MS 

m/z (MALDI-TOF) 1795.51 [M+H]
+
; 1817.53 [M+Na]

+
; 1833.49 [M+H]

+ 

RP-HPLC  

tR = 32.83 + 33.96 min (isomers, 480 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A  

 

7.3.2 Compounds part 4: 

3,3-dichloroacrylicacid N-hydroxysuccinimide ester 

(4-6) 

 

 

Initially, a slurry of N-hydroxysuccinimide (128.6 mg, 1.12 mmol) and 3,3-dichloroacrylic 

acid (150 mg, 1.06 mmol, 4-5) in 20 ml dry dichloromethane (DCM) was prepared. Under 

argon N,N´-diisopropylcarbodiimide (147.74 mg, 183.3 µl, 1.17 mmol) was added and the 

clear solution was stirred for 4 h. Afterwards, the precipitated urea was filtered off and 

washed with a small amount of DCM. The obtained solution was diluted with 200 ml DCM 

and washed four times with water. The organic layer was dried with magnesium sulfate and 

the solvent was removed in vacuo to obtain the product as a colorless solid. 
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Yield 

225 mg, 945.3 µmol, 88% 

MS 

m/z (ESI-TOF) 572.14 [M+H]
+
; 594.12 [M+Na]

+
; 1165.25 [2M+Na]

+
;  

m/z (HR ESI-TOF) 572.1130 [M+H]
+
 (calc. 572.1124) 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 7,38 (s, 1H), 2.84 (s, 4H) 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.43, 158.60, 142.67, 115.67, 25.99 

 

 

 

PEG-(5000)- dichloroacrylamide 

(4-7) 

 

 

PEG5000-NH2 (200 mg, 0.04 mM, 1eq) was dissolved in 3 ml of dry DMF and flushed with 

argon. DIPEA (25,83 mg, 24,8 µL, 2 mM, 5 eq) was added dropwise and the reaction 

solution was stirred for 15 minutes. Afterwards compound 4-6 (38.1 mg, 16 mM, 4 eq), 

which was dissolved in 2 ml of dry DMF, was added within 10 minutes. This solution was 

stirred for 24 h at room temperature followed by removal of solvent and reagent under 

reduced pressure. The obtained white residue was dissolved in 4 ml MilliQ water and was 

purified by size exclusion chromatography (P2 gel) to obtain the product as a colorless 

powder. 

 

Yield 

150 mg, 73 % 

Analysis: appendix 1 
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PEG5000 – Octreotide conjugate 

(4-8) 

 

 

Initially, octreotide diacetate (30 mg, 29.3 µmol, 3-15) was reduced under argon in 6 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP, 3-16) hydrochloride 

(39.8 mg, 139 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and 

the isolated fraction was lyophilized overnight. The white powder was dissolved in 5ml 

DMF/phosphate buffer (1:1) – pH 7, stirred on ice and degassed with argon, before KOH 

was added (4.4 mg, 78,6 µmol, 100mg KOH in 1ml methanol). Afterwards 4-7 (20 mg, 19.5 

µmol) was dissolved in 4 ml DMF/phosphate buffer (1:1) – pH 7 and added dropwise to the 

reaction solution. The reaction mixture was stirred for 24 h at room temperature in an argon 

atmosphere. Subsequently, the solvent was removed under reduced pressure. The obtained 

white residue was dissolved in 4 ml MilliQ water and was purified by size exclusion 

chromatography (P10 gel) to obtain the product as a colorless powder. 

 

Yield 

25 mg, 70 % 

RP-HPLC  

tR = 34 min (280 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A. 

Analysis: appendix 2 
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N-benzyl-3,3-dichloroacrylamide 

(4-9) 

 

 

3,3-dichloroacrylic acid (250 mg, 1.77 mmol, 1 eq, 4-5) was dissolved in 3 ml of dry DMF 

and flushed with argon. DIPEA (298.02 mg, 401.65 µl, 2.31 mmol, 1.3 eq) was added 

dropwise and the reaction solution was stirred for 5 minutes. Afterwards HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate, 841.27 mg, 2.13 mmol, 1.2 eq), dissolved in 2 ml of dry DMF, was 

added dropwise and stirring was continued for 10 min until benzylamine (180.56 mg, 1.69 

mmol, 0.95) was added. Subsequently the reaction mixture was stirred under argon for 1 h at 

room temperature. Afterwards the solution was diluted with 250 ml ethyl acetate, washed 

three times with brine and dried over magnesium sulfate. The solvent was removed in vacuo 

and the residue was purified by silica gel column chromatography (ethyl acetate – methanol 

7:3) to obtain the product as colorless oil. 

 

Yield 

230 mg, 56% 

MS 

m/z (MALDI-TOF) 230.22 [M+H]
+
 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.71 (1H), 7.27 (2H), 7.27 (1H),  7.23 (1H), 6.73 (1H),  4.32 (2H) 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 160.97, 138.64, 128.73, 128.33, 127.36, 126.96, 124.08, 42.15 

RP-HPLC  

tR = 33 min (260 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A 
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4-((5R,11S,14R,17S,20R)-14-((1H-indol-3-yl)methyl)-20-((R)-2-ammonio-3-

phenylpropanamido)-17-benzyl-2-(2-(benzylamino)-2-oxoethylidene)-5-(((2R,3R)-1,3-

dihydroxybutan-2-yl)carbamoyl)-8-((R)-1-hydroxyethyl)-7,10,13,16,19-pentaoxo-1,3-

dithia-6,9,12,15,18-pentaazacyclohenicosan-11-yl)butan-1-aminiumacetate 

(4-10) 

 

 

Initially, octreotide diacetate (65 mg, 60.2 µmol, 3-15) was reduced under argon in 4 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP, 3-16) hydrochloride 

(62.05 mg, 240.9 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and 

the isolated fraction was lyophilized overnight. The white powder was dissolved in 5ml 

DMF/phosphate buffer (1:1) – pH 7, stirred on ice and degassed with argon, before KOH 

was added (14.6 mg, 260.77 µmol, 100mg KOH in 1ml methanol). Afterwards 4-9 (10 mg, 

43.5 µmol) was dissolved in 4 ml DMSO/phosphate buffer (1:1) – pH 7 and added dropwise 

to the reaction solution. The reaction mixture was stirred for 24 h at room temperature in an 

argon atmosphere. Subsequently, the solution was purified by RP-HPLC and the solvent of 

the isolated fractions was removed in vacuo, whereby the product was obtained as colorless 

solid. 

 

Yield 

41 mg, 33.10 µmol, 76% 

MS 

m/z (MALDI-TOF) 1178 [M+H]
+
, 1200 [M+Na]

+
 

NMR: appendix 3 

RP-HPLC  

tR = 33.16 min (280 nm) 
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A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A 

 

 

 

3,3-dichloro-N-(2-(2-(2-((5,5-dimethyl-3-oxohexyl)oxy)ethoxy)ethoxy)ethyl)acrylamide 

(4-12) 

 

 

3,3-dichloroacrylic acid (200 mg, 1.42 mmol, 1 eq, 4-5) was dissolved in 3 ml of dry DMF 

and flushed with argon. DIPEA (256.76 mg, 346.03 µl, 1.99 mmol, 1.4 eq) was added 

dropwise and the reaction solution was stirred for 5 minutes. Afterwards HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate, 701.05 mg, 1.77 mmol, 1.25), dissolved in 2 ml of dry DMF, was 

added dropwise and stirring was continued for 10 min until tert-Butyl 12-amino-4,7,10-

trioxadodecanoate, compound 4-11, (354.21 mg, 336.70 µl, 1.28 mmol, 0.95) was added. 

Subsequently the reaction mixture was stirred under argon for 1 h at room temperature. 

Afterwards the solvent was removed in vacuo and the residue was purified by silica gel 

column chromatography (ethyl acetate – methanol 7:3) to obtain the product as colorless oil. 

 

Yield 

342 mg, 60% 

MS 

m/z (MALDI-TOF) 421.9 [M+Na]
+
 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.28 (1H), 6.69 (1H), 3.58 (2H), 3.49 (8H), 3.43 (2H), 3.25 (2H), 2.41 (2H), 1.39 

(9H) 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.38, 160.97, 128.65, 124.03, 79.67, 69.70, 69.69, 69.65, 69.59, 68.77, 66.22, 

39.35, 35.82, 27.74 

RP-HPLC  

tR = 32.09 min (230 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 
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B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A 

 

 

4-((5R,11S,14R,17S,20R)-14-((1H-indol-3-yl)methyl)-20-((R)-2-ammonio-3-

phenylpropanamido)-17-benzyl-5-(((2R,3R)-1,3-dihydroxybutan-2-yl)carbamoyl)-2-

(17,17-dimethyl-2,15-dioxo-6,9,12-trioxa-3-azaoctadecylidene)-8-((R)-1-hydroxyethyl)-

7,10,13,16,19-pentaoxo-1,3-dithia-6,9,12,15,18-pentaazacyclohenicosan-11-yl)butan-1-

aminiumacetate 

(4-13) 

 

 

Initially, octreotide diacetate (65 mg, 60.22 µmol, 3-15) was reduced under argon in 6 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP, 3-16) hydrochloride 

(69.05 mg, 240.90 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC 

and the isolated fraction was lyophilized overnight. The white powder was dissolved in 5ml 

DMF/phosphate buffer (1:1) – pH 7, stirred on ice and degassed with argon, before KOH 

was added (11.2 mg, 199.85 µmol, 100mg KOH in 1ml methanol). Afterwards 4-12 (15 mg, 

37.47 µmol) was dissolved in 3 ml DMF/phosphate buffer (1:1) – pH 7 and added dropwise 

to the reaction solution. The reaction mixture was stirred for 24 h at room temperature in an 

argon atmosphere. Subsequently, the solution was purified by RP-HPLC and the solvent of 

the isolated fractions was removed in vacuo, whereby the product was obtained as a colorless 

solid  (50 mg, 35.49 µmol, 71%). m/z (MALDI-TOF) 1348 [M+H]
+
, 1670 [M+Na]

+
; RP-

HPLC tR = 34.5 min (280 nm), A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7), 

B: acetonitrile (ACN), 0 min 100% A – 40 min 30% A. Complete assignment of all NMR 

signal for both possible isomers is shown in the SI in detail. 
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Yield 

50 mg, 35.49 µmol, 71% 

MS 

m/z (MALDI-TOF) 1348 [M+H]
+
, 1670 [M+Na]

+
 

NMR:  appendix 4 

RP-HPLC  

tR = 34.5 min (280 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A 

 

 

6-(8,9-dibromo-5,6,11,12-tetrachloro-1,3-dioxo-1H-benzo[10,5]anthra[2,1,9-

def]isoquinolin-2(3H)-yl)hexanoic acid  

(4-15) 

 

 

6-(8,9-dibromo-5,6,11,12-tetrachloro-1,3-dioxo-1H-benzo[5,10]anthra[2,1,9-

def]isoquinolin-2(3H)-yl)hexanoic acid (4-15) was obtained from 4-14 (500 mg, 0.80 mmol) 

and 1.1 fold excess of 6-aminohexanoic acid (117 mg, 0.89 mmol) by heating in 6 ml 

mixture of NMP-CH3COOH (2:1) at 100-105
o
C. After 2.5 hours the reaction mixture was 

cooled down, poured into water, acidified with HCl acid, the resulting precipitate was 

filtered off and the product was purified by column chromatography (CH2Cl2-CH3OH 10:1). 

 

Yield 
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120 mg, 51 % 

MS 

FD: m/z (%) = 731.5 (%) [M]
+ 

(calc. 731.04)
 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.00 (brs, 1H, COOH); 8.48 (s, 2H); 8.44 (s, 2H) 4.05 (t, J = 7.0 Hz, 2H); 2. 22 

(t, J = 7.3 Hz 2H); 1.70-1.50 (m, 4H); 1.41-1.32 (m, 2H). 

 

 

ethyl 6-(8,9-dibromo-5,6,11,12-tetrachloro-1,3-dioxo-1H-benzo[10,5]anthra[2,1,9-

def]isoquinolin-2(3H)-yl)hexanoate  

(4-16) 

 

 

Ethyl 6-(8,9-dibromo-5,6,11,12-tetrachloro-1,3-dioxo-1H-benzo[5,10]anthra[2,1,9def]iso-

quinolin-2(3H)-yl)hexanoate (4-16): 260 mg of 4-15 (0.35 mmol) were dissolved in 10 ml 

ethanol and 0.5 ml acetyl chloride was added. The reaction mixture was heated and stirred at 

80
o
C for 3 hours. The solvent was evaporated and product was purified by column 

chromatography (CH2Cl2-CH3OH 25:1).  

 

Yield 

207 mg, 77 % 

MS 

FD: m/z (%) = 759.5 (%) [M]
+ 

(calc. 759.1)
 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.27 (s, 2H); 7.39 (s, 2H); 7.06 (s, 2H); 4.02 (q, J = 7.1 Hz, 2H); 2.28 (t, J = 7.3 

Hz, 2H); 1.66-1.51 (m, 4H); 1.38-1.3 (m, 2H); 1.14 (t, J = 7.1 Hz, 3H) 
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ethyl 6-(5,6,12,13-tetrachloro-2-imino-8,10-dioxo-1,3,8,10-

tetrahydropyrido[3',4',5':6,7]phenaleno[1,2,3-gh]perimidin-9(2H)-yl)hexanoate  

(4-17) 

 

 

Ethyl 6-(5,6,12,13-tetrachloro-2-imino-8,10-dioxo-2,3-dihydropyrido[3',4',5':6,7]phenaleno- 

[1,2,3-gh]perimidin-9(1H,8H,10H)-yl)hexanoate (4-17): 207 mg of 4-16 (0.27 mmol), 31 mg 

of guanidine hydrochloride (0,33 mmol) and 57 mg of K2CO3 (0.41 mmol) were suspended 

in 5 ml DMF. The resulting mixture was stirred and heated at 110
o
C for 1.5 hours.  The 

solvent was evaporated and the product was purified by column chromatography (CH2Cl2-

CH3OH 10:1). 

 

Yield 

86 mg, 48 % 

MS 

FD: m/z (%) = 759.5 (%) [M]
+ 

(calc. 759.1)
 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.27 (s, 2H); 7.39 (s, 2H); 7.06 (s, 2H); 4.02 (q, J = 7.1 Hz, 4H); 2.28 (t, J = 7.3 

Hz, 2H); 1.66-1.51 (m, 4H); 1.38-1.3 (m, 2H); 1.14 (t, J = 7.1 Hz, 3H). 

 



C h a p t e r  7    

   

 
196 

6-(5,6,12,13-tetrachloro-2-imino-8,10-dioxo-1,3,8,10-

tetrahydropyrido[3',4',5':6,7]phenaleno[1,2,3-gh]perimidin-9(2H)-yl)hexanoic acid 

(4-18) 

 

 

86 mg of  4-17 (0,131 mmol) were suspended in 5 ml of ethanol (0,086 mol), 4 mg NaOH 

(0,1 mol) was added and the reaction mixture was heated up to 60
o
C for 10 minutes and 

stirred by room temperature for 1h. The progress of reaction was followed by TLC (CH2Cl2-

CH3OH 10:1). The solvent was evaporated, 50 ml of water were added, the solution was 

acidified with HCl (35%) and the resulting solid was filtered and dried. 

 

Yield 

44 mg, 53 % 

MS 

m/z (MALDI-TOF) 663.63 [M+K]
+
 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.28 (s, 2H), 7.19 (brs, 2H), 7.09 (s, 2H), 4.05 (t, J = 6.9 Hz, 2H), 2.22 (t, J = 7.2 

Hz, 2H), 1.66-1.50 (m, 4H), 1.39-1.30 (m, 2H). 
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tert-butyl (2-(3,3-dichloroacrylamido)ethyl)carbamate 

(4-19) 

 

3,3-dichloro acrylic acid (293.2 mg, 2.08 mmol, 4-5) was dissolved in 15 ml DMF and 

degassed with argon. To this solution DIPEA (322.68 mg, 2.50 mmol, 434.9 µl) was slowly 

added and stirred for 5 minutes. Afterwards, HATU ([Bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate, 945.66 mg, 2.39 mmol) was 

dissolved in 5 ml DMF and added dropwise to the first solution. The reaction mixture was 

stirred for another 5 minutes at room temperature, before N-Boc-ethylenediamine (300 mg, 

1.87 mmol, 296.44 µl) was added dropwise in a 4 ml DMF solution. After stirring for 2h at 

room temperature the solvent was removed in vacuo to obtain a yellow solid. Afterwards, the 

residue was purified by silica gel column chromatography (ethyl acetate – hexane 1:1) to 

obtain the product as yellow solid. 

 

Yield 

281 mg, 0.992 mmol, 48 % 

MS 

m/z (ESI-TOF) 283.09 [M + H]
+
, 305.09 [M + Na]

+
, 321.04 [M + K]

+ 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 8.23 (1H), 6.82 (1H), 6.64 (1H), 3.12 (2H), 2.99 (2H), 1.37 (9H) 

13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 161.05, 155.58, 128.47, 124.22, 77.68, 39.35, 38.66, 28.22 
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PMI – Linker conjugate 

(4-20) 

 

 

4-18 (50 mg, 79.58 mmol, 1 eq) was dissolved in 3 ml of dry DMF and flushed with argon. 

DIPEA (15.43 mg, 20.79 µl, 119.37 µmol, 1.5 eq) was added dropwise and the reaction 

solution was stirred for 5 minutes. Afterwards HATU (1-[Bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate, 36.17 mg, 91.52 µmol, 1.15 

eq), dissolved in 2 ml of dry DMF, was added dropwise and stirring was continued for 10 

min until the Boc-deprotected compound 4-19 (20.39 mg, 111.41 µmol, 1.4 eq) was added. 

Subsequently the reaction mixture was stirred under argon for 1 h at room temperature. 

Afterwards the solvent was removed in vacuo and the residue was purified by silica gel 

column chromatography (MeOH – DCM 1:10) to obtain the product as dark blue powder. 

 

Yield 

51 mg, 81 % 

MS 

m/z (MALDI-TOF) 791.75 [M+H]
+
, 813.79 [M+Na]

+
 

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 11.85, 8.3, 8.23, 7.82, 7.34, 7.07, 6.61, 4.04, 3.12, 3.1, 2.07, 1.62, 1.54, 1.31 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 172.70, 162.72, 161.50, 134.16, 131.48, 129.02, 124.63, 124.33, 111.71, 111.71, 

40.02, 38.87, 38.41, 35.75, 27.75, 26.67, 25.42. 
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RP-HPLC 

tR = 32.08 min (716 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 80% A – 40 min 10% A 

 

PMI – Octreotide conjugate 

(4-21) 

 

 

 

Initially, octreotide diacetate (65 mg, 60.2 µmol, 3-15) was reduced under argon in 8 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP, 3-16) hydrochloride 

(69.05 mg, 240.9 µmol) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and 

the isolated fraction was lyophilized overnight. The white powder was dissolved in 5ml 

DMF/phosphate buffer (1:1) – pH 7, stirred on ice and degassed with argon, before KOH 

was added (10.61 mg, 189.05 µmol, 100mg KOH in 1ml methanol). Afterwards 4-20 (30 

mg, 37.82 µmol) was dissolved in 4 ml DMSO/phosphate buffer (1:1) – pH 7 and added 
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dropwise to the reaction solution. The reaction mixture was stirred for 24 h at room 

temperature in an argon atmosphere. Subsequently, the solution was purified by RP-HPLC 

and the solvent of the isolated fractions was removed in vacuo, whereby the product was 

obtained as colorless solid. 

 

Yield 

55 mg, 30.53 µmol, 80.7% 

MS 

m/z (MALDI-TOF) 1738.62 [M+H]
+
, 1760.63 [M+Na]

+ 

NMR: appendix 5 

RP-HPLC 

tR = 33.93 min (716 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 80% A – 40 min 10% A 

 

 

 

tert-butyl 2-(3,3-dichloroacryloyl)hydrazine-1-carboxylate 

(4-22) 

 

 

3,3-dichloro acrylic acid (489 mg, 3.18 mmol, 4-5) was dissolved in 15 ml DMF and 

degassed with argon. To this solution DIPEA (494 mg, 3.82 mmol) was slowly added and 

stirred for 5 minutes. Afterwards, HATU (-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) was dissolved in 5 ml DMF and 

added dropwise to the first solution. The reaction mixture was stirred for another 5 minutes 

at room temperature, before tert-butyl carbazate (400 mg, 3.02 mmol) was added dropwise 

in a 4 ml DMF solution. After stirring for 2h at room temperature the solvent was removed 

in vacuo to obtain a yellow solid. Afterwards, the residue was purified by silica gel column 

chromatography (ethyl acetate – hexane 1:1) to obtain the product as yellow solid.  
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Yield 

360 mg, 1.418 mmol, 46 % 

MS 

m/z (ESI-TOF) 254.02 [M]
+ 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 9.87 (s, 1H), 8.93 (s, 1H), 6.63 (s, 1H), 1.40 (s, 9H) 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 161.15, 155.44, 121.27, 79.91, 28.38. 

 

 

 

(3,3-dichloroacryloyl)hydrazone carrying doxorubicin 

(4-23) 

 

 

4-22 (52 mg, 203.8 µmol) was gradually dissolved in 5 ml dry DCM and the identical 

amount of TFA was added. The solution was vigorously stirred for 1 h at room temperature 

and the solvent and reagent were removed under reduced pressure. Doxorubicin 

hydrochloride (100 mg, 172.4 µmol) was dissolved in 40 ml dry methanol and was added to 

the oily residue. Afterwards, the reaction mixture was stirred for 48 h at room temperature 

and was subsequently purified by reversed-phase high-performance liquid chromatography 

(RP-HPLC). The solvent of the isolated fractions was removed under reduced pressure, 

whereby the product was obtained as a red solid. 

 

Yield 

70 mg, 102.87 µmol, 60% 
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MS 

m/z (MALDI-TOF) 791.75 [M+H]
+
, 813.79 [M+Na]

+
 

 1
H-NMR (650 MHz, DMSO-d6, 298 K)  

δ (ppm) = 6.98 (1H), 7.91 (1H), 7.81 (1H), 7.54 (1H), 5.47 (1H), 5.01 (1H), 4.62 + 4.66 

(2H), 4.20 (1H), 4.01 (3H), 3.65 (1H), 3.51 (1H), 2.90 + 3.34 (2H), 2.31 + 2.52 (2H), 1.90 + 

2.00 (2H), 1.32 (3H).  

13
C-NMR (151 MHz, DMSO-d6, 298 K)  

δ (ppm) = 188.4, 188.2, 164.7, 162.5, 155.8, 157.9, 156.0, 137.3, 137.2, 136.5, 136.5, 135.1, 

120.5, 120.5, 121.6, 120.3, 112.4, 112.2, 101.2, 74.2, 73.8, 68.4, 68.1, 59.0, 57.1, 48.5, 40.5, 

34.9, 29.9, 17.1 

RP-HPLC 

tR = 30.9 min (480 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A; 

For further analysis: appendix 6 
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Doxorubicin-octreotide hybrid  

(4-26) 

 

 

 

Initially, octreotide diacetate (62 mg, 57.44 µmol, 3-15) was reduced under argon in 6 ml 

phosphate buffer (pH 6.2) with tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (82.3 

mg, 287.2 µmol, 3-16) for 60 min. The reduced peptide 3-17 was purified by RP-HPLC and 

the isolated fraction was lyophilized overnight. The white powder was dissolved in 2ml 

DMF/phosphate buffer (1:1) – pH 7, stirred on ice and degassed with argon, before KOH 

was added (6.6 mg, 117,6 µmol, 100 mg KOH in 1ml methanol). Afterwards 4-23 was 

dissolved in 2 ml DMF/phosphate buffer (1:1) – pH 7 and added dropwise to the reaction 

solution. The reaction mixture was stirred for 1 h at room temperature in an argon 

atmosphere. Subsequently, the solution was purified by RP-HPLC and the solvent of the 

isolated fractions was removed in vacuo, whereby the product was obtained as a red solid. 

 

Yield 

13 mg, 7.98 µmol, 27% 
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MS 

m/z (MALDI-TOF) 1628.6 [M+H]
+
, 1650.6 [M+Na]

+ 

 1
H-NMR (650 MHz, DMSO-d6, 298 K) and 

13
C-NMR (151 MHz, DMSO-d6, 298 K)  

appendix 7 

RP-HPLC 

tR = 32 min (480 nm) 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A; 

 

 

 

7.3.3 Compounds part 5: 

5-nitro-1H-indole-2-carboxylic acid 

(5-2) 

 

Compound 5-1 (2.5 g, 10,67 mmol) was dissolved in 50 mL THF:MeOH (1:1) and mixed 

with 4 g NaOH in 30 mL water. The reaction solution was stirred for 24 h until no starting 

compound was left and added to 300 mL water. Afterwards the pH was adjusted to pH 1 

with HCl (35%). The precipitated product was collected by vacuum filtration, redissolved in 

THF and dried with MgSO4. Solvents were removed under high vacuum to yield the brown 

product (5-2). 

 

Yield 

2.12g, 10.28 mmol, 96 % 

MS 

m/z (MALDI-TOF) 229.01 [M+Na]
+
, 244.98 [M+K]

+ 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 13.34 (s, 1H), 12.53 – 12.37 (m, 1H), 8.69 (d, J = 2.2 Hz, 1H), 8.09 (dd, J = 9.1, 

2.3 Hz, 1H), 7.57 (dt, J = 9.1, 0.7 Hz, 1H), 7.36 (dd, J = 2.1, 0.9 Hz, 1H). 
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13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 162.11, 141.30, 139.90, 132.05, 125.88, 119.55, 119.13, 113.08, 109.74. 

 

 

 

2,5-dioxopyrrolidin-1-yl 5-nitro-1H-indole-2-carboxylate 

(5-3) 

 

 

Compound 5-2 (500 mg, 2.43 mmol) and 1-hydroxypyrrolidine--2,5-dione (293.09 mg, 2.55 

mmol) were dissolved in 15 mL THF. DIC (N,N'-diisopropylcarbodiimide, 321.39 mg, 

394.35 µl, 2.55 mol) was added and the reaction was stirred under argon for 3h.The solvent 

was removed under vacuum, the remaining product was redissolved in EtOAc (400 mL) and 

washed with saturated  NaCl solution (3x 200 mL). The organic layer was dried with MgSO4 

and the solvent removed under vacuum to yield the product (5-3). 

 

Yield 

653 mg, 2.15 mmol, 89 % 

MS 

m/z (MALDI-TOF) 342.29 [M+K]
+ 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 13.34 – 12.91 (m, 1H), 8.82 (d, J = 2.2 Hz, 1H), 8.21 (dd, J = 9.2, 2.2 Hz, 1H), 

7.85 – 7.78 (m, 1H), 7.67 (d, J = 9.2 Hz, 1H), 2.93 (s, 4H). 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.23, 156.51, 142.04, 140.93, 125.65, 124.60, 120.79, 120.43, 113.99, 113.70, 

25.57. 
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N-((2S,3S,4S,6R)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-

hydroxyacetyl)-10-methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-

yl)oxy)tetrahydro-2H-pyran-4-yl)-5-nitro-1H-indole-2-carboxamide 

(5-4) 

 

 

Compound 5-3 (150 mg, 494.67 µmol) and Doxorubicin (260.82 mg, 449.71 µmol) were 

dissolved in 20 mL DMF and stirred for 2 h under argon after the addition of DIPEA (87.19 

mg, 114.72 µL, 674,6 µmol). Solvent was removed under reduced pressure. The product was 

purified by column chromatography (CHCl3/MeOH 20:1). After removal of the solvents 

under vacuum, the remaining product was redissolved in THF, precipitated in hexane, 

filtered off and dried under high vacuum to yield the red product 5-4. 

 

Yield 

182 mg, 248.8 µmol, 55 % 

MS 

m/z (MALDI-TOF) 754.25 [M+Na]
+
, 770.24 [M+Na]

+ 

 1
H-NMR (500 MHz, DMSO-d

6
, 298 K)  

δ (ppm) = 13.99 (s, 1H), 13.21 (s, 1H), 12.21 (s, 1H), 8.70 – 8.62 (m, 1H), 8.29 (d, J = 7.9 

Hz, 1H), 8.03 (dd, J = 9.2, 2.4 Hz, 1H), 7.83 (d, J = 7.1 Hz, 2H), 7.53 (dd, J = 19.2, 9.3 Hz, 

3H), 5.48 (s, 1H), 5.29 (s, 1H), 4.92 (dt, J = 17.9, 5.9 Hz, 3H), 4.61 (d, J = 5.8 Hz, 2H), 4.36 

– 4.19 (m, 2H), 3.93 (s, 3H), 3.59 (d, J = 5.2 Hz, 1H), 2.93 (q, J = 18.3 Hz, 2H), 2.26 (d, J = 

14.0 Hz, 1H), 2.11 (d, J = 14.0 Hz, 2H), 1.57 (d, J = 12.2 Hz, 1H), 1.17 (d, J = 6.1 Hz, 3H). 

13
C-NMR (125 MHz, DMSO-d

6
, 298 K)  

δ (ppm) =  213.78, 186.26, 160.65, 159.46, 156.07, 154.42, 141.10, 139.16, 136.03, 135.38, 

135.13, 134.47, 133.99, 126.24, 119.80, 119.05, 118.97, 118.86, 118.24, 112.71, 110.62, 
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110.49, 105.38, 100.41, 74.87, 70.00, 67.84, 66.60, 63.69, 56.46, 45.84, 36.56, 31.99, 29.45, 

17.00. 

RP-HPLC 

tR = 40.05 min 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A; 

 

 

 

ethyl 5-amino-1H-indole-2-carboxylate  

(5-6) 

 

 

5-Nitro-indole-2-carboxylic acid (500 mg, 2,13 mmol, 5-1) was dissolved in 100 mL 

dioxane. Sodium dithionite (2.23 g, 12.81 mmol) as well as NaHCO3 (1.79 g, 21.35 mmol) 

were dissolved in water and added to the dioxane solution stepwise and the reaction was 

stirred under argon for 1 h. Afterwards the precipitate was filtered off and the brown solution 

was added to 300 mL 1M NaHCO3. The aqueous solution was washed five times with DCM 

(150 mL). The organic phases were collected and dried with MgSO4. The solvents were 

evaporated under vacuum to yield the brown product ethyl 5-aminoindole-2-carboxylate (5-

6). 

 

Yield 

170 mg, 38% 

MS 

m/z (MALDI-TOF) 205.08 [M+H]
+
, 227.12 [M+Na]

+ 

m/z (ESI-TOF) 205.11 [M+H]
+
, 245.12 [M+K]

+ 

 1
H-NMR (500 MHz, DMSO-d6, 298 K)  

δ (ppm) = 11.38 (s, 1H), 7.15 (d, J = 8.0 Hz, 1H), 6.83 (d, J = 2.2 Hz, 1H), 6.69 (d, J = 8.0 

Hz, 2H), 4.64 (s, 2H), 4.29 (q, J = 7.0 Hz, 2H), 1.31 (t, J = 7.0 Hz, 3H). 
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13
C-NMR (125 MHz, DMSO-d6, 298 K)  

δ (ppm) = 161.39, 142.22, 131.51, 127.73, 126.60, 116.59, 112.67, 106.00, 102.87, 66.34, 

60.03, 14.34. 

 

 

ethyl 5-((tert-butoxycarbonyl)amino)-1H-indole-2-carboxylate  

(5-7) 

 

 

5-aminoindole-2-carboxylate (5-6) (700 mg, 3.43 mmol) and di-tert-butyl dicarbonate (748 

mg, 3.43 mmol) were dissolved in 50 mL THF, refluxed for 24 h until no starting compound 

was left. The reaction solution was added to 300 mL 1M NaHCO3 and the product was 

extracted from the aqueous solution by DCM (5x 150 mL). The organic phases were 

collected and dried with MgSO4. The solvents were evaporated under vacuum to yield the 

brown product ethyl 5-((tert-butoxycarbonyl)amino)-indole-2-carboxylate (5-7).  

 

Yield 

880 mg, 85% 

MS 

m/z (MALDI-TOF) 305.72 [M+H]
+
, 327.68 [M+Na]

+ 

m/z (ESI-TOF) 327.68 [M+Na]
+
, 631.28 [2*M+Na]

+ 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 11.72 (s, 1H), 9.17 (s, 1H), 7.81 (s, 1H), 7.32 (d, J = 8.8 Hz, 1H), 7.26 (d, J = 8.8 

Hz, 1H), 7.05 (d, J = 2.2 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 1.48 (s, 9H), 1.33 (t, J = 7.1 Hz, 

3H). 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) =  161.23, 153.10, 133.73, 132.49, 127.61, 126.68, 112.40, 107.33, 78.56, 60.31, 

28.22, 14.29. 
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5-((tert-butoxycarbonyl)amino)-1H-indole-2-carboxylic acid 

(5-8) 

 

 

Compound 5-7 (850 mg, 2.79 mmol) was dissolved in 20 mL THF:MeOH (1:1) and mixed 

with 1g NaOH in 10 mL water. The reaction solution was stirred for 20 h until no starting 

compound was left and added to 500 mL water. Afterwards the pH was adjusted to pH 1 

with HCl (35%). The precipitated product was collected by vacuum filtration, redissolved in 

THF and dried with MgSO4. Solvents were removed under high vacuum to yield the brown 

product 5-((tert-butoxycarbonyl)amino)-indole-2-carboxylic acid (5-8). 

 

Yield 

750mg, 96% 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.86 (s, 1H), 11.58 (s, 1H), 9.16 (s, 1H), 7.77 (s, 1H), 7.45 – 7.16 (m, 2H), 6.98 

(d, J = 2.0 Hz, 1H), 1.48 (s, 9H). 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 162.68, 153.08, 133.58, 132.27, 126.77, 112.27, 106.95, 78.49, 66.97, 28.12, 

25.08. 

 

 

 

2,5-dioxopyrrolidin-1-yl 5-((tert-butoxycarbonyl)amino)-1H-indole-2-carboxylate 

(5-9) 

 

 

Compound 5-8 and 1-hydroxypyrrolidine--2,5-dione were dissolved in 20 mL THF. DIC 

(N,N'-diisopropylcarbodiimide) was added and the reaction was stirred under argon for 

3h.The solvent was removed under vacuum, the remaining product was redissolved in 
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EtOAc (400 mL) and washed with saturated  NaCl solution (3x 200 mL). The organic layer 

was dried with MgSO4 and the solvent removed under vacuum to yield the product 2,5-

dioxopyrrolidin-1-yl 5-((tert-butoxycarbonyl)amino)-indole-2-carboxylate (5-9). 

 

Yield 

530 mg, 79% 

MS 

m/z (MALDI-TOF) 374.22 [M+H]
+ 

m/z (ESI-TOF) 769.26 [2*M+Na]
+ 

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.28 (d, J = 2.2 Hz, 1H), 9.30 (s, 1H), 7.93 (s, 1H), 7.44 (d, J = 2.0 Hz, 1H), 7.38 

(d, J = 2.0 Hz, 2H), 4.03 (q, J = 7.1 Hz, 2H), 2.90 (s, 4H), 1.49 (s, 9H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.43, 156.80, 153.06, 135.01, 133.25, 126.60, 121.21, 112.70, 111.17, 78.77, 

28.17, 25.52. 

 

 

 

tert-butyl (2-(((2S,3S,4S,6R)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-

hydroxyacetyl)-10-methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-

yl)oxy)tetrahydro-2H-pyran-4-yl)carbamoyl)-1H-indol-5-yl)carbamate  

(5-10) 

 

 

Compound 5-9 (230 mg, 670 µmol) and doxorubicin (400 mg, 737 µmol) were dissolved in 

20 mL DMF and stirred for 2 h under argon after the addition of DIPEA (0.18 mL, 1 mmol). 
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The solution was added to 300 mL EtOAc and washed 3x with saturated NaCl. The organic 

layer was dried with MgSO4 and the solvent was removed under vacuum. During the work 

up a second product arises, which could be separated by column chromatography 

(CHCl3/MeOH 20:1). After removal of the solvents under vacuum, the remaining product 

was redissolved in THF, precipitated in Hexane, filtered off and dried under high vacuum to 

yield the red product (5-10). 

 

Yield 

100 mg, 20% 

MS 

m/z (MALDI-TOF) 824.29 [M+Na]
+
, 1625.59 [2M+Na]

+ 

m/z (FD) 802.7 

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) =  14.02 (s, 1H), 13.25 (s, 1H), 11.34 (s, 1H), 9.08 (s, 1H), 7.93 – 7.82 (m, 3H), 7.72 

(s, 1H), 7.61 (dt, J = 6.4, 4.1 Hz, 1H), 7.25 (d, J = 8.8 Hz, 1H), 7.15 (d, J = 8.8 Hz, 1H), 7.06 

(d, J = 2.2 Hz, 1H), 5.50 (s, 1H), 5.35 – 5.23 (m, 1H), 5.00 – 4.91 (m, 2H), 4.87 (t, J = 6.1 

Hz, 1H), 4.65 – 4.54 (m, 2H), 4.24 (p, J = 9.3, 7.9 Hz, 2H), 3.96 (s, 3H), 3.55 (d, J = 5.1 Hz, 

1H), 3.00 (d, J = 18.1 Hz, 1H), 2.93 (d, J = 18.0 Hz, 1H), 2.25 (d, J = 14.4 Hz, 1H), 2.14 (dd, 

J = 14.3, 5.7 Hz, 1H), 2.11 – 2.04 (m, 1H), 1.57 (dd, J = 12.4, 4.5 Hz, 1H), 1.47 (s, 9H), 1.17 

(d, J = 6.6 Hz, 3H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) =  214.24, 186.97, 186.86, 161.22, 160.72, 156.59, 154.95, 153.60, 136.63, 135.99, 

135.09, 134.56, 133.21, 132.50, 127.39, 120.44, 120.16, 119.42, 112.50, 111.23, 111.10, 

103.36, 100.92, 78.90, 75.43, 70.51, 68.50, 67.18, 64.16, 57.00, 46.02, 40.49, 37.18, 32.55, 

30.14, 28.69, 17.53. 
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5-amino-N-((2S,3S,4S,6R)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-

hydroxyacetyl)-10-methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-

yl)oxy)tetrahydro-2H-pyran-4-yl)-1H-indole-2-carboxamide  

(5-11) 

 

 

 

5-9 (30 mg, 90.01 µmol) was gradually dissolved in 5 ml dry DCM and the identical amount 

of TFA was added. The solution was vigorously stirred for 1 h at room temperature and the 

solvent and reagent were removed under reduced pressure. Doxorubicin hydrochloride 

(57.42 mg, 99.01 µmol) was dissolved in 5 ml dry DMF and was added to the oily residue. 

DIPEA (13.96 mg, 18.81 µL, 108.01 µmol) was used to make the pH basic. Afterwards, the 

reaction mixture was stirred for 4 h at room temperature and was subsequently purified by 

reversed-phase high-performance liquid chromatography (RP-HPLC). The solvent of the 

isolated fractions was removed under reduced pressure, whereby the product was obtained as 

a red solid (5-11). 

 

Yield 

38 mg, 54.16 µmol, 60 % 

MS 

m/z (MALDI-TOF) 724.43 [M+Na]
+
, 741.57 [M+K]

+ 

m/z (ESI-TOF) 724.22 [M+Na]
+
, 1403.47[2M+H]

+
, 1425.44 [2M+Na]

+
  

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 14.07 (s, 1H), 13.30 (s, 1H), 11.07 – 10.96 (m, 1H), 7.95 – 7.88 (m, 2H), 7.76 (t, J 

= 6.9 Hz, 1H), 7.68 – 7.63 (m, 1H), 7.10 (dd, J = 8.7, 3.3 Hz, 1H), 6.91 – 6.82 (m, 1H), 6.66 

(t, J = 2.7 Hz, 1H), 6.58 (dt, J = 6.7, 2.2 Hz, 1H), 5.54 (t, J = 2.5 Hz, 1H), 5.29 (d, J = 3.6 

Hz, 1H), 5.00 (t, J = 4.2 Hz, 1H), 4.92 (t, J = 5.5 Hz, 1H), 4.87 (q, J = 5.6 Hz, 1H), 4.60 (d, J 

= 4.9 Hz, 2H), 4.22 (ddt, J = 23.2, 9.2, 4.9 Hz, 2H), 3.98 (d, J = 2.7 Hz, 3H), 3.57 – 3.51 (m, 
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1H), 3.00 (t, J = 16.1 Hz, 2H), 2.29 – 2.14 (m, 2H), 2.10 – 2.02 (m, 1H), 1.92 (d, J = 3.5 Hz, 

2H), 1.61 – 1.51 (m, 1H), 1.17 (dd, J = 6.5, 4.0 Hz, 3H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) =  187.07 (d, J = 17.3 Hz), 161.28, 160.93, 156.62, 154.98, 142.23, 136.70, 136.09, 

135.21, 134.63, 131.58, 130.91, 128.40, 120.56, 120.22, 119.49, 115.39, 112.84, 111.33, 

111.19, 103.05, 102.21, 100.91, 75.47, 70.56, 68.53, 67.21, 64.14, 57.08, 46.06, 37.29, 

32.59, 30.18, 17.56 

RP-HPLC 

tR = 33.37 min 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A; 

 

 

 

ethyl 5-(5-((tert-butoxycarbonyl)amino)-1H-indole-2-carboxamido)-1H-indole-2-

carboxylate  

(5-13) 

 

 

5-7 (100 mg, 489.65 µmol) was gradually dissolved in 10 ml dry DCM and the identical 

amount of TFA was added. The solution was vigorously stirred for 1 h at room temperature 

and the solvent and reagent were removed under reduced pressure (as an easier and 

conventional alternative 5-6 can be used directly). 5-9 (164.5 mg, 440.68 µmol) was 

dissolved in 5 ml dry DMF and was added to the oily residue. DIPEA was used to make the 

pH basic. Afterwards, the reaction mixture was stirred for 4 h under argon at room 

temperature and was subsequently added to 200 ml EtOAc and brine (3x 150 ml) was used 

for washing. The organic phases were collected, dried with MgSO4 and purified by column 

chromatography (EtOAc/Hex 3:2). The solvent of the isolated fractions was removed under 

reduced pressure, whereby the product was obtained as a brown solid (5-13). 
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Yield 

121 mg, 261,62µmol, 53 % 

MS 

m/z (MALDI-TOF) 462.65 [M+H]
+
, 484.58 [M+Na]

+ 

m/z (FD) 462.1
 

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 11.87 (s, 1H), 11.56 (s, 1H), 10.11 (s, 1H), 9.15 (s, 1H), 8.13 (d, J = 1.9 Hz, 1H), 

7.79 (s, 1H), 7.59 (dd, J = 9.0, 2.0 Hz, 1H), 7.44 (d, J = 8.9 Hz, 1H), 7.37 – 7.26 (m, 2H), 

7.22 (dd, J = 8.9, 2.0 Hz, 1H), 7.16 (d, J = 2.0 Hz, 1H), 4.35 (q, J = 7.1 Hz, 2H), 1.49 (s, 

9H), 1.17 (t, J = 7.1 Hz, 3H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 161.22, 159.54, 153.11, 134.50, 133.12, 132.26, 132.20, 131.82, 127.93, 127.06, 

126.58, 120.01, 117.43, 113.10, 112.50, 112.20, 107.71, 103.21, 78.46, 60.36, 28.17, 14.25. 

 

 

 

 

5-(5-((tert-butoxycarbonyl)amino)-1H-indole-2-carboxamido)-1H-indole-2-carboxylic 

acid (5-14) 

 

 

Compound 5-13 (100 mg, 216.21 µmol) was dissolved in 8 mL dioxane:MeOH (1:1) and 

mixed with 1g NaOH in 8 mL water. The reaction solution was stirred for 24 h until no 

starting compound was left and added to 500 mL water. Afterwards the pH was adjusted to 

pH 1 with HCl (35%). The precipitated product was collected by vacuum filtration to yield 

the brown product (5-14). 

  

Yield 

85 mg, 195,65 µmol, 90 % 

MS 

m/z (MALDI-TOF) 436.26 [M+Na]
+ 
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 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.93 (s, 1H), 11.74 (d, J = 2.2 Hz, 1H), 11.56 (d, J = 2.2 Hz, 1H), 10.10 (s, 1H), 

9.15 (s, 1H), 8.13 (d, J = 1.9 Hz, 1H), 7.80 (s, 1H), 7.57 (dd, J = 8.9, 2.0 Hz, 1H), 7.47 – 

7.38 (m, 1H), 7.38 – 7.27 (m, 2H), 7.23 (dd, J = 8.8, 2.0 Hz, 1H), 7.10 (dd, J = 2.2, 0.9 Hz, 

1H), 1.49 (s, 9H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 162.69, 159.43, 153.12, 134.29, 133.04, 132.20, 131.58, 129.01, 127.00, 126.67, 

119.57, 112.95, 112.39, 112.09, 107.29, 103.09, 78.46, 28.16. 

 

 

 

2,5-dioxopyrrolidin-1-yl 5-(5-((tert-butoxycarbonyl)amino)-1H-indole-2-carboxamido)-

1H-indole-2-carboxylate  

(5-15) 

 

 

Compound 5-14 (22 mg, 50.64 µmol) and 1-hydroxypyrrolidine--2,5-dione (6.12 mg, 53.17 

µmol) were dissolved in 5 mL dry THF. DIC (N,N'-diisopropylcarbodiimide, 6.71 mg, 8.23 

µl, 53.17 µmol) was added and the reaction was stirred under argon for 3h. The solvent was 

removed under vacuum and the remaining product was redissolved in EtOAc (50 mL) and 

washed with saturated NaCl solution (5x 50 mL). The organic layer was dried with MgSO4 

and the solvent removed under vacuum to yield the product (5-15). 

 

Yield 

20 mg, 37.63 µmol, 74 % 

MS 

m/z (MALDI-TOF) 532.74 [M+Na]
+
, 553.63 [M+K]

+ 
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 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.45 (d, J = 2.2 Hz, 1H), 11.84 (d, J = 2.2 Hz, 1H), 10.48 (s, 1H), 9.17 (s, 1H), 

8.32 (d, J = 1.9 Hz, 1H), 7.83 – 7.76 (m, 2H), 7.54 – 7.48 (m, 2H), 7.38 – 7.32 (m, 2H), 7.25 

(d, J = 8.8 Hz, 1H), 2.92 (s, 4H), 1.48 (s, 9H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 170.45, 162.32, 159.46, 156.82, 153.16, 135.70, 133.13, 132.71, 132.10, 126.93, 

126.42, 121.73, 121.39, 112.87, 112.14, 111.49, 104.05, 78.51, 35.75, 30.78, 25.55. 

 

 

 

5-amino-N-(2-(((2S,3S,4S,6R)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-

hydroxyacetyl)-10-methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-

yl)oxy)tetrahydro-2H-pyran-4-yl)carbamoyl)-1H-indol-5-yl)-1H-indole-2-carboxamide  

(5-17) 

 

5-15 (40 mg, 75 µmol) was gradually dissolved in 3 ml dry DCM and the identical amount 

of TFA was added. The solution was vigorously stirred for 1 h at room temperature and the 

solvent and reagent were removed under reduced pressure. Doxorubicin hydrochloride 

(47.84 mg, 82.49 µmol) was dissolved in 3 ml dry DMF and was added to the oily residue. 

DIPEA was used to make the pH basic. Afterwards, the reaction mixture was stirred for 24 h 

at room temperature and was subsequently purified by reversed-phase high-performance 

liquid chromatography (RP-HPLC). The solvent of the isolated fractions was removed under 

reduced pressure, whereby the product was obtained as a red solid (5-17). 

 

Yield 

31 mg, 23.26 µmol, 48 % 
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MS 

m/z (MALDI-TOF) 883.55 [M+K]
+ 

 1
H-NMR (700 MHz, DMSO-d6, 298 K)  

δ (ppm) = 14.05 (d, J = 3.8 Hz, 1H), 13.28 (s, 1H), 12.04 (s, 1H), 11.54 (s, 1H), 10.28 (s, 

1H), 10.07 (d, J = 61.0 Hz, 3H), 8.08 (s, 1H), 8.05 – 7.98 (m, 1H), 7.89 (d, J = 4.4 Hz, 2H), 

7.67 (s, 1H), 7.66 – 7.60 (m, 1H), 7.60 – 7.50 (m, 2H), 7.47 (s, 1H), 7.40 (dd, J = 9.0, 3.8 

Hz, 1H), 7.20 (d, J = 15.0 Hz, 2H), 5.55 (s, 1H), 5.30 (s, 1H), 4.98 (s, 2H), 4.62 (d, J = 4.0 

Hz, 2H), 4.25 (dd, J = 16.7, 8.4 Hz, 2H), 3.97 (d, J = 3.8 Hz, 3H), 3.58 (s, 1H), 3.10 – 3.03 

(m, 3H), 3.02 – 2.93 (m, 3H), 2.27 (d, J = 14.1 Hz, 1H), 2.16 (d, J = 13.6 Hz, 1H), 2.13 – 

2.06 (m, 1H), 1.60 (d, J = 12.5 Hz, 1H), 1.19 (t, J = 6.6 Hz, 3H). 

13
C-NMR (176 MHz, DMSO-d6, 298 K)  

δ (ppm) = 214.27, 187.01, 186.91, 161.24, 160.68, 159.49, 156.62, 154.97, 136.67, 136.03, 

135.96,  135.13, 134.61, 134.23, 134.03, 132.85, 131.69, 127.48, 127.27, 120.47, 120.19, 

119.45, 119.02, 118.97, 113.93, 113.31, 112.60,  111.26, 111.13, 103.93, 103.81, 100.93, 

75.45, 70.56, 68.52, 67.20, 64.17, 57.06, 46.14, 45.90, 42.58, 40.90, 37.23, 32.57, 30.15, 

17.57. 

RP-HPLC 

tR = 37.84 min 

A: 25 mM triethylammonium acetate (TEAA) buffer (pH 7) 

B: acetonitrile (ACN) 

0 min 100% A – 40 min 30% A; 

 

 

 

Ethyl 5-guanidino-1H-indole-2-carboxylate (5-18) 

 

 

 

Compound 5-6 (200 mg, 979.29 µmol), p-toluenesulfonic acid (185.50 mg, 1,08µmol) and 

cyanamide (49.40 mg, 1.18 µmol) were dissolved in 30 ml dioxane and the solution was 

stirred after flushing with argon for 10 min for 2 h at 110 °C until everything was diluted and 

at 90 °C overnight. The solvent was removed under vacuum and the remains were 



C h a p t e r  7    
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subsequently purified by reversed-phase high-performance liquid chromatography (RP-

HPLC) to yield a brown powder (5-18).  

Yield 

180 mg, 730.91 µmol, 75 % 

MS 

m/z (MALDI-TOF) 245.86 [M+H]
+
, 268.83 [M+Na]

+
, 288.92 [M+K]

+
 

1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 12.03 (s, 1H), 7.48 (s, 4H), 7.48 (m, J = 8.0 Hz, 2H), 7.15 (d, J = 2.2 Hz, 1H), 7.09 

(d, J = 8.0 Hz, 1H), 4.64 (s, 2H), 4.34 (q, J = 7.0 Hz, 2H), 1.34 (t, J = 7.0 Hz, 3H). 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 172.87, 161.09, 142.22, 131.51, 127.73, 126.60, 116.59, 112.67, 60.51, 45.47, 

66.34, 14.34. 

 

 

5-guanidino-1H-indole-2-carboxylic acid (5-19) 

 

 

Compound 5-18 (215 mg, 873.03 µmol) was dissolved in 6 ml MeOH and mixed with 1g 

NaOH in 6 mL water. The reaction solution was stirred for 24 h until no starting compound 

was left and subsequently purified by reversed-phase high-performance liquid 

chromatography (RP-HPLC) to yield a brown powder (5-19). 

  

Yield 

170 mg, 782.66 µmol, 90 % 

MS 

m/z (MALDI-TOF) 218.85 [M+H]
+
, 241.79 [M+Na]

+
 

 1
H-NMR (300 MHz, DMSO-d6, 298 K)  

δ (ppm) = 11.22 (s, 1H), 7.92 (s, 4H), 7.39 (d, J = 8.3 Hz, 2H), 7.01 – 6.86 (m, 1H), 6.71 (s, 

1H). 

13
C-NMR (75 MHz, DMSO-d6, 298 K)  

δ (ppm) = 172.14, 157.03, 148.36, 134.81, 127.81, 126.38, 120.47, 118.16, 112.97, 103.37. 
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Appendix 

Appendix 1 (4-7) 

 

Figure 73: 
1
H NMR of compound 4-7 (300 MHz, DMSO-d6, 298 K) 
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Figure 74: 
1
H NMR of PEG-(5000)-NH2 (300 MHz, DMSO-d6, 298 K) 

 

Figure 75: 
1
H NMR overlay of compound 4-7 and PEG-(5000)-NH2 (300 MHz, DMSO-d6, 298 K) 

Amine protons (NH2) are missing in the PEG5000-linker conjugate 
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Figure 76: 
1
H NMR overlay of compound 4-7 and PEG-(5000)-NH2 (300 MHz, DMSO-d6, 298 K) 

 

 

  

Furthermore, two new peaks (NH and acrylic H) can be 

found in the PEG5000-linker conjugate spectrum 
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Appendix 2 (4-8) 

 

MALDI-TOF 

 

 

 

 

SDS-PAGE 
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GPC Results: 

Table 6: Gel permeation chromatography of PEG-5000-NH2, 4-7 and 4-8  

Sample Molecular weight PDI Conditions 

PEG-5000 4930,12 1,04 

 

4-7 5021,88 1,04 

4-8 5823,88 1,04 
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Appendix 3 (4-10) 

HMBC and ROESY key relations for Benzylamin – Octreotide  

(4-10) towards Thr  

 

 

HMBC and ROESY key relations for Benzylamin – Octreotide  

(4-10) towards Phe  
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Table 7: 
1
H NMR (650 MHz, DMSO-d6, 298 K) and 

13
C-NMR (650 MHz, DMSO-d6, 298 K) of (4-

10) 

Benzylamin – Octreotide (4-10) assignment towards Thr-ol  
 Proton/Carbon Chemical Shift (ppm)  

Residue NH CαH CβH others Amid C 

D-Phe 1 - 3.40/56.0 2.98+2.51/40.9 138.9; 
7.20/129.4 
7.24/128.1 
7.17/126.1 

174.7 

Cys 2 - 4.53/51.6 3.15+3.28/33.5 - 169.6 

Phe 3 8.15 4.50/54.2 2.73+2.81/37.5 137.4 
6.97/129.3 
7.09/128.0 
7.10/126.2 

170.5 

D-Trp 4 8.47/120.6 
11.0/130.4 

4.36/54.5 2.87+3.07/27.4 109.8 
7.14/123.9 
136.2 
7.32/111.4 
7.06/120.9 
7.00/118.3 
7.59/118.4 
127.1 

172.0 

Lys 5 8.49/118.5 4.16/53.2 1.47+1.61/31.1 1.11/22.2 (γ) 
1.36/29.4 (δ) 
2.56/39.7 (ε) 

171.9 

Thr 6 7.84/108.3 4.19/58.7 4.03/66.0 1.03/19.1 169.8 

Cys 7 8.62/117.9 4.56/51.4 3.16+3.35/36.0 - 169.3 

Thr(ol) 8 7.64/112.6 3.62/56.0 3.83/64.3 3.46+3.0/60.2 
3.83/64.3 
0.98/19.9 

 

Benzylacrylamid- 8.30/116.4 - - 7.22/127.4; 
7.27/128.3; 
7.22/127.4 
139.6 
4.23/42.0; 
164.1; 
5.96/113.5 
149.1 
 

- 
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Table 8: 
1
H NMR (650 MHz, DMSO-d

6
, 298 K) and 

13
C-NMR (650 MHz, DMSO-d

6
, 298 K) of (4-

10) 

Benzylamin – Octreotide (4-10) assignment towards Phe  
 Proton/Carbon Chemical Shift (ppm)  

Residue NH CαH CβH others Amid C 

D-Phe 1 - 3.41/56.0 2.94+2.53/40.8 138.7; 
7.19/129.4 
7.23/128.2 
7.16/126.1 

174.7 

Cys 2 - 4.67/51.2 2.99+3.20/36.3 - 168.9 

Phe 3 8.41 4.63/53.8 2.70+2.81/37.9 137.3 
7.02/129.2 
7.13/128.0 
7.13/126.3 

170.5 

D-Trp 4 8.57/122.1 
11.0/130.3 

4.39/54.3 2.81+3.05/27.3 109.7 
7.07/123.7 
136.2 
7.32/111.4 
7.06/120.9 
6.98/118.3 
7.55/118.3 
127.2 

171.5 

Lys 5 8.30/118.7 4.14/52.9 1.41+1.61/31.1 1.02/22.1 (γ) 
1.32/29.4 (δ) 
2.55/39.7 (ε) 

171.7 

Thr 6 7.79/108.7 4.17/58.6 3.99/66.3 1.01/19.6 169.7 

Cys 7 8.40 4.61/52.8 3.18/34.7 - 169.4 

Thr(ol) 8 7.52/113.7 3.62/56.0 3.86/64.1 3.31+3.45/60.3 
3.86/64.1 
0.98/20.0 

 

Benzylacrylamid- 8.30/116.4 - - 7.22/126.8; 
7.30/128.3; 
7.26/127.4 
139.3 
4.29/42.1; 
164.2; 
6.23/119.4 
147.1 
 

- 
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Figure 77: Part of the ROESY spectrum of 4-10 (crosspeaks between olefinic protons and cysteines as 

well as amide protons marked) 
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Appendix 4 (4-13) 

 

HMBC and ROESY key relations for Short PEG – Octreotide (4-13) towards 

Thr  

 

 

HMBC and ROESY key relations for Short PEG – Octreotide (4-13) towards 

Phe  
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Table 9: 
1
H NMR (650 MHz, DMSO-d6, 298 K) and 

13
C-NMR (650 MHz, DMSO-d6, 298 K) of 4-13 

Short PEG – Octreotide (4-13) assignment towards Thr-ol  
 Proton/Carbon Chemical Shift (ppm)  

Residue NH CαH CβH others Amid C 

D-Phe 1 - 3.40/56.0 2.51+2.98/40.9 138.9 
7.20/129.4 
7.25/128.2 
7.17/126.2 

174.7 

Cys 2 - 4.53/51.5 3.15+3.26/33.5 - 169.7 

Phe 3 8.14/114.6 4.49/54.2 2.73+2.82/37.5 137.4 
6.96/129.3 
7.09/128.0 
7.12/126.3 

170.5 

D-Trp 4 8.48/120.8 
(Indol) 
10.94/130.4 

4.33/54.6 2.87+3.07/27.3 109.8 
7.13/123.9 
136.2 
7.33/111.4 
7.07/121.0 
7.01/118.3 
7.58/118.3 
127.1 

172.0 

Lys 5 8.42/118.4 4.16/53.2 1.46+1.63/31.1 1.10/22.3 (γ) 
1.36/29.4 (δ) 
2.56/39.9 (ε) 

172.0 

Thr 6 7.77/108.5 4.18/58.8 4.02/66.0 1.04/19.3 169.8 

Cys 7 8.47/117.9 4.58/51.4 3.13+3.33/36.2 - 169.3 

Thr(ol) 8 7.57/112.5 3.63/56.2 3.86/64.2 1.00/20.0 
3.30+3.44/60.2 

- 

Short 
PEGamid- 

7.88   1.38/27.8 
79.8 
170.5 
2.40/35.9 
3.57/66.3 
3.47/69.7 
3.36/69.3 
3.17/38.4 
5.92/113.6 
 

164.3 
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Table 10: 
1
H NMR (650 MHz, DMSO-d6, 298 K) and 

13
C-NMR (650 MHz, DMSO-d6, 298 K) of 4-

13 

Short PEG – Octreotide (4-13) assignment towards Phe  
 Proton/Carbon Chemical Shift (ppm)  

Residue NH CαH CβH others Amid C 

D-Phe 1 - 3.41/56.0 2.53+2.95/40.9 138.7 
7.20/129.4 
7.25/128.1 
7.12/126.1 

174.4 

Cys 2 - 4.67/51.2 2.98+3.18/36.3 - 168.9 

Phe 3 8.14/114.6 4.62/53.8 2.70+2.81/37.9 137.2 
7.01/129.2 
7.13/128.0 
7.17/126.2 

170.5 

D-Trp 4 8.57/122.2 
(Indol) 
10.92/130.3 

4.37/54.4 2.82+3.04/27.3 109.7 
7.06/123.7 
136.2 
7.33/111.4 
7.07/120.9 
6.98/118.3 
7.54/118.3 
127.1 

171.6 

Lys 5 8.24/118.6 4.15/52.9 1.42+1.62/31.2 1.03/22.0 (γ) 
1.32/29.5 (δ) 
2.55/39.9 (ε) 

171.7 

Thr 6 7.73/108.7 4.16/58.6 3.98/66.3 1.01/19.7 169.7 

Cys 7 8.36/119.1 4.61/52.8 3.16/39.7 - 169.4 

Thr(ol) 8 7.47/113.8 3.62/56.0 3.86/64.1 1.00/19.9 
3.33+3.47/60.3 

- 

Short 
PEGamid- 

7.92   1.38/27.8 
79.8 
170.5 
2.40/35.9 
3.57/66.3 
3.47/69.7 
3.40/69.2 
3.22/38.5 
6.20/119.6 
 

164.2 
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Schematic overview of the following HMBC and ROESY spectra, which clearly proof that 

the interaction of the linker takes place at the two cysteine thiols forming two new thiol-ether 

bonds.  

 

Figure 78: Part of the HMBC spectrum (top) showing 
1
H-

13
C long range correlations to the olefinic 

carbon and GSQC spectrum (bottom) showing the methylene groups of the cysteines of the shortPEG-

octreotide-conjugate 4-13 
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Figure 79: Part of the ROESY spectrum of 4-13 (crosspeaks between olefinic protons and cysteines as 

well as amide protons marked) 
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Appendix 5 (4-21) 

 

HMBC and ROESY key relations for PMI – Octreotide (4-21) towards Phe  

 

 

HMBC and ROESY key relations for PMI – Octreotide (4-21) towards Thr 
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Table 11: 
1
H NMR (650 MHz, DMSO-d6, 298 K) and 

13
C-NMR (650 MHz, DMSO-d6, 298 K) of 4-

21 

PMI – Octreotide (4-21) assignment towards Phe  
 Proton/Carbon Chemical Shift (ppm)  

Residue NH CαH CβH others Amid C 

D-Phe 1 - 3.43/56.0 2.54+2.96/40.8 138.6 
7.19/129.4 
7.23/128.2 
7.15/126.2 

174.4 

Cys 2 - 4.67/51.3 3.20+2.99/36.4 - 168.9 

Phe 3 8.30/118.9 4.60/53.9 2.70+2.80/37.4 137.2 
6.99/129.2 
7.10/128.1 
7.11/126.3 

170.6 

D-Trp 4 8.59/122.3 
Indol 
10.87/130.0 

4.36/54.4 2.82+3.07/27.1 109.7 
7.12/123.8 
136.2 
7.32/111.4 
7.07/121.0 
6.99/118.3 
7.53/118.4 
127.1 

171.6 

Lys 5 8.18/118.4 4.18/52.7 1.42+1.66/31.0 1.03/21.9 (γ) 
1.42/26.9 (δ) 
2.65/38.8 (ε) 

171.6 

Thr 6 7.71/109.1 4.17/58.7 3.98/66.3 1.02/19.7 169.8 

Cys 7 8.31 4.65/52.88 3.16/34.9 - 169.4 

Thr(ol) 8 7.47/113.7 3.63/56.1 3.86/64.2 0.99/20.1 
3.63/56.1 
3.32+3.46/60.4 

- 

PMI-
linker-
amid- 

   PMI: 
219.1 (NH) 
163.1 (out) 
6.61/82.3 (NH) 
155.9 (out) 
7.14/117.9 
138.3 (Cl) 
110.9 (in) 
131.6 (in)  
110.6 (out) 
110.9 (out) 
130.4 (Cl) 
132.0 (in) 
8.17/129.9 
122.2 (out) 
126.2 (in) 
162.3 (=O) 

Linker: 
4.08/39.5 
1.62/27.5 
1.31/26.4 
1.54/25.1 
2.07/35.4 
172.5 (=O) 
7.88/112.6 
(NH) 
3.11/38.3 
3.11/38.5 
7.93/114.7 
(NH) 
164.4 (=O) 
6.17/120.4 
146.6 
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Table 12: 
1
H NMR (650 MHz, DMSO-d6, 298 K) and 

13
C-NMR (650 MHz, DMSO-d6, 298 K) of 4-

21 

PMI – Octreotide (4-21) assignment towards Thr-ol  
 Proton/Carbon Chemical Shift (ppm)  

Residu
e 

NH CαH CβH others Amid C 

D-Phe 
1 

- 3.43/56.0 2.52+2.99/40.8 138.6 
7.19/129.4 
7.23/128.2 
7.15/126.2 

174.7 

Cys 2 - 4.52/51.7 3.18+3.27/33.5 - 169.8 

Phe 3 8.13/115.9 4.44/54.4 2.77+2.85/37.2 137.4 
6.96/129.3 
7.09/128.1 
7.11/126.3 

170.7 

D-Trp 4 8.49/120.9 
Indol 
10.89+10.
90/130.4 

4.32 2.89+3.08/27.1 109.9 
7.07/123.8 
136.2 
7.33/111.4 
7.07/121.0 
7.01/118.3 
7.57/118.3 
127.1 

171.9 

Lys 5 8.25/118.0 4.21/52.8 1.48+1.66/31.9 1.11/22.0 (γ) 
1.42/26.9 (δ) 
2.65/38.8 (ε) 

171.8 

Thr 6 7.74/109.1 4.15/59.1 3.99/66.1 1.05/19.6 170.0 

Cys 7 8.34/118.2 4.64/51.4 3.09+3.32/36.2 - 169.4 

Thr(ol) 
8 

7.50/112.5 3.63/56.1 3.86/64.2 0.99/20.0 
3.63/56.1 
3.32+3.46/60.4 

- 

PMI-
linker-
amid- 

   PMI: 
219.1 (NH) 
163.1 (out) 
6.61/82.3 (NH) 
155.9 (out) 
7.14/117.9 
138.3 (Cl) 
110.9 (in) 
131.6 (in)  
110.6 (out) 
110.9 (out) 
130.4 (Cl) 
132.0 (in) 
8.17/129.9 
122.2 (out) 
126.2 (in) 
162.3 (=O) 

Linker: 
4.08/39.5 
1.62/27.5 
1.31/26.4 
1.54/25.1 
2.07/35.4 
172.4 (=O) 
7.85/112.7 
(NH) 
3.06/38.5 
3.06/38.3 
7.89/112.6 
(NH) 
164.4 (=O) 
5.89/114.1 
148.6 
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Schematic overview of the following ROESY and HMBC spectra, which clearly proof that 

the interaction of the linker takes place at the two cysteine thiols forming to new thiol-ether 

bonds.  

 

Figure 80: Part of the HMBC spectrum (top) showing 
1
H-

13
C long range correlations to the olefinic 

carbon and GSQC spectrum (bottom) showing the methylene groups of the cysteines of the dye-

octreotide-conjugate 4-21 
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Figure 81: Part of the ROESY spectrum of 4-21 (crosspeaks between olefinic protons and cysteines as 

well as amide protons marked) 
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Appendix 6 (4-23) 
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Table 13: 
1
H and 

13
C NMR signal assignment of compound 4-23, the structure is shown on the 

following page. The table shows the chemical shifts of the major isomer in CD3OD. 

 Chemical shift 
1
H (ppm) Chemical shift 

13
C (ppm) 

Proton (600 MHz)/Carbon Chemical (151 MHz) Shift (ppm) 

1 4.01 57.1 

2 - 162.5 

3 7.54 120.3 

4 7.81 137.3 

5 7.91 120.5 

6 - 136.5 

7 - 121.6 

8 - 188.4 

9 - 188.2 

10 - 112.4 

11 - 112.2 

12 - 155.8 

13 - 157.9 

14 - 137.2 

15 - 136.5 

16 2.90 + 3.34 34.9 

17 - 74.2 

18 2.31 + 2.52 40.5 

19 5.01 73.8 

20 5.47 101.2 

21 1.90 + 2.00 29.9 

22 3.51 48.5 

23 3.65 68.4 

24 4.20 68.1 

25 1.32 17.1 

26 - 156.0 

27 4.62 + 4.66 59.0 

28 - 164.7 

29 6.98 120.5 

30 - 135.1 
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Appendix 7

 

Figure 82: 
1
H NMR spectrum of compound 4-23 at 400 MHz as well as 600 MHz in CD3OD to see 

peak differences in dependence of the field strength 

 

Figure 83: 
1
H NMR spectrum of 4-26 at 400 MHz as well as 600 MHz in CD3OD to see peak 

differences in dependence of the field strength 
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As it was not possible to assign all measured signals to the atoms as up to four different 

isomers can be formed during the reaction, the covalent attachment of doxorubicin and 

octreotide was also verified by DOSY NMR. 

Analysis of three characteristic signals from doxorubicin-part (8.00-7.78 [aromatic protons], 

5.67-5.49 [acetalic position] and 4.06-4.00 ppm [methoxy group]) and octreotide-part (7.30-

7.22 [phenyls from Phe], 5.31-5.27 [-protons of Cys] and 0.77-0.65 ppm [-protons of 

Lys]) showed the same diffusion constants 2.735×10
-10

 m
2
/s. These diffusion constants are 

different from the diffusion constants found for octreotide 3.665×10
-10

 m
2
/s (7.39-7.23 

[phenyls from Phe], 5.31-5.22 [-protons of Cys] and 0.65-0.51 ppm [-protons of Lys]) and 

doxorubicin-linker 4.182×10
-10

 m
2
/s (7.96-7.78 [aromatic protons], 5.50-5.46 [acetalic 

position] and 4.06-4.00 ppm [methoxy group]). 

 

Figure 84: DOSY NMR of 3-26 (blue), 3-24 (black) and octreotide 3-15 (blue) in CD3OD 
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Cell viability 4-26 

A 

B 

Figure 85: Determination of the antiproliferative activity of the Doxorubicin-Hydrazone-Octreotide 

hybrid 4-26 with the CellTiter-Glo cell viability assay. A. MIA PaCa-2 cells treated with different 

concentrations of  Dox-Hydrazone-Oct conjugate for 72h at 37
o
C B. A549 cells treated with different 

concentrations of  Dox-Hydrazone-Oct conjugate for 72h at 37
o
C. 
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Appendix 9 

Derivation of the Dissociation Constant Calculation 

Based on the work of Seidel, S.A.I., et al., Microscale thermophoresis quantifies 

biomolecular interactions under previously challenging conditions. Methods, 2013. 59(3): p. 

301-315 

 

Calculation of the binding affinity based on the previously described measurements is 

correspondingly done by use of the Soret coefficient ST, which determines the steady state 

concentration change under a temperature difference ∆T and is shown in equation (1). The 

derivation of this equation from the thermal diffusion coefficients is explained by Seidel et 

al.  

𝑐ℎ𝑜𝑡

𝑐𝑐𝑜𝑙𝑑
= 𝑒𝑥𝑝(−𝑺𝑻∗∆𝑇)          (1) 

 

For small temperature and concentration changes as it is the case in MST experiments, the 

above mentioned equation, which describes the concentration change due to thermophoresis, 

can be approximated by linearization:  

𝑐ℎ𝑜𝑡

𝑐𝑐𝑜𝑙𝑑
= 1 − (𝑆𝑇 −

𝛿𝐹

𝛿𝑇
) ∗ ∆𝑇          

(2) 

 

 

Additionally, the fluorescence depends on the concentration as described in equation (3). 

The higher the concentration of the fluorophore, the higher is the detected signal.  

 
𝐹1

𝐹0
=  

𝑐ℎ𝑜𝑡

𝑐𝑐𝑜𝑙𝑑
           

(3) 
 

 

Since relative fluorescence is used to quantify binding via MST, while Fnorm corresponds to 

St and the concentrations described in equations (2) and (3) can be summarized to equation 

(4), which also considers the additional fluorescence change due to the fluorophore’s 

temperature dependence 
𝛿𝐹

𝛿𝑇
, 

 

 𝐹𝑛𝑜𝑟𝑚 =
𝐹1

𝐹0
=  

𝑐ℎ𝑜𝑡

𝑐𝑐𝑜𝑙𝑑
= 1 − (𝑆𝑇 −

𝛿𝐹

𝛿𝑇
) ∗ ∆𝑇          

(4) 

The binding affinity can be quantified by analyzing the change in Fnorm as a function of the 

concentration of the titrated binding partner. The bound fraction is described by equation (5) 

as the thermophoretic movement of bound and unbound state superpose linearly.  
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𝐹𝑛𝑜𝑟𝑚 = (1 − 𝑥)𝐹(𝐴)𝑛𝑜𝑟𝑚(𝑢𝑛𝑏𝑜𝑢𝑛𝑑) + 𝑥𝐹(𝐴𝑇)𝑛𝑜𝑟𝑚(𝑏𝑜𝑢𝑛𝑑)       

(5) 

 

 

With  

- Fnorm: measured  fluorescence after subtraction of the fluorescence baseline signal 

- F(A)norm as the contribution of the unbound fluorescent molecule A  

- F(AT)norm as the contribution of the fluorescent molecule A and its interacting 

titrant T 

- x as the fraction of fluorescent molecules that formed the complex 

 

Finally, the unknown parameter x (fraction of bound molecules), respectively the amount of 

unbound molecules can be calculated from the normalized fluorescence Fnorm as shown by 

Seidel et al. Fnorm is plotted against the concentration of the non-fluorescent molecule, which 

results in a binding curve with two plateaus. From this curve the dissociation constant can be 

derived, calculated from the mass of action, which is used a simple model of the binding 

event (equation 6). 

𝐾𝑑 = [𝐴] ∗
[𝑇]

[𝐴𝑇]
                 (6) 

 

The dissociation constant Kd is the reciprocal value of the affinity constant Ka, which means 

that low Kd values indicate a strong binding affinity between the tested molecules. In the 

following chapters the binding affinity will be described by the affinity constants, although 

plotting and fitting of the intensities against the concentrations results in the automatically 

calculated dissociation constant Kd. 
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MST data plotting of doxorubicin and the synthesized 

conjugates  5-4, 5-11 and 5-17 

 

Figure 86: Thermophoresis data doxorubicin: plotting of the measured fluorescence signal against the 

doxorubicin concentration of each sample prepared (c (DOX) = 31250 – 15.26 nM) at a constant 

concentration of 50 nM Cy5 labelled DNA (12 base pairs) in each sample. Settings used are LED 50% 

and LAS 10%, Buffer MST, Absorption red – Emission red 

 

 

Figure 87: Thermophoresis data of compound 5-4: plotting of the measured fluorescent signal against 

the doxorubicin-indole NO2 (5-4) concentration of each sample prepared (c (5-4) = 7812.5 – 7.6 nM) 

at a constant concentration of 50 nM Cy5 labelled DNA (12 base pairs) in each sample. Settings used 

are LED 60% and LAS 10%, Buffer MST, Absorption red – Emission red 
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Figure 88: Thermophoresis data of compound 5-11: plotting of the measured fluorescent signal 

against the doxorubicin-indole NH2 (5-11) concentration of each sample prepared (c (5-11) = 7812.5 – 

7.6 nM) at a constant concentration of 50 nM Cy5 labelled DNA (12 base pairs) in each sample. 

Settings used are LED 60% and LAS 10%, Buffer MST, Absorption red – Emission red 

 

 

Figure 89: Thermophoresis data compound 5-17, plotting of the measured fluorescent signal against 

the doxorubicin-indole-indole NH2 (5-17) concentration of each sample prepared (c (5-17) = 7812.5 – 

7.6 nM) at a constant concentration of 50 nM Cy5 labelled DNA (12 base pairs) in each sample. 

Settings used are LED 60% and LAS 10%, Buffer MST, Absorption red – Emission red 
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Appendix 10 

 

 

Figure 90: Synthesis of the Dox-dibromo-linker 7-7. (a) 1,1,3,3-tetrabromoacetone, 10 eq NaHCO3, 

MilliQ, argon, r.t., overnight, 60%; b) 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (1.15 eq), DIPEA (1.3 eq), tert-butyl carbazate (1.1 eq), 

DMF, argon, 2h, r.t., 46% (c) DCM/TFA (1:1), 1 h, r.t., quantitative yield; (d) doxorubicin 

hydrochloride, methanol, argon, 24h, r.t., 57%;  

 


