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INTRODUCTION 

Tuberculosis is caused by Mycobacterium tuberculosis, a slow-growing intracellular 

pathogen that can survive in host cells, mainly in monocytes and macrophages. This infectious 

disease is still a major public health problem worldwide. The treatment is long and the currently 

used antituberculars have several side effects. In latent form of tuberculosis, which is an 

asymptomatic phase of the disease, bacteria can survive within the host cells for many years. 

People infected with latent tuberculosis have a lifetime risk of 10% of developing the active 

disease. The increase of multidrug-resistant and extensively drug-resistant tuberculosis is 

alarming [ 1 ]. In addition, appearance of a new emerging mycobacterium, Mycobacterium 

abscessus has been identified. M. abscessus is an intracellular pathogen that is the most 

chemotherapy-resistant rapid-growing mycobacterium. It is a common water contaminant, 

responsible for a wide spectrum of infectious diseases [2]. There is an urgent need to try to 

overcome these threatening mycobacterial strains by the development of new potent 

antimycobacterial drugs with enhanced activity in the intracellular environment.   

A useful tool for finding new molecules with more potent antimycobacterial activity and 

enhanced selectivity is the chemical modification of the existing drugs. The in silico method 

could be also a promising approach for identifying new agents, whereby high numbers of 

molecules are screened by docking to crucial bacterial enzymes to get the best scored candidates. 

Generally the uptake of antituberculars by infected macrophages is limited by diffusion. 

The optimization of the cellular uptake by drug delivery systems such as nanoparticles and carrier 

peptides can enhance the bioavailability of the drug molecule. Using targeting moieties cell-

specific delivery can be achieved [3, 4]. The enhanced uptake of the host cells can decrease used 

dosages, length of therapy, and the side effects of the drugs as a long-term benefit. 
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AIMS 

The aim of this thesis was the synthesis, chemical characterization and in vitro biological 

evaluation of new antimycobacterial agents, drug containing nanoparticles, peptide-based carrier 

and targeting molecules and drug-peptide conjugates.  

The aims are summarized in the following scheme: 
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During the chemical modification of the existing drugs different derivatives of 

salicylanilides were planned to synthesize based on their outstanding antimicrobial activity [5]. 

Masking of the phenolic hydroxyl group of the salicylanilides by formation of esters and 

carbamates was planned to achieve improved biological activity [6, 7]. Furthermore, our aim was 

to synthesize salicylanilide derivatives that can be conjugated to peptide-based carriers. The 

adsorption, encapsulation of the salicylanilide derivatives into biocompatible and biodegradable 

PLGA nanoparticles was also planned in order to get improved bioavailability [8]. 

As carrier and targeting moiety tuftsin derivatives were planned to use, these peptides can 

bind to the tuftsin receptors on the surface of the macrophages and monocytes [9]. Our aim was 

the preparation of tuftsin derivatives with different length or sequence, derivatives that contain 

enzyme labile spacer or different fatty acid side chain modification. Beside the synthesis of 

conjugable peptides, the synthesis of acetylated control peptides and fluorescently labelled 

analogues for the cellular uptake studies were also planned. 

The conjugable salicylanilides and the in silico identified candidates (pyridopyrimidine 

derivatives) were planned to be conjugated to different tuftsin derivatives via oxime bond. 

Our aim was to determine the in vitro biological activity, such as the antimycobacterial 

activity on extracellular and intracellular bacteria, cytotoxic, cytostatic effect and cellular uptake 

on model cells of the chemically characterized compounds, drug containing PLGA nanoparticles 

and drug-peptide conjugates. We also planned to study the effect of the compounds to the 

membrane integrity of the cells. Investigation of the degradation of the conjugates in lysosomal 

homogenate and identification of the smallest metabolites was also planned. Furthermore, 

studying the membrane affinity of the compounds on model membrane systems was also planned. 

The aim was to determine the structure-activity relationship of the compounds, peptides and 

conjugates. We wanted to know whether the antimycobacterial activity of the drugs is preserved 

with the conjugation to peptides by oxime bond. The goal was to find conjugates that have the 

most optimal characteristics in terms of the inhibition of extracellular and intracellular bacteria 

and do not have significant cytotoxic or cytostatic activity to human cells. 
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METHODS 

• Synthesis of the salicylanilide derivatives: Salicylanilides were prepared by the reaction of 

the appropriate substituted salicylic acids and the substituted anilines in a microwave reactor.  

5-chloropyrazine-2-carboxylic acid and salicylanilide-5-chloropyrazinoates were prepared. Esters 

of salicylanilides with 4-formylbenzoic acid were also synthesized. The phenolic hydroxyl group 

of salicylanilides were also reacted with isocyanates to form the salicylanilide carbamates. 

• Synthesis of the carrier peptides and the conjugates: Tuftsin derivatives were prepared by 

solid phase peptide synthesis using Fmoc/tBu and Boc/Bzl strategy. The compounds containing 

carbonyl groups (conjugable salicylanilides, pyridopyrimidine derivatives) were conjugated to 

(aminooxy)acetylated tuftsin derivatives via oxime bond. The smallest, drug containing 

metabolites produced by the lysosomal degradation of the conjugates were also prepared by 

conjugation. 

• Purification and analytical methods: Peptides and conjugates were purified by semi-

preparative HPLC. Salicylanilide derivatives were characterized by NMR, IR, ESI-MS and 

elemental analysis. Peptides and drug-peptide conjugates were characterized by analytical HPLC, 

MS and amino acid analysis. Stability studies of salicylanilide derivatives and conjugates were 

performed using analytical HPLC and MS. 

• Fluorescence studies: The pH dependence of the fluorescence intensity of the fluorescently 

labelled peptides and the pyridopyrimidine derivatives was studied by spectrofluorometer. 

• Membrane affinity studies: The membrane affinity of pyridopyrimidine derivatives and 

conjugates was compared on lipid monolayer and bilayer model systems by Langmuir balance 

and quartz crystal microbalance (QCM). Atomic force microscopy (AFM) was used to visualize 

changes in the structure of the lipid membrane following their interaction with the compounds. 

• Antimycobacterial activity on extracellular model: The in vitro antimycobacterial activity 

of the drugs and conjugates was measured on extracellular bacteria such as the slow-growing 

sensitive M. tuberculosis H37Rv and multidrug resistant A8 MDR strains and on the fast-growing 

M. abscessus strain. The minimal inhibitory concentration (MIC) was determined. The activity of 

the most potent compounds was determined on other multidrug resistant strains. 

• Antimycobacterial activity on intracellular model: The in vitro antimycobacterial activity 

of the drugs, the drug containing nanoparticles and drug-peptide conjugates was measured on 

intracellular bacteria model, on host cell model MonoMac6 human monocytes infected with M. 

tuberculosis H37Rv.  
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• Cytotoxic and cytostatic activity: The in vitro cytotoxic and cytostatic activity of the carrier 

peptides, drugs, drug-peptide conjugates was determined by colorimetric tetrazolium (MTT) 

assay on host cell model MonoMac6 human monocytes and murine bone marrow-derived 

macrophages (BMMΦ), as well as on HepG2 human hepatocellular carcinoma cell line as a 

model for the hepatotoxicity. 

• Cellular uptake studies: The in vitro cellular uptake of the fluorescently labelled peptides 

and the fluorescent pyridopyrimidine derivatives was determined on MonoMac6 cells using flow 

cytometry and fluorescent microscopy. The cellular uptake of a salicylanilide derivative and 

salicylanilide containing PLGA nanoparticle was compared on MonoMac6 cells using methanol-

acetonitrile-water extraction followed by HPLC-MS. 

 • Membrane integrity studies: Propidium iodide staining was used to compare the effect of 

the control acetylated tuftsin derivatives with or without fatty acid side chain to the cell 

membrane integrity of MonoMac6 cells using flow cytometry and fluorescent microscopy. 

• Lysosomal degradation: The degradation of the drug-peptide conjugates in rat liver 

lysosomal homogenate was studied by HPLC-MS. 

 

RESULTS AND DISCUSSION 

1. Salicylanilide derivatives, salicylanilide esters and carbamates 

Substituted salicylanilide derivatives, 5-chloropyrazinoate-2-carboxylic acid, salicylanilide-

5-chloropyrazinoates, salicylanilide-4-formylbenzoates and salicylanilide carbamates were 

synthesized and chemically characterized. Under the conditions of the in vitro experiments 

salicylanilide-5-chloropyrazinoate and salicylanilide carbamate were decomposed to the starting 

salicylanilide with different half-time. The salicylanilide-4-formylbenzoate was more stable than 

the 5-chloropyrazinoate and carbamate but small decomposition also was observed. Since the 

hydrolysis was not instantaneous, the results of the in vitro experiments were attributed to the 

intact compounds. 

1.1. In vitro antimycobacterial activity on extracellular model 

Most of the compounds were outstandingly effective against extracellular bacteria; they 

possessed low inhibitory concentration against M. abscessus, M. tuberculosis H37Rv sensitive and 

A8 MDR multidrug-resistant strains (MICs from 0.2 µM). The most active compounds were 

among the salicylanilide carbamates. The presence of the halogen substituents on the 

salicylanilide frame has an important role in the outstanding activity of the compounds. When the 
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halogen groups of the salicylic or aniline ring were replaced by a formyl, acetyl or benzoyl group 

decrease in the activity was observed. The most potent compounds against the M. tuberculosis 

H37Rv were also significantly effective against an other multidrug-resistant and an extensively 

drug-resistant bacterial strain. 

1.2. In vitro cytotoxic and cytostatic activity 

Salicylanilide derivatives have an outstanding antimycobacterial activity but most of the 

compounds have cytotoxic or cytostatic activity on human MonoMac6 and HepG2 cells, and also 

on murine bone marrow-derived macrophages. Based on these results it is an important task to 

increase the selectivity of the compounds. The high cytotoxic and cytostatic effects were 

measured on human cancer cell lines, therefore the activity of the compounds on these cells could 

pave the way to their application in cancer therapy as well.  

1.3. In vitro cellular uptake and antimycobacterial activity on intracellular model of 

salicylanilide containing PLGA nanoparticles  

Outstanding cellular uptake on MonoMac6 cells was obtained by the encapsulation of 

salicylanilides into PLGA nanoparticles, while the free salicylanilides only slightly were able to 

enter the cells. As a result of the enhanced cellular uptake significant inhibition against the 

intracellular bacteria in the infected host cell model was achieved, while the free salicylanilide 

remained ineffective.  

 

2. Tuftsin derivatives as carrier peptides 

Various tuftsin derivatives were synthesized and characterized that differed in the number 

and type of the tuftsin units. Furthermore, they could contain enzyme labile GFLG spacer or fatty 

acid side chain modification with different length. The C-terminal of the peptides was in amide or 

carboxylic form. The peptides were used as carrier and targeting moieties, therefore for the 

conjugation they contained (aminooxy)acetyl group. As controls acetylated derivatives were 

synthesized, as well as fluorescently labelled peptides for the cellular uptake studies.  

2.1. In vitro cellular uptake of the fluorescently labelled tuftsin derivatives 

The uptake of the fluorescently labelled tuftsin derivatives depends on the number of the 

tuftsin unites: the internalization of the longer peptides is higher than internalization of the shorter 

ones. The derivatives with palmitic acid side chain modification showed the highest cellular 

uptake rate, however, these peptides have cytotoxic effect at higher concentrations. The 

internalization of the derivatives with decanoic acid side chain modification is also outstanding 

and these peptides did not show any cytotoxic effect. Presumably the tuftsin derivatives can be 

internalized by receptor mediated endocytosis via tuftsin receptors along with phagocytosis as a 
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result of the phagocytosis stimulating activity of tuftsin derivatives. Additionally, they can enter 

the cells in low rate by non-selective passive transport. The presence of the decanoic and palmitic 

acid side chains makes the molecules more lipophilic, therefore the uptake rate is increased 

probably by diffusion. 

2.2. In vitro cytostatic activity of acetylated tuftsin derivatives 

No cytostatic activity was observed in the case of the acetylated tuftsin derivatives on 

MonoMac6 host cell model and on HepG2 hepatocyte model except for the palmitic acid side 

chain containing ones. The palmitoylated peptides were more cytostatic than the free palmitic 

acid itself. This result is in accordance with the cytotoxic activity observed in the case of the 

fluorescently labelled palmitoylated derivatives. According to the membrane integrity studies, the 

palmitic acid side chain containing peptides cause damage in the cell membrane. 

As a result of cellular uptake and cytostatic activity studies, the decanoylated tuftsin 

derivatives are the most promising candidates as carrier peptides. 

 

3. Salicylanilide-peptide conjugates 

3.1. In vitro antimycobacterial activity on extracellular model and cytostatic activity on host 

cell model 

The in vitro antimycobacterial activity of the conjugable salicylanilides against M. 

tuberculosis H37Rv, A8 MDR and M. abscessus bacterial strains is preserved in the conjugates in 

spite of the stable oxime bond. There are conjugates that have minimal inhibitory concentration 

only slightly higher than the free salicylanilides, and these conjugates did not show any cytostatic 

activity on the MonoMac6 cells. The common characteristic of these conjugates that they contain 

only one tuftsin unit with or without the presence of spacer: Sal8-Aoa-T5, Sal8-Aoa-GFLG-T5, 

Sal8-Aoa-T5-OH, Sal8-Aoa-GFLG-T5-OH, Sal8-Aoa-TKPR-OH, Sal8-Aoa-GFLG-TKPR-OH, 

Sal8-Aoa-TKPPR-OH, and Sal8-Aoa-GFLG-TKPPR-OH, where Sal8 is N-(4-acetylphenyl)-5-

bromo-2-hydroxybenzamide salicylanilide derivative. 

3.2. In vitro antimycobacterial activity on intracellular model and the selectivity of the 

compounds 

Highly important that all of the drug-peptide conjugates were able to inhibit the bacteria in 

the infected macrophage model, while the free salicylanilides were ineffective. The improved 

intracellular efficacy of the conjugates on infected cells can be explained probably with the better 

internalization of the conjugated drugs than the free drugs. We can estimate the internalization 

rate of the conjugates from the result of the cellular uptake study of the fluorescently labelled 

carriers. The inhibition effect against the intracellular bacteria is increasing with the estimated 
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intracellular uptake rate in the case of most of the conjugates. However, the conjugates that 

showed the highest cellular uptake rate and the highest activity against intracellular bacteria, 

possessed high or medium cytostatic activity. Their common property is that they have decanoic 

or palmitic acid side chain modification (Sal8-Aoa-OT20(4-dec), Sal8-Aoa-OT20(4-pal), Sal8-

Aoa-OT20(14-pal), Sal8-Aoa-T5(4-dec), Sal8-Aoa-T5(4-pal)). However, the decanoic acid 

containing monotuftsin derivative, Sal8-Aoa-T5(4-dec) with moderate cytostatic activity, 

outstanding activity against intracellular bacteria and significant estimated internalization rate is a 

favourable candidate for further investigation. Most of the non-cytostatic conjugates that have 

significant efficacy against the extracellular bacteria were also effective against the intracellular 

bacteria, therefore these conjugates are selective towards the bacteria. The most promising ones 

among these conjugates are the Sal8-Aoa-T5, Sal8-Aoa-GFLG-T5 and Sal8-Aoa-TKPR-OH 

monotuftsin derivatives. 

3.3. Degradation study of the conjugates in lysosomal homogenate 

In the lysosomal homogenate the conjugates with the GFLG spacer provided the smallest, 

drug containing metabolite the soonest (salicylanilide-(aminooxy)acetyl amino acid derivatives). 

The presence of the decanoic acid side chain modification increased, while the presence of the 

palmitic acid side chain modification (in position 4) decreased the degradation rate of the 

conjugates and usually the stability of the shorter peptides are higher than the stability of the 

longer ones. However, the differences in the stability of the conjugates in lysosomal homogenate 

were not related with the intracellular activity, our intracellular model is not sensitive enough to 

see the effect of the different degradation pattern of the conjugates. 

4. Peptide conjugates of the pyridopyrimidine derivatives 

4.1. In vitro antimycobacterial activity on extracellular model and cytostatic activity on host 

cell model 

The outstanding in vitro activity of the pyridopyrimidine derivatives against M. 

tuberculosis H37Rv strain is preserved in the conjugates with oxime bond. The free drugs and the 

conjugates proved to be selective towards the bacteria because they did not show cytostatic effect 

on the host cell model MonoMac6 at the highest measured concentration with the exception of 

the palmitoylated conjugate (TB820-Aoa-OT20(4-pal)), where high cytostatic activity was 

observed. This effect is caused by the presence of palmitic acid, which was found for the peptide 

control as well. 
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4.2. In vitro antimycobacterial activity on intracellular model, cellular uptake, and 

membrane affinity 

In contrast with the free pyridopyrimidine derivatives, most of the conjugates were able to 

inhibit the intracellular bacteria. The cellular uptake by MonoMac6 cells of the drugs is enhanced 

by the conjugation to peptides, moreover, improved membrane affinity on lipid monolayer and 

bilayer model systems was also achieved by the conjugation. These findings support the better 

intracellular availability of the conjugated drugs. 

 

SUMMARY, NEW SCIENTIFIC RESULTS 

1. During my Ph.D. research different salicylanilide derivatives were successfully synthesized 

and characterized. The compounds showed outstanding in vitro antimycobacterial activity on 

extracellular bacteria model, they were able to inhibit the rapid-growing, chemotherapy 

resistant M. abscessus strain and the slow-growing sensitive and multidrug-resistant strains of 

M. tuberculosis with low concentrations. 

2. Enhanced cellular uptake was achieved by the encapsulation of the salicylanilide derivatives 

into PLGA nanoparticles. It has outstanding importance that the salicylanilide containing 

PLGA nanoparticles were able to inhibit the intracellular bacteria, while the free drugs were 

ineffective. 

3. In terms of the application of the synthesized tuftsin derivatives as carrier or targeting 

moieties, we can conclude that the internalization of the longer peptides is higher than 

internalization of the shorter ones. 

4. The presence of the palmitic or decanoic acid side chain in the tuftsin derivatives 

outstandingly enhanced the cellular uptake rate. However, peptides with palmitic acid side 

chain showed cytotoxic and cytostatic effect on human cells and they can cause damage in the 

cell membrane 

5. In the case of the salicylanilide-peptide conjugates, the antimycobacterial activity of the 

salicylanilide is preserved in the conjugates; the minimal inhibitory concentration of the 

conjugates was similar to the free drugs or higher. 

6. We can conclude that improved selectivity was achieved with the conjugation of 

salicylanilides in most of the cases. 
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7. It is highly important that the salicylanilide-peptide conjugates were effective against the 

intracellular bacteria in contrast with the free drugs, probably due to the better internalization 

of the conjugates than the free drugs. 

8. The stability of the salicylanilide-peptide conjugates in lysosomal homogenate is influenced 

by the presence of the decanoic or palmitic acid side chain modifications, the enzyme labile 

spacer and the number of tuftsin units. 

9. The in silico identified, chemically optimized drug candidates, the pyridopyrimidine 

derivatives also preserved their antimycobacterial activity in the drug-peptide conjugates with 

low minimal inhibitory concentrations. 

10. The free pyridopyrimidine derivatives and their conjugates proved to be selective towards the 

bacteria since they did not show cytostatic activity against the host cell model. 

11. Most of the drug-peptide conjugates were effective also against the intracellular bacteria, 

while the free pyridopyrimidine derivatives showed no inhibition. The better intracellular 

activity can be attributed to the enhanced internalization and better membrane affinity of the 

conjugates than the free drugs. 
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