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A B S T R A C T   

Mycobacterium tuberculosis is an intracellular pathogen and the uptake of the antimycobacterial compounds by 
host cells is limited. Novel antimycobacterials effective against intracellular bacteria are needed. New N- 
substituted derivatives of 4-aminosalicylic acid have been designed and evaluated. To achieve intracellular ef-
ficacy and selectivity, these compounds were conjugated to tuftsin peptides via oxime or amide bonds. These 
delivery peptides can target tuftsin- and neuropilin receptor-bearing cells, such as macrophages and various 
other cells of lung origin. We have demonstrated that the in vitro antimycobacterial activity of the 4-aminosali-
cylic derivatives against M. tuberculosis H37Rv was preserved in the peptide conjugates. The free drugs were 
ineffective on infected cells, but the conjugates were active against the intracellular bacteria and have the 
selectivity on various types of host cells. The intracellular distribution of the carrier peptides was assessed, and 
the peptides internalize and display mainly in the cytosol in a concentration-dependent manner. The penetration 
ability of the most promising carrier peptide OT5 was evaluated using Transwell-inserts and spheroids. The 
pentapeptide exhibited time- and concentration-dependent penetration across the non-contact monolayers. Also, 
the pentapeptide has a fair penetration rate towards the center of spheroids formed of EBC-1 cells.   

All amino acids were represented by the one-letter code. Abbrevia-
tions in peptide chemistry were used as recommended by Jones, 1999 
[1]. 

1. Introduction 

Tuberculosis (TB) is an infectious disease caused by the pathogen 
Mycobacterium tuberculosis (Mtb). It is one of the ten leading death causes 
worldwide, and the leading death caused by a single infectious agent. 

Despite the efforts to stop the spreading of TB disease, in 2019 10 million 
TB cases were registered and approximately 1.4 million people died 
from the disease. It is estimated that one-quarter of the world’s popu-
lation is infected with Mtb, serving as a reservoir for the disease [2,3]. 
Spreading of drug-resistant Mtb strains is an additional threat. 
Multidrug-resistant TB (MDR-TB) is defined as resistant to isoniazid and 
rifampicin, two first-line drugs, extensively drug-resistant TB (XDR-TB) 
is MDR-TB with additional resistance to fluoroquinolones and any of the 
second-line injectable agents: amikacin, kanamycin, or capreomycin. In 
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(B. Biri-Kovács), baranyaizsuzs@gmail.com (Z. Baranyai), jarmila.vinsova@faf.cuni.cz (J. Vinšová), szilvia.bosze@ttk.elte.hu (S. Bősze).  

Contents lists available at ScienceDirect 

European Journal of Pharmaceutics and Biopharmaceutics 

journal homepage: www.elsevier.com/locate/ejpb 

https://doi.org/10.1016/j.ejpb.2022.03.009 
Received 7 September 2021; Received in revised form 8 March 2022; Accepted 24 March 2022   

mailto:lillahorvath@ttk.elte.hu
mailto:martin.kratky@faf.cuni.cz
mailto:pflergv@faf.cuni.cz
mailto:elod.mehes@ttk.elte.hu
mailto:gyulai.gergo@ttk.elte.hu
mailto:kohut.gergely@ttk.mta.hu
mailto:babiczky.akos@ttk.mta.hu
mailto:beata.biri-kovacs@ttk.elte.hu
mailto:baranyaizsuzs@gmail.com
mailto:jarmila.vinsova@faf.cuni.cz
mailto:szilvia.bosze@ttk.elte.hu
www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2022.03.009
https://doi.org/10.1016/j.ejpb.2022.03.009
https://doi.org/10.1016/j.ejpb.2022.03.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2022.03.009&domain=pdf


European Journal of Pharmaceutics and Biopharmaceutics 174 (2022) 111–130

112

the past few years, totally drug-resistant TB (TDR-TB) cases were 
registered, which are resistant to all available TB drugs [4]. Conse-
quently, there is a huge need to develop new antimycobacterial agents. 

Salicylanilide derivatives have various biological effects. Their 
antimicrobial, antifungal, antihelmintic [5], antiprotozoal [6], and 
antitumor [7,8] activities have been reported. Salicylanilide derivatives 
inhibit the two-component regulatory system of bacteria [9,10], the 
isocitrate lyase enzyme [11–15], they are selective inhibitors of inter-
leukin 12p40 [16,17] and as proton shuttles, these compounds can 
destroy the cellular proton gradient [18,19]. 4-aminosalicylic acid 
(para-aminosalicylic acid, ASA) is a well-known second-line anti-
mycobacterial compound that is used clinically in the treatment of MDR- 
TB. This compound is a prodrug, targeting the essential folate meta-
bolism in Mtb [20,21]. Tetrahydrofolate - a one-carbon unit donor in 
many biosynthetic pathways – is synthesized de novo in most microor-
ganisms, thus in Mtb too. This makes folic acid biosynthesis an attractive 
antimicrobial drug target [22]. 

Mtb can survive inside host cells to hide from the immune system, 
survive (in active or latent forms over prolonged periods), and even 
spread [23]. Mtb mainly reside in phagocytic cells, but they also find 
their way into non-phagocytic cells (epithelial and squamous cells of the 
lung, etc.). The host cells are not only primarily infected but also act as a 
‘reservoir’ for pathogens that could seed in other tissues, leading to 
systemic infections. Mtb also can invade and localize inside various host 
cells (both professional immune cells as macrophages or non- 
professionals like epithelial and endothelial cells of the lung and other 
organs etc.) [24–26]. 

Mycobacteria possess an unusual and complex cell wall dominated by 
lipids and carbohydrates that provides a permeability barrier against 
drugs (is thought to contribute to the intrinsic drug resistance of 
mycobacteria) and is crucial for their survival, virulence, and dormancy 
[27,28]. 

The interaction between drugs and the host cell membrane/pathogen 
cell wall plays a fundamental role in the pharmacokinetics of the com-
pound and lipophilic compounds possess remarkable inhibition activity 
on mycobacterial cultures. Therefore, mainly more than half of effective 
new candidates exhibit low solubility and selectivity in target cells, the 
increase of solubility, selectivity, and bioavailability is essential. 

To achieve the higher solubility, selectivity, internalization rate, and 

intracellular efficacy of the antimycobacterial compounds, different 
delivery vehicles can be used. Targeting peptides can enhance cellular 
uptake of active agents via receptor-mediated endocytosis, thus, peptide- 
based drug conjugates can increase the intracellular efficacy of anti-
mycobacterial compounds [29–36]. The development of delivery pep-
tides is also a demanding process (solubility, efficient targeting, and 
stability as well as cytotoxicity aspects). Due to the limited number of 
receptor sites and specific cell surface molecules on infected cells, host 
cell-targeted peptide-based delivery is an attractive approach for 
bioactive compounds with narrow therapeutic windows and/or active at 
very low concentrations [37]. The need for intracellular delivery of the 
effective antimycobacterial compounds has been recognized for many 
years: the challenge is to design the adequate delivery peptides to shuttle 
an antimycobacterial agent in a conjugated form that can be internalized 
by host cells and then released into these cells in an active form. The 
distribution of a compound in the host cells is mainly a function of its 
physicochemical properties. The conjugation to a carrier peptide will 
modify the chemical character of the antimycobacterial compound to 
achieve effective internalization and controlled release in the infected 
host cells. In our previous study, we have presented that the physico-
chemical properties of the delivery peptides can be tuned by altering 
their composition and attachment of the targeted active compounds 
[32,33,35,36,38]. We have also proved that receptor-mediated endo-
cytosis can enhance the internalization of active compounds such as 
peptide conjugated antimycobacterial agents. Receptors with peptide 
ligands that are expressed mainly on Mtb host cells (mainly macro-
phages) could be targets to deliver active compounds. Tuftsin receptor is 
a well-known target for macrophage and monocytes-directed delivery 
[30,32,39–43]. Tuftsin-based peptide derivatives are promising carriers, 
and these peptides are ligands of the neuropilin (NRP) receptors, and 
they have immunostimulatory and phagocytosis stimulating activity. 

NRPs are single-pass transmembrane glycoprotein co-receptors with 
numerous binding partners, they enhance responses to growth factors 
such as vascular endothelial growth factor, hepatocyte growth factor, 
platelet-derived growth factor, and fibroblast growth factor [44,45]. 
NRPs mediate their cellular response via several signaling pathways; 
tuftsin binding to NRP receptors activates the transforming growth 
factor-beta pathway [46]. NRPs have a role in neuronal guidance, car-
diovascular development, cell migration, lung development, and several 

Abbreviation 

ASA 4-aminosalicylic acid derivative 
Boc tert-butyloxycarbonyl protecting group 
BMMΦ murine bone marrow culture-derived macrophages 
Cf 5(6)-carboxyfluorescein 
CFU colony forming units 
CLSM confocal laser scanning microscopy 
CM complete medium 
CMFDA 5-chloromethylfluorescein diacetate 
DBU 1,8-diazabicyclo[5.4.0.]undec-7-ene 
DIC N,N’-diisopropylcarbodiimide 
DIEA N,N-diisopropylethylamine 
DMEM Dulbecco’s Modified Eagle’s Medium 
DMF N,N-dimethylformamide 
DMSO dimethyl sulfoxide 
FBS fetal bovine serum 
Fmoc 9-fluorenylmethyloxycarbonyl protecting group 
HOBt 1-hydroxybenzotriazole 
HPLC high performance liquid chromatography 
HR-MS high resolution mass spectrometry 
HRP horseradish peroxidase 
IC50 inhibitory concentration 

ICM incomplete medium 
MDR-TB multidrug resistant tuberculosis 
MIC minimal inhibitory concentration 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 
Mtb Mycobacterium tuberculosis 
NMP 1-methyl-2-pyrrolidone 
NRP neuropilin 
OT10 dituftsin derivative, [TKPKG]2 
OT5 monotuftsin derivative, TKPKG 
PBS phosphate buffered saline 
PFA paraformaldehyde 
RPMI-1640 Roswell Park Memorial Institute 1640 medium 
Rt retention time 
SI selectivity index 
tBu tert-butyl protecting group 
TB tuberculosis 
TDR-TB totally drug resistant tuberculosis 
TFA trifluoroacetic acid 
TIS triisopropylsilane 
UC50 uptake concentration 
XDR-TB extensively drug resistant tuberculosis  
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immune functions [47–50]. In the immune system, NRPs are present in 
T-cell activation, dendritic cell, and monocyte maturation [48,51]. NRPs 
are present in alveolar and bronchial macrophages, and upon patho-
logical conditions such as inflammation or lung cancer increased NRP 
content is observed [52]. Targeting NRPs in lung diseases is a novel 
option [53–55]. NRPs have known receptors for tuftsin peptides; the 
tuftsin derivative TKPPR binds to NRP-1 with higher affinity than to 
NRP-2 [56]. The most promising tuftsin derivatives contain the CendR 
motif (R/KXXR/K), which can be essential for binding to the b1/b2 
domain of NRP-1 [51,57]. 

Tuftsin (human: TKPR, canine: TKPK) is a natural tetrapeptide from 
the CH2 domain of IgG produced by enzymatic cleavage [58,59]. Tuftsin 
possesses immunostimulatory, chemotaxis, and phagocytosis activating, 
antitumor properties and is nontoxic to animals and humans [60]. 
Tuftsin is taken up by macrophages and polymorphonuclear phagocytes 
via receptor-mediated endocytosis [39,40,43]. Due to the wide spectrum 
of biological activities, tuftsin and its derivatives have been in the scope 
of numerous examinations in the last decades [61]. 

In our research group, a series of sequential oligopeptides based on 
the canine tuftsin peptide have been developed in the last fifteen years 
[62]. These peptides with the sequence [TKPKG]n, (n = 1, 2, 3, 4) have 
tuftsin-like properties and can be used as delivery systems to target 
tumor cells [63] and the main host cells of Mtb, macrophages 
[32–34,36,64]. Based on previous studies, conjugates containing mono- 
tuftsin delivery peptides (TKPKG, TKPR, TKPPR) are more effective 
against extracellular and intracellular Mtb with lower cytotoxicity to 
host MonoMac6 cells. Fatty acid-containing derivatives have increased 
lipophilic character [36]. 

For the release of the compounds, enzyme-labile linker sequences 
(GFLG, GFYA) were built between the carrier sequences and the sali-
cylanilide derivatives. The tetrapeptide sequences can be cleaved by 
cathepsin B, a lysosomal cysteine protease [65,66]. 

Three-dimensional cell cultures (spheroids etc.) more accurately 
model physiological cellular functions and cell-to-cell interactions than 
two-dimensional monolayers [67]. The spheroids composed from cells 
of lung origin are suitable and simple objects to characterize the pene-
tration ability of the delivery peptides and their drug-conjugates. 

Physical barriers limit the efficacy of active compounds and delivery 
peptides. To comparatively estimate penetration ability via tissue bar-
riers Transwell arrangements are promising models [68,69]. To estab-
lish a simple in vitro model of the bronchial and alveolar barriers, we 
have employed Transwell inserts with non-contact, submerged co- 
cultured monolayers to compare the trafficking of the tuftsin peptides. 

In this study, three novel 4-aminosalicylic acid derivatives (ASA) 
with remarkable antimicrobial activity were designed and character-
ized. These active compounds were conjugated to NRP receptor-ligand 
oligotuftsin peptide carriers ([TKPKG]n, (n = 1, 2)) via amide an 
oxime bond. Enzyme-labile linker sequences (GFLG, GFYA) were built 
between the ASA derivatives and the carrier peptides to assist the release 
of the active compounds. The in vitro antimycobacterial efficacy on the 
intracellular population of the bacteria was assessed. The cellular up-
take, intracellular localization, and lysosomal degradation pattern were 
also evaluated. The in vitro penetration ability of the carrier peptide 
TKPKG was determined using spheroids as the tissue-mimicking cellular 
environment as well as tissue barrier model. 

2. Results and discussion 

2.1. Design and synthesis of 4-aminosalicylic acid (ASA) derivatives 

Three novel 4-aminosalicylic acid derivatives, namely: methyl 4-[3- 
(4-acetylphenyl)ureido]-2-hydroxybenzoate (ASA1), 4-[3-(4-acetyl-
phenyl)ureido]-2-hydroxybenzoic acid (ASA2) and [3-hydroxy-4- 
(methoxycarbonyl)phenyl]glycine (ASA3) were designed, synthesized 
(Scheme 1) and characterized. ASA1 and ASA2 were synthesized with 
the reaction between 4-acetylphenyl isocyanate and methyl 4-aminosa-
licylate or 4-aminosalicylic acid, respectively (Scheme 1). These com-
pounds contain carbonyl groups which can be used for conjugation via 
oxime bonds (Scheme 2B). ASA3 was obtained from the reaction of 
methyl 4-aminosalicylate and glyoxylic acid (Scheme 1). ASA3 contains 
a carboxyl group that can be used for conjugation via an amide bond 
(Scheme 2A). Detailed synthesis routes and chemical (thin layer chro-
matography, TLC; melting point, elemental analysis, Fourier-transform 
infrared spectroscopy, FT-IR; mass spectrometry) and structural (nu-
clear magnetic resonance, NMR spectroscopy) characterization of the 
novel compounds are described in the Supplementary Material. 
Analytical chromatograms and mass spectra of ASA1, ASA2, and ASA3 
are shown in the Supplementary material (SF1-3). 

2.2. Synthesis of the peptide carriers and their fluorescent derivatives 

In this study [TKPKG]n, n = 1, 2 (OT5 and OT10) derivatives were 
selected as delivery peptides [36]. For the liberation of the active ASA 
compounds, we have designed conjugates in which the tuftsin carrier 
was coupled via tetrapeptide sequences (GFLG and GFYA) susceptible to 
cleavage catalyzed by lysosomal enzymes [65,70,71]. Six different 

Scheme 1. Synthesis of 4-aminosalicylic acid (ASA) derivatives.  
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peptide sequences were applied and compared regarding the number of 
tuftsin units, and the presence and sequence of the linker. 

Peptides were synthesized using standard Fmoc/tBu strategy with an 
identical method as in Baranyai et al. [36]. Scheme 3 illustrates the 
process of peptide synthesis. All peptides have the C-terminal in amide 
form. In all cases, acetylated (Ac-), 5(6)-carboxyfluorescein (Cf-), and 
(aminooxy)acetylated (Aoa-) peptide derivatives have been synthesized. 
Peptides were cleaved from the resin with trifluoroacetic acid (TFA) in 
the presence of appropriate scavengers. Crude Aoa-peptide derivatives 

were used for conjugation by forming an oxime bond. Ac-peptides were 
used in selectivity studies on human cell cultures modeling host cells of 
Mtb. Cf-peptide derivatives were purified using an HPLC system with a 
semi-preparative reverse phase column and were used in in vitro cellular 
uptake and intracellular localization studies. All tuftsin delivery pep-
tides were chemically characterized using analytical HPLC with 
reversed-phase column and high-resolution mass spectrometry (HR- 
MS). Supplementary Table 1. (ST1) summarizes the chemical charac-
terization of Ac- and Cf-peptide derivatives. Analytical chromatograms 

Scheme 2. Conjugation of ASA derivatives to peptide carriers. Amide bond was formed on resin between ASA3 and tuftsin delivery peptides (A), conjugation 
between ASA1 or ASA2, and cleaved, crude (aminooxy)acetylated tuftsin peptides with the formation of oxime bond (B). 

Scheme 3. Synthesis of tuftsin delivery peptides using Fmoc/tBu strategy.  
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and mass spectra are presented in the Supplementary Material (SF3-15). 
Amino acid composition and peptide content were determined using 
amino acid analysis. Data extracted from the amino acid analysis are 
presented in Supplementary Material ST2. 

2.3. Synthesis and chemical characterization of conjugates 

In this study, eighteen novel ASA-conjugates as antimycobacterial 
compound candidates containing amide and oxime bonds were 
designed, synthesized, and chemically characterized. 

Amide bonds between the free compound and the tuftsin delivery 
peptides were formed on the resin (Scheme 2A). Conjugates were 
cleaved from the resin with TFA in the presence of appropriate scav-
engers. Oxime bonds between the free compounds and the tuftsin de-
livery peptides were formed in the liquid phase, under acidic conditions 
(Scheme 2B). 

Conjugates were chemically characterized using analytical HPLC 
with reversed-phase column and high-resolution mass spectrometry 
(Table 1). All conjugates are homogenous with appropriate mass accu-
racy. Analytical chromatograms and mass spectra are presented in the 
Supplementary Material (SF28-45). 

2.4. Lipophilicity profile of free compounds and tuftsin conjugates 

Lipophilicity is a parameter influencing the interaction between the 
antimycobacterial compounds and membrane structures of the cells 
(including bacterial and host cell membranes). LogP values of free 
compounds (ASA1, ASA2, ASA3), peptide derivatives, and conjugates 
were also calculated using the ChemAxonPASS platform (for details see: 
SF46C). Lipophilicity of free compounds and peptide conjugates can be 
estimated and compared based on the retention times (Rt) on HPLC 
systems with C18 columns [36,72–74]. The more hydrophobic a com-
pound is, the stronger its retention on the column. This method can be 
applied in the case of structurally similar compounds, using the same 

gradient. Table 1 summarizes the retention times of the free compounds 
and the conjugates. Tuftsin peptides possess Thr and Lys amino acids, 
therefore they have high hydrophilic character. Free compounds (ASA1, 
ASA2, and ASA3) have longer retention and higher logP values in 
comparison with their conjugates. Lipophilicity is essential for the 
antimicrobial activity (see Fig. 1A), but the cellular uptake and 
bioavailability are limited. The conjugation of the ASA moieties to 
tuftsins made the conjugates more lipophilic than the tuftsin itself. 
Conjugate with the GFLG or GFYA spacer built up by non-polar amino 
acids has more lipophilic character than its analog without the spacer 
region. 

ASA1 is the most lipophilic and ASA3 is the least lipophilic free 
compound. In the case of the conjugates, the ASA1 derivatives are the 
most lipophilic, and OT5 and OT10 tuftsin delivery peptides have 
smaller retention times and logP values in comparison with the GFLG 
and GFYA linker containing derivatives. Conjugates containing OT10 
peptides are the least lipophilic, and GFLG linkers containing conjugates 
are the most lipophilic ones. The tendencies are similar based on the 
retention times and calculated logP values (SF46A, C), respectively. 
Calculated logP values plotted against retention times are presented in 
Supplementary Material SF47. The lipophilic character of a compound 
can affect its efficacy against extracellular and intracellular bacteria. 
SF46B illustrates the retention times and efficacy of ASA compounds and 
conjugates. The most hydrophilic conjugates have the highest inhibitory 
effect against bacteria. 

2.5. Stability of the conjugates under different assay conditions 

For the determination of antimycobacterial activity, free compounds 
and conjugates were dissolved in DMSO. As the length of the measure-
ments is 4–5 weeks, the conjugates must be stable under the conditions 
used. The stability of the conjugates in DMSO solution at 37 ◦C was 
tested using an analytical HPLC with a reverse-phase column. In all 
cases, no degradation of conjugates could be observed for up to 31 days. 

Table 1 
Chemical characterization of the conjugates.  

Code* logPa Mav (calc)
b Mmono (calc)

c meas. m/zd calc. m/ze ppmf Rt (min)g 

ASA1  3.0  328.3193  328.1059  329.1129  329.1132  − 0.9  18.1 
ASA1-Aoa-OT5  − 2.9  912.0002  911.4501  912.4578  912.4574  0.5  15.4 
ASA1-Aoa-GFLG-OT5  − 3.2  1286.4344  1285.6455  1286.6528  1286.6528  0.0  16.8 
ASA1-Aoa-GFYA-OT5  − 3.0  1350.4766  1349.6404  675.8270  675.8275  − 0.7  16.4 
ASA1-Aoa-OT10  − 7.1  1423.6152  1422.7619  1423.7683  1423.7692  − 0.6  14.8 
ASA1-Aoa-GFLG-OT10  − 7.4  1798.0493  1796.9574  599.9923  599.9931  − 1.3  16.2 
ASA1-Aoa-GFYA-OT10  − 7.4  1862.0915  1860.9523  466.2453  466.2454  − 0.1  15.9 
ASA2  2.7  314.2928  314.0903  315.0971  315.0976  − 1.5  16.2 
ASA2-Aoa-OT5  − 4.7  897.9737  897.4345  449.7241  449.7245  − 1.0  14.4 
ASA2-Aoa-GFLG-OT5  − 5.1  1272.4078  1271.6299  1272.6356  1272.6372  − 1.2  15.7 
ASA2-Aoa-GFYA-OT5  − 5.0  1336.4500  1335.6248  668.8189  668.8197  − 1.2  15.4 
ASA2-Aoa-OT10  − 8.8  1409.5886  1408.7463  470.5891  470.5894  − 0.6  14.2 
ASA2-Aoa-GFLG-OT10  − 9.2  1784.0227  1782.9417  595.3207  595.3212  − 0.8  15.2 
ASA2-Aoa-GFYA-OT10  − 9.4  1848.0649  1846.9366  462.7412  462.7414  − 0.5  15.0 
ASA3  1.3  225.1980  225.0637  226.0709  226.0710  − 0.4  15.4 
ASA3-OT5  − 4.4  735.8282  735.3915  736.3987  736.3988  − 0.1  13.4 
ASA3-GFLG-OT5  − 4.8  1110.2624  1109.5869  1110.5938  1110.5942  − 0.3  15.1 
ASA3-GFYA-OT5  − 4.5  1174.3046  1173.5819  587.7980  587.7982  − 0.4  14.8 
ASA3-OT10  − 8.4  1247.4432  1246.7034  1247.7108  1247.7107  0.1  13.0 
ASA3-GFLG-OT10  − 8.8  1621.8873  1620.8988  811.4562  811.4567  − 0.6  14.6 
ASA3-GFYA-OT10  − 8.9  1685.9195  1684.8937  562.6380  562.6385  − 0.9  14.4  

a Calculated logP values were obtained by ChemAxonPASS online platform. 
b Average and c monoisotopic masses were calculated using CS ChemOffice Pro ver. 12.0 (PerkinElmer Informatics). 
d For the high-resolution mass spectrometry Q Exactive Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer was used. Data were evaluated using Thermo Sci-

entific Xcalibur software. 
e [Mmono+(z × 1.00728)]/z. 
f (measured m/z-calculated m/z)/ calculated m/z × 106. 
g Retention times were determined with Exformma EX1600 analytical HPLC system with YMC-Pack ODS-A C18 (100 Å, 4.6 × 150 mm) column. Gradient: 0–5 min 

0% B, 5–15 min 0–60% B, 15–25 min 60–100% B, flow rate: 1 mL/min, detector: λ = 220 nm. Eluent A is distilled water with 0.1% TFA (v/v) and eluent B is 
acetonitrile:water = 80:20 (v/v) with 0.1% TFA. 

* The amino acid sequences of the peptides: OT5: TKPKG; OT10: TKPKGTKPKG. 
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Analytical chromatograms are presented in the Supplementary Material 
(SF48-65). 

For the in vitro selectivity studies, free compounds and conjugates 
were dissolved in an incomplete cell culture medium (ICM). Stability of 
the conjugates in cell culture medium (RPMI-1640 / DMEM, data not 
shown) containing 2.5% FBS was tested. In most cases, no significant 
degradation of conjugates could be observed for up to 24 h. Analytical 
chromatograms are presented in the Supplementary Material (SF66-82). 

2.6. In vitro antimycobacterial effect of the compounds 

In vitro antimycobacterial activity of the free compounds and the 
conjugates was determined on Mtb H37Rv strain (ATCC 27294) using the 
conventional broth dilution method (Fig. 1A). Free compounds inhibit 
the growth of the bacteria and this antimycobacterial effect is preserved 
after conjugation. ASA2 (0.5 µg/mL, 1.5 µM) has lower minimal inhib-
itory concentration (MIC) value than ASA3 (1 µg/mL, 4 µM) and ASA1 
(40 µg/mL, 122 µM). ASA1-Aoa-OT5 (20 µg/mL, 22 µM) and ASA1-Aoa- 
GFLG-OT5 (40 µg/mL, 31 µM) have lower MIC than ASA1. Overall, 
ASA2 derivatives have the lowest MIC values, followed by ASA3 
derivatives. 

2.7. Determination in vitro selectivity of the compounds on host cell 
cultures 

For the in vitro selectivity evaluation, different human cell cultures 
were selected, namely MonoMac6 (model for the main host cells the 
macrophages and monocytes). As macrophage-independent models for 
host cells different human lung originated cultures as EBC-1, H838, 
CALU-1, A549, and LCLC-103H were chosen. Epithelial and squamous- 
cell aggregates are common within the lung tissue associated with Mtb 

infection. Mtb infected host cells (mainly the macrophages and other 
lung tissue cells) play a pivotal role in chronic-tuberculosis-induced 
DNA damage, proliferative activities, etc. The infection caused mainly 
by proliferative changes in the lung tissue (mainly in bronchial and 
alveolar mucosa) that Mtb leaves behind cannot be ignored [75,76]. 
Therefore, epithelial (originated from bronchial and alveolar airways), 
squamous and large cell lung carcinoma cells can be utilized to inves-
tigate the main features of the carrier peptides. 

We have also investigated the in vitro selectivity of the free com-
pounds, carrier peptides, and conjugates on human hepatocellular car-
cinoma cells (HepG2) [36,77–81]. The HepG2 cells represent a simple in 
vitro model for hepatotoxicity. The in vitro cytotoxic activity of a 
representative compound set was also determined on murine bone 
marrow culture-derived macrophages (BMMΦ) [78,82–85], which cells 
are considered as murine models of the macrophages and these data are 
essential before animal experiments. 

The in vitro selectivity was determined on human cell cultures 
assessing the cytostatic effect of the delivery peptides as Ac-derivatives, 
ASA compounds, and conjugates. The cytostatic activity was determined 
by end-point MTT assay on MonoMac6, EBC-1, H838, and CALU-1 cell 
cultures (SF83). On MonoMac6 monocyte cells, ASA derivatives and Ac- 
peptides have no cytostatic effect up to 50 µM and to 200 µM, respec-
tively. Except for ASA1-Aoa-GFLG-OT5 (selectivity index, SI: 3.3), 
ASA1-Aoa-GFYA-OT5 (SI: 2.5), and ASA1-Aoa-GFLG-OT10 (SI: 1.6) 
conjugates also have no cytostatic effect (Fig. 1B). 

ASA compounds, Ac-peptides, and most conjugates are selective on 
EBC-1 lung cells. ASA1-Aoa-GFLG-OT5 has a slight cytostatic effect (SI: 
2.8). 

On H838 cells, the selectivity of ASA compounds, Ac-peptides, and 
conjugates was observed. ASA1-Aoa-GFLG-OT5 (SI: 3.2) and ASA1-Aoa- 
GFLG-OT10 (SI: 2.3) have a moderate cytostatic effect. On CALU-1 cells 

Fig. 1. Antimycobacterial activity of the free compounds and their peptide conjugates was determined on Mtb H37Rv cultures (A). Selectivity of the compounds was 
measured on MonoMac6 cells by MTT assay (B). 
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Ac-peptides have no, but ASA1 has a moderate cytostatic effect. Inter-
estingly, some conjugates have remarkable cytostatic effects on CALU-1 
cells, such as ASA1-Aoa-GFLG-OT5 (SI: 1.4) and ASA3-OT10 (SI: 3.2). 

The compounds were also selective on A549 cell culture, as pre-
sented in the Supplementary Material (SF84 and ST3). 

The selectivity of the compounds was also determined by HepG2 cell 
culture (SF84 and ST3). In vitro cytotoxic activity of selected compounds 
was determined on murine bone marrow-derived macrophages 
(BMMΦ). Inhibitory concentration (IC50) values are summarized in 
Supplementary Material ST4. 

Based on the selectivity indexes, ASA2 and ASA3 are promising 
candidates as antimycobacterial agents. ASA1 itself has low selectivity 
(SI: 0.4), however, its peptide conjugates have increased selectivity 
(ASA1-Aoa-OT5 SI: 9.1) both on host cells and hepatocytes. ASA2 and its 
conjugates were not cytostatic, and a high selectivity was determined 
(ASA2 SI: 33.3, ASA2-Aoa-OT5 SI: 33.3). In the case of ASA3 peptide 
conjugates (ASA3-OT5 SI: 7.4), the host cell selectivity is slightly 
decreased in comparison with the free compound (ASA3 SI: 12.5). 
Selectivity indexes are summarized in Supplementary Material SF84. 

2.8. Membrane integrity studies using atomic force microscopy 

The membrane integrity was assessed following treatment with ASA 
derivatives and their OT5 conjugates on MonoMac6 and (Fig. 2A, B) and 
EBC-1 (Fig. 2C, D) cells. The morphology of a cell is closely related to its 
viability and its functions. When a cell’s viability changes, its surface 
morphology changes. The surface morphology of the fixed cells was 
investigated with atomic force microscopy (AFM). Representative im-
ages of the native and treated cells are summarized in Fig. 2B and D. 

Scale-dependent surface roughness of the cells was determined ac-
cording to Antonio et al [86]. Roughness parameters were calculated for 
individual line-profiles using different high-pass cut-off frequencies in 
the normalized range of 0 to 0.3, where 1 is the Nyquist frequency. As 
the cut-off frequency has increased a decrease in the root mean square 
roughness (Rq) can be observed. At certain cut-off frequencies, a change 
in the slope of the Rq values corresponds to the filtration of surface in-
formation. This can be more sensitively followed by plotting the profile 
skewness (Rsk) as a function of the cut-off frequency. The characteristic 
cut-off frequencies can be identified with the zero-line cross-overs of the 
Rsk values. Representative images and surface roughness of EBC-1 cells 

treated with ASA derivatives and Ac-OT5 are presented in the Supple-
mentary Material SF86. 

The changes in the surface roughness values then translate to an 
overall change in the cellular morphology in the case of 500 nm cut-off 
wavelength, a change in the fine structure of the cell for the 200 nm cut- 
off, and molecular changes in the cellular membrane for the 100 nm cut- 
off. Rq values and their 95% confidence intervals were determined from 
30 line-profiles for each sample (Fig. 2A and C). 

The membrane integrity of the different cells was preserved after 
treatment with peptide conjugates according to the surface roughness 
and root mean square roughness data. 

The graphs representing the MonoMac6 (Fig. 2A), and EBC-1 
(Fig. 2C) cells surface morphology and the extracted data suggest that 
the ASA conjugates do not influence the membrane integrity. EBC-1 cells 
were also treated with ASA derivatives and the carrier peptide Ac-OT5. 
The non-conjugated ASA compounds slightly have altered cell 
morphology and the rate of the membrane damaged cells is increased. 

A typical skewness plot can be seen in the Supplementary Material 
SF87A. Three characteristic cut-off frequencies were found around 
0.015–0.016, 0.035–0.045, and 0.07–0.09 ranges. As such for the 
comparative analysis of the scale-dependent surface roughness 0.0158, 
0.039, and 0.078 cut-off frequencies were chosen corresponding with 
real-space wavelengths of 500 nm, 200 nm, and 100 nm. Example line- 
profiles and their corresponding roughness profiles at the selected cut- 
off frequencies are shown in the Supplementary Material SF87B. 

BMMΦ cells were also treated with ASA1-Aoa-OT5, ASA2-Aoa-OT5, 
and ASA3-OT5 conjugates. Representative images and surface rough-
ness are presented in SF88. 

2.9. Cellular internalization and localization of Cf-peptides 

In vitro cellular uptake of Cf-peptides was determined using flow 
cytometry. Cellular uptake can be compared based on the measured 
intracellular fluorescence intensity. The internalization ability of the Cf- 
peptides was studied at the 6.25–50 µM concentration range. The in vitro 
cytotoxicity of Cf-peptides was also evaluated during the analysis. In 
comparison with the untreated control, Cf-peptides have no cytotoxic 
effect. The percentage of live cells was determined and presented in 
Supplementary Material SF85. Flow cytometry measurements revealed 
a concentration-dependent internalization of the Cf-tuftsin peptides 

Fig. 2. Membrane integrity studies of MonoMac6 (A, B) and EBC-1 (C, D) cells. Average root mean square roughness values of MonoMac6 (A) and EBC-1 (C) cells at 
different cut-off frequencies. The error bars represent 95% confidence intervals. High-resolution morphology images of MonoMac6 (B) and EBC-1 (D) cells before and 
after treatments. The apex area of the cells was selected for imaging with a scan area of 2 μm × 2 μm (512 × 512-pixel resolution), where the cellular curvature has 
the smallest distortion effect on the recorded height profiles. Scale bar represents 500 nm. 
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(SF100-103). Different Cf-tuftsin peptides showed similar internaliza-
tion profiles. Calculated UC50 values (the interpolated concentration 
required for intracellular fluorescence in 50% of the cell [87] are sum-
marized in Fig. 3A. Cf-OT5 (9.95 µM) has the lowest UC50 value, the 
highest cellular uptake rate on MonoMac6 cells. Cf-GFYA-OT10 (UC50 =

18.36 µM) has the lowest uptake (Fig. 3B). The intracellular fluorescence 
intensities and time-dependent cellular uptake of Cf-peptides on Mon-
oMac6 cells are presented in the Supplementary Material SF100. 

To visualize the subcellular localization of the Cf-peptides confocal 
microscopy images were captured (CLSM images of MonoMac6 cells 

treated (25 µM, 3 h) are presented in Fig. 3C and the Supplementary 
Material SF104, SF105). Peptide Cf-OT5 showed diffuse intracellular 
distribution, while in the case of Cf-OT10, mainly vesicular localization 
was captured (SF105). Besides cytoplasmic localization Cf-OT10 showed 
co-localization with lysosomal staining, possibly indicating that this 
compound internalizes not only through the endo-lysosomal pathway, 
but also through direct cell penetration. Therefore, the majority of Cf- 
OT10 can be trapped in endosomal compartments. Subsequently, any 
conjugated cargo might be trapped, as well. Significantly lower intra-
cellular antimycobacterial activity of ASA-OT10 conjugates (Fig. 4A) 

Fig. 3. The in vitro cellular uptake is characterized by UC50 values on MonoMac6, EBC-1, H838, and CALU-1 cells (A). In vitro cellular uptake on MonoMac6 cells (B). 
Intracellular localization of Cf-OT5 in MonoMac6, EBC-1, H838, and CALU-1 cells visualized by confocal microscopy (Panel C). Cells were treated for 3 h with Cf- 
peptides (25 µM, green). Lysosomes were stained by LysoTracker (red), nuclei were labeled by Hoechst (blue) (C). Potential binding of OT5 to NRP-1 and NRP 2 (D). 
NRP receptor content of whole-cell lysate of MonoMac6, EBC-1, H838, and CALU-1 cell cultures detected by Western blot. As a loading control, β-actin was used (E). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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might be the consequence of an endosomal entrapment, while the 
diffuse intracellular distribution makes ASA-OT5 conjugates effective on 
intracellular Mtb (Fig. 4A). 

Most of the Cf-peptides have higher uptake in the case of EBC-1 cells 
in comparison with H838 and CALU-1 cells. In the case of EBC-1 cells, 
Cf-OT5 has the highest (UC50 = 9.31 µM) and Cf-GFYA-OT5 (UC50 > 50 
µM) has the lowest uptake (Fig. 3A). The UC50 values of Cf-OT5 and Cf- 
OT10 are at least three times lower compared to the linker-containing 
peptides, which means a significantly higher uptake. Based on CSLM 
imaging, the Cf-OT5 peptide has partial co-localization with the lyso-
somal staining (Fig. 3C). 

The lowest uptake of Cf-peptides can be detected on H838 cells. Cf- 
O10 (UC50 = 26.56 µM) has the highest uptake, in the case of Cf-GFLG- 
OT5, Cf-GFYA-OT5, and Cf-GFYA-OT10 the UC50 values are higher than 
50 µM. Cf-OT5 and Cf-OT10 have higher uptake compared to linker- 
containing peptides (Fig. 3A). Cf-OT5 mainly co-localizes with the 
lysosomal staining based on CLSM studies (Fig. 3C). 

The effect of fixation was also investigated during CLSM studies. In 
vitro intracellular localization of Cf-OT5 was determined on living EBC-1 
and H838 and fixed CALU-1 cells. The treating and staining conditions 
were standardized. According to our data, fixation has no effect in these 
cases on intracellular localization (Fig. 3C). 

Interestingly, different tendencies can be observed on CALU-1 cells. 
Cf-GFYA-OT5 has the highest (UC50 = 15.00 µM) and Cf-OT5 has the 
lowest uptake (UC50 = 28.06 µM). In the case of CALU-1 cells, UC50 
values were similar, smaller differences between the peptides were 
observed (Fig. 3A). Based on CLSM imaging, Cf-OT5 peptide has partial 
co-localization with the lysosomal staining (Fig. 3C). CLSM images of 
CALU-1 cells treated with Cf-peptides (25 µM, 3 h) are presented in 
SF106 and SF107. 

In vitro cellular uptake of Cf-peptides was also determined on LCLC- 
103H cells. The concentration-dependent ratio of Cf-positive cells and 
fluorescence intensities are presented in the Supplementary Material 

(SF101-102). Based on CLSM studies, Cf-OT5 is co-localized mainly with 
the lysosomal staining in the case of LCLC-103H cells as presented in 
SF108. 

In vitro cellular uptake and intracellular localization of selected 
compounds (Cf-OT5, Cf-GFLG-OT5, Cf-OT10) was determined on bone- 
marrow-derived cells (BMMΦ). The uptake of these compounds on 
BMMΦ cells is also concentration-dependent. Cf-OT10 has the highest 
uptake, followed by Cf-OT5 and Cf-GFLG-OT5 at all concentrations 
(SF103). Based on CLSM studies CF-OT10 mostly co-localizes, Cf-OT5, 
and Cf-GFLG-OT5 have partial co-localization with the lysosomal 
staining. CLSM images are presented in SF109. 

2.10. Determination of neuropilin receptor occurrence by Western blot 
analysis 

NRPs are a potential target on alveolar macrophages [52] infected 
with Mtb. Tuftsin-like peptide sequences are recognized by NRP re-
ceptors. NRP-1 and NRP-2 differ in their substrate preference; according 
to von Wronski et al. [56], tuftsin derivatives bind to NRP-1 with higher 
affinity than to NRP-2. 

Based on visual molecular dynamics, OT5 (TKPKG) delivery peptide 
is capable of binding to the b1 domain of both NRP-1 and NRP-2 re-
ceptors (Fig. 3D). Thus, NRP receptors can serve as an entry for tuftsin 
delivery peptides via receptor-mediated endocytosis. As NRP-1 and NRP- 
2 are present in different host cells, targeting these receptors with tuftsin 
peptides is a promising strategy against intracellular Mtb. 

The occurrence of NRP-1 and NRP-2 receptors on different cell cul-
tures as host cell candidates was determined. MonoMac6 macrophages, 
and lung-originated EBC-1, H838, CALU-1, A549, and LCLC-103H cells 
were selected for lysis. We have established and optimized the Western 
blot process to detect NRP-1 and NRP-2 receptors from the whole cell 
lysates. Indirect detection of the receptors was used with anti-NRP-1 and 
anti-NRP-2 first antibodies, and anti-mouse-horseradish peroxidase 

Fig. 4. Determination of efficacy on intracellular bacteria, the activity of the ASA derivatives, and their peptide conjugates on Mtb H37Rv infected MonoMac6 cells 
(A). Lysosomal degradation profile of peptide conjugates (B, C). Lysosomes have an internal acidic pH (pH 4.5–5.0) and they contain various loads of hydrolytic 
enzymes, which play a crucial role in the intracellular drug release, lysosomal enzymes in action on peptide chain (B). Degradation of ASA-tuftsin conjugates in rat 
liver lysosomal homogenate (C). Structure of the detected main metabolites of the conjugates ASA1-Aoa-OT5, ASA1-Aoa-GFLG-OT5, ASA3-OT5, ASA3-OT10, and 
ASA3-GFLG-OT10 (D). 
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(HRP) secondary antibody. For experimental details and workflow see 
section 4.11. and SF110A. To normalize protein levels of different cells, 
as a loading control, β-actin was used. In all cases, similar signals can be 
detected (Fig. 3E). Based on the loading control, the NRP-1 and NRP-2 
receptor content of the cells can be compared. 

Both NRP-1 and NRP-2 receptors are present in all cells (Fig. 3E). On 
MonoMac6 cells, NRP-1 is slightly observed. NRP-2 was detected with a 
high density, meaning high NRP-2 content of MonoMac6 cells. In the 
case of EBC-1 cells, both NRP-1 and NRP-2 were detected with high 
density. On H838 cells, higher NRP-2 content is observed compared to 
NRP-1. Oppositely, on CALU-1 cells higher NRP-1 receptor level is 
presented compared to NRP-2 (Fig. 3E). NRP-2 receptor was also 
detected on A549 and LCLC-103H as presented in the Supplementary 
Material SF110B. 

2.11. Determination of efficacy against intracellular bacteria 

As Mtb is an intracellular pathogen, it is indispensable to determine 
compounds’ intracellular activity. As an infected macrophage model, 
sources of the monocytes are described in the literature, peripheral 
blood mononuclear cells (PBMC), and monoblastic/promyelocytic cells 
lines such as U937, THP-1, and HL-60, respectively. Cell lines can be 
expanded to reach vast numbers of cells and are reproducible. Since 
U937, THP-1, and HL-60 cell lines are not fully differentiated, they must 
be induced to develop phagocytic properties. MonoMac6 was estab-
lished as a cell line, which appears to have phenotypic and functional 
characteristics of mature blood monocytes. MonoMac6 cells are 
phagocytic and express the CR3 receptor, which is important for the 
entry of Mtb bacteria [88,89]. Successful attempts have been shown that 
an infected MonoMac6 cell line is an appropriate model to determine in 
vitro activity of drug candidates against intracellular pathogens, for 
example, Mtb, Legionella pneumophila, and Brucella abortus [90–94]. In 
our previous studies, we have employed the Mtb infected MonoMac6 
cells to determine the intracellular killing efficacy of different com-
pounds, peptide conjugates, and nanoparticles [33,34,36,38,64,95,96]. 
In this work, the inhibition of intracellular bacteria was determined on 
MonoMac6 cells infected with Mtb H37Rv. 

After two treatments, free compounds did not have an intracellular 
effect in comparison with untreated control. Peptide conjugates inhibi-
ted the growth of intracellular bacteria, in a concentration-dependent 
manner (Fig. 4A). This intracellular efficacy of the conjugates can be 
explained by their enhanced cellular uptake in comparison with the free 
compounds. 

For the efficient intracellular effect of conjugates, it is crucial to 
enhance not only the cellular uptake of free compounds but also to 
determine the rate of drug release. As tuftsin delivery peptides are 
mainly located in the lysosomal compartments, it is necessary to 
investigate lysosomal degradation patterns of conjugates and to identify 
metabolites containing active compounds (Fig. 4B). 

The efficacy of the ASA-conjugates is related to their degradation and 
the intracellular drug release from the conjugates in the host cells. The 
degradation pattern of the conjugates in rat liver lysosomal homogenate 
was determined. For the identification of the products, a high-resolution 
HPLC-MS instrument was used. Mostly, no degradation of the amide or 
oxime bond between the compound and the peptides was detected 
(Fig. 4C). The smallest metabolites containing active compounds were 
the compounds and the first N-terminal amino acids (ASA1-Aoa-G-OH, 
ASA1-Aoa-T-OH, ASA2-Aoa-G-OH, ASA2-Aoa-T-OH, ASA3-G-OH, and 
ASA3-T-OH, Fig. 4D). The enzyme cleavable linker (GFLG, GFYA) con-
taining peptide conjugates are digested faster and to a greater extent in 
comparison with the OT5 and OT10 conjugates. Generally, the GFYA 
linker is digested faster than the GFLG linker. Conjugates without 
enzyme-labile linkers have a similar degradation pattern, however, 
OT10 derivatives first degrade to OT5 peptides, thus, their degradation 
is overall slightly slower than in the case of OT5 conjugates. 

The possible degradation ways of ASA-peptide conjugates from the 

synthetic point of view are presented in the Supplementary Material 
(SF111-113). Summary of the conjugates’ degradation pattern is pre-
sented in the Supplementary Material (SF114). Base peak chromato-
grams and characterization of the detected metabolites are detailed for 
the conjugates in the Supplementary Material (SF115-132). 

2.12. Determination of the penetration ability of Cf-OT5 on Transwell 
inserts 

We have studied the penetration ability of the Cf-OT5 peptide on 
Transwell inserts using co-cultured, submerged, and non-contact 
monolayers as simple in vitro alveolar and bronchial barrier models. 
H838 or CALU-1 cells were seeded on the membrane of the apical 
chambers (Fig. 5A), and EBC-1 cells were used as detector monolayers 
on the basolateral surfaces (Fig. 5A, B). 

Before the treatments, the confluency of the H838 and CALU-1 
monolayer was monitored with CMFDA (Fig. 5C) and imaged in situ. 
Based on CMFDA staining, confluent monolayers were formed from both 
H838 (Fig. 5C) and CALU-1 cells (data not shown). The confluency and 
the occurrence of adherens junctions within the monolayer were also 
checked by β-catenin immunolabeling. β-catenin plays a role in the 
cell–cell adhesion and adherens junctions. β-Catenin associates with the 
cytoplasmic domain of the cadherin family adhesion receptors, 
anchoring them to the actin cytoskeleton and thus acting as a structural 
protein. Based on the enlarged representative microscopic images, 
adherens junctions can be detected between the H838 cells (Fig. 5D). 

The penetration ability of Cf-OT5 was determined using CLSM image 
analysis. The penetration process was quantified by flow cytometry. In 
both cases, the intracellular fluorescence signal of the EBC-1 cells on the 
basolateral compartment was compared. 

As the confluent monolayers were formed (usually after 5–6 days 
after seeding), Cf-OT5 were added to the apical chamber at 12.5, 25, and 
50 µM concentration for 45 min or 3 h (Fig. 5A). As control experiments, 
treatments without TW were also carried out (Fig. 5B) (for experimental 
setup see SF133). 

The penetration rates of peptide Cf-OT5 were quantified by flow 
cytometry (Fig. 5). Based on flow cytometry data, as expected the 
cellular uptake of Cf-OT5 on EBC-1 detector cells was higher without the 
inserts. The penetration across the Transwell inserts is time- and 
concentration-dependent in the case of H838 (Fig. 5E) and CALU-1 
(Fig. 5F) monolayers, based on the mean fluorescent intensities. 

The highest cellular uptake on EBC-1 detector cells was detected 
without Transwell inserts at 50 µM for 3 h, and the lowest was with 
Transwell inserts at 12.5 µM for 45 min. Interestingly, differences be-
tween the two types of interfaces containing H838 and CALU-1 were 
demonstrated. In the case of the H838 barrier, a higher penetration rate 
was detected towards EBC-1 cells. The percentage of Cf-positive cells 
also confirms these observations as presented in SF147. These results are 
in good agreement with the analysis of CLSM images. 

EBC-1 cells on cover glass were stained and fixed before confocal 
microscopic analysis (Fig. 6A). According to confocal images (Fig. 6B, E, 
H, K), Cf-OT5 was able to cross the H838 monolayer and it was inter-
nalized into EBC-1 cells. For analysis of the visible differences between 
the CLSM images captured after treatments, NIH ImageJ software’s Plot 
Profile application was used. Lines were drawn with a strictly similar 
orientation, starting from the cell nucleus towards cytoplasm on gray-
scale images (Fig. 6C, F, I, L). The obtained gray values correspond to the 
intensity of a given pixel on a scale of 0 to 255. 

Based on the gray value analysis remarkable differences were 
observed between the treatments with and without the inserts contain-
ing H838 cells (Fig. 6D, G and Fig. 6J, M). 

The penetration ability of Cf-OT5 across the interfaces was time- and 
concentration-dependent. In case of treatment with 12.5 µM for 45 min 
with Transwell insert no penetration was detected (Fig. 6E, F, G), while 
at 50 µM for 3 h, significant penetration was markedly detectable on the 
confocal image and the grayscale curves (Fig. 6K, L, M). The differences 
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were emphasized by the distribution of the families of curves in the 
diagrams on the right-hand side of Fig. 6. (Fig. 6D, G, J, M). 

CLSM images corresponding to all treatments (at 12.5, 25, and 50 
µM, 45 min or 3 h) and the gray value curves extracted from the outlined 
individual cells are presented in the Supplementary Material SF134-139 
(H838 – EBC-1) and SF140-146 (CALU-1 – EBC-1), respectively. 

2.13. The determination penetration ability of Cf-OT5 on tissue- 
mimicking EBC-1 spheroids 

Next, we assessed the penetration ability of Cf-OT5 peptides on 
spheroids formed by EBC-1 cells. The schematic workflow using the 
agarose 3D Petri Dish with EBC-1 spheroids as a simple lung tissue- 
mimicking platform is presented in SF148. 

Spheroids were treated within the agarose dishes with the Cf-peptide 
for 45 min and 3 h at 10 µM concentration (SF148C). 

The EBC-1 spheroids had an average diameter of 400 and 450 nm 
(SF148D, E). Spheroids were fixed with 4% PFA, and then harvested and 
transferred from the agarose micro-wells into uncoated Ibidi chambers 
for CLSM imaging (SF148F, G, H). Line scan analysis of CLSM images 
was performed by NIH ImageJ software, using the Plot Profile applica-
tion. Line scans were carried out using grayscale images, gray value 
corresponds to the intensity of a given pixel on a scale of 0 to 255. As 
spheroids are of various shapes and sizes, the diameter of the scanned 
area (horizontal axis distance) was normalized to 1 for better compari-
son. In the case of zonal scans, spheroids were selected in ImageJ, the 
selection was scaled to obtain zones, the scale factors are as follows: 1 for 
zone 1, 0.67 for zone 2, and 0.33 for zone 3. Intensity values were ob-
tained by ImageJ and background corrected normalized fluorescence 
intensities (CNF) were calculated as described earlier [97]. 

To visualize the penetration profile of the Cf-OT5 we have carried 

out outline scan analysis extracted from the images (Fig. 7A). Spheroids 
were scanned in the z-direction with a step size of 10 µm (z1-z6) 
(Fig. 7B). The deepest z-section from the surface of a spheroid presented 
here is approx. 40 µm (z6) (Fig. 7C). To have comparable fluorescent 
intensity values among the zones, normalized gray value data were 
standardized as the proportion of the mean normalized intensity in the 
peripheries (0–100%). 

Towards the center of the spheroids, the Cf-signal was gradually 
decreasing (Fig. 7D). Based on the presented results, we can conclude 
that Cf-OT5 has fair penetration ability on EBC-1 spheroids. Individual 
spheroids line scan and zonal scan analysis are presented in the Sup-
plementary Material (SF149-151). Comparison of zonal scans is pre-
sented in SF152. The penetration ability to approx. 60 µm is presented in 
SF153. 

3. Conclusion 

Mycobacteria are uniquely adapted and equipped to survive within 
host cells [24–26], therefore the elimination of intracellular bacteria 
could be more efficient with directed delivery targeting host cell surface 
molecules and receptors (tuftsin, NRP, lectins, scavenger-, and 
mannosyl-receptors, etc.) [32,33,36,37,98–104]. 

In this study, a road map of an experimental approach to evaluate 
new antimycobacterial compounds and their tuftsin peptide conjugates 
was described. We intended to develop optimized conjugates (i) to 
target their infected host cells and release the antimycobacterial com-
pounds in their active forms. We have synthesized new 4-aminosalicylic 
acid derivatives (ASA). As these derivatives were effective only against 
extracellular bacteria, the ASA derivatives were conjugated to host cell- 
specific peptide carriers. Tuftsin peptides were used as targeting moi-
eties, as they are ligands for NRP receptors located on macrophages and 

Fig. 5. The penetration ability of Cf-OT5 on Transwell inserts and the schematic representation of the experiment set up (A, B). H838 or CALU-1 cells were seeded on 
the apical side, EBC-1 cells were on the basolateral chamber’s bottom (A, B). Enlarged features of the polycarbonate microporous membrane with H838 cells stained 
with CellTracker, and imaged in situ for multi-field mosaic image acquisition Scale bar represents 500 µm (C). A representative enlarged section, with β-catenin 
immunolabeling on an excised and mounted membrane stained with NucBlue (blue). Scale bar represents 10 µm (D). The penetration rates were monitored by flow 
cytometry through H838 (E) and CALU-1 (F) Cellular uptake of peptide Cf-OT5 was quantified by MFI values on EBC-1 detector cells (E, F). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lung tissue-related cells. Delivery tuftsin peptides were conjugated to the 
ASA compounds with or without enzyme-labile linker sequences (GFLG, 
GFYA). For the conjugation oxime (ASA1, ASA2) or amide (ASA3) bond 
was formed. All ASA derivatives and their conjugates have in vitro 
antimycobacterial effects against Mtb H37Rv bacteria and appropriate 
selectivity for monocyte MonoMac6 and lung-related cell cultures (EBC- 
1, H838, CALU-1, etc.) modeling the possible host cells. The membrane 
integrity of the host cells was also investigated by atomic force micro-
scopy after treatments with free compounds and the conjugates. This 
method also demonstrated that the conjugation of the compounds 
decreased their cytotoxicity. 

In vitro cellular uptake, intracellular localization, and penetration 
studies were obtained using fluorescent peptide derivatives. The tuftsin 
peptides have remarkable cellular uptake on monocytic and lung cell 
cultures. The intracellular localization studies proved the co-localization 
of the carriers with lysosomal dyes in all types of model cells. For 
intracellular efficacy, the release of the antimycobacterial compounds 
from the conjugates is also essential. As a proof-of-concept, the intra-
cellular activity of the compounds was determined on Mtb H37Rv 
infected MonoMac6 cells. Free ASA derivatives were ineffective against 
intracellular bacteria, their peptide conjugates were able to inhibit (in a 
concentration-dependent manner) the intracellular bacteria. The lyso-
somal degradation pattern of the conjugates was determined employing 
rat liver lysosomal homogenates. In most cases, the smallest active 
metabolite was the first amino acid and the ASA compound. 

The NRP receptor occurrence was determined using a newly estab-
lished Western blot method. The significant presence of the NRP re-
ceptors was confirmed from the whole cell lysates. These data and the 
co-localization of the Cf-tuftsin peptides with the lysosomal compart-
ment, imply receptor-mediated endocytosis as the main route of cellular 
internalization. 

To demonstrate the in vitro penetration ability of the pentapeptide Cf- 
OT5 tuftsin, Transwell inserts were applied with bronchial or alveolar 
non-contact, co-cultured monolayers. This setup provided data on the 
trafficking pattern of the pentapeptide, mimicking lower respiratory 
tract tissue barriers. Furthermore, using 3D spheroid EBC-1 cultures for 
mimicking lung tissue in vitro, we have demonstrated that Cf-OT5 has 
fair penetration ability. 

We have also demonstrated that Transwell insert and agarose-based 
spheroids could provide simple in vitro platforms for comparative 
penetration studies using confocal laser scanning microscopy and flow 
cytometry. For confocal images with line scan analysis, the quantifica-
tion of differences is also a possible approach. 

Taken together, with our experimental design and the applied assays, 
we characterized novel antimycobacterial compounds and their peptide 
conjugates. The employed sequence of the methods (in vitro MIC 
determination, selectivity, and localization studies to elucidate efficacy 
and specificity, infected host model, co-culture interface system on cell 
monolayers, and tissue-mimicking spheroids) was effective to find the 
most promising delivery peptides targeting intracellular Mtb with opti-
mized features. 

4. Experimental section 

4.1. Materials 

For the synthesis and chemical characterization of 4-aminosalicylic 
acid derivatives (ASA), reagents and solvents (4-aminosalicylic acid, 
methyl 4-aminosalicylate, 4-acetylphenyl isocyanate, ethyl acetate, 
methanol, toluene, triethylamine, sodium bicarbonate, dichloro-
methane, concentrated hydrochloric acid, glyoxylic acid monohydrate, 
sodium cyanoborohydride, glacial acetic acid, n-hexane, DMSO‑d6, 

Fig. 6. The penetration process of peptide Cf-OT5 is followed by CLSM. H838 cells on the apical side, EBC-1 cells on the basolateral chamber’s bottom on coverslips 
(Panel A). CLSM images of detector EBC-1 cells (Cf-OT5 (green): 12.5 µM, 45 min (B, E) and 50 µM, 3 h (H, K). Nuclei of EBC-1 were stained with Hoechst (blue). 
Scale bar represents 20 µm. Yellow rectangles indicate the area of (C, F, I, L) line scans. Lines were drawn starting from the cell nucleus towards the cytoplasm on 
grayscale images. The obtained gray values correspond to the intensity of a given pixel on a scale of 0 to 255. All line scan lengths were normalized to 1 yielding 
normalized diameter and the line scans were plotted (D, G, J, M). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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tetramethylsilane) were purchased from Sigma-Aldrich (Darmstadt, 
Germany) or Penta Chemicals (Prague, Czech Republic). 

For peptide synthesis amino acid derivatives, Boc-aminooxyacetic 
acid (Boc-Aoa-OH) and the Fmoc-Rink Amide MBHA resin were ob-
tained from Iris Biotech GmBH (Marktredwitz, Germany). Reagents, 
such as, N,N’-diisopropylcarbodiimide (DIC), triisopropylsilane (TIS), 1- 
hydroxybenzotriazole (HOBt), 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU), 1-methyl-2-pyrrolidone (NMP), piperidine, 5(6)-carboxyfluores-
cein (Cf), acetic anhydride, ethylene glycol monoethyl ether, citric acid, 
sodium acetate and disodium phosphate were purchased from Sigma- 
Aldrich (Budapest, Hungary). TFA, N,N-dimethylformamide (DMF), 
diethyl ether and acetonitrile were from VWR (VWR International, 
Debrecen, Hungary). N,N-diisopropylethylamine (DIEA) was from Fluka 
(Charlotte, NC, USA). Ninhydrin, isatin, acetic acid, dimethyl sulfoxide 
(DMSO) were from Reanal Laboratory Chemicals (Budapest, Hungary). 
Dichloromethane (DCM) (purity > 99.9%) was from Spectrum-3D Kft. 
(Debrecen, Hungary) and methanol was (purity > 99.9%) from Sigma- 
Aldrich. 

For the in vitro assays RPMI-1640, DMEM medium, phosphate buff-
ered saline (PBS) trypan blue, and L-glutamine were from Lonza (Basel, 
Switzerland). Pyruvate, trypsin, 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT), recombinant murine macrophage 
colony-stimulating factor (rMu M− CSF), ethylenediaminetetraacetic 
acid (EDTA), paraformaldehyde (PFA), glutaraldehyde solution, Mowiol 
4–88 and agarose were obtained from Sigma-Aldrich (Budapest, 
Hungary). Non-essential amino acids, fetal bovine serum (FBS) and 
Penicillin/Streptomycin (10,000 units penicillin and 10 mg 

streptomycin/mL) were from Gibco (Thermo Fisher Scientific, Waltham, 
MA, USA). HPMI buffer was prepared in our laboratory using compo-
nents (glucose, NaHCO3, NaCl, N-(2-hydroxyethyl)piperazine-N′-(2- 
ethanesulfonic acid - HEPES, KCl, MgCl2, CaCl2, Na2HPO4 × 2 H2O) 
obtained from Sigma-Aldrich. Hoechst 33,342 (62249), LysoTracker 
Deep Red (L12492, for fixed cells), LysoTracker Red DND-99 (L7528, for 
living cells) and CellTracker Green Dye (CMFDA, C7025, 5-chlorome-
thylfluorescein diacetate) were from Invitrogen Biotechnology 
(Thermo Fisher Scientific, Waltham, MA, USA). All buffers used during 
Western blot technique were made in-house using components obtained 
from VWR or AppliChem GmbH (Darmstadt, Germany). Acrylamide and 
N,N’-methylenebisacrylamide were obtained from Serva Electrophoresis 
GmbH (Heidelberg, Germany). Composition of buffers are presented in 
the Supplementary Material ST5. Anti-neuropilin-1 (sc-5307, produced 
in mouse), anti-neuropilin-2 (sc-13117, produced in mouse), anti-actin 
(sc-1616, produced in goat) antibodies and anti-goat-HRP secondary 
antibody (sc-2354, produced in mouse) were obtained from Santa Cruz 
Biotechnology (Dallas, TA, USA). Anti-mouse-horseradish peroxidase 
(HRP) secondary antibody (32430, produced in goat) and anti-rabbit Ig- 
Alexa555 (C2206, produced in donkey) were obtained from Invitrogen 
(Thermo Fisher Scientific, Waltham, MA, USA). Polyclonal anti-β-cat-
enin antibody (A31572, produced in rabbit) was from Sigma (Budapest, 
Hungary). 

4.2. Synthesis of 4-aminosalicylic acid (ASA) derivatives 

The 4-aminosalicylic acid (ASA) derivatives were synthesized as 

Fig. 7. Line scan and zonal scan analysis of CLSM images of EBC-1 spheroids following 3 h treatment with 25 µM peptide Cf-OT5. Line scans of spheroids at different 
(z2-z6) depth, mean intensities are gray values (0–255) averaged from 8 line scans, error stripes correspond to SEM (Panel A). Z-stack images were obtained with 
10–15 µm intervals, the presented images are from the 10 µm (z2, Panel B) and 40 µm (z6, Panel C) depths; Cf-OT5 (green), nuclei were stained with Hoechst (blue). 
Scale bar represents 100 µm. Relative normalized intensity of spheroid zone 1, zone 2, and zone 3, data were extracted displaying the penetration ability of the 
peptide Cf-OT5; relative normalized intensities of spheroids were graphed at 10–40 µm (z2-z6) depths (Panel D). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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shown in Scheme 1. The reactions and the purity of the products were 
monitored by TLC using various mobile phases. Plates were coated with 
0.2 mm Merck 60 F254 silica gel (Merck Millipore, Darmstadt, Ger-
many) and were visualized by UV irradiation (254 nm). The melting 
points were determined on a Büchi Melting Point B-540 apparatus 
(BÜCHI, Flawil, Switzerland) using open capillaries and the reported 
values are uncorrected. Elemental analysis (C, H, N) was performed on 
an automatic microanalyzer CHNS-O CE instrument (FISONS EA 1110, 
Milano, Italy). Infrared spectra were recorded on a FT-IR spectrometer 
Nicolet 6700 using ATR-Ge method (ThermoFisher Scientific, Waltham, 
MA, USA) in the range of 650–4000 cm− 1. The NMR spectra were 
measured in DMSO‑d6 at ambient temperature using a Varian V NMR 
S500 instrument (500 MHz for 1H and 126 MHz for 13C; Varian Comp. 
Palo Alto, CA, USA). The chemical shifts (δ) are given in ppm with 
respect to tetramethylsilane used as an internal standard. The coupling 
constants (J) are reported in Hz. The details of the synthesis, chemical 
and structural characterization are described in the Supplementary 
Material. 

4.3. Synthesis of tuftsin delivery peptides and peptide conjugates 

Tuftsin delivery peptides were synthesized manually using standard 
Fmoc/tBu strategy as described in [36,62] (Scheme 3). Amide bond was 
formed on resin with the formation of in situ active ester. For the 
coupling 3 eq. of the free compound was dissolved in NMP, and DIC/ 
HOBt coupling reagents were used (60 min) (Scheme 2A). Oxime bond 
was formed in liquid phase with the reaction of crude Aoa peptide de-
rivatives and free compounds containing carbonyl group (ASA1, ASA2) 
[36,105,106] as shown in Scheme 2B. Crude products and reaction 
mixtures were purified using semi-preparative HPLC with reverse phase 
column. Details are described in the Supplementary Material. 

To determine the homogeneity of the products and the stability of 
conjugates we applied analytical HPLC with reverse phase column. The 
products mass accuracy was determined using HR-MS. The details of the 
instruments, columns and the gradient are shown in the Supplementary 
Material. 

Also, logP values were calculated using Chemicalize online platform. 
The basis of the calculation is detailed in the Supplementary Material. 

4.4. Cell culturing 

MonoMac6 human monocytes (Deutsche SammLung von Mikroor-
ganismen und Zellkulturen, DSMZ no.: ACC 124) [88–90], EBC-1 lung 
squamous carcinoma (CVCL_2891) [107,108], H838 human lung 
adenocarcinoma (American Type Culture Collection, ATCC CRL-5844) 
[108], CALU-1 human lung epidermoid carcinoma (Sigma 93120818) 
[109,110], for the in vitro evaluation studies. For maintaining Mono-
Mac6 cell cultures RPMI-1640 medium supplemented with 10% FBS, 2 
mM L-glutamine and 160 µg/mL gentamicin (CM RPMI-1640) was used. 
In case of EBC-1, H838 and CALU-1 cell cultures DMEM supplemented 
with 10% FBS, 2 mM L-glutamine, 100 µg/mL Penicillin/Streptomycin, 
1 mM Pyruvate and 1% non-essential amino acids (CM DMEM) were 
used. Cells were incubated at 37 ◦C, 5% CO2 humidified atmosphere. 

Murine bone marrow culture-derived macrophages (BMMΦ) were 
also used in our study. The culture of BMMΦ macrophages were pre-
pared as described earlier [78,82–85]. We have differentiated BMMΦ 
cultures from frozen stocks of the isolated bone marrow cells (the 
isolation process and experiments were approved by the Hungarian 
Scientific Ethical Committee on Animal Experimentation (No: XIV-I- 
001/2149–4/2012). The log-phase growth of the BMMΦ was main-
tained by culturing in rMu M− CSF in RPMI 1640 medium supplemented 
with 0.16 mg/mL gentamicin, 2 mM glutamine; 10% FBS, 10 mM HEPES 
and 10 ng/mL rMu M− CSF (recombinant murine macrophage colony- 
stimulating factor, Sigma M9170). Prior to the experiments, cells were 
washed three times with PBS. The macrophages were harvested with 
PBS (0.1 M, pH 7.4) containing 10 mM EDTA and seeded using the 

media with content above. 

4.5. Determination of in vitro antimycobacterial effect 

Mtb H37Rv (ATCC 27294) were grown in Sauton’s liquid medium to 
exponential growth phase (approx. 3–4 weeks). The Sauton’s medium 
was prepared in-house as described in [111] with the addition of 0.05% 
(w/v) Tween-80 to prevent bacterial aggregation (since Mtb H37Rv tends 
to form clumps). The bacterial suspension was homogenized by ball- 
milling using sterilized stainless steel grinding balls and after dilution, 
it was used for the inoculation of the test tubes. 

Antimycobacterial activity of the ASA compounds and their peptide- 
conjugates was determined on Mtb H37Rv using conventional broth- 
dilution method in Sula semisynthetic medium (pH = 6.5) [112,113]. 
Dilution series of the compounds were prepared in DMSO and added to 
test tubes [32,36,77–80,114–118]. The bacterial suspension (1.5 × 104 

CFU/mL) was added to the test tubes. The minimal inhibitory concen-
tration (MIC, reported in μM, µg/mL) was determined after incubation at 
37 ◦C for 28 days. MIC was the lowest concentration of a compound at 
which no visible growth of the bacteria occurred. The antimycobacterial 
effect of the tested compounds were confirmed using a colony forming 
unit (CFU) determination by sub-culturing 100 uL of the supernatant 
onto drug-free Löwenstein-Jensen solid medium (37 ◦C, 28 days), which 
is a selective medium specifically used for the culture and isolation of 
Mtb H37Rv [119,120]. Experiments were repeated at least two times. As 
reference compound isoniazid was used. 

All experimental procedures with infectious Mtb were performed in a 
Biosafety Level 3 (BSL-3) laboratory at the National Public Health 
Center (Hungary), respecting the institutional containment level 3 lab-
oratory management and biosecurity standards, based on applicable 
national and EU Directives. 

4.6. Determination of in vitro cytostatic and cytotoxic effect 

In vitro cytostatic – antiproliferative - effect of ASA derivatives, 
conjugates and Ac-peptides were determined on MonoMac6, EBC-1, 
H838 and CALU-1 cells using MTT assay. In vitro cytotoxic effects of 
selected conjugates (ASA1-Aoa-OT5, ASA1-Aoa-GFLG-OT5, ASA3-OT5, 
ASA3-OT10) were also determined with MTT assay. 

For the MTT assay, cells were seeded during the exponential growth 
phase, one day prior to the experiment. In case of cytostasis 5 × 103 

cells/100 µL/well, for cytotoxicity 1.5–2.0 × 104 cells/ 100 µL/ well 
were seeded on a 96-well cell culture plate (Sarstedt, Germany) in CM. 
Cells were treated with the compounds dissolved in RPMI-1640 or 
DMEM incomplete medium (ICM) with 1% (v/v) DMSO in the concen-
tration range 2.56 × 10-3 – 200 µM (Ac-peptides and conjugates) or 6.4 
× 10-4 – 50 µM (ASA compounds). In case of cytotoxicity studies 3.2 ×
10-3 – 250 µM concentration range was used. Cells were treated with the 
compounds for 20–24 h. As control ICM and ICM containing 1% (v/v) 
DMSO were used. In case of cytostasis studies, cells were washed with 
ICM three times, and in the last step, CM was added. After culturing the 
cells for 48–72 h, 45 µL sterile-filtered MTT (Millex 0.22 µm filter, 
Millipore, Cork, Ireland) was added (2 mg/mL in ICM) to the cells. In 
case of cytotoxicity, MTT was added to the cells immediately after 
washing. Mitochondrial enzymes reduce MTT to a formazan derivative 
(purple crystals) [121–123]. 

After 3.5 h incubation, plates were centrifuged (2000 rpm, 5 min), 
supernatant was removed, and formazan crystals were dissolved in 
DMSO. Absorbance was determined with an ELISA plate reader (Lab-
systems iEMS reader, Helsinki, Finland) at λ = 540 and 620 nm. A620 
values were subtracted from A540 values, and cytostatic or cytotoxic 
activity was calculated with the formula: cytostasis/cytotoxicity% =
100 × (1-Atreated cells/Acontrol cells), where Atreated cells and Acontrol cells are 
the average absorbance of treated and control cells. The 50% inhibitory 
concentration (IC50) values were determined from the dose–response 
curves. The curves were calculated with Microcal OriginPro (version: 
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2018) software. 

4.7. Membrane integrity studies using atomic force microscopy 

MonoMac6 and EBC-1 were seeded in CM to 24-well cell culture 
plates (Greiner Bio-One, Hungary), which contained cover glasses 
(thickness 1, Assistant, Karl Hecht GmbH & Co KG, Sondheim/Rhön, 
Germany) 24 h before the experiment (105 cell/ 1 mL/ well). Cells were 
treated with the conjugates (ASA1-Aoa-OT5, ASA2-Aoa-OT5 and ASA3- 
OT5) for 3 h at 250 µM (37 ◦C, 5% CO2). Control cells were incubated 
with ICM. After the treatment, cells were washed two times with ICM 
and two times with PBS. Cells then were fixed with 4% glutaraldehyde 
(dissolved in PBS) for 20–24 h at 4 ◦C. After the fixation cells were 
washed two times with PBS and two times with distilled water. 

Surface morphology of the fixed cells was investigated with AFM. 
High resolution imaging of the surfaces was performed with a Nanosurf 
Flex-Axiom AFM system operating in dynamic mode utilizing soft- 
tapping cantilevers (Tap150-G, BudgetSensors) with nominal force 
constant of 5 N/m. The apex area of the cells was selected for imaging 
with a scan area of 2 μm × 2 μm (512 × 512-pixel resolution), where the 
cellular curvature has the smallest distortion effect on the recorded 
height profiles. 

4.8. Determination of in vitro cellular internalization 

To determine in vitro cellular uptake of the Cf-peptides BD LSR II (BD 
Biosciences, San Jose, CA, USA) flow cytometer was used. In vitro 
cellular uptake of Cf-peptides was determined on MonoMac6, EBC-1, 
H838 and CALU-1 cells. Cells were seeded during the exponential 
growth phase one day prior to the experiment to 24-well cell culture 
plates (Greiner Bio-One) with a density 105 cells/ 1 mL/ well in CM. 
Dilution series were prepared in ICM with 1% DMSO (v/v) in the con-
centration range 6.25 – 50 µM. Cells were treated with the Cf-peptides 
for 3 h (in case of MonoMac6 cells 1.5 h treatment was also per-
formed), and then they were washed once with ICM and once with HPMI 
buffer (9 mM glucose, 10 mM NaHCO3, 119 mM NaCl, 9 mM HEPES, 5 
mM KCl, 0.85 mM MgCl2, 0.053 mM CaCl2, 5 mM Na2HPO4 × 2 H2O, pH 
7.4) [124]. To remove the surface bound peptides and detach cells from 
the plate 100 µL trypsin was added to the cells for 2 min (MonoMac6), 
12 min (EBC-1), 5 min (H838, CALU-1). Trypsin activity was stopped 
with 800 µL HPMI medium supplemented with 10% FBS (v/v). Cells 
were then transferred into FACS tubes (Sarstedt), centrifuged (5 min, 
1000 rpm) and after removing the supernatant, 300 µL HPMI was added. 
Intracellular fluorescence intensity of cells was measured at λex = 488 
nm (Coherent Sapphire laser excitation, emission channel - LP 510, BP 
530/30). Results were analyzed with FACSDiva software. 

Cells were first gated on size and granularity (SSC vs FSC), then live 
cells were gated by using propidium iodide (PI), which dye can pene-
trate cell membranes of dying or dead cells. To identify the internali-
zation of Cf-peptides, live cells were divided into FITC positive and FITC 
negative subpopulations. The cell viability was assessed using 10 µg/mL 
propidium iodide (PI) solution. The intracellular fluorescence intensity 
of the cells was measured on channel PE LP550 (emission at λ = 550 nm) 
and data were analyzed with FACSDiva 5.0 software. All measurements 
were performed in triplicates. 

Trypan blue was also used to distinguish membrane-bound peptides 
from internalized ones by quenching the external fluorescence. Trypan 
blue is impermeable for living cells and quenches the extracellular green 
fluorescence, therefore, only the internal fluorescence can be detected. 
This quenching was performed by adding 10 µL of 0.04% trypan blue 
solution to the cells. Intracellular fluorescence intensity of cells was 
measured by flow cytometry before and after adding trypan blue. 

4.9. In vitro intracellular localization using confocal laser scanning 
microscopy (CLSM) 

MonoMac6 and CALU-1 cells were seeded in CM to 24-well cell 
culture plates (Greiner Bio-One), which contained cover glasses (Assis-
tant) 24 h before the experiment (105 cells/ 1 mL/ well). Cells were 
treated with the Cf-peptides (concentration: 25 µM) for 3 h in ICM. 
Lysosomes were stained with LysoTracker Deep Red, nuclei were stained 
with Hoechst 33342, according to the manufacturer’s suggestions. After 
every staining step, cells were washed three times with ICM. Before 
fixation, cells were washed two times with PBS. Cells were fixed with 4% 
PFA for 20 min at 37 ◦C. After fixation cells were washed three times 
with PBS and two times with distilled water. Cover glasses were 
mounted to microscopy slides (VWR) by Mowiol 4–88 mounting 
medium. 

For living cells’ uptake analysis EBC-1 and H838 cells were seeded to 
ibiTreat 15 µ-slide 8 well (ibidi GmbH, Grafelfing, Germany) 24 h before 
the experiment (3 × 104 cells/ chamber/300 µL CM). Cells were treated 
with Cf-OT5 as described above (concentration: 25 µM) for 3 h in ICM. 
Lysosomes were stained with LysoTracker Red DND-99, nuclei were 
stained with Hoechst 33342. 

Confocal microscopy studies were performed on a Zeiss LSM 710 
system (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 40 × oil 
objective with the parameters: Cf-peptides λex = 488 nm, λem = 541 nm, 
nuclei λex = 405 nm, λem = 467 nm (Hoechst 33342), lysosomes λex =

633 nm, λem = 720 nm (LysoTracker Deep Red) or λex = 577 nm, λem =

590 nm (LysoTracker Red DND-99) were used. Zeiss ZEN lite software 
(Carl Zeiss Microscopy GmbH) was used for image processing. 

4.10. Determination of compound efficacy against intracellular bacteria 

To assess of intracellular inhibition activity of the ASA compounds 
and their peptide conjugates on the previously published method 
[90,91] was developed (first described by Horváti et al. [33]) and have 
been used since then in our research [34,36,38,64,95,96]. Briefly, 
MonoMac6 monocytes (2 × 105 cells/1 mL medium/well) were cultured 
with RPMI-1640 medium containing 10% FBS. Adherent cells were 
infected with Mtb H37Rv at a multiplicity of infection (MOI) of 10 for 4 h. 
Extracellular bacteria were removed, and the culture was washed three 
times with RPMI-1640 ICM. The infected monolayer was incubated for 
1 day before the treatment. Infected cells were then treated with com-
pounds at 100 and 200 μM final concentration. After 3 days the treat-
ment was repeated with freshly prepared solution of compounds for an 
additional 3 days. Untreated cells were considered as negative control. 
After washing steps - in order to remove the compounds - infected cells 
were lysed with 2.5% sodium dodecyl sulfate solution. The CFU of Mtb 
was enumerated on Löwenstein-Jensen solid media after 4 weeks of 
incubation. 

All experimental procedures with infectious Mtb were performed in a 
Biosafety Level 3 (BSL-3) laboratory at the National Public Health 
Center (Hungary), respecting the institutional containment level 3 lab-
oratory management and biosecurity standards, based on applicable 
national and EU Directives. 

4.11. Determination of neuropilin receptor occurrence by Western blot 
analysis 

MonoMac6, EBC-1, H838 and CALU-1 cells were analyzed for their 
occurrence of NRP receptors using Western blot detection. All buffers 
were made in-house; compositions are summarized in the Supplemen-
tary Material ST5. Process of Western blot technique is presented in 
Supplementary Material SF109B. Cells were harvested with trypsiniza-
tion, and after washing with PBS, cells were lysed for 30 min at 4 ◦C in 
lysis buffer. After the lysis, samples were centrifuged with 13500 rpm for 
30 min at 4 ◦C. Supernatants were collected and stored at − 80 ◦C. 
Protein concentration of samples was determined using Qubit Protein 
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Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. Equal amount of proteins was run on 10% Tris-tricine gel 
[125]. Proteins were blotted in a Towbin buffer (pH ~ 8.3) with 350 mA 
for 45 min to polyvinylidene fluoride (PVDF) membrane with a Bio-Rad 
Wet Blotting System (Bio-Rad Hungary, Budapest, Hungary). For the 
blocking 4% milk powder in TBS-Tween buffer (pH ~ 7.4) was used for 
1 h. NRPs were detected by anti-NRP-1 antibody (1:75) and anti-NRP-2 
antibody (1:75) and an anti-mouse-horseradish peroxidase (HRP) sec-
ondary antibody (1:500). β-actin was used as loading control and was 
detected by anti-actin antibody (1:2000) and an anti-goat-HRP sec-
ondary antibody (1:2500). After the addition of enhanced chem-
iluminescence (ECL) substrate (SuperSignal West Pico PLUS 
Chemiluminescent Substrate, Thermo Fisher Scientific), the chemilu-
minescent signal was detected by ChemiDoc XRS + Detection System 
(Bio-Rad Hungary). 

4.12. Visual molecular dynamics using PDB structures 

Illustrations showing the potential binding of OT5 to NRP-1 and 
NRP-2 were created using visual molecular dynamics (VMD) v1.9.31 
based on protein data bank (PDB) entries 2ORZ and 5DN2, respectively. 
The bound peptides of the respective NRPs in the initial PDBs were 
replaced by OT5 using an “in-house-developed” python program. The 
program performs an angle and dihedral angle fitting on the target 
(OT5) peptide based on a pre-given correspondence list of target and 
reference residues followed by an RMSD fitting of the target to the 
reference peptide. Thus, the method allows quick fitting of two different 
peptides based on a subset of potentially dissimilar residues. 

4.13. Determination of lysosomal digestion pattern of the conjugates 

Rat liver lysosomal homogenate (protein content: 16.6 µg/µL) was 
prepared as described in [126]. Conjugates were dissolved in 0.2 M 
sodium acetate buffer (pH = 5.0, 16.4 mg/mL) to a concentration of 50 
pmol/µL. Rat liver lysosomal homogenate was diluted in 0.2 M sodium 
acetate buffer to a concentration 4.15 µg/µL. This diluted homogenate 
was added to the conjugates in a ratio 1:1 (w/w). As controls, conjugates 
dissolved in sodium acetate buffer and lysosomal homogenates without 
conjugates were used. Reaction mixtures were incubated at 37 ◦C with 
shaking (600 rpm). Reaction was terminated with 2 µL acetic acid at 5 
min, 1, 2, 4, 8 and 24 h. Control samples were taken at 5 min and 24 h. 
Samples were stored at − 80 ◦C until measurement [36,126]. 

For the HPLC-MS measurement samples were diluted in distilled 
water and were stored at 4 ◦C. Degradation products were identified 
with Thermo Scientific Ultimate 3000 UHPLC system - Q Exactive Focus 
Hybrid Quadrupole-Orbitrap Mass Spectrometer using on-line UHPLC 
coupling. UHPLC separation was performed on a Supelco Ascentis C18 
(2.1 × 150 mm, 3 μm) column. Eluent A was distilled water with 0.1% 
(v/v) formic acid, eluent B was acetonitrile: water = 80:20 (v/v) with 
0.1% formic acid. Flow rate: 0.2 mL/min, gradient: 0–2 min 2% B, 2–26 
min 2–90% B, 26–27 min 90–100% B, 27–28 min 100% B, 28–28.5 min 
2% B, 28.5–30 min 2% B. Target mass range was 150–1600 m/z in a 
positive mode with 3.0 µL/min flow rate. Results were evaluated using 
Thermo Scientific Xcalibur Software. 

4.14. Determination of the penetration ability of Cf-OT5 on Transwell 
inserts 

In preliminary experiments different Transwell inserts (TW) were 
tested including comparison of brand, insert pore sizes and seeding 
procedures (as described earlier [97]). For cell culturing and mainte-
nance of H838, CALU-1 and EBC-1 see section (4.4 Cell culturing). 

24-well plates with Transwell inserts (Nunc, Sigma) of 0.4 µm pore 
size were used for barrier seeding. Before use, the TW inserts with pol-
ycarbonate microporous membrane were incubated with ICM (growth 
area 0.412 cm2). On day one, 300 μL of H838 or CALU-1 suspension in 

CM DMEM (8.5 × 104 cells) was pipetted onto the surface of the 
Transwell apical chamber and 500 μL DMEM ICM was added to the 
basolateral side. In order to avoid non-attached cells, after incubation at 
37 ◦C for 5–6 h, the apical medium was removed and replaced with fresh 
CM DMEM. On day three, medium was changed and H838 or CALU-1 
cells were grown up to confluence (which was checked prior to and 
after the experiments). 

The confluence was monitored with CMFDA. CMFDA was dissolved 
in ICM DMEM medium to reach 5 µM concentration. After 15–45 min of 
incubation time, the cells were washed with DMEM ICM. After devel-
opment of stable green fluorescence, cells were imaged in situ. Image 
acquisition was performed using a Zeiss Axio Observer Z1 inverted 
epifluorescent microscope with 10 × Plan Neofluar or 40 × EC Plan- 
Neofluar objectives. The microscope was equipped with a Zeiss Axio-
Cam MRm CCD camera and a Marzhauser SCAN-IM powered stage. For 
multi-field mosaic image acquisition, stage positioning and focusing 
were controlled by Zeiss Axiovision 4.8 software. Images were processed 
using National Institute of Health (NIH) ImageJ software. 

The confluency of the monolayers on Transwell’s polycarbonate 
microporous membrane was also checked by β-catenin immunolabeling. 
The process was performed as described earlier [127]. β-Catenin plays a 
role in the cell–cell adhesion, in adherens junctions, β-catenin associates 
with the cytoplasmic domain of the cadherin family adhesion receptors, 
anchoring them to the actin cytoskeleton and thus acting as structural 
protein [128]. Briefly, cells were washed with 4% PFA in PBS then 
permeabilized (0.1% Triton X-100 in PBS). Non-specific binding sites 
were blocked with 1% bovine serum albumin (BSA) in PBS. Beta-catenin 
was labeled using rabbit polyclonal anti-beta-catenin antibody (Sigma - 
C2206) as primary antibody in 1:100 dilution at 4 ◦C overnight and anti- 
rabbit Ig-Alexa555 (Invitrogen - A31572) as secondary antibody in 
1:200 dilution for 3 h at room temperature. Finally, Transwell mem-
branes with the immunolabeled cells were excised from the Transwell 
unit and mounted on microscopic slides (Thermo Scientific) in Prolong 
mounting medium with NucBlue (Hoechst 33342) counterstain (Thermo 
Fisher) and imaged subsequently. 

On day five or six, before the Cf-peptide treatment, medium was 
changed on Transwell monolayers. Cf-peptide was added to the apical 
side at 12.5, 25 and 50 µM concentrations and the system was incubated 
for 45 min or 3 h (37 ◦C, 5% CO2). The Transwell chamber was removed 
after incubation. As detector culture on the basolateral side of the 
chamber, EBC-1 cells’ uptake was studied using flow cytometry (BD LSR 
II). 

EBC-1 cells were treated without the presence of the Transwell in-
serts as controls (on day four prior to treatment, EBC-1 cells (105 cells/ 
well in CM DMEM) were seeded on 24-well plates). 

On day four or five prior to Transwell treatment, EBC-1 cells (105 

cells/well in CM DMEM) were seeded on cover glasses (Assistant, see: 
4.9.) inserted in the basolateral chambers of 24-well plates. Cf-OT5 was 
added to the H838 or CALU-1 Transwell monolayers containing apical 
side at 12.5, 25 and 50 µM concentrations and the cells were incubated 
for 45 min and 3 h (37 ◦C, 5% CO2). The Transwell chamber was 
removed after incubation. Cell nuclei of EBC-1 cells form the basolateral 
chamber were stained with Hoechst 33342, according to the manufac-
turer’s suggestions. EBC-1 cells were fixed with 4% PFA and mounted on 
microscopy slides with Mowiol 4–88 as described in section 4.9. In vitro 
intracellular localization using confocal laser scanning microscopy (CLSM). 
Fixed EBC-1 cells were studied using confocal microscopy (Zeiss LSM 
710). EBC-1 cells were treated without the presence of the TW inserts as 
controls. The same conditions were used for detection of Cf-signal and 
Hoechst 33,342 as described in section 4.9. Laser intensity values were 
identical. ZEN 3.0 blue lite software was used for image processing. This 
was performed by NIH ImageJ software using the Plot Profile applica-
tion. On grayscale images outlines were drawn with similar orientation, 
starting from the cell nucleus towards the cytoplasm. The obtained gray 
values correspond to the intensity of a given pixel on a scale of 0 to 255. 
All line scan lengths were normalized to 1 yielding normalized diameter 
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and the line scans were plotted using software OriginPro 2018. 

4.15. Determination of the penetration ability of Cf-OT5 on tissue- 
mimicking EBC-1 spheroids 

In this study we have employed a modified method based on [97]. 
Briefly, micro-molds for casting 3D Petri Dishes (MicroTissues, Sigma, 9 
× 9 array) were filled with molten agarose (2%, w/v in PBS). The gelled 
agarose dishes were equilibrated with DMEM ICM (2 mL / 2 h, 37 ◦C). 
Cells were seeded using 20 µL cell suspension (2.2 × 104 cell /µL in 
DMEM CM). Prior to seeding process nuclei were stained with Hoechst 
33,342 solution (0.2 µM) for 30 min. Based on our previous work with 
spheroids [97] the nuclear stain could not successfully penetrate into 
deeper layers of the spheroids (mostly localized at the spheroid surface) 
and towards the center of the spheroids the Hoechst 33,342 signal was 
gradually decreasing. Stained seeded cells were incubated in 2 mL 
DMEM CM for 48 h while cell-to-cell adhesion drives the aggregation 
and formation of spheroids. 

To monitor the condition of the spheroids, bright-field images were 
captured using an Olympus CX41 microscope. After 48 h of incubation, 
spheroids were washed two times with fresh ICM DMEM and they were 
treated in the micro-wells with the Cf-OT5 peptide (25 µM / 2 mL ICM 
DMEM for 3 h). After the treatment, spheroids were washed two times 
with ICM DMEM and three times with PBS. Spheroids were fixed with 
4% PFA for 15 min (37 ◦C). Spheroids were washed three times with PBS 
and then harvested and transferred from the agarose micro-wells into 
µ-Slide 8 well uncoated Ibidi chambers for imaging (Zeiss LSM 710; 10 
× dry objective (10×/0.45 M27)). The same excitation and emission 
wavelengths were used as for the 2D CLSM imaging. Z-stack images were 
obtained by scanning the spheroids from the bottom of the spheroid with 
11 µm distance between each scanning plane. Images were processed 
with ZEN 3.0 blue lite software. Line scan analysis was performed by 
NIH ImageJ software, two spheroids were analyzed (8 scans per 
spheroid, n = 16 in total). Line scans were carried out using grayscale 
images, gray value corresponds to the intensity of a given pixel on a scale 
of 0 to 255. As spheroids are of various shapes and sizes, the diameter of 
the scanned area (horizontal axis distance) was normalized to 1 for 
better comparison. To average the intensity values from line scans of 
spheroid sections of slightly different size and shape all line scan lengths 
were normalized to 1 yielding normalized diameter. Calculation of 
average and SEM of multiple curves was carried out using software 
OriginPro 2018. 

In case of zonal scans, spheroids were selected in ImageJ, selection 
were scaled to obtain zones, the scale factors are as follows: 1 for zone 1, 
0.67 for zone 2 and 0.33 for zone 3. Intensity values were obtained by 
ImageJ and background corrected normalized fluorescence intensities 
(CNF) were calculated as follows: CNF = ((ID – (A × MFB))/A, where ID 
is integrated density, A is area, MFB is mean fluorescence of background 
based on Baranyai et al. [97]. 
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