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Abstract 

The antibacterial and antifungal activity of two cyclam salt derivatives [H2{H2(4-

CF3PhCH2)2Cyclam}](CH3COO)2.(CH3COOH)2 (5a) and [H2{H2(C6F5CH2)2Cyclam}](CH3COO)2. 

(CH3COOH)2 (5b) was evaluated. The two cyclam salts were tested against Gram-negative (Escherichia 

coli ATCC 25922, Burkholderia contaminans IST408 and Pseudomonas aeruginosa 477) and Gram-positive 

(Staphylococcus aureus Newman and Bacillus subtilis) bacteria, as well as against Candida species 

(C.albicans SC5314, C.glabrata CBS 138, C.parapsilosis ATCC 22019 and C.tropicalis ATCC 750). The 

toxicity of these two compounds towards the nematode Caenorhabditis elegans Bristol N2 (used as model 

of a multicellular eukaryotic organism) was also evaluated. 

The assays revealed that 5a has a higher antibacterial and antifungal activity than 5b being highly 

active towards E.coli (Minimal Inhibitory Concentration (MIC) = 16 µg/mL),  S.aureus (MIC = 16 µg/mL) and 

B.subtilis (MIC = 8 µg/mL), being bactericidal in concentrations greater than/equal to MIC. The MIC values 

determined for 5a for P.aeruginosa (512 µg/mL) and B.contaminans (>1024 µg/mL) indicate that this 

compound is not effective towards these Gram-negative species. [H2{H2(4-

CF3PhCH2)2Cyclam}](CH3COO)2.(CH3COOH)2 was also found to exhibit antifungal activity towards the 

tested Candida species (MIC = 32 µg/mL for both C.glabrata and C.parapsilosis, and MIC = 64 µg/mL for 

both C.albicans and C.tropicalis), being fungicidal when in concentrations above the MIC. This compound 

is not toxic to the nematode C.elegans for concentrations <32 µg/mL whereas 5b shows no toxicity to 

C.elegans for concentrations <128 µg/mL. 

Keywords: Cyclam salts; Tetraazamacrocycles; Toxicity bioassays; Antibacterial activity; Antifungal 

activity; Minimal Inhibitory Concentration. 
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Resumo 

Foi avaliada a atividade antibacteriana e antifúngica de dois sais derivados de ciclama: [H2{H2(4-

CF3PhCH2)2Ciclama}](CH3COO)2.(CH3COOH)2  (5a) e [H2{H2(4- 

C6F5CH2)2Ciclama}](CH3COO)2.(CH3COOH)2  (5b). Os dois sais foram testados contra bactérias Gram-

negativas (Escherichia coli ATCC 25922, Burkholderia contaminans IST408 e Pseudomonas aeruginosa 

477) e Gram-positivas (Staphylococcus aureus Newman e Bacillus subtilis), bem como espécies de 

Candida (C. albicans SC5314, C. glabrata CBS 138, C. parapsilosis ATCC 22019 and C. tropicalis ATCC 

750). A toxicidade destes dois compostos relativamente ao nemátodo Caenorhabditis elegans Bristol N2 

(usado como modelo eucariota multicelular) foi também avaliada. 

Os ensaios revelaram que 5a tem uma maior atividade antibacteriana e antifúngica que 5b sendo 

mais ativo contra E.coli (Concentração Mínima Inibitória (CMI) = 16 µg/mL), S.aureus (CMI = 16 µg/mL) e 

B.subtilis (CMI = 8 µg/mL), sendo bactericida para concentrações maiores ou iguais que as CMI. Os valores 

de CMI determinados para 5a para P.aeruginosa (512 µg/mL) e B.contaminans (>1024 µg/mL) indicam que 

o composto não é efectivo contra estas espécies Gram-negativas. [H2{H2(4-

CF3PhCH2)2Ciclama}](CH3COO)2.(CH3COOH)2 apresenta atividade antifúngica nas espécies de Candida 

testadas (CMI = 32 µg/mL para C.glabrata e C.parapsilosis, e CMI = 64 µg/mL para C.albicans e C. 

tropicalis), sendo fungicida para concentrações superiores à CMI. Este composto não é tóxico para o 

nemátodo C.elegans em concentrações <32 µg/mL enquanto que 5b não apresenta toxicidade para o 

C.elegans em concentrações <128 µg/mL. 

Palavras-Chave: Sais de ciclama; Tetraazamacrociclos; Bioensaios de toxicidade; Atividade 

antibacteriana; Atividade antifúngica; Concentração Mínima Inibitória. 
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1. Introduction 

Antimicrobials are a very important class of substances in medicine. They kill or inhibit the growth 

of microorganisms, causing little or no damage to the host. These molecules can be synthetized by 

microorganisms (natural origin, known as antibiotics), manufactured by chemical procedures (antimicrobials 

of synthetic origin) or partially modified (semisynthetic antibiotics).1 

Antimicrobials include all agents that act against all types of microorganisms: bacteria 

(antibacterial), fungi (antifungal), viruses (antiviral) and protozoa (antiprotozoal). Antibacterial agents are 

also called antibiotics when of natural origin and can be classified as having either broad or narrow 

spectrum, depending on the range of microorganisms that are naturally susceptible to their action. These 

agents can also be classified as bactericidal or bacteriostatic, depending on whether the antibiotic kills or 

inhibits the growth of the target bacteria. Antibiotics can also be classified according to their specific targets 

and modes of action. For instance, they can be inhibitors of cell wall synthesis, cell membrane function, 

protein synthesis or DNA synthesis.1 

The period between the 1950s and 1970s was the golden era of discovery of novel antibiotic 

classes.2 Antibiotic manufacturers practically abandoned the search for novel antimicrobials after the year 

2000 (Figure 1), because of the relatively low retail prices of existing antimicrobials compared to cancer 

drugs, for instance, and also because these drugs have temporary uses. This lack of investment, coupled 

with the advance of antimicrobial resistance, turned antibiotics production into an unrewarding move.3 These 

facts impel for the search of new types of chemotherapeutic agents to treat infections caused by resistant 

organisms.2 

 

Figure 1 - Number of antibacterial drugs approved by FDA from 1980 to 2012. 4 
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Bacterial resistance to antimicrobial drugs is emerging as a public health and economic problem. 

Over the years, the continued use of various antibacterial/antimicrobial agents has led microorganisms to 

develop resistance mechanisms, which are the cause of resistance to one or more drugs (multidrug 

resistance, MDR). MDR, defined as the resistance to at least 3 antimicrobials of distinct classes, has been 

demonstrated in several bacterial species including P.aeruginosa, Acinobacter baumanii, E.coli, Klebiella 

pneumoniae and S.aureus.5 

Resistance to antibiotics may result from innate (intrinsic) or acquired mechanisms. Intrinsic 

resistance is a trait of a bacterial species. For example, the target of the antimicrobial agent may be absent 

in that species, the cell envelope (cell membranes and peptidoglycan) may have poor permeability for 

certain types of molecules or the bacterial species may produce enzymes that destroy the antimicrobial 

agent. These bacteria are clinically resistant, but should more accurately be referred to as “unsusceptible”, 

as it is often merely a matter of increasing the concentrations of the antimicrobial agent to levels that may 

never be reached during therapy, or are only allowed at certain countries.6  

Antibiotic resistance can be acquired as a chromosomal mutation, but usually resistance to 

antibiotics is associated with mobile extrachromosomal DNA elements - plasmids, transposons and 

integrons – acquired from other bacteria (Figure 2, left5). There are three fundamental mechanisms of 

antimicrobial resistance: enzymatic degradation of antibacterial drugs, alteration of bacterial proteins that 

are antimicrobial targets and changes in membrane permeability to antibiotics (Figure 2, right7). The major 

mechanism of MDR is the active transport of drugs from the cell to the environment by efflux pumps which 

expel a broad spectrum of compounds that are noxious to the bacterium (including antibiotics, biocides, 

etc.).6 

 
 

Figure 2 – Left 5: illustration of the 3 main mechanisms of resistance transfer in a bacterium – a) plasmid transfer, b) transfer by viral 
delivery and c) transfer of free DNA. Right 7: examples of mechanisms of antibiotic resistance. 
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The emergence of pathogenic bacterial strains that are highly resistant to most of all current 

antibiotics increases the need to search for new molecules that can have antimicrobial activity. Cyclam 

derivatives can be one of them. 

Cyclams are 14-membered tetraamine macrocycles which bind strongly to a wide range of metal 

ions. Medical interest on these molecules has been centered on clinical trials of bicyclam derivatives for the 

treatment of AIDS and for stem cell mobilization, and on adducts with Tc (technetium) and Cu (copper) 

radionuclides for diagnosis and therapy.8 Bicyclam derivatives exhibit a mode of anti-HIV action that is 

different from those of any of the other anti-HIV agents that are used or considered for use in the treatment 

of HIV infections.9 The mechanism of action (MOA) of these molecules is to inhibit the entry of the virus into 

blood white cells by binding to the co-receptor CXCR4 in the outer membrane.10 Therefore, the antiviral 

activity correlates with the strength of CXCR4 binding.10  

Determining the mechanisms of action (MOA) of new compounds is a difficult task. Various assays 

have to be performed to determine which one of the five basic pathways can be inhibited. Each basic 

pathway leads to one of the bacterial macromolecular synthesis processes such as DNA replication, RNA 

synthesis (transcription), protein synthesis (translation), cell wall (peptidoglycan) synthesis and fatty acid 

(lipid) biosynthesis. Normally, the determination of MOA begins with macromolecular synthesis (MMS) 

assays that use radioactively labeled precursors to determine whether a compound under study specifically 

inhibits protein, RNA, DNA, lipid or peptidoglycan synthesis or whether it blocks all simultaneously.11–13  

Although MMS is widely used it has a couple of disadvantages: it can identify only a very small fraction of 

the total number of potential MOA, it cannot distinguish between inhibitors that effect different steps of the 

same pathway and it is relatively slow.11  

Other methods include isolating resistant mutants, transcriptional profiling, using a collection of 

strains that are sensitized to hundreds of pathways, or using species with different resistance properties. 

The sensitized and resistant strain methods can identify specific cellular targets. Transcriptional profiling 

offers the advantage of providing insights into the pathways that are inhibited as well as the physiological 

responses to antibiotic stress. However, transcriptional profiling is relatively slow and for many antibiotics it 

fails to correctly identify the molecular targets. The sensitized and resistant strain methods suffer from 

requiring a large number of specialized strains to be assayed at various concentrations of antibiotic.11 In a 

published study14 the MOA of novel antibacterial agents was tried to be assessed through transcriptional 

profiling of conditional mutants (this mutation causes a mutant phenotype in only a certain environment – 

restrictive condition – and causes a wild-type phenotype in a different environment – permissive condition. 

For example, in temperature-conditional mutations, a high temperature environment - restrictive condition - 

can cause cell death, but a lower temperature environment - permissive condition – might have no harmful 

consequences). In study referred, a compendium of genome-wide expression profiles was generated, 

representing the response of B.subtilis to treatment with 14 chemically diverse antibiotics. The data was 

supplemented by conditional mutant profiles, representing the effect of underexpressing several distinct 



12 

 

essential genes or operons encoding antibacterial target proteins. It was shown that downregulation of target 

genes caused transcriptional responses similar to those generated by respective antibiotic treatments. It 

was also demonstrated that a reference compendium including undererexpression mutant profiles enables 

automated MOA classification, by using m-RNA profile classification algorithms. It was also shown that 

prediction of the molecular target of novel antibiotics is possible with such a combined chemical and mutant 

data compendium.  

 Another new alternative involves the bacterial cytological profiling (BCP). BCP is an unbiased 

image-based screening technique that uses automated microscopy and image analysis to profile 

compounds based on numerous quantifiable phenotypic features. It can be used with high throughput 

screening growing bacterial cultures in 96-well plates in the presence of different concentrations of the 

antibacterial molecules under study. At specified time points, treated cultures are transferred to a 

microscopic 96-well plate, and images are collected using a fluorescence microscope. All stored images 

can be analyzed in batch using automated image analysis software and compared with an existing profile 

database to identify the target. Compounds with completely unique cellular targets will form distinct 

categories that will be high priority for further analysis. The power of the analysis increases over time as 

more molecules with known mechanisms of action are characterized.11 However, the BCP does not identify 

the precise molecular target and therefore has to be a complementary method to approaches such as 

isolating resistant mutants or screening a large collection of sensitized strains.11 Another disadvantage is 

the fact that newly isolated compounds that represent the first known inhibitors of a pathway will have to 

require additional experimental methods to determine and validate their targets.11  

Several structural modifications have been done to synthetize cyclam derivatives with higher 

selectivity and biological activity.9 Few studies on the use of cyclams and its derivatives as antibacterial and 

antifungal agents have been reported.15–18 Moreover, the use of trans-disubstituted cyclam derivatives 

without metal complexes as antibacterial and antifungal agents has not been reported. In this work two 

trans-disubstituted cyclam derivatives converted into their corresponding acetate salts ([H2{H2(4-

CF3PhCH2)2Cyclam}](CH3COO)2.(CH3COOH)2 (5a) and 

[H2{H2(C6F5CH2)2Cyclam}](CH3COO)2.(CH3COOH)2 (5b)) were synthetized and their antimicrobial activity 

was evaluated against selected bacterial (Bacillus subtilis, Escherichia coli ATCC 25922, Staphylococcus 

aureus Newman, Burkholderia contaminans IST408 and Pseudomonas aeruginosa 477) and fungal 

(Candida albicans SC5314, Candida glabrata CBS 138, Candida parapsilosis ATCC 22019 and Candida 

tropicalis ATCC 750) strains. The evaluation of the toxicity of these two compounds towards a multicellular 

eukaryotic organism was also performed by the determination of concentrations that affected the viability 

and reproduction of the nematode Caernorhabditis elegans Bristol N2. Compound 5a presented the higher 

bacteriostatic/fungistatic activity.  

The bacterial species S.aureus, P.aeruginosa and B.contaminans were chosen due to their isolation 

from human infections.19 S.aureus and P.aeruginosa are major pathogens worldwide. B.contaminans is a 



13 

 

member of the Burkholderia cepacia complex, that in the last decades emerged as important pathogens in 

cystic fibrosis patients, and more recently as important pathogens in hospitalized patients suffering from 

several malignancies including cancer.19 The E.coli strain used is the reference strain recommended by 

Clinical and Laboratory Standards Institute (CLSI). Bacillus subtilis can be found in soil and the 

gastrointestinal tract of ruminants and humans being the best studied Gram positive bacterium and a model 

organism in laboratory research due to its easy genetic manipulation. 

Four Candida species were chosen due to the fact that more than 90% of invasive Candida infections 

are attributed to them.20 C.albicans remains the major fungal pathogen of humans and the most common 

cause of mucosal and systemic fungal infections, and is the best characterized of the Candida species.20 

C.glabrata infections are increasing worldwide and isolates exhibit a decreased susceptibility to antifungals. 

Its emergence is thought to be largely due to an increased immunocompromised patient population and to 

the widespread use of antifungal drugs. In many hospitals, C.glabrata is the second most common cause 

of candidemia, following C.albicans.20 C.parapsilosis in most parts of the world is the third most common 

cause of candidemia, especially in patients with intravenous catheters, prosthetic devices and intravenous 

drug use. C.parapsilosis is one of the most common causes of candidemia in neonatal intensive care units. 

This species produces slime as a virulence factor, enabling the fungi to adhere to environmental surfaces 

and skin of hospital personnel.20 C.tropicalis is the third or fourth most recovered Candida species from 

blood cultures. Leukemia, prolonged neutropenia and prolonged intensive care unit days are major risk 

factors for C.tropicalis candidemia.20 

The nematode Caernorhabditis elegans Bristol N2 has been widely used as a model for toxicity 

evaluation assays. 
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2. Materials and Methods 

2.1 Synthesis of the cyclam derivatives 

The synthesis of the cyclam derivatives was performed using reagents of commercial grade without 

further purification. The NMR spectra of the cyclam derivatives were recorded in a Bruker AVANCE II, 300 

MHz spectrometer at 296K. 1H and 13C (Nuclear Magnetic Ressonance) NMR spectra were referenced 

internally to residual resonances and reported to tetramethylsilane (0 ppm). 19F NMR was referenced to 

external CF3COOH (-73.55 ppm). Elemental analysis (EA) were obtained from Laboratório de Análises do 

IST. Mass spectra was recorded at Centro de Química Estrutural (IST) on a Varian 500-MS ion trap mass 

spectrometer operating with nitrogen as nebulizer gas at 35.0 psi, drying gas at 350°C and 15.0 psi, capillary 

voltage of 80.0V and needle voltage of +5000V. 

 

N

N

N

N

H H

HH

 

Cyclam (1) was prepared according to a described procedure.21 Briefly, Ni(ClO4)2.6H2O (55.08g, 

0.15 mol) was dissolved in 400 mL of distilled water and one equiv. of tetraazadodecane (28 mL, 0.15 mol) 

was added. The resulting orange-brown solution was cooled to ~5°C and treated with an excess of glyoxal 

40% (22 mL, 0.48 mol). Then, it was left stirring overnight at room temperature. After cooling the reaction 

mixture to ~5°C, two equiv. of sodium borohydride (11.12g, 0.29 mol) were slowly added to avoid frothing 

of the reaction mixture (orange crystals from the product and metallic nickel were observed). After the 

addition of sodium borohydride, the solution was stirred until the foam was totally dispersed and it was 

refluxed for about 1h. Then, the hot solution was filtered to a flask containing NaCN (29.47g, 0.60 mol). The 

mixture was stirred, becoming milky with a salmon color and it was refluxed for additional 2h. After that, the 

solution was cooled to room temperature and NaOH (15.65g, 0.39 mol) was added. The resulting solution 

was left stirring for 2 days. Then, the solvent was evaporated resulting in a residue with a salmon color. The 

cyclam was extracted using a large volume of chloroform and the solution was filtered. The water in the 

filtrate was separated and the combined organic phase was dried with MgSO4 anhydrous. The cyclam was 

obtained as a whitish fibrous powder after drying under reduced pressure in 49% yield (14.57g, 72.7 mmol). 

1H NMR (CDCl3, 300.1MHz, 298K): δ(ppm) 2.71 (t, 8H total, 4H, [C3]CH2N and 4H, [C2]CH2N), 2.64 

(s, 8H total, 4H, [C3]CH2N and 4H, [C2]CH2N), 2.48 (b, 4H, NH), 1.69 (m, 4H, CH2CH2CH2). 

 

(1) 
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N

N

N

N

 

Compound 2 was prepared according to a published procedure.22 Formaldehyde (10 mL, 0.27 mol 

– 37% in water) was added to an aqueous solution of cyclam (12.07g, 60.3 mmol) at 0°C. After 

approximately 1 min a white precipitate was formed. The mixture was left stirring for 2h at 0°C and for 

another 2h at room temperature. The white precipitate was then filtered, washed with water and dried under 

reduced pressure. The compound was obtained in 72% yield (9.71g, 43.3 mmol). 

1H NMR (CDCl3, 300.1MHz, 298K): δ(ppm) 5.40 (d, 2H, NCH2N), 3.11 (m, 4H, [C2]CH2N), 2.86 (d, 

2H, NCH2N), 2.70 (m, 4H, [C3]CH2N), 2.59 (td, 4H, [C3]CH2N), 2.34 (s, 4H, [C2]CH2N), 2.20 (m, 2H, 

CH2CH2CH2), 1.14 (m, 2H, CH2CH2CH2). 

 

N

N

N

N

2+ 2 Br

CF3

F3C

 

Compound 3a was prepared according to a published procedure.23 Compound 2 (2.01g, 8.96 mmol) 

was dissolved in acetonitrile and two equiv. of 4-(trifluoromethyl)benzyl bromide (3.83g, 16.0 mmol) were 

added. The solution was stirred overnight at room temperature. The white precipitate formed was then 

separated by filtration, washed with acetonitrile and dried under reduced pressure. The compound was 

obtained as a white powder in 69% yield (3.87g, 5.51 mmol).  

 

(2) 

(3a) 
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N

N

N

N

2+ 2 BrF
F

FFF

F

F F

F

F

 

Compound 3b was prepared according to a published procedure.24 Compound 2 (2.16g, 9,63 mmol) 

was dissolved in acetonitrile and two equiv. of perfluorobenzyl bromide (2.7mL equivalent to 4.67g, 17.9 

mmol) were added. The solution was stirred overnight at room temperature. The white precipitate formed 

was then separated by filtration, washed with acetonitrile and dried under reduced pressure. The compound 

was obtained as a white powder, in 49% yield (3.29g, 4.41 mmol).  

 

N

N
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Compound 4a was prepared according to a published procedure.23 Compound 3a (3.87g, 5.51 

mmol) was hydrolyzed in an aqueous NaOH solution (3M) with stirring overnight. The product was extracted 

in small portions of chloroform. The organic phases were collected and dried with MgSO4 anhydrous. The 

compound was obtained as an off-white solid after solvent evaporation and successive freeze-pump-thaw 

cycles, in 42% yield (1.20g, 2.32 mmol). 

1H NMR (CDCl3, 300.1MHz, 298K): δ(ppm) 7.48 (dd, 3JH-H = 8Hz, 8H total, 4H, m-PhCH2N and 4H, 

o-PhCH2N), 3.74 (s, 4H, PhCH2N), 2.74-2.53 (m, 18H total, 8H, [C3]CH2N, 8H, [C2]CH2N and 2H, NH), 1.85 

(m, 4H, CH2CH2CH2). 19F (CDCl3, 282.4 MHz, 298K): δ(ppm) -64.4 (s). 

 

 

(4a) 

(3b) 
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 Compound 4b was prepared according to a published procedure.24 Compound 3b (3.29g, 4.41 

mmol) was hydrolyzed in an aqueous NaOH solution (3M) overnight. The product was extracted with small 

portions of chloroform. The organic phases were collected and dried with MgSO4 anhydrous. The compound 

was obtained as an off-white solid after solvent evaporation and successive freeze-pump-thaw cycles, in 

62% yield (1.53g, 2.73 mmol).  

1H NMR (CDCl3, 300.1 MHz, 296K): δ (ppm) 3.82 (s, 4H, PhCH2N), 2.71 (m, 4H, [C3]CH2N), 2.66 

(m, 4H, [C2]CH2N), 2.57-2.44 (overlapping, 10H total, 4H, [C3]CH2N, 4H, [C2]CH2N and 2H, NH), 1.83 (m, 

4H, CH2CH2CH2). 19F NMR (CDCl3, 282.4 MHz, 296K): δ (ppm) -139.7 (3JC-F = 21Hz, 4JC-F = 6Hz, o-

PhCH2N), -154.5 (t, 3JC-F = 21Hz, p-PhCH2N), -162.0 (td, 3JC-F = 21Hz, m-PhCH2N). 

 

N

NH2

H2N

N

2+

CF3

F3C

(CH3COO-)2.(CH3COOH)2

 

Compound 4a (1.20g, 2.32 mmol) was dissolved in a small volume acetonitrile and 1 mL of glacial 

acetic acid was added to the resulting solution. The solution was refluxed for 1h and the solvent was 

evaporated. The compound 5a was obtained as a pale brown crystalline solid in 76% yield (1.34g, 1.77 

mmol). 

  1H NMR (D2O), 300.1MHz, 298K): δ (ppm) 7.79 (d, 3JH-H = 8Hz, 4H, Ph), 7.52 (d, 3JH-H = 8Hz, 4H, 

Ph), 3.70 (s, 4H, PhCH2N), 3.37-3.35 (overlapping, 8H total, 4H, [C3]CH2N and 4H, [C2]CH2N), 2.84 (m, 

4H, [C2]CH2N), 2.73 (m, 4H, [C3]CH2N), 2.04-2.00 (overlapping, 16H total, 4H, CH2CH2CH2, 12H, CH3COO-

). 13C{1H} NMR (D2O, 75.5 MHz, 296K): δ (ppm) 178.7 (C=O), 139.4 (i-PhCH2N), 131.3 (o-PhCH2N), 129.7 

(CF3, 2JC–F = 32 Hz), 125.9 (m-PhCH2N, 3JC–F = 4 Hz), 55.8 (PhCH2N), 52.3 ([C3]CH2N), 50.4 ([C2]CH2N), 

48.4 ([C3]CH2N or [C2]CH2N), 45.1 ([C3]CH2N or [C2]CH2N), 22.5 (CH2CH2CH2), 22.4 (CH3COO-).    19F 

(D2O, 282.4 MHz, 298K): δ(ppm) -62.4 (s). 1H NMR (CDCl3, 300.1 MHz, 296K): δ (ppm) 9.45-9.31 

(overlapping, 6H total, 4H, 2xNH2+ and 2H, 2xCH3COOH), 7.55 (d, 3JH–H = 8 Hz, 4H, Ph), 7.30 (d, 3JH–H = 8 

Hz, 4H, Ph), 3.87 (s, 4H, PhCH2N), 3.08 (overlapping, 8H total, 4H, [C3]CH2N and 4H, [C2]CH2N), 2.73 (m, 

(5a) 

(4b) 
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4H, [C2]CH2N), 2.65 (m, 4H, [C3]CH2N), 1.97 (overlapping, 16H total, 4H, CH2CH2CH2, 6H, CH3COO- and 

6H, CH3COOH). 13C{1H} NMR (CDCl3, 75.5 MHz, 296K): δ (ppm) 176.8 (C=O), 139.0 (i-PhCH2N), 130.7 

(o-PhCH2N), 129.6 (p-PhCH2N, 2JC–F = 31 Hz), 125.2 (m-PhCH2N, 3JC–F = 4 Hz), 125.9 (CF3, 1JC–F = 272 Hz), 

53.7 (PhCH2N), 50.8 ([C3]CH2N), 49.1 ([C2]CH2N), 48.1 ([C3]CH2N or [C2]CH2N), 45.9 ([C3]CH2N or 

[C2]CH2N), 23.1 (CH2CH2CH2), 22.7 (CH3COO-). 19F NMR (CDCl3, 282.4 MHz, 296K): δ (ppm) -62.6 (s). 

Anal. Calc. for C30H42F6N4O4.(CH3COOH)2: C, 53.96; H, 6.66; N, 7.40. Found: C, 53.73; H, 6.60; N, 7.57. 

MS (ESI): m/z 517.46 ({H2(4-CF3PhCH2)2Cyclam}). 
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Compound 4b (0.726g, 1.29 mmol) was dissolved in a small volume acetonitrile and 1 mL of glacial 

acetic acid was added. The solution was refluxed for 1h and the solvent was evaporated. 5b was obtained 

as a white crystalline solid, in 89% yield (0.92g, 1.15 mmol). 

1H NMR (D2O), 300.1MHz, 298K): δ (ppm) 3.98 (s, 4H, PhCH2N), 3.52-3.40 (overlapping, 8H total, 

4H, [C2]CH2N and 4H, [C3]CH2N), 2.81-2.73 (overlapping, 8H total, 4H, [C2]CH2N and 4H, [C3]CH2N), 2.06-

2.02 (overlapping, 16H total, 4H, CH2CH2CH2, 12H, CH3COO-). 13C{1H} NMR (D2O, 75.5 MHz, 296K): δ 

(ppm) 178.9 (C=O), 145.8 (dt, 1JC-F = 241Hz, PhCH2N), 137.6 (dt, 1JC-F = 247Hz, PhCH2N), 107.7 (t, 2JC-F = 

21Hz, i-PhCH2N), 51.6 ([C3]CH2N), 48.7 ([C2]CH2N), 47.2 ([C3]CH2N), 44.6 ([C2]CH2N), 42.4 (PhCH2N), 

22.4 (CH2CH2CH2), 21.7 (CH3COO-). The clear identification of the carbon resonances for the 

pentafluorophenyl groups was not possible due to their weak intensities. 19F (D2O, 282.4 MHz, 298K): 

δ(ppm) -140.8 (dd, 3JC-F = 17Hz, o-PhCH2N), -153.8 (t, 3JC-F = 21Hz, p-PhCH2N), -161.8 (td, 3JC-F = 21Hz, 

4JC-F = 6Hz, m-PhCH2N). Anal. Calc. for C28H34F10N4O4.(CH3COOH)2: C, 48.00; H, 5.29; N, 7.00. Found: C, 

47.83; H, 5.01; N, 7.01. MS (ESI): m/z 561.36 ({H2(C6F5CH2CH2)2Cyclam}). 

Compound 5a was not soluble in Mueller Hinton (MH) medium and in Roswell Park Memorial 

Institute (RPMI) 1640 medium although it was soluble in water and in CDCl3. Compound 5b was not 

soluble in RPMI 1640 medium and in CDCl3 although it was soluble in MH medium and in water. 

  

(5b) 
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2.2 Biological assays 

The biological assays were performed using reagents of commercial grade. Optical densities (OD) 

were measured using a U-2000 Spectrophotometer (HITACHI).  The absorbance of microbial cultures in 

microtiter plates was measured in a SPECTROstarNano microplate reader (BMG LABTECH). The CFUs 

(Colony Forming Units) and the C.elegans were counted using a Stemi 2000-C stereomicroscope (ZEISS). 

The liquid medium growth inhibition assays of fungi were preformed according to the EUCAST protocol25. 

2.2.1 Microbial strains and media 

 The following bacterial strains were used: Escherichia coli ATCC 25922, Burkholderia contaminans 

IST408, Pseudomonas aeruginosa 477, Staphylococcus aureus Newman and Bacillus subtilis (Table 1).  

When in use, the tested bacteria strains were routinely maintained in MH solid medium.  

Table 1 – Microbial strains used in this study 

Species Strain Relevant properties 

Escherichia coli ATCC 25922 Human clinical isolate 

Burkholderia contaminans IST408 Human clinical isolate26 

Pseudomonas aeruginosa 477 Human clinical isolate19 

Staphylococcus aureus Newman Human clinical isolate27 

Bacillus subtilis  
Best studied Gram positive 

bacterium 

Candida albicans SC5314 Human clinical isolate28 

Candida glabrata CBS 138 
Reference strain (intestinal 

source)29 

Candida parapsilosis ATCC 22019 
One of the most common cause of 

candidemia20 

Candida tropicalis ATCC 750 
One of the most common cause of 

candidemia20 

Caernorhabditis elegans 

Bristol N2 (from Caernorhabditis 

Genetics Center - University of 

Minnesota, Minneapolis, USA) 

Used as a model for toxicity 

evaluation assays 

 

The fungi tested were Candida albicans SC5314, Candida glabrata CBS 138, Candida parapsilosis 

and Candida tropicalis (Table 1). When in use, the tested Candida strains were maintained in Yeast Extract 

Potato Dextrose (YPD) solid medium.  

The nematode Caernorhabditis elegans Bristol N2 was used as a toxicity model (Table 1). When in 

use the C.elegans were maintained at 20°C on Nematode Growth Medium I (NGM I) plates covered with 

E.coli OP50. For this purpose, the NGM I plates were inoculated with 100 µL of a fresh overnight culture of 
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E.coli OP50 and the plates were incubated at 37°C overnight. The grown plates can be stored at 4°C for 

several weeks. Every seven days the nematodes were changed onto this fresh NGM plates containing 

E.coli, by cutting a piece of agar (covered with E.coli and C.elegans) with a sterile scalpel and pouring it on 

the top of a new plate. For freezing, an egg preparation was carried out (as described for the synchronization 

of C.elegans cultures) and transferred to a NGM I plate without E.coli OP50. After 1-2 days, the L-1 larvae 

were rinsed with 1 mL phosphate buffered saline (PBS) and centrifuged for one minute at 2000 rpm. The 

supernatant was discarded and the pellet was washed more three times with PBS buffer. Then, the pellet 

was ressuspendend in 800 µL PBS buffer, mixed with 200 µL 30% glycerine and transfer to a cryo tube, 

and maintained for one hour at room temperature before freezing at -80°C. To defreeze, the C.elegans 

culture was thawed at room temperature for 30 minutes. The suspension was then transferred to a NGM I 

plate with E.coli OP50 and kept at 20°C. In order to synchronize cultures of C.elegans, a plate containing 

C.elegans worms and eggs was rinsed four times with 1 mL of sterile bidestilled water and the suspension 

was dispersed by three tubes. To the suspension, 500 µL of a hypochlorite solution (containing 600 µL 

bidestilled water, 500 µL sodiumhypochlorite (12%) and 400 µL NaOH (6N) with a pH 6.0) were added and 

vortexed for approximately 8 minutes until all worms were dissolved. The suspension was centrifuged for 1 

minute (room temperature, 3400 rpm), and the supernatant was discarded carefully. The pellet was washed 

with 1 mL of sterile bidestilled water and centrifuged for 1 minute under the same conditions. After washing, 

the supernatant was discarded and the pellet of the three tubes was ressuspended with 100 µL of M9 buffer 

(containing 3g/L KH2PO4, 6g/L Na2HPO4, 5g/L NaCl and 1 mL MgSO4). This suspension was pipetted onto 

a NGM I plate with E.coli OP50  and incubated at 20°C. 

 The MH medium used was of commercial origin (Sigma-Aldrich). When used as liquid media, 23g/L 

were used, as indicated by the manufacturer. Solid MH was obtained adding 20g/L of agar (IBERAGAR). 

The YPD liquid medium contained 20 g/L glucose, 20 g/L peptone and 10 g/L yeast extract. The 

YPD solid medium was obtained by adding 20g/L of agar.  

The RPMI 1640 medium was of commercial origin and was prepared with 10.4g RPMI 1640, 34.53g 

MOPS (commercial buffer) and 18g glucose in 900 mL of distilled water. After dissolving all the components, 

the pH was adjusted to 7.0 at 25°C with 1M, 5M or 10M sodium hydroxide and distilled water was added to 

a final volume of 1L. The medium was sterilized using a 0.22 µm filter and stored at 4°C.  

The Luria-Bertani (LB) liquid medium contained 10g/L tryptone, 5g/L yeast extract and 10g/L NaCl. 

The LB solid medium was obtained by adding 20g/L of agar. 

The NGM I contained 3g/L NaCl, 2,5g/L tryptone and 17g/L agar. In addition, NGM I contains per 

liter 5 mL of nystatin (10mg/mL in ethanol), 25 mL of 1M K3PO4 buffer (pH 6), 1 mL of 1M CaCl2, 1 mL of 

1M MgSO4, 1 mL uracil (2mg/mL sterile filtrated) and 0.5 mL cholesterol (10mg/mL in ethanol). The K3PO4 

buffer (1M) contained 108.3g/L KH2PO4 and 35.6g/L K2HPO4 with a pH 6.0. 
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The Nematode Growth Medium II (NGM II) contained 3g/L NaCl, 2,5g/L peptone and 17g/L agar. 

In addition, NGM II contains per liter 5 mL of nystatin (10mg/mL in ethanol), 25 mL of 1M K3PO4 buffer (pH 

6), 1 mL of 1M CaCl2, 1 mL of 1M MgSO4, 1 mL uracil (2mg/mL sterile filtrated) and 0.5 mL cholesterol 

(10mg/mL in ethanol). 

The K medium contained 53 mM NaCl and 32mM KCl. The Supplemented K medium contained per 

liter 100 mL of K medium 10x concentrated, 25 mL of 1M K3PO4 buffer (pH 6), 1 mL of 1M CaCl2, 1 mL of 

1M MgSO4 and 0.5 mL cholesterol (10mg/mL in ethanol). 

2.2.2 Bacterial and Fungal growth inhibition assays in liquid medium 

The growth inhibition of  the tested bacteria and fungi strains due to the cyclam salts (5a and 5b) 

under study was evaluated using the broth microdilution method. 

Overnight grown liquid cultures incubated at 37°C (bacteria) or 30°C (fungi) with orbital agitation 

(250 rpm) in MH (bacteria) or YPD (fungi) medium, inoculated with colonies of the bacteria or fungi strains 

under study, were diluted in MH (bacteria) or RPMI 1640 (fungi) medium to a standardized culture OD640 of 

0.02 (bacteria) or OD530 of 0.025 (fungi). 100 µL aliquots of these cell suspensions were used to inoculate 

the wells of a 96-well polystyrene microtiter plate (Greiner Bio-One) containing 100 µL of MH (bacteria) or 

RPMI 1640 (fungi) medium supplemented with different concentrations (serial 1:2 dilutions, starting with 

1024 µg/mL and ending with 0.5 µg/mL) of 5a or 5b.  

Solutions of 5a were prepared with sterile distilled water and filtered with a 0.22µm filter. Solutions 

of compound 5b were prepared in sterile distilled water (for fungi) or in 1x concentrated MH broth (for 

bacteria), were prepared and filtered with a 0.22µm filter.  

The positive control wells contained 100 µL of 1x concentrated MH broth (bacteria) or RPMI 1640 

medium (fungi) and 100 µL of the bacteria or fungi inoculum. For the negative control the wells contained 

the serial dilutions of the compounds without the bacterial or fungi inoculum. 

 Microtiter plates were incubated at 37°C (bacteria) or 35°C (fungi) for 24h. Growth was assessed 

by measuring the absorbance of cultures at 640 nm (bacteria) or 530 nm (fungi). Results from experiments 

with bacteria are the mean values of at least 3 independent experiments performed in triplicate. Results 

from experiments with fungi are the mean values of at least 3 independent experiments, with 2 performed 

in triplicate. 

2.2.3 Bacterial and Fungi CFUs assays 

 To confirm the MIC values obtained by measuring the absorbance (at 640 nm) of cultures in the 

microtiter plates, CFUs were counted for the wells containing the concentrations of cyclam derivatives above 

and below the estimated MIC (two wells with concentrations below MIC and one well with concentration 

above MIC). The antibacterial effect of the two compounds was also assessed by quantification of CFUs. 
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For this purpose, after the 24h incubation at 37ºC (bacteria) or 35ºC (fungi) of the microbial cultures 

in microtiter plates, 100 µL of the suspension present in each chosen wells were serially diluted (1:10 

dilution) with 0.9% NaCl to 10-7. 5 µL of each dilution was spread onto the surface of a LB plate for bacteria 

or a YPD plate for fungi. The plates were incubated at 37ºC (bacteria) or 30ºC (fungi) for 24h. The CFUs 

were counted with the aid of a stereomicroscope. 

2.2.4 Toxicity assays 

The evaluation of the toxicity of 5a and 5b towards a multicellular eukaryotic organism was 

assessed by quantifying the lethality and reproduction of the nematode Caernorhabditis elegans Bristol N2 

upon incubation in the presence of increasing concentrations of each cyclam derivative under study. 

In this work, the toxicity assays were performed in solid (nematode growth medium II – NGM II) and 

in liquid (supplemented K medium) media. 

2.2.4.1 Toxicity assays in liquid medium (Supplemented K medium) 

The toxicity liquid assays were performed in a 96-well polystyrene microtiter plate (Greiner Bio-

One). In each experiment three wells were used for each compound concentration (2, 8, 32, 64 and 128 

µg/mL). These wells contained 80 µL of the supplemented K medium, 100 µL of each compound solution 

2x concentrated and 20 µL of heat-killed E.coli OP50 suspension (harvested from cultures at the exponential 

phase and with OD640 of 1.0). The three control wells contained 180 µL of the supplemented K medium and 

20 µL of the heat-killed E.coli OP50 suspension. Approximately 1 hypochlorite-synchronized C.elegans BN2 

larvae at the L4 development stage were pipetted per well. The actual number of worms were determined 

visually with the aid of a stereomicroscope at a magnification of 50x. Plates were incubated during 5 days 

at 20°C. The morphological appearance and the ability to generate descendants were checked daily. 

The suspension of heat-killed E.coli OP50 cells was prepared as follows: 4 hours grown liquid 

cultures of  E.coli OP50 (incubated at 37°C with orbital agitation – 250 rpm) in LB medium was diluted to a 

standardized OD640 of 1.0. The volume necessary to 1 mL of a culture with OD640 of 1.0 was placed in a dry 

bath at 75°C for approximately 30 minutes to kill E.coli cells. The suspension was centrifuged (2 minutes, 

8000 rpm) and the supernatant was discarded. The pellet was resuspended with 1 mL of supplemented K 

medium and centrifuged under the same conditions. The supernatant was discarded and the pellet 

resuspended with 1 mL of supplemented K medium. 20 µL of this suspension was pipetted in each well 

(with the dilution the OD640 became 0.1) containing the different concentrations of the compounds. 

2.2.4.2 Toxicity assays in solid medium (NGM II) 

50 µL aliquots of E.coli OP50 suspensions with a standardized OD640 of 2.0 were prepared from 

overnight grown cultures or only with approximately 4 hours of growth (in this case there is no difference in 

using E.coli in stationary phase or in exponential phase). These bacterial suspensions were plated onto the 

surface of 35 mm diameter Petri plates containing 4 mL of NGM II and different concentrations (0, 2, 8, 32, 
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64 and 128 µg/mL) of 5a and 5b. Approximately 20 hypochlorite-synchronized C.elegans BN2 larvae at the 

L4 development stage were pipetted per plate. The actual number of worms were determined visually with 

the aid of a stereomicroscope at a magnification of 50x. Plates were incubated during 5 days at 20°C. 

The morphological appearance, the ability to generate descendants and the percentage of live 

worms were checked daily. 

  



24 

 

3. Results and Discussion 

3.1 Synthesis of the cyclam derivatives 

In this work two cyclam derivatives (H2(4-CF3PhCH2)2Cyclam and H2(C6F5CH2)2Cyclam), as well as 

their corresponding acetate salts ([H2{H2(4-CF3PhCH2)2Cyclam}](CH3COO)2.(CH3COOH)2   and 

[H2{H2(C6F5CH2)2Cyclam}](CH3COO)2.(CH3COOH)2, respectively) were synthetized. Salt conversion was 

performed because the neutral forms presented lower solubility and therefore, their real antimicrobial activity 

would be underestimated. Figure 3 shows the reactional scheme to obtain these compounds from cyclam 

(1). 
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Figure 3 –Synthesis scheme of the two cyclam salts derivatives – R=CF3Ph, R=C6F5. (1) 1,4,8,11-tetraazacyclotetradecane 
(cyclam), (2) 1,4,8,11-Tetraazatricyclo[9.3.1.14,8]hexadecane, (3a) 1,8-bis(4-(trifluoromethyl)benzyl)-4,11-

diazoniatricyclo[9.3.1.14,8]hexadecane-1,8-diiumdibromide), (3b) 1,8-bis(perfluorobenzyl)-4,11-
diazoniatricyclo[9.3.1.14,8]hexadecane-1,8-diiumdibromide, (4a)1,8-bis(4-(trifluoromethyl)benzyl)-1,4,8,11-tetraazacyclotetradecane, 

(4b) 1,8-bis(perfluorobenzyl)-1,4,8,11-tetraazacyclotetradecane, (5a) 1,8-bis(4-(trifluoromethyl)benzyl)-1,4,8,11-
tetraazacyclotetradecane-1,8-diium acetate, (5b) 1,8-bis(perfluorobenzyl)-1,4,8,11-tetraazacyclotetradecane-1,8-diium acetate. 

 In a first step, the cyclam (1) was converted in 2 that displays two methylene cross-bridges 

between adjacent nitrogens, defining two six-member rings. This feature is important to direct the 

subsequent alkylation in the desired trans-positions (3a and 3b). These compounds were hydrolyzed 

using 3M NaOH aqueous solution leading to the corresponding neutral compounds (4a and 4b). In the last 

step, these neutral forms were protonated with acetic acid leading to the formation of two NH2
+ moieties in 

the macrocycle and to the corresponding salts 5a and 5b. A full characterization of the compounds 5a and 
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5b was performed by Nuclear Magnetic Resonance (NMR), Elemental Analysis (EA) and Mass 

Spectrometry (MS).  

In the 1H NMR spectra of both compounds it is observed a singlet around 4 ppm corresponding to 

the CH2 protons of the pendant arms of the macrocycle and four signals between 2.7 and 3.4 ppm 

attributed to the [C3]CH2N and [C2]CH2N protons of the cyclam ring. The CH2CH2CH2 proton appears 

overlapped with the methyl groups of the acetate anion around 2 ppm. In the 5a spectrum it is also 

observed two doublets between 7.5 and 7.8 ppm, corresponding to the meta and ortho protons of the 

aromatic ring. The NH2
+ and COOH protons could not be identified in the 5a and 5b spectra as they were 

performed in D2O. Although, for 5a it was possible to record a spectrum in CDCl3 that indicated the 

presence of those protons in the range of 9.31 to 9.45 ppm. The appearance of a unique set of 

resonances for the acetate reveals that the protons of the co-crystalized CH3COOH molecules are in 

exchange process with the CH3COO- anions. 

The 13C NMR spectra of both compounds displayed six resonances attributed to the carbon atoms 

of the cyclam ring and to the methylene group of the pendant arms along with a set of aromatic 

resonances. The CH3 group of the acetate anion shows of at 22.4 and 21.7 ppm and the C=O resonance 

at 178.7 and 178.9 ppm in 5a and 5b spectra, respectively.  

The 19F NMR spectrum of 5b shows a doublet of doublets at -140.8 ppm (3JC-F = 17Hz), a triplet at 

-153.8 ppm (3JC-F = 21Hz) and a triplet of doublets at -161.8 ppm (3JC-F = 21Hz, 4JC-F = 6Hz) corresponding 

to the ortho, para and meta fluorine atoms of the aromatic ring, respectively. The 5a spectrum displays 

only one singlet at -62.4 ppm corresponding to the CF3 groups of the aromatic ring. 

Figure 4 shows the 1H and 19F NMR spectra of 5a in D2O as an example. 

The characterization of compounds 3a and 3b by NMR spectroscopy was hampered by their 

stability properties. Compounds having electron withdrawing groups in the aromatic ring such as F or CF3 

are much more prone to hydrolyze. Therefore, the spectra would show a mixture of 3a (or 3b) and their 

neutral form 4a (or 4b) that was hydrolyzed. 
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Figure 4 – 1H and 19F NMR spectra of compound 5a, in D2O at 296K. 

 

3.2 Biological assays 

In this section results are presented on the use of compounds 5a and 5b as antibacterial agents 

towards the Gram-negative bacteria Escherichia coli ATCC 25922, Burkholderia contaminans IST408 and 

Pseudomonas aeruginosa 477, and the Gram-positive bacteria Staphylococcus aureus Newman and 

Bacillus subtilis. The results regarding the antifungal activity of these two compounds against Candida 

species (C. albicans SC5314, C. glabrata CBS 138, C. parapsilosis ATCC 22019 and C. tropicalis ATCC 

750) are also presented in this section. The toxicity results of these two compounds towards the nematode 

Caenorhabditis elegans Bristol N2 (used as model of a eukaryotic organism) are presented in this section 

as well. 

3.2.1 Determination of compounds 5a and 5b MICs and CFUs for bacteria 

The estimation of the MIC of compounds 5a and 5b in liquid media for the bacterial strains under 

study was assessed by measuring the optical density at 640nm of cultures after 24h incubation at 37ºC in 

the presence of compound concentrations up to 1024 µg/mL. 

The data (OD640) obtained for the growth inhibition assay in liquid media was adjusted to a Gompertz 

model using the GraphPad Prism software30. A predefined GraphPad Prism sheet was used, where the 

data was entered with X equal to the logarithm of the compounds concentration and Y proportional to 

number of bacteria. This predefined GraphPad Prism sheet was prepared according to a published method31 
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where the MIC was mathematically determined with a nonlinear regression using the Gompertz equation. 

In some cases, the use of the Gompertz might lead to inaccurate MIC values since the MIC determination 

by measuring absorbances is not so reliable since growth medium turbidity is not only affected by the total 

number of cells in suspension, but also by their size, aggregation state, among other factors. 

In order to assess whether the compounds under study are either bacteriostatic or bactericidal, the 

CFU of cultures incubated in the presence of compounds in concentrations below and immediately above 

the estimated MIC were also determined. 

The OD640 of E.coli, P.aeruginosa, S.aureus and B.subtilis cultures, carried out in microtiter plates 

in MH medium at 37ºC in the presence of increasing concentrations of compound 5a is shown in Figure 5.  

5a was not effective towards B.contaminans IST408 at the tested concentrations. 

 

Figure 5 – OD640 of cultures of E.coli ATCC 25922, P.aeruginosa 477, S.aureus Newman and B.subtilis after 24h of incubation at 
37ºC in MH medium, in the presence on the indicated concentrations of compound 5a. In the E.coli curve the 1024 and 512 µg/mL 
points were not represented. In the P.aeruginosa curve the 16 µg/mL point was not represented. In the S.aureus curve the 512 and 
0.5 µg/mL points were not represented. In the B.subtilis curve the 512 and 4 µg/mL points were not represented. The OD640 values 

were adjusted to a Gompertz model giving MICs of 9, 261, 15 and 8 µg/mL for E.coli, P.aeruginosa, S.aureus and B.subtilis, 
respectively. 

 

Data fitted to the Gompertz model lead to estimated MIC values of 9, 261, 15 and 8 µg/mL for E.coli, 

P.aeruginosa, S.aureus and B.subtilis, respectively. Statistical data presented in Table 2 indicates that the 
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Best-fit values and the 95% Confidence intervals are plausible with no negative constant rates or very wide 

confidence intervals for P.aeruginosa and S.aureus. However, the R2 value for the P.aeruginosa data is 

lower comparing to the other three bacteria. For E.coli and B.subtilis the confidence intervals for MIC and 

growth curve slope are very wide. This indicates that the best-fit values for these two constants are 

ambiguous. This information suggests that the Gompertz model fitted better the P.aeruginosa and S.aureus 

data but not the E.coli and B.subtilis data. In addition, the R2 values suggest that the Gompertz model did 

not fit well only to the P.aeruginosa data. 

Table 2 – Best-fit values, 95% Confidence intervals and Goodness of fit of the Gompertz model for the E.coli, P.aeruginosa, 
S.aureus and B.subtilis data in presence of compound 5a 

 E.coli P.aeruginosa S.aureus B.subtilis 

Best-fit values 

MIC ~8.999 260.7 14.66 ~7.746 

Slope ~36.55 1.361 14.00 ~29.01 

Bottom 0.1180 0.1456 0.1332 0.1766 

Span 1.365 1.253 2.029 1.143 

95% Confidence 

intervals 

MIC Very wide 158.5 to 428.9 
13.09 to 

16.43 
Very wide 

Slope Very wide 1.068 to 1.654 
10.96 to 

17.04 
Very wide 

Bottom 
0.08875 to 

0.1472 

0.008697 to 

0.2042 

0.1050 to 

0.1614 

0.1519 to 

0.2012 

Span 1.321 to 1.409 1.124 to 1.382 
1.991 to 

2.058 

1.095 to 

1.191 

Goodness of fit R2 0.9846 0.9587 0.9956 0.9807 

 

 Results presented in Figure 6 show that there was no growth detected for E.coli and S.aureus for 

the concentrations 64, 32 and 16 µg/mL of compound 5a, indicating that this compound is bactericidal for 

these three concentrations and above. At 8 µg/mL the CFU/mL value for E.coli is approximately one order 

of magnitude lower than the control value. For S.aureus the CFU/mL value at the same concentration is 

similar to the control value, suggesting that compound 5a does not have any effect on S.aureus growth for 

this concentration and below. Figure 6 also shows that no P.aeruginosa growth occurred at the 

concentrations 1024 and 512 µg/mL, indicating that compound 5a is bactericidal for these two 

concentrations and above. At 256, 128 and 64 µg/mL the CFU/mL values are approximately one order of 

magnitude lower than for the control value. No B.subtilis growth was detected for the concentrations 32, 16 

and 8 µg/mL, indicating that 5a is bactericidal for these three concentrations and above. At 4 µg/mL the 

CFU/mL value is similar to the control value, suggesting that compound 5a does not have any effect for 

concentrations equal and below on B.subtilis growth. 
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Figure 6 – CFUs/mL of cultures of E.coli ATCC 25922, P.aeruginosa 477, S.aureus Newman and B.subtilis after 24h of incubation at 
37ºC in LB plates, in the presence of compounds in concentrations of compound 5a below and immediately above the estimated 

MIC. For E.coli and S.aureus no CFUs were detected for the concentrations 64, 32, 16 µg/mL and in 8 µg/mL the OD640 was reduced 
comparing to control (only for E.coli). For P.aeruginosa no CFUs were detected for the concentrations 1024, 512 µg/mL and in 256, 

128 and 64 the OD640 was reduced comparing to control. For B.subtilis no CFUs were detected for the concentrations 32, 16, 8 
µg/mL and in 4 µg/mL the OD640 was similar comparing to control. 

 The use of the Gompertz model (Figure 5) led to estimate MIC values of 9, 261, 15 and 8 µg/mL for 

E.coli, P.aeruginosa, S.aureus and B.subtilis, respectively. Based on to the CFU/mL estimated values 

(Figure 6), resulting from serially diluted cell suspensions grown for 24h in the presence of compound 5a, 

the MIC for these bacteria is 16, 512, 16 and 8 µg/mL, respectively. Despite the Gompertz model did not fit 

well to the E.coli and B.subtilis data, the MIC obtained by this model was confirmed by enumerating the 

CFU/mL. This confirmation might suggest that the R2 value is the statistical data that better identifies if the 

Gompertz model fits well to the data that is given. For S.aureus the MIC values for the two assays are 

identical. For P.aeruginosa, even though the Gompertz model fitted well to the data, the MIC estimated by 

this model is slightly distinct to the one estimated according to the CFU/mL values. However, if we “round 

up” the MIC values estimated using the Gompertz model to the next highest value on the standard series, 

similar MIC values were estimated by the CFU/mL values. 
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Figure 7 shows the OD640 of E.coli, B.contaminans, P.aeruginosa, S.aureus and B.subtilis cultures in the 

presence of increasing concentrations of compound 5b.  

 

Figure 7 - OD640 of cultures of E.coli ATCC 25922, B.contaminans IST408, P.aeruginosa 477, S.aureus Newman and B.subtilis after 
24h of incubation at 37ºC in MH medium, in the presence on the indicated concentrations of compound 5b. In the S.aureus curve the 
512 and 0.5 µg/mL points were not represented. In the B.subtilis curve the 512 and 4 µg/mL points were not represented. The OD640 
values were adjusted to a Gompertz model giving MICs of 39, 221, 227, 59 and 17 µg/mL for E.coli, B.contaminans, P.aeruginosa, 

S.aureus and B.subtilis, respectively. 

 The estimated MICs for compound 5b – 39, 221, 227, 59 and 17 µg/mL for E.coli, B.contaminans, 

P.aeruginosa, S.aureus and B.subtilis, respectively - were higher than those found for 5a. Data presented 

in Table 3 indicates that the Best-fit values and the 95% Confidence intervals are plausible with no negative 

constant rates or very wide confidence intervals for E.coli, B.contaminans, S.aureus and B.subtilis. For 

P.aeruginosa the confidence interval for MIC is wide and for the other constants it starts with a negative 

number. This indicates that the best-fit values for these two constants are ambiguous. The R2 is also lower 

for this bacteria. Taking into account the R2 values, the previously information suggest that the Gompertz 

model fitted better the E.coli, B.contaminans S.aureus and B.subtilis data but not the P.aeruginosa data. 
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Table 3 - Best-fit values, 95% Confidence intervals and Goodness of fit of the Gompertz model for the E.coli, B.contaminans, 
P.aeruginosa, S.aureus and B.subtilis data in presence of compound 5b 

 E.coli B.contaminans P.aeruginosa S.aureus B.subtilis 

Best-fit values 

MIC 38.51 220.7 227.1 58.55 16.50 

Slope 4.582 3.380 0.3531 13.78 14.20 

Bottom 0.1568 0.5141 0.1532 0.1394 0.1842 

Span 1.300 1.371 3.930 1.983 1.020 

95% Confidence 

intervals 

MIC 
33.48 to 

44.28 
188.2 to 258.8 3.799 to 13571 

49.99 to 

68.39 

15.74 to 

17.30 

Slope 
3.864 to 

5.301 
2.578 to 4.181 

-0.2875 to 

0.9937 

9.825 to 

17.74 

7.739 to 

20.67 

Bottom 
0.1295 to 

0.1842 
0.4357 to 0.5925 

-0.2563 to 

0.5628 

0.1049 to 

0.1738 

0.1630 to 

0.2057 

Span 
1.256 to 

1.344 
1.277 to 1.464 -5.985 to 13.84 

1.938 to 

2.028 

0.9893 to 

1.050 

Goodness of fit R2 0.9772 0.9772 0.8687 0.9902 0.9858 

 

 As shown in Figure 8, no B.contaminans and P.aeruginosa growth was detected for concentrations 

of 1024 µg/mL. These results indicate that compound 5b is bactericidal for this concentration and above. At 

512, 256 and 128 µg/mL the CFU/mL values are approximately one order of magnitude lower than for the 

control value. Results in Figure 8 also indicate that no E.coli growth occurred at concentrations 128, 64 and 

32 µg/mL, indicating that 5b is bactericidal for these three concentrations and above. At 16 µg/mL the 

CFU/mL value is approximately one order of magnitude lower than for the control value. There was no 

S.aureus growth for concentrations 256, 128 and 64 µg/mL, suggesting that compound 5b is bactericidal 

for these three concentrations and above. At 32 µg/mL the CFU/mL value is approximately one order of 

magnitude lower than for the control value. At last Figure 8 shows that there was no B.subtilis growth 

detected for the concentrations 64, 32 and 16 µg/mL, indicating that 5b is bactericidal for these three 

concentrations and above. At 8 µg/mL the CFU/mL value is similar to the control value, suggesting that 

compound 5b does not have any effect on B.subtilis growth for this concentration and below. 
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Figure 8 - CFUs/mL of cultures of E.coli ATCC 25922, B.contaminans IST408, P.aeruginosa 477, S.aureus Newman and B.subtilis 
after 24h of incubation at 37ºC in LB plates, in the presence of compounds in concentrations of compound 5b below and immediately 

above the estimated MIC. For B.contaminans and P.aeruginosa no CFUs were detected for the concentration 1024 µg/mL and in 
512, 256 and 128 µg/mL the OD640 was reduced comparing to control. For E.coli no CFUs were detected for the concentrations 128, 

64, 32 µg/mL and in 16 the OD640 was reduced comparing to control. For S.aureus no CFUs were detected for the concentrations 
256, 128, 64 µg/mL and in 32 µg/mL the OD640 was reduced comparing to control. For B.subtilis no CFUs were detected for the 

concentrations 64, 32, 16 µg/mL and in 8 µg/mL the OD640 was similar comparing to control. 

 The compound 5b MIC values estimated by the Gompertz model (Figure 7) were 39, 221, 227, 59 

and 17 µg/mL for E.coli, B.contaminans, P.aeruginosa, S.aureus and B.subtilis, respectively. These values 

are in good agreement with the results from the total CFU estimated for E.coli (32 µg/mL), S.aureus (64 

µg/mL) and B.subtilis (16 µg/mL). Even if we “round up” the estimated MICs by the Gompertz model to the 

next highest value on the standard series for P.aeruginosa and B.contaminans (becoming 512 µg/mL for 

both bacteria) this values are distinct to the ones estimated according to the CFU/mL values (1024 µg/mL 

for both bacteria). This was expected for P.aeruginosa since the Gompertz model did not fit well to the data 

of this bacteria. For B. contaminans, even though the Gompertz model fitted well to the data, the MIC 

estimated by this model is distinct to the one estimated according to the CFU/mL values. 
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3.2.2 Comparison of antibacterial activity of compounds 5a and 5b with results obtained 

with commercial antibiotics 

The comparison of MIC values of different antibiotics has to take into account the numerical value,  

on how far the MIC is from the breakpoint, the site of infection and other considerations, such as the species 

of the microorganism.32 Results from this work indicate that the breakpoints for compounds 5a and 5b are 

equal to the MIC values, since an antibiotic breakpoint is the dilution where microorganisms begin to show 

resistance. In this work we have only analyzed the effect in E.coli, P.aeruginosa, S.aureus, since the effect 

of compounds 5a and 5b on the B. contaminans growth was almost nonexistent and B.subtilis is not 

pathogenic. 

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) published a list of 

clinical breakpoints for bacteria33 and fungi34. Several examples of antibiotics that are included in the 

publication for the bacterial species33 E.coli, P.aeruginosa, S.aureus are presented in Table 9. Penicillins, 

Cephalosporin, Carbapenems and Fosfomycin inhibit bacterial cell wall synthesis. Aminoglycosides, 

Tetracyclines, Chloramphenicol and Mupirocin inhibit protein synthesis. Fluoroquinolones inhibit DNA 

synthesis. 

Compounds 5a and 5b are effective against both Gram positive and Gram negative bacteria. The 

MIC and breakpoint values of 5a and 5b are similar to the MIC values of the group of Penicillins, although 

this class of antibiotics is not effective against S.aureus 

Compounds 5a and 5b have an antibacterial/antifungal activity higher than most of the antibacterial 

detergents used nowadays. A paper36 described the testing of several antibacterial soaps against numerous 

bacteria like S.aureus, P.aeruginosa, E.coli and B.subtilis. The MIC for these bacteria ranged from 100 to 

700 mg/mL (100 000 and 700 000 µg/mL). These values are much higher than the ones for compounds 5a 

and 5b. Therefore, they are good candidates to be used in this field of applications. 
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Table 4 – Examples of antibiotics of different classes with their MIC and breakpoint values against E.coli, P.aeruginosa and 
S.aureus.33 MIC and Breakpoint are in µg/mL First two lines contain information about the two compounds tested in this work. All the 

other data was taken from the EUCAST publishment33. IE = insufficient evidence that the organism or group is a good target for 
therapy with the agent. - = no breakpoints, susceptibility testing is not recommended. NA = not applicable. *most staphylococci are 

penicillinase producers, which are resistant to several penicillins. **S.aureus is resistant to these antibiotics. 

Class Name 
E.coli P.aeruginosa S.aureus 

MIC  Breakpoint MIC  Breakpoint  MIC  Breakpoint  

 
Compound 5a 16 16 512 512 16 16 

Compound 5b 32 32 1024 1024 64 64 

Penicillins 

Ampicillin 8 8 - - - * - * 

Amoxicillin-

clavulanic acid 
32 32 - - - * - * 

Piperacillin 8 16 16 16 -* -* 

Cephalosporins 

Cefadroxil 16 16 - - - ** - ** 

Cefotaxime 1 2 - - - ** - ** 

Ceftobiprole 0.25 0.25 IE IE - ** - ** 

Carbapenems 

Doripenem 1 2 1 2 - ** - ** 

Ertapenem 0.5 1 - - - ** - ** 

Meropenem 2 8 2 8 - ** - ** 

Fluoroquinolones 

Ciprofloxacin 0.5 1 0.5 1 1 1 

Levofloxacin 1 2 - - 1 2 

Norfloxacin 0.5 1 - - NA NA 

Aminoglycosides 

Amikacin 8 16 8 16 8 16 

Gentamicin 2 4 4 4 1 1 

Netilmicin 2 4 4 4 1 1 

Tetracyclines 

Doxycycline - - - - 1 2 

Tetracycline - - - - 1 2 

Tigecycline 1 2 - - 0.5 0.5 

Miscellaneous 

agents 

Chroramphenicol 8 8 - - 8 8 

Fosfomycin iv 32 32 - - 32 32 

Mupirocin - - - - 1 256 

 

 Determining the mechanisms of action (MOA) of compounds 5a and 5b is a difficult task. As a first 

approach to determine de MOA of the compounds 5a and 5b the MMS assay, mentioned in the introduction, 

could be performed since it is simpler to execute and less expensive. 
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3.2.3 Determination of MICs and CFUs of compounds 5a and 5b for Candida species 

The OD530 of C.albicans SC5314, C.glabrata CBS138, C.parapsilosis ATCC 22019 and C.tropicalis 

ATCC 750 cultures carried grown in the wells of microtiter plates in RPMI 1640 medium at 35ºC in the 

presence of increasing concentrations of compound 5a is shown in Figure 10.  

 

Figure 9 – OD530 of cultures of C.albicans SC5314, C.glabrata CBS138, C.parapsilosis and C.tropicalis after 24h of incubation at 
35ºC in RPMI 1640 medium, in the presence on the indicated concentrations of compound 5a. The OD530 values were adjusted to a 

Gompertz model giving MICs of 32, 32, 35 and 64 µg/mL for C.albicans, C.glabrata, C.parapsilosis and C.tropicalis, respectively. 

 Like in bacteria, the data were fitted to the Gompertz model. This fitting led to the estimation of MIC 

values of 32, 32, 35 and 63 µg/mL for C.albicans, C.glabrata, C.parapsilosis and C.tropicalis, respectively. 

Values presented in Table 5 show that for C.parapsilosis and C.tropicalis the Best-fit values and the 95% 

Confidence intervals are plausible with no negative constant rates or very wide confidence intervals. For 

C.albicans and C.glabrata the confidence interval for MIC is wide and for the other constants it starts with a 

negative number. This indicates that the best-fit values for these two constants are ambiguous. This 

information suggests that the Gompertz model fitted well for C.parapsilosis and C.tropicalis data unlike for 

C.albicans and C.glabrata data. However, the R2 values are high for all Candida, indicating that the 

Gompertz model might have fitted all Candida data. 
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Table 5 - Best-fit values, 95% Confidence intervals and Goodness of fit of the Gompertz model for the C.albicans, C.glabrata, 
C.parapsilosis and C.tropicalis data in presence of compound 5a 

 C.albicans C.glabrata C.parapsilosis C.tropicalis 

Best-fit values 

MIC ~32.06 ~31.58 34.42 62.49 

Slope ~53.64 ~49.50 2.967 8.193 

Bottom 0.1472 0.1419 0.1357 0.1318 

Span 1.704 2.134 1.254 1.715 

95% Confidence 

intervals 

MIC Very wide Very wide 24.84 to 47.69 
55.94 to 

69.80 

Slope Very wide Very wide 2.368 to 3.565 
7.188 to 

9.197 

Bottom 0.1153 to 0.1791 0.1215 to 0.1615 0.1025 to 0.1688 
0.1022 to 

0.1615 

Span 1.657 to 1.751 2.105 to 2.163 1.182 to 1.325 
1.676 to 

1.755 

Goodness of fit R2 0.9881 0.9969 0.9681 0.9912 

 

 Figure 11 shows that no growth of C.albicans and C.glabrata occurred for concentrations of 128 

µg/mL of compound 5a, indicating that 5a is fungicidal for this concentration and above. At 64 µg/mL the 

CFU/mL value is approximately half of the control value for C.albicans, indicating that 5a partially inhibited 

C.albicans growth in this concentration. At 32 and 16 µg/mL CFU/mL value for C.albicans is similar to the 

control value, suggesting that compound 5a had no effect on C.albicans for these concentrations and below. 

No growth of C.glabrata and C.parapsilosis occurred at concentrations of 64 µg/mL of 5a, indicating that 

the compound is fungicidal for this concentration and above. At 32 µg/mL the CFU/mL value is 

approximately half of the control value for C.glabrata and C.parapsilosis, indicating that 5a partially inhibited 

both Candida growth in this concentration. At 16 µg/mL the CFU/mL for C.glabrata and C.parapsilosis is 

similar to the control value, suggesting that compound 5a had no effect on both Candida species for these 

concentrations and below. No growth of C.tropicalis occurred at concentrations of 256 and 128 µg/mL of 

5a,  indicating that the compound is fungicidal for this concentration and above. At 64 µg/mL the CFU/mL 

value is approximately 105 lower than the control value for C.tropicalis, indicating that 5a partially inhibited 

C.tropicalis growth in this concentration. At 32 µg/mL CFU/mL value for C.tropicalis is similar to the control 

value, suggesting that compound 5a had no effect on C.tropicalis for these concentrations and below. 
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Figure 10 - CFUs/mL of cultures of C.albicans SC5314, C.glabrata CBS138, C.parapsilosis and C.tropicalis after 24h of incubation at 
30ºC in YPD plates, in the presence of compounds in concentrations of compound 5a below and immediately above the estimated 

MIC. For C.albicans and C.glabrata no CFUs were detected for the concentrations 128 µg/mL and in 64 µg/mL the OD530 was 
reduced comparing to control (only for C.albicans that has the control bar smaller than the 16 µg/mL due to a dilution error in the 
pratical experiment). For C.parapsilosis no CFUs were detected for the concentration 64 µg/mL and in 32 µg/mL the OD640 was 

reduced comparing to control. For C.tropicalis no CFUs were detected for the concentrations 256, 128 µg/mL and in 64 µg/mL the 
OD640 was OD640 was reduced comparing to control. 

 

 The Gompertz model (Figure 10) estimated MIC values for compound 5a of 32, 32, 35 and 63 µg/mL 

to C.albicans, C.glabrata, C.parapsilosis and C.tropicalis, respectively. These values are in good agreement 

with the results from the total CFU estimated for C.glabrata (32 µg/mL), C.parapsilosis (32 µg/mL) and 

C.tropicalis (64 µg/mL). If we presume that the Gompertz model fitted well to all Candida data, the estimated 

MIC value for C.albicans is not identical for both assays (32 µg/mL and 64 µg/mL estimated by the Gompertz 

model and the CFU/mL values, respectively). This can be explained by the fact that the MIC determination 

by measuring absorbances is not so reliable since growth medium turbidity is not only affected by the total 

number of cells in suspension, but also by their size, aggregation state, among other factors. 
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 Figure 12 shows the OD530 of all tested Candida cultures in the presence of increasing 

concentrations of compound 5b. 

 

Figure 11 - OD530 of cultures of C.albicans SC5314, C.glabrata CBS138, C.parapsilosis and C.tropicalis after 24h of incubation at 
35ºC in RPMI 1640 medium, in the presence on the indicated concentrations of compound 5b. In the C.albicans,  C.parapsilosis and 

C.tropicalis curves the 128, 0.5 and 64 µg/mL points were not represented, respectively. The OD530 values were adjusted to a 
Gompertz model giving MICs of 209, 471, 122 and 222 µg/mL for C.albicans, C.glabrata, C.parapsilosis and C.tropicalis, 

respectively. 

 The MIC values estimated by the Gompertz model for compound 5b – 209, 471, 122 and 222 

µg/mL, for C.albicans, C.glabrata, C.parapsilosis and C.tropicalis, respectively – were higher than those 

estimated for compound 5a. Data presented in Table 6 indicates that the Best-fit values and the 95% 

Confidence intervals are plausible with no negative constant rates or very wide confidence intervals for all 

tested Candida. This information suggests that the Gompertz model fitted well to all Candida data. 
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Table 6 - Best-fit values, 95% Confidence intervals and Goodness of fit of the Gompertz model for the C.albicans, C.glabrata, 
C.parapsilosis and C.tropicalis data in presence of compound 5b 

 C.albicans C.glabrata C.parapsilosis C.tropicalis 

Best-fit values 

MIC 208.5 471.3 121.8 221.6 

Slope 5.328 6.868 8.901 13.67 

Bottom 0.1404 0.08423 0.1055 0.09922 

Span 1.381 2.173 1.205 1.751 

95% Confidence 

intervals 

MIC 93.50 to 464.8 
396.4 to 

560.2 
102.8 to 144.2 

90.57 to 

542.3 

Slope 2.908 to 7.749 
5.530 to 

7.906 
7.172 to 10.63 

1.537 to 

25.80 

Bottom 0.08356 to 0.1973 
0.02395 to 

0.1445 

0.07471 to 

0.1364 

0.06252 to 

0.1359 

Span 1.307 to 1.455 
2.107 to 

2.239 
1.165 to 1.245 

1.707 to 

1.794 

Goodness of fit R2 0.9751 0.9879 0.9851 0.9928 

 

 Results presented in Figure 13 show that there was no growth of C.albicans, C.parapsilosis and 

C.tropicalis detected for the concentrations 1024, 512 and 256 µg/mL, indicating that compound 5b is 

fungicidal for these three concentrations and above. At 128 µg/mL the CFU/mL values for these three 

Candida are similar to the control values, suggesting that compound 5b has no effect on these Candida 

strains for this concentrations and below. No growth of C.glabrata occurred for concentrations 1024 and 

512 µg/mL of compound 5b, indicating this compound  is fungicidal for these two concentrations and above. 

At 256 µg/mL the CFU/mL value is approximately 104 lower than the control value for C. glabrata, indicating 

that 5b partially inhibited C. glabrata growth in this concentration. At 128 µg/mL the CFU/mL value for C. 

glabrata is similar to the control value, suggesting that compound 5b had no effect on C. glabrata for these 

concentrations and below. 
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Figure 12 - CFUs/mL of cultures of C.albicans SC5314, C.glabrata CBS138, C.parapsilosis and C.tropicalis after 24h of incubation at 
30ºC in YPD plates, in the presence of compounds in concentrations of compound 5b below and immediately above the estimated 

MIC. For C.albicans, C.parapsilosis and C.tropicalis no CFUs were detected for the concentrations 1024, 512, 256 µg/mL and in 128 
µg/mL the OD530 was similar comparing to control (for C.parapsilosis and C.tropicalis the control bar is smaller than the 128 µg/mL 
bar due to a dilution error in the pratical experiment). For C.glabrata no CFUs were detected for the concentration 1024, 512 µg/mL 

and in 256 µg/mL the OD640 was reduced comparing to control.  

 The use of the Gompertz model (Figure 12) led to estimate MIC values of 209, 471, 122 and 222 

µg/mL for C.albicans, C.glabrata, C.parapsilosis and C.tropicalis, respectively. The enumeration of the 

CFU/mL values (Figure 13) in cultures carried out in the presence of increasing concentrations of compound 

5b led to the MIC value of 256 µg/mL for all four tested Candida species. For C.albicans and C.tropicalis 

the MIC values for these two assays are identical. For C.glabrata and C.parapsilosis, even though the 

Gompertz model fitted well to the data, the MICs estimated for this model are distinct to the ones estimated 

according to the CFU/mL values. This can be explained by the fact that the MIC determination by measuring 

absorbances is not so reliable since growth medium turbidity is not only affected by the total number of cells 

in suspension, but also by their size, aggregation state, among other factors. 

 

 

 



41 

 

3.2.4 Comparison of antifungal activity of compounds 5a and 5b with results obtained with 

commercial antibiotics 

Table 7 contains selected examples of antibiotics that are included in the EUCAST publication of 

clinical breakpoints for fungi34. Data presented only includes data for C.albicans, C.glabrata, C.parapsilosis 

and C.tropicalis. All the antifungals presented in Table 7 inhibit the cell wall synthesis. We can see that the 

MIC and Breakpoints values for each antifungal are similar for all four Candida species. This also occured 

for compounds 5a and 5b, although the MIC values are much higher than for antimicrobials mentioned by 

EUCAST. This could mean that these compounds are not very suitable to be used as antifungals. 

Table 7 - Examples of antibiotics of different classes with their MIC and breakpoint values C.albicans, C.glabrata, C.parapsilosis and 
C.tropicalis.34 MIC and Breakpoint units are mg/\L. First two lines contain information about the two compounds tested in this work. 

All the other data was taken from the EUCAST publishment34 IE = indicates that there is insufficient evidence that the species in 
question is a good for therapy with the drug. 

Class 
Antifungal 

agents 

C.albicans C.glabrata C.parapsilosis C.tropicalis 

MIC 
Breakpoi

nt 
MIC 

Breakpoi
nt 

MIC 
Breakpoi

nt 
MI
C 

Breakpoi
nt 

 

Compound 
5a 

64 64 32 32 32 32 64 64 

Compound 
5b 

256 256 256 256 256 256 256 256 

Polyens 
Amphotericin 

B 
1 1 1 1 1 1 1 1 

Echinocandin
s 

Anidulafungi
n 

0.03 0.03 0.06 0.06 
0.00

2 
4 

0.0
6 

0.06 

Micafungin 
0.01

6 
0.016 0.03 0.03 

0.00
2 

2 IE IE 

Triazoles 

Fluconazole 2 4 
0.00

2 
32 2 4 2 4 

Itraconazole 0.06 0.06 IE IE 0.06 0.06 
0.0
6 

0.06 

Posaconazol
e 

0.06 0.06 IE IE 0.06 0.06 
0.0
6 

0.06 

Voriconazole 0.12 0.012 IE IE 0.12 0.12 
0.1
2 

0.12 

 

 As previously discussed for bacteria, the MMS assay can also be performed as a first approach to 

determine the MOA of compounds 5a and 5b in these Candida species. Radioactively labeled precursors 

can be used to determine whether the compounds under study specifically inhibit protein, RNA, DNA or 

beta-glucan (and chitin) synthesis or they block all simultaneously.  

 

3.2.5 Toxicity assays 

The evaluation of the toxicity of compounds 5a and 5b towards a multicellular eukaryotic organism 

was assessed by the determination of their effects on health status lethality and reproduction of the 

nematode Caernorhabditis elegans Bristol N2. The toxicity assays were performed in solid and liquid 
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medium since in liquid medium the nematodes are more exposed to compounds. In both assays, heat-killed 

E.coli OP50 was used.  

3.2.5.1 Toxicity assays in solid medium (NGM II) 

Data from toxicity tests of compounds 5a and 5b for C. elegans, expressed as the percentage of 

surviving worms upon exposure to increasing concentrations of each compound is solid medium was 

represented in a Keplan-Meier survival chart (Figure 14 and 15) calculated using the software GraphPad 

Prism. The nematodes survival was only represented until 72h, since after this time, the nematodes started 

to reproduce and it was difficult to distinguish the descendants from the progenitors. The reproduction data, 

expressed as the total number of worms (including both progenitors and progeny) after 5 days of incubation 

at 25ºC was summarized in Tables 8 and 9 for compounds 5a and 5b, respectively.  

The comparison between the survival curves of different concentrations and the control was made 

by comparing the P-value. In this case, the null hypothesis is if the survival curves are identical in the overall 

populations, in other words, if the presence of the compounds did not change the survival of C. elegans. A 

low P-value (≤ 0.05) indicates that the survival curves are not significantly different. A high P-value (> 0.05) 

indicates that the survival curves are significantly different.  

 

Figure 13 – Survival curves for C.elegans in the presence of different concentrations of compound 5a (128 – red curve, 64 – green 
curve, 32 – dark blue curve, 8 – purple curve  and 2 µg/mL – light blue curve). The values on the right indicate the calculated P-value 
for the two analyzed curves. ns indicates a P-value > 0.05, * a P-value ≤ 0.05, ** a P-value ≤ 0.01, *** a P-value ≤ 0.001 and **** a P-

value ≤ 0.0001. The 128 µg/mL and Control (black line) curves differ significantly with a P-val\ue < 0,0001. In the presence of this 
concentration only 36% of the nematodes survived after 24h. The 64 µg/mL and Control curves also differ significantly with the same 

P-value. In the presence of this concentration 57% of the nematodes survived after 24h. The 32 µg/mL and Control curves differ a 
little, with a P-value = 0.0436. In the presence of this concentration 94% of the nematodes survived after 24h. This P-value is higher 
than the previous ones indicating a higher similarity. The 8 µg/mL and Control curves are not significantly different with a P-value = 

0.1643. The 2 µg/mL and Control curves are not significantly different with a P-value = 0.1753. In the presence of these lower 
concentrations the percentage of survival is similar to control (97-99% of survival). 
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Table 8 – Nº of C.elegans tested and alive in the survival experiment (S) and in the reproduction experiment (R) for different 
compound 5a concentrations. Nº of descendants considering the nº of nematode alive after the 5 days. The nematodes in presence 
of 128 and 64 µg/mL concentrations had a smaller size. *it was considered that the number of nematodes alive after the 72h are the 

same after 5 days 

Compound 5a 

concentration (µg/mL) 
Nº of C.elegans tested 

Nº of C.elegans alive 

after 5 days* 

Nº of descendants 

(approx.) after 5 days 

Control 
298 (S) 289 - 

80 (R) 71 1800 

128 
165 (S) 48 (smaller size) - 

104 (R) 26 (smaller size) 0 

64 
179 (S) 98 (smaller size) - 

116 (R) 59 (smaller size) 419 

32 
221 (S) 198 - 

121 (R) 117 2200 

8 
184 (S) 182 - 

102 (R) 100 2800 

2 
181 (S) 179 - 

113 (R) 111 2900 

 

Figure 14 shows that compound 5a was toxic to C.elegans (P-value < 0,0001) for concentrations 

128 and 64 µg/mL. At 128 µg/mL, after 24h only 37% of the nematodes was alive. After 48h the percentage 

of survival of C.elegans  decreased to 30%. This percentage was maintained after the 72h. At 64 µg/mL, 

after 24h, 57% of the nematodes was alive. This concentration was less lethal to the nematodes however it 

was still toxic to them. After 48h and 72h the compound almost did not affect the C.elegans decreasing only 

to 56-55% the percentage of survival.  

Results obtained for the concentrations 32, 8 and 2 µg/mL of compound 5a indicate that it is not 

toxic to the nematodes (P-values = 0.0436, 0.1643 and 0.1753, respectively). After 24h, the percentage of 

survival for 32 µg/mL was 94%, decreasing to only 93% after 48h. This 93% of survival remained after 72h. 

At 8 and 2 µg/mL the survival percentage was similar to control – 99% to 8 µg/mL, 98% to 2 µg/mL and 

97% to control. These percentages remained after 24h, 48h and 72h. 

Table 8 indicates the number of C.elegans alive after the 5 days experiment. The total number of 

nematodes alive after exposure for 5 days to the concentrations of 5a of 128 and 64 µg/mL were smaller 

than the ones exposed to presence of lower concentrations of compound 5a. 

The survival and reproduction assays were performed simultaneously. However, an additional 

experiment was performed in the case of survival experiment, which took only 72h. Therefore, the number 

of C.elegans tested in the reproduction assay was lower than in the survival experiment (Table 8). 

Results presented in Table 8 show that for 128 µg/mL the nematodes were not able to reproduce. 

For 64 µg/mL, the number of descendants was very low (approx. 7 descendants for each nematode alive) 
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than for lower concentrations. For concentrations of compound 5a of 32, 8 and 2 µg/mL concentrations 

approx. 18, 28 and 26 descendants for each nematode alive were estimated. The values of descendants 

per worm for 8 and 2 µg/mL were similar to those counted in the control (aprox. 25 descendants for each 

nematode alive), with a slight decrease of descendants for the 32 µg/mL concentration. 

Although C.elegans is the simplest multicellular eukaryotic model and therefore, comparing the 

effect of these compounds to what could happen to humans is impossible, only for concentrations of 

compound 5a ≥ 32 mg/L we observed negative effects on C.elegans (survival/reproduction). 

 

 

Figure 14 - Survival curves for C.elegans in the presence of different concentrations of compound 5b (128 – red curve, 64 – green 
curve, 32 – blue curve, 8 – purple curve  and 2 µg/mL – yellow curve). The values on the right indicate the calculated P-value for the 
two analyzed curves. ns indicates a P-value > 0.05, * a P-value ≤ 0.05, ** a P-value ≤ 0.01, *** a P-value ≤ 0.001 and **** a P-value 

≤ 0.0001. The 128 µg/mL and Control (black line) curves differ significantly with a P-value < 0,0001. In the presence of this 
concentration 81% of the nematodes survived after 24h. The 64 µg/mL and Control curves also differ significantly with a P-value = 
0.0227. In the presence of this concentration 97% of the nematodes survived after 24h. The 32 µg/mL and Control curves differ a 
little, with a P-value = 0.0432. In the presence of this concentration 94% of the nematodes survived after 24h. The 8 µg/mL and 

Control curves are significantly different with a P-value = 0.0181. In the 64, 32 and 8 µg/mL concentrations the P-value is higher than 
for the 128 µg/mL indicating a higher similarity The 2 µg/mL and Control curves are not significantly different with a P-value = 0.2146. 

In the presence of 64, 32, 8 and 2 µg/mL of this compound the percentage of survival is similar to control (100% of survival in 
control). 
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Table 9 – Nº of C.elegans tested and alive for the survival experiment for different compound 5b concentrations.. Nº of descendants 
considering the nº of nematode alive after the 5 days for the reproduction experiment.* it was considered that the number of 

nematodes alive after the 72h are the same after the 5 days 

Compound 5b 

concentration (µg/mL) 

Nº of C.elegans 

tested 

Nº of C.elegans alive 

after the 5 days* 

Nº of descendants 

(approx.) after the 5 

days 

Control 77 77 1300 

128 131 104 (smaller size) 1450 

64 107 100 2100 

32 116 110 2450 

8 129 120 2500 

2 50 49 700 

 

The toxicity of compound 5b was also assessed in the nematode C.elegans. Results presented in 

Figure 15 show that growth and reproduction of the nematodes was observed for all the five concentrations 

of 5b tested (128, 64, 32, 8 and 2 µg/mL). Although for 5b concentration of 128 µg/mL survival curve was 

affected (P-value < 0,0001), after 24h the percentage of survival was still high (81%). After 48h the 

percentage of surviving worms only decreased to 79% and remained in this value after 72h. Therefore, this 

concentration did not affect expressively the survival of the nematodes. 

Concentrations of 5b 64, 32 and 8 µg/mL of 5b affected to a less extent the C. elegans survival. 

The P-values indicates a significantly difference between this curves and the control one (0.0227, 0.0432 

and 0.0181 for concentrations 65, 32 and 8 µg/mL, respectively). However, after 72h, the percentage of 

survival was 93-94% for these 3 concentrations. In fact, the survival curve for the concentration of 64 µg/mL 

is the one that differs more from the control curve due to a decrease in survival after 48h (changes from 

97% to 93%). 

The lower concentration (2 µg/mL) curve is almost similar to the control one (P-value = 0.2146) and 

after 24h to 72h the percentage of survival remained at 98%. 

Results presented in Table 9 show that the number of C.elegans alive after 5 days. For the 

concentration of 128 µg/mL the total surviving worms were reduced compared to the ones in presence of 

the other four concentrations of compound 5b. 

The survival and reproduction assays were performed at the same time with the same experiments. 

Results presented in Table 9 indicate that the nematodes reproduced in all concentrations of the compound 

5b. For concentrations of compound 5b of 128, 64, 32, 8 and 2 µg/mL the mean number of descendants 

per each nematode alive were 14, 21, 22, 21 and 14, respectively. These values are similar to those for the 

control (17 descendants per each nematode alive). 
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Although C.elegans is the simplest multicellular eukaryotic model and therefore comparing the 

effect of these compounds to what could happen to humans is impossible, we can deduce that this 

compound 5b could not be toxic at concentrations ≤ 128 mg/L. 

3.2.5.2 Toxicity assays in liquid medium (supplemented K medium) 

After several experiments the conditions for the liquid assay were optimized by using a 

supplemented K medium and using heat-killed suspensions of E.coli OP50 from exponential phase with a 

standardized OD640 of 0.1. No growth and no descendants could be detected when using the normal K 

medium regardless the growth phase of E.coli. No descendants could be detected when using the 

supplemented K medium with heat-killed E.coli from exponential phase and OD640 of 0.15 or with heat-killed 

E.coli from stationary phase and OD640 of 0.15 or 0.1. Using the supplemented K medium with the heat-

killed E.coli from exponential phase and OD640 of 0.1, after 72h, C.elegans descendants could be found. 

Results presented in Table 10 indicate the number of descendants per one nematode alive tested 

in presence of compounds 5a and 5b. 

Visual inspection of the nematodes in the wells with the two highest concentrations of compound 

5a tested (128 and 64 µg/mL) showed that the worms presented reduced motility and were smaller 

comparing to the ones in the control wells. For these concentrations of 5a, no descendants were detected 

after 5 days of experiments.  For the remaining concentrations (32, 8 and 2 µg/mL) the nematodes exhibited 

normal motility and growth during the 5 days, presenting a size similar to those in the control wells. For 

these three concentrations of 5a the C.elegans started to have descendants after 72h. After the 5 days the 

number of descendants (50 for both the concentrations of 8 and 2 µg/mL, respectively) were similar to 

control (50). At 32 µg/mL we observed a reduced number of descendants, as found when performing the 

solid medium experiment. 

Table 10 - Nº of descendants per one nematode alive after 5 days in presence of different concentrations of compound 5a or 5b 
(128, 64, 32, 8 and 2 µg/mL). 

Compound 5a and 5b 

concentration (µg/mL) 

Nº of descendants 

(approx.) in presence 

of compound 5a  

Nº of descendants 

(approx.) in presence 

of compound 5b 

Control 50 40 

128 0 20 

64 0 40 

32 30 30 

8 50 30 

2 50 30 

 

In the presence of compound 5b, the nematodes exhibited normal motility and size, similar to the 

ones in the control wells. For all the concentrations tested (128, 64, 32, 8 and 2 µg/mL) the nematodes 
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started to have descendants after 72h. After the 5 days 40 and 30 descendants were detected for the 

concentrations of 64 and 32-2 µg/mL, respectively, similar to the registered for the control (40). Although at 

128 µg/mL we observed that the descendants reduced to half, this was not observed when using the solid 

medium. 

Overall, the results obtained using the liquid medium experiment were similar to the one obtained 

in the solid medium experiment. For the highest concentrations of compound 5a, the nematodes died in the 

solid medium experiment and in the liquid medium they presented an affected motility. This could be 

explained since in the liquid medium, the C.elegans are in full contact with the nutrients as well with the 

compound solution. 

Analyzing the information taken by the two experiments, we can deduce that compound 5a affects the 

survival and reproduction of C.elegans at concentrations ≥ 32 µg/mL. Compound 5b did not affect the 

nematodes survival and reproduction at concentrations < 128 µg/mL. In addition, concentrations of 5b ≥ 

128 µg/mL can affect at least the reproduction of nematodes, since in the liquid experiment the number of 

descendants was reduced. 
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4. Conclusions 

In this work the synthesis of two cyclam salt derivatives ([H2{H2(4-

CF3PhCH2)2Cyclam}](CH3COO)2.(CH3COOH)2 (5a) and [H2{H2(C6F5CH2)2Cyclam}](CH3COO)2. 

(CH3COOH)2 (5b)) were described, as well as the assessment of their use as antibacterial and antifungal 

agents. 

Table 11 summarizes the estimated MIC values of 5a and 5b for the tested bacteria and fungi 

strains. The MIC values displayed are the ones estimated according to the CFU/mL values since the CFUs 

determination is more accurate. Compound 5a is the one which presents a higher activity towards the 

bacterial and fungal species tested. Concentrations of 5a above 8 µg/mL inhibited the growth of B. subtilis 

and above 16 µg/mL inhibited the growth of both S.aureus and E.coli. P. aeruginosa were found to be less 

sensitive to compound 5a, as only at concentrations above 512 µg/mL their growth was inhibited. B. 

contaminans was found to be insensitive to 5a, as even in the presence of a high concentration (1024 

µg/mL) their grow was not inhibited. Tested Candida species were sensitive to 5a at concentrations above 

32 µg/mL (for C.glabrata and C.parapsilosis) and 64 µg/mL (for C.albicans and C.tropicalis). 

Table 11 – MIC values (µg/mL) for the tested bacteria and fungi in presence of the compounds 5a and 5b.  

Bacteria/Fungi 5a MIC (µg/mL) 5b MIC (µg/mL) 

B. subtilis (Gram-

positive) 
8 16 

S. aureus (Gram-

positive) 
16 64 

E. coli (Gram-negative) 16 32 

P. aeruginosa (Gram- 

negative) 
512 1024 

B. contaminans (Gram- 

negative) 
>1024 1024 

C. albicans 64 256 

C. glabrata 32 256 

C. parapsilosis 32 256 

C. tropicalis 64 256 
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The experiments revealed that compound 5a affect greatly the survival and reproduction of the 

nematode C.elegans when in concentrations ≥32 µg/mL. Compound 5b did not affect the nematode survival 

and reproduction when in concentrations <128 µg/mL. Although C.elegans is the simplest eukaryotic model 

and therefore comparing the effect of these two compounds to what could happen to humans is impossible, 

we can deduce that 5a could be toxic at concentrations ≥32 µg/mL.  

Considering the chemical structures of both compounds 5a and 5b, we can conclude that the 

number of fluorine atoms in the compound molecule does not correlate with the antimicrobial activity and 

the toxicity of the compounds towards the nematode C.elegans. Compound 5b has more fluorine atoms 

than compound 5a but has less antimicrobial activity and is less toxic to the nematode. Data obtained 

throughout this work is insufficient to obtain clues on structure/antimicrobial activity of the cyclam derivatives 

under study. Nevertheless, it is possible that the BnCF3 termination is the responsible for the antimicrobial 

activity to the compound. 

Future work will focus on the identification of the molecular mechanisms underlying the antibacterial 

and antifungal activity of compound 5a. The macromolecular synthesis assay (MMS) can be performed as 

a first approach. It could be also interesting to test 5a with more BnCF3 terminations (tri and tetra substituted) 

and less BnCF3 terminations (mono-substituted) to observe if the antimicrobial activity changes comparing 

with the di-substituted cyclam derivative (5a). This will tell if the BnCF3 termination is really what gives the 

antimicrobial activity to the molecule.                                                                                                                                          

 

  



50 

 

References 

1. Michigan State University. Antimicrobials: An Introduction. (2011). at 
<http://amrls.cvm.msu.edu/pharmacology/antimicrobials/antimicrobials-an-introduction> 

2. Aminov, R. I. A brief history of the antibiotic era: Lessons learned and challenges for the future. 
Front. Microbiol. 1, 1–7 (2010). 

3. Maryn McKenna. Pharma Industry Calls on Governments to Fund New Antibiotics. National 
Geographic (2016). at <http://phenomena.nationalgeographic.com/2016/01/20/davos-declaration/> 

4. John McManus. Meeting The Antibiotic Pipeline Challenge. Life Science Leader (2013). at 
<http://www.lifescienceleader.com/doc/meeting-antibiotic-pipeline-challenge-0001> 

5. Giedraitienė, A., Vitkauskienė, A., Naginienė, R. & Pavilonis, A. Antibiotic resistance mechanisms 
of clinically important bacteria. Medicina (Kaunas). 47, 137–46 (2011). 

6. Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR ). Assessment of 
the Antibiotic Resistance Effects of Biocides. Report (2012). doi:10.2772/8624 

7. Douglas Morier. Antibiotic resistance. Encyclopaedia Britannica (2009). at 
<http://www.britannica.com/science/antibiotic-resistance> 

8. Liang, X. & Sadler, P. J. Cyclam complexes and their applications in medicine. Chem. Soc. Rev. 
33, 246–266 (2004). 

9. Declercq, E. et al. Highly Potent and Selective-Inhibition of Human-Immunodeficiency-Virus by the 
Bicyclam Derivative Jm3100. Antimicrob. Agents Chemother. 38, 668–674 (1994). 

10. Paisey, S. J. & Sadler, P. J. Anti-viral cyclam macrocycles : rapid zinc uptake at physiological pH. 
Chem. Commun. (Camb). 44, 306–307 (2004). 

11. Nonejuie, P., Burkart, M., Pogliano, K. & Pogliano, J. Bacterial cytological profiling rapidly identifies 
the cellular pathways targeted by antibacterial molecules. Proc. Natl. Acad. Sci. 110, 16169–16174 
(2013). 

12. Hughes, J. & Mellows, G. On the mode of action of pseudomonic acid: inhibition of protein 
synthesis in Staphylococcus aureus. J. Antibiot. (Tokyo). 31, 330–5 (1978). 

13. Draper, M. P. et al. Mechanism of action of the novel aminomethylcycline antibiotic omadacycline. 
Antimicrob. Agents Chemother. 58, 1279–1283 (2014). 

14. Freiberg, C., Fischer, H. P. & Brunner, N. a. Discovering the Mechanism of Action of Novel 
Antibacterial Agents through Transcriptional Profiling of Conditional Mutants Discovering the 
Mechanism of Action of Novel Antibacterial Agents through Transcriptional Profiling of Conditional 
Mutants. Am. Soc. Microbiol. 49, 749–759 (2005). 

15. Al-bari, M. A. A. et al. Novel Nickel Cyclam Complexes with Potent Antimicrobial and Cytotoxic 
Properties. J. Appl. Sci. Res. 3, 1251–1261 (2007). 

16. Roy, T. G. et al. Synthesis and antimicrobial activities of copper(II) complexes of N(4),N(11)-
dimethyl (LBZ &amp; LCZ) and N(4)-monomethyl (LCZ1)-3,5,7,7,10,12,14,14-octamethyl-1,4,8,11-
tetraazacyclotetradecane. Crystal and molecular structure of [CuLCZ1](ClO4)2. Inorganica Chim. 
Acta 415, 124–131 (2014). 

17. Ghosh Roy, T. et al. Syntheses, electrolytic behaviour and antifungal activities of Zn(II) complexes 
of isomers of 3,10-C-meso-3,5,7,7,10,12,14,14-octamethyl-1,4,8,11-tetraazacyclotetradecane (L). 
Crystal and molecular structure of [ZnLB(NO3)]NO3 (LB=a,e,a,e-L). Inorganica Chim. Acta 371, 
63–70 (2011). 



51 

 

18. Biswas, F. B., Roy, T. G., Rahman, M. A. & Emran, T. Bin. An in vitro antibacterial and antifungal 
effects of cadmium(II) complexes of hexamethyltetraazacyclotetradecadiene and isomers of its 
saturated analogue. Asian Pac. J. Trop. Med. 7, S534–S539 (2014). 

19. Cardoso, J. M. S. et al. Antibacterial activity of silver camphorimine coordination polymers. Dalt. 
Trans. 45, 7114–7123 (2016). 

20. Kauffman, C. A., Pappas, P. G., Sobel, J. D. & Dismukes, W. E. Essentials of Clinical Mycology. 
(Springer-Verlag New York, 2011). doi:10.1007/978-1-4419-6640-7 

21. Barefield, E. K., Wagner, F. & Hodges, K. D. Synthesis of macrocyclic tetramines by metal ion 
assisted cyclization reactions. Inorg. Chem. 15, 1370–1377 (1976). 

22. Royal, G. et al. New synthesis of trans-disubstituted cyclam macrocycles - Elucidation of the 
disubstitution mechanism on the basis of X-ray data and molecular modeling. European J. Org. 
Chem. 1971–1975 (1998). 

23. Alves, L. G. et al. Reactivity of a new family of diamido-diamine cyclam-based zirconium 
complexes in ethylene polymerization. Inorganica Chim. Acta 363, 1823–1830 (2010). 

24. Alves, L. G., Duarte, M. T. & Martins, A. M. Structural features of neutral and cationic cyclams. J. 
Mol. Struct. 1098, 277–288 (2015). 

25. Arendrup, M. et al. Method for the determination of broth dilution minimum Inhibitory 
concentrations of antifungal agents for yeasts. Clin. Microbiol. Infect. 18, 1–21 (2012). 

26. Richau, J. A. et al. Molecular typing and exopolysaccharide biosynthesis of Burkholderia cepacia 
isolates from a Portuguese cystic fibrosis center. J. Clin. Microbiol. 38, 1651–1655 (2000). 

27. Duthie, E. S. & Lorenz, L. L. Staphylococcal Coagulase : Mode of Action and Antigenicity. 
Microbiology 95–107 (1952). 

28. Hua, X. et al. Morphogenic and genetic differences between Candida albicans strains are 
associated with keratomycosis virulence. Mol. Vis. 15, 1476–84 (2009). 

29. Cunha, D. V. da. Molecular mechanisms underlying tolerance to acetic acid in vaginal Candida 
glabrata clinical isolates : role of the CgHaa1- dependent system. (Instituto Superior Técnico, 
2014). 

30. GraphPad Software. Fitting bacterial growth data to determine the MIC and NIC. (2009). at 
<http://www.graphpad.com/support/faqid/1365/> 

31. Lambert, R. J. & Pearson, J. Susceptibility testing: accurate and reproducible minimum inhibitory 
concentration (MIC) and non-inhibitory concentration (NIC) values. J. Appl. Microbiol. 88, 784–790 
(2000). 

32. Laboratories, I. Microbiology Guide to Interpreting Minimum Inhibitory Concentration (MIC). 1–4 
(2013). at <http://www.idexx.eu/uk/products-and-solutions/reference-
laboratory/protocols/microbiology-guide-to-interpreting-minimum-inhibitory-concentration-mic/> 

33. EUCAST. Breakpoint tables for interpretation of MICs and zone diameters European Committee on 
Antimicrobial Susceptibility Testing Breakpoint tables for interpretation of MICs and zone 
diameters. 0–77 (2016). 

34. EUCAST. Antifungal Agents - Breakpoint tables for interpretation of MICs. 0–5 (2015). 

35. Nowakowska, J., Griesser, H. J., Textor, M., Landmann, R. & Khanna, N. Antimicrobial properties 
of 8-hydroxyserrulat-14-en-19-oic acid for treatment of implant-associated infections. Antimicrob. 
Agents Chemother. 57, 333–342 (2013). 

36. Riaz, S., Ahmad, A. & Hasnain, S. Antibacterial activity of soaps against daily encountered 
bacteria. J. Biotechnol. 8, 1431–1436 (2009). 



52 

 

 


