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Synthesis and Characterization of the Antimicrobial Activity of Two Cyclam 

Derivatives 
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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 the Candida species C. albicans, C. glabrata, C. parapsilosis and C. 

tropicalis. The toxicity of these two compounds towards the nematode Caenorhabditis elegans Bristol N2 (used as 

model of a multicellular eukaryotic organism) was also evaluated. 

Compound 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. Compound 5a also exhibited 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 did not affect the nematode survival or reproduction for concentrations 

<32 µg/ mL. 

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

Inhibitory Concentration. 

 

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.1 

The period between the 1950s and 1970s was the golden era of discovery of novel antibiotic classes.2 Since 

the year 2000, antibiotics manufacturers practically abandoned the search for novel antimicrobials, mainly due to 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 impels for the search of new types of chemotherapeutic 

agents to treat infections caused by resistant organisms.2 

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. Multidrug resistance (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 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. 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. 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  

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 
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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 consisting on the inhibition of the entry of the virus into 

blood white cells by binding to the co-receptor CXCR4 in the outer membrane.10 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.11–14 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 were synthetized and their antimicrobial activity was evaluated against 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. Compounds 5a and 5b toxicity towards a 

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

and reproduction of the nematode Caernorhabditis elegans Bristol N2.  

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

infections.15 The E.coli strain used is the reference 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 infections are attributed to them.16  

 

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. 

Cyclam (1) was prepared according to a described procedure.17 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 

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). 

Compound 2 was prepared according to a published procedure18. 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 with a 72% yield (9.71g, 43.3 mmol).1H NMR 
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(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). 

Compound 3a was prepared according to a published procedure.19 

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).  

Compound 3b was prepared according to a published procedure.20 

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). 

Compound 4a was prepared according to a published procedure.19 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). 

Compound 4b was prepared according to a published procedure.20 Compound 3b 

(3.29g, 4.41 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 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). 

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, 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 
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(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}). 

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. 

2.2 Biological assays 

Optical densities (OD) were measured using a U-2000 Spectrophotometer (HITACHI).  The OD 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 with the aid of a Stemi 2000-C stereomicroscope (ZEISS). The 

liquid medium growth inhibition assays of fungi were preformed according to the EUCAST protocol21. 

2.2.1 Microbial strains and media 

Escherichia coli ATCC 25922, Burkholderia contaminans IST408, Pseudomonas aeruginosa 477, 

Staphylococcus aureus Newman and Bacillus subtilis strains were used.  When in use, bacterial strains were maintained 

in MH solid medium. The fungi tested were Candida albicans SC5314, Candida glabrata CBS 138, Candida parapsilosis 

ATCC 22019 and Candida tropicalis ATCC 750. When in use, Candida strains were maintained in Yeast Extract Potato 

Dextrose (YPD) solid medium. When in use, the nematode Caernorhabditis elegans Bristol N2 was maintained at 20°C 

on Nematode Growth Medium I (NGM I) plates covered with E.coli OP50.  

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 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 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 filter sterilized) and 0.5 mL cholesterol (10mg/mL in ethanol). The K3PO4 buffer (1M) contained 

108.3g/L KH2PO4 and 35.6g/L K2HPO4 a pH 6.0. 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 KPO4 buffer (pH 6), 1 mL of 1M CaCl2, 1 mL of 1M MgSO4, 1 mL uracil (2mg/mL filter sterilized) 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). 
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2.2.2 Bacterial and Fungal growth inhibition assays in liquid medium 

The growth inhibition of the tested bacteria and fungi strains based was evaluated based on 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. Cultures were diluted with 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. 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. Negative 

controls contained the serial dilutions of the compounds without the bacteria or fungi inoculum. Microtiter plates were 

incubated at 37°C (bacteria) or 35°C (fungi) for 24h. Growth was assessed by measuring the cultures OD640 (bacteria) 

or OD530 (fungi). Results are the mean values of at least 3 independent experiments performed in triplicate (bacteria). 

Results are the mean values of at least 3 independent experiments, with 2 performed in triplicate (fungi). 

 CFUs were counted for the wells containing the concentrations of cyclam derivatives above and below the MIC 

values estimated by the microdilution method (two wells with concentrations below MIC and one well with concentration 

above MIC). After the 24h incubation at 37ºC (bacteria) or 35ºC (fungi) of the microbial cultures in microtiter plates, 100 

µL of the mixture present in each chosen wells were serially diluted to 10-7 (1:10 dilution) with 0.9% NaCl. 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 stereomicroscope. 

 

2.2.3 Toxicity assays 

The toxicity of 5a and 5b to the nematode Caernorhabditis elegans Bristol N2 was evaluated based on survival 

and reproduction upon incubation in the presence of increasing concentrations of each cyclam derivative. 50 µL aliquots 

of E.coli OP50 suspensions with a standardized OD640 of 2.0 were prepared from overnight grown cultures or from 

cultures grown for 4 hours. These bacterial suspensions were plated onto the surface of 35 mm diameter Petri plates 

containing 4 mL of NGM II and different concentrations 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. 

 

3. Results and Discussion 

3.1 Synthesis of the cyclam derivatives 

Two cyclam derivatives (H2(4-CF3PhCH2)2Cyclam and H2(C6F5CH2)2Cyclam) were synthesized, and converted 

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

[H2{H2(C6F5CH2)2Cyclam}](CH3COO)2.(CH3COOH)2, respectively). Salt conversion was performed because the neutral 

forms presented lower solubility and therefore, their real antimicrobial activity would be understimated. Figure 1 shows 

the reactional scheme to obtain these compounds from cyclam (1). 
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Figure 1 –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 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 2 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 2 - 1H and 19F NMR spectra of compound 5a, in D2O at 296K. 

3.2 Biological assays 

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

species 

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

study was assessed by measuring the optical density at 640nm (bacteria) or 530nm (fungi) of cultures after 24h 

incubation at 37ºC(bacteria) or 35ºC (fungi) in the presence of compound concentrations up to 1024 µg/mL.The data 

(OD640 or OD530) obtained from the growth inhibition assay in liquid media was adjusted to a Gompertz model using the 

GraphPad Prism software22. 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 method23 where the MIC was mathematically determined with a 

nonlinear regression using the Gompertz equation (Figure 3). 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 (Figure 4).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 

3A. 5a was not effective towards B.contaminans IST408 at the tested concentrations. 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 also 

shown in Figure 3B. The MIC values for compound 5b are displayed in Table 1. 
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Figure 3 – (A) 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. (B) 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. MIC values are indicated in each case. 

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 (Fig. 3A). 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 (Fig. 3B). Results presented 

in Figure 4A 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 4A 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 registered 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. Figure 

4B shows that no growth of C.albicans and C.glabrata occurred for concentrations 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 ocurred at concentration 64 

µg/mL of 5a, indicating that the compound is fungicidal for a 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 ocurred 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. 

A B 
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Figure 4 – (A) 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. (B) 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. 

Results obtained by the microdilution method and by enumerating the CFU in cultures carried out in the 

presence of concentrations of 5a and 5b close to the MIC value are summarized in Table 1. 

 
Table 1 - MIC values (µg/mL) for the tested bacteria and fungi in presence of the compounds 5a and 5b. The MIC values displayed 

are the ones estimated according to the CFU/mL values snice the CFUs determination is more accurate. 

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 

 

A B 
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3.2.2 Toxicity assays 

Data from survival and reproduction of C. elegans in the presence of compound 5a was represented in a 

Keplan-Meier survival chart (Figure 5) 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 is summarized in Table 2 for compound 5a. 

 

Figure 5 - 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-value < 0,0001. The 64 µg/mL and Control 
curves also differ significantly with the same P-value. The 32 µg/mL and Control curves differ a little, with a P-value = 0.0436. 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. 

Table 2 - 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 the 5 days 

Compound 5a 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 
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 5 shows that compound 5a is toxic to C.elegans (P-value < 0,0001) for concentrations >32 µg/mL. Table 

2 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 128 and 64 µg/mL were lower than the ones exposed to lower 

concentrations of compound 5a. Results presented in Table 2 show that in the presence of 128 µg/mL of 5a the 

nematodes were not able to reproduce. For concentrations of compound 5a of 32, 8 and 2 µg/mL concentrations, 
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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). Our results 

indicate that compound 5a is toxic at concentrations ≥ 32 mg/L. Compound 5b is not toxic at the five concentrations 

tested (128, 64, 32, 8 and 2 µg/mL) and the nematodes reproduce at all concentrations of compound 5b. Therefore, we 

can deduce that this compound 5b is not toxic concentrations ≤ 128 mg/L. 

 

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)) is described, as well as the assessment of their use 

as antibacterial and antifungal agents. 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 16µg/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 the highest 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). B.subtilis, S.aureus and E.coli were the bacterial species that were found to be more sensitive to 

compound 5b, as at concentrations above 16, 64 and 32 µg/mL, respectively, their growth was inhibited. P. aeruginosa 

and B. contaminans were found to be less sensitive to 5b, as only at concentrations above 1024 µg/mL their growth 

was inhibited. Tested Candida species were found less sensitive to 5b, as only at concentrations above 256 µg/mL their 

growth was inhibited. 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. 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 activity of compound 5a. 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. 
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