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Abstract: Surfactants are versatile excipients that are commonly employed in diverse pharmaceutical 

formulations given their broad range of antimicrobial activities. Sulfur-based amino acid surfactants are 

promising candidates as substitutes for conventional antibacterial agents in light of the current antibiotic 

resistance crisis. Dodecyl esters of the free amine (SURF1), cationic ester hydrochloride (SURF2), and 

quaternary ammonium (QUAT3) derivatives of methionine, and the Gemini diester of cystine (GEM4) 

were synthesized and evaluated for antibacterial activity against Gram-positive and Gram-negative 

pathogens. All surfactants displayed moderate to high antibacterial activities, particularly on Gram-

positive bacteria, with QUAT3 showing the highest activity. Among Gram-negative bacteria, QUAT3, 

GEM4, and SURF2 were mostly active towards K. pneumoniae with minimum inhibitory 

concentrations (MIC) ranging from 0.004 to 0.441 mM. QUAT3 and GEM4 displayed a bacteriostatic 

behavior similar to that of tetracycline, as assessed by broth macrodilution assays. Fluorescence binding 

studies with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) revealed that the antibacterial 

activities could be attributed to a combination of electrostatic and hydrophobic interactions. Bovine 

serum albumin (BSA) fluorescence and molecular docking studies indicated that SURF1 and QUAT3 

interact mainly via van der Waals' forces and hydrogen bonding while SURF2 binds through 

hydrophobic interactions. QUAT3, which displays broad-spectrum activity, has the potential to combat 

drug-resistant bacteria. 
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1. Introduction 

The increase in the prevalence of antibiotic-resistant microorganisms, together with a 

lack of newly developed antimicrobial drugs, is bringing a great threat to the community in 

dealing with multidrug-resistant bacterial infections [1]. Thus, the design and development of 

new compounds with a wide range of antimicrobial activities impede the development of 

acquired resistance is essential to combat infectious diseases. 
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Surfactants continue to attract the interest of researchers because of their wide range of 

applications in the pharmaceutical, medical, cosmetic, and detergent industries. They are 

known to exhibit a broad spectrum of antimicrobial properties [2,3] through various 

mechanisms, including direct interaction with bacterial cell membranes, leading to cell lysis 

and eventually bacterial cell death [4,5]. Hence, surfactants show less susceptibility to 

antimicrobial resistance and have been suggested as future therapeutics against drug-resistant 

bacteria [6].  

Conventional petroleum-based surfactants have adverse effects on the environment. 

Therefore, amino acid-based surfactants have emerged as a promising biocompatible and 

biodegradable class of compounds for biomedical application due to their improved safety 

profile in terms of physiological and ecological compatibility [7,8]. Head group architecture 

influences the antimicrobial activity of the surfactants, as the type and charges dictate the 

interaction with the bacterial cell membrane [9,10]. The molecular design of these surfactants, 

which results in different modes of antibacterial action, could make them potent alternatives to 

existing antibiotics in curtailing antibiotic resistance. 

Many non-ionic, cationic, and anionic amino acid surfactants from different amino 

acids have been explored for their antimicrobial properties. An increase in the hydrophobic 

character of the surfactants is known to improve their antibacterial activity. Several studies 

have shown that increasing alkyl chain length leads to enhanced activity with a cut-off at C12 

[11,12]. Additionally, Gemini surfactants show diverse properties compared to monomeric 

surfactants, such as lower critical micelle concentration and better antimicrobial properties due 

to the presence of a double chain system that provides additional hydrophobic contacts [13].  

Recently, our group and other researchers reported the synthesis of surfactants derived from 

sulfur-based amino acids [14-16]. Methionine and cystine are considered non-polar and 

hydrophobic amino acids, consisting of a potentially reactive sulfur group capable of enhancing 

the biological properties of their derivatives[17]. Yoshimura et al. (2007) reported that 

monomeric and dimeric N-alkylamine surfactants derived from cysteine with higher chain 

length had a greater tendency to form small uni-lamellar vesicles than micelles [18]. Urea-

based Gemini surfactants derived from cystine have been reported to show lower critical 

micelle concentration (CMC) than their monomeric counterpart, whereas the monomeric 

surfactants derived from cystine and methionine showed a greater ability to lower surface 

tension [15]. Perinelli et al.(2019) reported that quaternary ammonium surfactants derived from 

the amino acid methionine, bearing C12 and C14 alkyl chains, showed comparable antimicrobial 

activities to benzalkonium chloride, a known biocidal compound [19].  

In the present work, our aim was to develop sulfur-based amino acid surfactants with 

antibacterial activities. With this view, we have synthesized a C12 Gemini surfactant derived 

from cystine and compared its properties with monomeric surfactants derived from methionine. 

The surfactants were evaluated for antibacterial potential against Gram-positive and Gram-

negative strains. Investigation of their mode of action with phospholipids as model membranes 

together with the study of their interactions with bovine serum albumin (BSA) using 

fluorescence spectroscopy and molecular docking studies were undertaken to provide more 

insight into their potential applicability as therapeutic agents. 
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2. Materials and Methods 

2.1. Chemicals. 

L-Methionine, cetyl trimethyl ammonium bromide (CTAB), and iodomethane were 

purchased from BDH Laboratory Supplies (England). L-Cystine, 1-dodecanol, 1-anilino-8-

naphthalene sulfonate (ammonium salt; ANS), 1,6-diphenyl-1,3,5-hexatriene (DPH), and Tris-

buffered saline (0.05 M, pH 7.4) were obtained from Sigma-Aldrich. 1,2- Dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) was obtained from Avanti Polarlipids, Inc. Mueller Hinton 

agar, and broths were purchased from Oxoid Ltd (United Kingdom). The different bacterial 

strains were obtained from Microbiologics® (St Cloud, MN, USA) and Oxoid Ltd (United 

Kingdom).  

2.2. Instrumentation.  

1H and 13C NMR spectra were recorded at 250 and 62.9 MHz on a Bruker electro spin 

NMR spectrometer using CDCl3 as solvent. IR spectra were recorded on a Bruker Alpha FT-

IR spectrophotometer. Conductivity measurements were recorded using a Jenway 4510 

conductivity meter. Sonification was carried out using a Soniprep 150 sonifier. Fluorescence 

intensities were recorded on an LS 55 Perkin Elmer fluorescence spectrophotometer. 

2.3. Synthesis of L-methionine-based surfactants.  

The methionine-based surfactants SURF1, SURF2, and QUAT3 were synthesized using the 

modified reported procedure [19]. 

2.3.1. Methionine dodecyl ester, SURF1.  

Methionine (1.8 g, 12.1 mmol), dodecanol (3.3 ml, 14.5 mmol) and PTSA (4.6 g, 24.2) 

were refluxed in toluene for 48 h. The crude oil obtained was then purified by column 

chromatography on silica gel with EtOAc/Hexane (1:2) to obtain the compound as an oil. 

Yield: 56.6 %. IR ν/cm-1: 2920 & 2853 (C-H), 1733 (C=O), 1241 (C-N), 1177 (C-O), 722 (S-

C). 1H-NMR (CDCl3) δ (ppm): 0.75-0.79 (t, 3H, CH3, J=6.3Hz), 1.16 (m, 18H, (CH2)9), 1.55 

(m, 2H, CH2), 1.69-1.96 (m, 2H, CH2), 2.01 (s, 3H, SCH3),  2.49-2.55 (t, 2H, CH2S, J =7.4 

Hz),  3.45-3.50 (m, 1H, CHC=O), 3.98-4.04 (t, 2H, -OCH2CH2, J=6.7 Hz). 13C-NMR (CDCl3) 

δ (ppm): 14.1, 15.3, 22.7-25.9, 28.6, 29.2, 29.6, 30.5, 31.9, 34.0, 53.3, 65.2, 175.8 (C=O). 

2.3.2. Methionine dodecyl ester hydrochloride, SURF2.  

The ester hydrochloride derivative was obtained by bubbling HCl gas through the free 

amine derivative SURF1. Yield: 40.8 %. IR ν/cm-1: 2850 & 2918 (C-H), 1737 (C=O), 1598.87 

(N-H), 1482 (CH2), 1285 (C-N), 1210 (C-O), 722 (S-CH3). 
1H-NMR (CDCl3) δ (ppm): 0.86-

0.88 (t, 3H, CH3,  J=7 Hz), 1.24 (m, 18H, (CH2)9), 1.62-1.67 (m, 2H, CH2), 2.11 (s, 3H, SCH3), 

2.24-2.34 (m, 2H, CH2), 2.69-2.75 (m, 2H, CH2S), 4.00 (m, 1H, CH(N+H3)), 4.17-4.24 (m, 2H, 

OCH2). 
13C-NMR (CDCl3) δ (ppm): 14.1, 15.1, 22.7-29.6, 29.7, 31.9, 52.1, 67.0, 169.6 (C=O). 

2.3.3. Methionine dodecyl quaternary ammonium ester chloride, QUAT3.  

L-Methionine dodecyl ester (0.5 g, 1.6 mmol) and anhydrous potassium carbonate (1.2 

g, 8.8 mmol) were dissolved in acetonitrile (10 ml) and an excess of methyl iodide (2.0 ml, 
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32.1 mmol) was added. The reaction mixture was stirred at ambient temperature for 24 hours. 

The mixture was filtered and the solvent removed under vacuo. A white solid was obtained and 

it was washed with Et2O (25 ml) to obtain the pure solid. Yield: 66 %. IR ν/cm-1: 2922 & 2853 

(C-H), 1735 (C=O, 1244 (C-N), 1163 (C-O), 720 (S-C). 1H-NMR (CDCl3) δ (ppm): 0.79-0.84 

(t, 3H, CH3, J=6.5 Hz), 1.20 (s, 18H, (CH2)9), 1.48-1.53 (m, 2H, CH2, J=6.5 Hz), 2.19 (s, 3H, 

SCH3), 2.27-2.24 (m, 2H, CH2), 2.53-2.55 (m, 2H, CH2S, J=6.6 Hz), 3.55 (s, 9H, +N(CH3)3), 

4.05-4.10 (t, 2H, -OCH2, J=6.6 Hz), 4.18-4.23 (t, 1H, -CH =O, J=6.5 Hz).13C-NMR (CDCl3), 

δ (ppm): 9.4, 17.9, 21.0, 24.6-24.9, 27.2, 28.1, 48.4 (+N(CH3)3), 58.3 (OCH2), 162.3 (C=O).  

2.4. Synthesis of L-cystine-based surfactant, L-Cystine didodecyl ester, GEM4.  

L-Cystine (1.9 g, 8.3 mmol), PTSA (6.3 g, 33.6 mmol) and 1-dodecanol (3.3 ml, 14.8 

mmol) in toluene (100 ml) was refluxed for 48 hours in a Dean-Stark apparatus. The excess 

organic solvent was removed and the p-toluene sulfonate salt of the ester was washed with 

excess diethyl ether. The resulting solid was dissolved in 2 M NaOH (100 ml) and extracted 

with EtOAc (100 ml) to afford the product as an oil. Yield: 74 IR ν/cm-1: 3368 (N-H ), 2921 & 

2852 (C-H),  1736 (C=O) 1258 (C-N), 1173 (C-O), 721 (S-C). 1H NMR (CDCl3) δ (ppm): 0.77-

0.82 (t, 6H,  2 x CH3, J=6.5 Hz), 1.18-1.22 (m, 36H,  2  (CH2)9), 1.54-1.62 (m, 4H, 2  CH2), 

2.06 (s, 4H, NH2), 2.79-3.09 (4H,  dd, 2 xCH2-S, J =7.7, 4.5 Hz), 3.69-3.82 (m, 2H, CH2), 4.03-

4.08 (t, 4H, 2 x OCH2, J=6.8  Hz). 13C-NMR (CDCl3), δ (ppm): 14.1, 22.7, 25.8-25.9, 28.5 , 

29.2-29.6, 31.9, 43.6, 53.6, 65.6, 173.7 (C=O). 

2.5. Determination of critical micellar concentration (CMC).  

The critical micelle concentration (CMC) of SURF2 and QUAT3 were determined in 

an aqueous solution at 25°C using conductivity, while the CMC of SURF1 and GEM4 were 

determined using pyrene fluorescence measurements at 25°C [20]. 

2.6. Antibacterial susceptibility testing. 

Antimicrobial activities were determined against six test organisms:  three Gram-

positive bacteria, namely Staphylococcus aureus (ATCC 29213), Bacillus cereus (ATCC 

11778) and Staphylococcus epidermidis (ATCC 12228), and three Gram-negative bacteria, 

namely Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC 13883) and 

Pseudomonas aeruginosae (ATCC 27853), using the broth micro- and macro-dilution 

methods. The strains were cultured in sterile Mueller Hinton broth for 18 hours at 37ºC.  

2.7. Broth microdilution.  

Overnight cultures of the test pathogens were diluted to the turbidity of A600=0.2. Sterile 

Mueller-Hinton broth (50 µl) with varying concentrations of the surfactants to be tested was 

added to the diluted test cultures (50 µl) in 96-well plates. The plates were incubated for 24 hrs 

at 37ºC. After incubation, the A600 was recorded on a microplate reader (Synergy™ HT Multi-

Mode Microplate Reader), and the MIC of each surfactant was determined by the addition of 

iodonitrotetrazolium chloride (20 μl,  0.4 mg/ml) followed by further incubation at 37°C for 30 

min. Viable microorganisms reduced the yellow dye to pink color. DMSO and tetracycline (10 

µg/ml) were used as negative and positive controls, respectively.  

2.8. Broth macrodilution.  
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Viability curves of Klebsiella pneumonia and Bacillus cereus were followed for 

QUAT3 and GEM4. Sterile Mueller Hinton broth (50 ml) was inoculated with selected test 

bacteria cultures (50 µl) and shaken at 220 rpm at 37 ºC. Surfactant (50 µl,  20 mg/ml) was 

added when the broth turbidity reached A600 = 0.2. Bacterial cell growth was monitored by 

turbidity measurements at 600 nm at 1-hour intervals on a spectrophotometer (SPECTRO UV-

16 PC - MRC LAB). Aliquots of the cultures were taken at 2-hour intervals to assess for 

viability by plating and incubating at 37 ºC for 24 hours, after which the presence of colonies 

was monitored. Samples were taken for microscopic examination 1 hour after the addition of 

each surfactant. Unstained samples were observed at 1000X magnification using an oil 

immersion lens on an inverted microscope (Inverted Laboratory Microscope Leica DM IL 

LED). 

2.9. Phospholipid binding studies.  

2.9.1. 1-Anilino-8-naphthalene sulfonate (ANS). 

A mixture of aqueous surfactant solution (1.00 ml, 1 × 10-3 M) and DPPC in 0.01 M 

Tris-buffered saline, pH 7.0 (1.00 ml, 2 × 10-3 M) was titrated with a stock solution of ANS. 

The fluorescence intensities (Fb) after the addition of each 5 µL of ANS solution were recorded 

at 480 nm (excited at 380 nm). The slope of the linear plot was taken to be the emission 

coefficient of the ternary ANS complex (At). The concentrations of the bound ANS, Xb, in 

these solutions, were calculated according to Equation 1.  

Xb= (Fb-F0)/(Ab-A0)      Equation 1 

Fb and F0 are the fluorescence intensities for solutions with and without lipid. Ab and A0 are 

the emission coefficients for lipid-bound and free ANS, respectively.  

From the value of Xb, the concentrations of free and bound ANS were calculated for 

each solution, and the data were then treated using the Scatchard equation (Equation 2). 

ν

[P]
 =   n′K −   νK               Equation 2 

where ν is the number of moles of bound probe per mol of lipid, [P] is the free concentration 

of the probe, n′ is the maximum value of ν, which indicates the binding capacity of the lipid 

for ANS; and K is the binding constant.  

For the quantitative determination of the binding of ANS to lipid in the presence of the 

surfactant, a solution containing DPPC (1.00 ml,  4 × 10-5 M) and aqueous surfactant solution 

(1.00 ml, 10-3 M) was titrated with a stock solution of ANS. The fluorescence intensity (Fb) of 

each titration increment of 5 µl was measured. The fluorescence intensities in the absence of 

DPPC (F0) were obtained by measuring the fluorescence after the addition of each 5 µl of ANS 

solution to a mixture of Tris buffer solution (1.00 mL, 0.01M) and surfactant (1.00 ml, 10-3 M). 

The free and bound concentration of ANS corresponding to the ANS concentration added along 

the titration curve was calculated using At in the same manner as described for the binary 

system. The binding parameters were determined using Equations 1 and 2.  

2.9.2. DPH (1,6-diphenyl-1,3,5-hexatriene).  

A stock solution of DPH in tetrahydrofuran (10-4 M) was freshly prepared and kept in 

the dark. Samples containing DPPC (2.00 ml, 1 × 10-3 M)  with various concentrations of DPH 
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(5 × 10-7 M to 5 × 10-6 M) were incubated at 50°C for 1 hour and then cooled to room 

temperature after which the fluorescence intensities were measured. The experiment was again 

carried out using a lower concentration of DPPC solution (2 × 10-5 M). The fraction of bound-

DPH in the solution of lower DPPC concentration was taken to be the ratio of its fluorescence 

with that of the solution containing 1 × 10-3 M DPPC at the same total concentration of DPH. 

The binding constant K and binding capacity n′ between DPH and DPPC vesicles were 

determined using Equation 2. 

For the competitive binding studies, mixtures containing DPPC (2.00 ml, 2 × 10-5 M), 

and DPH (5 × 10-8 M) were titrated against varying concentrations of the surfactant, and the 

fluorescence intensities after addition of each 5 µl of surfactant solution were recorded as a 

function of the surfactant concentrations. The fraction of bound probe in the solution was taken 

to be the ratio of the fluorescence intensity obtained with that of the solution containing a higher 

concentration of DPPC (1 × 10-3 M) and DPH (5 × 10-8 M). The binding of the surfactants to 

DPPC was determined using Equation 3. This equation was derived from the competitive 

binding mechanism assuming that the surfactant competes for n′1 of the n′ probe binding sites 

with an intrinsic binding strength of K1.  
(n′ − 𝜈1)𝜈1

(n′ − 𝜈∗− 𝜈1)[D]
=  n′1K1

−  𝜈1K1
     Equation 3 

where ν* is the ratio of bound-probe per total lipid concentration in the presence of the 

surfactant; ν1 is the ratio of bound drug per total lipid concentration; n′1 is the maximum value 

of ν1, which indicates the probe binding sites which may be replaced by surfactant; [D] is the 

free surfactant concentration; K1 is the binding constant for the surfactant-lipid interaction; and 

ν1 was obtained from Equation 4, using  n′ and K values from Equation 2. 

𝜈1 = n' − 𝜈∗  −
𝜈∗

[P]∗K
                         Equation 4 

[P]* represents the free concentration of the probe in the presence of the surfactants. 

[D] was taken to be the difference between the total concentration of the surfactant and the 

product of ν1 and total lipid concentration. 

2.10. Bovine Serum Albumin (BSA) binding properties.  

Fluorometric titration of a solution of BSA (1 ml, 10 μM) in 20 mM phosphate buffer 

(pH 7.4), further diluted with phosphate buffer (2 ml) with stock solutions of the methionine 

surfactants (0.4 mM) was carried out. The solutions were excited at 295 nm, and the intensity 

of the BSA solutions with and without surfactants was recorded at 336 nm. In order to 

determine the thermodynamic parameters free energy (∆G), enthalpy (∆H), and entropy (∆S), 

binding studies were carried out at 298, 308, and 313 K. 

2.11. Molecular docking.  

The structures of the methionine derivatives, SURF1, SURF2, and QUAT3 were drawn 

and optimized using Avogadro 1.2.0 software and used as input for the docking calculations. 

The crystal structure of BSA was obtained from the Protein Data Bank (PDB, id: 4F5S), and 

hydrogen atoms were added using the Reduce package [21]. Gasteiger–Marsili charges [22] 

were then assigned to both the receptor and ligand atoms using Open Babel 2.3.90 [23] and 

imported into AutoDockTools. Docking was subsequently done using the Autodock 4.2 

software [24]. A Lamarckian genetic algorithm (GA) was used to generate 100 low-energy 

conformations in which the flexible ligands were docked in the vicinity of Trp-213. Docking 
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was done inside a three-dimensional grid box of size (70 × 70 × 70) Å, with a grid spacing of 

0.375 Å, centered on the Trp residue. Various different binding poses were found, and in order 

to generate comparable binding pockets for each surfactant, a large number of conformations 

had to be generated. In the interest of brevity, we only discuss in detail the docked 

conformations with the lowest free energy of binding in each case. Interaction diagrams were 

made with LigPlot+ [25]. 

3. Results 

3.1. Synthesis of surfactants. 

Several studies on the effect of chain length on antimicrobial activities of surfactants 

reported the dodecyl (C12) derivative to show optimum activity as a result of an optimal 

hydrophobic-hydrophilic balance that enhanced interaction and penetration of the surfactant 

inside the membrane of the microorganisms [20]. Methionine and cystine derivatives 

containing one and two C12 hydrophobic chains, respectively, together with structural 

modification of the head group, were studied to investigate their effect on the physicochemical 

and biological properties of the sulfur-based system. 

The free amine (SURF1), hydrochloride (SURF2), and quaternary ammonium 

derivatives (QUAT3) of the C12 methionine esters and the C12 Gemini cystine surfactant 

(GEM4) were synthesized (Figure 1). The synthesis and characterization of SURF1 and 

QUAT3 have been previously reported  [19]. However, when similar reaction conditions were 

employed in the present work, low yields of the desired products SURF1 and QUAT3 were 

obtained, together with a significant amount of unreacted alcohol. When the reaction time was 

extended from 4 to 48 hours and purified using column chromatography, high-grade purity 

products were isolated.  

The peak at 1733-1737 cm-1 in the IR spectra and 162.3-175.8 ppm in the 13C NMR 

spectra confirmed the formation of ester linkage in the surfactants. A downfield shift of 0.5 

ppm in the signal of the hydrogen attached to the alpha carbon confirmed the formation of the 

hydrochloride salt,  SURF2. The presence of the singlet at δ 3.55 ppm (9H) corresponding to 

3 methyl groups confirmed the formation of the QUAT 3. The structure of GEM4 was 

confirmed using 2-D NMR spectroscopy. Selected data are represented in Table 1. 

 
Figure 1. Synthesis of surfactants. (i) 1-dodecanol, PTSA, refluxing toluene 24 hours; (ii) HCl; (iii) MeI, 

K2CO3, acetonitrile, r.t, 24 hours. 
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Table 1. Selected NMR assignment of GEM4. 

Assignment 1H-NMR 

δ/ ppm 

13C-NMR 

δ/ ppm 

DEPT NMR COSY HMBC 

1 0.77-0.82 14.1 -CH3 2 H2, H3 

2 

1.18-1.22 

22.7 -CH2 1 H1, H4 

3 31.9 -CH2 2, 4 H1, H5 

4-9 29.2-29.6 -CH2  H2, H6 

10 25.8-25.9 -CH2  H8, H11, H12 

11 1.54-1.62 28.5 -CH2 10,12, H9, H12 

12 4.03-4.08 65.6 -CH2 11 H10,  H11, 

13 - 173.7 -  H15, H14 

14 3.69-3.82 53.6 -CH 15 H15 

15 2.79-3.09 43.6 -CH2 14 H14 

3.2. Antibacterial activity tests. 

3.2.1. Minimum inhibitory concentration. 

The synthesized non-ionic (SURF1, GEM4) and cationic (SURF2, QUAT3) containing 

C12-alkyl chain surfactants were screened against a range of Gram-positive and Gram-negative 

test bacteria. The antibacterial activity was expressed as MIC, which gives a quantitative 

assessment of the tested compounds and represents the lowest concentration that inhibits 

visible bacterial growth (Table 2). All surfactants displayed moderate to high antibacterial 

activities against the bacteria tested. Amongst the four surfactants, QUAT3 showed the highest 

activity against both Gram-positive and Gram-negative bacteria.  

Table 2. Minimum inhibitory concentration and critical micellar concentrations of sulfur-based amino acid 

surfactants. 

Test organisms 
MIC (mM) 

SURF1 SURF2 QUAT3 GEM4 Tetracycline 

Gram-positive 

bacteria  

Staphylococcus epidermidis (ATCC 12228) 0.984 3.53 0.080 2.18 11.25 

Bacillus cereus (ATCC 11778) 0.01 0.001 0.002 4.33 0.005 

Staphylococcus aureus (ATCC 29213) 0.13 0.03 0.01 4.33 0.005 

Gram-negative 

bacteria 

Escherichia coli (ATCC 25922) 2.46 2.21 0.04 4.33 0.005 

Klebsiella pneumoniae (ATCC 13883) 8.34 0.441 0.004 0.04 0.011 

Pseudomonas aeruginosa (ATCC 27853) 8.34 3.53 0.03 2.18 1.41 

CMC/mM  0.25* 2.19** 0.68** 0.041*  

*: pyrene fluorescence   **: conductivity measurements 

3.2.2. Broth macrodilution assay. 

Based on the MIC values obtained, we examined the effect of QUAT3 on the growth 

of K. pneumoniae and B. cereus and of GEM4 on the growth of K. pneumoniae using the broth 

macro-dilution assay. Bacterial growth curves show the relationship between the cell 

population, as measured by turbidity versus time. Following the start of the exponential phase 

(A600 = 0.2) and the addition of QUAT3 and GEM4 to K. pneumoniae, a decrease in absorbance 

was observed compared to the negative control (Figure 2a).  A similar effect was observed on 

B. cereus upon the addition of QUAT3 (Figure 2b). QUAT3 and/or GEM4 showed comparable 

effects as the positive control tetracycline (Figure 2). Aliquots of each culture were taken at 

two-hourly intervals to assess cell viability. Cells were found to be viable up to 6-hrs after the 

addition of surfactants. At t = 8 hours, no colonies were observed.  
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Figure 2. Effect of QUAT3 and GEM4 on bacterial growth. (a) Klebsiella pneumoniae; (b) Bacillus cereus. 

Bacterial population growth was monitored by measuring the absorbance at 600 nm. Surfactants were added at 

A600 = 0.2. 

The effect of cationic QUAT3 and GEM4 on bacterial cell integrity was evaluated 

against the Gram-negative K. pneumoniae and the Gram-positive B. cereus. Cells from the 

control culture of K. pneumoniae appeared to be of high density and agglomerated to each 

other, generating a thick layer of biofilm. After 1 hour of incubation with QUAT3 and GEM4, 

fewer cells were observed, and the cells no longer agglomerated. However, cells treated with 

QUAT3 retained their rod shape, whereas those with GEM4 assumed pleiomorphic forms, 

indicative of cell wall disruption (Figure 3). The addition of QUAT3 to B. cereus disrupted the 

chains and shape of the rod cells (Figure 4). 

        
(a)     (b) 

 
(c) 

Figure 3. Effect of QUAT3 and GEM4 on K. pneumoniae bacterial integrity. (a) Control without surfactant; (b) 

QUAT3; (c) GEM4. Samples were examined microscopically (1000X) after 1 hour of incubation with each 

surfactant. 
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Figure 4. Effect of QUAT 3 on B. cereus bacterial structure. (a) No surfactant; (b) QUAT3. Samples were 

examined microscopically (1000X) after 1 hr of incubation with each surfactant. 

3.3. Phospholipid binding studies. 

The phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is a simple 

membrane model used to probe the mechanism of action of small molecules with bacterial 

membranes [26-28]. 

The influence of the head groups (free amine or cationic) and additional hydrophobic 

chains in GEM4 on the binding abilities with phospholipid DPPC were investigated in the 

presence of the fluorescence probes 1-anilino-8-naphthalenesulfonate (ANS) and 1,6-diphenyl-

1,3,5-hexatriene (DPH). The emission coefficient of free ANS, A0, and lipid-bound, ANS-

DPPC, Ab was 1 × 107 and 5 × 108, respectively [20]. The fluorescence intensity of the ANS-

DPPC system increased upon the addition of SURF1, SURF2, and QUAT3, respectively,  

indicating the higher binding of fluorophores to the binary system, in the order of QUAT3 > 

SURF2 > SURF1 (Figure 5). GEM4, containing the cystine moiety, showed a lower 

fluorescence enhancement compared to the methionine derivatives.  

 
Figure 5. Fluorescence intensity spectra of solutions containing 1.22 × 10-7 M ANS and 1 × 10-3 M DPPC in the 

presence and absence of methionine derivatives. 

The increase in the binding constants (K) in the presence of the surfactants suggests 

that the surfactants induced a secondary binding between the probe and the lipid (Table 3). The 

cationic species SURF2 and QUAT3 showed greater binding ability with DPPC than the free 

amine derivatives SURF1 and GEM4. Surfactants binding with DPPC via hydrophobic 
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interactions will compete with DPH in the binary DPH-DPPC, causing a decrease in the 

binding constant, K1 and binding site 1. 

Table 3. Binding constants of ANS and DPH to DPPC in the presence of surfactants. 

 ANS probe DPH probe 

Surfactants K (M-1)  K1 (M-1) 1 

SURF1 1 × 107 0.00175 1.12 × 104 0.010 

SURF2 3 × 107 0.00704 2.72 × 104 0.017 

QUAT3 5 × 107 0.00497 5.70 × 103 0.008 

GEM4 6 × 106 0.00278 3.24 x 105 0.0287 

CTAB 6 × 107 0.00080 1.48 × 105 0.014 

Streptomycin 9 × 106 0.00190 3.00 × 106 0.015 

Control1* 2 × 106 0.00163 3.00 × 106 0.032 

* binary system ANS-DPPC in the absence of compounds 

All surfactants were found to decrease the fluorescence intensity of the lipid-DPH 

solution, indicating a binding displacement of DPH by the surfactants, which bind in close 

proximity to the DPH binding site. Figure 6 shows the effect of QUAT3 on the lipid-DPH 

system. 

 
Figure 6. Effect of concentration of QUAT3 on the fluorescence intensity of DPPC-DPH. 

The K1 and 1 values were much lower in the presence of the surfactants, implying 

that the surfactants competed for the DPH binding sites by providing greater hydrophobic 

interaction with the lipid. The compounds were found to interact with DPPC by hydrophobic 

interaction in the order of QUAT3 > SURF2> SURF1> GEM4 (Table 3). 

3.4. Bovine serum albumin (BSA) binding studies. 

Albumin in blood plasma helps bind and transport many endogenous and exogenous 

compounds in the body [29]. 

3.4.1. Fluorescence spectroscopy. 

To understand the potential mode of distribution of the surfactants (SURF1, SURF2, 

QUAT3 and GEM4) in blood plasma, their interaction with bovine serum albumin (BSA) was 

investigated using fluorescence spectroscopy. This technique has been widely used in many 
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studies to monitor the conformation changes, dynamics, and intermolecular interactions 

between BSA and surfactant molecules. A decrease in fluorescence intensity of BSA, together 

with a slight blue shift, was observed upon the addition of each surfactant, indicating protein-

surfactant interaction (Figure 7). 

 

 

 

 

             
(i) (ii) 

 

 

  

                        
  

                                      (iii) (iv)  
Figure 7. Fluorescence spectra and Stern-Volmer plots of the binding of (i) SURF1 (ii) SURF2, (iii) QUAT3, 

and (iv) GEM4 

The Stern-Volmer equation (Equation 5) was used to determine the mode of quenching. 

Albumin present in blood plasma helps bind and transport many endogenous and exogenous 

compounds in the body [30]. To understand the potential mode of distribution of the surfactants 

(SURF1, SURF2, QUAT3 and GEM4) in blood plasma, their interaction with bovine serum 

albumin (BSA) was investigated. 

FO/F =  KSV[Q]  +  1 =  kqτ0[Q]  +  1       Equation 5 

𝐹0 and 𝐹: the fluorescence intensities in the absence and in the presence of the compounds, 

respectively.  
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[Q]: equilibrium concentration of the quencher (surfactants).  

KSV: the binding constant  

kq: apparent bimolecular quenching rate constant 

τ0: average lifetime of the biomolecule without the quencher and its value is 10−8 s. 

The Stern-Volmer constants (KSV) were determined from the plot of 𝐹0/𝐹 versus surfactants 

concentration (Figure 7 and Table 4). 

Table 4. The Stern-Volmer quenching constant (KSV), bimolecular quenching constant (kq), the apparent 

binding constant (Ka) and the number of binding sites, n of the surfactants with BSA. 

Surfactants KSV, (mmol/l) Kq (× 1011) Ka (M
-1)    n 

SURF1 

SURF2 

QUAT3 

6.43 × 103 

3.70 × 103 

1.26 × 104 

6.43 

3.70 

12.6 

1.60 × 103 

1.35 × 104 

3.92 × 105 

0.84 
1.23 

1.35 

GEM4 4.08 × 102 0.41 0.0136 × 103 0.46 

The calculated kq was larger than the maximum scattering collision quenching rate 

constant (2 × 1010 M-1 s−1 in dynamic quenching), which indicated that the quenching of BSA 

with the surfactants followed a static process [30] rather than a dynamic one. 

The apparent binding constant (Ka) and the number of binding sites (n) were calculated using 

the double reciprocal plot (Equation 6 and Figure 8). 

Log (𝐹0− 𝐹) /𝐹 = log 𝐾a + 𝑛log [𝑄]                      Equation 6 

QUAT3 showed the highest binding strength with BSA, followed by SURF2 and SURF1, while 

GEM4 showed a very low binding constant value (Table 4). 

                

(i)                                                                   (ii) 

                
                                (iii)                                                                 (iv) 

Figure 8. Double logarithmic plots of the binding of (i) SURF1; (ii) SURF2; (iii) QUAT3; (iv) GEM4 with 

BSA. 

3.4.2. Thermodynamics of binding. 

The thermodynamic parameters were determined at 298, 308, and 313 K (Figure 9). 

The values of free energy (∆G) were calculated from Equations 7 and 9. The values of ∆H and 

∆S can be analyzed based on the van't Hoff's formula (Equation 8). 
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                                      ΔG = - RT ln Ka                    Equation 7 

                                     𝑙𝑛 𝑘𝑎 = −
𝛥𝐻

𝑅𝑇
+

𝛥𝑆

𝑅
                   Equation 8 

                                                            ΔG = ΔH -TΔS              Equation 9 

T: absolute temperature 

Ka: the binding constant at temperature T 

R: gas constant 

 

 (i) (ii) 

 

(iii)                                                                                    (iv) 

Figure 9. Van't Hoff plots for the surfactants/BSA system. (i) SURF1; (ii) SURF2; (iii) QUAT3; (iv) GEM4. 

SURF1 and QUAT3 showed negative ∆H and ∆S values (Table 5), indicating that the 

binding of these surfactants with BSA occurs mainly via van der Waals' forces and hydrogen 

bonding. Positive values of ∆H and ∆S were obtained for SURF2, showing that hydrophobic 

interactions are more prominent [31]. The binding constant obtained for GEM4 is very low, 

with negative and positive values for ∆H and ∆S, respectively, therefore no conclusions could 

be drawn.  

Table 5. Thermodynamic parameters of BSA–surfactant interaction in phosphate buffer. 

Surfactant Temperature 

(K) 

n Ka (M
-1) ln Ka ΔG  

(kJmol-1) 

ΔH°  

(kJmol-1) 

ΔS°  

(Jk-1 mol-1) 

SURF1 

298 0.84 1.60 × 103 7.38 -18.28 

-110.5 -309.72 308 1.23 3.48 × 102 5.86 -15.00 

313 1.35 1.92 × 102 5.26 -13.68 

SURF2 

298 0.67 1.35 × 104 9.51 -23.55 

217.88 805.85 308 1.12 2.76 × 104 10.23 -26.18 

313 0.58 1.62 × 106 14.30 -37.19 

QUAT3 298 0.56 3.92 × 105 12.88 -31.90 -423.67 -1318.8 
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Surfactant Temperature 

(K) 

n Ka (M
-1) ln Ka ΔG  

(kJmol-1) 

ΔH°  

(kJmol-1) 

ΔS°  

(Jk-1 mol-1) 

308 1.85 1.97 × 102 5.28 -13.51 

313 0.63 1.87 × 102 5.23 -13.60 

GEM4 

298 0.46 1.36 × 10-2 0.12 -92.71 

-46.25 155.90 308 0.65 5.84 × 10-2 0.57 -94.27 

313 0.95 7.83 × 10-1 1.06 -95.04 

3.4.3. Molecular Docking Studies. 

In order to confirm the mode of action of the binding of surfactants with BSA, 

molecular docking studies were undertaken. Molecular docking of GEM4 was not feasible 

because it exceeds the number of torsions that can be run on the software as AutoDock is 

normally used to work with small drug-like molecules (limited to 12 torsion angles) [24,25]. 

The negative ΔG values indicated the interaction between the methionine derivatives 

(SURF1, SURF2, and QUAT3) and BSA to be spontaneous (Table 6). The interaction of the 

surfactants with BSA was found to be in the order of QUAT3 > SURF2 > SURF1 which was 

similar to the trend observed in fluorescence binding studies. 

The binding pocket was further analyzed to investigate the different residues of BSA to 

which the surfactants are interacting (Figure 10). 

Table 6. The binding ability of methionine surfactants to BSA. 

 Compound  ΔGbind kJ/mol 

SURF1 -16.26 

SURF2 -19.40 

QUAT3 -19.86 

 
 (a) (b) 

 
(c) 

Figure 9. Interaction diagrams for docking of (a) SURF1; (b) SURF2; (c) QUAT3 in the vicinity of Trp-213 of 

BSA. 
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Molecular docking showed that QUAT3 shared hydrophobic interactions with more 

amino acid residues than SURF1 or SURF2 in the binding site of BSA. The amino group of 

SURF1 and SURF2 was found to hydrogen bond with the carboxylic moiety of Leu-346 and 

Asp-323, respectively (Table 7), while QUAT3 interacted with 15 amino acid residues via 

hydrophobic interactions. 

Table 7. Amino acid residues of BSA show hydrogen bonding and hydrophobic interactions with SURF1, 

SURF2, and QUAT3. 

Surfactant Residues showing H-

bonding interactions 

Residues showing hydrophobic interaction residues 

SURF1 Leu-346 Leu-480, Val-481, Lys-350, Ala-349, Leu-330, Gly-327, Arg-208, Leu-326, 

Asp-323, Val-215, Ala-212, Lys-211, Ala-209 

SURF2 Asp-323 Ala-212, Lys-211, Gly-327, Leu-326, Val-481, Arg-208, Phe-205, Ala-209, 

Lys-350, Leu-346, Val-215, Leu-330 

QUAT3 - Val-481, Lys-350, Ala-349, Leu-346, Leu-330, Arg-208, Asp-323, Val-215, 

Lys-211, Thr-231, Val-234, Gly-327, Phen-227, Ala-212, Ala-209 

4. Discussion 

This study synthesized sulfur-based C12 monoalkyl methionine (SURF1, SURF2, 

QUAT3), and the C12 Gemini cystine (GEM4) surfactants displayed antibacterial activities.  

The presence of a cationic head group was found to affect the micellisation of the 

surfactants (Table 1). The higher CMC values of SURF2 and QUAT3 are due to increased 

electrostatic repulsion forces between the positively charged head groups, making micelle 

formation less favorable than non-ionic SURF1 [12]. The lower CMC of QUAT3 compared to 

SURF2 is due to the presence of three methyl groups, which screen the electrostatic head-group 

repulsion and provide additional hydrophobic interactions between the surfactant's head group 

and facilitate surfactant self-assembly [20,32]. The presence of two hydrophobic chains favors 

micelle formation through hydrophobic interactions, resulting in lower CMC in GEM 4.  

An antimicrobial agent can interact with bacteria through various targets such as the 

cell wall, cytoplasmic membrane and/or the cytoplasm. Surfactant molecules have the ability 

to destabilize bacterial membranes by incorporating them into the bilayer, leading to cell lysis. 

The overall negative surface charge on their membrane generally renders bacteria more 

susceptible to positively-charged molecules. Cationic surfactants interact with the bacterial 

membrane through electrostatic forces between the surfactants' head group and the negatively 

charged membrane, followed by hydrophobic interaction between the surfactants' tail and the 

hydrophobic portion the membrane bilayer. This explains the relatively higher antibacterial 

activity of the SURF2 and QUAT3, which bear a positive charge on their head group, 

enhancing their antibacterial potential. The better antibacterial activity of QUAT3 may be due 

to the presence of three methyl groups on the amino moiety (–N+(CH3)3), which allowed better 

interaction between the surfactant and the bacterial cell membrane through additional 

hydrophobic interactions with the phospholipids [33,34]. Gram-negative bacteria have a 

complex membrane structure consisting of a thin peptidoglycan inner layer together with an 

outer membrane covered with lipopolysaccharide (LPS), whereas Gram-positive bacteria have 

a thick multi-layered peptidoglycan layer with no outer membrane. For a compound to behave 

as an antibacterial agent towards Gram-negative bacteria, it first has to penetrate the outer 

membrane in order to reach its target. SURF2, QUAT3, and GEM4 were found to be active 

towards K. pneumoniae, likely due to the presence of the disulfide linkage and the lipophilic 

C12 chain. Gemini surfactants bearing two hydrophobic chains can provide additional 
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hydrophobic interactions, which aid in the lysis of bacterial membranes. Apart from K. 

pneumoniae, GEM4 showed relatively poor activity against the other test pathogens. We can 

infer from growth curve patterns and cell viability assays that both QUAT3 and GEM4 inhibit 

cell division and appear to act as bacteriostatic agents rather than cell lysis bactericidal agents.  

The presence of a cationic head group favors the binding of the surfactants to the 

negatively charged phospholipid via electrostatic interactions, giving rise to an overall positive 

charge on the surfactant-DPPC complex, hence creating a more conducive condition for the 

binding of ANS. The methyl groups in QUAT3 contribute to additional hydrophobic 

interactions with the phospholipid, causing a greater quenching of the lipid-bound DPH. 

GEM4, despite having two hydrophobic chains, showed lower binding ability, which could be 

due to the large size of the molecule that hampers its diffusion across the phospholipid layer. 

The trend for the binding ability explains the antibacterial activities, showing that electrostatic 

interactions play a major role in the lysis of the bacterial membrane. The absence of a positive 

charge, the large molecular size of GEM4, and the high tendency to form micelles may 

collectively be responsible for the relatively low antibacterial activities and lower interactions 

with the phospholipids. 

Due to its net negative charge, BSA tends to interact with cationic species via 

electrostatic interactions [35,36]. Compounds can also bind with BSA through hydrogen 

bonding and van der Waals' forces through hydrophobic interactions. Tryptophan residues, 

namely Trp213 and Trp135, have been reported to be a prominent fluorescent signature to 

determine the interaction between a compound and BSA. The decrease in fluorescent intensity 

and the blue shift reflects changes in the microenvironment in and around the Trp residues 

upon adding surfactants. However, although the surfactants were able to bind in the vicinity of 

Trp residues, molecular docking did not show direct interactions between the surfactants and 

the Trp residues. QUAT3 showed hydrophobic interactions with more amino acid residues than 

SURF1 and SURF2 within the binding site of BSA. The additional hydrophobic interactions 

with BSA help stabilize the BSA/surfactant complex, thus increasing binding efficiency. 

QUAT3 showed higher Ka values, indicating that it had a better plasmatic distribution 

compared to other surfactants [29]. From the thermodynamic parameters of enthalpy and 

entropy, it can be deduced that the modes of binding of SURF1 and QUAT3 occur mainly via 

van der Waals' forces and hydrogen bonding. At the same time, in the case of SURF2, 

hydrophobic interactions are more prominent. Molecular docking studies in the vicinity of the 

Trp residues showed that SURF1 and SURF2 interact with BSA via hydrogen bonding and 

hydrophobic interactions, while QUAT3 was found to interact with BSA mainly via 

hydrophobic interactions. 

5. Conclusions 

 The synthesis of two cationic and two neutral sulfur-based amino acid-based surfactants 

is economically viable, and they are readily biodegradable by virtue of their design. In 

particular, the cationic surfactant QUAT3 showed excellent antibacterial activity due to the 

hydrophobic and lipophilic balance in its structure and its net positive charge density. The 

demonstrated biological properties of QUAT3 open new avenues for developing a potent class 

of antibacterial agents. 
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