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 21 

Abstract 22 

Binding effect and interaction of 2-pentadecanoyloxymethyl)trimethylammonium bromide 23 

(DMGM-14) with bovine serum albumin (BSA) and hen egg white lysozyme (HEWL) were 24 

systematically investigated by the fluorescence spectroscopy, circular dichroism (CD) 25 

spectroscopy, isothermal titration calorimetry (ITC), surface tension analysis, and molecular 26 

docking studies. The emulsion properties and particle size distribution of surfactant/protein 27 

complexes containing sunflower oil were studied using static light scattering and confocal 28 

laser scanning microscopy (CLSM). The fluorescence spectroscopy and ITC analysis confirmed 29 

the complexes formation of DMGM-14 with BSA and HEWL which was also verified by 30 

surface tension measurements. CD results explained the conformational changes in BSA and 31 

HEWL upon DMGM-14 complexation. Molecular docking study provides insight into the 32 

binding of DMGM-14 into the specific sites of BSA and HEWL. Besides, the studies drew a 33 

detailed picture on the emulsification properties of DMGM-14 with BSA and HEWL. In 34 

addition, the in vitro experiment revealed a broad antibacterial spectrum of DMGM-14 and 35 

DMGM-14/HEWL complex including activity against Gram-positive and Gram-negative 36 

bacteria. In conclusion, the present study revealed that the interaction between DMGM-14 37 

with BSA and HEWL is important for the pharmaceutical, biological, and food products. 38 

Keywords: Betaine surfactant; Lysozyme; Albumin; Fluorescence quenching; Circular 39 

dichroism; Isothermal titration calorimetry.40 
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 41 

1. Introduction 42 

Emulsifiers in foods, cosmetics and pharmaceuticals facilitate the formation of small oil 43 

emulsion droplets during homogenization [1,2]. Commercial oil-in-water food emulsions are 44 

stabilized by complex mixtures of low molecular weight surfactants and amphiphilic 45 

biopolymers (including polysaccharides and proteins) [3] that act synergistically to form and 46 

stabilize emulsion droplets. Low molecular weight surfactants adsorb rapidly to newly 47 

formed oil droplets, stabilizing them when they are small, with proteins adsorbing later to 48 

provide an adsorbed layer with mechanical strength and steric stabilizing ability [4]. Among 49 

the synthetic emulsifiers currently used in the food and pharmaceutical industry to stabilize 50 

oil-in-water emulsions are fatty acids, fatty acid sugar esters, fatty acid glycerides, sorbitan 51 

esters, cellulose derivatives, to name a few [5]. Both surfactants and  proteins are 52 

amphiphilic, which facilitates their adsorption to oil-water interfaces allowing them to form 53 

and stabilize oil droplets [6]. The type of protein has an important effect on emulsion 54 

production and stability. Whether they are globular proteins such as β-lactoglobulin, 55 

lysozyme, ovalbumin or bovine serum albumin (BSA) [7], or disordered, flexible proteins 56 

(such as casein and gelatin) [8] will determine the structure and properties of the adsorbed 57 

layer they form at the emulsion droplet surface.  58 

Betaine surfactants are amphiphiles with both hydrophobic and hydrophilic moieties. The 59 

amphiphile structure varies according to their molecular, physicochemical, and functional 60 

properties [9]. Due to their interesting properties such as strong hydrophobic microdomains 61 

[10], low critical micelle concentration (CMC) [11], bactericidal and fungicidal activities [12], 62 
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betaine surfactants have great potential as emulsifiers and stabilizers for applications in 63 

many industrial fields. 64 

In addition to their surface activity, surfactants interact with proteins, modifying the 65 

functional (including emulsifying) properties of the two, and their mixtures are currently 66 

used in a wide variety of industrial, pharmaceutical, and food system applications [13,14]. 67 

The interactions of surfactants with proteins have been extensively analyzed through 68 

fluorescence and circular dichroism (CD) spectroscopy, isothermal titration calorimetry (ITC), 69 

surface tension analysis, and molecular docking studies [15,16]. Recent reports have 70 

suggested that beta-alanine betaines and other quaternary ammonium compounds can 71 

interact with proteins such as BSA [17] and cytochrome c [18], and the binding mechanisms 72 

involve hydrophobic and electrostatic interactions. In another report, Janek et al. [19] found 73 

that beta-alanine betaines complexed with hen egg white lysozyme (HEWL) enhanced the 74 

protein stability and anti-bacterial activity. To the best of our knowledge, no one has yet 75 

reported the interaction of the glycine betaine surfactants with globular proteins. BSA and 76 

HEWL were employed in this study, to detect conformational changes. The BSA (molecular 77 

weight of 66.3 kDa) has isoelectric point (pI) nearly at pH ≈ 4.8 [20], while HEWL has 78 

molecular weight of 14.3 kDa with a high pI ≈ 11 [21]. 79 

The aim of the present study is to describe the interactions of (2-80 

pentadecanoyloxymethyl)trimethylammonium bromide (DMGM-14) (Fig. S1) with BSA and 81 

HEWL as model negatively and positively charged proteins, respectively, and to determine 82 

the effect of complex formation on protein structure, and emulsifying and anti-microbial 83 

properties against both Gram-positive and Gram-negative bacteria. The study of molecular 84 

changes in BSA and HEWL in the presence of DMGM-14 will be of significant value to the 85 
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further study of protein-surfactant conjugates, and will provide new information on the 86 

basic mechanisms of emulsion stabilization and antimicrobial activity under different 87 

concentrations of DMGM-14, BSA and HEWL. 88 

2. Material and methods 89 

2.1. Materials 90 

BSA (purity: 99%), HEWL (purity: 99%), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 91 

sodium salt (Hepes; purity: 99.5%) and sodium chloride (purity: 99.5%) were purchased from 92 

Sigma-Aldrich Chemicals (St. Louis, MO, USA), whereas DMGM-14 (purity: 99%) was 93 

synthesised by Dr. Jacek Łuczyński from the Department of Organic and Pharmaceutical 94 

Technology, Wroclaw University of Science and Technology, Poland. The synthesis of 95 

DMGM-14 was described in detail in earlier studies [22,23]. The structure of the purified 96 

DMGM-14 was confirmed by elemental analysis and nuclear magnetic resonance 1H NMR 97 

[22]. All the stock solutions of proteins and surfactant solutions were prepared in Hepes 98 

buffer solution (5 mM Hepes, 150 mM NaCl, pH 7.4) and stored at 4 °C before further use. 99 

The concentration of BSA and HEWL were checked by ultraviolet absorption using molar 100 

extinction coefficients of ε280 = 44 720 M-1 cm-1 [24] and ε280 = 37 970 M−1 cm−1 [25], for the 101 

two proteins respectively.  102 

2.2. Fluorescence measurements 103 

The fluorescence emission spectra of BSA and HEWL were recorded on a Varian Cary eclipse 104 

fluorescence spectrometer (Varian, Cary, NC, USA) using a 10 mm path length quartz 105 

cuvette. Fluorescence spectra were measured from 300 to 500 nm with excitation and 106 
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emission slit widths fixed both at 5 nm. The excitation wavelength was fixed at 280 nm. The 107 

titration of DMGM-14 (0-1.5 mM) to BSA (15 µM) and HEWL (15 µM) solution was carried 108 

out at 25 °C. 109 

2.3. Circular dichroism (CD) spectra 110 

Circular dichroism spectra were recorded on a Jasco model J-1500 spectropolarimeter 111 

(JASCO, Tokyo, Japan) at 25 °C using a quartz cell with a 1 mm path length over the 112 

wavelength range from 200 to 260 nm. Nine scans were accumulated at a scan speed of 113 

50 nm/min. The blank was Hepes buffer solution (5 mM Hepes, 150 mM NaCl, pH 7.4) and 114 

subtracted the background baseline from all measured CD spectra. Percentages of secondary 115 

structure content of BSA and HEWL were determined using the K2D3 web server [26]. 116 

2.4. Isothermal titration calorimetry (ITC) 117 

ITC experiments were carried out using a Nano ITC calorimeter (TA Instruments) with a 118 

standard volume of 1.0 mL at 25 °C and 37 °C. All reagents (surfactant and proteins) were 119 

dissolved in 5 mM Hepes solution containing 150 mM NaCl. Since the solution of surfactant 120 

has the ability to form a gel, which should be avoided during ITC experiments (details are 121 

given in Supplementary Materials), each time a fresh solution was prepared prior to 122 

titration. Solutions were prepared by using deionized water (> 18 Ω). All samples were 123 

degassed for 5-10 min prior to titration. The reference cell was filled with deionized water. 124 

The solution of studied surfactant [∼2 mM] was take up in a 250 μL injection syringe and 125 

gradually added to the solution of a protein; BSA [0.075 mM] or HEWL [0.025 mM] in order 126 

to obtain binding isotherms. A total number of 40 injections (6 μL each) were added after 127 
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the calorimeter finalized the primary equilibration, with 250 sec interval between the 128 

injections, leaving 200 sec at the beginning of the experiment without injection. The stirring 129 

rate was set at 300 rpm. The calorimeter was operated using Nano ITC Run software and all 130 

the data obtained were analyzed with NanoAnalyze v. 3.1.2 program provided by the 131 

manufacturer. An ‘Independent model’ or ‘multiple sites model’ were used to evaluate the 132 

results. Control experiments were performed in each case; the enthalpies of reagents 133 

dilution and demicellization were subtracted from the enthalpies of protein-surfactant 134 

interactions. ITC data was collected over at least two independent measurements. Standard 135 

deviations for obtained fittings are given in the Supplementary Materials. 136 

2.5. Molecular docking 137 

Molecular docking of DMGM-14 to BSA or HEWL was performed using AutoDock4.2 software 138 

[27]. The geometry of surfactant was optimized and identified as a global minimum on the 139 

potential energy surface by harmonic vibrational frequencies calculations based on PM6 140 

level of theory [28] using Gaussian 2009 package [29]. The solvent environment was taken 141 

into account by the polarizable continuum model (PCM) [30]. The 3D crystals structures of  142 

BSA (PDB ID: 3V03) and HEWL (PDB ID: 1DPX) were obtained from Protein Data Bank [31,32]. 143 

Docking procedure was performed based on a Lamarckian Genetic Algorithm (LGA) with 144 

local search and 100 runs for each complex. The grid box was established to 60 × 60 × 60 Å 145 

and 40 × 40 × 40 for BSA and HEWL, respectively with 0.375 Å spacing. The calculation 146 

included the population of 150 individuals with 27 000 generations and 250 000 energy 147 

evaluations. The energy-based scoring function allows an estimation of short-range van der 148 

Waals interactions, electrostatic, hydrogen bonds and desolvation contributions to the 149 
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intermolecular interaction energy. The analysis of results was completed using Chimera UCF 150 

software [33]. Schematic 2D diagrams of the surfactant binding to amino acids were 151 

prepared using LIGPLOT v.4.5.3 program [34]. 152 

2.6. Surface tension analysis 153 

Surface tension (γ) measurements were taken in a calibrated Tensiometer (Krüss K100, 154 

Germany) using du Noüy's ring technique. Varied ratios of DMGM-14 and BSA or and HEWL 155 

were dissolved in Hepes buffer (5 mM Hepes, 150 mM NaCl, pH 7.4). Prior to the 156 

experiment, ultra-pure water was used to calibrate the tensiometer before the 157 

measurements. Three independent surface tension measurements were performed at 25 °C 158 

for each surfactant:protein mixture. 159 

2.7. Emulsifying properties  160 

Emulsifying properties were characterized by determining emulsifying activity index (EAI) 161 

and emulsion stability index (ESI) following Akasha et al. [35]. The solutions of DMGM-14 162 

were prepared at its CMC (1.2 mM) and 1/2 CMC (0.6 mM). The mixture of the surfactant 163 

solution with sunflower oil (Tesco Ltd. UK) at 0.75 and 0.25 volumetric fraction or oil, 164 

respectively were homogenized using a T-25 digital Ultra-Turrax high speed homogenizer 165 

(IKA England Ltd.) for 1 minute to form an oil-in-water emulsion. Next 50 µL of the emulsion 166 

was suspended in 5 mL of 0.1% (w/v) sodium dodecyl sulfate (SDS) solution (Fisher Scientific 167 

UK Ltd), and the absorbance of the diluted emulsion was immediately measured at 500 nm 168 

using a UV/Vis spectrophotometer. After 10 min from the homogenization, a fresh sample of 169 
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50 µL of the emulsion was tested to estimate ESI of the emulsion. EAI and ESI were 170 

calculated using the following formulae: 171 

        (1) 172 

         (2) 173 

where, T = 2.303, A0 = absorbance immediately after the homogenization, dilution factor = 174 

100, C = the weight of surfactant per unit volume (mg/mL), φ = the oil volumetric fraction 175 

(0.25), A10 = absorbance after 10 min of the homogenization, Δt = 10 min.  176 

The influence of the presence of protein on emulsification properties of the oil-in-water 177 

emulsions was determined by adding BSA and HEWL, both at two concentrations (15 µM 178 

and 45 µM) to the mixture prior to homogenization.  179 

2.8. Particle size distribution  180 

The particle size distribution (PSD) was measured using a Mastersizer 2000 (Malvern 181 

Instruments Ltd, Malvern, UK) with a refractive index of the particle set at 1.470 and 182 

dispersant 1.330. The measurements were performed immediately after the 183 

homogenization and the presented results are the mean value of three measurements.  184 

2.9. Confocal Laser Scanning Microscopy (CLSM)  185 

CLSM was used to observe the structure of oil-in water emulsions of DMGM-14 at its CMC 186 

and 1/2 CMC with and without the addition of BSA or HEWL. The emulsions were prepares 187 
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as described above. Immediately after homogenization, 2 mL of emulsion was transferred to 188 

glass tube and 50 µL of Nile Blue was added for staining the oil phase. The mixture was 189 

vortexed for 40 sec and left to stand for 1 h in the dark prior to microscopic assays. 190 

2.10. In vitro antibacterial activity 191 

The antibacterial activity of the DMGM-14, HEWL and HEWL/DMGM-14 complex were 192 

assayed using the following Gram-positive bacteria: Enterococcus hirae ATCC 10541, 193 

Enterococcus faecalis ATCC 29212 and Gram-negative bacteria: Escherichia coli ATCC 10536 194 

and Proteus mirabilis ATCC 21100. 195 

The minimum inhibitory concentration (MIC) values of DMGM-14 (at a concentration range 196 

of 1–100 µM) were determined alone and in association with a fixed concentration of 15 µM 197 

of HEWL using the protocol recommended by the National Committee for Clinical Laboratory 198 

Standards (NCCLS) [36]. Strains were cultured with DMGM-14 and HEWL/DMGM-14 in 199 

Mueller–Hinton broth for 24 h at 37 °C in a 96 well plate. Growth control wells did not 200 

contain the tested compounds. The optical density of each well was measured at 600 nm 201 

using a 96-well microplate reader (TECAN Spark 10 M; Tecan Group Ltd., Männedorf, 202 

Switzerland). The MIC was defined as the lowest concentration of the tested compounds at 203 

which no bacterial growth occurred.  204 

The minimal bactericidal concentration (MBC) was determined by plating on the Mueller–205 

Hinton agar plate the 20 µL of cell suspension from each well containing compounds 206 

concentrations equal to or greater than the MIC. MBC values were defined as the lowest 207 

concentration of the DMGM-14, HEWL and HEWL/DMGM-14 that reduced the number of 208 
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colony forming units (CFU) by 99.9% in comparison with control. All the measurements were 209 

performed in three independent experiments. 210 

3. Results and discussion 211 

3.1. Fluorescence spectroscopy analysis 212 

Fluorescence spectroscopy analysis was used to evaluate the integrity of the protein 213 

structure. Proteins have three intrinsic fluorophores, viz. tryptophan (Trp), tyrosine (Tyr) and 214 

Phenylalanine (Phe) which can provide information about intermolecular interactions [37]. 215 

BSA shows a fluorescence emission spectrum, due to the tryptophan residue (Trp134 and 216 

Trp213), however, previous studies have shown that the intrinsic fluorescence of BSA is 217 

almost exclusively attributed to Trp213 present in the cavity of subdomain IIA [15,38]. The 218 

intrinsic fluorescence of HEWL primarily originates from three tryptophan residues at the 219 

active site (Trp62, Trp63 and Trp108) because there are located in an apolar environment 220 

[16]. 221 

In the present study, the fluorescence spectrum of BSA in Hepes buffer shows single peak at 222 

345 nm (Fig. 1A). The addition of DMGM-14 significantly decreased the fluorescence 223 

intensity of BSA and a blue shift from 345 to 325 nm was observed at the maximal emission 224 

wavelength. A similar trend was observed for HEWL, where intrinsic fluorescence at 348 nm 225 

(excitation at 280 nm) decreased regularly with the addition of DMGM-14 (Fig. 1B), but 226 

without significant blue shift. Fluorescence results showed that binding of DMGM-14 227 

induces conformational changes in BSA and HEWL by altering the microenvironment of Trp 228 

residues. The Trp residues in BSA are experiencing less polar environment in presence of 229 
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DMGM-14, whereas for the HEWL the Trp residues are experiencing more polar 230 

environment [39]. 231 

Fluorescence quenching can occur through dynamic and static mechanisms [40]. Both static 232 

and dynamic quenching require molecular contact between the fluorophore and the 233 

quencher. Dynamic quenching refers to collisional encounters whereas static quenching is 234 

the formation of a stable complex. To obtain more information about these intrinsic 235 

fluorescence, the quenching parameters were calculated from the Stern–Volmer equation 236 

[41]: 237 

F0/F= 1 + KSV[Q] = 1 + kqτ0[Q]        (3) 238 

where F0 and F are the fluorescence intensities in the absence and presence of quencher 239 

(DMGM-14), respectively, [Q] is the quencher concentration, KSV is the Stern-Volmer 240 

quenching constant, kq is the biomolecular quenching rate constant, and τ0 is the average 241 

lifetime of the fluorophore in the absence of quencher. The fluorescence lifetime of BSA is 242 

about 5 ns [42]. The KSV values for the interaction of DMGM+14 with BSA and HEWL were 243 

obtained by plotting F0/F versus [Q] as shown in Fig. S2. The values of KSV were found to be 244 

4.29 × 102 M-1 and 7.39 × 102 M-1 for BSA and HEWL, respectively (Table S1). According to the 245 

literature [37,43] for dynamic quenching, the maximum scatter collision quenching constant 246 

of various quenchers with the biopolymer is about 2 × 1010 M-1 s-1. It was observed that for 247 

the DMGM-14/BSA and DMGM-14/HEWL systems, the quenching constant values were 248 

greater than the maximum collision quenching constant (2 × 1010 M−1 s-1) and amounted to 249 

0.86 × 1011 M-1 s-1 and 1.48 × 1011 M-1 s-1, respectively, which implied that the quenching was 250 

https://www.sciencedirect.com/science/article/pii/S0167732219320045#f0015
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not initiated by dynamic collision but originated from the formation of a new stable complex 251 

by static quenching. 252 

The binding constant (Kb) and the binding stoichiometry (number of surfactant molecules 253 

bound, n) were determined by the following equation: 254 

log [(F0-F)/F] = log Kb + nlog [Q]        (4) 255 

The Kb values and the binding stoichiometry (n) were determined from the intercepts and 256 

slopes of the plots of log[(F0-F)/F] vs log[Q] in Fig. S3. The binding parameters are 257 

summarized in Table S1. The values of n were found to be approximately equal to 1 258 

indicating that there is only one class of binding site for DMGM-14 in BSA and HEWL. These 259 

results are similar to those reported for cationic surfactants [17] and biosurfactants [15]. 260 

3.2. Circular dichroism (CD) studies 261 

CD spectroscopy is one of the most sensitive techniques for monitoring the secondary 262 

structural change of a protein-upon-surfactants interaction [19,37]. The CD spectra (Fig. 2) of 263 

the DMGM-14/BSA and DMGM-14/HEWL complexes were measured to examine the 264 

conformational change of proteins upon DMGM-14 binding. The CD spectrum of BSA (Fig. 265 

2A) exhibits two negative bands at 208 (π–π* transition) and 222 nm (n–π* transition), 266 

which are the characteristic peaks of α-helical content [17]. The data collected in Table S2 267 

show that the α-helical content of the BSA decreases upon interaction with the DMGM-14 268 

molecules, which means the formation of DMGM-14/BSA complex. The α-helical content 269 

decreases from 68.6% (pure BSA) to 41.7% at a DMGM-14 concentration of 2 mM. Upon 270 

addition of DMGM-14 to HEWL solution, the CD signals of HEWL increase regularly, 271 
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indicating an increase of the α-helical content (Fig. 2B). The content of α-helix changes from 272 

43.3% (pure HEWL) to 67.4% at a DMGM-14 concentration of 2 mM (Table S2). On the basis 273 

of the above results, DMGM-14 can enter inside the BSA, and could unfold the protein chain. 274 

On the other hand, DMGM-14 could increase the content of the α-helix in HEWL, which also 275 

indicated the ability to fold the protein using the DMGM-14. 276 

3.3. Isothermal titration calorimetry (ITC) studies 277 

ITC titration is a direct measurement of the enthalpy of binding reaction between studied 278 

molecules which provides data about the stoichiometry of molecules involved in the 279 

reaction (n), K (binding constant) and ΔH (binding enthalpy). Using the fundamental 280 

thermodynamic relationship ΔG=ΔH-TΔS we are able to calculate the binding entropy (ΔS) as 281 

well as binding free energy (ΔG) and provide a significant contribution to a knowledge about 282 

the nature of forces, which are involved in the interactions of molecules. The obtained 283 

isotherms for studied systems: DMGM-14→BSA and DMGM-14→HEWL at 25 °C and 37 °C, 284 

together with the fitting parameters, are presented in Table 1 and Fig. S4.  285 

It should be said at the outset, before discussing calorimetric results, that the studied 286 

surfactant has an ability to form a gel upon being dissolved in an aqueous solution that 287 

contains inorganic additives. This phenomenon occurs within a few hours at room 288 

temperature (~3-4 h for 2 mM solution of DMGM-14 in 5 mM Hepes, 150 mM NaCl), 289 

regardless of spontaneous ability of surfactant for micelles creation. The process depends on 290 

surfactant concentration, temperature and the amount of inorganic additives, as it was 291 

reported for multiple cases discussed in literature [44–47]. Not aiming here at determining 292 

molecular characteristics of gelation and at the same time trying to avoid the effect of a gel-293 
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forming process on the thermodynamics of protein-surfactant interactions, the surfactant 294 

solutions were prepared each time fresh prior to titration and each measurement was 295 

completed within 3 hours. Details concerning the gelation are described in Supplementary 296 

Materials (see explanation and Table S3 and S4). 297 

Thermodynamics of interactions of quaternary ammonium surfactants that are shorter-chain 298 

structural analogues of the DMGM-14 studied here, namely DMM-11 and DMPM-11 with 299 

both BSA [17] and HEWL [19] were the aim of our previous studies which included ITC 300 

titrations. Both surfactants were revealed to interact spontaneously (ΔG<0) with the 301 

proteins at pH 7.4, even though the HEWL molecule is positively charged under such 302 

conditions of pH. For BSA-cationic surfactant systems the major binding mechanism was 303 

detected to involve two-stage thermodynamic behavior, namely (1) a higher-affinity binding 304 

event driven by electrostatic forces and (2) a lower-affinity binding driven by hydrophobic 305 

interactions [17], as also reported for several other BSA-surfactant systems studied via ITC at 306 

25 °C [48–50]. For HEWL and DMM-11 and DMPM-11 we have also observed the occurrence 307 

of two states of the association reaction; one of which we attributed to very weak 308 

hydrophobic interactions [19]. In the literature, the binding of other cationic surfactants with 309 

HEWL, was also reported to be driven mostly by hydrophobic forces, however the nature of 310 

these interactions is proven to be very complex and involving conformational changes, and a 311 

strong influence of external factors on the interaction [51–54]. 312 

The fitted data for DMGM-14→BSA titrations (Fig. S4) shows same thermal behavior as 313 

previously reported studies [17]. Positively charged surfactant binds to the negatively 314 

charged BSA at pH 7.4 with a very high affinity for interactions of surfactants with proteins of 315 

KITC=3.99 × 106 at 25 °C and the system is saturated with 1:1 stoichiometry (Table 1). Binding 316 
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occurs with both favorable enthalpy and entropy (Fig. 3). Values of ΔHITC<0 and ΔSITC>0 317 

suggest that the reaction is both spontaneous and exothermic and that the electrostatic 318 

forces are most likely responsible for this first-step of binding of DMGM-14 to BSA. As the 319 

surfactant concentration in the solution increases the following inflection occurs, which 320 

thermal characteristics allows to describe it as binding with favorable entropy (Fig. S4). It 321 

suggests hydrophobic interactions in which up to ~4/5 molecules are involved with one 322 

magnitude lower-affinity KITC=3.11 × 105 while compared to the first binding site. The 323 

increase in temperature up to 37 °C makes the thermodynamics of the system more 324 

complex. We decided not to fit the obtained data (Table 1, Fig. S4) due to the existence of 325 

multiple transitions. Titrations performed at 25 °C for the DMGM-14/HEWL system showed 326 

no effect at the measurable level (see Table 1, Fig. S4). In this case, in turn, raising the 327 

temperature to 37 °C resulted in the observation of weak binding of ~5 molecules (KITC=5.10 328 

× 103) of surfactant to HEWL driven by both favorable enthalpy and entropy (Fig. 3). Only 329 

one inflection on the thermogram was observed, which, given the values of enthalpy and 330 

entropy, is mostly influenced by electrostatic repulsion (Table 1). 331 

3.4. Molecular modeling studies 332 

BSA has been found to bind many different type of ligands such as drugs and biologically 333 

significant molecules [55,56]. As a result, the modification of its structure and properties 334 

occurs. The results obtained for the binding conformation of DMGM-14 with the lowest 335 

binding energy (-4.89 kcal/mol) indicate that the surfactant binds to BSA in the hydrophobic 336 

cavity in sub-domains IIA (binding site I of BSA) in close vicinity of hydrophobic (Leu197), 337 

polar (Ser191, Trp213, His287) and charged (Glu152, Arg194, Arg198) amino acid residues 338 
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(Fig. 4A). We also found that stabilization occurs mainly due to the van der Waals 339 

interactions and hydrogen bond (the sum of ΔGvdw, ΔGhbond and ΔGdesolv equal -9.28 340 

kcal/mol), however electrostatic terms are negligible (-0.38 kcal/mol). The hydrophobic tail 341 

of DMGM-14 is localized in close proximity of Trp213 thus supporting the fluorescence 342 

quenching results. Additionally, docking results reveal that there is one hydrogen bond 343 

between DMGM-14 and Arg198 amino acid residue of BSA with the bond length of 2.86 Å 344 

(Fig. S5). 345 

With HEWL the Trp residues (Trp62, Trp63, and Trp108) are located at the active site and are 346 

important for its enzymatic activity. Our results suggest that DMGM-14 binds in the 347 

proximity of these three amino acid residues. It can be seen also that hydrophobic forces 348 

influence the binding process (Fig. 4B). The conformation with the lowest binding energy (-349 

4.27 kcal/mol) is also stabilized by van der Waals forces with a small contribution of 350 

electrostatic energy. The hydrophilic head of DMGM-14 is mainly surrounded by 351 

hydrophobic and polar amino acids residues (Ile58, Asn59, Trp63, Ile58, Trp108) the tail 352 

interact directly with Trp62, Trp63, Leu75, Asp101 and Ala107 (Fig. S5). 353 

3.5. Surface tension analysis 354 

The surface tension analysis is a sensitive technique to explore the interaction between 355 

proteins and surfactants. To know about the interaction between the BSA and HEWL with 356 

DMGM-14, surface tension measurements were done using du Noüy's ring technique. The 357 

surface tension curves of DMGM-14/BSA and DMGM-14/HEWL solution exhibit two 358 

inflection points compared with DMGM-14 solution, which has one characteristic break 359 

point (Fig. 5). The first inflection, far below the CMC, is responsible for the formation of 360 
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surfactant/protein complexes, where the concentration is known as the critical aggregation 361 

concentration (CAC). The CAC values of the DMGM-14/BSA and DMGM-14/HEWL solution 362 

were obtained as 0.75 mM and 0.85 mM, respectively. For the DMGM-14 in Hepes buffer 363 

solution, the CMC value is 1.2 mM (Table S5), a value similar to that from the literature [57]. 364 

Compared with the DMGM-14 solution, the CMC value of DMGM-14 increases to 1.42 mM 365 

and 1.44 mM after the addition of 45 µM BSA and HEWL, respectively. The number of 366 

surfactant molecules (n) bound to the protein was estimated using equation [58]: 367 

           (5) 368 

where CMC and CMC* are the critical micelle concentrations in the absence and presence of 369 

protein, Cprotein is the protein concentration. As shown in Table S5, the number of bound 370 

surfactants per protein molecule is 4.89 for BSA and 5.33 for HEWL, values that are 371 

comparable to those obtained by the ITC analysis (4.66 and 4.95, Table  1). 372 

3.6. Emulsifying properties  373 

Emulsifying properties of DMGM-14 at its CMC and 1/2CMC in the presence or absence of 374 

BSA or HEWL are presented in Fig. S6. When comparing DMGM-14 at CMC and its half-CMC 375 

concentrations one can observe differences in both emulsifying activity and emulsion 376 

stability index. Surfactant at its half-CMC is a better emulsifier than the same surfactant at 377 

the CMC, producing emulsions with a higher EAI and a higher stability (Fig. S6). This is also 378 

reflected in the average droplet size diameter d3,2 (Fig. S7), which for DMGM-14 at CMC is 379 

almost seven times higher than for the same surfactant at its half-CMC. Goloub and Pugh 380 

[59] correlated the mean droplet size with the interfacial tension at a water/hydrocarbon 381 
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(dodecane) interface for a cationic surfactant (dodecyl pyridinium chloride) at its CMC, which 382 

revealed that the highest interfacial tension was obtained and the lowest emulsion stability 383 

detected when the surfactant’s concentration was at its CMC. Weiss and McClements [60] 384 

explained this phenomenon by postulating that the micelles existing in the oil in water 385 

emulsion systems enhance the mass transfer mechanisms such as solubilization, Ostwald 386 

ripening and compositional ripening and can therefore negatively affect the stability of the 387 

emulsions. 388 

When BSA and HEWL are used to make emulsions in the absence of surfactants, the 389 

emulsifying activity decreases as protein concentration increases. Normally, you would 390 

expect the emulsifying properties to improve with increasing protein content, especially at 391 

the low concentrations used here. It is reported, however, that proteins can be destabilized 392 

in HEPES buffer [61], due to unfavorable interactions between the buffers salts and the 393 

protein, which is likely to lead to aggregation of the protein in solution. In the BSA and HEWL 394 

solutions used to make emulsions in this study, aggregation of the protein is likely which is 395 

more extensive at the higher protein concentration (45 µM). Aggregation of proteins is 396 

known to reduce emulsifying activity [62–64] and this is the most likely explanation for the 397 

reduction in EAI and increase in d3,2 for the emulsions made with protein alone as the 398 

protein concentration increases. 399 

When it comes to surfactant-protein interactions, two main binding modes, specific and 400 

non-specific, can be distinguished. Specific binding occurs at low surfactant concentration, 401 

where surfactant monomers bind to specific sites on the protein, and is driven mostly by 402 

electrostatic and hydrophobic interactions. Non-specific binding is characterized by mostly 403 
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hydrophobic interactions [65]. The abovementioned interactions were observed and 404 

discussed in point 3.3. based on ITC studies.   405 

Another very important factor that relates to surfactant-protein interactions is the formation 406 

of micelle-like surfactant clusters below the surfactant’s CMC, which can exhibit a different 407 

interaction mechanism of surfactant in comparison to its bulk micelles [49,66]. The 408 

concentration at which such clusters are formed is called the CAC, which has been 409 

established for the surfactant-protein systems in this study and is presented in Table S5. For 410 

the system of DMGM-14 with BSA CAC is 0.75 mM and with HEWL 0.85 mM, while the CMC 411 

of these systems is equal to 1.42 mM and 1.44 mM respectively, both higher than the CMC 412 

of the pure surfactant, which is 1.2 mM. To explain this, it is important to bear in mind that 413 

the formation of the surfactant-protein micelle-like clusters can influence the micellization 414 

process by hindering the self-assembly of surfactant to micelles in the presence of protein, 415 

which as a result takes place at higher concentrations than surfactant on its own [67].  416 

Mixtures of DMGM-14 and protein show a complex emulsifying behavior. At the pH used in 417 

these tests (7.4) BSA (pI 4.8) will have a negative charge, HEWL (pI 11)) a positive charge and 418 

DMGM-14 a positive charge. Therefore, interactions between the surfactant and the 419 

proteins are likely to differ markedly as evidenced by the ITC data in Fig. 3 and surface 420 

tension profiles in Fig. 5.  Addition of BSA and HEWL to DMGM-14 at its CMC reduces the EAI 421 

as the protein content is increased. This could be due to interaction between DMGM-14 422 

micelles and the proteins, with the complex being less surface active than the individual 423 

components. A reduction in surface activity in DMGM-14 + protein mixtures is seen in the 424 

surface tension profile for DMGM-14 at various concentrations when added to 45µM BSA 425 

and HEWL (Fig. 5).  When the two proteins are added to DMGM-14 at 1/2 CMC, contrasting 426 
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behavior is seen with BSA emulsions showing an increase in EAI, and HEWL emulsions a 427 

decreasing EAI as protein content increases. This would seem to indicate that free DMGM-14 428 

(below the CMC) interacts differently with the two proteins. Given the relative net charges 429 

on the proteins and DMGM-14 (positive for both HEWL and DMGM-14 and negative for BSA) 430 

it is likely that there will be non-specific electrostatic binding of the surfactants to BSA, 431 

whereas this will be absent with HEWL. The surface tension data does show that HEWL + 432 

DMGM-14 is slightly more surface active (lower surface tension) than BSA + DMGM-14 433 

mixtures at all DMGM-14 concentrations, but this alone is unlikely to be able to explain the 434 

improved emulsifying ability of the HEWL + 1/2 CMC DMGM-14 mixtures.  435 

The stability of the protein containing emulsions shows a similar complex dependence on 436 

protein content. For BSA + DMGM-14 at the CMC there is little effect on ESI of the protein 437 

content, but for HEWL there is a significant increase in emulsion stability with increasing 438 

protein content. At 1/2 CMC, HEWL emulsions show little effect of increasing protein 439 

content on ESI, but BSA emulsions become markedly less stable as protein content increases. 440 

Bearing in mind that CAC of DMGM-14 + proteins is at a higher concentration than the half 441 

CMC (0.6 mM), it can be concluded that in case of lower surfactant concentration fewer 442 

surfactant molecules can attach to the proteins, and micelle-like clusters will not form [68]. 443 

In other words, under these conditions there are more free protein molecules to stabilize 444 

the emulsions as well as more non-bound surfactant molecules to facilitate the 445 

emulsification process.  446 

3.7. Particle size distribution 447 
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The average particle size of the emulsion droplets is a second indicator of the emulsifying 448 

ability of the protein and DMGM-14 (Fig. S7). For the most part, the d3,2 results agree with 449 

the EAI, with a decrease in mean particle size indicating an increase in emulsifying ability. 450 

However, there are some anomalies, which we believe can be explained due to differences 451 

in the way in which EAI and particle size are measured. For example, DMGM-14 at the CMC 452 

with added BSA shows a decrease in EAI and a decrease in d3,2 with increasing protein 453 

content. We believe this is due to flocculation of the emulsion droplets which can be 454 

observed in confocal micrographs of these emulsions (Fig. 6C and D). When measuring EAI 455 

the emulsion is dispersed in SDS solution which breaks up flocculated emulsions, whereas 456 

for particle size measurements the emulsions are dispersed in water and flocs are likely to 457 

remain partially intact, therefore giving a larger mean particle size.  458 

3.8. Confocal laser scanning microscopy  459 

Fig. 6 presents the CLSM images for the emulsions of DMGM-14 surfactant at its CMC and 460 

half-CMC with and without the addition of BSA or HEWL. The average emulsion droplet and 461 

its distribution in the system were found similar for the samples of DMGM-14 and DMGM-14 462 

+ 15 µM BSA, however slightly more of smaller droplets can be observed for the latter, which 463 

found its confirmation in particle size distribution (Fig. S7). The addition of 45 µM BSA 464 

resulted in the formation of very small droplets, although these appear highly flocculated 465 

(Fig. 6C, D). The presence of HEWL in the emulsions resulted in their high instability, which is 466 

characterized by a non-homogenous form seen in Fig. 6E-H, where small emulsion droplets 467 

were present together with large non-emulsified “lakes” of oil. 468 

3.9. Antimicrobial activity 469 
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The antimicrobial activities of DMGM-14 in combination with the HEWL were investigated 470 

against Gram-positive and Gram-negative bacteria. The results are summarized in Table 2. E. 471 

hirae, E. faecalis, E. coli and P. mirabilis were the most sensitive to treatment with DMGM-472 

14. The MICs of DMGM-14 alone, and DMGM-14 in the presence of 15 µM of HEWL for P. 473 

mirabilis were 2.5 and 1.5 µM, respectively, and those for E. faecalis strain were 5 and 3 µM, 474 

respectively. DMGM-14 showed the highest inhibitory activity against P. mirabilis and E. 475 

faecalis with MBCs of 10 μM and 20 μM, respectively. The combination of DMGM-14 with 476 

HEWL showed a synergistic or additive effect, as the MBCs for the Gram-negative and Gram-477 

positive strains were found to be between 5 and 20 µM (Table 2). These results show that 478 

HEWL, even at very low concentrations, may improve the efficiency of DMGM-14 to allow 479 

for reductions in its concentration. 480 

Few studies have revealed the efficacy of synergistic effect of surfactants with antibiotics, 481 

biocides and proteins against pathogenic bacteria, which represents a very interesting 482 

strategy to boost antimicrobial activity [19,69,70]. The mechanism of the antimicrobial 483 

action of surface active compounds is not fully understood; however, it is generally accepted 484 

that these compounds are able to passively diffuse across cell membranes [71]. Another 485 

study suggests that the membrane permeability of surfactants is enhanced due to their 486 

interaction with membrane phospholipid components [72]. According to the literature [19], 487 

another two lysosomotropic surfactants molecules such as DMM-11 and DMPM-11 488 

significantly reduced growth of E. faecalis and E. hirae, with a MIC of 80 µM and 95 µM, 489 

respectively, whereas for E. coli, the observed MIC was 110 µM. Moreover, DMM-11 and 490 

DMPM-11 were more effective against the Gram-positive and Gram-negative bacteria, in the 491 

presence of HEWL. 492 
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4. Conclusions 493 

The present study provides important quantitative data on BSA and HEWL binding affinity 494 

with the betaine surfactant DMGM-14 using fluorescence spectroscopy, CD spectroscopy, 495 

ITC, surface tension analysis, and molecular docking studies. The fluorescence spectroscopy 496 

analysis confirmed the complexes formation of DMGM-14 with BSA and HEWL, which was 497 

also verified by surface tension measurements. The negative ellipticity value for BSA has 498 

been reduced upon the addition of the DMGM-14, while the effect was opposite in the case 499 

for HEWL. The binding enthalpy (ΔH), binding entropy (ΔS) and binding free energy (ΔG) 500 

indicated that the intermolecular forces which dominate in the binding of the DMGM-14 to 501 

BSA are electrostatic forces from primary generated attraction between differently charged 502 

molecules, followed by hydrophobic interactions that most probably have their source in the 503 

interactions of the tails of those surfactant molecules which are already interacting via 504 

electrostatic attraction. While the interaction between DMGM-14 with HEWL has mostly 505 

influenced by the electrostatic repulsion. According to molecular docking simulations, 506 

DMGM-14 specifically binds to the BSA and HEWL with the hydrophobic and van der Waals 507 

forces. The effect of adding protein (BSA or HEWL) to DMGM-14 solutions on the emulsifying 508 

properties is complex, and depends on both protein and DMGM-14 concentration. 509 

Concentrations of DMGM-14 above the CMC are poorer emulsifiers, due to reduced 510 

emulsifying ability of the surfactant micelles. When protein is added to DMGM-14 improved 511 

or reduced emulsifying ability is seen, probably depending on interactions between the two 512 

mediated by the sign of the net charge on the molecules. As we know, the structural changes 513 

of HEWL have great influence on its antimicrobial properties. The synergistic antibacterial 514 

effect of DMGM-14/HEWL complex has more potential, when compared with DMGM-14 515 
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alone. This research provides helpful insight into the development of new antimicrobial 516 

agents. 517 
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Table 1. Thermal transition parameters of the studied systems.  769 

run cell* temp 

[°C] 

nITC KITC 

[M−1] 

 

ΔHITC 

[kJ/mol] 

ΔSITC 

[J/mol·K] 

 

ΔGITC 

[kJ/mol] 

(kcal/mol) 

DMGM-14→BSA 0.075 25 0.98 

4.68 

3.99 × 106 

3.11 × 105 

-23.33 

6.89 

48.10 

128.30 

-37.67 (9.00) 

-31.36 (7.49) 

DMGM-14→BSA 0.075 37 multiple transitions/not fitted 

DMGM-14→HEWL 0.025 25 no transition detected 

DMGM-14→HEWL 0.025 37 4.95 5.10 × 103 -10.36 37.59 -22.02 (5.25) 

* Initial concentration of reagent [mM]. Initial concentration of surfactant in the syringe: [2.2mM] 

n:  molar ratio at which the inflection was observed on the titration curve = stoichiometry. 
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 772 

Table 2. Antibacterial activity of DMGM-14 alone and in combination with a fixed 773 

concentration (15 µM) of HEWL against pathogenic bacteria. 774 

Strains 
MICa/MBCb (µM)  

DMGM-14 DMGM-14 + 15 µM HEWL 

E. hirae ATCC 10541 10/25 4.5/10 

E. faecalis ATCC 29212 5/20 3/10 

E. coli ATCC 10536 20/50 10/20 

P. mirabilis ATCC 21100 2.5/10 1.5/5 

a: Minimum inhibitory concentration. 

b: Minimal bactericidal concentration.   

 775 

 776 

 777 

778 
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 779 

 

 

Fig. 1. Fluorescence emission spectra of BSA (A) and HEWL (B) with different concentrations of 780 

DMGM-14. 781 

782 
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 783 

 

 

Fig. 2. Far-UV CD spectra of BSA (A) and HEWL (B) in absence and presence of various concentrations 784 

of DMGM-14; pH=7.4; and T = 25 °C. Conditions: BSA and HEWL: 15 µM. 785 

786 
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 787 

 788 

Fig. 3.  Representative thermodynamic data from ITC. ΔGITC (blue bars), ΔHITC (green bars), –TΔSITC are 789 

red bars. 790 

791 
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A 

 

B 

 

Fig. 4. Binding mode of DMGM-14 to BSA (A), and HEWL (B). 793 

794 
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 795 

 

 

Fig. 5. The surface tension analysis of DMGM-14 solutions in the absence (solid line) and presence of 796 

BSA (A) and HEWL (B) (dash line). Conditions: BSA and HEWL: 45 µM; T = 25 °C; pH 7.4. 797 

798 
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Fig. 6. CLSM images of the following samples: (A) DMGM-14 at CMC, (B) DMGM-14 at CMC with 15 800 

µM BSA, (C) DMGM-14 at CMC with 45 µM BSA, (D) DMGM-14 at CMC with 45 µM BSA – grey scale, 801 

(E) DMGM-14 at CMC with 15 µM HEWL – red scale, (F) DMGM-14 at CMC with 15 µM HEWL – grey 802 

scale, (G) DMGM-14 at CMC with 45 µM HEWL – red scale, (H) DMGM-14 at CMC with 45 µM HEWL – 803 

grey scale, (I) DMGM-14 at half-CMC, (J) DMGM-14 at half-CMC with 15 µM BSA, (K) DMGM-14 at 804 

half-CMC with 45 µM BSA, (L) DMGM-14 at half-CMC with 15 µM HEWL, (M) DMGM-14 at half-CMC 805 

with 45 µM HEWL, (N) 15 µM BSA, (O) 45 µM BSA, (P) 15 µM HEWL and (Q) 45 µM HEWL. 806 

 807 

 808 

809 



42 

 

Supplementary Information 810 

 811 

Investigating the biomolecular interactions between model proteins and glycine betaine 812 
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 824 

Fig. S1. Chemical structures of (2-pentadecanoyloxymethyl)trimethylammonium 825 

bromide (DMGM-14). 826 

827 
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 828 

 

 

Fig. S2. Stern−Volmer curves of the systems of DMGM-14/BSA (A) and DMGM-14/HEWL (B). 829 

830 
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 831 

 

 

 Fig. S3. The plots of log [(F0-F)/F] versus log [Q] for DMGM-14/BSA (A) andDMGM-14/HEWL 832 

binding. 833 
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 837 

A 

 
 DMGM-14→BSA 

2.2mM→0.075mM, 25°C 
 

 
 DMGM-14→BSA 

2.2mM→0.075 mM, 37°C, multiple transitions/not fitted 
 

 
 DMGM-14→HEWL 

2.2mM→0.025mM, 25°C, no transition detected 
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 DMGM-14→HEWL 

2.2mM→0.025mM, 37°C 
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 DMGM-14→BSA 

2.2mM→0.075mM, 25°C 
 Multiple transitions detected/not fitted 

DMGM-14→BSA 

2.2mM→0.075mM, 37°C 

 

 

 No transition detected 

DMGM-14→HEWL 

2.2mM→0.025mM, 25°C 
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 DMGM-14→HEWL 

2.2mM→0.025mM, 37°C 

Fig. S4. Representative ITC data (part A; blue line: raw titration, grey line: blank) together 838 

with corresponding standard deviations of fittings (part B). 839 

A 
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B 

 

Fig. S5. Schematic 2D diagrams of protein-surfactant interactions: (A) BSA, (B) HEWL. 840 

Hydrophobic contacts are represented by an arc with spokes radiating towards the ligand 841 

atoms they contact. 842 

843 
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 844 

A 

 

B 

 

Fig. S6. Emulsifying properties of DMGM-14 at its CMC and half-CMC concentration with and 845 

without the presence of BSA or HEWL. (A) Emulsion Activity Index (EAI); (B) Emulsion 846 

Stability Index (ESI). 847 
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 848 

Fig. S7. Average droplet size diameter of DMGM-14 at its CMC and half-CMC concentration 849 

with and without the presence of BSA or HEWL, and BSA and HEWL without the surfactant. 850 
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 854 

Table S1. Stern-Volmer quenching and binding constants for DMGM-14/BSA and DMGM-855 

14/HEWL systems. 856 

Sample KSV (M-1) kq (M-1 s-1) R2 Kb (M-1) n 

DMGM-14 + BSA 4.29 × 102 0.86 × 1011 0.999 3.11 × 102 1.03 
DMGM-14 + HEWL 7.39 × 102 1.48 × 1011 0.998 6.53 × 102 0.97 

857 
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 858 

Table S2. Calculation of α-helicity of BSA and HEWL at different DMGM-14 concentrations 859 

(pH 7.4). 860 

Concentration of DMGM-14 (mM) α-helix (%) 

BSA 

0 

0.5 

68.6 

64.9 
1.0 59.1 
1.5 52.3 
2.0 41.7 

HEWL 

0 

0.5 

43.3 

54.9 
1.0 59.3 
1.5 63.7 
2.0 67.4 

861 
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 862 

Remarks concerning gelation of the studied surfactant 863 

Gelation of DMGM-14 14 occurs in pure water after several days to a very small extent and is 864 

strongly enhanced by both the presence of HEPES buffer and NaCl (see Table S3) In the case 865 

of studied DMPM14, this phenomenon concerns surfactant solutions only and no protein-866 

surfactant gels [1] are formed (Table S4). Gel formation of surfactants is described in the 867 

literature as the formation of a three-dimensional crosslinked [2] or non-crosslinked network 868 

structures [3] which formation is thermodynamically characterized as an endothermal 869 

process [2,4].  870 

Various concentration conditions of the surfactant were tested herein (0.5-10 mM), those 871 

that were chosen on the one hand allowed for a detection of the interaction with the 872 

protein, and on the other hand avoided the gelation phenomenon that would occur in the 873 

syringe during the measurement. 874 

875 
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 876 

Table S3. Visual detection of gel formation depending on additives in a solvent and time 877 

(with stirring) for 2 mM DMGM-14 solutions under 25 °C and 37 °C. 878 

                
Time             

 

 

Solvent  

 

5min 

 

1h 

 

2h 

 

3h 

 

4h 

 

24h 

25 °C H2O 

      
5 mM 
Hepes 

      
5 mM 
Hepes, 
150 mM 
NaCl 

      
37 °C H2O 
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5 mM 
Hepes 

      
5 mM 
Hepes, 
150 mM 
NaCl 

      

Table S4. Solutions taken out from the calorimeter cell after ITC titrations of 2 mM solution 879 

of DMGM-14 into pure buffer, BSA and HEWL. No gel formation or any other precipitation 880 

was detected.  881 

           Titration 

 

Solvent  

DMGM-14→ 

buffer 

DMGM-14 → 

BSA [0.2 mM] 

DMGM-14→ 

HEWL [0.025 mM] 

25°C 5 mM Hepes,  
150 mM NaCl 

   
37°C 5 mM Hepes,  

150 mM NaCl 

   

 882 

883 
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 884 

Table S5. Data calculated from the surface tension plot for DMGM-14, DMGM-14/BSA and 885 

DMGM-14/HEWL solutions. 886 

 
Cprotein 
(mM) 

CAC 
(mM) 

CMC 
(mM) 

CMC* 
(mM) n 

DMGM-14   1.20   
DMGM-14 + BSA 0.045 0.75  1.42 4.89 
DMGM-14 + HEWL 0.045 0.85  1.44 5.33 
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