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Abstract

:

The binding between cinnamycin and the phosphatidylethanolamine (PE)-included vesicles was monitored using cyclic voltammetry (CV) measurements and interpreted in terms of the composition of the vesicles and the monolayer binding site. The monolayer was composed of pure 11-mercapto-1-undecanol (MUD) to 90% MUD/10% 16-mercaptohexadecanoic acid (MHA) on a gold surface. Cinnamycin was immobilized on each monolayer. The vesicles, prepared at the desired ratio of the phospholipids, were injected on the cinnamycin-immobilized surface. CV experiments were performed for each step. For the pure-dipalmitoylphosphatidyl-choline (DPPC) vesicles on all of monolayers and the DPPC/dipalmitoylphosphatidyl-ethanolamine (DPPE) vesicles on the pure-MUD monolayer, the electric property of the surface was little changed. However, the vesicles made with 90% DPPC/10% DPPE on the monolayer prepared with 99% MUD/1% MHA to 90% MUD/10% MHA showed a consistent decrease in the CV response. Additionally, in the 95% DPPC/5% DPPE vesicles and the 99.5% MUD/0.5% MHA monolayer, variances in the responses were observed.
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1. Introduction


Cinnamycin, a 19-amino acid tetracyclic peptide, is a globular electrically neutral peptide capable of forming an equimolecular complex with phosphatidylethanolamine (PE) specifically [1,2]. The specific formation is generated due to its unique structure: most of the hydrophobic amino acids are positioned at one side of the peptide, whereas the hydrophilic one is located on the other side. Both the headgroup and the hydrocarbon chains of PE are crucial for interaction with the peptide [3]. The hydrophilic side of the peptide binds to the headgroup, and then the binding is enhanced by hydrophobic interaction [2]. The specificity has led the cinnamycin to be used for the investigation of PE-related mechanisms such as apoptosis, cell division, migration and tumor vasculature [4,5,6,7,8]. Furthermore, this peptide has been considered as not only a potential probe for disrupting PE-containing membranes, such as those of cancer cells and bacteria, but also an alternative treatment for atherosclerosis [9,10]. The physical characteristics of its specificity, i.e., binding affinity, thermodynamic properties and structural changes, have been investigated using enzyme-linked immuno-sorbent assay (ELISA), isothermal titration calorimetry, small-angle X-ray scattering, transmission electron microscopy and surface plasmon resonance [2,11,12,13].



Spherical phospholipid bilayers, named vesicles, are widely-used as a model of the cell surface and also for investigating molecular events in membranes because the preparation methodology for the lipid bilayers has been well established and highly sensitive analytical techniques can be applied to investigate the events [14,15,16,17,18]. The vesicles have also been important for biomedical research of cell recognition, antimicrobial peptide activity, drug delivery and disease diagnosis [19,20,21,22]. Cyclic voltammetry (CV) has proved a valuable tool for direct, label-free, and noninvasive detection of surface binding in real-time at pM-scale sensitivity [23]. Surface binding includes the molecular adsorption, nucleic-acid hybridization and antibody-antigen interaction [24,25,26]. In this work, we aim to determine the characteristics of the specific binding between the cinnamycin and the vesicle with an outer layer of PE inclusion using CV. These characteristics may provide a platform for the cinnamycin-based development of therapy or diagnosis.




2. Materials and Methods


2.1. Vesicle Preparation


For vesicle preparation, dipalmitoylphosphatidylcholine (DPPC) and dipalmitoyl-phosphatidylethanolamine (DPPE) from Avanti were dissolved at 90:10 and 95:5 molar ratios (DPPC:DPPE), or pure DPPC was used, in chloroform. These ratios were determined from 1.1 μM cinnamycin behavior, which was found to be identical on the membrane at more than 10% PE [27]. The chloroform was subsequently evaporated under a dry stream of nitrogen to form lipid films at the wall of a glass tube. The inside glass tube was at low pressure for several hours to remove the last traces of the solvent and immersed overnight at room temperature in 2 mL of a buffer containing 10 mM Hepes, 50 mM KCl, and 1 mM NaN3 at pH 7. The hydrated solution was subjected to freezing and thawing with vigorous vortexing for ten 10 min cycles, and extruded through two stacked 100 nm pore size polycarbonate filters at room temperature to achieve formation of the unilamellar vesicles. The vesicle solution was transferred to an instrument for dynamic light scattering (ELS-8000, Otsuka, Tokyo, Japan) to measure the diameters of the vesicles, which were distributed normally between 130 and 170 nm.




2.2. CV Experiments


Each step was performed for surface treatment (Figure 1), and CV response was monitored for each step. Bare gold electrode surfaces (65 mm length & 3 mm diameter, eDAQ, Denistone East, NSW 2112, Australia) were cleaned immediately prior to use in a 1:4 solution of 30% hydrogen peroxide and 96% sulfuric acid at around 70 °C for 10 min. The gold surfaces were dried in nitrogen and immersed overnight in an ethanol solution containing 1mM of 100% 11-mercapto-1-undecanol (MUD) or the desired ratio of MUD and 16-mercaptohexadecanoic acid (MHA) (Sigma-Aldrich, St. Louis, MO, USA), rinsed with ethanol and dried with N2. The electrodes were then immersed for 30 min in a solution containing 10 mg/mL N-hydroxysuccinimide (Sigma-Aldrich, St. Louis, MO, USA) and 25 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (Sigma-Aldrich, St. Louis, MO, USA), rinsed with ultrapure water, incubated with 0.1 mg/mL cinnamycin for 1 h, rinsed further with PBS buffer, and immediately used without dewetting. After the cinnamycin layer formed on the electrode was transferred to the cell of the CV instrument, the solution of the vesicles was added to the electrode in the cell followed by its adsorption about 30 min. Then, the vesicle solution was exchanged into 10 mM Hepes, 50 mM KCl, and 1 mM NaN3 solution to remove excess vesicles. CV experiments were performed with a CHI660B electrochemical workstation (CH Instruments Inc., Austin, TX, USA) in a solution containing 1 mM K3Fe(CN)6 as a redox species. The potential was cycled, ranging from 500 to −200 mV relative to an Ag/AgCl reference electrode, at a scan rate of 0.05 mV/s.





3. Results and Discussion


3.1. CV Response for the Monolayer Formation on the Gold Electrode


The electric property for each step on the gold electrode surface was detected by conducting CV experiments. For the monolayers made, respectively, with pure MUD and 90% MUD/10% MHA, the current-potential responses in CV measurements are shown in Figure 2. The current was greatly decreased after the formation of the monolayer. The decrease confirmed that the layer was uniformly placed on the electrode surface. Furthermore, the intensity of the current was identical for both compositions. This identical intensity led to two possibilities. One is no effect of 10% MHA on the properties, and the other is no MHA adsorption on the electrode surface. Assuming no effect of 10% MHA, the cinnamycin was immobilized on the monolayer surface. The lack of MHA adsorption possibility is described further in the next Section 3.2. After the cinnamycin was immobilized, the response was measured again. Little change in the response was observed compared to that before the immobilization. Little change indicated that the cinnamycin-immobilized surface was heterogeneous, or the immobilization rarely occurred.




3.2. CV Response after PE-Vesicle Addition


Three types of vesicles were prepared: pure DPPC, 95% DPPC/5% DPPE and 90% DPPC/10% DPPE. Obviously, PE was used for the specific binding with the cinnamycin. Moreover, each of the vesicle solutions was injected into the pure-MUD monolayer up to 90% MUD/10% MHA where the cinnamycin immobilization step was performed. For pure DPPC vesicles on all of monolayers, and DPPC/DPPE vesicles on the MUD monolayer, the responses varied little from the previous step (only the monolayer). Only for the case of 90% DPPC/10% DPPE vesicle on the 90% MUD/10% MHA, the response was clearly changed (Figure 3). The current was tremendously decreased. The decrease seemed to be caused by the vesicles’ immobilization on the electrode surface, which seemed to prohibit the electron transfer. These results indicated that the MHA provided the site for the cinnamycin immobilization, as expected from the previous research [28]. Additionally, from the comparison of the responses for the vesicle and the monolayer, it was found that PE formed specific binding with cinnamycin.




3.3. CV Response Difference for Vesicle Composition


The values of charge Qi were calculated according to the equation Qi = ∫ I dt = ∫ I d(E/v) = (1/v) ∫ I dE = ∫ I dt, in which Qi is integrated from the potential scan rate of −200 mV to 500 mV, I is the current (μA), E is the potential (V), and v is the sweep rate 0.05 V/s [29]. The charge Qi (μC) at each step is listed in Table 1.



Ninety-five percent of charge transfer was blocked after the monolayer of the pure MUD or 90% MUD/10% MHA was formed (the charge transfer at the gold electrode was assumed as 100%). The compositions of the monolayer had little effect on the amount of the charge transferred to the electrode. The addition of the cinnamycin on the monolayer led to no reduction of permeability, either. For the injection of the vesicles, permeability was little changed except in the case where 90% DPPC/10% DPPE vesicles were injected to the monolayer of 90% MUD/10% MHA. This result indicates that the vesicles were bound to the monolayer at a specific composition. The response for 95% DPPC/5% DPPE vesicles was only sometimes different from that for pure-DPPC vesicles. This inconsistency indicates that the vesicle immobilization was less uniform on the surface.



The consistency differences between 5% and 10% DPPE vesicles seemed to be caused by a steric hindrance effect. Since DPPC and DPPE are saturated phospholipids, no phase-separation occurs in the surface of the vesicles. Presumably, the distribution of the lipids is uniform on the surface. Considering the geometry of the cinnamycin, no additional specific binding seems located, on average, within 8 nm2 around one binding site [28]. This surface density of the binding is corresponding to the composition between 5% and 10% DPPE, because the mean molecular area of DPPE is 0.6 nm2 [30]. Therefore, as long as DPPE is 10% or more, the cinnamycin appears to bind to PE at any orientation. This interpretation of the surface density is also consistent in terms of the composition of the cinnamycin density. The amount of the MHA in the monolayer was adjusted from 10 to 0.5%, and the vesicles of 90% DPPC and 10% DPPE were added to the cinnamycin for each composition of the monolayer. The CV response varied little from 10 to 1% MHA but was different at 0.5% (Figure 4). Considering the projection area of the vesicle, at least one cinnamycin seemed to be placed on the monolayer surface from 10 to 1% MHA. The theoretical value required for little change in the CV response was estimated at 0.1% MHA. Therefore, the change at 0.5% MHA indicates that equidistance between the DPPE molecules was always not maintained, although the phase separation did not occur in the lipid layer.





4. Conclusions


In this study, the specific binding between the cinnamycin and the PE-included vesicles was characterized with CV measurements. After the insulating property was confirmed for the cinnamycin immobilized on the monolayer made with different composition, the vesicles with adjusted PE ratios were added to the cinnamycin-immobilized monolayer. For the pure-DPPC vesicles on all of monolayers, and the DPPC/DPPE vesicles on the pure-MUD monolayer, the insulating property of the surface was little changed. However, the vesicles made with 90% DPPC/10% DPPE on the monolayer prepared with 99% MUD/1% MHA to 90% MUD/10% MHA showed consistent reduction in the CV response. Additionally, in the 95% DPPC/5% DPPE vesicles and the 99.5% MUD/0.5% MHA monolayer, variance in the response was observed. Therefore, the CV measurement was capable of characterizing the specific binding for PE-included vesicles.
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Figure 1. Surface treatment procedure on the gold electrode for CV experiments. 
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Figure 2. CV response after the monolayer formation on the gold electrode. 
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Figure 3. CV responses before and after the 10% PE-vesicle addition on the monolayer prepared with 90% MUD/10% MHA. 
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Figure 4. CV responses after the 10% PE-vesicle addition on the monolayer prepared respectively with 99.5% MUD/0.5% MHA and 99% MUD/1% MHA. 
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Table 1. Charge permeability with respect to each case treated on the gold electrode.
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Step

	
Charge (μC)

	
Charge Permeability (%)




	
MUD

	
90% MUD/10% MHA

	
MUD

	
90% MUD/10% MHA






	
Monolayer

	
1.0

	
1.0

	
5

	
5




	
Cinnamycin/Monolayer

	
1.0

	
1.0

	
5

	
5




	
Vesicles/Cinnamycin/Monolayer

	
DPPC

	
1.0

	
1.0

	
5

	
5




	
90% DPPC/10% DPPE

	
1.0

	
0.6

	
5

	
3
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