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Abstract

:

Amphotericin B (AmB) is an antifungal drug that rarely develops resistance. It has an affinity with the cholesterol on mammalian cell membranes, disrupting the structure and function of the membranes, which are also affected by potassium ions. However, the mechanism is unclear. In this paper, the Langmuir monolayer method was used to study the effects of potassium ions on the surface pressure–mean molecular area of isotherms, elastic modulus and the surface pressure–time curves of a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine/cholesterol (DPPC/Chol) monolayer and a DPPC/Chol/AmB monolayer. The morphology and thickness of the Langmuir–Blodgett films were studied via atomic force microscopy. The results showed that AmB can increase the mean molecular area of the DPPC/Chol mixed monolayer at low pressures (15 mN/m) but reduces it at high pressures (30 mN/m). The potassium ions may interfere with the effect of AmB in different ways. The potassium ions can enhance the influence of AmB on the stability of monolayer at low surface pressures, but weaken it at high surface pressures. The potassium ions showed significant interference with the interaction between AmB and the cholesterol-enriched region. The results are helpful for us to understand how the effect of amphotericin B on the phospholipid membrane is interfered with by potassium ions when amphotericin B enters mammalian cell membrane.






Keywords:


amphotericin B; Langmuir monolayer; Langmuir–Blodgett film; potassium ions












1. Introduction


More and more patients have undergone organ or bone marrow transplantation, which is accompanied by impaired immune function. There are also malignant diseases, AIDS and a variety of congenital or acquired autoimmune diseases, which create a risk of immune deficiency. Patients are at significant risk of systemic fungal infection, which can be life threatening [1]. However, the treatment of fungal infections presents considerable challenges because of the limited number of antifungal agents available [2] and because clinicians face many limitations related to the use of antifungal agents [3]. Amphotericin B (AmB) has been of great concern. Its most important advantage is that amphotericin B rarely develops resistance to fungi [4,5], but it is prone to severe nephrotoxicity in patients [6,7]. This is related to its pore-forming activity on membranes. Meanwhile, studies have shown that the polyene compound AmB induces changes in the permeability of mammalian immune cell membranes (forming membrane pores), leading to the increased expressions of pro-inflammatory cytokines and chemokines [8,9]. This means that AmB can be used as a potential new immunotherapy anticancer drug [10,11]. How amphotericin B affects cell membrane permeability is closely related to its pore-forming activity, but the mechanism is still unclear. Therefore, the modification of known antifungal agents and the development of new agents are of great value in the treatment of increasing numbers of systemic fungal infections. How to reduce the toxicity of polyene drugs to mammalian cells and improve their clinical efficacy has become an important medical issue. Studies of the pore-forming activity of amphotericin B on biofilms not only play an important role in the investigation of its antifungal activity and the mechanism of cell membrane toxicity, but also provide a fundamental guide for the development of amphotericin B as a new agent or subject of structural modification. Meanwhile, it has potential research value for the use of AmB in the immunotherapy of tumors in the future.



AmB consists of a heptacene macrolide skeleton, with a functional carboxyl group at position C16 and a mycosamine sugar appendage at position C19 [12]. The amphotericin B molecule has hydrophilic and hydrophobic properties. The hydrophilic region consists of one side of a ring (carbons 3–15) containing several hydroxyl groups. The other side of the ring (carbons 20–33) contains multiple double bonds and is hydrophobic [13]. The special effect of AmB on fungi is due to its greater affinity for ergosterol than cholesterol [14]. However, amphotericin B interacts with the cholesterol on the human cell membrane, affecting the permeability of the cell membrane and having a toxic effect on the cell membrane [15,16]. The mechanism of the toxicity of amphotericin B to human cell membranes is not clear. The interaction of amphotericin B with cholesterol-rich cell membranes is worthy of further investigation.



The toxicity of AmB to cholesterol-containing membranes has been studied extensively by many scholars. It has been found that AmB can combine cholesterol to form the complexes in lipid membranes [17,18,19], producing some highly structured pores [20]. AmB can initiate a redistribution of the cholesterol molecules in the plane of the membrane [21]. The penetration ability of AmB with the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/cholesterol (Chol) monolayer depends on the ratio of the two membrane components in the mixed monolayer and the strength of the interaction between the DPPC and Chol molecules [22]. Amphotericin B can cause an increase in the thickness of POPC (a kind of phospholipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPC-sterol membranes [23]. Cholesterol markedly inhibits the ion permeability induced by AmB, which is because the thickness of the membrane affects the action of amphotericin B [24]. Interestingly, a metal cation may also affect AmB molecules’ aggregation on the membrane [25], particularly for potassium ions. M. Gagoś et al. suggested that the K+ ions can affect the aggregation levels of AmB molecules [26,27] studied using the different spectroscopic techniques, such as electronic absorption spectroscopy, Raman and FTIR. Additionally, the presence of K+ ions can facilitate the interaction between AmB molecules and lipid membranes [28]. J. Brajtburg et al. found that the ATP (Na+–K+) activity in animal cells may be inhibited by AmB [29] and that the K+ ions exhibited protective properties against the antifungal activity of AmB [30]. Therefore, it is important to understand the membrane toxicity of amphotericin B by investigating the effect of potassium ions on the membrane interaction.



The study of the interaction between drugs and model membranes can be used as a complementary method for the study of pharmacodynamics or toxicology of cell membranes in vitro and in vivo [31,32]. The Langmuir monolayer is currently a popular interfacial biomembrane model for providing an understanding of drug–biomembrane interactions on a molecular level [33,34,35]. Although the monolayer has only one lipid leaflet of the cell membrane, the simulation experiment using the Langmuir technology has the great advantage of being able to adjust the fluidity of a membrane, the surface pressure and the environment that the cell membrane is in [36]. In addition, the Langmuir–Blodgett method [37] can be used to transfer the interfacial monolayers onto the substrate to form the Langmuir–Blodgett films (LB films), and the films can be observed using atomic force microscopy [38] or scanning electron microscopy [39], which can provide some morphological information. Therefore, studying the interaction between the drug and the interfacial lipid monolayer model can help to understand the toxicity mechanism of amphotericin B as it affects the cell membrane on a molecular level.



When amphotericin B penetrates the cell membrane, it first interacts with the outer layer of the cell membrane. Phosphatidylcholine (PC) is the main phospholipid of the outer cell membrane leaflet [40] and the major component of lung surfactants in the human body [41]. Moreover, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is a saturated phospholipid and comprises about 30–60% of the PC [42]. Cholesterol is the main sterol of a mammalian plasma membrane, and can regulate the fluidity of the membrane [43]. More importantly, cholesterol is related to the toxicity of amphotericin B to the cell membrane. In this work, the DPPC/Chol (molar ratio, 7:3) mixed monolayer was selected to be a model of the outer the cell membrane leaflet, and the ratio was close to the real lipid/sterol ratio of a mammalian plasma membrane [44]. The molar fraction of AmB on the mixed monolayer was 50%, in which condition the attractive force of the molecules on the monolayer is the strongest according to our previous research [45]. The surface pressure–mean molecular area isotherms, elastic modulus and the stability of the DPPC/Chol mixed monolayer and the DPPC/Chol/AmB mixed monolayer were studied using the Langmuir method in the absence and presence of K+ ions. Additionally, the morphology and the thickness of the mixed Langmuir–Blodgett films were analyzed using atomic force microscopy.




2. Materials and Methods


2.1. Materials


First, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC: purity ≥ 99%), cholesterol (Chol: purity ≥ 99%) and power amphotericin B (AmB: purity > 80%) were purchased from Sigma, USA. The mica sheets were purchased from Xi’an Qiyue Biotechnology Company, China. The other chemicals were of analytical grade and were used without further purification. The DPPC and Chol (7:3, mol/mol) were dissolved in a chloroform/methanol mixture (9:1, v/v) to obtain a lipid monolayer-forming solution, and its final concentration was 0.5 mmol/L. The AmB molecules were dissolved in a 3:1 (v/v) mixture of dimethylformamide and 1 M HCl to give a final concentration of 0.5 mmol/L. High purity water obtained from a Milli-Q plus water purification system (18.2 MΩ/cm, Millipore, MA, USA) was used in all experiments. Potassium carbonate was dissolved in HEPES buffer (pH 7) to form subphase solutions with different concentrations (0 mmol/L, 5 mmol/L and 10 mmol/L) of potassium ions.




2.2. Langmuir Monolayers


The Langmuir monolayer experiments were performed using a Langmuir trough (Teflon trough size 323 mm × 75 mm × 5 mm, KSV-Minitrough, Helsinki, Finland). The surface pressure–mean molecular area (π-A) isotherms of the DPPC/Chol mixed monolayer and the DPPC/Chol/AmB mixed monolayer were measured with a Wilhelmy-type tensiometer using filter paper (10 mm × 30 mm × 0.15 mm) attached to the trough. The accuracy of the sensor was 0.1 mN/m. Before each experiment, we washed the trough with ethanol and rinsed it with purified water. To confirm that the surface of the trough and subphase were adequately cleaned, we compressed the barriers over the entire surface area range to ensure that surface pressure fluctuations were less than ±0.2 mN/m [46]. For all the experiments, the temperature was maintained at 37 ± 1 °C by an external circulator, and the trough was filled with normal saline with a 0 mmol/L, 5 mmol/L or 10 mmol/L potassium ions solution as the subphase. For the DPPC/Chol mixed monolayer, 50 μL mixed lipid solution was deposited at the air–water interface with a Hamilton micro-syringe. For the DPPC/Chol/AmB mixed monolayer (lipid/AmB in 1:1 molar radio), 25 μL lipid solution and 25 μL AmB solution were spread on the interface. We waited 15 min to make sure that all the solvent evaporated, and compressed the monolayers with a barrier speed of 75 cm2/min. The surface pressure was recorded during the interface compression process. The total number of moles remained identical in both monolayer systems.



The surface pressure–time (π-t) curves of the DPPC/Chol mixed monolayer and the DPPC/Chol/AmB mixed monolayer were obtained as follows. The lipid molecules or and AmB molecules were dispersed on the interface. After 15 min, we compressed the monolayer to make the surface pressure reach a certain surface pressure (15 or 30 mN/m), and then kept the area of the monolayer constant [47]. The surface pressure–time (π-t) curve of the lipid monolayer or the lipid–AmB monolayer was recorded.



All of the π-A isotherms and π-t curves were repeated three times independently to confirm the reproducibility of the measurements, and the final data were averaged.




2.3. Langmuir-Blodgett Film and Atomic Force Microscopy Observation


The Langmuir monolayer at the air–water interface can be transferred onto the substrate to form the Langmuir–Blodgett film. At first, the freshly cleaved mica sheet was half-dipped into the subphase vertically. Then, we spread the lipid molecules or the AmB molecules on the interface and compressed the monolayer after 15 min for solvent evaporation. When the surface pressure reached up to 15 or 30 mN/m, we pulled the mica sheet out from the subphase vertically at the dipping rate of 5 mm/min. In this process, the monolayer was deposited onto the surface of the mica sheet to form a Langmuir–Blodgett film. The films relative to the subphase with 0 mmol/L, 5 mmol/L and 10 mmol/L potassium ions were studied.



The microstructure characterization of the Langmuir–Blodgett film was observed via the atomic force microscopy (AFM, Shimadzu, Tokyo, Japan) in the intermittent contact mode using a silicon nitride pyramidal tip mounted on a 100 μm long cantilever with a force constant of 0.1 N/m.





3. Results


3.1. The Surface Pressure–Mean Molecular Area (π-A) Isotherms and the Elastic Modulus    C s  − 1    


The surface pressure–mean molecular area isotherms of the DPPC/Chol mixed monolayer rose up when the mean molecular area was about 65 ± 0.01     Å 2   , which is similar to the literature [48,49], and which was independent of the presence or absence of potassium ions (Figure 1A). The isotherms in the absence of the potassium ions dropped sharply at the surface pressure of 56.6 mN/m, corresponding to the collapse of the DPPC/Chol mixed monolayer, which meant that the monolayer may have broken down. At the surface pressure higher than 56.6 mN/m, the isotherms rose again, meaning that the monolayer may have formed a double-layered structure due to the extrusion. The collapse pressure decreased in the presence of 5 mmol/L K+ ions, but increased in the presence of 10 mmol/L K+ ions. In the isotherms of the DPPC/Chol mixed monolayer, an obvious phase transfer process was not observed, which was similar to the results in the literature [45]. This was not affected by potassium ions.



Compared to that in the absence of the K+ ions, the π-A isotherms of the DPPC/Chol/AmB mixed monolayer in the presence of K+ ions had a lower lift-off area (100    ±   0.01    Å 2    as compared to 130    ±   0.01    Å 2   ), as shown in Figure 1B. The lower lift-off areas show that the mean molecular area of the mixed monolayer was smaller in the LE phase caused by the K+ ions. It is worth noting that in the absence of the K+ ions, the isotherm had a flat region on the isotherm of the DPPC/Chol/AmB mixed monolayer. In our previous study [50], a flat platform was also observed on the pure AmB monolayer, which corresponded to the phase transition from the G (gas)–LE (liquid expanded) coexistence phase to the LE phase. That was due to the orientation of the AmB molecule at the interface. Thus, in Figure 1B, the presence of the flat platform was caused by the rearrangement of the AmB molecules in the lipid monolayer. In the presence of 5 mmol/L K+ ions, the flat platform disappeared. However, in the presence of 10 mmol/L K+ ions, the flat platform was not obvious, but the phase transition corresponding to the flat platform was observed on the    C s  − 1    -π curves (Figure 2B). This suggested that the K+ ions may directly induce the change in AmB’s molecular conformation.



According to the data of the π-A isotherms of the DPPC/Chol mixed monolayer with and without AmB molecules, the elastic modulus of the monolayer can be calculated using the formula [51,52]:


   C s  − 1   = − A    (    d π   d A    )   T   



(1)




where    C s  − 1     is the elastic modulus of the monolayer, s is the cross-sectional area of the monolayer, A is the mean molecular area and π is the surface pressure of the monolayer. A greater elastic modulus suggests that the monolayer is less compressible and more condensed [53]. The minimum of    C s  − 1     indicates a significant phase transition in the monolayer [54].



From Figure 2, the maximum value of    C s  − 1     for the DPPC/Chol mixed monolayer was greater than that for the DPPC/Chol/AmB mixed monolayer, and it did not matter if potassium ions were present or not. It was suggested that AmB caused the DPPC/Chol mixed monolayer to be less condensed. In Figure 2A, the maximum value of    C s  − 1     for the DPPC/Chol mixed monolayer decreased due to the presence of 5 mmol/L K+ ions, but increased because of the presence of 10 mmol/L K+ ions. The potassium ions can affect the molecular arrangement on the DPPC/Chol mixed monolayer, which was different depending on its concentration. The potassium caused the DPPC/Chol mixed monolayer to become more condensed in the concentration of 10 mmol/L, but induced the mixed monolayer to become less condensed in the concentration of 5 mmol/L. However, for the DPPC/Chol/AmB mixed monolayer, the potassium ions caused the monolayer to become more condensed in the concentration of 5 mmol/L, but induced the mixed monolayer to become less condensed in the concentration of 10 mmol/L.



There was no minimum of    C s  − 1     appearing on the    C s  − 1    -π curves of the DPPC/Chol mixed monolayer in the absence and presence of potassium ions. The    C s  − 1     value of the DPPC/Chol/AmB mixed monolayer reached a minimum at the surface pressure of 14.8 mN/m (   M 1    in Figure 2B) in the absence of potassium ions and at the surface pressure of 15.7 mN/m (   M 2    in Figure 2B) in the presence of 10 mmol/L K+ ions. However, the potassium ions in the concentration of 5 mmol/L caused the minimum of    C s  − 1     to disappear.




3.2. The Limiting Molecular Area and the Mean Molecular Area Increment


According to the π-A isotherms, the limiting molecular area can be calculated just by extrapolating the linear part of the curve according to the lowest compressibility, which is taken as the region of the surface pressure corresponding to the linear part [55]. The limiting molecular area of the mixed monolayer in the absence of the K+ ions and in the presence of 5 mmol/L and 10 mmol/L K+ ions is marked as    A  L 1    ,    A  L 2     and    A  L 3     in Figure 1. The K+ ions decreased the limiting molecular area of the DPPC/Chol mixed monolayer, and the limiting molecular area was smallest in the presence of 10 mmol/L K+ ions. However, the K+ ions increased the limiting molecular area of the DPPC/Chol/AmB mixed monolayer, and the limiting molecular area was the largest in the presence of 10 mmol/L K+ ions. This indicated that the potassium ions may affect the interaction between AmB and the lipid molecules, and that the AmB molecules were sensitive to potassium ions.



The AmB molecules can influence the mean molecular area of the DPPC/Chol mixed monolayer, as shown in Figure 3. According to the data of π-A isotherm, the mean molecular area increment (  ∆ A  ) value is    A  D P P C / C h o l / A m B   -  A  D P P C / C h o l    . The positive value of   ∆ A   suggests that AmB can increase the mean molecular area of the DPPC/Chol mixed monolayer, and the negative value of   ∆ A   indicates that AmB can decrease it. In the absence of K+ ions, AmB increased the mean molecular area of the DPPC/Chol mixed monolayer in the range of the surface pressure from 0 mN/m to 15.5 mN/m, but decreased it in the range of the surface pressure from 15.5 mN/m to 30 mN/m, which was similar than that in the presence of K+ ions. However, the ranges of the surface pressure were slightly different. In the presence of 5 mmol/L K+ ions, the AmB molecules increased the mean molecular area of the lipid mixed monolayer at lower levels of surface pressure of 17 mN/m (14.5 mN/m in the presence of 10 mmol/L K+ ions) but decreased it at the surface pressures from 17 mN/m to 30 mN/m (from 14.5 mN/m to 30 mN/m in the presence of 10 mmol/L K+ ions). Remarkably, at lower levels of surface pressure, the   ∆ A   values in the presence of K+ ions were smaller than that in the absence of K+ ions, and the   ∆ A   values caused by 10 mmol/L K+ ions were the smallest at the same surface pressure. It was suggested that the effect of AmB increasing the mean molecular area in the presence of 10 mmol/L K+ ions was weakest. At the higher levels of surface pressure, the    |  ∆ A  |    value was largest in the presence of 10 mmol/L K+ ions and it was slightly smaller in the presence of 5 mmol/L K+ ions than that in the absence of the K+ ions. It was suggested that 5 mmol/L K+ ions weakened the AmB’s ability to decrease the mean molecular area, but the 10 mmol/L K+ ions enhanced the AmB’s ability at higher levels of surface pressure.




3.3. The Surface Pressure–Time (π-t) Curves


The DPPC/Chol mixed monolayer and the DPPC/Chol/AmB mixed monolayer were compressed to a surface pressure of 15 mN/m and 30 mN/m, and the area of the monolayer was kept constant. We recorded the change in the surface pressure over time, as seen in Figure 4. The surface pressure was decreased or increased until the equilibrium value (   π e   ) was reached [56]. Then,   ∆  π e    was calculated using the formula:   ∆  π e  =  π  e - A m B / l i p i d   −  π  e - l i p i d    , which indicated the change in    π e    (Table 1). A positive   ∆  π e    value indicates that the stability of the monolayer was enhanced by AmB, while a negative   ∆  π e    value suggests that the stability of the monolayer was weakened by AmB [56]. A smaller value of    |  ∆  π e   |    means a weaker impact of AmB on the stability of the lipid monolayer.



At 15 mN/m, the potassium ions decreased the    π e    value of the DPPC/Chol mixed monolayer, suggesting that K+ ions can decrease the stability of the DPPC/Chol mixed monolayer, which did not depend on the presence of AmB molecules. The AmB molecules significantly decreased the    π e    value of the DPPC/Chol mixed monolayer in the absence of potassium ions, indicating that the stability of the DPPC/Chol mixed monolayer was decreased by the AmB drug, and that the presence of potassium ions can enhance this effect of AmB. At 30 mN/m, the presence of AmB and potassium ions slightly reduced the stability of the monolayers, but the potassium ions slightly weakened the impact of AmB on the stability of the lipid monolayer.




3.4. The AFM Analysis


The DPPC/Chol mixed monolayers were transferred onto the surface of mica sheets at the surface pressure of 15 mN/m. The bright (higher) areas and the dark (lower) areas were observed on the DPPC/Chol film (Figure 5A–C), which was highly similar to the results of A. Botet-Carreras et al. [57]. The bright areas may be attributed to the segregation of enriched Chol domains [57]. In the absence of K+ ions, the enriched Chol domains in the DPPC/Chol mixed monolayer film formed a closely arranged “curved dendritic” shape, the height of which was about 1.3~1.7 nm (Figure 5A). In the presence of 5 mmol/L K+ ions, the morphology did not change, but the enriched Chol regions were more compact than that in the absence of the K+ ions, and the height was about 1.1~1.9 nm (Figure 5B). In the presence of 10 mmol/L K+ ions, the morphology of the DPPC/Chol mixed monolayer film in the Chol-rich regions changed to an “uncurved dendritic” shape with the height of about 1.1~1.8 nm (Figure 5C). The dark region was at the height of 0.3~0.6 nm in the absence of K+ ions. In the presence of AmB, the bright area of the lipid monolayer was shaped similarly to a large island with a height of about 1.0~1.4 nm (Figure 5a–c). The height of the dark region was 0.6~0.8 nm. As the potassium ions’ concentration increased, the area of the lower region seemed to increase slightly.



AmB increased the height of the dark region of the DPPC/Chol mixed LB film at 15 mN/m, which was not affected by potassium ions. However, AmB reduced the height of the bright region of the DPPC/Chol mixed LB film, which was interfered with by potassium ions. In the absence of potassium ions, the height of the bright area decreased by 0.3 nm, but in the presence of 5 mmol/L and 10 mmol/L potassium ions, the height decreased by 0.1–0.5 nm and 0.1–0.4 nm, respectively. It can be seen that potassium ions can interfere with the interaction between AmB and the cholesterol-enriched region at 15 mN/m.



From the Figure 6, the DPPC/Chol mixed monolayers, with and without AmB, were more compact at 30 mN/m than that at 15 mN/m. The height of the bright region (enriched Chol) of the DPPC/Chol mixed monolayer was about 1.6~1.8 nm and the height of dark region was about 0.9 nm in the absence and presence of 5 mmol/L K+ ions. In the presence of 10 mmol/L K+ ions, the bright region was at the height of about 1.5~2.0 nm and the dark region was at the height of about 1.0 nm. For the DPPC/Chol/AmB mixed monolayer, the height of the bright region was 1.0~1.2 nm in the absence of the K+ ions, 1.0~1.3 nm in the presence of 5 mmol/L K+ ions and 1.0~1.4 nm in the presence of 10 mmol/L K+ ions. The dark region was at the height of about 0.6~0.8 nm in the absence of K+ ions and about 0.7~0.9 nm in the presence of K+ ions.



AmB reduced the height of both bright and dark regions of the DPPC/Chol mixed LB film at 30 mN/m, but the effect of AmB on the height of the bright regions was slightly disturbed by the potassium ions. In the absence of potassium ions, AmB reduced the height of the bright regions by 0.4–0.6 nm, but in the presence of potassium ions, the height decreased by 0.5–0.6 nm. It indicated that potassium ions had a slight effect on the interaction between AmB and the cholesterol-enriched region.



An illustration of the possible molecular arrangement of the DPPC/Chol mixed LB film and the DPPC/Chol/AmB mixed LB film is shown in Figure 7. At 15 mN/m, the bright domains of the DPPC/Chol mixed LB film may be attributed to the segregation of enriched cholesterol domains. At the dark domains, cholesterol did not accumulate. The surface pressure of 15 mN/m corresponded to the phase transition of the AmB component, so the orientation of the AmB molecules on the interface may change from horizontal to vertical, and the longitudinal axis of most AmB molecules may have a certain inclination angle with the interface. For the DPPC/Chol/AmB mixed LB film, AmB mainly expressed an affinity for cholesterol molecules. At the lower domain, the cholesterol molecules did not aggregate, and the longitudinal axis of the AmB molecules was obliquely inclined to the interface. At the higher domain, cholesterol aggregated, and the vertical axis of the AmB molecule was vertical. At 30 mN/m, the molecules were packed together, the cholesterol molecules were more concentrated, and the orientation of the AmB was vertical. Therefore, according to the height analysis of the AFM images, the potassium ions may interfere with the interaction between AmB and the cholesterol-rich region, which was stronger at 15 mN/m than that at 30 mN/m. Moreover, the slight disturbance caused by the potassium ions was almost not effected by the concentration of the potassium ions at 30 mN/m.





4. Discussion


According to the results, AmB can increase the mean molecular area of DPPC/Chol mixed monolayer at low pressures (15 mN/m). The 5 mmol/L K+ ions had little effect on AmB’s activities, but 10 mmol/L K+ ions can weaken the effect of AmB. In contrast, AmB can reduce the mean molecular area of DPPC/Chol mixed monolayers at high pressures (30 mN/m). The 5 mmol/L K+ ions slightly attenuated AmB’s effects, but the 10 mmol/L K+ ions enhanced it. Regardless of the surface pressure, AmB can reduce the stability of monolayers. However, potassium ions interfered with AmB in different ways at different surface pressures. At low surface pressures, potassium ions can significantly enhance the influence of AmB on the stability of monolayers, and the interference of potassium was stronger at the concentration of 5 mmol/L. At high surface pressures, potassium ions weaken the effect of AmB on the stability of monolayers. At the same time, the higher the concentration of potassium ions, the more its interference was obvious. On the DPPC/Chol LB film, there were cholesterol-rich regions. When AmB interacted with the lipid components, a large number of AmB molecules interacted with the cholesterol-enriched region due to the strong affinity of AmB molecules for cholesterol molecules. The potassium ions showed significant interference of the interaction between AmB and cholesterol-enriched region, which led to the change in the film’s thickness. Additionally, when the surface pressure was lower, the interference effect was stronger. However, the potassium ions had little effect on the interaction between AmB and the region with low cholesterol on the film.




5. Conclusions


The interaction between amphotericin B and cell membranes is complex. In this paper, a simplified phospholipid membrane model was used to study the effect of amphotericin B on the physical properties and membrane structure of cell membranes in a potassium ion environment. When amphotericin B interacts with the cell membrane, it enters the outer layer first. Amphotericin B can change the elastic modulus, morphology and thickness of the outer layer of a membrane, which is, itself, affected by the concentration of potassium ions in the environment. At the same time, when the membrane performs its normal physiological function, the curvature of the membrane may change, along with the surface pressure of the membrane. The potassium ions can interfere with the effect of amphotericin B on the stability of the membrane, as well as with its effects on the morphology and thickness of the membrane, which provides more favorable information for understanding the toxicity of AmB to the membrane of cells. Next, we will focus on the potential stability of the AmB interacting with lipid monolayer systems. In addition, the species and concentration of ions in the environment of the membrane should be emphasized in the study of drug–membrane interaction. Moreover, the two-layer membrane model of the vesicle can be used, which has an interface curvature similar to that of the cell membrane, and different ion concentrations can be introduced inside and outside the vesicle membrane. One must make it as close to the real membrane environment as possible.
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Figure 1. The surface pressure–mean molecular area (π-A) isotherms of the (A). DPPC/Chol mixed monolayer and (B). the DPPC/Chol/AmB mixed monolayer at the air–water interface in the absence and presence of potassium ions (5 mmol/L and 10 mmol/L). 
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Figure 2. The elastic modulus–surface pressure (   C s  − 1    -π) curves of (A). the DPPC/Chol mixed monolayer and (B). the DPPC/Chol/AmB mixed monolayer at the air–water interface in the absence and presence of potassium ions (5 mmol/L and 10 mmol/L). 
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Figure 3. The mean molecular area increment (  ∆ A  ) of the DPPC/Chol mixed monolayer caused by AmB in the absence and presence of potassium ions at the same surface pressure. 
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Figure 4. The surface pressure–time (π-t) curves of the DPPC/Chol mixed monolayer and the DPPC/Chol/AmB mixed monolayer at the air–water interface in the absence and presence of potassium ions (5 mmol/L and 10 mmol/L) at 15 mN/m (A) and 30 mN/m (B). 
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Figure 5. The AFM images (  2    μ m  × 2    μ m   ) of the DPPC/Chol mixed Langmuir–Blodgett film without (A–C) and with AmB (a–c) in the absence (A,a) and presence of 5 mmol/L (B,b) and 10 mmol/L (C,c) K+ ions at 15 mN/m. 
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Figure 6. The AFM images (  2    μ m  × 2    μ m   ) of the DPPC/Chol mixed Langmuir–Blodgett film without (A–C) and with AmB (a–c) in the absence (A,a) and presence of 5 mmol/L (B,b) and 10 mmol/L (C,c) K+ ions at 30 mN/m. 
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Figure 7. Illustration representing the possible organization of the DPPC/Chol mixed LB film and the DPPC/Chol/AmB mixed LB film. 
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Table 1. The equilibrium values (   π e   ) of the surface pressure for the DPPC/Chol mixed monolayer (   π  e - l i p i d     ) and the DPPC/Chol/AmB monolayer (   π  e - A m B / l i p i d     ) at 15 mN/m and 30 mN/m. The change of    π e    is   ∆  π e   (   π  e - A m B / l i p i d   −  π  e - l i p i d    )   .
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Concentration of K+ (mmol/L)

	
15 mN/m

	
30 mN/m




	
     π  e - l i p i d     ( mN / m )    

	
     π  e - A m B / l i p i d     ( mN / m )    

	
    ∆  π e    ( mN / m )    

	
     π  e - l i p i d     ( mN / m )    

	
     π  e - A m B / l i p i d     ( mN / m )    

	
    ∆  π e    ( mN / m )    






	
0

	
14.62 ± 0.02

	
9.83 ± 0.02

	
−4.79 ± 0.02

	
29.92 ± 0.02

	
29.45 ± 0.02

	
−0.47 ± 0.02




	
5

	
13.88 ± 0.02

	
7.11 ± 0.02

	
−6.77 ± 0.02

	
29.69 ± 0.02

	
29.27 ± 0.02

	
−0.42 ± 0.02




	
10

	
13.53 ± 0.02

	
6.91 ± 0.02

	
−6.62 ± 0.02

	
29.49 ± 0.02

	
29.21 ± 0.02

	
−0.28 ± 0.02
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