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Abstract

:

Photosensitizers (PSs) used in photodynamic therapy (PDT) have been developed to selectively destroy tumor cells. However, PSs recurrently reside on the extracellular matrix or affect normal cells in the vicinity, causing side effects. Additionally, the membrane stability of tumor cells and normal cells in the presence of reactive oxygen species (ROS) has not been studied, and the effects of ROS at the membrane level are unclear. In this work, we elucidate the stabilities of model membranes mimicking tumor cells and normal cells in the presence of ROS. The model membranes are constructed according to the degree of saturation in lipids and the bilayers are prepared either in symmetric or asymmetric form. Interestingly, membranes mimicking normal cells are the most vulnerable to ROS, while membranes mimicking tumor cells remain relatively stable. The instability of normal cell membranes may be one cause of the side effects of PDT. Moreover, we also show that ROS levels are controlled by antioxidants, helping to maintain an appropriate amount of ROS when PDT is applied.






Keywords:


biomimetic membranes; lipid membranes; reactive oxygen species; photodynamic therapy; antioxidant












1. Introduction


Various methods have been developed for cancer therapy, one of which is photodynamic therapy (PDT), where photosensitizers (PSs) accumulate in cancer cells and generate reactive oxygen species (ROS) upon light radiation [1]. ROS damage intracellular components such as DNA, proteins, and lipids, inhibiting cancer cell activity [2,3]. They also oxidize intracellular signaling molecules, leading to various pathways of cell death. In addition, ROS are mainly produced as a byproduct of mitochondria or external UV radiation to the human body [4,5]. Compared to normal cells, cancer cells have high levels of both ROS and antioxidants to maintain a balance between them. For cancer therapy, cell death is induced by breaking the equilibrium by the addition of ROS. These photodynamic treatments causing the apoptotic and necrotic cell death of cancer cells [6,7] have been continuously proposed since skin cancer treatment was first introduced in 1978 [8].



PDT uses biodegradable nanoparticles to deliver PSs [9,10], mainly targeting tumors at a relatively low pH [11,12,13]. However, they may accumulate in nontarget cells, and skin photosensitization occurs as a side effect of residual PS being excited by natural sunlight [14], and cells neighboring the target cells may be subjected to hypoxia and anoxia due to residual PS [15]. A number of studies have focused on the oxidation of internal substances or changes in the signaling of cells caused by ROS interactions [16,17]. In contrast, the structural perturbation attributed to the peroxidation of unsaturated lipids caused by ROS is not fully understood, necessitating further research into the ROS effects in membranes with an abundance of unsaturated lipids.



The plasma membrane is composed of various types of lipids, such as phosphatidylcholine and sphingomyelin [18]. In typical cells, some lipids should not be exposed to the outer layer. For instance, when phosphatidylserine flip-flops to the outer layer, it sends an ‘eat me’ signal to phagocytes and results in apoptosis [19]. Some lipids in the inner leaflet of bilayers are not usually exposed to the extracellular matrix by a transmembrane lipid transporter, flippase, thus forming an asymmetric bilayer in the plasma membrane. The cytoplasmic lipids in the inner leaflet of bilayers are primarily composed of unsaturated lipids, while exoplasmic lipids in the outer leaflet of bilayers are composed of mostly saturated lipids [20]. On the other hand, in cancer cells, cytoplasmic lipids such as phosphatidylserine are exposed to the outer layer due to low flippase activity, forming a symmetric bilayer [21,22]. Therefore, further studies on the ROS interactions with different cell types are needed, since they have different compositions of lipids.



In this study, we created model membranes, including planar bilayers and liposomes, either in symmetric or asymmetric form, to test the ROS interactions of normal cell- and cancer cell-mimicking membranes with different membrane compositions. As a result, the membranes mimicking normal cells were most significantly affected by ROS. Moreover, the reduction in structural damage caused by ROS in the presence of antioxidants was verified, showing that ROS caused structural perturbation to membranes and that ROS levels could be controlled by antioxidants. We expect that our studies will provide more comprehensive information on the effects of ROS on cell membranes in different types of cells with different compositions. In addition, when applied to PDT, the side effects of PDT can be reduced by using an appropriate amount of antioxidants without significantly affecting its therapeutic effect.




2. Materials and Methods


2.1. Bilayer Formation


The PDMS chamber was manufactured to form a lipid bilayer using aqueous droplets and oil. To limit the contact area of the droplet, a spark generator (DAEDALON, Salem, MA, USA) was used to send 50 sparks to a 0.05 mm-thick PTFE film (Good Fellow, Huntingdon, UK), making an aperture with a diameter of approximately 170 μm, which is the generally established method [23,24]. Then, 0.5% (w/v) phospholipid was used in buffer solution (1.0 M KCl, 2 mM KH2PO4, 8 mM K2HPO4, and 10 mM EDTA (adjusted to a pH of 7.4)). Sonication (3 mm tip, 21%) was conducted using a probe tip sonicator (VCX500, Sonics & Materials, Inc., Newtown, CT, USA) to achieve complete dissolution. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Polar Lipid, Inc., Alabaster, AL, USA) and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC; Avanti Polar Lipid, Inc., Alabaster, AL, USA) were used and mixed at the required ratio. A chamber was created with polydimethylsiloxane (PDMS; Dow Corning, Midland, MA, USA) for ease of manipulation [25], and the PTFE film was inserted. Then, 100 nL of hexadecane (Sigma, St. Louis, MO, USA) was added to the aperture of PTFE, and both chambers were filled with 100 µL of liquid solution to fabricate a lipid layer in the aperture of the PTFE film. This platform was verified by experiments using α-hemolysin (Figures S1 and S2).




2.2. Electrical Measurement


An Axopatch 200B patch clamp (Molecular Devices, Sunnyvale, CA, USA) and a DigiData 1440A instrument (Molecular Devices, Sunnyvale, CA, USA) was connected to a 1 mm-thick Ag/AgCl electrode (Alfa Aesar, Ward Hill, MA, USA), and an established method was used [26,27]. The data were acquired via 100 kHz sampling with a low-pass Bessel filter (1 kHz). Since the lipid bilayer exhibited electrical conductivity [28], lipid bilayer formation was confirmed through the increase in capacitance (C).


I = dq/dt



(1)






C = εA/d = dq/dV



(2)







This equation can be summarized as follows:


I = εA/d × dV/dt



(3)







An increase in the absolute value of the current at a constant dV/dt increases the capacitance—that is, the area of the lipid bilayer—leading to the formation of the lipid bilayer. The pipette offset was adjusted to shift the graph toward the negative bias when the conductivity of the lipid bilayer became unstable, and when the droplets fused, the chart dropped to −10,000 pA or less. A triangle wave voltage (±50 mV/20 ms) was used. Data were collected for 30 min, which allowed for a sufficient reaction time, using the Clampfit 10.7 program (Molecular Devices, Sunnyvale, CA, USA); the data were then analyzed using the Clampex 10.7 program (Molecular Devices, Sunnyvale, CA, USA).




2.3. ROS Generation


Methylene blue (20 µM; Duksan, Gyeonggi-do, Korea) was used as a photosensitizer. A total of 200 lm of red light, the maximum amount, was irradiated using an ACULED VHL device (PerkinElmer, Waltham, MA, USA) to produce singlet oxygen [29,30].




2.4. Liposome Generation


The inverted emulsion method was used to generate asymmetric liposomes [31] (Figure S3). Two types of aqueous solutions were prepared. Briefly, 0.2 mM calcein, 25 mM HEPES-NaOH (pH 7), and 475 mM sucrose were added to the inner aqueous solution, while 25 mM HEPES-NaOH (pH 7) and 475 mM glucose were added to the reservoir solution. Next, 100 µL of the internal aquatic solution was added to 800 µL of mineral oil (lipid 0.1% w/v), sonicated in an icebox for 4 min using a probe tip sonicator (2 s/2 s pulse), and then incubated for 5 min. A 1.5 mL microcentrifuge tube was coated with bovine serum albumin (BSA; Sigma, St. Louis, MO, USA). Then, 500 µL of reservoir solution was added, followed by 400 μL of emulsion solution, and the mixture was incubated for 10 min. After centrifugation at 16,000 g for 15 min at 8 °C, the supernatant was removed. Then, 1.1 mL of reservoir solution was added again and pipetted gently to disperse the pellet nicely. Only 1 mL of resolution reservoir at the bottom was collected to remove the remaining oil emulsion. All liposomes were refrigerated and used within 24 h. In the case of asymmetric liposomes, dodecane (Sigma, St. Louis, MO, USA) (0.1% w/v lipid) was additionally used when producing the emulsion solution. Finally, 500 µL of the reservoir solution, 400 µL of mineral oil (0.1% w/v lipid), and 400 µL of the emulsion were added sequentially and centrifuged until homogeneous.




2.5. Liposome Quenching Experiment


Liposome solution, 2 mM calcein quencher [32] FeCl3 (Sigma, St. Louis, MO, USA), and 20 µM methylene blue were added to reach a total of 1 mL in a 1.5 mL cuvette. The initial fluorescence intensity was measured at Ex/Em = 495/515 nm using a spectrophotometer (RF-5301PC, Shimadzu Europe, Institute, Arlington, TX, USA). Red light was irradiated at 10 °C for 30 min, and the fluorescence intensity was measured.




2.6. Antioxidant Test


L-glutathione (Sigma, St. Louis, MO, USA) and ascorbate (Sigma, St. Louis, MO, USA) were used as water-soluble antioxidants, and α-tocopherol (Sigma, St. Louis, MO, USA) and β-carotene (Sigma, St. Louis, MO, USA) were used as fat-soluble antioxidants. Briefly, 200 μM water-soluble antioxidants were placed on either the inside or outside of the liposomes. Fat-soluble antioxidants were used in mineral oil and emulsion solution in a mole ratio of lipid:cholesterol:antioxidant = 0.7:0.295:0.005. Additionally, 20 µM of methylene blue was measured by the same method as the liposome permeability analysis.





3. Results and Discussion


PDT is a cancer therapy in which the generated ROS oxidize various substances inside the cell. ROS also oxidize and change the structure of lipids in cell membranes, changing the permeability of the membrane [33]. Due to the differences in the membrane compositions of normal and cancer cells, the ROS effects of the membranes and their permeability would vary in response to ROS. To observe the different membrane interactions of ROS, we carried out experiments on the membrane stability and permeability in the presence of ROS generated by photosensitizers.



To mimic the lipid composition of cell membranes for normal cells and cancer cells, we constructed model lipid bilayers as follows. Most lipids in the cytoplasmic leaflet of membranes are unsaturated, and those in the exoplasmic leaflet are saturated. Hence, the model membranes contain unsaturated lipids, DOPCs, in the inner leaflet of lipid bilayers, and saturated lipids, DPhPCs, in the outer leaflet of lipid bilayers. Due to the low flippase activities in cancer cells, the lipid compositions remain similar in both layers, resulting in a symmetric bilayer; thus, the model bilayers are formed of 1:1 DOPC and DPhPC mixtures. Although oxidation may not influence the head groups more than the tails of the lipids [34], the same head group, phosphocholine (PC), was used for all experiments to minimize the head group effects. In this study, model membranes with the compositions described above were made in two different forms—planar lipid bilayers and liposomes—to elucidate the interactions of singlet oxygen with each lipid composition.



3.1. Planar Lipid Bilayer


A planar lipid bilayer is mainly used to measure the movements of ions/small molecules through the aperture of channel proteins/nanopores in the lipid bilayer. Electric currents are not measurable before a bilayer is formed due to the nonconducting solvent between the two leaflet of lipid layers. When the bilayer is formed, electric current flows slightly through the bilayer. When a small aperture forms in the bilayer, the current will increase. Accordingly, the current will be saturated if the bilayer ruptures and the electrodes in both chambers have no resistance from the bilayer. We applied a triangle wave through the bilayer to verify the membrane formation and stability. When the leakage current increases, the signal will gradually increase to a positive or negative bias. To monitor the leakage of the bilayers, we adjusted the offset toward a negative bias so that we could observe leakage when the signal shifted toward a negative bias. When the membrane ruptures, the signal will be saturated, indicating that the membrane no longer remains intact. The stability of bilayers may vary according to their unsaturated lipid content because ROS may react with unsaturated lipids. Various lipid compositions were tested in this work to elucidate the interactions of the model cell membranes in the presence of ROS.



3.1.1. Symmetric Bilayer


Symmetric lipid bilayers were formed with only DOPC and DPhPC for control experiments and a 1:1 mixture of DOPC and DPhPC. Each model membrane was then measured and analyzed with/without ROS. To generate singlet oxygen, methylene blue was added into both chambers, and red light was used for illumination upon the formation of a bilayer. In the absence of ROS, three types of bilayers with differences in the compositions of lipids remained intact (Figure 1a–c). In the presence of ROS, bilayers with only saturated lipids remained intact for more than 30 min (Figure 1e), whereas the stability of bilayers with unsaturated lipids decreased. This is attributed to the peroxidation of carbon-carbon double bonds in the tail of unsaturated lipids, causing the lipid molecules to stretch and shrink horizontally; thus, the hydrophobic interactions of the unsaturated lipid tail were decreased due to peroxidation [35,36]. Interestingly, symmetric bilayers with a 1:1 mixture of saturated and unsaturated lipids appeared unstable and ruptured (Figure 1f), while bilayers with only unsaturated lipids ruptured all times upon the addition of ROS (Figure 1d).




3.1.2. Asymmetric Bilayer


Most lipids in the cytoplasmic leaflet of normal cell membranes are unsaturated, and those in the exoplasmic leaflet of lipids are saturated. The lipid bilayers mimicking normal cell membranes are made in an asymmetric form containing DOPC in one leaflet and DPhPC in the other leaflet. Singlet oxygen made inside the cell can diffuse across the membrane by passive diffusion [37]. Similarly, in our system, the stability of the bilayer can be affected when singlet oxygen permeates through the DPhPC layer and reaches the DOPC layer. In the absence of ROS, the asymmetric bilayer remained intact (Figure 2a) while the bilayers ruptured, and the current signals were accordingly saturated in the presence of ROS. This observation is also consistent in the symmetric bilayer, where the bilayer with unsaturated lipids becomes unstable due to the peroxidation of the unsaturated lipids in the presence of ROS (Figure 2b).





3.2. ROS Effect on Liposomes


In addition to the membrane stability tests with planar bilayers, we employed liposomes in the different compositions of lipids to further study membrane permeability and stability in a more quantitative manner, where ions permeated through the membrane were measured with and without ROS present in solution. To test ion permeability, calcein as a fluorescence molecule was encapsulated inside of the liposomes, and Fe3+ ions as a fluorescence quencher were added outside of the liposomes. When ROS peroxidize unsaturated lipids, the lipids in the membrane become loosely held or rupture due to structural changes, increasing the permeability of ions through the membrane. The membrane permeability will vary according to the stability of liposomes in different compositions of lipids, and ROS effects on the membranes can be quantitatively measured.



3.2.1. ROS Effect on Several Compositions of Liposomes


We created symmetric liposomes mimicking cancer cell membranes formed with a 1:1 mixture of DOPC and DPhPC and asymmetric liposomes mimicking normal cell membranes having an inner leaflet with DOPC and outer with DPhPC resembling the normal cell membrane. In addition, liposomes composed only of DOPC and DPhPC were used as controls. Although ROS does not affect the lipid tail of DPhPC, liposomes made only with DPhPC showed fluorescence values less than the theoretical value of 1 due to the instability of the liposome itself (Figure 3). However, it had the smallest ROS effect compared to other compositions of liposomes. The liposomes with asymmetric membranes were significantly affected by ROS, showing the lowest fluorescence values. Comparing the stabilities of liposomes with DOPC only and asymmetric membranes, the former liposomes with symmetric membranes only with unsaturated lipids showed a higher fluorescence value than the latter liposomes with asymmetric membranes, indicating that lipid content with unsaturated lipids in the inner leaflet has a greater effect on the stability of the liposome. Interestingly, the liposomes with a 1:1 mixture of DOPC and DPhPC were the most stable among the liposomes with unsaturated lipids, resulting in relatively minor leakage being caused by ROS because the peroxidized lipid tail fractions may have cholesterol-like effects [34], showing that the membranes with a mixture of unsaturated lipids and saturated lipids are the most stable against structural deformation in the presence of ROS.




3.2.2. Antioxidant Effect on ROS Condition


Antioxidants were used to determine whether ROS were the main cause of membrane leakage in the ROS experiment. Moreover, antioxidants can be used to properly regulate the amount of ROS generated in PDTs to minimize the side effects resulting from singlet oxygen.



Ascorbate is an antioxidant known as vitamin C, and L-glutathione is an intracellular antioxidant found in plants, animals, fungi, etc. ROS in the presence of antioxidants are scavenged; thus, the peroxidation of lipids decreases. We used both ascorbate and L-glutathione to observe the activities of antioxidants when added inside and outside of the liposomes. When antioxidants were placed outside the liposomes, they showed the considerable stability of the membranes by ROS uptake, while the efficiency of ROS uptake was not as effective when the antioxidants were added inside of the liposomes (Figure 4). Given the comparison between ascorbate and L-glutathione, ascorbate had a great effect when added both inside and outside of liposomes, showing that the level of singlet oxygen could be more efficiently controlled by ascorbate in our experiments, similar to previously reported results [38].



We also tested the fat-soluble antioxidants α-tocopherol and β-carotene. α-tocopherol is an antioxidant well known as vitamin E, and β-carotene is one of the pigments of plants and is a precursor of vitamin A with antioxidant properties. These fat-soluble antioxidants are usually present within the membranes of liposomes. Both types of fat-soluble antioxidants showed increased membrane stability of liposomes in the presence of antioxidants by ROS uptake, as in previous experiments with water-soluble antioxidants (Figure 5). In these experiments with two different fat-soluble antioxidants, α-tocopherol showed a greater efficiency of ROS uptake than β-carotene.



In this study, we learned that symmetric membranes with a mixture of unsaturated lipids and saturated lipids are more resistant to ROS in terms of membrane stability than asymmetric membranes with unsaturated lipids in the inner leaflet of bilayers that are more vulnerable to singlet oxygen. Our results indicate that the side effects of PDT can be attributed to the membrane stability of normal cells and may be problematic, since the membrane composition of normal cells is more susceptible to ROS. Additionally, the level of ROS can be efficiently controlled by antioxidants to prevent intracellular oxidation and lower membrane damage caused by ROS.






4. Conclusions


We made model membranes mimicking normal cells and cancer cells to elucidate membrane stability in the presence of ROS and to determine how ROS levels could be controlled by antioxidants. The normal cell-mimicking membranes in the form of planar bilayers and liposomes appeared most vulnerable to ROS, making membranes unstable in a short time, which could be explained by photosensitivity [39] or other side effects [40,41] commonly observed during PDT; notably, PDT could be more effective on normal cell membranes. On the other hand, cancer cell-mimicking membranes remained stable for a longer time in the presence of ROS. Although several mechanisms have been noted to underlie this structural deformation in different studies, such as cytoskeleton and membrane interactions [42], deformation through cyclic hypoxia [43], and intercellular damage [44], our results support the notion that the structural perturbation of membranes is induced by lipid peroxidation in the presence of ROS [45,46]. Therefore, ROS effects on the lipid bilayers of normal cell membranes should be considered when applying photodynamic therapy, radiotherapy, chemotherapy, etc., where ROS are used or generated. Therapies associated with a small amount of antioxidants can be one option to maintain an appropriate level of ROS, thus minimizing the side effects of ROS. We believe that our results will contribute to the design of safer cancer therapies where ROS are applied and further the understanding of the molecular interactions of ROS in cell membranes.
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Author Contributions


Conceptualization, G.C., S.M.K. and T.-J.J.; methodology, G.C.; software, G.C.; validation, G.C., D.L., S.M.K. and T.-J.J.; formal analysis, G.C. and D.L.; investigation, G.C., D.L., S.M.K. and T.-J.J.; resources, S.M.K. and T.-J.J.; data curation, G.C.; writing—original draft preparation, G.C., T.-J.J.; writing—review and editing, G.C., D.L., S.M.K. and T.-J.J.; visualization, G.C.; supervision, S.M.K. and T.-J.J.; project administration, S.M.K. and T.-J.J.; funding acquisition, S.M.K. and T.-J.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Ministry of Science and Technology Information and Communication (MSIT) (No. NRF-2019R1A2C1084787 and NRF-2020R1A4A1016793).




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, J.; Yi, J. Cancer cell killing via ROS: To increase or decrease, that is the question. Cancer Biol. Ther. 2008, 7, 1875–1884. [Google Scholar] [CrossRef] [PubMed]

	



Van der Paal, J.; Neyts, E.C.; Verlackt, C.C.W.; Bogaerts, A. Effect of lipid peroxidation on membrane permeability of cancer and normal cells subjected to oxidative stress. Chem. Sci. 2015, 7, 489–498. [Google Scholar] [CrossRef] [PubMed]

	



Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.D.; Mazur, M.; Telser, J. Free Radicals and Antioxidants in Normal Physio-logical Functions and Human Disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [Google Scholar] [CrossRef]

	



Turrens, J.F. Mitochondrial Formation of Reactive Oxygen Species. J. Physiol. 2003, 552, 335–344. [Google Scholar] [CrossRef] [PubMed]

	



de Jager, T.L.; Cockrell, A.E.; Du Plessis, S.S. Ultraviolet Light Induced Generation of Reactive Oxygen Species. Adv. Exp. Med. Biol. 2017, 996, 15–23. [Google Scholar] [PubMed]

	



Caruso, E.; Malacarne, M.C.; Marras, E.; Papa, E.; Bertato, L.; Banfi, S.; Gariboldi, M.B. New BODIPYs for photodynamic therapy (PDT): Synthesis and activity on human cancer cell lines. Bioorg. Med. Chem. 2020, 28, 115737. [Google Scholar] [CrossRef] [PubMed]

	



Szlasa, W.; Supplitt, S.; Drąg-Zalesińska, M.; Przystupski, D.; Kotowski, K.; Szewczyk, A.; Kasperkiewicz, P.; Saczko, J.; Kulbacka, J. Effects of curcumin based PDT on the viability and the organization of actin in melanotic (A375) and amelanotic melanoma (C32)—In vitro studies. Biomed. Pharmacother. 2020, 132, 110883. [Google Scholar] [CrossRef]

	



Dougherty, T.J.; Kaufman, J.E.; Goldfarb, A.; Weishaupt, K.R.; Boyle, D.; Mittleman, A. Photoradiation therapy for the treatment of malignant tumors. Cancer Res. 1978, 38, 2628–2635. [Google Scholar]

	



Singh, M.; Lee, K.E.; Vinayagam, R.; Kang, S.G. Antioxidant and Antibacterial Profiling of Pomegranate-pericarp Extract Functionalized-zinc Oxide Nanocomposite. Biotechnol. Bioprocess Eng. 2021, 26, 728–737. [Google Scholar] [CrossRef]

	



Bae, C.-S.; Lee, C.-M.; Ahn, T. Encapsulation of Apoptotic Proteins in Lipid Nanoparticles to Induce Death of Cancer Cells. Biotechnol. Bioprocess Eng. 2020, 25, 264–271. [Google Scholar] [CrossRef]

	



Jiang, L.; Zhou, S.; Zhang, X.; Li, C.; Ji, S.; Mao, H.; Jiang, X. Mitochondrion-specific dendritic lipopeptide liposomes for targeted sub-cellular delivery. Nat. Commun. 2021, 12, 2390. [Google Scholar] [CrossRef] [PubMed]

	



Tian, J.; Ding, L.; Xu, H.-J.; Shen, Z.; Ju, H.; Jia, L.; Bao, L.; Yu, J.-S. Cell-Specific and pH-Activatable Rubyrin-Loaded Nanoparticles for Highly Selective Near-Infrared Photodynamic Therapy against Cancer. J. Am. Chem. Soc. 2013, 135, 18850–18858. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Cheng, L.; Liu, Y.; Wang, X.; Ma, X.; Deng, Z.; Li, Y.; Liu, Z. Imaging-Guided pH-Sensitive Photodynamic Therapy Using Charge Reversible Upconversion Nanoparticles under Near-Infrared Light. Adv. Funct. Mater. 2013, 23, 3077–3086. [Google Scholar] [CrossRef]

	



Park, J.; Lee, Y.-K.; Park, I.-K.; Hwang, S.R. Current Limitations and Recent Progress in Nanomedicine for Clinically Available Photodynamic Therapy. Biomedicines 2021, 9, 85. [Google Scholar] [CrossRef] [PubMed]

	



Dolmans, D.E.J.G.J.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. Cancer 2003, 3, 380–387. [Google Scholar] [CrossRef] [PubMed]

	



Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy: The bright side of the moon. Exp. Mol. Med. 2020, 52, 192–203. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell. Longev. 2016, 2016, 4350965. [Google Scholar] [CrossRef]

	



Fujimoto, T.; Parmryd, I. Interleaflet Coupling, Pinning, and Leaflet Asymmetry—Major Players in Plasma Membrane Nanodomain Formation. Front. Cell Dev. Biol. 2017, 4, 155. [Google Scholar] [CrossRef]

	



Fadok, V.; Bratton, D.L.; Frasch, S.C.; Warner, M.L.; Henson, P.M. The role of phosphatidylserine in recognition of apoptotic cells by phagocytes. Cell Death Differ. 1998, 5, 551–562. [Google Scholar] [CrossRef]

	



Lorent, J.H.; Levental, K.R.; Ganesan, L.; Rivera-Longsworth, G.; Sezgin, E.; Doktorova, M.D.; Lyman, E.; Levental, I. Plasma membranes are asymmetric in lipid unsaturation, packing and protein shape. Nat. Chem. Biol. 2020, 16, 644–652. [Google Scholar] [CrossRef]

	



Vallabhapurapu, S.D.; Blanco, V.M.; Sulaiman, M.K.; Lakshmi Vallabhapurapu, S.; Chu, Z.; Franco, R.S.; Qi, X. Variation in Human Cancer Cell External Phosphatidylserine Is Regulated by Flippase Activity and Intracellular Calcium. Oncotarget 2015, 6, 34375–34388. [Google Scholar] [CrossRef]

	



Rivel, T.; Ramseyer, C.; Yesylevskyy, S. The asymmetry of plasma membranes and their cholesterol content influence the uptake of cisplatin. Sci. Rep. 2019, 9, 5627. [Google Scholar] [CrossRef]

	



Choi, W.; Ryu, H.; Fuwad, A.; Goh, S.; Zhou, C.; Shim, J.; Takagi, M.; Kwon, S.; Kim, S.; Jeon, T.-J. Quantitative Analysis of the Membrane Affinity of Local Anesthetics Using a Model Cell Membrane. Membranes 2021, 11, 579. [Google Scholar] [CrossRef]

	



Park, J.; Lim, M.C.; Ryu, H.; Shim, J.; Kim, S.M.; Kim, Y.R.; Jeon, T.J. Nanopore based detection of Bacillus thuringiensis HD-73 spores using aptamers and versatile DNA hairpins. Nanoscale 2018, 10, 11955–11961. [Google Scholar] [CrossRef]

	



Chen, P.-C.; Chou, C.C.; Chiang, C.H. Systematically Studying Dissolution Process of 3D Printed Acrylonitrile Butadiene Styrene (ABS) Mold for Creation of Complex and Fully Transparent Polydimethylsiloxane (PDMS) Fluidic Devices. BioChip J. 2021, 15, 144–151. [Google Scholar] [CrossRef]

	



Jung, S.H.; Choi, S.; Kim, Y.R.; Jeon, T.J. Storable Droplet Interface Lipid Bilayers for Cell-Free Ion Channel Studies. Bioprocess Biosyst. Eng. 2012, 35, 241–246. [Google Scholar] [CrossRef]

	



Choi, S.; Yoon, S.; Ryu, H.; Kim, S.M.; Jeon, T.-J. Automated Lipid Bilayer Membrane Formation Using a Polydimethylsiloxane Thin Film. J. Vis. Exp. 2016, 113, e54258. [Google Scholar] [CrossRef]

	



Smejtek, P.; Hsu, K.; Perman, W. Electrical conductivity in lipid bilayer membranes induced by pentachlorophenol. Biophys. J. 1976, 16, 319–336. [Google Scholar] [CrossRef]

	



Kim, M.; Kim, E.H.; Pham, T.H.Y.; Le, T.A.H.; Do, T.P.; Nguyen, T.N.; Trieu, H.P.; Kim, Y.-P. Colorimetric Determination of Singlet Oxygen Scavengers Using a Protein Photosensitizer. BioChip J. 2020, 14, 148–157. [Google Scholar] [CrossRef]

	



DeRosa, M.; Crutchley, R.J. Photosensitized singlet oxygen and its applications. Coord. Chem. Rev. 2002, 233–234, 351–371. [Google Scholar] [CrossRef]

	



Xu, B.; Ding, J.; Xu, J.; Yomo, T. Giant Vesicles Produced with Phosphatidylcholines (PCs) and Phosphatidylethanolamines (PEs) by Water-in-Oil Inverted Emulsions. Life 2021, 11, 223. [Google Scholar] [CrossRef]

	



Breuer, W.; Epsztejn, S.; Millgram, P.; Cabantchik, I.Z. Transport of iron and other transition metals into cells as revealed by a fluorescent probe. Am. J. Physiol. Physiol. 1995, 268, C1354–C1361. [Google Scholar] [CrossRef]

	



Catala, A. Lipid Peroxidation. Available online: https://www.intechopen.com/books/2553 (accessed on 16 January 2022).

	



Yusupov, M.; Wende, K.; Kupsch, S.; Neyts, E.C.; Reuter, S.; Bogaerts, A. Effect of head group and lipid tail oxidation in the cell membrane revealed through integrated simulations and experiments. Sci. Rep. 2017, 7, 5761. [Google Scholar] [CrossRef]

	



Weber, G.; Charitat, T.; Baptista, M.S.; Uchoa, A.F.; Pavani, C.; Junqueira, H.C.; Guo, Y.; Baulin, V.A.; Itri, R.; Marques, C.M.; et al. Lipid oxidation induces structural changes in biomimetic membranes. Soft Matter 2013, 10, 4241–4247. [Google Scholar] [CrossRef]

	



Bour, A.; Kruglik, S.G.; Chabanon, M.; Rangamani, P.; Puff, N.; Bonneau, S. Lipid Unsaturation Properties Govern the Sensitivity of Membranes to Photoinduced Oxidative Stress. Biophys. J. 2019, 116, 910–920. [Google Scholar] [CrossRef]

	



Skovsen, E.; Snyder, J.W.; Lambert, J.D.C.; Ogilby, P.R. Lifetime and Diffusion of Singlet Oxygen in a Cell. J. Phys. Chem. B 2005, 109, 8570–8573. [Google Scholar] [CrossRef]

	



Montecinos, V.; Guzmán, P.; Barra, V.; Villagrán, M.; Munoz, C.; Sotomayor, K.; Escobar, E.; Godoy, A.; Mardones, L.; Sotomayor, P.; et al. Vitamin C Is an Essential Antioxidant That Enhances Survival of Oxidatively Stressed Human Vascular Endothelial Cells in the Presence of a Vast Molar Excess of Glutathione. J. Biol. Chem. 2007, 282, 15506–15515. [Google Scholar] [CrossRef]

	



Moriwaki, S.-I.; Misawa, J.; Yoshinari, Y.; Yamada, I.; Takigawa, M.; Tokura, Y. Analysis of photosensitivity in Japanese cancer-bearing patients receiving photodynamic therapy with porfimer sodium (PhotofrinTM). Photodermatol. Photoimmunol. Photomed. 2008, 17, 241–243. [Google Scholar] [CrossRef]

	



Berger, A.P.; Steiner, H.; Stenzl, A.; Akkad, T.; Bartsch, G.; Holtl, L. Photodynamic therapy with intravesical instillation of 5-aminolevulinic acid for patients with recurrent superficial bladder cancer: A single-center study. Urology 2003, 61, 338–341. [Google Scholar] [CrossRef]

	



Kasche, A.; Luderschmidt, S.; Ring, J.; Hein, R. Photodynamic therapy induces less pain in patients treated with methyl aminolevulinate compared to aminolevulinic acid. J. Drugs Dermatol. 2006, 5, 353–356. [Google Scholar]

	



Cowin, P.; Burket, B. Cytoskeleton-Membrane Interactions. Curr. Opin. Cell Biol. 1996, 8, 56–65. [Google Scholar] [CrossRef]

	



Qiang, Y.; Liu, J.; Dao, M.; Du, E. In vitro assay for single-cell characterization of impaired deformability in red blood cells under recurrent episodes of hypoxia. Lab Chip 2021, 21, 3458–3470. [Google Scholar] [CrossRef] [PubMed]

	



Kawano, A.; Yamasaki, R.; Sakakura, T.; Takatsuji, Y.; Haruyama, T.; Yoshioka, Y.; Ariyoshi, W. Reactive Oxygen Species Penetrate Persister Cell Membranes of Escherichia coli for Effective Cell Killing. Front. Cell. Infect. Microbiol. 2020, 10, 496. [Google Scholar] [CrossRef] [PubMed]

	



Agmon, E.; Solon, J.; Bassereau, P.; Stockwell, B.R. Modeling the effects of lipid peroxidation during ferroptosis on membrane properties. Sci. Rep. 2018, 8, 5155. [Google Scholar] [CrossRef]

	



Gu, L.; Wei, T.; Zhou, M.; Yang, H.; Zhou, Y. Impact of Lipid Peroxidation on the Response of Cell Membranes to High-Speed Equibiaxial Stretching: A Computational Study. J. Phys. Chem. B 2021, 125, 10736–10747. [Google Scholar] [CrossRef]








[image: Membranes 12 00286 g001 550] 





Figure 1. Symmetric planar lipid bilayer electric current graph with a triangle wave voltage; the middle line of each chart is zero amperes (Figure S4). Red arrows indicate that the droplets no longer remain intact. Lipid bilayer in the absence of ROS (unsaturated; (a), saturated; (b), mixed; (c)) and the presence of ROS (unsaturated; (d), saturated; (e), mixed; (f)). 
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Figure 2. Asymmetric planar lipid bilayer electric current graph with a triangle wave voltage; the middle line of each graph is zero amperes. Red arrows indicate that the droplets no longer remain intact. Asymmetric bilayer in the absence of ROS (a) and in the presence of ROS (b). 
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Figure 3. Graph of liposome stability in several compositions in the presence of ROS. It is a value of change in fluorescence intensity (after light illumination/before light illumination) (N = 8). The smaller the value is, the more unstable it is. Symmetric liposomes of DPhPC were the most stable, and asymmetric liposomes were the most unstable. Mixed liposomes with DPhPC and DOPC in symmetric form were more stable than with DOPC only liposomes, and DOPC only liposomes were more stable than asymmetric liposomes (Table S1). 
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Figure 4. Comparison of the activities of two types of water-soluble antioxidants. There are four kinds of liposomes: inner ascorbate (IA), outer ascorbate (OA), inner L-glutathione (IL-G), and outer L-glutathione (OL-G). Inner refers to inside the liposome, while outer is outside the liposome. The concentration of both the inside and outside antioxidants was 200 µM. The ratio of the fluorescence intensity difference was analyzed (after light illumination/before light illumination) (N = 8). The smaller the value is, the more unstable it is. The control was an asymmetric liposome. Outer ascorbate showed the highest ROS scavenging effect, followed by inner ascorbate, outer L-glutathione, and inner L-glutathione. (Table S1). 
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Figure 5. Comparison of the activities of two types of fat-soluble antioxidants. α-tocopherol and β-carotene were used at a molar ratio of 0.05% of the total concentration. The ratio of the fluorescence intensity difference was analyzed (after light illumination/before light illumination) (N = 8). The smaller the value is, the more unstable it is. The control was an asymmetric liposome. α-tocopherol has a greater ROS scavenging effect than β-carotene (Table S1). 
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