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Abstract 

 

Cholesterol (chol) is one of the important elements in the cell membranes. We have been 

investigated the effects of chol on the deformation and poration of cell mimetic giant 

unilamellar vesicles (GUVs) induced by anionic magnetite nanoparticles (NPs) of average 

size 18 nm. Lipids and chol are used to prepare the charged and neutral GUVs in which 

chol varies from 0 to 40 mole% for biologically relevant membranes. The degree of 

deformation such as compactness remains 1.0 for spherical shaped GUVs, and it increases 

with time for both charged and neutral membranes. The average compactness decreases 

with chol, and at 60 min, the values are 1.280  0.002 and 1.131  0.010 for 0 and 40% 

chol containing charged membranes, respectively, while 1.269  0.008 and 1.099  0.004 

for 0 and 40% chol containing neutral membranes, respectively. The values of fraction of 

deformation are 0.63 ± 0.02 for 0% chol, and 0.24 ± 0.01 for 40% chol in charged 

membranes, while 0.44 ± 0.02 for 0% chol, and 0.21 ± 0.003 for 40% chol in neutral 

membranes at 60 min. Membrane poration has been investigated by the leakage of 

encapsulating fluorescent probe (calcein) of GUVs. The values of fraction of poration are 

0.24 ± 0.02 for 0% chol and 0.04 ± 0.01 for 40% chol containing charged membranes, 

while 0.28 ± 0.06 for 0% chol and 0.05 ± 0.01 for 40% chol containing neutral membranes 

at 50 min. Both the fraction of poration and fraction of deformation decrease with chol in 

the membranes. The fraction of deformation is higher for charged GUVs than neutral ones, 

while the fraction of poration shows the opposite result. The possible mechanism for 

vesicle deformation and lipid membrane poration has been discussed. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Background  

 

Nanoparticles (NPs) have unique biophysical and biochemical properties [1], which are 

largely determined by their size and shape [2, 3]. NPs are used in a variety of areas such 

as medical [4], pharmacology [5], and biotechnology [5, 6]. In recent years, NPs have 

been potentially used to identify the cause of and treat certain diseases, including 

cancer [7, 8]. One of the important applications of NPs is the delivery of drugs into 

targeted cells [9]. Enhancing the radiotherapy dose with gold NPs (AuNPs) seems to be 

a promising strategy for better cancer treatment [10]. AuNPs offer a versatile chemical 

platform for the incorporation of different targeting strategies and the endowment of 

desirable features. Radiation dose, hyperthermia, temporal fractionation, and beam 

energy were some of the variables examined [10, 11]. AuNPs systems have been 

investigated as radio sensitizers among other NPs systems. The quantity of ingested 

AuNPs in the cells had an impact on the radio sensitization. In comparison to AuNPs 

with sizes of 14 and 74 nm, those with a diameter of 50 nm had the highest radio 

sensitization enhancement fact [12].  

 

A new area of potential for cancer treatment is nanotechnology. By creating 

functionalized particles for focused treatment, it has the potential to reduce systemic 

toxicity. NPs also offer a different approach to overcome multidrug resistance because 

they have the ability to avoid the drug effluence mechanism linked to this trait. In 

addition to the benefits NPs provide in terms of treatment, NPs are also showing 

promise as useful diagnostic tools [13]. From a variety of studies, it has been confirmed 

the antibacterial and anticarcinogenic properties of NPs. Due to the high level of 

interest in employing synthesized NPs for medical applications, it is crucial to evaluate 

the side effects of NPs on health. Environmental groups have focused a lot of attention 

on the interaction of NPs with cells. Quantum dots and other designed NPs can enter the 

cytoplasm of eukaryotes when they are suitably transformed, most likely through 

receptor-mediated endocytosis. Several severe illnesses have been observed in 

pulmonary system due to the toxicity of environmentally available NPs [14, 15]. At 200 
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μg/mL, it has been observed that AuNPs have minimal toxicity, resulting in a 15% 

reduction in cell viability. While cytotoxicity may be induced at higher concentrations, 

many chemicals become poisonous at these levels [16]. Cellular toxicity is caused by 

the release of harmful Zn
2+

 ions as a result of ZnO dissolution through interactions at 

successive nano-bio interfaces in the extracellular environment and the acidifying 

lysosome. Zn
2+

 release in the lysosome and intracellular milieu can lead to a number of 

detrimental cellular effects, including lysosomal degradation, mitochondrial disruption, 

and the generation of reactive oxygen species, the activation of pro-inflammatory 

cytokines, and the synthesis of chemokines [17]. Though research on nanotechnology is 

important for mankind, it is also important to save ourselves from the toxicity of 

nanomaterials [18].  

 

One of the main reasons for substantial mortality and morbidity in cardiorespiratory 

illnesses is the emission of NPs from various sources to the environment [19, 20]. 

Medical implants, contrast agents of MRI, insecticides, and food processing are just a 

few of the ways NPs enter the human body [21–23]. Due to their small size, NPs can 

easily diffuse in the air and be inhaled [24]. Synthesis NPs are able to enter the body 

through six main routes: inhalation, intraperitoneal, intravenous, subcutaneous, dermal, 

and oral. Once within the body, the NPs engage in interactions with biological 

elements, including cells and proteins, before being absorbed [15-17]. NPs in the 

environment can readily enter the body by inhalation and interact with blood cells, 

causing discomfort in the cardiovascular and pulmonary systems [25]. 

 

Iron impurities in burning fuels like diesel, as well as interior sources like printer toners 

and leaking stoves, are common sources of magnetite NPs [26]. These particles have 

been found in abundance in human brains, which are common in cities [27]. Such 

magnetite NPs can directly come to the brain through olfactory nerve, causing a build-

up of reactive oxygen species in cells. The increased generation of reactive oxygen 

species has been linked to neurological illnesses (such as Alzheimer's) [28]. Magnetite 

NPs have also been discovered in amyloid plaques, which is the aggregation of 

misfolded proteins [29]. Alzheimer's disease is caused by those misfolded proteins. As 

a result, the study of the interactions of magnetite NPs with cells and vesicle 

membranes is critical for determining how cells and vesicles affected by the adsorption 

of NPs. 
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Cell membranes, which are a complex structure containing proteins, lipids, cholesterols 

and lipopolysaccharides, are the main boundary for the interaction of NPs with cells 

[30]. Membranes show less permeability to water, small molecules, and ions [31-33]. 

To circumvent the complexities of cell membranes, cholesterol-containing lipid bilayer 

of giant unilamellar vesicles (GUVs) with sizes (10 μm or more) comparable to cells 

are being potentially used as a mimic of cell membranes for studying peptide-induced 

pore formation [34, 35]. Cholesterol (50 mol% of the total lipid content or more) is one 

of these components that are essential for the proper functioning of a biological system 

[36]. Although lipids are affected by cholesterol's ordering properties, its impact on the 

mechanical characteristics of lipid membranes is debatable. It affects membrane 

flexibility and increases lipid packing density, which both have an impact on the 

mechanical properties of membranes [31, 32], leaving unresolved issues concerning the 

mechanism of cholesterol-lipid interaction. The bending modulus is a crucial metric in 

determining the lipid bilayer's mechanical properties [37]. Cholesterol affects plasma 

membrane physicochemical activity [38], voltage-gated ion channel kinetics [39], G-

protein coupled receptor function [40], and the velocity of motion of hydrophobic tails 

[41], among other things. Cholesterol also has effect on membrane mechanical stability, 

strengthening mechanical strength, influencing membrane elasticity, and increasing 

lipid packing density through 'condensing and ordering' effects [42-44]. Incorporation 

of cholesterol into the membranes affects the bending rigidity and stiffens them [45]. As 

the sizes of GUVs are similar to real cells, hence the interaction of different membrane 

active agents such as peptides, toxins, and NPs has previously been studied [46, 47]. 

Furthermore, GUVs were used to study mechanical and electrical tension-induced 

membrane poration [48, 49].  

 

Cholesterol has been shown to impact membrane bending rigidity and area 

compressibility modulus in various investigations [50–53]. Within the monolayer, at a 

crucial plane with a constant area, the intrinsic curvature was found to have radii of 

29.4 Å for DOPE (L-α-dioleoylphosphatidylethanolamine)/tetradecane at 22 ℃ and 27 

Å at 30 mol% cholesterol. The intrinsic curvature dropped from 62.5 Å to 40 Å for 

DOPC (1.2-dioleoyl-sn-glycero-3-phosphocholine)/tetradecane at 32 ℃ as its 

cholesterol content rose from 30 to 50 mol%. For pure DOPC, the inherent radius of 

curvature was estimated 87.3 Å. With 30 mol% cholesterol in each, the 

DOPC/tetradecane and DOPE/tetradecane bending moduli were 15 and 9.0 kBT, 
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respectively [50]. The relationship in fluid vesicle membranes between tension and 

projected surface area has been measured using sensitive micropipette technique 

throughout a 4-order-of-magnitude tension range. The targeted region increased 

logarithmically with tension in the low-tension region. The bending modulus of the 

membranes is obtained from the slope of ln (tension) versus area dilation. Due to the 

direct expansion of area per molecule in the high-tension region, the predicted area 

crosses over to vary linearly with tension [52]. Cholesterol's effect on bilayer bending 

modulus is lipid-specific rather than universal [54, 55]. In the DOPC /chol and DOPG 

(1,2-dioleoyl-sn-glycero-3-phospho-(1´-rac-glycerol)/ DOPC/chol vesicles, there is a 

rising tendency of bending rigidity with cholesterol content [56-58, 37]. The terminal P
-
 

of the dipole of (P
-
-N

+
) of DOPC has been assumed to be tightly connected to the lipid 

main molecular structure, whereas the terminus N
+
 has relative freedom. Anionic NPs' 

electric field interacts with the N
+
 terminal, rises the angle of (P

-
-N

+
) vector tilt. Hence, 

the interaction of anionic NPs, the electric dipole's normal component increases in 

relation to the bilayer periphery [47, 59]. 

 

1.2 Motivation 

  

Till to date, various features of NPs' interaction with lipid vesicles have been studied 

[60]. The anionic charged bilayers tended to bind with the cationic core-shell magnetic 

NPs [61]. Encapsulating cationic NPs caused several sorts of shape changes in neutral 

DOPC-GUVs, such as protrusion and pearling [62]. As a result of NP binding in 

membranes, GUVs deform and porate [61, 63]. An investigation of the effects of 

anionic magnetite NPs (the same NPs utilized here) on the deformation and poration of 

cholesterol-free DOPG/DOPC-GUVs and DOPC-GUVs has recently been published 

[59]. Because biological (i.e., human) cells have cholesterol in their membranes, 

understanding how cholesterol affects lipid vesicle deformation and membrane pore 

formation by anionic NPs is important. As the cholesterol containing membranes are 

used for biological relevance of cell membranes, hence the investigations of the effects 

of magnetite NPs on the deformation and poration in such membranes of GUVs are 

important. In addition, the NPs-induced cholesterol containing vesicle deformation and 

poration are not reported yet, which is investigated in this research. Both charged 

DOPG/DOPC/chol-GUVs and neutral DOPC/chol-GUVs are used for this study. 
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Cholesterol mole fraction is varied from 0 to 40% in the synthesized lipid membranes. 

Eco-friendly green synthesis technique is used to synthesize the magnetite NPs.  

 

1.3 Objective of the Present Study  

 

The main objectives of this research are as follows: 

i. Synthesis of cholesterol containing charged and neutral membranes of GUVs 

using the natural swelling method. Purification of GUVs using the membrane 

filtering method.  

ii. Investigations of the deformation, compactness, and poration of GUVs induced 

by NPs for different cholesterol containing charged and neutral membranes. 

iii. Investigations of the fraction of deformation and poration of GUVs at different 

cholesterol and NPs concentrations.  

iv. Comparison the results of compactness, fraction of deformation, fraction of 

poration, average time of poration between the cholesterol containing neutral 

and charged GUVs. 

v. Reveal the possible mechanism of NPs-induced vesicle deformation and lipid 

membrane poration in cholesterol containing membranes.  

 

1.4 Outline of the Thesis 

  

The purpose of this thesis is to study the interaction of anionic magnetite NPs and 

cholesterol containing GUVs. The outline of the thesis is mentioned below:  

Chapter one mainly focused on the background and the justification of research. The 

objectives with specific aims are discussed in this chapter.  

Chapter two describes the literature review and theoretical aspects. It also contains 

basic information about biomembranes, lipid membranes, vesicles, GUVs, NPs, and 

cholesterol. The biomedical applications of NPs are mentioned here. 

Chapter three discusses the materials and methods, which included NPs synthesis, 

GUVs synthesis, GUVs purification, measuring procedure etc. 

Chapter four is the important part of this thesis, which represents the results. The 

discussion behind the results is described. The mechanism of interaction is illustrated 

and discussed thoroughly.   

Chapter five discusses the overall conclusions of thesis. Future direction of research is 

presented here. 



 
 

 
 
 

CHAPTER 2 

LITERATURE REVIEW AND THEORETICAL ASPECTS 

 

2.1 Literature Review 

 

Karal et al. investigated the deformation and poration of 60%DOPC/40%DOPG-GUVs (% 

indicates more %) induced by anionic magnetite NPs of size 18 nm [59]. Fig. 2.1 shows 

the deformation of GUVs over time. The interaction of 3.33 μg/mL NPs with a ‘single 

60%DOPC/40%DOPG-GUV’ is depicted in Fig. 2.1. In the absence of NPs, the GUV has 

a spherical structure at 0 min, as shown in Fig. 2.1(A). Within the first 2 minutes after 

adding the NPs to the vesicle suspension, this shape does not change. A little deformation 

began at 3 min, and a major deformation appeared between 45 and 60 minutes. The 

compactness, Com, is used to determine the degree of deformation. 𝐶𝑜𝑚 is defined by the 

following equation, 

                                                 Com =
𝑃2

4𝜋𝑆𝑐𝑟 
                                                                     (2.1) 

 

where, P denotes the perimeter and Scr denotes the area of the image cross section of 

GUVs. The time dependent change of Com of GUV as shown in Fig. 2.1(A) is presented in 

Fig. 2.1(B). The value of Com is 1.0 at 2 min and at 56 min, the Com value is 1.274. The 

change in average compactness, 𝐶𝑜𝑚
𝑎𝑣 , of GUVs is shown in Fig. 2.1(C), where 𝐶𝑜𝑚

𝑎𝑣  

increases over time. In each separate experiment, the mean value of compactness, 𝐶𝑜𝑚
𝑎𝑣 , 

and standard errors at various times were computed from three different experiments using 

a total number of 20-30 GUVs (i.e., number of measured GUVs, N = 20-30). When NPs 

adsorbed to the vesicle membranes, surface area mismatches between the external and 

internal monolayer occurred, according to the 'bilayer-coupling model' [64]. In this model 

for a given area S, volume of the GUV, V, and area difference between the two 

monolayers of the bilayer, ∆S = Sex - Sin, where Sex and Sin are the areas of the outer and 

inner monolayer of the membrane, respectively. The shape of the GUV is considered to be 

determined by minimizing the bending energy of the membrane. Due to the area mismatch 

between the two monolayers, the outer monolayer shrinks, causing GUVs to bend in order 

to maintain the lowest surface free energy. It is reasonable to assume that as time passes, 

NPs absorption at membrane interfaces rises, resulting in increased surface pressure in the 

lipid membranes which in turn causes Com to rise. 
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Fig. 2.1 The deformation and the corresponding compactness of 

60%DOPC/40%DOPG-GUVs in the presence of 3.33 μg/mL NPs. (A) Phase 

contrast images of a ‘single GUV’ demonstrate the deformation. The number on 

each image depicts the time in minutes after the addition of NPs. Scale bar is 10 

μm. (B) The time dependent compactness, Com, of the GUV as shown in (A). 

(C) The time dependent average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs. 

 

The poration in lipid membranes of GUVs is described in Fig. 2.2. Because of the 

concentration different between the internal (0.10 M sucrose) and the external (0.10 M 

glucose) of the GUV, there is a significant contrast of light between its interior and 

exterior of vesicle at 0 s in Fig. 2.2(A). When NPs are added to GUV suspension, the 

contrast does not change for 90 s, after which the light intensity of the GUV's interior 

rises with time and after 297 s the light intensity of the GUV's inside and outside are 

almost equal. The variation in normalized intensity with time is seen in Fig. 2.2(B). 

Three different 60%DOPC/40%DOPG-GUVs at 3.33 μg/mL NPs is presented in Fig. 

2.2(C). The side bar in (B, C) displays the intensity of the GUV's interior.  

The discussion of pore formation is presented here. The inner monolayer is stretched as 

a result of the binding of NPs in the outer monolayer, creating pore(s) in the bilayer. 

The thermal energy changes the lipid membrane density, where lateral density of lipid 

molecules would exist. In a stretched membrane, the size of the rarefaction is higher. 

Such rarefaction transforms into a hydrophilic pre-pore with an effective radius, r, if its 

size exceeds a critical value, rc. If r < rc, the pre-pore soon closes; however, if r = rc, 

the pre-pore becomes a transmembrane pore. 
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Fig. 2.2 The sucrose releases from 60%DOPC/40%DOPG-GUVs due to the 

interaction of 3.33 μg/mL NPs. (A) Phase contrast images of a single GUV 

sucrose release. The number on each image depicts the time in second after the 

addition of NPs. Scale bar is 10 μm. (B) The time dependent normalized 

intensity of the GUV as shown in (A). (C) The time dependent normalized 

intensity of three different GUVs is presented under the same conditions as 

shown in (A). The side bar in (B, C) displays the intensity of the GUV's interior. 

 

In accordance with the conventional explanation of pore development, the free energy 

of a pre-pore is defined as follows [65-67],                                                                                                

                                                          𝐸(𝑟, 𝜎𝑠𝑡) = 2𝜋𝑟𝛤 −  𝜋𝑟2𝜎𝑠𝑡                                     (2.2)                                                                                          

The terms − 𝜋𝑟2𝜎𝑠𝑡 and 2𝜋𝑟𝛤 are used to describe lateral tension (stretching) and line 

tension, respectively. The stretching is caused by the binding of NPs, which causes the 

pre-pore to expand. The line tension, 𝛤 tends to decrease the pre-pore. 

The transmembrane pore formation requires to overcome the barrier energy, 𝐸(𝑟𝑐 ) = 

𝜋𝛤2

𝜎𝑠𝑡
. The development of transmembrane pores in vesicles caused sucrose leak out to the 

outer environment.  

 

Bhat et al. investigated the effects of gold nanoparticles (AuNPs) on packing of lipid 

molecules and pore formation in the membranes [68]. Large unilamellar vesicle (LUVs) 

and GUVs were synthesized in PBS (phosphate buffered saline) buffer using DMPC 

(1,2-dimyristoyl-sn-glycero-3-phosphocholine) lipid using the 'thin lipid film extraction 

method' [69]. They employed citrate-stabilized AuNPs [70], with AuNP diameters 
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ranging from 5 to 30 nm to match bio- macromolecules and several cell membrane 

elements. Fluorescent dye was Laurdan, which is a hydrophobic fluorescent probe 

which is used for evaluating lipid stacking [71]. The structural formulas of DMPC and 

Laurdan are shown in Fig. 2.3(a & b). In the ordered gel phase, Laurdan's maximum 

emission is 440 nm for lipids and changes to 490 nm in the disorganized fluid stage 

(Fig. 2.3c), a red shift produced by enhanced dipolar relaxation of Laurdan's luminous 

naphthalene moiety [72]. Because the lipids in the gel stage (Fig. 2.3d) are closely 

stacked, repositioning of water molecules on all sides of the energized dipole of 

Laurdan is unlikely. In the liquid disordered phase (Fig. 2.3e), however, the elevated 

concentration and fluidity of water molecules increases Laurdan's dipolar relaxation, 

causing the emission to move to the red [73-75]. Since the head groups of lipids forfeit 

their triangle lattice orientation and accept a more disorganized arrangement with 

increasing inter-molecular spacing as fluidity increases [76], the liposome structure 

changes from annular to less annular [77]. 

 

 

 

Fig. 2.3 (a) DMPC lipid. (b) Laurdan molecule. (c) Laurdan's fluorescence red 

shift. (d) Organized DMPC bilayers. (e) Disorganized DMPC bilayers.  
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The histograms of percent counts for liposomes with low (0-0.5), medium (0.5–0.8), 

and high (0.8–1) circularities are juxtaposed with delegate fluorescence pictures of 

Laurdan-labeled liposomes coated with varied shape AuNPs in Fig. 2.4. The population 

of high-circularity liposomes lacking AuNPs is 86%, the highest of any liposomes 

studied. With 10 and 30-nm AuNP treatment, rod-like liposomes were observed more 

frequently, as shown by a substantially higher low- rotundity count of 21% and 17%, in 

some respects. As a result, the average circularities of 10 and 30 nm AuNPs were 0.77 

and 0.82. The fact that AuNP-instigated membrane fluidization results in less annular 

liposomes is supported by the mean circularities.   

 

                                   

 

Fig. 2.4 Fluorescence images of liposomes influenced by AuNP at various sizes 

(center), circularity's mean values (left), and histograms of percent populations 

(right). 

 

Membrane pore development is a secondary result of AuNPs adsorption, which is 

caused by the lateral pressure created by AuNPs adsorption [78]. Fig. 2.5 shows the 

mechanism of pore formation. The head groups of lipid and charged AuNPs exert 

electrostatic forces that cause molecules of the liposome to pack closely around the 

binding sites, generating raft-like domains (Fig. 2.5b).  The dipole-charge interaction 

with an AuNPs with a citrate cap causes the DMPC molecule head groups to shift from 

a leaning to a stand-up state (Fig. 2.5c).  Potential top view of the arrangement of the 
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lipid head groups in a pore created by several AuNPs adsorption (Fig. 2.5d), here the 

ordered domains (shown in a dark tint) are disturbed areas with AuNPs positioned on 

top that have been removed for viewing convenience. 

 

 
                                       

Fig. 2.5 Illustration of the mechanism of pore formation in lipid bilayer by NPs. 

Lipid head groups (a) and charged AuNPs exert electrostatic forces that cause 

molecules of the liposome to pack closely around the binding sites, generating 

raft-like domains (b). (c) The dipole-charge interaction with AuNPs with a 

citrate cap causes the head group of a DMPC molecule to shift from a leaning to 

a stand-up state. (d) Potential top view of the arrangement of the lipid head 

groups in a pore created by several AuNPs adsorptions. 

 

These investigations concluded that NPs modify the hardness of lipid membranes: 

lipids at detention sites are toughen by adsorption of AuNPs, whilst lipids further away 

are fluidized. Negatively charged AuNPs can interacts zwitterionic membranes and 

generate nano-sized pores in the lipid bilayers due to fluidization, which raises the 

liposome surface area and changes the structure of the membrane.  

 

 

Laurencin et al. investigated the interactions between GUVs and charged core-shell 

magnetic nanoparticles (CSMNs) [61]. They are attempting to create a simpler 

approach for examining interaction between the cell membranes and NPs. They 

synthesized GUVs in MOPS (3-(N-Morpholino)-propanesulfonic acid) buffer (1 mM 

buffer in pH 7.4) using neutral DOPC, negatively charged DOPG, and positively 

charged DOTAP (1,2-dioleoyl-3-trimethylammonium propane) lipid by the 'electro 
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formation method' [79]. Fluorescent dye was 1,2-dioleoyl-sn-glycero- 3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE). They 

concentrated on charged functionalized CSMNs with cationic or anionic properties, 

with a diameter of 35 nm [80-85]. They used three different types of microscopes in 

their experiment: optical, electron, and confocal.  

 
 

When DOPG/DOPC-GUVs were introduced to a liquid mixture of fluorescent cationic 

FITC-PEG-amine CSMNs, a uniform distribution of fluorescent dye is observed at the 

membranes of GUVs. The red fluorescence of Rh-DOPE indicates only membrane (Fig. 

2.6a), while the green fluorescence indicate the incorporation of NPs in membranes 

(Fig. 2.6b). The overlapping of Fig. 2.6(a) and (b) is shown in Fig. 2.6(c), indicating 

yellow in the confocal microscopic image. The two fluorescence peaks are observed in 

the line profile in Fig. 2.6(d). Because of the interaction between cationic CSMNs and 

anionic GUVs, hybrid giant vesicles were formed with a tightly packed layer of CSMNs 

and no visible vesicle rupture.    

 

 

 

Fig. 2.6 Confocal micrographs of negatively charged GUVs covered with 

cationic CSMNs. (a) Rh-DOPE-induced red fluorescence of the membrane. (b) 

Cationic CSMNs adsorbed on the membrane-induced green fluorescence. (c) 

Combined images of (a) and (b). (d) Plot profile matching the dotted orange line 

on (c). 

 

Yu et al. investigated the pearling of GUVs induced by cationic aliphatic amine NPs 

[62]. They studied how to get phospholipid vesicles to convert from their regular 

spherical structure into pearls and pearl necklaces that last for hours. They used the 

'gentle hydration approach' [86] to generate GUVs in this work. They used a mixture of 

DOPC and the fluorescent lipid 1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (DOPE-RhB) in choloroform/methanol (2/1 by 

volume). A thin lipid layer was created at the bottom of a flask by dehydrating the lipid 
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mixture and hydrated with 0.10 M sucrose enclosing a specific quantity of aliphatic 

amine NPs (usual diameter 200 nm, surface charge 40 Å
2
/charge group (Invitrogen 

Inc.)) overnight at 40 °C. Cationic NPs with diameters of 40 and 100 nm were used to 

corroborate the universality of these findings. GUV has a circular form in the absence 

of NPs (Fig. 2.7A). Tubular protrusions emerge when 0.01 nM cationic NPs are 

enclosed inside GUVs (Fig. 2.7B). Fig. 2.7(C-G) depicts the dynamic alteration of a 

distinct GUV during the course of 12 minutes. There are two stages: first, tubes 

erupting and expanding from the parent sphere; second, the disintegration of the parent 

sphere into pearls. The pearls seemed to grow in a consistent pattern. 

 

 

            

Fig. 2.7 Shape changes of DOPC GUVs. (A) The GUV form is spherical in the 

absence of NPs. (B) Tubular protrusions develop in the presence of 0.01 nM 

cationic NPs. The dynamic process is depicted over the course of 12 minutes as 

seen in the panels (C-G). After the NPs that were outside of the GUVs were 

taken out, time passed. The end result, a necklace made of uniformly sized 

ellipsoidal pearls, stays stable for hours. Scale bar is 20 μm. 

 

The pearl necklace developed in the early phases at a greater (1 nM) NPs density, and 

after 20 min, they converted into distinct, uniform-sized round pearls that nevertheless 

formed a chain. The size variation of 100 unconnected GUVs with 10 nM enclosed NPs 

density and 50 GUVs with no NPs. The higher the NPs concentration, the smaller the 

vesicles became, by a factor of two. The physical explanation is most likely a mismatch 
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of surface area between the external and internal surfaces of the bilayer caused by 

cationic NPs adsorption, which raises the head group area of zwitterionic lipids [87, 

47]. The mismatch causes spontaneously bending, which is increased by electrostatic 

attraction between charged NPs, stiffening the membrane and causing wrinkling, which 

leads to the apparent spherical structure variation. 

 

Wang et al. investigated the NPs-induced surface reconstruction of PC membranes [47]. 

They used uncharged DOPC, DLPC, and DPPC lipids and followed ‘extrusion method’ 

[88] for LUV synthesize at 1 vol% density in PBS buffer (10 mM; pH, 6.0). DOPC and 

DLPC are normally in fluid phase and DPPC is normally in gel phase. They employed 

NPs made from carboxyl-modified (- 0.91 e
-
/nm

2
) and amidine-modified (+ 0.25 

e
+
/nm

2
) white polystyrene (PS) latex with size of 20 nm; as well as, silicon dioxide NPs 

(~ 0.11 e
-
/nm

2
) and supercoiled plasmids in control experiments. They performed 

Fluorescence Correlation Spectroscopy (FCS) [89], Forster Resonance Energy Transfer 

(FRET) [90] and Isothermal Titration Calorimetry (ITC) experiments [91].  

 

When anionic NPs were interacted with DLPC liposomes containing Laurdan [92], the 

raw fluorescence data is shown in Fig. 2.8(A). Fluorescence intensity was plotted in 

opposite to the wavelength, and they noticed that as NPs concentration grew, blue 

emission increased and red emission decreased. This suggested that the fluid–gel phase 

coexists in such a way that the volume of fluid to gel stage fluctuates. The logarithmic 

standardized emission is displayed opposite time on the nanosecond time scale in Fig. 

2.8(B). They chose NBD and Rhodamine B (RhB) because NBD-labeled phospholipids 

are acquainted to divide into the gel stage of lipid membranes, but RhB-labeled 

phospholipids do not [93]. After NPs binding, the donor mean lifetime increases from 

4.6 to 5.2 ns, while the FRET efficiency, as measured by forever, reduces from 0.65 ± 

0.06 to 0.45 ± 0.05 ns. After introducing NPs, the lifetime of NBD rose as expected, 

indicating that it had partitioned into the gel stage. Prior investigations on microscopic 

phase split using two chemically distinct lipid ingredients [94] predicted a magnitude of 

decrease in this range, validating the hypothesis of local phase transition. They 

observed non-specific adhesion of charged NPs onto phospholipid bilayers with a single 

element containing PC head groups in fluorescence and calorimetry studies, resulting in 

reproduction of the surface at the NPs adsorption spots [94, 87]. Positively charged NPs 
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cause otherwise gel membranes to fluidize, while negatively charged NPs cause local 

gelation in otherwise fluid bilayers.                   

 

          

  

Fig. 2.8 (A) Normalized emission after anionic (carboxyl-modified) NPs bind to 

200 nm DLPC vesicles is shown against wavelength. The number ratio of 

particles to vesicles CNP/CL = 0, 100, 200, 300, and 400 for the number ratio of 

particles to liposomes. (B) Fluorescence emission plotted against time for FRET 

studies using 200 nm DOPC vesicles after anionic (carboxyl-modified) NPs 

were added at CNP/CL = 200. 

 

Roiter et al. studied the interaction of NPs with lipid membrane [95]. They used AFM 

(Atomic force microscopy) to explore the interaction of lipid bilayers made from 

DMPC with nanostructured silica surfaces [96, 97], and by covering glossy silicon 

chips with silica NPs with diameters varying from 1 to 140 nm, nano-structured 

surfaces were created. Taking into account their electrostatic charge, hydrophobicity, 

and size, NPs can interact with lipid bilayers in three different ways, as shown in Fig. 

2.9. The lipid bilayer creates pores by NPs with sizes bigger than 1.2 nm and less than 

22 nm, as observed in Fig. 2.9(a, b). At the same time, NPs on a surface or other surface 

characteristics less than 1.2 nm in diameter do not break the lipid membrane, and it 

passes over them (Fig. 2.9c). Big NPs with width more than 22 nm are encased in a 

lipid bilayer (Fig. 2.9d), unless the particle's surface is rough, in which case the lipid 

bilayer covering of spherical particles is insufficient (Fig. 2.9e).  

A B 
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Fig. 2.9 Illustration of the mechanism of pore formation in a lipid bilayer 

induced by different sizes of NPs, (a) the lipid bilayer creates pores by NPs of 

sizes larger than 1.2 nm and smaller than 22 nm (b). (c) NPs less than 1.2 nm in 

diameter do not break the lipid membrane, and it passes over them. (d) NPs of 

sizes higher than 22 nm are encased by lipid bilayer. (e) Due to the surface 

roughness, more than 22 nm sizes NPs may not be completely covered. 

 

One of the most crucial characteristics of lipid membranes is the bending modulus, 

which is crucial for many biological activities as exo- and endocytosis, vesicle fusion, 

and the control of membrane protein activity. The bending modulus expresses a 

material propensity to withstand bending. It is the energy needed to deform the bilayer 

from its inherent curvature to another curvature. The biological processes such as 

membrane fusion [98] and endocytosis [99] are occurred due to bending modulus.  

 

Karal et al. investigated the influences of cholesterol on the vesicle’s size distribution 

and the bilayer bending rigidity [58]. Three different membranes such as DOPC/chol, 

DOPG/DOPC/chol, POPC (1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine)/chol were 

used. The values of bending modulus for DOPC/chol (100/0), DOPC/chol (85/15), 

DOPC/chol(71/29), and DOPC/chol (60/40)-GUVs were 18.0 ± 0.9, 23.5 ± 0.3 28.1 ± 

0.3, and 31.2 ± 0.3 kBT, respectively. Regarding charged membranes, the values of 

bending modulus for DOPG/DOPC/chol (70/30/0), DOPG/DOPC/chol (46/39/15), 

DOPG/DOPC/chol (43/28/29), and DOPG/DOPC/chol(40/20/40)-GUVs were 25.9 ± 

0.5, 26.9 ± 0.3, 32.1 ± 0.4, and 37.5 ± 0.6 kBT, respectively. For the case of POPC/chol 

(100/0), POPC/chol (85/15), POPC/chol (71/29), and POPC/chol (60/40)-GUVs, the 

values of bending modulus were 18.5 ± 0.6, 23.3 ± 0.8, 28.2 ± 0.6, and 31.1 ± 0.5 kBT, 
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respectively. In all cases of membranes, with an increase in membrane cholesterol 

concentration, the bending modulus increases. 

 

Eid et al. investigated the bending rigidity of membranes by means of buckling 

simulations [37], where they used membrane buckling method [100, 101]. In addition, 

they investigated the relationship between simulation results and system size and strain 

[102], and discovered that whenever the number of nodes exceeded a specific limit, the 

box's sizes had very little effect upon the findings. The apparent elastic modulus of 

phase-separated mixtures was also nearer to the milder element's value. These estimates 

of the folding elasticity are based on a direct relation among the area compressibility 

modulus and the bending modulus [103]. Fig. 2.10(A) demonstrates the membrane bend 

in a sample chamber that is rectangular and has sides that are Lx, Ly, and Lz long. Fig. 

2.10(B) demonstrates the diameters of 20 nm, bending modulus estimates are reliable 

and higher, but considerable discrepancies are found for tiny components (Lz = 18 and 

15 nm). Fig. 2.10(C) demonstrates that the computed folding elasticity values grew as 

system size shrank.    

 

 

 

Fig. 2.10 (A) Simulation of a membrane buckle with side lengths Lx, Ly, and Lz. 

(B) Calculation of the DOPC lipid membrane's bending modulus based on 

simulations of varying sizes in the z-dimension. (C) Calculation of the DOPC 

lipid membrane's bending modulus based on simulations of varying sizes in the 

x-dimension. 
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Chakraborty et al. investigated how cholesterol stiffens unsaturated lipid bilayers [57]. 

They reported that cholesterol makes DOPC membranes more stiff when bend, same to 

saturated membranes, by raising the bilayer's packing consistency, with an extensive 

approach that included neutron spin-echo (NSE) spectroscopy [104], solid-state 

deuterium NMR (
2
H NMR) spectroscopy [105], and molecular dynamics (MD) 

simulations [106]. LUVs were used for NSE, multilamellar vesicles for ESR, and 

multilamellar stacks for 
2
H NMR investigations in their study. Fig. 2.11(A) shows that 

the dynamic structural factor, q, declines more gradually for DOPC/Chol membranes 

than for DOPC membranes at all wave vectors, and Fig. 2.11(B) shows that bending 

rigidity modulus increases with increasing cholesterol concentration. 

 

 

 

Fig. 2.11 (A) Dynamics in DOPC/chol membranes clearly slow down as 

evidenced by the intermediate scattering functions (I(q,t)/I(q,0)) of DOPC 

bilayers without cholesterol (Left) and 50 mol% cholesterol (Right). (B) 

DOPC/chol vesicles decay rates in D2O are q-dependent (Inset). The increasing 

trend of bending modulus is shown by a reduction in the slope of solid lines 

with increasing cholesterol content.  

 

They used a stretched-exponential function to characterize the NSE dynamic structural 

factor: 

 

  

Here Γbend(q) is the decay rate of the folding variations, kBT is the thermal energy, ηsol is 

the solvent’s (i.e., D2O or 
2
H2O) viscosity, q is the wave vector transfer, κ is the 

effective bending rigidity modulus. 

 

Γ
bend

(q) = 0.0069
𝑘𝐵𝑇

𝜂
𝑠𝑜𝑙

 
√

𝑘𝐵𝑇

𝜅
 q3                                               (2.3) 
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The relative bending rigidity moduli (k/k0) are plotted against cholesterol concentration 

(mol%) in Fig. 2.12(A), and the bending rigidity moduli increase with increasing 

cholesterol concentration in every experiment using NSE spectroscopy, 
2
H NMR 

spectroscopy, and MD simulation. In Fig. 2.12(B), relative bending rigidity moduli 

(k/k0) are plotted against area per lipid (Å
2
), and we can see that bending rigidity moduli 

decrease with increasing area per lipid in both experiments, implying that membrane 

lipids are packed more tightly. Enhanced molecular stacking and membrane thickness 

characterize these alterations [107]. Cholesterol affects unsaturated DOPC membranes 

via a lipid- stacking process same to that observed in saturated lipid membranes [54], as 

evidenced by the synergistic alterations in structural and dynamical membrane 

properties.  

 

 

 

Fig. 2.12 The bending rigidity moduli (κ/κ0) of DOPC membranes increases 

roughly identically with raising cholesterol (A) and decreases with increasing 

area per lipid (B). The dashed lines serve as a visual aid.  

 

 

Pan et al. investigated the cholesterol effect on the structural and mechanical aspects of 

lipid membranes, which depends on the chain saturation of lipids [54]. The impacts of 

cholesterol on bending modulus of membranes (KC), thickness of membrane (DHH), 

incomplete and visible regions of cholesterol and lipid, and the rank variable (Sxray) are 

all dependent on the number of saturated hydrocarbon chain in a lipid molecule, 

according to this research. They also found that up to 40% cholesterol has no effect on 

the KC of membranes made up of phosphatidylcholine lipids using two cis 

monounsaturated chains, but has the predicted rigidifying impact on membranes made 

up of two saturated chains. For the production of unilamellar vesicles, they employed 
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DOPC, SOPC, DMPC, DPPC, and diC22:1PC lipids [108]. KC for DMPC grows fast as 

cholesterol concentration c raises, and by c = 0.3, however, it is over than four times 

bigger than at c = 0. They could only get KC up to c = 0.3 for DMPC in this experiment 

because raising KC reduces the strength of the diffused dispersion necessary for this 

approach. KC increases in SOPC, but not as substantially as in DMPC, and it plateaus 

above c = 0.3. The outcomes of SOPC are equivalent to those of POPC, which has a 

saturated sn-1 chain with two less carbons [109]. SOPC/cholesterol [110] and 

POPC/ergosterol [109] likewise showed a KC leveling off. Their more interesting 

finding is that the KC for c up to 0.4 in both DOPC and diC22:1PC is practically 

uniform. 

                              

Fig. 2.13 Cholesterol-dependent bending modulus of four different lipid 

bilayers 

 
 

They highlighted that the fundamental phenomenological explanation is that 

cholesterol's impact on KC rises considerably with the amount of saturated chains, 

whereas cholesterol has no effect on KC in DOPC [111]. The polymer brush theory 

[103] was used to calculate the area compressibility modulus KA by, 

 

                                              KC = KA (2DC)
2
/24                                                         (2.4) 

 

These KC findings support the elastic moduli at the higher cholesterol range and call 

into question the utility of universal ideas. Though the majority of the outcomes were 

collected at 30 °C, extra data obtained at various temperatures to permit for a decreased 

temperature component does not indicate consistency for cholesterol's influence on 

every lipid bilayers.  
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2.2 Biomembranes 

 

Biomembranes are a thin biological covering that surrounds and isolates the living cell 

from its environment. Its thickness is 4 nm. Biomembranes are mostly a lipid bilayer 

that allows only very tiny molecules like as water, oxygen, and carbon dioxide, as well 

as polar compounds of hydrophobic molecules (e.g. DNA, RNA, carbohydrates, amino 

acids and ions), to pass through. Ion pumps and exchangers control the transmembrane 

movement of ions like as Na
+
, K

+
, Ca

+
, and Cl

-
. The cell can create chemical and 

electrical gradients thanks to these. To promote the membrane potential of a cell, the 

chemical gradients of Na
+
 and K

+
 is maintained across the membranes under 

physiological conditions, which is important for many cellular functions. The Ca
2+

 

signaling system regulates the majority of cellular activities, and the content of free 

Ca
2+

 in the cytoplasm is strongly regulated. The concentration of free Ca
2+ 

inside the 

cell is kept very low (0.10 M), whereas the outside concentration of the cell is multifold 

larger (1.30 M). The high levels of intercellular ATP stimulate several active ports, 

which help to sustain the gradients along with the energy-dependent cellular processes 

that are necessary for cell integrity. 

 

. 

Fig. 2.14 An extensive illustration of cell membrane [112] 
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2.3 Lipid Bilayer  

 

Lipids are organic compounds that are non-polar in nature and are soluble only in non-

polar solvents and insoluble in water. The most prevalent element is lipid of all types of 

biological membranes [113]. A lipid molecule contains a hydrophilic head and a 

hydrophobic tail. The fatty acid tails extend inward to produce a compact hydrophobic 

core zone, while the hydrophilic glycerol moieties of the lipid molecules stay in contact 

with water [114]. Fig. 2.15 shows the schematic illustrations of a lipid molecule 

(bottom right).   

 

A lipid bilayer (phospholipid bilayer) is made up of two layers of lipid molecules. They 

are flat sheets of membranes that surround all cells and form a continuous barrier. The 

lipid tail made up of two fatty acid chains make up these bilayers. Other than 

phospholipids, biological membranes often contain a variety of substances. Cholesterol 

is an important example in animal cells since it serves to reinforce the bilayer and 

reduce its permeability. Cholesterol also aids in the regulation of the function of several 

membrane proteins. Ions can't pass through bilayers therefore cells use proteins called 

ion pumps to transfer ions across their membranes, allowing them to adjust salt 

concentrations and pH. Phospholipid bilayers are a molecular system with aligned 

molecular systems that have remarkable thermal, optical, and electrical properties [115-

119]. Phospholipids are an extremely desirable soft material due to their antifouling, 

self-healing, and distinctive optical features of lipid bilayers [115].  Fig.2.15 shows 

schematic diagram of lipid bilayer. 

                                                                                                                                                

.                                      

Fig. 2.15 Schematic diagram of lipid and lipid bilayer [120] 
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2.4 Vesicles and Its Classification 

 

Vesicles are a synthesized spherical chamber containing aqueous solution inside and 

surrounded by a lipid bilayer [121]. Vesicles are used as a mimic of cells [122]. On the 

basis of structure, vesicles are mainly four types; one is unilamellar and another is 

multilamellar. Unilamellar vesicles (ULVs) contain only one lipid bilayer. 

Multilamellar vesicles (MLVs) contain more than one lipid bilayers as like as onion. 

Multivesicular vesicles (MVVs) contain more than one vesicle as like as rambai. 

Oligolamellar vesicles (OLVs) contain concentric lamellae (ranging between two to 

five). On the basis of size, Unilamellar vesicles are three types: (i) Small Unilamellar 

Vesicles (SUVs) which size range of 20-100 nm (ii) Large Unilamellar Vesicles 

(LUVs) which size range of 100-1000 nm, and (iii) Giant Unilamellar Vesicles (GUVs) 

which size range of 1-200 µm. Fig. 2.16 shows the different classes of vesicles. GUVs 

are employed as a model for biological membranes in research [123]. Typically, the 

diameters of animal and plant cells are 10–30 μm and 10–100 μm, respectively. Even 

mitochondrial cell organelles are typically 1-2 μm in length. As a result, the size of the 

specimen being researched should be taken into account while choosing a model 

membrane. 

 

 

                 

Fig. 2.16 Illustration of different classes of vesicles [124] 
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2.5 Cholesterol 

 

Cholesterol is a waxy and fat-like material found across every cell of the human body 

including blood plasma [125]. It is a sterol [126], which means that cholesterol is a 

combination of steroid and alcohol. The chemical formula of cholesterol is C27H46O and 

molecular weight is 386.65 g/mol. Cholesterol is insoluble in water, although it is 

soluble in alcohol and ether and chloroform to a lesser extent. Cholesterol contributes 

for over 30% of the membranes in all animal cells. It plays a crucial role in the 

development of membranes as well as the control of membrane fluidity across a broad 

range of physiological temperatures. The hydroxyl group of cholesterol interacts with 

water molecules surrounding the lipid membrane, as do the polar heads of membrane 

phospholipids and sphingolipids. Animal cells do not need to produce cell walls 

because cholesterol increases membrane packing by interacting with phospholipid fatty-

acid chains, altering membrane fluidity [127], and maintaining membrane integrity (like 

plants and most bacteria). Animals can move because of the membrane is stable and 

strong without being stiff, allowing animal cells to change shape. In Fig. 2.17, an 

illustration is provided to highlight how cholesterol combines with the cell membranes. 

 

 

 

Fig. 2.17 (a) Cholesterol structure, (b) Cholesterol depiction, (c) GUV lipid 

membrane, and (d) Cholesterol-rich lipid membrane [58]. 

 

Fats are complicated combinations of triglycerides with minor amounts of PC lipids and 

cholesterol molecules, which are used to make all animal and human cell membranes. 

Because cholesterol is produced by all animal cells, it can be found in various amounts 

in all animal-based meals. Cheese, egg yolks, beef, pork, chicken, fish, and shrimp are 
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all good sources of cholesterol. Human breast milk contains a large amount of 

cholesterol as well. Dietary cholesterol consumption, on the other hand, has a poor 

correlation with blood plasma cholesterol levels. Although there is a link between 

saturated fat consumption and cholesterol levels, the majority of cholesterol in the 

blood comes from endogenous sources (i.e. produced by the liver). 

 

2.5.1 Classification of cholesterol 

 

Lipoproteins inside the bloodstream transport cholesterol all through the body. The 

brief description of cholesterol is given below: 

Low-density lipoprotein (LDL): LDL is often called “the bad cholesterol”. LDL 

particles are the primary transporters of cholesterol in the bloodstream. The optimal 

range of LDL cholesterol is <130 mg/dL. 

High-density lipoprotein (HDL): HDL is often called “the good cholesterol”. In a 

mechanism known as reverse cholesterol transport, HDL particles are considered to 

transfer cholesterol back to the liver, for excretion or for use by other hormone-

producing organs [128]. Low quantities of HDL particles are linked to atheromatous 

illness, whereas high numbers of HDL particles are linked to improved health outcomes 

[129]. The optimal range of HDL cholesterol is >60 mg/dL. 

Very low-density lipoprotein (VLDL) 

The liver makes VLDL molecules from triacylglycerol and cholesterol that aren't 

employed in the formation of bile acids. The optimal range of VLDL cholesterol is 

<150 mg/dL. 

 

2.5.2 Advantages and disadvantages of cholesterol 

 

Body requires cholesterol to produce hormones, vitamin D, and digestive fluids. 

Cholesterol also aids in the correct functioning of the organs. Having too much LDL 

cholesterol, on the other hand, can be a problem. Over time, high LDL cholesterol can 

cause artery damage, contribute to heart disease, and raise the risk of stroke. 

 

2.6 Nanoparticles 

 

Nanoparticles (NPs) are small particles of size from 1 to 100 nm. The layer between 

surfaces is a crucial component of nanoscale matter, as it influences all of its properties. 
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Inorganic NPs and organic NPs are two different forms of NPs. Metal and metal oxides, 

which are powerful antibacterial agents, are among the inorganic NPs. Inorganic NPs 

include metal oxide NPs such as Ag, Fe3O4, TiO2, CuO, and ZnO. At high 

temperatures, organic NPs are often less stable. As a result, inorganic NPs are more 

commonly used as antibacterial polymers [130]. Modern high-tech materials require 

metal NPs with controlled facet, size, and shape [131]. Metal oxide-based NPs are 

synthesized to alter the properties of their respective metal-based NPs. For example, 

iron (Fe) NPs instantly oxidizes to iron oxide (Fe2O3) in the presence of oxygen at room 

temperature.  

 

2.6.1 Magnetite nanoparticles 

 

Magnetite (Fe3O4) is a ferromagnetic black mineral that contains both Fe (II) and Fe 

(III). XRD is used to obtain the crystal structures. With iron cations occupying 

interstitial regions and O
2-

 ions creating a face-centered cubic lattice, the structure is 

inverse spinel. Half of the Fe
3+

 cations occupy the tetrahedral sites, while the other half, 

together with Fe
2+

 cations, occupies the octahedral sites. The formation of magnetite, 

which is composed of iron, both ferrous and ferric, necessitates settings with 

intermediate amounts of oxygen availability [132], increasing their reactivity compared 

to iron nanoparticles. The improved reactivity and efficiency of metal oxide NPs are the 

fundamental reasons for their creation [133]. Fig. 2.18 shows the crystal structure 

of Fe3O4 NPs. 

 

 

 

 

 

 

                               Fig. 2.18 Crystal structure of Fe3O4 NPs [134] 
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2.7 Adverse Effects of Magnetite NPs 

 

Iron impurities in burning fuels like diesel as well as interior sources like printer toners 

and leaking stoves are some typical sources of magnetite NPs. Human brain contains 

large amounts of magnetite NPs, which are common in urban areas. Such magnetite 

NPs can go straight to the brain via the olfactory nerve and build-up of reactive oxygen 

species in cells. Enhanced reactive oxygen species production links to 

neurodegenerative diseases (e.g., Alzheimer’s) [28]. It was also found magnetite NPs in 

amyloid plaques (aggregates of misfolded proteins) [29]. Such proteins are responsible 

for causing Alzheimer's disease. One of the main reasons of substantial mortality and 

morbidity in cardiorespiratory illnesses is the emission of NPs into the environment 

from numerous sources [19, 20]. Medical implants are one way through which NPs can 

get into human body, magnetic resonance imaging contrast agents, insecticides, and 

food processing [21–23]. Due to their small size, NPs can easily diffuse in air and 

inhaled [24]. Syntheses NPs may get inside of body through six main routes: inhalation, 

intraperitoneal, intravenous, subcutaneous, dermal, and oral. Once within the body, the 

NPs engage in interactions with biological elements like proteins and cells before being 

absorbed [15-17]. Environmental NPs are easily inhaled into the body and interact with 

blood cells, causing discomfort in the cardiovascular and pulmonary systems [28]. 

 



 
 

 
 
 

CHAPTER 3 

MATERIALS AND METHODS 

 

 

3.1 Chemical and Reagents  

 

For the synthesis of GUVs and magnetite NPs, several kinds of lipids, cholesterol, 

chemicals, and reagents were used. Lipids were purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL). The cholesterol, chemicals, and reagents were purchased from Sigma-

Aldrich (Germany).  

 

The compounds that we used in our investigations are as follows:  

Lipids, Cholesterol, Glucose, Sucrose, Sodium chloride, Sodium hydroxide, Piperazine-1, 

4-bis (2-ethanesulfonic acid) (PIPES), Ethylene glycol-bis (2-aninoethylether)-N,N,N´N´-

tertraacetic acid (EGTA), Bovine serum albumin (BSA), Chloroform 

 

3.1.1 Lipids 

 

The following two lipids were used to prepare the membranes of GUVs. 

1) 1,2- dioleoyl-sn-glycero-3-phosphocholine (DOPC)  

2) 1,2-dioleoyl-sn-glycero-3-phospho-(1´-rac-glycerol) (DOPG) 

 

1) 1,2- dioleoyl-sn-glycero-3-phosphocholine  

 

DOPC is a phosphatidylcholine (PC) with both oleoyl phosphatidyl acyl groups at 

positions 1 and 2. In animal cell membranes, PC is the most prevalent lipid. DOPC 

dissolves in chloroform. The molecular formula of DOPC is C44H84NOP8, and the 

molecular weight is 786.113 g/mol. The chemical structure of DOPC is shown in Fig. 3.1. 

 

Fig. 3.1 Chemical structure of DOPC lipid [135] 
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2) 1,2-dioleoyl-sn-glycero-3-phospho-(1´-rac-glycerol)   

 

DOPG is a Phosphatidylglycerol with an L-glycerol 3-phosphate backbone and either 

saturated or unsaturated fatty acids ester-bonded to its carbons 1 and 2. It is found in large 

concentrations in all cell membranes and in low concentrations in fat reserves. DOPG's 

head group contains two hydroxyl groups. A phosphomonoester is used to bind the head 

group substituent glycerol. DOPG is a lipid with an anionic charge. DOPG dissolves in 

chloroform. C42H79O10P and 797.026 g/mol are the chemical formula and molecular 

weight, respectively. The structure of DOPG is depicted in Fig. 3.2. 

 

 

 

Fig. 3.2 Chemical structure of DOPG lipid [136] 

 

3.1.2 Cholesterol 

 

Cholesterol is a natural substance. It is a sterol, which is a lipid. It is a biosynthetic 

element of membranes of mammalian cells and is created biochemically by all mammalian 

cells. It's a crystalline yellowish substance. Cholesterol is insoluble in water, although it is 

soluble to a lesser extent in alcohol, ether, and chloroform. C27H46O and 386.65 g/mol are 

the chemical formula and molecular weight, respectively. The boiling and melting points 

are respectively 148.5 °C and 360 °C. Triglyceride was employed in this study. Fig. 3.3 

depicts the chemical structure of cholesterol. 

                             

Fig. 3.3 Chemical structure of cholesterol [137] 
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3.1.3 Calcein 

Calcein, often referred to as fluorescein complex, is an orange-colored fluorescent dye 

having excitation and emission wavelengths of 495 and 515 nm, respectively. Calcein is 

frequently employed as an indication of lipid vesicle leakage because it self-quenches at 

concentrations above 70 mM. It is also traditionally employed as a complexometric 

indicator for the fluorometric determination of calcium as well as for the titration of 

calcium ions. The chemical formula of calcein is C30H26N2O13 and molecular weight is 

622.53 g/mol. Fig. 3.4 depicts the chemical structure of calcein. 

 

        . 

Fig. 3.4 Chemical structure of cholesterol [138] 

 

The non-fluorescent acetomethoxy derivate of calcein (calcein AM, AM = 

acetoxymethyl), which can enter live cells via the cellular membrane, is utilized in biology 

because it can evaluate the viability of cells and mark them briefly. 

 

3.1.4 Glucose  

 

Glucose is one of the most prevalent monosaccharide, a subclass of carbohydrates. The 

chemical formula of glucose is C6H12O6.H2O and molecular weight is 198.171 g/mol. 

 

3.1.5 Sucrose 

 

The most prevalent sugar is sucrose. The chemical formula of sucrose is C12H22O11 and 

molecular weight is 342.2965 g/mol. 

 

3.1.6 Sodium chloride 

 

Sodium chloride is generally known as salt. Its chemical formula is NaCl and molecular 

weight is 58.44 g/mol. 
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3.1.7 Sodium hydroxide  

 

Common terms for the inorganic compound sodium hydroxide include lye and caustic 

soda. Its chemical formula is NaOH and molecular weight is 39.997 g/mol.  

 

3.1.8 Piperazine-1, 4-bis (2-ethanesulfonic acid) 

  

PIPES, is a buffering agent that is commonly employed in biochemistry. It is a buffer for 

ethanesulfonic acid. Its chemical formula is C8H18N2O6S2 and molecular weight is 302.36 

g/mol. 

 

3.1.9 Ethylene glycol-bis (2-aninoethylether)-N,N,N´N´-tertraacetic acid  

 

EGTA, commonly referred as egtazic acid, is a chelating agent. Its chemical formula of 

EGTA is C14H24N2O10 and molecular weight is 380.35 g/mol.  

 

3.1.10 Bovine serum albumin  

 

BSA is a kind of serum albumin protein that comes from cows. In research, it is frequently 

used as a reference for protein concentration. Its chemical formula is C123H193N35O37 and 

molecular weight is 66430.3 g/mol. 

 

3.1.11 Chloroform 

 

Chloroform, generally known as trichloromethane, is a translucent, colorless liquid which 

is thicker than water and has a pleasing ether-like odor. It is nonflammable. Its chemical 

formula is CHCl3 and molecular weight is 119.37 g/mol. 

 

 

3.2 Chemicals for the Synthesis of Magnetite NPs  

 

The chemicals which were used for the synthesis of magnetite NPs are: Ferric chloride 

anhydrous (FeCl3), ferrous chloride tetra hydrates (FeCl2·4H2O), sodium hydroxide 

(NaOH), diethylene glycol (DEG), and Ipomoea aquatica leaf extracts etc.   
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3.3 Instruments for the Synthesis of NPs and GUVs  

 

The main instruments that were used for these investigations are: Inverted phase contrast 

fluorescent microscope (Olympus IX 73, Japan) connected with CCD camera (DP22, 

Olympus, Japan), Centrifuge machine (NUVE NF 800R, Turkey), Peristaltic pump (SP2, 

China), Incubator (Phoenix Tin-35, Germany), Drying oven (Ecocell, Germany), pH meter 

(BT675 Boeco, Germany), Analytical balance (Radwag, Poland), Vortex mixture (Stuart 

SA8, UK), Motor drive magnetic stirrer with hotplate (MSH 420, Boeco, Germany), Bath 

sonicator (Hwashin, Korea), Precision micropipette (OHAUS, USA) etc.  

 

3.4 Synthesis Reaction of Fe3O4 NPs  

 

Fe3O4 NPs were conjugated employing a natural green conjugation method that employed 

FeCl3 and FeCl2·4H2O as precursors and Ipomoea aquatica leaf extract as reducing and 

capping agents. Ipomoea aquatica leaf extract was assimilated to a liquid combination of 

Fe
3+

 and Fe
2+

 chloride at a 2:1 ratio to make Fe3O4 [139]. The interplay among Fe3O4 NPs 

charged groups that were implicated with Ipomoea aquatica leaf extract is shown in Fig. 

3.5. The following is a summary of the overall reaction:    

                                                                  

Ipomoea aquatica + H2O + Fe
2+

(aq) + Fe
3+

(aq)                  [Ipomoea aquatica / Fe
3+

 - Fe
2+

]  

 

[Ipomoea aquatica / Fe
3+

 - Fe
2+

] + 8OH
-
 (aq)                                                                 

                                                                         [Ipomoea aquatica / Fe3O4] ↓(s) + 4H2O (aq) 

 
Fig. 3.5 Interaction between Fe3O4 NPs charged groups and Ipomoea aquatica 

leaf extract [140]. 

 

 

3.4.1 Ipomoea aquatic leaf extracts preparation 

 

Ipomoea aquatica, often known as water spinach, is a haughty hemi-hydrophyte plant 

cultivated for its young leaves and shoots as a potherb. Fig. 3.6 shows the steps for 

preparing the Ipomoea aquatica leaf extracts. At first, the leaves of Ipomoea aquatica 
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were purchased from a nearby market. To eliminate dust, the leaves were mildly rinsed in 

de-ionized water. The leaves were air dried in a dust-free setting. To make the finest paste, 

dried leaves were sliced into exquisite bits, knead and strained. 60 g of the leaves paste 

was diluted with 400 mL de-ionized water and boiled for 4 hours and 30 minutes at 80 °C. 

Straining the composition using Whatman No.1 filter paper after cooling the leaf extracts 

was obtained and stored at 4 °C for subsequent studies.  

 

 

                      

Fig. 3.6 Ipomoea aquatica leaf extracts preparation 

 

3.4.2 Synthesis of magnetite NPs  

 

The following is a detailed description of the Fe3O4 NPs synthesis procedure: 

To make a 0.05 M solution, mix 0.99 g FeCl2.4H2O with 100 mL DI water, and mix 1.622 

g FeCl3 with 100 mL DI water to prepare a 0.1 M solution. In a individual beaker with 

magnetic stirrer (800 rpm), combine 20 mL 0.05 M FeCl2.4H2O and 20 mL 0.1M FeCl3 at 

60 °C. After 10 minutes, add 5 mL Ipomoea aquatica leaf extract to the composition and 

stir along with the magnetic stirrer. After another 10 minutes, 100 mL 0.10 M NaOH 

solution was assembled, and the solution color changed to black, indicating the generation 
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of Fe3O4 NPs. The biomolecules of leaf extracts acted as stabilizers as well as reducing 

agents to prepare NPs using FeCl3 and FeCl2⋅4H2O as precursors.  

 

 

                                 

Fig. 3.7 Synthesis the magnetite NPs 

 

3.4.3 Concentration of magnetite NPs  

 

At the final stage of the synthesis, the NPs were precipitated at the bottom of glass beaker, 

which then accumulated using a magnetic bar. The solution in the beaker on the upper side 

was removed. The synthesized NPs were placed in aluminum foil and drier for 48-72 

hours at 60 °C (dried NPs are shown). The dried NPs were then converted to powder form 

using a hand mortar. At first, a relatively higher NPs concentration of 0.20 mg/mL was 

prepared in the buffer for charged vesicles and in MilliQ for neutral vesicles, which was 

then diluted to several concentrations such as 0.006, 0.01, and 0.013 mg/mL. To interact 

the NPs with lipid vesicles, 100 μL NPs were mixed with 200 μL purified suspension of 

GUVs in a microchamber. Hence, the total volume of NPs and vesicles suspension was 

300 μL. In that case, the corresponding effective concentrations of NPs in the observation 

microchamber were 2.00, 3.33, and 4.67 μg/mL. 
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3.4.4 Zeta potential and average size of magnetite NPs  

 

The zeta potential is a measure of the difference in potential between the bulk fluid in 

which a particle is dispersed and the layer of fluid containing the oppositely charged ions 

that is associated with the nanoparticle surface. It is commonly used to determine the 

magnitude of a charge. The surface charge density of NPs was investigated using the zeta 

potential. The zeta potential, as shown in Fig. 3.8, is the conventional method for 

observing the surface charge. The electrostatic repulsive force between the NPs is 

provided by the zeta potential, which is approximately -21.3 mV, confirming that the 

magnetite NPs are anionic [59]. 

                              

Fig. 3.8 Zeta potential of magnetite NPs [59] 

 

TEM examination was used to determine the size and shape of the produced Fe3O4 NPs, as 

illustrated in Fig. 3.9. In order to do TEM examination, a suspension of Fe3O4 NPs in 

ethanol was made, and 1 μL of the suspension was applied to a formvar-coated grid, dried 

at 25 ⁰C, and then stored on a specimen holder. At a 120 kV accelerating voltage, the 

image was observed. The TEM image amply displays the uniform distribution, smooth 

edges, and spherical shape of the produced Fe3O4 NPs. The particle sizes of the 

synthesized NPs were in the range of 15 to 20 nm and the average size was 18 nm.  

 

 



 
36 

 

 
 

 
 

Fig. 3.9 TEM image of Fe3O4 NPs [132]. 

 

3.5 Synthesis of GUVs  

 

The DOPG/DOPC/chol (70/30/0) (70/30/0 specifies molar ratio), DOPG/DOPC/chol 

(46/39/15), DOPG/DOPC/chol (43/28/29), and DOPG/DOPC/chol (40/20/40)-GUVs were 

prepared in a physiological buffer (10mM PIPES, 150mM NaCl, pH 7.0, 1mM EGTA) 

using the natural swelling method [141]. The surface charge density of these charged 

membranes was almost the same (−0.16 C m−
2
) for 0, 15, 29 and 40% chol [58]. For the 

preparation of charged GUVs, at first, 1 mM DOPG, DOPC and cholesterol (total amount 

of the mixture was 200 mL) were taken into a glass vial (4.5 mL), which was slightly 

shaked and kept without any motion for 1 minute to get a homogeneous composition 

mixture. The solution was dried with a mild flow of nitrogen gas to produce a thin and 

homogeneous lipid film. Then, the glass vial was kept in a vacuum desiccator for 12 

hours. After this, the sample was pre-hydrated for 8 min at 45 ⁰C by pouring 20 mL MilliQ 

water into the vial, followed by incubation for 3.5 hours at 37 ⁰C with 1 mL 0.10 M 

sucrose in buffer. To prepare the fluorescent probe (calcein) encapsulated GUVs, we used 

1 mM calcein with 0.10 M sucrose in buffer for incubation of the suspension of vesicles. 

To prepare the neutral membranes containing cholesterol, DOPC/chol (100/0), DOPC/chol 

(85/15), DOPC/chol (71/29), DOPC/chol (60/40)-GUVs were prepared in 0.10 M sucrose 

containing MilliQ water. The steps of synthesis of GUVs are shown in the block diagram 

(Fig. 3.10) and schematic figure below. 
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Fig. 3.10 Schematic diagram of the synthesis of GUVs using the natural swelling 

method 

 

Table 3.1 Different types of sample 

 

Chol 

(%) 

Sample 

Charged membrane 

(DOPG/DOPC/Chol) 

Neutral membrane 

(DOPC/Chol) 

0 70/30/0 100/0 

15 46/39/15 85/15 

29 43/28/29 71/29 

40 40/20/40 60/40 

 

 

 

 

3.6 Purification of GUVs 

 

Following incubation, the GUVs suspension was centrifuged at 13,000×g (here g is the 

acceleration due to gravity) for 20 minutes at 20 °C using a refrigerated centrifuge, and the 

supernatant bearing GUVs was filtered through a nuclepore polycarbonate membrane with 

a 10 μm diameter pores (Whatman® Nuclepore™ Track-Etched Membranes, UK) 

clamped in a polypropylene filter holder (Swinnex, ϕ = 25 mm, Millipore Co., Billerica, 

MA). The filter holder's upper end was associated to a 10 mL plastic (polypropylene) 

syringe 2 (JMI Syringes and Medical Devices Ltd. Bangladesh), and the lower end was 

associated to a tube bearing three different types of polypropylene fittings (Luer fittings 
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VRFE6, VRFC6, VRSC6; AS-ONE, Japan) with an internal diameter of 3 mm. The tube 

in this scenario has a total of 9 fittings, as in the membrane filtering method [123].  

                                 

 

Fig. 3.11 Membrane filtration method [142] 

 

The tube's opposite end was linked to syringe 1, which had the similar 10 mL capacity as 

the tube. The GUV solution in 0.10 M glucose buffer was assembled to syringe 1, wherein 

the buffer flow was constantly regulated by a double-headed peristaltic pump (CPPSP2, 

Shenchen, China) via a plastic tube with an internal diameter of 3 mm (JMI Syringes and 

Medical Devices Ltd. Bangladesh). Air bubbles were meticulously eliminated from the 

polypropylene tube and filter holder before initiating the flow of buffer from beaker to 

syringe 1. Fig. 3.11 depicts the purification technique's configuration. Because the buffer 

flowed from the bottom to the top at the filter, relatively small vesicles were allowed to get 

via the filter and enter the top syringe (syringe 2).The injection of buffer bearing 0.10 M 

glucose to syringe 1 was halted after a set amount of time had passed, and the buffer 

within syringe 2 was withdrawn through the pump at the equivalent streaming rate. In fine, 

the filter holder and suspension in the tube was culled and filtered before being employed 

as a GUV suspension.  
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3.7 Observations of GUVs 

 

After purification, a microchamber was filled with 200 μL of purified GUVs suspension 

(the inner fluid is 0.10 M sucrose in buffer, whereas the exterior fluid is 0.10 M glucose in 

buffer) as shown in Fig. 3.12(a). In a handcrafted microchamber (total volume 300 μL), 

different intentness of 100 μL NPs were introduced to a 200 μL GUVs suspension. A U-

shaped silicone rubber spacer was used to create the microchamber on a glass slide. In the 

GUVs suspension, the NPs concentration is deemed uniform. The effective NP 

concentrations in the suspension were calculated to be 2.00, 3.33, and 4.70 μg/mL, 

respectively. For reducing the strong attraction of GUVs to glass, 0.10% (w/v) BSA 

disintegrated in the buffer bearing 0.10 M glucose was applied to the glass surface and the 

microchamber.  

 

 

Fig. 3.12 (a) GUVs suspension in the microchamber, and (b) Inverted phase 

contrast microscope (Olympus IX-73, Japan) 

 

The colorless and clear specimens, as well as live cells, can be viewed using phase 

contrast microscopy. The GUVs were observed and also the deformation and poration 

were investigated using an inverted phase contrast fluorescence microscope with a 20× 

objective at 25 ± 1 °C. The images of GUVs were taken by a charge-coupled device 

camera as shown in Fig. 3.12(b). 

 

Both phase contrast and fluorescence microscopes were used to evaluate the impacts of 

cholesterol on the deformation and poration of GUVs. The images are shown in Fig 3.13. 

The encapsulated calcein solution is indicated by the green color in the inside of GUVs in 

Fig 3.13(b). 
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Fig. 3.13 Microscopic images of GUVs in the solution (a) Phase contrast image. 

(b) Fluorescence image. Scale bar is 50 μm. 

 

3.7.1 Phase contrast microscope 

 

Phase-contrast microscopy is an optical microscopy technique that transforms brightness 

variations in the image from phase shifts in light flowing through a transparent material. 

While phase shifts are imperceptible in and of themselves, brightness differences make 

them noticeable. Fig. 3.14 shows the different parts of phase contrast microscope. 

 

 

 

Fig. 3.14 Phase contrast microscope [143] 

 

 

An annular phase plate and annular diaphragm are added to a specifically constructed light 

microscope's fundamental components for phase-contrast microscopy. The light rays are 
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allowed to pass through the annular diaphragm, and then the light rays fall on the 

specimen or object to be studied. The phase plate is a transparent disc. With the help of the 

annular diaphragm and the phase plate, the phase contrast is obtained in this microscope. 

This is obtained by separating the direct rays from the diffracted rays. 

  

Phase contrast microscope has numerous applications to produce high-contrast images of 

transparent specimens in biological research, such as- living cells (usually in culture), 

microorganisms, thin tissue slices, lithographic patterns, fibers, latex dispersions, glass 

fragments, and subcellular particles (including nuclei and other organelles). 

 

 

3.7.2 Fluorescence microscope 

 

A fluorescence microscope is an optical microscope that studies the characteristics of 

organic or inorganic substances by using fluorescence instead of, or in addition to, 

scattering, reflection, attenuation, or absorption. Any microscope that produces images 

using fluorescence is referred to as a "fluorescence microscope," whether it has a 

straightforward setup like an epifluorescence microscope or a more intricate setup like a 

confocal microscope, which uses optical sectioning to improve the resolution of the 

fluorescence image. Fig. 3.15 shows the fluorescent microscope. 

 

The fundamental idea behind fluorescence microscopy is to colour the components by 

dyes. A light source with a much higher intensity is used in fluorescence microscopy to 

illuminate the sample. Fluorescence species in the sample are stimulated by this light, and 

they subsequently emit light with a larger wavelength. Through the objective lens, light 

with the excitation wavelength is focused on the specimen. The objective focuses the 

fluorescence that the specimen emits onto the detector. Only reflected excitation light, 

along with the emitted light, enters the objective since the majority of excitation light 

passes through the specimen. The second light source, or the fluorescent species' emission 

wavelength, is employed to create the image rather than the light that was first used to 

illuminate and excite the sample. 
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Fig. 3.15 Fluorescence microscope [144] 

 

 

Because it enables the use of multicolor staining, labeling of structures within cells, and 

evaluation of the physiological state of a cell, fluorescence microscopy is a frequently 

used technology in today's life science research. 

 

 

3.8 Compactness and Surface Area of a GUV 

 

Compactness (Com) is a property in mathematics, specifically general topology that aims to 

generalize the concept of a closed and limited subset of Euclidean place by defining the 

concept of a place without "holes" or "missing endpoints," i.e., there are no "limiting 

values" of points that are excluded from the space. 

 

Compactness (Com) is a typical shape measurement approach in biomedical imaging [145] 

that quantifies the form change of a GUV and is described as follows:  

                                                   𝐶𝑜𝑚 =
𝑃2

𝟒𝝅𝑆𝑐𝑟 
                                                  (3.1) 

Here, P denotes the perimeter and Scr denotes the area of the image cross section of GUVs. 

Com = 1.0 is the minimum value for a circle, but it grows with any deviation. The Com for 

each deformed image was calculated using the MATLAB image processing toolkit. The 
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primary effect of NPs on GUVs is an increase in their overall surface area (SGUV). As a 

result, we associate SGUV to the change of Com. For the sake of simplicity we assume that 

this ellipsoid's long axis is similar to its short one. The following is how a distorted GUV's 

surface area is calculated:  

                                    𝑆𝐺𝑈𝑉 ≈ 𝑆₀ (1 +
3

2
∆)                                           (3.2) 

 Here, S0 is the surface area of a circular GUVs, ∆= 𝛼√(∁ₒₘ − 1) and = √[1/(
3

𝜋
−

1

4
)] . 

As a result, the following relationship emerges: 

                                                   𝑆𝐺𝑈𝑉 = 𝑠₀(1 + 1.78√𝑐ₒₘ − 1 )                               (3.3) 

 

Elastic energy of a closed bilayer is, 

 

                                        Wel = Wb + Wr     

                                                                      = 
1

2
 𝑘𝑐  ∫(𝐶₁ + 𝐶₂)2𝑑𝐴 +

1

2

𝑘𝑟 

𝐴ₒℎ2(∆A-∆Aₒ)
2                                     

(3.4) 

 

Here, Wb is the membrane bending energy, Wr is the correlative single-layer stretching 

energy, 𝑘𝑐 is the local bending modulus, 𝑘𝑟 is the nonlocal bending modulus, 𝐴ₒ is the 

surface area of the bilayer, ∆A is the area difference at stretched state, ∆Aₒ is the area 

difference at equilibrium (relaxed) state, h is the distance between two monolayer, and 

𝑐1& 𝑐2 are the two main curvatures. 

  

3.9 Fraction of Deformation and Poration of GUVs 

 

Fraction of deformation (𝐹𝑟𝑑) is defined as the ratio of the amount of deformed GUVs 𝑁𝑑 

(the overall amount of analyzed GUVs was N = 50−60) to that of total number of observed 

GUVs at a definite time. The fraction of deformed is calculated as,  

 

Fraction of deformation =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝐺𝑈𝑉

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝑈𝑉𝑠
         (3.5) 

 

By calculating the probability of deformation and poration among all the recorded GUVs, 

the percentage of deformed GUVs (𝐹𝑟𝑑) and fraction of pore formed GUVs (𝐹𝑟𝑝) were 

computed. We'll show how to compute these fractions. 100 μL NPs interacted with 

purified GUVs suspension of 200 μL at a specific concentration of NPs. In the micro 
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chamber, the total volume of the NPs-GUVs suspension was 300 μL. The images of 

vesicles were taken at different moments during interaction, such as 0, 10, 20, 30, 40, 50, 

and 60 minutes, while holding the focus at a fixed place. Then, for other chambers, similar 

trials were carried out. The number of distorted and pore-formed GUVs was determined 

from multiple images of all the studied GUVs at each time. For a separate experiment, we 

determined the 𝐹𝑟𝑑 and 𝐹𝑟𝑝 at different periods. The same process was followed for 

numerous independent experiments, yielding 𝐹𝑟𝑑 and 𝐹𝑟𝑝values for each. For a defined 

time and cholesterol content, the mean value with standard deviation of 𝐹𝑟𝑑 and 𝐹𝑟𝑝 were 

calculated. 

 

3.10 NPs-Induced Leakage of Calcein from the Inside of GUVs 

 

To study the poration of GUVs caused by NPs, 100 μL of NPs were introduced to a 200 

μL suspension of calcein encapsulated GUVs. During the interaction, we concentrated on 

one GUV. A CCD camera and a fluorescent microscope were used to capture the GUV. 

When the leaking of calcein decreased rapidly, the beginning of pore development in 

GUV membranes occurred. The pre-pore’s free energy in the case of a toroidal pore is 

[169, 170]:  

 

                                          U(r, 𝜎𝑛) = 2πrΓ – πr
2
 (𝜎𝑛 + B)                                               (3.6) 

 

Where B is the electrostatic term due to charge lipids, r is the radius of a pre-pore, and Γ is 

the line tension (pre-pore’s per-length free energy). The energy of a pre-pore's barrier is,  

  

                                                                 𝑈𝐵(r, 𝜎𝑛)=
𝜋𝛤2

𝜎𝑛+𝐵
                                                       (3.7) 

For varied concentrations of NPs and cholesterol content in membranes, time-dependent 

leakage of several 'single GUV' was detected. For diverse cholesterol-containing 

membranes, the average time of poration was estimated.



 
 

 
 
 

                                                       CHAPTER 4 

RESULTS AND DISCUSSION 

                                                     

4.1 Deformation and the Compactness of DOPG/DOPC/chol-GUVs in the presence of 

3.33 μg/mL NPs 

The effects of cholesterol on the NPs-induced deformation and the degree of deformation 

(compactness) of GUVs were examined. The interaction of 3.33 μg/mL NPs with a single 

DOPG/DOPC/chol (70/30/0)-GUV is depicted in Fig. 4.1(a). In the absence of NPs, the 

GUV has a spherical structure at 0 min, as shown in Fig. 4.1(a). Within the first 4 minutes 

after adding NPs to the GUV suspension, this shape does not change. A little deformation 

began at 5 minute, and a major deformation appeared between 45 and 60 minutes. The 

compactness, Com, is used to determine the degree of deformation. The time course of Com, 

is shown in Fig. 4.1(b). The value of Com was 1.0 at 0 minutes. At time 5, 10, 15, 25, 35, 

45, 55, and 60 minutes, the values of Com were 1.0301, 1.0392, 1.0618, 1.0803, 1.1983, 

1.3057, 1.3854, and 1.4004, respectively.  

 

Fig. 4.1 The deformation and the corresponding compactness of 

DOPG/DOPC/chol (70/30/0)-GUV in the presence of 3.33 μg/mL NPs. (a) Phase 

contrast images of a single GUV’s demonstrate the deformation. The number on 

each image depicts the time in minutes after the addition of NPs. Scale bar is 15 

μm. (b) The time dependen compactness, Com, of the GUV as shown in (a). (c) 

The time dependent average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the same 

conditions as shown in (a). 
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The change in average compactness, 𝐶𝑜𝑚
𝑎𝑣 , is shown in Fig. 4.1(c), where 𝐶𝑜𝑚

𝑎𝑣  increases 

with time. In each separate experiment, the average value of compactness, 𝐶𝑜𝑚
𝑎𝑣 , and 

standard deviations at various times were calculated from three different experiments 

using a number of N = 15-20 measured GUVs. It is reasonable to assume that as time 

passes, NPs absorption at membrane interfaces rises, resulting in increased surface 

pressure in the membrane and, which in turn causes Com's value to rise. 

 

The interaction of NPs at 3.33 μg/mL with a single DOPG/DOPC/chol (46/39/15)-GUV is 

shown in Fig. 4.2(a). The GUV has a spherical structure at 0 min in the absence of NPs, as 

illustrated in Fig. 4.2(a). This structure does not alter in the first 9 min after adding NPs to 

the GUV suspension. After 10 minutes, a minor deformation emerged, followed by a 

substantial deformation between 45 and 60 minutes.  

 

 

Fig. 4.2 The deformation and the corresponding compactness of 

DOPG/DOPC/chol (46/39/15)-GUV in the presence of 3.33 μg/mL NPs. (a) 

Phase contrast images of a single GUV’s demonstrate the deformation. The 

number on each image depicts the time in minutes after the addition of NPs. Scale 

bar is 15 μm. (b) The time dependent compactness, Com, of the GUV as shown in 

(a). (c) The time dependent average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the 

same conditions as shown in (a). 

 

The time course of compactness, Com is shown in Fig. 4.2(b). At 0 minute, Com was 1.0, 

and at 5, 10, 15, 25, 35, 45, 55, and 60 minutes, the Com values for DOPG/DOPC/chol 

(46/39/15)-GUV were 1.000, 1.0087, 1.0214, 1.0405, 1.1345, 1.2366, 1.3001, and 1.334, 
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respectively. In Fig. 4.2(c), the time course of average compactness, 𝐶𝑜𝑚
𝑎𝑣 , in the membrane 

of DOPG/DOPC/chol (46/39/15)-GUVs is depicted, with 𝐶𝑜𝑚
𝑎𝑣  increasing with time.   

 

Fig. 4.3(a) shows the interaction of 3.33 μg/mL NPs with a single DOPG/DOPC/chol 

(43/28/29)-GUV. In the absence of NPs, GUV has a spherical structure at 0 min (Fig. 

4.3a), and in the first 9 minute after adding NPs to the GUV suspension, this structure does 

not vary, and  a modest deformation appeared after 10 minutes, followed by a significant 

deformation between 45 and 60 minutes, which is similar to 15% chol containing 

membranes.   

 

 

Fig. 4.3 The deformation and the corresponding compactness of 

DOPG/DOPC/chol (43/28/29)-GUV in the presence of 3.33 μg/mL NPs. (a) 

Phase contrast images of a single GUV’s demonstrate the deformation. The 

number on each image depicts the time in minutes after the addition of NPs. Scale 

bar is 15 μm. (b) The time dependent compactness, Com, of the GUV as shown in 

(a). (c) The time dependent average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the 

same conditions as shown in (a). 

 

The time course of compactness, Com is delineated in Fig. 4.3(b). Com was 1.0 at 0 minute, 

and at 5, 10, 15, 25, 35, 45, 55, and 60 minutes, the Com values for DOPG/DOPC/chol 

(43/28/29)-GUV were 1.0086, 1.0168, 1.0217, 1.0561, 1.0901, 1.129, 1.1744, and 1.1803, 

respectively. The time course of average compactness, 𝐶𝑜𝑚
𝑎𝑣

, of the membrane of 

DOPG/DOPC/chol (43/28/29)-GUVs is shown in Fig. 4.3 c), which increases with time.  



 
48 

 

 
 

The interaction of 3.33 μg/mL NPs with a single DOPG/DOPC/chol (40/20/40)-GUV is 

represented in Fig. 4.4(a). In the absence of NPs, the GUV has a spherical form at 0 

minute (Fig. 4.4(a)), and this form does not change for the first 9 minute after adding NPs 

to the GUV suspension. A tiny deformation emerged after 10 minute, followed by a 

massive deformation between 45 and 60 minutes, which is similar to 15% cholesterol 

containing membranes.  

 

 

Fig. 4.4 The deformation and the corresponding compactness of 

DOPG/DOPC/chol (40/20/40)-GUV in the presence of 3.33 μg/mL NPs. (a) 

Phase contrast images of a single GUV’s demonstrate the deformation. The 

number on each image depicts the time in minutes after the addition of NPs. Scale 

bar is 15 μm. (b) The time dependent compactness, Com, of the GUV as shown in 

(a). (c) The time dependent average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the 

same conditions as shown in (a). 

 

The time course of compactness, Com is shown in Fig. 4.4(b). The Com values for GUV 

were 1.0 at 0 minute and at 5, 10, 15, 25, 35, 45, 55, and 60 minutes, 1.0134, 1.017, 

1.0205, 1.0345, 1.0467, 1.0687, 1.0825, and 1.1501, respectively. Fig. 4.4(c) represents 

the time course of average compactness, 𝐶𝑜𝑚
𝑎𝑣  of DOPG/DOPC/chol (40/20/40)-GUVs 

membranes, which increases with time. The values of average compactness for different 

charged membranes at 60 minutes are presented in Table 4.1  
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Table 4.1 Average compactness of charged DOPG/DOPC/chol GUVs at 60 minute 

 

 

Sample  Chol (%) Average Compactness, 𝐶𝑜𝑚
𝑎𝑣  

70/30/0 0 1.2805 ± 0.0022 

46/39/15 15 1.2693 ± 0.0221 

43/28/29 29 1.1541 ± 0.0223 

40/20/40 40 1.1307 ± 0.0104 

 

 

4.2 Deformation and the Compactness of DOPC/chol-GUVs in the presence of 3.33 

μg/mL NPs 

 

Following that, we looked at the deformation and compactness of cholesterol containing 

neutral membranes in the presence of 3.33 μg/mL NPs. Fig. 4.5(a) shows the phase 

contrast images of a DOPC/chol (100/0)-GUV due to the interaction of NPs.  

 

 

Fig. 4.5 The deformation and the corresponding compactness of DOPC/chol 

(100/0)-GUV in the presence of 3.33 μg/mL NPs. (a) Phase contrast images of a 

single GUV’s demonstrate the deformation. The number on each image depicts 

the time in minutes after the addition of NPs. Scale bar is 15 μm. (b) The time 

dependent compactness, Com, of the GUV as shown in (a). (c) The time dependent 

average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the same conditions as shown 

in (a). 
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It was spherical in shape before the addition of NPs. With time, the shape deformed from 

spherical shape, indicating the value of Com to rise. For the first 4 minutes, the GUV was 

unchanged, but from 5 to 60 minutes, it began to deforme. At 0 minute, Com was 1.0. Com 

was 1.0202, 1.0569, 1.0656, 1.0872, 1.1306, 1.1583, 1.2025, and 1.226 at 5, 10, 15, 25, 

35, 45, 55, and 60 minutes, respectively. Fig. 4.5(b) depicts the time course of Com. The 

time course of average compactness, 𝐶𝑜𝑚
𝑎𝑣  is depicted in Fig. 4.5(c). 

 

Fig. 4.6(a) shows the phase contrast images of a DOPC/chol (85/15)-GUV due to the 

interaction of 3.33 μg/mL NPs. The shape of GUV remains spherical before the addition 

of NPs in the GUV suspension. The shape deformed from spherical with time, indicating 

value of Com to grow. For the first 14 minutes, the GUV was unchanged, but from 15 to 60 

minutes, it began to deform. At 0 minute, Com was 1.0. Com was 1.001, 1.006, 1.0087, 

1.0272, 1.0586, 1.0827, 1.1125, and 1.1271 at 5, 10, 15, 25, 35, 45, 55, and 60 minutes, 

respectively. Fig. 4.6(b) depicts the time course of Com. The time course of average 

compactness, 𝐶𝑜𝑚
𝑎𝑣  is depicted in Fig. 4.6(c). 

 

Fig. 4.6 The deformation and the corresponding compactness of DOPC/ chol 

(85/15)-GUV in the presence of 3.33 μg/mL NPs. (a) Phase contrast images of a 

single GUV’s demonstrate the deformation. The number on each image depicts 

the time in minutes after the addition of NPs. Scale bar is 15 μm. (b) The time 

dependent compactness, Com, of the GUV as shown in (a). (c) The time dependent 

average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the same conditions as shown 

in (a). 
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The representative phase contrast images of a DOPC/chol (71/29)-GUV upon the 

interaction of 3.33 μg/mL NPs is shown in Fig. 4.7(a). Before the NPs were added into the 

GUV suspension, GUV was spherical in shape. With time, the shape deformed 

from spherical shape, demonstrating Com's value to rise. The GUV was unchanged for the 

first 9 minutes, but from 10 to 60 minutes, it began to deform. Com was 1.0 at 0 minute. At 

5, 10, 15, 25, 35, 45, 55, and 60 minutes, Com was 1.0, 1.001, 1.0086, 1.0266, 1.0423, 

1.0728, 1.1023, and 1.1134, respectively. The time course of Com is shown in Fig. 4.7(b). 

The time course of average compactness, 𝐶𝑜𝑚
𝑎𝑣  is shown in Fig. 4.7(c). 

 

 

Fig. 4.7 The deformation and the corresponding compactness of DOPC/chol 

(71/29)-GUV in the presence of 3.33 μg/mL NPs. (a) Phase contrast images of a 

single GUV’s demonstrate the deformation. The number on each image depicts 

the time in minutes after the addition of NPs. Scale bar is 15 μm. (b) The time 

dependent compactness, Com, of the GUV as shown in (a). (c) The time dependent 

average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the same conditions as shown 

in (a). 

 

The phase contrast images of a DOPC/chol (60/40)-GUV due to the interaction of 3.33 

μg/mL NPs is shown in Fig. 4.8(a). GUV was spherical in shape before the addition of 

NPs. The shape changed from spherical to deformed GUV over time, indicating the value 

of Com to rise. The GUV remains unchanged for the first 14 minutes before attaing the 

significant deformation from 15 to 60 minutes. Com was 1.0 at 0 minute. At 5, 10, 15, 25, 

35, 45, 55, and 60 minutes, the values of Com were 1.0, 1.0008, 1.0085, 1.0159, 1.0337, 

1.0676, 1.1055, and 1.1055, respectively. The time course of Com is shown in Fig. 4.8(b). 
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The time course of average compactness, 𝐶𝑜𝑚
𝑎𝑣  is shown in Fig 4.8(c). The values of 

average compactness for different neutral membranes at 60 minutes are presented in Table 

4.2. 

 

 

Fig. 4.8 The deformation and the corresponding compactness of DOPC/chol 

(60/40)-GUV in the presence of 3.33 μg/mL NPs. (a) Phase contrast images of a 

single GUV’s demonstrate the deformation. The number on each image depicts the 

time in minutes after the addition of NPs. Scale bar is 15 μm. (b) The time 

dependent compactness, Com, of the GUV as shown in (a). (c) The time dependent 

average compactness, 𝐶𝑜𝑚
𝑎𝑣  of several GUVs under the same conditions as shown in 

(a). 

 

Table 4.2 Average compactness of different neutral DOPC/chol GUVs at 60 minute 
 

 

Sample Chol (%) Average Compactness, 𝐶𝑜𝑚
𝑎𝑣  

100/0 0 1.2691 ± 0.0089 

85/15 15 1.1309 ± 0.0043 

71/29 29 1.1094 ± 0.0037 

60/40 40 1.0995 ± 0.0045 
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4.3 Comparison of the Compactness of DOPG/DOPC/chol-GUVs and DOPC/chol-

GUVs  

 

The change in average compactness, 𝐶𝑜𝑚
𝑎𝑣  in the membrane of DOPG/DOPC/chol-GUVs 

for 0, 15, 29, and 40% chol is shown in Fig. 4.9(a). The values of 𝐶𝑜𝑚
𝑎𝑣  decrease with the 

increase of cholesterol content in the charged membranes. For 0, 15, 29, and 40% chol, the 

values of 𝐶𝑜𝑚
𝑎𝑣  at 60 minutes were 1.280 ± 0.002, 1.269 ± 0.022, 1.154 ± 0.022, and 1.131 

± 0.010, respectively.  

 

Fig. 4.9 Compactness of DOPG/DOPC/chol-GUVs and DOPC/chol-GUVs 

induced by 3.33 μg/mL NPs. Time courses of average compactness, 𝐶𝑜𝑚
𝑎𝑣  of (a) 

DOPG/DOPC/chol-GUVs and (b) DOPC/chol-GUVs for 0, 15, 29, and 40% chol. 

(c) The cholesterol-dependent 𝐶𝑜𝑚
𝑎𝑣  at 55 minutes for charged and neutral GUVs. 

Three different investigations with a total of 21-27 GUVs were used to calculate 

the average values with standard deviations. 

 

For various cholesterol containing neutral membranes, the time-dependent 𝐶𝑜𝑚
𝑎𝑣  is 

interpreted in Fig. 4.9(b). For example, 𝐶𝑜𝑚
𝑎𝑣  value for DOPC/chol (60/40)-GUVs was 

1.099 ± 0.005, 1.109 ± 0.004 for DOPC/chol (71/29)-GUVs, 1.131 ± 0.004 for DOPC/chol 

(85/15)-GUVs, and 1.269 ± 0.009 for DOPC/chol (100/0)-GUVs at 60 minutes. As 

presented in Fig. 4.9(c), the average compactness of neutral and charged membranes 
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decreased as cholesterol increased in the membranes of vesicles. In the presence of NPs, 

cholesterol reduced deformation for both types of vesicles, according to these studies. 

Charged vesicles have a greater average compactness than neutral ones (Fig. 4.9c). Hence, 

anionic magnetite NPs has a considerable effect on a variety of cholesterol contained 

GUVs, both neutral and charged. 

 

 

4.4 Fraction of Deformation of DOPG/DOPC/chol-GUVs  

 

The interaction of NPs with charged and neutral GUVs comprising of different cholesterol 

containing membranes was described in sections 4.1 – 4.9. These sections discussed the 

interaction of NPs with a ‘single GUV’. Here, the results of 3.33 μg/mL NPs interaction 

with an ensemble of GUVs are shown. Both the deformed and intact GUVs were found 

with the addition of NPs to the vesicle suspension shown in Fig. 4.10.  

 

 

Fig. 4.10 The deformed and un-deformed DOPG/DOPC/chol-GUVs with the 

addition of 3.33 μg/mL NPs. (a) 0 minute, (b) 10 minute, (c) 40 minute, and (d) 60 

minute. The scale bar is 50 μm. 
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To look into the fraction of deformed GUVs (𝐹𝑟𝑑), we first put the NPs concentration in a 

suspension of DOPG/DOPC/chol (46/39/15)-GUVs into a special chamber. GUV images 

were taken in a fixed focal position at 0, 10, 20, 30, 40, 50, and 60 minutes. We regarded 

these observations as an independent experiment (i.e. n = 1). 

 

The similar analysis was carried out in the second and third independent experiments (i.e. 

total independent experiment was n = 3) and the fraction of deformed GUVs were 

calculated from the values of 3 independent experiments at the specified point. From 

several images taken at different times, the amount of GUVs with deformed was counted 

among all the examined GUVs (N = 40-50, were the number of examined GUVs). For 

example, if 40 single GUVs were counted from several images at 20 minutes, and 10 

GUVs were determined to be deformed, the value of 𝐹𝑟𝑑 at that time would be 0.25. For 

various times, we calculated 𝐹𝑟𝑑. These researches were classified as separate 

experiments. Three independent experiments were carried out using the same approach. 

Fig. 4.11(a) shows the time-dependent average value of 𝐹𝑟𝑑 at each defined time, which 

increased over time. At 0, 10, 20, 30, 40, 50, and 60 minutes, the average value with 

standard deviation of 𝐹𝑟𝑑 was 0, 0.15 ± 0.02, 0.22 ± 0.03, 0.29 ± 0.04, 0.40 ± 0.01, 0.48 ± 

0.02, and 0.50 ± 0.04, respectively as shown in Fig. 4.11(a). As a result, it is evident that 

the average value of fraction of deformed GUVs, Frd, increased with time.  

 

We carried out the similar type of experiments for a variety of cholesterol concentrations, 

such as 0, 15, 29 and 40%. The time-dependent bar diagram for the average Frd at 3.33 

μg/mL under various cholesterol concentrations is shown in Fig. 4.11(b) and the average 

fraction of deformed GUVs were calculated from the values of 3 independent experiments 

using 40 – 50 GUVs in an independent experiment at the specified point. The average 𝐹𝑟𝑑 

dropped as the cholesterol concentration in the charged membranes increased. Fig. 

4.11(c) shows the cholesterol-dependent average 𝐹𝑟𝑑 for DOPG/DOPC/chol-GUVs at 

various intervals. 𝐹𝑟𝑑 values at 60 minutes were (0.63 ± 0.02) for 0% cholesterol, (0.50 ± 

0.00) for 15% cholesterol, (0.43 ± 0.01) for 29% cholesterol, and (0.24 ± 0.01) for 40% 

cholesterol. The average 𝐹𝑟𝑑 dropped as the cholesterol concentration in the charged 

membranes increased, fig. 4.11(c)’s tendency is very similar to fig. 4.11(b), which 

demonstrating that cholesterol impedes the fragment of deformed GUVs. 
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 Fig. 4.11 Fraction of deformed (𝐹𝑟𝑑) DOPG/DOPC/chol-GUVs in the presence 

of NPs concentration of 3.33 μg/mL. (a) Average 𝐹𝑟𝑑 of DOPG/DOPC/chol 

(46/39/15)-GUVs over time for three different experiments. (b) A bar graph 

depicting the average 𝐹𝑟𝑑 over time for various cholesterol concentrations. (c) 

Cholesterol dependent the values of 𝐹𝑟𝑑 , at 20, 40, and 60 minutes. The average 

values with standard deviations were calculated from three different experiments, 

each of which used 20-25 GUVs. 

 

 

4.5 Fraction of Deformation of DOPG/DOPC/chol (46/39/15)-GUVs in the Presence 

of Various Concentrations of NPs 

 

We employed different NPs concentrations to better understand the interaction trend. Fig. 

4.12(a) shows a time-dependent bar graph of average 𝐹𝑟𝑑 of DOPG/DOPC/chol 

(46/39/15)-GUVs at concentrations of 2.00, 3.33, and 4.70 μg/mL NPs. The increasing 

trend of deformation with time is observed in all concentrations. Fig. 4.12(b) depicts the 

NPs concentration-dependent average values 𝐹𝑟𝑑 for various times. The value of 𝐹𝑟𝑑  was 

0.43 ± 0.01 for 2.00 μg/mL NPs, 0.47 ± 0.01 for 3.33 μg/mL NPs, and 0.62 ± 0.02 for 4.70 

μg/mL NPs at 50 minutes. According to these findings, the fraction of deformation at any 

given time is dependent on the concentration of NPs interacting with vesicles. 
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Fig. 4.12 Fraction of deformed DOPG/DOPC/chol (46/39/15)-GUVs in the 

presence of different NPs concentrations, (a) The time course of the fraction of 

deformed GUVs at 2.00, 3.33, and 4.7 μg/mL NPs as a bar graph. (b) The NPs 

concentrations dependent fraction of deformed GUVs at 20, 40, and 60 minutes. 

The average values with standard deviations were calculated from three different 

experiments, each of which used 20-25 GUVs.  

 

 

4.6 Encapsulated Calcein Leakage of DOPG/DOPC/chol-GUVs in the presence of 

3.33 μg/mL NPs 

 

The results of water-soluble fluorescent probe, calcein, releases from the 

DOPG/DOPC/chol (70/30/0)-GUV’s interior are presented here. Fig. 4.13(a) depicts a 

representative empirical outcome of NPs at 3.33 μg/mL interacted with a 

DOPG/DOPC/chol (70/30/0)-GUV. GUV exhibits a strong contrast in an inverted phase 

contrast microscopic picture at 0 s (i.e., in the absence of NPs) of Fig. 4.13(a(i)) due to the 

distinction in refractive indices between the inside sucrose and outer glucose solution of a 

GUV. The same GUV is shown in a fluorescence microscopic image in Fig. 4.13(a(ii)), 

with a high contrast of calcein inside the vesicle. The fluorescence intensity within the 

GUV remained same until 20 s after adding NPs solution to the vesicle suspension, after 

which it rapidly decreased as seen in Fig. 4.13(a(ii)). The fluorescence intensity declined 

by a modest amount from 20 to 47 seconds, and then rapidly decreased to zero at 48 

seconds. Within 1 second, the fluorescence intensity was nil. The phase contrast image 

(Fig. 4.13a(iii)) shows the same GUV. It means that GUV is still intact and hasn't been 

broken. The swift diminution in fluorescence intensity is comparable to that seen in 

peptide-induced fluorescent probe leakage [146, 34]. The size of such pores was so small 
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that the vesicles were intact with spherical structure after injecting the internal calcein.  

Fig. 4.13(b) depicts the change in normalized fluorescence intensity over time. There was 

no calcein leakage as long as the normalized fluorescence intensity in the GUV lumen was 

1.0 (or close to 1.0). On the other hand, a rapid reduction in normalized fluorescence 

intensity implies pore formation.  A similar study was conducted with several GUVs, and 

a similar decrease in fluorescence intensity was found. In Fig. 4.13(c), we show 5 separate 

DOPG/DOPC/chol (70/30/0)-GUVs under 3.33 μg/mL NPs. Fig. 4.13(c) depicts the 

stochastic nature of pore formation. It means that pore formation occurred at different 

times for several similar sized GUVs, even though the NPs concentration is the same. The 

average time of poration was calculated from the calculation of 16 GUVs. 

 

 

 

Fig. 4.13 The calcein leakage from DOPG/DOPC/chol (70/30/0)-GUVs due to the 

interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence (ii) 

images demonstrates how calcein changes within the GUV. The time in seconds 

after the addition of NPs in the GUVs suspension is shown by the number on each 

image. The scale bar is 15 μm. (b) The time dependent change in normalized 

fluorescence intensity inside of GUV, as indicated in (a). The inset displays the 

rapid change in fluorescence intensity with time. (c) The variation in normalized 

fluorescence intensity for 5 different GUVs under the same conditions as in (b). 

 

 

The interaction of 3.33 μg/mL NPs with a DOPG/DOPC/chol(46/39/15)-GUV is shown in 

Fig. 4.14(a). In the absence of NPs, Fig. 4.14(a(i)) illustrates an inverted phase contrast 
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microscopic image, while Fig. 4.14(a(ii)) illustrates a fluorescence microscopic image of 

the equivalent GUV with a strong contrast of calcein inside the vesicle. After adding NPs 

solution to the vesicle suspension, the fluorescence intensity inside the GUV remained 

constant for 40 s before rapidly decreasing as shown in Fig. 4.14(a(ii)). From 40 to 67 

seconds, the fluorescence intensity fell gradually before dropping quickly to zero at 68 

seconds. The fluorescence intensity dissipated in less than a second. The identical GUV is 

visible in the phase contrast image (Fig. 4.14a(iii)). It indicates that GUV is still intact 

and unbroken. The variation in normalized fluorescence intensity across time is seen in 

Fig. 4.14(b).  

 

 

Fig. 4.14 The calcein leakage from DOPG/DOPC/chol(46/39/15)-GUVs due to 

the interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence 

(ii) images demonstrates how calcein changes within the GUV. The time in 

seconds after the addition of NPs in the GUVs suspension is shown by the number 

on each image. The scale bar is 15 μm. (b) The time dependent change in 

normalized fluorescence intensity inside of GUV, as indicated in (a). The inset 

displays the rapid change in fluorescence intensity with time. (c) The variation in 

normalized fluorescence intensity for 5 different GUVs under the same conditions 

as in (b).  

 

 

We provide the results of 5 separate DOPG/DOPC/chol(46/39/15)-GUV s under 3.33 

μg/mL NPs in Fig. 4.14(c). The stochastic nature of pore growth is shown in Fig. 4.14(c). 

It indicates that, despite the identical NPs concentration, pore formation took place at 



 
60 

 

 
 

varied times for various DOPG/DOPC/chol(46/39/15)-GUVs of equal size. The average 

time of poration was calculated from the calculation of 16 GUVs.  

 

 

Fig. 4.15(a) shows the interaction 3.33 μg/mL NPs with a DOPG/DOPC/chol (43/28/29)-

GUV. Fig. 4.15(a(i)) exhibits an inverted phase contrast microscopic images of the same 

GUV in the absence of NPs, while Fig. 4.15(a(ii)) exhibits fluorescence microscopic 

images of the same GUV with a striking contrast of calcein inside the vesicle.  

 

 

Fig. 4.15 The calcein leakage from DOPG/DOPC/chol (43/28/29)-GUVs due to 

the interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence 

(ii) images demonstrates how calcein changes within the GUV. The time in 

seconds after the addition of NPs in the GUVs suspension is shown by the number 

on each image. The scale bar is 15 μm. (b) The time dependent change in 

normalized fluorescence intensity inside of GUV, as indicated in (a). The inset 

displays the rapid change in fluorescence intensity with time. (c) The variation in 

normalized fluorescence intensity for 5 different GUVs under the same conditions 

as in (b). 

 

 

The fluorescence intensity inside the GUV remained unchanged for 55 s after injecting 

NPs solution to the vesicle suspension before abruptly dropping, as illustrated in Fig. 

4.15 (a(ii)). The fluorescence intensity decreased progressively from 55 to 81 seconds 

before abruptly ceasing at 82 seconds. In less than a second, the fluorescence's intensity 

diminished. The phase contrast image (Fig. 4.15a(iii)) exhibits the same GUV. It implies 
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that GUV is still unbroken and intact. Fig. 4.15(b) depicts the variation in normalized 

fluorescence intensity with time. In Fig. 4.15(c), we present the results of 5 distinct 

DOPG/DOPC/chol (43/28/29)-GUVs with NPs concentration of 3.33 μg/mL. Fig. 

4.15(c) illustrates the stochastic nature of pore formation. It shows that different 

DOPG/DOPC/chol (43/28/29)-GUVs of equivalent size experienced pore formation at 

different times despite having the same concentration of NPs. The average time of 

poration was calculated from the calculation of 16 GUVs. 

 

 

The interaction of 3.33 μg/mL NPs with DOPG/DOPC/chol (40/20/40)-GUV is presented 

in Fig. 4.16 (a). The same GUV is shown in Fig. 4.16(a(i)) using an inverted phase 

contrast microscopic image in the absence of NPs, while Fig. 4.16(a(ii)) presents the same 

GUV in a fluorescence microscopic image with a remarkable contrast of calcein inside the 

vesicle. After adding NPs solution into the vesicle suspension, the fluorescence intensity 

inside the GUV unchanged for 70 s before suddenly decreasing, as shown in Fig. 

4.16(a(ii)). From 70 to 95 seconds, the fluorescence intensity gradually declined before 

ending entirely at 96 seconds. The intensity of the fluorescence decreased in less than a 

second. The equivalent GUV can be seen in the phase contrast image (Fig. 4.16a(iii)). It 

suggests that the GUV is still intact and unbroken. The normalized fluorescence intensity 

over time is shown in Fig. 4.16(b). We have presented 5 different DOPG/DOPC/chol 

(40/20/40)-GUVs with NPs concentration of 3.33 μg/mL in Fig. 4.16(c). The stochastic 

nature of pore formation is shown in Fig. 4.16(c). It demonstrates that while having the 

same NP concentration, pore formation occurred at different times in various 

DOPG/DOPC/chol (40/20/40)-GUVs of equal size. The average time of poration was 

calculated from the calculation of 16 GUVs. 

 



 
62 

 

 
 

 

Fig. 4.16 The calcein leakage from DOPG/DOPC/chol (40/20/40)-GUVs due to 

the interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence 

(ii) images demonstrates how calcein changes within the GUV. The time in 

seconds after the addition of NPs in the GUVs suspension is shown by the number 

on each image. The scale bar is 15 μm. (b) The time dependent change in 

normalized fluorescence intensity inside of GUV, as indicated in (a). The inset 

displays the rapid change in fluorescence intensity with time. (c) The variation in 

normalized fluorescence intensity for 5 different GUVs under the same conditions 

as in (b). 

 

 

4.7 Encapsulated Calcein Leakage of DOPC/chol-GUVs in the presence of 3.33 

μg/mL NPs 

 

We also looked into calcein releases from the interior of neutral GUVs such DOPC/chol 

(100/0)-GUVs to see if the leakage followed the same pattern as charged vesicles. A 

sample empirical outcome of the effect of NPs at 3.33 μg/mL with a DOPC/chol (100/0)-

GUV is exhibits in Fig. 4.17(a). Fig. 4.17(a(i)) exhibits the spherical shaped GUV in a 

phase contrast image at 0 s without NPs in the suspension of vesicles. The same GUV is 

shown in a fluorescence microscopic image in Fig. 4.17(a(ii)), with a sharp contrast of 

calcein within the vesicle. Following the addition of NPs solution to the GUV suspension, 

the fluorescence intensity inside the GUV remained nearly steady for the first 39 seconds, 

before rapidly decreasing at 40 seconds.  
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Fig. 4.17 The calcein leakage from DOPC/chol (100/0)-GUVs due to the 

interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence (ii) 

images demonstrates how calcein changes within the GUV. The time in seconds 

after the addition of NPs in the GUVs suspension is shown by the number on each 

image. The scale bar is 15 μm. (b) The time dependent change in normalized 

fluorescence intensity inside of GUV, as indicated in (a). The inset displays the 

rapid change in fluorescence intensity with time. (c) The variation in normalized 

fluorescence intensity for 5 different GUVs under the same conditions as in (b). 

 

 

 

Within 1 second, the fluorescence intensity was nil. In the phase contrast image of Fig. 

4.17(a(iii)), the GUV with undetectable break is seen. Fig. 4.17(b) depicts the progression 

of the GUV's normalized intensity change over time. Several DOPC/chol-GUVs showed 

stochastic pore formation, similar to charged GUVs. It demonstrates that while having the 

same NP concentration, pore formation occurred at different times in various DOPC/chol 

(100/0)-GUVs of equal size. The average time of poration was calculated from the 

calculation of 16 GUVs. We illustrate five different DOPC/chol (100/0)-GUVs with NPs 

concentration of 3.33 μg/mL in Fig. 4.17(c). The average time of poration was calculated 

from the calculation of 16 GUVs. 

 

 

Fig. 4.18(a) shows a representative findings of the interaction of NPs at 3.33 μg/mL with a 

DOPC/chol (85/15)-GUV. The spherical GUV is depicted in a phase contrast image at 0 
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second in absence of NPs in the suspension of vesicles in Fig. 4.18(a(i)). A fluorescence 

microscopic image of the similar GUV with a great contrast of calcein inside the vesicle 

can be seen in Fig. 4.18(a(ii)). The fluorescence intensity inside the GUV stayed relatively 

the same for the first 58 seconds since the insertion of NPs solution before significantly 

declining at 59 seconds. The fluorescence intensity vanished in less than a second. The 

GUV with undetectable break is visible in the phase contrast image of Fig. 4.18(a(iii)). 

The standardized luminosity variation of the GUV is shown as a time series in Fig. 

4.18(b). Similar to charged GUVs, a number of DOPC/chol-GUVs demonstrated 

stochastic pore formation. It demonstrates that while having the same NP concentration, 

pore formation occurred at different times in various DOPC/chol(100/0)-GUVs of equal 

size. The average time of poration was calculated from the calculation of 16 GUVs. In Fig. 

4.18(c), we present five distinct DOPC/chol(85/15)-GUVs at a concentration of 3.33 

μg/mL NPs. The average time of poration was calculated from the calculation of 16 

GUVs. 

 

 

Fig. 4.18 The calcein leakage from DOPC/chol(85/15)-GUVs due to the 

interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence (ii) 

images demonstrates how calcein changes within the GUV. The time in seconds 

after the addition of NPs in the GUVs suspension is shown by the number on each 

image. The scale bar is 15 μm. (b) The time dependent change in normalized 

fluorescence intensity inside of GUV, as indicated in (a). The inset displays the 

rapid change in fluorescence intensity with time. (c) The variation in normalized 

fluorescence intensity for 5 different GUVs under the same conditions as in (b). 
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The results of the interaction of 3.33 μg/mL NPs with a DOPC/chol(71/29)-GUV is shown 

in Fig. 4.19(a). Fig. 4.19(a(i)) presents a phase contrast image at 0 second of the spherical 

GUV absent of NPs in the suspension of vesicles. Fig. 4.19(a(ii)) shows a fluorescence 

microscopic image of the similar GUV with highly contrasted calcein inside the vesicle. 

Following the addition of NPs solution, the fluorescence intensity inside the GUV stayed 

relatively the same for the first 77 seconds before noticeably decreasing at 78 seconds. In 

about a second, the fluorescence's intensity disappeared. The phase contrast image of Fig. 

4.19(a(iii)) indicates the GUV with undetectable break. Fig. 4.19(b) displays a time series 

of the GUV's normalized luminosity variation. A number of DOPC/chol-GUVs showed 

stochastic pore formation, just like charged GUVs do. We show five different DOPC/chol 

(71/29)-GUVs at NPs concentration of 3.33 μg/mL NPs in Fig. 4.19(c). The average time 

of poration was calculated from the calculation of 16 GUVs. 

 

 

Fig. 4.19 The calcein leakage from DOPC/chol (71/29)-GUVs due to the 

interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence (ii) 

images demonstrates how calcein changes within the GUV. The time in seconds 

after the addition of NPs in the GUVs suspension is shown by the number on each 

image. The scale bar is 15 μm. (b) The time dependent change in normalized 

fluorescence intensity inside of GUV, as indicated in (a). The inset displays the 

rapid change in fluorescence intensity with time. (c) The variation in normalized 

fluorescence intensity for 5 different GUVs under the same conditions as in (b). 
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Fig. 4.20(a) shows the interactions of 3.33 μg/mL NPs with a DOPC/chol (60/40)-GUV. A 

phase contrast image at 0 second of the spherical GUV in the absence of NPs in the 

suspension of vesicles is exhibited in Fig. 4.20(a(i)).  A fluorescence microscopic image of 

the similar GUV with significantly contrasted calcein inside the vesicle is shown in Fig. 

4.20(a(ii)). The fluorescence intensity within the GUV stayed essentially consistent since 

the addition of the NPs solution for the first 89 seconds before dramatically declining at 90 

seconds. The intensity of the luminescence vanished in about a second. The GUV with 

undetectable break is depicted in the phase contrast image of Fig. 4.20(a(iii)). A time 

course of the normalized luminosity variation of the GUV is illustrated in Fig. 4.20(b). 

Like charged GUVs a number of DOPC/chol-GUVs exhibited stochastic pore formation. 

Fig. 4.20(c) displays five distinct DOPC/chol (60/40)-GUVs at NPs concentration of 3.33 

μg/mL. The average time of poration was calculated from the calculation of 16 GUVs. 

 

 

Fig. 4.20 The calcein leakage from DOPC/chol (60/40)-GUVs due to the 

interaction of 3.33 μg/mL NPs. (a) Phase contrast (i and iii) and fluorescence (ii) 

images demonstrates how calcein changes within the GUV. The time in seconds 

after the addition of NPs in the GUVs suspension is shown by the number on each 

image. The scale bar is 15 μm. (b) The time dependent change in normalized 

fluorescence intensity inside of GUV, as indicated in (a). The inset displays the 

rapid change in fluorescence intensity with time. (c) The variation in normalized 

fluorescence intensity for 5 different GUVs under the same conditions as in (b). 
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4.8 Comparison of the Average Time of Calcein Leakage of DOPG/DOPC/chol-

GUVs and DOPC/chol-GUVs  

 

Under 3.33 μg/mL NPs, we calculated the average time of poration for various cholesterol 

containing charged and neutral membranes. Fig. 4.21(a) shows the variation in the average 

time of pore formation in the charged membrane of DOPG/DOPC/chol-GUVs containing 

15, 29, and 40% cholesterol in the membranes. The average time of poration increases 

with the increase of cholesterol content. The variation in the average time of pore 

formation for different neutral membranes (i.e., DOPC/chol-GUVs) that include 0, 15, 29, 

and 40% cholesterol is shown in Fig. 4.21(b). With the increases of cholesterol in the 

neutral membranes, the average time of poration increases in a similar pattern to that seen 

for charged GUVs. 

 

Fig. 4.21 Cholesterol dependent average time of calcein leakage from 

DOPG/DOPC/chol and DOPC/chol-GUVs due to the interaction of 3.33 μg/mL 

NPs. Average time of poration of several (a) DOPG/DOPC/chol-GUVs and (b) 

DOPC/chol-GUVs for 0, 15, 29, and 40% chol. (c) Comparison of the cholesterol 

dependent average time of poration in neutral and charged GUVs. The average 

values with standard deviations were yielded from 3 different experiments, each 

including 22–27 GUVs. 
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Fig. 4.21(c) depicts the average time for pore formation for different cholesterol 

containing charged and neutral membranes. For both types of GUVs, the average time of 

pore formation increased with cholesterol. Based on these findings, an increase in 

cholesterol concentration in lipid membranes, pore formation in vesicles inhibits. The 

average period of poration for neutral membranes containing cholesterol is shorter than for 

charged membranes (Fig. 4.21c). 

 

 

4.9 Fraction of Deformation and Pore Formation of DOPG/DOPC/chol-GUVs and 

DOPC/chol-GUVs 

 

In this section, we studied the fraction of deformed GUVs (𝐹𝑟𝑑) and the fraction of pore 

formed GUVs (𝐹𝑟p) for various cholesterol containing charged and neutral GUVs. Under 

3.33 μg/mL NPs, similar fractions for DOPG/DOPC/chol (46/39/15)-GUVs are shown in 

Fig. 4.22(a). The value of 𝐹𝑟𝑑 increased until it reached 50 minutes, after which it 

remained constant.  On the other hand, 𝐹𝑟𝑝 increased till 30 minutes and then stayed the 

same. Fig. 4.22(b) depicts the corresponding portions of DOPG/DOPC/chol (46/39/15)-

GUVs that are concentration-dependent on NPs, at 50 minute. As the NPs consistency 

increased in both cases, the fractions grew. For example, the values of 𝐹𝑟𝑑 and 𝐹𝑟𝑝 at 2.00 

μg/mL NPs were 0.29 ± 0.02 and 0.03 ± 0.01, respectively, while at 3.33 μg/mL NPs, they 

were 0.31 ± 0.02 and 0.13 ± 0.01. Fig. 4.22(c) shows the cholesterol-dependent 𝐹𝑟𝑑 and 

𝐹𝑟p under NPs concentration 3.33 μg/mL at 50 minutes, with both factions decreasing as 

cholesterol increased.  

 

In order to compare the results with the charged ones, we looked at the fraction of 

deformed GUVs and the fraction of pore formed GUVs for cholesterol-containing neutral 

membranes. The change in 𝐹𝑟𝑑  and 𝐹𝑟𝑝 with time for DOPC/chol-GUVs under 3.33 

μg/mL NPs is shown in Fig. 4.22(d). Such fractions clearly decreased as the cholesterol 

level of the DOPC/chol-GUVs increased. 𝐹𝑟𝑑   and 𝐹𝑟𝑝 were 0.32 ± 0.03 and 0.24 ± 0.03, 

respectively, for DOPC/chol (85/15)-GUVs, whereas these values were 0.18 ± 0.01 and 

0.04 ± 0.01, respectively, for DOPC/chol (60/40)-GUVs. 
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Fig. 4.22 The fraction of deformation and pore formation of charged and neutral 

GUVs because of the interaction of 3.33 μg/mL NPs. (a) The fraction of 

deformation and poration in DOPG/DOPC/chol (46/39/15)-GUVs with time. (b) 

Deformation and poration of DOPG/DOPC/chol (46/39/15)-GUVs at 50 minutes 

as a function of NP concentration. (c) The cholesterol-dependent deformation and 

poration of DOPG/DOPC/chol-GUVs at 50 minute. (d) The cholesterol-

dependent deformation and poration of DOPC/chol-GUVs at 50 minute. The 

average values with standard deviations were determined from three different 

experiments, each of which used 12-27 GUVs.  

 

 

4.10 Comparison of Fraction of Deformation and Pore Formation Between 

DOPG/DOPC/chol-GUVs and DOPC/chol-GUVs 

 

In Fig. 4.23, we compared 𝐹𝑟𝑑 and 𝐹𝑟𝑝 of charged DOPG/DOPC/chol and neutral 

DOPC/chol-GUVs. With the increase of cholesterol, both fractions show a decreasing 

trend. When comparing cholesterol-containing charged membranes to cholesterol-

containing neutral membranes, the 𝐹𝑟𝑑 values are higher (Fig. 4.23a). 𝐹𝑟𝑝's scenario (Fig. 

4.23b) demonstrates the opposite pattern. For example, 𝐹𝑟𝑑  were (0.39 ± 0.04) and (0.28 ± 

0.01), respectively, in the cases of DOPG/DOPC/chol (43/28/29)-GUVs and DOPC/chol 

(71/29)-GUVs. On the other hand, DOPG/DOPC/chol (46/39/15)-GUVs and DOPC/chol 
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(85/15)-GUVs, had the value of  𝐹𝑟𝑝 (0.13 ± 0.02) and (0.24 ± 0.03), respectively. The 

values of the fraction of deformation and poration in DOPG/DOPC/chol and DOPC/chol-

GUVs at 3.33 μg/mL NPs for 50 minute is presented in Table 4.3. 

 

 

Fig. 4.23 The fraction of deformed and pore formed GUVs at 50 minute. (a) The 

cholesterol dependent fraction of deformed DOPG/DOPC/chol and DOPC/chol-

GUVs. (b) The cholesterol dependent fraction of pore formed DOPG/DOPC/chol 

and DOPC/chol-GUVs. The average values with standard deviations were 

computed from three different experiments, each of which used 12-27 GUVs. 

 

 

Table 4.3 Fraction of deformation and poration in DOPG/DOPC/chol and DOPC/chol-

GUVs for 50 minute 

 

 

Chol 

(%) 

 

Fraction of deformation, 𝑭𝒓𝒅 

 

Fraction of poration, 𝑭𝒓𝒑 

DOPG/DOPC/chol DOPC/chol DOPG/DOPC/chol DOPC/chol 

0 0.58 ± 0.01 0.43 ± 0.03 0.24 ± 0.02 0.28 ± 0.06 

15 0.47 ± 0.02 0.32 ± 0.03 0.13 ± 0.02 0.24 ± 0.03 

29 0.39 ± 0.04 0.28 ± 0.01 0.09 ± 0.02 0.21 ± 0.01 

40 0.20 ± 0.01 0.18 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 
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4.11 Different Types of Deformation of DOPG/DOPC/chol-GUVs  

 

The deformation of DOPG/DOPC/chol-GUVs for 0, 15, 29, and 40% cholesterol under 

3.33 μg/mL NPs are shown in Fig. 4.24. For various cholesterol concentrations, we 

observed diverse types of deformations in our studies. The GUVs were spherical in 

structure at 0 min in all circumstances (i.e., before interaction of NPs with GUVs). At 60 

minutes, the final structure of GUVs is revealed as a result of NPs adsorption in the 

membranes. “Balloon-shaped” GUVs was seen in Fig. 4.24(a) for DOPG/DOPC/chol 

(70/30/0)-GUV. Fig. 4.24(b) shows the "stingray fish-shaped" DOPG/DOPC/chol 

(46/39/15)-GUV. Fig. 4.24(c) presents the "common murre egg-shaped" 

DOPG/DOPC/chol (43/28/29)-GUV. In Fig. 4.24(d), "maleo egg-shaped" or "oval-

shaped" DOPG/DOPC/chol(40/20/40)-GUV was observed.  

 

 

Fig. 4.24 Various types deformations of DOPG/DOPC/chol-GUVs in the 

presence of 3.33 μg/mL NPs. "Balloon-shaped" GUV in (a), "stingray fish-

shaped" GUV in (b), "common murre egg-shaped" GUV in (c), and "oval-shaped" 

or "maleo egg-shaped" GUV in (d). The number on each image represents the 

time in minutes after the addition of NPs. The scale bar is 15 μm.  

 

When we used the same concentration of NPs (e.g., 3.33 μg/mL NPs) in 

DOPG/DOPC/chol (46/39/15)-GUVs, we noticed various types of deformation. For 

instance, Fig. 4.25 depicts various deformations of GUVs. In all cases, the GUVs had a 

spherical structure at 0 min (i.e., before the interaction of NPs with GUVs). The 

interaction of NPs with membranes causes a minor deformation to begin at 25 minute, and 

at 60 min, the final structure of GUVs is revealed. The "stingray fish-shaped" GUVs are 
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depicted in Fig. 4.25(b), while the "common murre egg-shaped" GUVs are shown in Fig. 

4.25 (a) and (c). 

 

 
 

Fig. 4.25 Various forms of deformation in DOPG/DOPC/chol (46/39/15)-GUVs 

due to the interaction of 3.33 μg/mL NPs. "Common murre egg-shaped" GUV in 

(a) and (c), and "stingray fish-shaped" GUV in (b). The time in minute after the 

addition of NPs is depicted by the number on each image. The scale bar is 15 μm. 

 

We also observed some fission-type shape change for DOPG/DOPC/chol (46/39/15)-

GUVs at 3.33 μg/mL NPs in our study (Fig. 4.26). The GUV has a spherical structure at 0 

min in the absence of NPs. At 10 min, there was a slight deformation; and between 30 and 

60 min, there was a significant deformation. The GUV's shape changed from spherical to 

dumble after 30 min. The neck of the dumble increases with time and after 60 min, a 

single GUV split into two GUVs. 

 

 

 

Fig. 4.26 Fission-type shape change of DOPG/DOPC/chol (46/39/15)-GUV in the 

presence of 3.33 μg/mL NPs, the number on every image shows the time in 

minutes after the interaction of NPs. The scale bar is 15 μm. 

 

We also identified a very few number (at most one or two) of fusion type deformation for 

DOPG/DOPC/chol (46/39/15)-GUVs under 3.33 μg/mL NPs in our experiment. This kind 



 
73 

 

 
 

of shape change of GUV is shown in Fig. 4.27. The GUV has a spherical structure at 0 

min in the absence of NPs. A small size GUV arrives to a larger size GUV and merges 

with it after five min. The two distinct GUVs formed a single GUV after 60 min. 

 

                

 

Fig. 4.27 Fusion-type shape change of DOPG/DOPC/chol (46/39/15)-GUV in the 

presence of 3.33 μg/mL NPs, the number on every image depicts the time in 

minutes after the addition of NPs in the vesicles. The scale bar is 15 μm. 

             

                                                 

4.12 Different Types of Deformation of DOPC/chol-GUVs  

Following that, we looked at the deformation of cholesterol containing neutral membranes 

in the presence of 3.33 μg/mL NPs. The deformations of DOPC/chol-GUVs for 0, 15, 29, 

and 40% cholesterol under 3.33 μg/mL NPs are shown in Fig. 4.28.  

 

             

 

Fig. 4.28 Various types deformation of DOPC/chol-GUVs in the presence of 3.33 

μg/mL NPs. "oval-shaped" or "maleo egg-shaped" GUV in (a), "Balloon-shaped" 

GUV in (b),  "common murre egg-shaped" GUV in (c and (d). The number on 

each image represents the time in minutes after the addition of NPs. The scale bar 

is 15 μm.   
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For various cholesterol concentrations, we observed diverse types of deformations in our 

studies. The GUVs were spherical in structure at 0 min in all circumstances (i.e., before 

interaction of NPs with GUVs). At 60 min, the ultimate structure of GUVs is revealed as a 

result of NPs association with membranes. "Maleo egg-shaped" or "oval-shaped" GUVs 

was seen in Fig. 4.28(a) for DOPC/chol (100/0)-GUV. Fig. 4.28(b) shows the “Balloon-

shaped” DOPC/chol (85/15)-GUV. Fig. 4.28(c) and (d) presents the "common murre egg-

shaped" DOPC/chol (71/29) and DOPC/chol (60/40) -GUV.  

 

 

4.13 Discussion 

 

In DOPG/DOPC/chol and DOPC/chol-GUVs, the effects of cholesterol on anionic 

magnetite NPs induced deformation and poration were examined. With time, the degree of 

deformation (i.e. compactness) and the fraction of deformation increased, whereas with 

cholesterol these values reduced. Charged membranes (surface charge density - 0.16 C/m
2
) 

have higher compactness and fraction of deformation than neutral membranes. Cholesterol 

inhibited NP-induced membrane poration, and neutral membranes have lower average 

period of poration than charged membranes. The fraction of poration increased with time 

until stabilizing. This fraction is higher in neutral membranes than in charged membranes. 

 

A single dipole generation created by the lipid molecule’s phosphorus-nitrogen (P
-
-N

+
) 

group determines the hydrophilicity of DOPC-GUVs. This dipole is made up of negatively 

charged phosphate group PO2
-
, which is ~0.5 nm away from N

+
 choline group, which is 

positively charged and a big dipole with a value of ~20 Debye [147]. In typically, this 

dipole vector is aligned at an angle of (50-80°) to the bilayer periphery's normal [148]. The 

OH
-
 groups in DOPG-contained GUVs create many short dipoles that contribute to 

hydrophilicity, with an equilibrium bond length of 0.097 nm. As a result, one DOPG 

molecule has a total dipole moment of 1.76 Debye [149]. Terminus P
-
 can only displace 

with the whole molecule in the dipole of zwitterionic DOPC GUVs because it is firmly 

connected to the primary atomic construction of a lipid molecule, whereas under the 

influence of an external electric field produced by anionic NPs, terminal N
+
 can move 

more freely under the effect of external electric field induced by anionic NPs. Negatively 

charged DOPG molecules generate an electric field near and within the bilayer, repelling 
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anionic NPs from the bilayer's surface. As a result of the interaction of NPs with the 

positive N
+
 terminal, the tilt of the angle of (P

-
-N

+
) dipole vector increases. This dipole tilt 

reduces the area of the bilayer's exterior monolayer, affecting the area mismatch between 

the two membrane monolayers. 

 

The mechanical states of the monolayers can differ greatly due to the interaction between 

them. The 'bilayer coupling model' [64] describes the mechanical condition of such 

vesicles. The structure of GUVs is defined by the closed bilayer's elastic energy (Wel) 

minimization in this model. This energy only took into account membrane bending energy 

(Wb), not the elastic stretching of monolayers. For a given area and volume of GUVs, the 

area distinction among the two single-layers of a bilayer determines the minimum elastic 

energy [150–152]. Later, the area-difference-elasticity model (ADE model) [153, 154] was 

considered to be a significant fit for the change of shape (i.e., deformation) of vesicles. 

The area of each monolayer in the ADE model is not set to the symmetry area, but can 

extend elastically to enhance the membranes' nonlinear resilient energy. The resilient 

energy in this scenario is equal to the sum of Wb and the energy of correlative single-layer 

stretching (Wr), as shown in equation (3.4).   

 

 

The bilayer's neutral surface with area A0 is used for integration. The area distinction 

among the bilayer's outer and inner monolayers is given by out in the stretched condition 

of ∆A = A
out

 -A
in

. The distance between two monolayers' neutral surfaces is h. At 

equilibrium (i.e., un-stretched condition), the area distinction among the two single-layers 

in the GUVs is ∆Aₒ = 𝐴ₒ
out- 𝐴ₒ

in. The structure of GUVs is determinate by the minimizing 

of Wel for a conferred area A, volume V, and a symmetry (i.e., reclined) area distinction 

∆Aₒ, according to the ADE model. The deformation of vesicles from spherical under 

constant volume of GUVs is related to (∆A - ∆Aₒ)
2
. As a result, the degree of 

vesicle's deformation (i.e., compactness) increased over time for NPs adsorption (Fig. 4.1). 

As illustrated in Fig. 4.1(a), this model may also explain various types of deformation. The 

ADE model and the 'bilayer coupling model' are two probable processes for GUV 

deformation. 

 

We incorporated cholesterol to the membranes and examined how vesicles deformed and 

porated in the presence of NPs. Cholesterol hindered the deformation and development of 
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pores in the membranes of spherical-shaped GUVs. Vesicles can be considered as a 'thin-

walled closed shell' with various stable forms in continuum mechanics [155, 156], and 

therefore the approach utilized to analyze such vesicles [157–160]. The vesicle maintains 

the minimal energy (Esph) for a spherical-shaped vesicle by having a variety of fixed 

structures with various types of energy (Ei). Edef >> Esph, is the energy of deformed GUVs. 

The fraction of deformed GUVs (Frd) is calculated as follows [59]:  

 

                                             𝐹𝑟𝑑= 
1

𝐸𝑑𝑒𝑓
 (1 +

𝐸𝑠𝑝ℎ

𝐸𝑑𝑒𝑓
)                                            (4.1) 

 

If Esph increases over time as a result of the area mismatch between the two membranes 

layers, the possibility of deformed GUVs increases. The incorporation of cholesterol 

affects the bending modulus of vesicles, which is an important mechanical property. 

Increased cholesterol concentration in the DOPC/chol and DOPG/DOPC/chol membranes 

increases the bending modulus by several orders of magnitude [57, 58, 37]. As a result, 

increasing cholesterol concentration in the membranes causes a decrease in the 𝐶𝑜𝑚
𝑎𝑣 , which 

is supported our findings (Fig. 4.9c). As a result of incorporating cholesterol, Esph is 

reduced, and hence 𝐹𝑟𝑑is reduced. Vesicles must overcome the barrier width ∆Ebar = Ebar - 

Esph, where Ebar is the energy barrier, to transform the spherical-shaped GUVs into various 

forms. As cholesterol levels increases, so does the energy barrier increases, and as a result, 

𝐹𝑟𝑑 decreases (Fig. 4.11c). On the other hand, adsorption of more NPs, i.e., an increase in 

NPs concentration in the membrane, causes an area mismatch between the monolayers, 

which increases 𝐹𝑟𝑑 and supports our findings (Fig. 4.12b). 

 

The experimental results on NPs-induced calcein leakage from GUVs are now discussed 

(Fig. 4.13). The method of antimicrobial peptide-induced release of encapsulating 

fluorescent probes (e.g., calcein, Alexa fluor) has been elucidated in several recent articles 

[34, 65, 161]. The peptide’s engagement to the membrane's external layer enhancements 

the area of this layer, causing the inner layer of the membrane to expand. Stretching the 

inner layer membrane creates positive lateral tension, which leads to the creation of 

vesicle pores and, as a result, the leakage of encapsulating probes. Pore or rupture 

generation in GUVs has been studied in various experiments due to the stretching of the 

lipid bilayer [162-164, 49]. The pore radius is too small for calcein leakage at the 

beginning of pore formation hence a little change in fluorescence intensity was seen before 

a rapid change at relatively larger sized pores (Fig. 4.13(b, c)). Polystyrene NPs are 
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capable of penetrating the lipid bilayer of GUVs due to lateral membrane stress [165]. 

Membrane rupture or pore development is caused by the lateral pressure created by 

adsorbed AuNPs in membranes [68]. The dynamics and mechanism of membrane rupture 

in the presence of carbon NPs under mechanical stress were explored using coarse-grained 

molecular dynamics simulations. Large and tiny NPs have been shown to have both 

strengthening and weakening effects on the strength of lipid bilayers [166]. Janus NPs 

diffuse to the static pore, which endures after the external stimulus has been eliminated, 

according to a coarse-grained numerical simulation. A slight increase in membrane stress 

causes the particle-lined pore to develop and immediately close, preventing transmission 

thru the membrane [167]. Based on the foregoing, we use the two-state transition model 

[168] to narrate the anionic magnetite NPs-induced membrane poration shown in Fig. 

4.29. The first state is the 'intact state,' in which NPs adsorb to the GUVs' membrane's 

exterior monolayer (Fig. 4.29(a-c)), and the second status is the 'pore state,' in which a 

pore forms in the membrane (Fig. 4.29(d,e)). In this concept, a pore is created by a toroidal 

pattern of membrane surface bending. The transition rate from the whole phase to the pore 

phase is used to define the rate constant, kp, which is determined by the Arrhenius 

equation's energy barrier, UB. 

                                        kp = A exp (- 
𝑈𝐵

𝑘𝑩𝑇
)                                            (4.2) 

 

Here, the Boltzmann constant is kB, the absolute temperature is T, and A is a constant. 

However, individual occurrences in the two-state transition are stochastic. The portion of 

the whole phase can be defined as the fraction of intact GUVs, 𝐹𝑟intact (t), at which no 

calcein leakage occurred if the two-state conversion from the whole phase to the pore 

phase leads in irreversible pore generation. 
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Fig. 4.29 Two-state transition model for NPs persuaded pore development in lipid 

membranes, (a-c) Adsorption of NPs in the outer layer of membranes of GUV, (d-

e) Poration in the membranes of GUV 

 

At time t = 0, this state was discovered for DOPG/DOPC/chol and DOPC/chol-GUVs in 

our experiment (Fig. 4.13). After adding NPs to the suspension of GUVs, this state was 

maintained for a period of time, with the fluorescence intensity remaining constant. The 

fluorescence intensity drops sharply after a specific amount of time, showing the pore 

condition. As a result, the pore phase can be referred as the GUV phase at which calcein 

releases out, and the fraction of pore state, 𝐹𝑟p, can be written as 1- 𝐹𝑟intact (t).  
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We can take into account that NP binding in the outer monolayer causes the membranes to 

stretch (i.e., lateral tension, 𝜎𝑛), resulting in the creation of a transmembrane pore in the 

bilayer. The pre-pore’s free energy in the case of a toroidal pore is [169, 170] shown in 

equation (3.6). The energy of a pre-pore's barrier is shown in equation (3.7). 

  

 

Addition of cholesterol in DOPG/DOPC/chol-GUVs (surface charge density - 0.16 C/m
2
) 

increased the Γ from 12.9 to 14.6 pN [171]. This raises the value of UB (r, σn), slowing the 

transition from intact to pore state (see Eq. 4.2). The time it took for pores to form 

increased with the addition of cholesterol (Fig. 4.21), while the fraction of pore created 

GUVs reduced (Fig. 4.22(c, d)), confirming our findings.  

 

As described previously in this section, because of the electrostatic repulsion between OH
-

 
and the anionic NPs, the dipole (P

-
-N

+
) of DOPC/chol-GUVs is attracted to the anionic 

NPs more than DOPG/DOPC/chol-GUVs. The attractive force between anionic NPs and 

N
+
 may approach a critical value in the case of DOPC/chol-GUVs, resulting in higher 

proportions of pore produced DOPC/chol-GUVs than DOPG/DOPC/chol-GUVs. On the 

other hand, the repulsive force between OH
-
 and the anionic NPs may induce less 

attraction in DOPG/DOPC/chol-GUVs than in DOPC/chol-GUVs. As a result, area 

mismatch in DOPG/DOPC/chol-GUVs may increase with a longer time gap. This may 

result in a higher fraction of deformed DOPG/DOPC/chol-GUVs than DOPC/chol-GUVs. 

This debate is in line with the findings of the study (Fig. 4.23). 

 

 

 



 
 

 
 
 

CHAPTER 5 

CONCLUSIONS 

 

5.1 Summary of Results  

 

We have examined the deformation and poration of charged DOPG/DOPC/chol-GUVs 

and neutral DOPC/chol-GUVs induced by anionic magnetite NPs. Eco-friendly technique 

was used to synthesize the NPs, and the natural swelling method was used to synthesize 

the GUVs. The cholesterol content in both membranes varied from 0 to 40% mole in a 

physiological buffer.  

The degree of deformation (i.e., compactness) of spherical shaped GUVs increased over 

time after the addition of NPs. The average compactness values at 60 minute for 0, 15, 29, 

and 40% chol in DOPG/DOPC/chol-GUVs were 1.280 ± 0.002, 1.269 ± 0.022, 1.154 ± 

0.022, and 1.131 ± 0.010, respectively under 3.33 μg/mL NPs. At 60 minute, the values of 

average compactness were 1.009 ± 0.005 for DOPC/chol(60/40)-GUVs, 1.109 ±  0.004 for 

DOPC/chol(71/29)-GUVs, 1.131 ± 0.004 for DOPC/chol(85/15)-GUVs, and 1.269 

± 0.009 for DOPC/chol(100/0)-GUVs. Hence, the increase of cholesterol in both charged 

and neutral membranes decreased the values of compactness of GUVs. 

 

The fraction of deformation of DOPG/DOPC/chol-GUVs increased with time under 3.33 

μg/mL NPs. At 0, 10, 20, 30, 40, 50, and 60 minutes, the fractions of deformed GUVs 

were 0, 0.15 ± 0.02, 0.22 ± 0.03, 0.29 ± 0.04, 0.40 ± 0.01, 0.48 ± 0.02, and 0.50 ± 

0.04, respectively. The fraction of deformation of GUVs increased with NPs 

concentration. At 50 minute, the fraction of deformed GUVs was 0.43 ± 0.01 for 2.00 

μg/mL NPs, 0.47 ± 0.01 for 3.33 μg/mL NPs, and 0.62 ± 0.02 for 4.70 μg/mL NPs. As 

surface pressure in lipid membranes is more in higher NPs concentration, the fraction of 

deformation was higher.  

 

The fraction of deformed GUVs depended on cholesterol in the vesicle membranes. The 

fractions of deformed GUVs were 0.63 ± 0.02 for 0% chol, 0.50 ± 0.00 for 15% chol, 

0.43 ± 0.01 for 29% chol, and 0.24 ± 0.01 for 40% chol at 60 minute. Hence, cholesterol 

inhibits the deformation of GUVs. From this analysis, we found that for both (neutral and 

charged) systems, the values of compactness and the fraction of deformed GUVs increased 

over time. The deformation began with a negligible one and subsequently increased to a
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value that was nearly constant. The amount of cholesterol in the membranes reduced both 

types of deformation. 

 

We determined the average time of poration for various (0, 15, 29, & 40 % chol) 

cholesterol containing charged and neutral membranes under 3.33 μg/mL NPs. The 

average time for pore formation increased for both types of GUVs as cholesterol increased 

in the membranes. These results suggest that vesicle pore formation is inhibited by an 

increase in cholesterol concentration in lipid membranes. However, cholesterol containing 

neutral membranes showed a shorter time of poration than charged ones.  

 

The thin-walled closed shell model and the bilayer coupling model are used to describe the 

deformation. The leaking of the water-soluble fluorescent probe calcein from the inside of 

GUVs was used to study the membrane poration. The poration in GUVs can be adequately 

explained by the two-state transition model. One of the key factors for inhibiting poration 

in membranes containing cholesterol is the higher line tension near the pore's edge. 

Charged vesicles exhibit a higher fraction of deformed GUVs than neutral ones at given 

cholesterol content, but poration exhibits the opposite trend. Due to the chemical 

differences between DOPG and DOPC lipids, this trend developed. These studies would 

aid in understanding the results of anionic NPs' interactions with real cells. 

 

It can be said that adsorption of NPs can alter the morphology of cells and can damage the 

cell membranes. As biomembranes contain cholesterol, which can reduce this damage. 

Cardiovascular and pulmonary activities are affected by the interaction of NPs, resulting in 

cardiorespiratory disorders with significant mortality and morbidity. Because NPs-based 

insecticides and food items are utilized in agriculture, they may inhibit or harm beneficial 

bacterial activity because NPs adhere to their membranes.  On the other hand, these NPs 

can be utilized to kill or harm pathogenic bacteria (bacterial membranes are cholesterol-

free). Since nanotechnology-based research and industry have grown rapidly, it is 

important to maintain proper safety in nanotechnology-based laboratories and companies 

in order to prevent NPs exposure.  
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5.2 Concluding Remarks 

 

We conclude that cholesterol inhibited the deformation and poration. The values of 

compactness and the fraction of deformed GUVs increase with time for both charged and 

neutral systems. Both types of deformation decrease with cholesterol content in the 

membranes. At a specific cholesterol content, the value of the fraction of deformed vesicle 

is higher for the charged vesicles as compared to the neutral ones, in which poration shows 

the opposite trend. Such a trend occurs due to the differences in head's chemical structure 

of DOPG and DOPC lipids. Hence cholesterol increases the stability of cell membrane. 

 

This research would help to understand the effects of cholesterol on the interaction of 

anionic NPs with real cells. 

  

5.3 Suggestion for Future Research 

 

1. Investigation of NPs-induced deformation and poration in the presence of 

membrane potential. 

2. Investigation of vesicle deformation and leakage of calcein due to NPs using 

micropipette technique. 
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                               MATLAB Code for Compactness Measurement  

 

%------------------------------------------------------------------------------------------------ 

% Startup code. 

tic; % Start timer. 

clc; % Clear command window. 

clearvars; % Get rid of variables from prior run of this m-file. 

fprintf('Running BlobsDemo.m...\n'); % Message sent to command window. 

workspace; % Make sure the workspace panel with all the variables is showing. 

imtool close all; % Close all imtool figures. 

format long g; 

format compact; 

captionFontSize = 14; 

 

I0 = imread('F:\Sharif\fig 1 compactness of figure 1_ 5_27\Untitled-107825.jpg'); 

originalImage=im2uint16(I0(:,:,1)); 

 

% Check to make sure that it is grayscale, just in case the user substituted their own image. 

 

% Display the grayscale image. 

% subplot(1, 3, 1); 

I = originalImage; 

imshow(I); 

h = imfreehand; 

% h= imellipse; 

position = wait(h); 

% h = fhroi; 

% 

BW = createMask(h); 

figure; imshow(BW) 

binaryImage = BW; 

% originalImage = imcrop(I,position); 

% imshow(originalImage); % the output image of your ROI 
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% Maximize the figure window. 

% Display the binary image. 

subplot(1, 3, 2); 

imshow(binaryImage); 

title('Binary Image, obtained by thresholding', 'FontSize', captionFontSize); 

 

labeledImage = bwlabel(binaryImage, 8); % Label each blob so we can make 

measurements of it 

 

% Let's assign each blob a different color to visually show the user the distinct blobs. 

coloredLabels = label2rgb (labeledImage, 'hsv', 'k', 'shuffle'); % pseudo random color 

labels 

 

% Get all the blob properties. Can only pass in originalImage in version R2008a and later. 

blobMeasurements = regionprops(labeledImage, originalImage, 'all'); 

peri = blobMeasurements.Perimeter; 

ar = blobMeasurements.Area; 

compactness = peri*peri/ar 
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Table:  The elements of leaf extract according to their functional group [132] 

Element Name Element 

Area% 

Functional 

Group 

Area% 

2,4-Decadien-1-ol  2.52 

Alcohol 20.54 

2,4-Pentadien-1-ol, 3-ethyl-, (2Z) 0.21 

1-Hexanol, 2-ethyl 0.49 

Benzyl Alcohol 1.87 

Phenylethyl Alcohol 3.63 

2-Adamantanol, 2-(bromomethyl)- 0.19 

Benzenemethanol, 2-chloro- 0.19 

3-Butene-1,2-diol, 1-(2-furanyl)- 0.18 

pentadecanal 0.85 

Phytol 10.41 

1,3-Benzodioxole, 4-methoxy-6-(2-propenyl) 0.87 

Phenol 3.80 

Phenol, 2,6-dimethoxy-4-(2-propenyl)- 0.10 

2-(4-Hodroxyphenyl)-2-(4-methoxyphenyl 0.45 

Phenol, 4,4-(1-methylethyliclene) bis- 2.16 

2-Phenyl-2-(4-trimethylsilyloxyphenyl) pr 0.22 

1-Ethyl-1-methylcyclohexane 0.94 

Elkin 5.95 

Spiro [2,4] hepta-4,6-diene 4.07 

Alpha-Caryophyllene 0.40 

Naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-1,1,7-

trimethyl- 

0.35 

7-Tetradecene 0.19 

2-Cyclohexen-1-one, 4,5-dimethyl- 0.28 

Ketone 5.58 

2,6,6 –Trimethyle-2-cyclohexene-1, 4-dione 0.49 

3-Buten-2-one, 4-(2,6,6-trimethyl-1-cyclohexen-

1-yl)- 

2.11 

3-Buten-2-one, 4-(2,2,6-trimethyl-7 

oxabicyclo[4.1.0]hept-1-yl)- 

1.06 

2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro- 0.47 
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4,4,7a-trimethyl- 

Cyclooctasiloxane, hexadecamethyl- 0.63 

Cyclononasiloxane, octadecamethyl- 0.44 

2-Pentadecanone, 6,10,14-trimethyl- 0.10 

Benzaldehyde, 2,4-dimethyl- 0.26 

Aldehyde 1.48 

1-Cyclohexene-1-carboxaldehyde, 2,6,6-

trimethyl 

0.76 

2,6,6-Trimethyl-1-cyclohexene-1-acetaldehyde 0.23 

Vanillin Or 4-Hydroxy-3-methoxybenzaldehyde 0.23 

Benzenamine, 3-methyl- 0.61 

Amine 12.27 

Azobenzene 0.42 

Hydroxylamine, O-decyl- 0.37 

Hydroxylamine, O-decyl- 0.22 

3-(Trifluoromethyl) benzylamine 98% 5.03 

3-(Trifluoromethyl) benzylamine 1.40 

 

3-(Trifluoromethyl) benzylamine 1.82 

3-(Trifluoromethyl) benzylamine 2.40 

1. 2-Hexenoic acid, 3,4,4-trimethyl-5-oxo- OR  

3,4,4-trimethyl-5-oxo-2-hexenoic acid 

0.27 

Carboxylic 

Acid 
11.52 

Tetradecanoic acid 0.19 

8,11,14-Eicosatrienioic acid, (Z, Z,Z)- 0.09 

1,2-Benzenedicarboxylic acid, butyl 2-methyl 1.70 

n-Hexadecanoic acid 9.27 

m-Toluic acid, 4-nitrophenyl ester 0.06  

 

Ester 

 

 

 

 

1.87 

9-Octadecen-12-ynoic acid, methyl ester 0.22 

Phthalic acid, isobutyl nonyl ester 0.18 

Pentadecanoic acid, 14-methyl-, methyl estar 0.73 

1,2-Benzenedicarboxylic acid, diisooctyl ester 0.68 

 

 

 


