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CHAPTER 3 

Ion Pair Amphiphile in preserving Bilayer Integrity: An account of 

PAMAM dendrimer induced Morphological adaption of Hybrid cationic 

vesicles. 

 

Abstract. Universal nano-carriers with hyper branched polymeric molecules like dendrimers 

are serving in the field of therapeutics for number of years. However their path of interaction 

with the cell or plasma membrane yet to be fully understood. The complex and dynamic 

nature of the cell membrane hindered to fully understand the interaction. To recognize the 

nature of impact of dendrimer on the cell membrane, cell mimic hybrid cationic vesicles were 

composed using soylecithin (SLC), Ion Pair Amphiphile (IPA), 

dihexadecyldimethylammonium bromide (DHDAB) and their physicochemical behavior with 

the inclusion of negatively charged PAMAM succinamic acid dendrimers, generation 5 (G5-

SA) were investigated. Adsorption of dendrimers on vesicle’s surface and bilayer disruption 

was noticed and found to be strongly depending on bilayer composition and dendrimers 

concentration. Existence of dendrimers/lipid aggregates were confirmed by measuring 

hydrodynamic size via dynamic light scattering and TEM studies. Turbidity measurement of 

the mixture also confirms the presence of larger aggregates. Progressively decreased Zeta 

potential with increasing dendrimer concentration strongly recommends ionic interaction. 

Dendrimer induced vesicle disintegration kinetics illustrates the transformation of cationic 

bilayer to monolayer and there by exposed the role of IPA in maintaining the bilayer integrity 

by providing hydrophobic effect. AFM micrographs also corollary with morphological data 

as it confirms the adsorption as well hole formation on the bilayer. Changes in the phase 

transition of vesicles bilayer upon inclusion of verity of dendrimers concentration was 
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measure through differential scanning calorimeter which assists to recognize the point of 

dendrimers interaction on bilayer segment. It concludes low concentration dendrimer does 

not alter bilayer integrity.  Anisotropy measurement confirms adsorption and bilayer 

disruption due to the inclusion of dendrimers. 

 

1. Introduction  

For medical therapeutics, different kinds of nanoparticles have been utilized as drug delivery 

vehicle. Vehicle like micro emulsion, solid lipid nanoparticle (SLN), vesicle, dendrimer etc 

have been utilizing as drug delivery medium for number of years. However the nature of 

interaction between nanoparticles and cell or plasma membrane is still a fundamental 

challenge as the mechanism of their interaction remains poorly understood. To explore such 

interaction one should judicially design nanoparticles with appropriate components having 

desire size and morphology. It should have low cytotoxicity, biodegradability and must have 

efficiency to transport the drug, gene or bio active molecules to the target tissue by surviving 

to the physiological environment. For decades vesicles comprising phospholipids in different 

forms have been utilized because of its flexible morphology and fascinating hydrophilic-

lipophilic nature.1-4 Similarities with biological cell membrane often help to predict its 

interaction with drug or other macromolecules such as dendrimers. However limitations like 

stability5 has provoked researchers to develop a new class of compound that can avoid such 

limitations. Polyamidoamine (PAMAM) dendrimers have drawn considerable interest in the 

field of vaccine carriers, drug and gene delivery etc.6-8 The details of dendrimers structure 

and its synthesis have widely been reported.9-12 Dendrimers have a core and several units of 

branching which help to reside number of functional moieties on the surface. Molecular 

shape of dendrimer depends on the generation number. Lower generation (G4 and below) 
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dendrimers execute open, porous structure with ellipsoid geometry. While closed shell 

spherical morphology was confirmed for higher generation (G5 and above) dendrimers.13 The 

architect of dendrimers is such that its generation number, units of branching and function of 

the surface groups can be tuned. Its versatile properties such as well defined molecular 

weight, spherical morphology, cage like architect, lipophilic “dendritic box” and active 

functional groups to the surface mark it as potential candidates for drug delivery. It is capable 

of encapsulating small drug molecules either in “dedritic box” or by bonding with the 

terminal groups. Efficiency of large number of drug molecules get abolished or suppressed as 

they do not reach to the target cell or may lose their original physicochemical properties in 

physiological conditions. Disease like viral infection, cancer requires effective drug carrying 

agents which efficiently can protect the labile drugs. In vitro drug release using cationic 

dendrimers are considered to be promising; because of its faster cellular uptake.14,15 Wisely 

chosen dendrimers and subsequent studies on its interaction with cell mimetic systems need 

to be scrutinized thoroughly to explore the consequences induced by dendrimers on bilayer. 

 Well defined interior structure and its aqueous solubility provide opportunities to the 

researchers in studying dendrimers in details as an intracellular drug delivery system 

(DDS).16-18 Reports on their efficacy to transfer DNA fragments,19-21 immunioglobins22 and 

anticancer drug23,24 across the cell membrane are available in the literature. PAMAM 

dendrimers in the field of oral drug delivery are quite common as they are capable to pass 

over the intestinal barrier.25-27  Interactions of dendrimers with Piroxicam28, indomethacin29 

and ibuprofen30 have also been reported. Dendrimers has also been explored in solubility 

improvement, catalysis31,32, electronics33 and many more. Hence interaction of dendrimers 

either with drug or with the cell membrane needs detail investigation to correlate their 

interaction.  
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 Although substantial works have been carried out with dendrimers, specifically the 

cationic dendrimers. Cell membranes are known to be negatively charged and hence cationic 

dendrimers could act as an excellent carrier. PAMAM-succinamate dendrimers, 1,4-

diaminobutane core, generation 5, (G5-SA) is an anionic dendrimers having succinamic acid 

groups on the surface. Bearing acidic group on the surface, it can survive in low pH 

environment. Literature studies reviled that no work have carried out so far to understand the 

impact between G5-SA dendrimer and hybrid cationic vesicles (HCV). The scope of this 

study to gain knowledge of their interaction and to get optimised aggregates of 

dendrimer/vesicles that can serve in the area of drug delivery. 

 The present work demonstrates the impact of G5-SA dendrimer on hybrid cationic 

vesicles (HCV). Three set of vesicles (HCV1, HCV2 and HCV3, composition has given in 

the methods section) were prepared using soylecithin (SLC), ion pair amphiphile (IPA) and 

dihexadecyldimethylammonium bromide (DHDAB) with 30 mol% cholesterol in aqueous 

medium. Inclusion of G5-SA dendrimer at different concentration (0.0001 – 2 μM) into the 

vesicular medium displayed different features of the membrane bilayer. Being oppositely 

charged, they interact with each other as confirmed from zeta potential measurement from 

DLS studies. Combined turbidity and hydrodynamic size (dh) measurement provide the clue 

of dendrimer/vesicle aggregates that depend on the concentration of dendrimer. Effect of 

dendrimer concentration on the vesicles were scrutinized by TEM studies that confirmed 

dendrimer (at low concentration) adsorption on bilayer surface. Dendrimer induced hole 

formation and fluidization of bilayer was noticed through AFM studies. Vesicles 

disintegration kinetics as a function of dendrimers was also monitored. The role IPA in 

maintaining the bilayer integrity was also established through such studies. DSC studies 

confirmed both gel and liquid crystalline (LC) phase of bilayer were susceptible to 

dendrimer. Finally the perturbation of bilayer packing was recorded through steady state 
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fluorescence anisotropy measurement employing DPH and 7-hydroxy coumarin. 

Comprehensive studies account the diverse effect of dendrimer on bilayer and its subsequent 

morphological adaptation. Formation of dendrimer/vesicle aggregate encourages next set of 

work to study the cytotoxicity assay of such aggregate by incorporating different kind of 

drugs. Such aggregates known as dendriosome hence could be benefitted in drug delivery. 

2. Materials and Methods 

2.1. Materials 

L-α-phosphatidylcholinee (soylecithin, SLC, from soybean) was purchased from 

EMD Chemicals, Germany, A. R. grade sodium dodecylsulfate (SDS) [CH3(CH2)11SO4Na], 

hexadecyltrimethylammonium bromide (HTMAB) [C16H33N(CH3)Br], 

dihexadecyldimethylammonium bromide (DHDAB) {[CH3(CH2)15]2N(CH3)2Br}, (3β)-

cholest-5-en-3-ol (cholesterol), PAMAM succinamate dendrimer, 1,4-diaminobutane core, 

Genaration 5,10 wt.% water solution (G5-SA), 7-hydroxycumarin (7-HC) and 1,6-diphenyl-

1,3,5-hexatriene (DPH) were purchased Sigma-Aldrich Chemicals Pvt. Ltd. (USA). Double 

distilled water having specific conductance 2-4 μS (at 25 
o
C) was used for the preparation of 

solutions. 

 

2.2. Methods 

2.2.1. Preparation and Isolation of Ion Pair Amphiphile (IPA) 

IPA, herein the hexadecyltrimethylammonium-dodecylsulfate (HTMA+- DS
-
) was 

synthesized by mixing stoichiometric amount of two oppositely charged aqueous surfactant 

solution as described in details in chapter 1. IPA was charectarised by means of  
1
H-NMR, 

XRD and by FTIR17. 
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2.2.2. Preparation of Vesicles 

Hybrid cationic vesicles of different compositions were prepared by conventional thin 

film technique.35,36 SLC: IPA (10:0, 9:1 and 7:3; M/M along with 30 mol% cholesterol) was 

chosen and 5 mol% DHDAB was added to prepare cationic vesicles. Quantitative amount of 

SLC, IPA, DHDAB and cholesterol were dissolved in 3:1 chloroform/methanol mixture in a 

round bottom flask and solvent was evaporated in a rotary evaporator. The flask was kept 

under vacuum overnight at room temperature to remove the remaining solvent. The thin film 

was then rehydrated for 1h in double distilled water at 70 
o
C, above the chain melting 

temperature of all the lipidic components. Finally, homogeneous dispersion was achieved 

through 4-5 cycles of freeze-thaw and sonication. Total concentration of lipidic component 

was set at 2 mM. It was extruded using 0.45 µm cellulose nitrate membrane filters (Whatman 

GmbH, Germany). Vesicles were diluted according to the type of experiment. For probe 

loaded vesicles, in the lipidic mixture 10 µM DPH and 7-HC separately in chloroform were 

added before the generation of the thin film. Here in three set of hybrid cationic vesicles 

SLC/IPA (1:0, M/M) + 5 mol% DHDAB, SLC/IPA (9:1, M/M) + 5 mol% DHDAB and 

SLC/IPA (7:3 M/M) + 5 mol% DHDAB are represented as HCV1, HCV2 and HCV3 

respectively 

2.2.3. Dynamic Light Scattering (DLS) Studies 

Hydrodynamic diameter (dh), zeta potential (Z. P.) and polydispersity index (PDI) of 

the vesicle/dendrimer aggregates were measured by Dynamic light scattering spectrometer 

(Zetasizer Nano ZS90 ZEN 3690, Malvern Instrument Ltd., U.K.). A He-Ne laser was used 

having emission wavelength 632.8 nm and all the data were recorded at a scattering angle of 

90
o
. 
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2.2.4. Turbidity Measurement 

Turbidity of vesicle/dendrimer aggregates was measured through UV/VIS 

spectrophotometer (UVD-2950, Labomade Inc., USA), and the % transmittance of different 

sets of vesicle/dendrimer at 420 nm. (100-%T) was considered to be proportional to the 

turbidity of the medium. 

2.2.5. Transmission Electron Microscopic Studies 

A drop of dilute vesicular dispersion was placed on Formver carbon-coated 300 mesh copper 

grid and the excess liquid was removed from the edge of the grip and the sample was allowed 

to dry for 10 min before performing the experiment. Hitachi H-600 transmission electron 

microscope (Japan) was used to view the morphology with an acceleration voltage 120KV.  

2.2.6 Atomic Force Microscopic (AFM) Studies 

Atomic Force Microscopy (AFM) was executed in taping mode to get insight of the 

bilayer surface. Once the sample was placed, was washed with NaCl solution and finally 

placed in a liquid cell in Nanoscope III MM-AFM. Vesicular dispersion with dendrimer was 

sonicated for ~ 7 min. at 37 
o
C. The mica plate was placed into the cell and covered by 20 L 

dispersions. After 50 min of the waiting about 1000 L of distilled water was added into the 

cell and the AFM experiment was started. Samples were then transferred to a under ambient 

condition. Surface hardness and topography of the dendrimers induced membrane was 

studied by adopting taping mode.  

2.2.7. Vesicles Disintegration Kinetics Measurement 

The process of disintegration and subsequent formation of the adsorbed monolayer at 

the water-air interface was monitored by using Langmuir surface balance set up with a 

multiwell trough (micro trough X, Kibron, Finland). Langmuir adsorption type isotherms 
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were [Surface pressure (π) vs. time (t)] obtained by carefully adding 500 µL of the 

vesicle/dendrimer mixture in the trough. Plexiglass box was used to cover the stage that 

prevented the entry of dust particles. All the π – t isotherms were recorded at a subphase 

temperature of 25 ± 1 
o
C. To ensure reliable result, each set of experiment was performed 

thrice. 

2.2.8. Differential Scanning Calorimetry (DSC) Studies 

A Mettler Toledo differential scanning calorimeter (DSC 1, STARe system, 

Switzerland) was used where two identical pans were loaded with vesicles/dendrimer and 

water respectively. Samples were scanned with two different scan rates 5 
o
C and 2 

o
C per min 

with complete heating and cooling circle. The result so obtained was further processed with 

STARe software. 

2.2.9. Steady State Fluorescence Anisotropy (r) Measurement 

 Fluorescence anisotropy values for the probes (DPH and 7-HC) embedded in the 

bilayer was obtained using the following equation: 

                                              r		= 
IVV-GIVH

IVV+2GIVH
                                                                           (1) 

where, IVV  and IVH were the fluorescence intensities, the subscripts indicate the position of 

the excitation and emission polarizer. G = 
���

���
 was the grating correction factors. Data were 

recorded with a bench-top spectrofluorimeter (Quantummaster-40, Photon Technology 

International Inc., NJ, USA) at room temperature where excitation and the emission 

wavelength were set at 351 and 421nm respectively for DPH whereas the same for 7- HC 

were set to 330 and 379 nm respectively. 
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3. Results and Discussions 

3.1. Combined Dynamic Light Scattering (DLS) and Turbidity Measurement 

 Vesicle hydrodynamic size (dh) is a vital parameter to consider its stability. Figure 1, 

panel A proposes the changes in dh of vesicles upon the addition of varying concentrations of 

G5-SA dendrimer. For every set of vesicle, size started increasing at 0.01 μM G5-SA 

concentration that indicates the onset of adsorption of dendrimer to vesicle surface which 

passed through a maximum. 

 

Figure 1. Variation of hydrodynamic size (dh, panel A), zeta potential (Z. P., panel B) and 

turbidity (T, panel C) with G5-SA concentration at 25 ºC. Vesicles (HCV1, ○; HCV2, ∆ and 

HCV3, □.) with 0.1 mM lipid/surfactant concentration were used.  

 

Results suggest that the vesicle dispersions experienced the dispersion-flocculation-

dispersion stages. G5-SA below 0.01 μM concentration acts as a dilute electrolyte solution 

(Lipid/Dendrimer ratio = 107:1) that does not induced enough interaction with the vesicles, 

leading to negligible size changes. Above this concentration increase in vesicle size with 

increasing G5-SA concentration indicates that onset of adsorption of dendrimer to the vesicle 

surface maybe through electrostatic interaction between cationic vesicles and negatively 
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charged dendrimer. Size enhancement was higher for HCV3 and HCV1 type vesicles 

compared to HCV2.  HCV2 exhibits comparatively smaller size than other two, due to the 

presence of 10 mol% IPA that provides hydrophobic effect into the bilayer. In contrast 

absence of IPA in HCV1 and presence of excess 30 mol% IPA in HCV3 lead to increase in 

size. It was anticipated that IPA somehow plays a crucial role in maintaining bilayer 

morphology as it was the only variable component in the bilayer. 

  Charge in the vesicle surface, as monitored by zeta potential (Z. P.), provide 

information regarding the fate of vesicles in different condition. Figure 1 panel B demonstrate 

the process of charge neutralisation; where Z. P. decreased with increasing dendrimer 

concentration. Z. P. of HCV1, HCV2 and HCV3 in absence of G5-SA were +31, +37 and 

+16 mV respectively. Decrease in Z. P. primarily due to the electrostatic attraction between 

the oppositely charged vesicle and dendrimer. Interestingly, inversion of Z. P. from positive 

to negative was observed for system HCV1 being associated with SLC and DHDAB only, 

(without any IPA). While HCV2 (10% IPA) and HCV3 (30% IPA) having IPA as a bilayer 

constituting component maintained positive Z. P.  Here in The neutral head group of IPA 

plays a decisive role. Absence of IPA in HCV1 allows dendrimer to get adsorbed on 

relatively more exposed polar surface compare to HCV2 and HCV3. For the later two 

formulations Z. P. get masked to some extent for G5-SA dendrimer due to neutral head group 

of IPA and hence retain their positive Z. P. These phenomena could be correlated with 

dispersion-flocculation-dispersion stages, where initially at low dendrimer concentration it 

interacts with positively charged vesicle surface as an ordinary electrolyte causes the system 

to maintain its dispersion behaviour. After a certain concentration is reached, electrostatic 

interaction becomes predominant leading to the formation of dendrimer/vesicle complex 

which subsequently flocculates and put on a view of bigger particles size.  
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Such complexes having bigger hydrodynamic size compared to normal vesicles are 

expected to scatter light to greater extent compared to the vesicle in absence of any 

dendrimers. To confirm the presence of aggregates and find out the concentration for the 

onset of interaction, turbidity measurement was carried out. As we know turbidity compute 

the point at which light scatter starts by the colloids (here in the dendrimer vesicle aggregate) 

upon the interaction with colloidal particles and depends on the difference of refractive index 

between the particles and medium. Figure 1 panel C represents the turbidity variation with 

dendrimer concentration for three different sets of vesicles with ascending dendrimer 

concentrations. Turbidity increases with increasing G5-SA concentrations passes through a 

maximum similar to the size measurement studies. Both DLS and turbidity measurement 

recommend the complex or aggregation formation between the dendrimer and vesicle 

scrutinized and discuss later.  

3.2. Transmission Electron Microscopic Studies (TEM) 

Aforementioned investigations suggest the formation of dendriosome, a 

dendrimers/vesicles complex at post maximal region. In order to understand the 

morphological changes in the vesicle structure induced by dendrimer, TEM analyses are 

considered to be worthwhile task. Dendrimer at very low, moderate and high concentration 

was studied on the vesicle through the electron microscopic analysis and the morphological 

changes are documented in Figure 2. 



 

Figure 2. Morphological behaviours of vesicle formulations 

concentration. Scale bar: 500 nm.

Vesicle morphologies were not significantly perturbed upto 0.001 μM G5

dendrimer. The middle panels of Figure 2 were the collection of micrographs of the vesicles 

with 0.1 μM added dendrimer. Dendrimer could significantly mark its presence being 

adsorbed on the vesicle surface. Dendrimer induced deformed morphology could also be 

viewed. The extent of morphological deformation was higher for HCV1 type vesicles in 

comparison to both HCV2 

maintaining the bilayer morphology. The bottom panels describe dendriosome formation due 

to the mixing of higher concentration (1 μM) dendrimer with vesicles. Formation of 

dendriosome was confirmed thro

bigger size and/or formation of aggregated species whereby some irregular shaped species 

were formed. Analyses on size and Z. P. data at this concentration confirm the formation of 

such aggregated species; it is assumed that the bilayer encapsulated dendrimer complexes 

were formed. Additionally it was also found that extent of particle aggregation was higher for 

Morphological behaviours of vesicle formulations at different G5

concentration. Scale bar: 500 nm. 

Vesicle morphologies were not significantly perturbed upto 0.001 μM G5

dendrimer. The middle panels of Figure 2 were the collection of micrographs of the vesicles 

drimer. Dendrimer could significantly mark its presence being 

adsorbed on the vesicle surface. Dendrimer induced deformed morphology could also be 

viewed. The extent of morphological deformation was higher for HCV1 type vesicles in 

comparison to both HCV2 and HCV3 strongly recommend the superiority of IPA in 

maintaining the bilayer morphology. The bottom panels describe dendriosome formation due 

to the mixing of higher concentration (1 μM) dendrimer with vesicles. Formation of 

dendriosome was confirmed through the occurrence of spherical entities with substantial 

bigger size and/or formation of aggregated species whereby some irregular shaped species 

were formed. Analyses on size and Z. P. data at this concentration confirm the formation of 

pecies; it is assumed that the bilayer encapsulated dendrimer complexes 

were formed. Additionally it was also found that extent of particle aggregation was higher for 
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at different G5-SA dendrimer 

Vesicle morphologies were not significantly perturbed upto 0.001 μM G5-SA added 

dendrimer. The middle panels of Figure 2 were the collection of micrographs of the vesicles 

drimer. Dendrimer could significantly mark its presence being 

adsorbed on the vesicle surface. Dendrimer induced deformed morphology could also be 

viewed. The extent of morphological deformation was higher for HCV1 type vesicles in 

and HCV3 strongly recommend the superiority of IPA in 

maintaining the bilayer morphology. The bottom panels describe dendriosome formation due 

to the mixing of higher concentration (1 μM) dendrimer with vesicles. Formation of 

ugh the occurrence of spherical entities with substantial 

bigger size and/or formation of aggregated species whereby some irregular shaped species 

were formed. Analyses on size and Z. P. data at this concentration confirm the formation of 

pecies; it is assumed that the bilayer encapsulated dendrimer complexes 

were formed. Additionally it was also found that extent of particle aggregation was higher for 



 

HCV3 and was reasonable as it exerts relatively less Z. P. compared to other two vesicles

TEM studies, therefore was quite helpful to recognize the IPA dependent surface binding of 

dendrimers.  

3.3. Atomic Force Microscopic (AFM) 

 TEM study is not enough to understand the state of the vesicle surface upon 

dendrimer interaction because

ideal one where one could study the bilayer surface in molecular level as planer bilayer. 

Changes in the features of bilayer surface induced by dendrimer can also be studied. Its 

adsorption onto the bilayer surface through electrostatic interaction also assist the 

hydrophobic effect that tends to maximizes the impact between bilayer tail and hydrophobic 

core of dendrimers which leads to bilayer 

Figure 3. AFM micrographs of solid supported bilayers of HCV2 (10 mol% IPA) and HCV3 

(30 mol% IPA) at 0.001(panel A and B) and 0.1 μM (panel C and D) G5

taken 2 h after the mixing. 

 

HCV3 and was reasonable as it exerts relatively less Z. P. compared to other two vesicles

TEM studies, therefore was quite helpful to recognize the IPA dependent surface binding of 

Atomic Force Microscopic (AFM) Studies 

TEM study is not enough to understand the state of the vesicle surface upon 

dendrimer interaction because of its spherical morphology. Hence AFM study would be an 

ideal one where one could study the bilayer surface in molecular level as planer bilayer. 

Changes in the features of bilayer surface induced by dendrimer can also be studied. Its 

bilayer surface through electrostatic interaction also assist the 

hydrophobic effect that tends to maximizes the impact between bilayer tail and hydrophobic 

core of dendrimers which leads to bilayer disruption.37 

AFM micrographs of solid supported bilayers of HCV2 (10 mol% IPA) and HCV3 

(30 mol% IPA) at 0.001(panel A and B) and 0.1 μM (panel C and D) G5
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HCV3 and was reasonable as it exerts relatively less Z. P. compared to other two vesicles. 

TEM studies, therefore was quite helpful to recognize the IPA dependent surface binding of 

TEM study is not enough to understand the state of the vesicle surface upon 

of its spherical morphology. Hence AFM study would be an 

ideal one where one could study the bilayer surface in molecular level as planer bilayer. 

Changes in the features of bilayer surface induced by dendrimer can also be studied. Its 

bilayer surface through electrostatic interaction also assist the 

hydrophobic effect that tends to maximizes the impact between bilayer tail and hydrophobic 

 

AFM micrographs of solid supported bilayers of HCV2 (10 mol% IPA) and HCV3 

(30 mol% IPA) at 0.001(panel A and B) and 0.1 μM (panel C and D) G5-SA. Images were 
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 A featureless AFM images were obtained for HCV1, HCV2 and HCV3 in the absence 

of dendrimer (images are not shown). However inclusion of 0.001 and 0.1 μM G5-SA 

dendrimer cause roughening the bilayer surface. Figure 3 represents micrographs of such 

rough surfaces caused by the dendrimers. Panel A and B display the state of the surfaces for 

HCV2 and HCV3 upon interaction with 0.001 μM dendrimers. Dendrimers interact with the 

bilayer edge where the defects were most. The accumulation of G5-SA on bilayer surface 

was indicated by green circle. Height analysis reviled the white patches into the green circle 

was about 1 – 2 nm tall and regarded as dendrimer aggregates. Electrostatic interaction most 

obviously plays predominant role over here.  

On the other hand hydrophobic force plays crucial job when dendrimers concentration 

jumped up to 0.1 μM. Panel C and D represent such hydrophobic effect on the solid 

supported bilayer of HCV2 and HCV3. Bilayer disruption as a consequence of hole formation 

were resulted are indicated by the white arrows. This hole formation leads to the removal of 

lipidic entities causing a faster bilayer disintegration as described earlier. High dendrimer 

concentration facilitates the process of adsorption, as it maximizes hydrophobic effect 

between lipophilic dendrimer core and hydrocarbon of bilayer. These two combined force 

eventually lead bilayer disruption. In both cases phase and domain separation were not 

observed.  

3.4. Vesicle Disruption and Subsequent Interfacial Adsorption Studies 

 It was evident form Z. P. measurement, vesicles/dendrimer interact electrostatically 

that predominantly occurs in the vesicle surface. This outcome was further designed to study 

dendrimers induced vesicle bilayer disintegration. Characteristics and formation of 

monolayer at the water-air interface from bilayer was extensively studied38,39 It is known that, 

vesicles from the bulk subphase can transform to monolayer at the water-air interface through 



 

the bilayer disruption. Hence using a 

phenomena through the π–t measurement. Development of monolayer was confirmed at the 

water-air interface and its growth was monitored as a function of surface pressure (π) and 

time. Figure 4 represents t

monolayer formation at the water

Figure 4: Formation of interracially adsorbed monolayer at water

vesicle disintegration in the absence and presence of de

Each panel describe changes in the value surface pressure (π) as a function of time. 

Dendrimer concentrations (in μM): Panel A, 0.0; Panel B, 0.001 and Panel C, 0.1. Green line; 

HCV1, Blue line; HCV2 and Red line; HCV3. 

adsorption of monolayer at the water

 

 Vesicles have a tendency to disintegrate where the aggregate constituting amphiphiles 

leave the bilayer region to some extent and pr

interface. Relinquish of amphiphiles from the bilayer causing its population increase onto the 

ruption. Hence using a Langmuir-Blodget surface balance, one can study such 

t measurement. Development of monolayer was confirmed at the 

air interface and its growth was monitored as a function of surface pressure (π) and 

time. Figure 4 represents the time dependent surface pressure changes, corollary of 

monolayer formation at the water-air interface.  

Formation of interracially adsorbed monolayer at water- air interface through the 

vesicle disintegration in the absence and presence of dendrimer at different concentration. 

Each panel describe changes in the value surface pressure (π) as a function of time. 

Dendrimer concentrations (in μM): Panel A, 0.0; Panel B, 0.001 and Panel C, 0.1. Green line; 

HCV1, Blue line; HCV2 and Red line; HCV3. Panel D describes two possible steps of 

adsorption of monolayer at the water-air interface from hybrid cationic vesicles.

Vesicles have a tendency to disintegrate where the aggregate constituting amphiphiles 

leave the bilayer region to some extent and preferred its orientation towards the water 

interface. Relinquish of amphiphiles from the bilayer causing its population increase onto the 
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Blodget surface balance, one can study such 

t measurement. Development of monolayer was confirmed at the 

air interface and its growth was monitored as a function of surface pressure (π) and 

he time dependent surface pressure changes, corollary of 

 

air interface through the 

ndrimer at different concentration. 

Each panel describe changes in the value surface pressure (π) as a function of time. 

Dendrimer concentrations (in μM): Panel A, 0.0; Panel B, 0.001 and Panel C, 0.1. Green line; 

Panel D describes two possible steps of 

air interface from hybrid cationic vesicles. 

Vesicles have a tendency to disintegrate where the aggregate constituting amphiphiles 

eferred its orientation towards the water – air 

interface. Relinquish of amphiphiles from the bilayer causing its population increase onto the 
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water – air interface with the progress of time. Initially the surface pressure increases which 

eventually attains continuum as the interfacial film gets saturated. 

 Figure 4, panel A corresponds to the time dependent surface pressure change for 

vesicle HCV1 (green isotherm), HCV2 (blue isotherm) and HCV3 (red isotherm) in the 

aqueous medium. HCV1 having no IPA achieved equilibrium pressure 33 mN/m in 360 

second. On the other hand HCV2 (10 mol% IPA) and HCV3 (30 mol% IPA) accomplished 

the equilibrium pressure 21 and 41 mN/m in 623 and 800 second respectively. Hence it could 

be concluded that the role of IPA was crucial as long as disintegration process are concerned. 

Limiting area per alkyl chain of IPA is reported to be 0.28 nm2,5 quite higher than the value 

of a typical saturated hydrocarbon chain (0.20 nm2) as calculated by Li et al.40 Results 

suggest that not only hydrocarbon region, but also relatively bulky neutralized head of IPA 

also played a vital role. In the absence of IPA, removal of SLC or DHDAB becomes easier 

for which high equilibrium pressure 33 mN/m could be achieved. On the other hand, HCV2 

and HCV3 containing 10 and 30 mol% IPA exhibited slow release of the lipidic components 

onto the interface. It could be attributed as the lack of hydrophobic interaction as compared to 

IPA loaded formulations. IPA provides additional hydrophobic effect. Among all the set of 

formulations, HCV2 put on a view of least equilibrium pressure (21 mN/m) while vesicle 

HCV3 evidenced highest (41 mN/m) equilibrium pressure. To elucidate the issue, one should 

consider both the bulky neutral head group and hydrocarbon zone of IPA that played crucial 

roles. HCV2 with only 10 mole% IPA experiences more hydrophobic effect than the 

disturbance produced by the bulky head group which subsequently holds the bilayer more 

rigidly. However, the picture turns completely opposite when one consider vesicle HCV3 (30 

mole% IPA). Presence of three times IPA displayed not only hydrophobic effect but also an 

additional steric effect produces by the head group of IPA which tries to create hole 

formation on the surface. This eventually leads to the disaggregation of some of the 
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amphiphiles of vesicle moiety very slowly and get adsorbed at the water-air interface that 

eventually causes an increase surface pressure.  Therefore, it could be conclude that IPA 

brings additional hydrophobic interaction in the bilayer segment, ensuing slow and steady 

liberation of amphiphiles as noticed from equilibrium pressure. 

 Our goal was to understand the impact of dendrimer on vesicular disintegration and 

subsequent kinetics onto the water-air interface. Surface adsorption kinetics was studied at 

varied dendrimer concentration in combination with a fixed concentration of vesicles. Panel 

B and C represent the disintegration isotherm for the same three set of cationic vesicles in 

0.001 and 0.1 μM dendrimers respectively. Z. P., hydrodynamic size and turbidity 

measurement as previously discussed implied to opt for 0.001 μM G5-SA dendrimer, where 

the stoichiometric ratio of lipid/dendrimers was 105:1. As reflected from Figure 3 panel B, 

vesicles mixed with 0.001 μM G5-SA, achieved low surface pressure compared to dendrimer 

free systems. HCV1, HCV2 and HCV3 achieved equilibrium pressure 28.3, 23 and 31 mN/m 

in 563, 824 and 821 second respectively. So we had two different consequences: (a) retarded 

interfacial adsorption and (b) delay in time to achieve the equilibrium pressure, due to the 

presence of 0.001 μM G5-SA dendrimer. Both the issues could be addressed by considering 

the surface charges of vesicles and dendrimers. Being oppositely charged dendrimers 

molecules tend to adsorb on the surface of the vesicles. It was also expected that major 

portion of the dendrimers would be around the surface of the vesicles and thereby reduce the 

process of disintegration which eventually reduces the monolayer formation at the water-air 

interface and endorse longer time to acquire equilibrium pressure. 

 The role of IPA was again fascinating here; 10 mol% IPA hold the vesicles (HCV2) 

identity here again. However the role of IPA head group becomes predominant for HCV3, 

which perturb the vesicles surface region leading to achieve 31 mN/m equilibrium pressures. 

During the formation of monolayer, appearance of a platue formation was noticed for the 
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isotherm of HCV2 and HCV3, which was completely absent for HCV1 (panel B). This 

conspicuous nature of the isotherm, apart from HCV1 must signify some role of IPA, which 

was the only parameter with varying proportion in the vesicles. Figure 4, panel D represent 

two alternative steps of formation of monolayer from the vesicles in bulk. Step (a) involved a 

direct formation of monolayer at the water-air interface whereas step (b) communicates a 

combination of two separate steps; first one was the formation of perturb monolayer (gaseous 

state) assisted with other lipidic aggregates which forms a part time monolayer island. Second 

step involves the adsorption of monolayer from such monolayer island until it gets saturated. 

 

Figure 5. Changes in the surface pressure of dendrimer/vesicle complex as a function of 

time. Vesicles identity and dendrimer concentration were given in the figure. 

 

 Both HCV2 (10 mo% IPA) and HCV3 (30 mol% IPA) must follow the scheme (b) as 

confirmed form the platue. However vesicle HCV1 (0 mol% IPA) does not follow the same, 

rather direct formation of monolayer was noticed (scheme a). Thus it could be concluded that 

IPA must supports to hold the aggregates, which facilitates to form monolayer island first 

followed by the formation of saturated monolayer at the interface.  
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Figure 4, panel C illustrates adsorbed monolayer formation at 0.1 μM G5-SA 

concentration, where the lipid to dendrimer stoichiometric ratio was 103:1. The equilibrium 

pressure is relatively rapid, which implies quick membrane disruption induces by dendrimer 

as compared to the formulations in panel A and B. At higher dendrimers concentration, a 

slow disintegration was noticed as represented in Figure 5. It demonstrates strong affinity of 

G5-SA dendrimer to bind with the hybrid membranes at high concentration and lower surface 

pressure, which are the unique features cells enduring rapid miotic division, like cancer cell.13 

3.4.1. Kinetics of Monolayer Formation 

Formation of monolayer could be treated as the adsorption of lipidic molecules at the 

water-air interface. Therefore the rate kinetics of monolayer formation could help in 

understanding the route of interaction between dendrimers and vesicles. The rate constant (k) 

of vesicle disintegration and subsequent monolayer formation for the three vesicles were 

calculated and summarized in Figure 6. Figure 4 follow Langmuir like adsorption isotherms 

where the process of monolayer formation registered constancy after some time as reflected 

through the attainment of constant surface pressure. By employing the pseudo first order 

formalism one can calculate the rate constant of monolayer formation as: 

                                  log 
πf- πi

πf- πt
 = 

kt

2.303
                                                                   (2) 

where, t = time, k = rate constant, πi = initial surface pressure, πt = surface pressure at time t 

and πf =  final surface pressure of the adsorbed monolayer. Figure 5 represents three different 

set of vesicles and their rate kinetics for the formation of adsorbed monolayer. Linear graphs 

that pass through the origin imply first order rate kinetics for the formation of adsorbed 

monolayer. 
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Figure 6. The rate of vesicle disintegration or monolayer formation kinetics for three 

different formulated cationic vesicles at different dendrimers concentrations. Dendrimers 

concentrations (μM): 0 (Black); 0.001 (Blue) and 0.1 (Red). 

  To understand more evidently, we have represented the rate constant in Figure 7 as 

function of IPA content in the bilayer and dendrimer concentration.  

 

Figure 7.  A comparative study of rate constant (k) for three different set of vesicles HCV1 

(xIPA = 0), HCV2 (xIPA = 0.1) and HCV3 (xIPA = 0.3) as a function of dendrimers 

concentrations. 
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Bar diagram indicates the values of k and was found to be specific with the amount of added 

dendrimer. For each set of formulations, values of k dropped down at 0.001 μM dendrimer 

concentration (as compared to dendrimers free systems). At higher concentration (0.1 μM 

G5-SA) it was increased by 63, 88 and 77% for HCV1, HCV2 and HCV3 respectively. 

Hence it would be stated that at this concentration, not only ionic interaction but hydrophobic 

interaction between dendrimer lipophilic branch and hydrocarbon zone also played a vital 

role. Combined ionic and hydrophobic interactions predominantly facilitate the process of 

bilayer disintegration. The values of k assist to understand a tendency of HCV2 vesicles to 

uphold the bilayer integrity. Threshold value to remove lipidic components, which sets 

disintegration kinetics, was higher for HCV2. 

 

3.5. Differential Scanning Calorimetry (DSC) Studies 

With a motive to assess the thermodynamics changes of the bilayer upon the inclusion 

of G5-SA dendrimer, DSC studies were carried out. It could lead us to specify the different 

bilayer phase and their susceptibility towards dendrimer. The role of DSC in measuring the 

bilayer phase transition or hydrocarbon chain melting (Tm) in presence of dendrimers were 

well documented.41,42 It is known that bilayer phase transition course is highly specific and 

depend on the bilayer constituting entities. Exogenously added compounds or the state of the 

dispersion medium especially iconicity of the medium also plays crucially in the process of 

chain melting. With the calculation of changes in enthalpy (∆H) and heat capacity (∆Cp) one 

could understand the arrangement of hydrocarbon chains and subsequently the state of the 

vesicles bilayer due to the adsorption of dendrimer. 
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 DSC thermograms of HCV2 and HCV3 vesicles mixed with 0.001 and 0.1 μM G5-

SA was presented in Figure 8. SLC one of the major compounds of the bilayer contains one 

unsaturation in one of its hydrocarbon chain and hence renders chain melting at -20 ºC.  

 

Figure 8. DSC thermograms of vesicles HCV2 (blue line), HCV3 (brown line) in presence of 

G5-SA Dendrimers. Dendrimer concentrations was set to 0.001 (dotted lines) and 0.1 μM 

(solid line). Scan rate: 2 ºC/min. 

 

However inclusion of oppositely charged dendrimers and other substitutes (IPA, DHDAB 

and Cholesterol) in the bilayer may hamper the chain melting phenomena. Below chain 

melting, bilayer execute gel phase.  Hence the temperature range was set to -30 to +30 ºC so 

that each formulation mast passes through gel to liquid crystalline (LC) phase. Hence the 

propensity of dendrimers towards gel and LC phase of the bilayer can be correlated more 

firmly. The thermograms could be viewed as two different segments: Segment (a) chain 

melting process occurred around -20 ºC and segment (b) stepwise development of exothermic 

event, soon converted to endothermic process at around 10 ºC. 
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 Blue and brown dotted lines indicate the chain melting segment for HCV2 and HCV3 

in presence of 0.001 μM G5-SA. The chain melting was found to be -20.23 and -19.16 ºC for 

HCV2 and HCV3 respectively. Although other surrogates in the bilayer slight alter the Tm, 

interestingly dendrimers in this case does not produce any disturbance in phase transition. 

Hence it could be concluded that at 0.001 μM G5-SA concentrations, the interaction manly 

occurred at the bilayer surface. Same set of formulations at segment b put on a view of 

exothermic process. Exothermic event generally displays some short of bonding or 

association. In our case once the temperature attains positive values, the formulations 

transform to liquid phase where the process of dendrimers adsorption gets facilitated. The 

stacking of dendrimers on vesicles surface thus create exothermic event. 

 The thermograms and hence the fate of the vesicle bilayer get completely changed 

once we add 0.1 μM G5-SA dendrimer on HCV2 (solid blue thermograms) and HCV3 (solid 

brown thermograms). Endothermic segment describe the chain melting process, which was 

abolished for HCV2. However HCV3 that has 30% IPA in the bilayer shows an exothermic 

event at – 21.22 ºC.  That brings the possibilities of higher concentration dendrimer to 

interact with gel phase of the bilayer segment which was completely missing at 0.00 1μ m 

G5-Sa concentration.  At this concentration, dendrimers could apply enough ionic interaction 

as well as hydrophobic force that may initially facilitate some of the dendrimers molecules to 

get inside of the bilayer hydrocarbon wall which was now in LC phase.13,43 Due to this 

insertion, hydrophobic interaction between amphiphiles acyl chain and the core of the 

dendrimers becomes predominant. Segment b in this case tells a story bilayer disruption 

induced by oppositely charged dendrimers. The first exothermic event for the same set of 

formulations arises due to the adsorption of dendrimers due to ionic interaction that release 

heat energy. Soon after formations of endotherms indicate the deformation of ionic bonding 

exerts between vesicles and dendrimers, indicates a process of bilayer disruption. Thus it 
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could be stated that G5-SA dendrimer has a tendency to interact with both gel and LC phase 

depending on its concentration. Thermodynamics of bilayer phase behaviour was further 

determined and have presented in Table 1. 

Table1. Changes in thermodynamic parameters of vesicles at different concentration of 

Dendrimer. 

Formulations [Dendrimer] / 

μM 

∆T1/2 ∆H KCal/Mole ∆Cp / kcal/mol/°C 

HCV2 0.001 2.22 22.56 7.51 

HCV2 0.1 2.78 28.69 9.36 

HCV3 0.001 - - - 

HCV3 0.1 2.36 32.54 11.23 

 

3.6. Fluorescence Anisotropy Measurement 

Influences of dendrimer on bilayer accompanied some alteration in packing of 

palisade layer and hydrocarbon wall. Steady state fluorescence anisotropy measurement was 

carried out with an intention to get information on the issue of dendrimer induced bilayer 

packing using two suitable probes DPH and 7-HC. DPH being a lipophilic probe has an 

affinity to be inherent in non-polar hydrocarbon region, while solvatochromic probe 7-HC 

occupies the palisade region of the bilayer. For the vesicles HCV1, HCV2 and HCV3 Figure 

9, panel A and panel B demonstrate the changes in anisotropy also known as micro viscosity 

of DPH and 7-HC respectively as function of G5-SA dendrimer concentration. Changes in 

the value of anisotropy for all set of formulations indicate the influences of dendrimer on 

both hydrophilic and hydrophobic part of bilayer. Panel A represent an increment of bilayer 

rigidity or packing with increasing G5-SA dendrimer. Enhanced packing of the bilayer 

hydrocarbon zone restricts the rotational motion of DPH could be the only scenario and 
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would only be possible if dendrimers were bonded with polar surface of the bilayer. It has 

also been identified that anisotropy of DPH increased with increasing IPA content in the 

hybrid bilayer. Hence the role of IPA in better packing by providing hydrophobic effect has 

also been confirmed. Sudden drops in the value of anisotropy around 0.1 μM G5-SA strongly 

recommend penetration of dendrimer into the bilayer hydrocarbon zone and there by 

loosening the packing, which was corollary with the results obtained from DSC 

measurement. 

 

Figure 9. Variation of steady state fluorescence anisotropy (r) of DPH (panel A) and 7-HC 

(Panel B) as a function of dendrimer concentration at 25 ºC. HCV1 (○); HCV2 (∆) and HCV3 

(□). 

  

 To understand the packing of the interface of hydrophilic-hydrophobic part of the 

bilayer (palisade layer), solvatochromic probe 7-HC was embedded with hybrid bilayer and 

changes in the values of anisotropy was monitored as a function of dendrimer concentration 

(Figure 9, panel B). 7-HC being contained with oxygen moiety preferentially occupies the 

palisade region. Like DPH, similar trend of anisotropy increment was observed. It further 

confirms ionic interaction between oppositely charged vesicles and dendrimers that restrict 
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the motion of bilayer component and so does 7-HC. However a fall in the value of anisotropy 

beyond 0.01 μM G5-SA implies weak packing of palisade layer due to the dendrimer 

inclusion. Compare to HCV1, the anisotropy was found to be higher for HCV2 and HCV3 

further confirms the novelty of IPA in maintaining bilayer rigidity or packing. Hence it would 

be stated that dendrimer can alter membrane fluidity depending on its concentration. At low 

concentration it sit on the surface of the bilayer via ionic bonding and drives the lipid 

hydrocarbon chain to get close to each other, consequently order in the bilayer increased. At 

higher concentration it penetrates into the vesicle bilayer zone and disrupts the packing of 

lipid acyl chain. Intercalation of dendrimer reduces the lateral packing and caused the lipid 

molecules to the random or radial orientation44 and thereby increases overall fluidity.  

4. Conclusion 

 Interaction of PAMAM-succinamate dendrimers, 1,4-diaminobutane core, generation 

5 with hybrid cationic vesicles comprised of SLC, IPA and DHADB was investigated to get 

information of  their morphological adaptation. Inclusion of dendrimers solution in vesicles 

displayed prominent influence of dendrimers on the vesicles morphology. Comprehensive 

investigation on morphologies confirms the influence of dendrimers on cationic vesicles to 

suffer through dispersion-flocculation-dispersion. Decreased Z. P. with increasing 

concentration of dendrimers also suggests some morphological changes due to the ionic 

bonding. The impact of dendrimers was furthers examined by studying vesicles disintegration 

kinetics where formation of monolayer was noticed as a consequence of bilayer 

disintegration. Studies confirmed the influences of dendrimers on the process of 

disintegration. When dendrimers concentration low, reduction of the disintegration kinetics 

was noticed, however higher amount of dendrimers does the opposite. AFM micrograph 

confirms both adsorption and the process of bilayer disruption induced by low and high 

amount of dendrimers respectively. Absence of any phase or domain separation for HCV2 
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and HCV3 vesicles upon inclusion of dendrimers confirm the novelty of IPA to sustain the 

bilayer integrity. Phase transition temperature was detected via DSC measurement; 

dendrimers at low concentration primarily interact on the surface. However we have also 

witnessed of the bilayer disruption mediated by higher concentration dendrimers as bilayer 

fail to exhibits chin melting. At this concentration dendrimer showed a tendency to interact 

with gel phase. Collective physicochemical investigations assists to understand the impact of 

negatively charged dendrimers on cationic vesicles and their morphological adaptation in 

depth by considering their interaction in molecular range. Encapsulation of drug molecule 

into the dendrimer/vesicles aggregates could be benefitted in the field of drug delivery.  
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