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Introduction 
 
Vesicular systems offer great potentialities in delivering biological macromolecules, drugs, and 
cosmetics across the cell membrane [1-5]. The evaluation of their bio-compatibility is important in the 
application of these supra-molecular structures in biotechnology. This is of fundamental relevance 
when treating cells, or tissues, with vesicular or other carriers [6-16]. Undoubtedly, the physico-
chemical properties of these vesicular aggregates must be properly tuned for the application. They play 
a crucial role in the interactions between vesicles and biopolymers, and of the resulting complexes with 
cells. The bio-oriented aspects must be combined with biophysical and physico-chemical strategies we 
report on, and be supported by synthetic work.  
The preparation and characterisation of lipido-mimetic systems, LMSs, promising platforms for an 
efficient biopolymer binding and transfection are discussed. The matrices considered take the form of 
vesicles capable of significant exchange of matter with cells or tissues. LMS are vesicles and/or lipo-
plexes (biopolymer-vesicle complexes) with sizes in the range 100-500 nm size. Hence, are suitable for 
bio-oriented applications. A plausible uptake mechanism of the above adducts involves the adhesion of 
lipo-plexes onto cells and subsequent pynocytosis, or fagocytosis. When the biopolymer is finally 
transfected in the cell matrix, it will activate the required biochemical reactions. Vesicles are chaperons 
for biopolymer(s) transfer into cells. To ensure a real bio-compatibility, they must be excreted or 
recycled at the end of the process. 
The unique properties of cat-anionic vesicular carriers make applications extremely promising, 
potentially ensure a more efficient transfection compared to micelles, inorganic solid particles, co-
acervates, and so forth. They operate in a controlled way and presumably, with no (or low) toxic 
effects. The rationale suggesting the use of vesicular carriers with respect to other matrices [6, 13-15] is 
due to the combination of different factors: 
 

 high bio-compatibility towards cells and, eventually, tissues; 
 significant adsorption onto vesicles of the species to be transferred; 
 tunable physical state (gel, liquid- or liquid crystalline) of the composites, very similar to 

that of the cells; 
 substantial and efficient binding onto cells. 

 
Cat-anionic vesicles are supra-molecular aggregates formed by mixing in non-stoichiometric ratios 
cationic and anionic surfactant species [17-19]. Surfactants of opposite charge tend to aggregate in 
polar solvents, such as water. The electrostatic interactions between the polar heads and the 
hydrophobic tails favor the formation of self-assembled and organized supra-molecular structures. This 
phenomenon depends upon the so-called “Critical Micellar Concentration” (CMC), which represents 
the limit above which the surfactants in solution aggregate to form spontaneously micelles with 
different morphologies [20]. The diverse shapes depend on the geometry of the individual surfactant 
molecules. The relationship between molecular geometry of the surfactant and the morphology of the 
self-organized structures can be determined by the packing parameter (P) [21], i.e. the ratio between 
the volume of the hydrophobic tract (V) and the area of the polar head (A) times the length of the chain 
(L) being part of the same surfactant (P=V/AL). The modulus of P suggests the type of structure/shape 
that surfactants tend to assume upon aggregation. Vesicles form when the packing parameter reaches 
an optimal value leading to the formation of a close double layer.  
The preparation of stable cat-anionic vesicular systems is not fully understood as to whether their 
stability is of thermodynamic, or kinetic, origin. The best strategies to control their size and charge 
density, and conditions for an efficient biopolymer binding are also described. Data relative to a few 
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selected systems, recently proposed and utilized on the purposes indicated above are discussed along 
with details of the preparation of cat-anionic vesicles based on lipid and/or surfactants. Optimization is 
necessary, since tuning the related physico-chemical properties is a prerequisite.  
Preliminary physico-chemical aspects to be clarified concern vesicle size, charge density, bi-layer 
fluidity, as well as the charge and conformational state of the biopolymer(s) to be eventually 
transferred to cultured cells. The focus of this work is on biopolymer adsorption, biological assessment 
of the resulting vesicles and/or lipoplexes, and transfection methods. For the evaluation of biological 
effects, the protocols required for an effective cytotoxicity screening and uptake of exogenous bio-
macromolecules are described.  
The interaction of vesicles with bio-macromolecules, such as DNA, RNA or proteins, results in the 
formation of the cited lipoplexes. Hence, the potential tool to deliver genetic material across the cell 
membrane upon the formation of complexes between bio-macromolecules exposing a net negative 
charge such is the case for DNA and RNA, and vesicles having a positive surface charge. These 
complexes could be potentially delivered within the cell [6, 13]. However, cell cultures exposed to the 
action of vesicles or lipoplexes may suffer cytotoxic dose/response effects and are sensitive to the 
exposure time. There is little reported work on this specific aspect [22, 23] but recent work showed 
that tumor cells exhibit a higher sensitivity to treatment with SDS-CTAB vesicles as compared to normal 
mouse fibroblasts [24]. The experimental conditions can be adjusted to obtain an efficient vesicle-
mediated transfection leading to the expression of exogenous genetic material [25 - 27]. Pilot-studies 
suggest that cat-anionic vesicles may find a use in anticancer therapy. The cytotoxic action of both the 
individual surfactants and vesicles formed by such compounds on HEK-293 cultured cells are reviewed. 
The transfection of an exogenous RNA mediated by SDS-CTAB vesicles and the level of translation of 
the reporter-protein are also reported. The data presented show that the nucleic acid is translated into 
protein with the correct configuration since it immuno-precipitates in the presence of the specific 
antibody. The novelty  is that naked RNA, a biomacromolecule vulnerable by the resident RNases, is 
protected when it is vesicle-bound. Therefore, the above systems may find a use in biotechnology and 
gene therapy. 
 
 

Physico-chemical background 
 
Cat-anionic systems 
 
The first attempt to obtain cat-anionic systems date back to the eighties of last century when 
Wennerström suggested that stoichimetric mixtures of two oppositely charged surfactants could give 
rise to lamellar order similar to phospholipids [28]. Lamellar, smectic, solids were experimentally 
observed. The definition of cat-anionic systems took place and it should be noted that the term “cat-
anionic” was originally proposed by Ali Khan [29]. It was commonly accepted that non stoichiometric 
mixtures were far more appealing than stoichiometric ones. Balanced microemulsions, liquid crystals, 
and/or vesicles made of cat-anionic species occurred depending on the components [29-31]. Whether 
the stability of the latter is of thermodynamic or kinetic nature is debatable: in some instances the 
former definition applies [32].  
Cat-anionic vesicles form in mixtures made of alkyl- or dialkylammonium salts (such as 
cetyltrimethylammoniun bromide, CTAB [18,33-35], tetradecyltrimethylammoniun bromide, TTAB [36], 
didodecyldimethylammoniun bromide, DDAB [37-39], dioctyldimethylammoniun bromide, DODAB 
[40,41]), and alkyl sulfates, (sodium dodecylsulfate, SDS, sodium octylsulfate, SOS), sulfonates (sodium 
bis-2-ethylhexylsulfosuccinate, AOT, [41,42], tetraethylammonium perfluorooctansulfonate, TEAPFOS, 
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[36]), carboxylates (sodium perfluorohexanoate, SPFH, [43,44]). Hydrocarbon-fluorocarbon mixtures 
were used, but are not stable, mostly when the fluoroalkyl chain is relatively long. Also mixtures made 
of DDAB and bile acid salts were considered [45]. Other systems have been reported in recent 
literature findings [17, 46]. In particular, mixtures of amino-acid based surfactants, AABS, and 
oppositely charged surfactants, or phospholipids, such as DPPA, exhibit the same phase behavior as the 
classical cat-anionic ones reported above. Because of their very low cyto-toxicity and high bio-
compatibility AABS are sensitive to the medium pH, and their polar head groups are easily hydrolyzed. 
In addition, size modulation is induced by titration of acid or basic groups lying on the vesicle surface. 
The mixtures of lipids or of single chain surfactants are in the same category. A tentative list of the 
species considered to date is reported in Table 7.1. 
 
TABLE 7.1  
Acronyms and symbols indicating the species used to date to prepare cat-anionic vesicles. 

Cationic 
Acronym Chemical name Ref. 

CTAB Cetyltrimethylammonium bromide  [30-32] 

TTAB Tetradecyltrimethylammonium bromide [33] 

DTAB Dodecyltrimethylammonium bromide [34] 

DDAB Didodecildimethylammonium bromide [35-37] 

DODAB Dioctyldimethylammonium bromide [38,39] 

AABS14 1,2-dimyristoyl-rac-glycero-3-O-(NR-acetyl-L-arginine) HCl [40] 

AABS12 1,2-dilauroyl-rac-glycero-3-O-(NR-acetyl-L-arginine) HCl [40] 

 
Anionic 

Acronym Chemical name Ref. 

SDS Sodium dodecylsulfate [19] 

SOS Sodium octylsulfate [30,31] 

AOT Sodium bis-2-ethylhexylsulfosuccinate [38,39,44,45] 

SL   Sodium laurate [41] 

KPFH                 Potassium perfluorohexanoate [42] 

TEAPFOS Tetraethylammonium perfluorooctansulfonate [33] 

DPPA Sodium 1,2-dipalmitoyl-sn-glycero-3-phosphate [40] 

STDC Sodium taurodeoxycholate [43] 

 
 
The sequence leading from spherical micelles to vesicles implies a series of intermediate steps. On 
increasing the concentration of the minor surfactant ion up to charge neutralization, cat-anionic 
mixtures follow the sequence:  
 

spherical micelles → swollen micelles → cylindrical micelles → vesicles → precipitates 



Nanobiotechnology  156 

 
The above sequence is controlled by the [C/A] charge (and mole) ratio, where C indicates the cationic 
and A the anionic species.  
The surfactant ions used to prepare such mixtures can be single or multiple chain ones. Mixing 
oppositely charged single chain surfactant ions gives pseudo-double-chain cat-anionic surfactants, that 
is an analogue of single lipids. Literature also deals with single-double chain surfactants, forming 
pseudo-triple-chain cat-anionic mixtures. Phase behavior and the characterization of the more exotic 
pseudo-tetra-chain cat-anionic surfactants (DDAB/AOT) systems have been reported by Caria and Khan 
[48], and Karukstis et al. [49], respectively. 
 
General considerations on surfactants or lipids 
 
Due to their molecular ambivalence [50], due to the presence of polar and strongly non-polar moieties, 
surfactants and lipids self-organize to minimize the respective Gibbs energy contributions to the system 
stability. The non polar regions assemble in a fluid state, very similar to liquid hydrocarbons. 
Conversely, the polar groups face toward the aqueous solvent and stabilize the resulting aggregates 
and micelles, vesicles and bi-layers are formed. The two parts of these molecules are located in regions 
of different polarity. This is a prerequisite getting organized surfactant assemblies. The process is 
controlled by the “hydrophobic effect”. Water is released from the alkyl chain surroundings, and the 
process is entropy driven [51]. Compartmentalization in regions of different polarity, therefore, is a 
prerequisite to attain organized surfactant assemblies.  
The size of the aggregates formed is controlled by an additional constraint ensuring a preferred supra-
molecular arrangement [52, 53]. The three-dimensional geometry of surface active molecules is 
characterized by the polar surface area, A, the volume of hydrocarbon chain(s), V, and the length of 
hydrophobic moieties, L, equal to the alkyl chain in extended conformation, Figure 7.1. The resulting a-
dimensional V/AL ratio pertinent to a given amphiphilic molecule implies that spherical micelles (V/AL < 
1/3), cylindrical micelles (1/3 < V/AL < 1/2), vesicles (1/2 < V/AL < 1), or planar bi-layers (V/AL ≈ 1) may 
be formed. Modulating the geometry of the resulting aggregates is achieved by adding salts, long chain 
alkanols, fatty acids, sterols, and or by mixing two surface active species [54-58]. Hence, the molecules 
preferentially forming spherical micelles are forced from composition and other physico-chemical 
constraints to assume the form of disks, rods, or vesicular entities. Particularly appealing is the 
possibility to get by-layer vesicles. In all cases we report here, vesicle size and charge can be modulated 
by the mole ratio between anionic and cationic amphiphiles. 
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FIGURE 7.1  
Two-dimensional view of surfactant molecules. The symbol A indicates the planar projection of the area per polar 
head group, L the alkyl chain length in extended conformation, and V the alkyl chain volume. The a-dimensional 
V/AL ratio pertinent to a given species implies that spherical micelles (V/AL < 1/3), cylindrical micelles (1/3 < V/AL < 
1/2), vesicles (1/2 < V/AL < 1), or planar bi-layers (V/AL ≈ 1) may be formed, in sequence. In proper conditions, the 
theory can be extended to surfactant mixtures, as well. 
 
Electrostatic effects play a relevant role in the stability of such aggregates. Similarly charged groups 
facing outward the aggregates repel each other. To reduce such destabilizing effect counter-ions are 
firmly bound in the Stern layer of the aggregates [59] because of the fluid nature of such interfaces and 
it is also possible inserting in the aggregates oppositely charged amphiphilic species. Thus, mixing 
oppositely surfactants is the route to attain size and charge modulation. Hence, it is easy to tune the 
average interfacial curvature of the aggregates, i.e. their size. 
Vesicles are characterized by sizes ranging from 10 nm to 1 μm. At fixed surfactant content, their 
surface charge density, σ, scales with the mole ratio and is in inverse proportion to the curvature 
radius, RH [60] due to the semi-fluid nature of the bi-layers dictated by surface energy. At equilibrium, 
vesicle stability is controlled by the action of different forces acting on the bi-layers. Accordingly, the 
optimal RH value will be tuned by the overlapping of several terms. In the case of spherical entities, in 
particular:  
 

a) the surface charges increase vesicle size; 
b) surface tension terms minimize its area; 
c) the bi-layer curvature elasticity tends to restore the original conditions after 
         application of deformations;  
d) the optimal molecular packing, controlled by vdW forces and electrostatics, dictates 
         the preferred vesicle size (at a given surfactant concentration);  
e) the osmotic gradients active across the vesicle bi-layer may decrease, or increase, 
         vesicle size.           
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The combined action of the above contributions compels the vesicle to a preferred average curvature 
radius, <RH>. In this context, entropy contributions always play an effective role in vesicle stability. 
These contributions arise from an un-favored odd-even distribution of the surfactant species in the bi-
layers and from other entropy of mixing terms. It is conceivable, that the composition in the inner and 
outer part of the bi-layer may be different, due to packing and/or curvature constraints.  
At a given composition, vesicles put in contact with the solvent partition their components in such a 
way that the respective chemical potentials in the aggregate and in the bulk, indicated as μi, are the 
same [61, 62]. Due to the thermodynamic equilibrium, the surface active components move to/from 
the vesicle, in proportion to their affinity with the solvent and/or the aggregate. Surfactants 
characterized by short alkyl chains are preferentially distributed in the bulk with respect to long chain 
ones. The same applies to lipids, although the partition occurs at much lower rates. 
The partition is sensitive to the working temperature, because (∂μi/∂T) ≠0 and the related entropy term 
become significant, leading to relevant changes in vesicle size. Hence, cat-anionic vesicles made by 
short alkyl chain surfactants show a moderate thermal stability. Heating implies a vesicle size 
rearrangement, with subsequent changes in their dimensions. Thereafter, vesicular dispersions change 
their appearance from turbid to milky and, then, to opalescent or bluish color. At the end of the 
process, vesicles retain sizes in the 300 nm range for long times, even at room temperature (Figure 
7.2). 

FIGURE 7.2  
Average vesicle size, 2RH (in nm), vs. T, in °C, for CTAB/SDS mole ratios equal to 0.286, light grey squares, 0.323, 
black circles, 0.379, grey circles, and 0.459, black squares. The overall mixture contains 6.0 mmol Kg-1 of SDS + 
CTAB. Note the significant increase in vesicle size on increasing T. The transition threshold depends on the 
CTAB/SDS mole ratios. It is considered in analogy to a second-order phase transition. 
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It has been demonstrated that such drastic changes in size and macroscopic appearance are 
concomitant to multi- to bi-layer thermal transitions [63]. The latter state is by far preferred for 
biomedical purposes, mainly when the internalization of a given component is required. 
 
Vesicle preparation and characterization 
 
As a rule, cat-anionic mixtures are formed by mixing dilute solutions (up to 10-15 mmol kg-1) of 
oppositely charged surfactants in non-stoichiometric ratios. Mixing is rapid on an time scale (seconds) 
and leads to entities having sizes in the range of 102-103 nm, Figure 7.3. 
 

            
FIGURE 7.3  
DLS intensity plot, showing the size distribution of a 4.05 mmol kg-1 DDAB/SDS vesicular system, having 3.82 as 
DDAB/SDS mass ratio, at 25.0°C. Note the uni-modal size distribution function. 
 
Other approaches such as mixing the two solids and subsequent dissolving in water, or dispersing one 
solid surfactant into a solution of the other have also been used. Mixing of the two solutions is the 
fastest and more reliable route to get stable vesicles.  Complete titration leads to a poorly soluble 
smectic (lamellar) phase, which precipitates out, leaving the respective counter-ions free in the bulk. 
This is a sort of metathesis. As a rule, the smectic phases obtained in this way show thermotropic, 
rather than lyotropic, liquid crystalline behavior [64]. 
Characterization by visual inspection, turbidity, DLS, ζ-potential, dielectric relaxation, TEM, surface 
tension, and SAXS is required. SAXS and DLS give information on vesicle size; the former also indicates 
the formation of bi- or multi-layer states. Cat-anionic vesicles made of SDS-CTAB are smaller than those 
observed in SDS-DDAB, which possibly makes them a good tool for transfection purposes. It is also 
worth noting that, in comparison to lipid-based vesicles, they are stable for long times. 
TEM, mostly in cryo-mode, gives realistic estimates of vesicle size, bi- or multi-layer state, vesicle 
fusion, eventual biopolymer adsorption, formation of faceted entities and so forth [65, 66]. Atomic 
force microscopy, AFM, has also been used. The results are unsatisfactorily since vesicles tend to 
adhere, are transformed into lenses, and spread onto the surface of the substrates onto which they are 
deposited [67].  
Zeta-potential gives information on the surface charge density, and is related to σ. Dielectric relaxation, 
finally, gives information on the double layer thickness surrounding the vesicles. Electro-phoretic 
mobility, related to ζ-potential, and interface polarization, detected by dielectric methods, jointly allow 
characterizing in detail the role of electrostatic contributions to vesicle stability. The results of these 
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measurements can be properly combined to determine the electric moment(s) active on the vesicle 
surface. As it is intuitive, the lower is the charge density the thicker is the double layer.  
1H NMR proton chemical shift measurements were also used [68]. The information is poor since the 
band-shapes are large and poorly resolved, Figure 7.4. 

                           
FIGURE 7.4  
1H NMR spectra of 20.0 mmol Kg-1 SDS, A, and 25.0 mmol Kg-1 SDS/CTAB mixture, having mole ratios 2.5/1.0. Data 
refer to 25.0° C. The spectra are redrawn from Ref. 74. 
 
Conversely, NMR self-diffusion gives estimates of vesicle sizes because the decay of 1H signals after the 
application and subsequent decay of gradient pulses is controlled by the diffusivity of the entities in 
which the protons are located [69, 70]. From the resulting self-diffusion values it is possible obtaining 
the vesicle average size, according to the Stokes-Einstein equation.  
According to DLS and ζ-potential measurements there is direct proportionality between size, or charge, 
and the [A/C] mole ratio. When the latter is close to unity, vesicle size diverges (with eventual 
precipitation) and ζ-potential approaches zero, Figure 7.5.  
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FIGURE 7.5  
The average hydrodynamic radius, 2RH in nm, of cat-anionic SDS/CTAB vesicles as a function of the mole (and 
charge) ratio, at 25.0°C. Data refer to mixtures containing 6.0 mmol Kg-1 as an overall surfactant content. In the 
inset is reported the composition dependence of ζ-potentials. 
 
The same holds for its derivative with respect to the amount of added material. In proximity of an 
inflection point, derivation of the (∂ζ/∂c) function, where c is the concentration of the titrant, 
corresponds to (∂τ/∂c) + (∂σ/∂c) = 0, since ζ is directly proportional to στ. Therefore, the double layer 
thickness, τ (the Debye’s screening length), diverges as the surface charge density, σ, on the shear 
plane of the lipo-plexes approaches zero. 
The two-phase system obtained by complete titration contains a poorly soluble inner CA smectic salt, 
when the solution contains essentially free counter-ions. From an applied viewpoint, more interesting 
are the results obtained when the [C/A] mole (or charge, more precisely) ratio is  ≠ 1. In such cases 
vesicles are formed and shown by drawing ternary or pseudo-binary phase diagrams, Figure 7.6. 

Figure 5. The average hydrodynamic radius, 2RH in nm, of cat-anionic 

SDS/CTAB vesicles as a function of the mole (and charge) ratio, at 25.0°C. Data 

refer to mixtures containing 6.0 mmol Kg-1 as an overall surfactant content. In 

the inset is reported the composition dependence of ζ-potentials. 
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FIGURE 7.6  
A. Phase map of the system water/DDAB/SDS, at 25.0° C. (A) Concentrations are in wt%. The figure has been 
redrawn according to Ref.s [36,37]. (B)  Pseudo-binary phase diagram of the system wate/AOT/DODAB, at 25.0°C. 
Concentrations are in mmol Kg-1. In both diagrams, the solution regions are indicated in light blue, the vesicular 
ones in cyan, the two phase lamellar + solution regions in green, the three phase solution + lamellar + solid in grey, 
the two-phase solution + crystal in yellow color. The black line dividing the yellow area in two is the equi-molar 
line. 
 
Use of the latter approximation is made possible by the fact that water is always in large excess 
compared to all other components. The vesicular area occupies tiny regions in the phase diagram, and 
is usually located between the solution and the lamellar phase and/or the precipitate area. It can be 
readily recognized from the solutions and from the optically birefringent lamellar phase. Visual 
inspection, for instance, indicates the bluish, or slightly opalescent, appearance of most vesicular 
dispersions. The above behavior is related to the size of the disperse objects. 
The region of existence is finely modulated by the overall amount of surfactant and, mostly, by their 
mole/charge ratios. This is a rather common feature met when preparing cat-anionic vesicles. Were the 
alkyl chain length the same, as in the DTAB-SDS system, the phase map would be symmetrical with 
respect to mole ratios, and cationic- or anionic-rich vesicles would be observed. Mixing double chain 
species having similar hydrophilic-lipophilic balance, such as DODAB and AOT or DDAB and AOT gives 
results consistent with the above statements. 
 
Biopolymer adsorption 
 
Small globular proteins, semi-synthetic poly-electrolytes derived from polysaccharides and/or DNA 
have been used as adsorbing species. As it is expected from considerations based on the molecular 
architecture of the species to be bound, the underlying mechanisms are quite different in the reported 
cases. The binding of small globular proteins, such as lysozyme and/or albumins, can be modeled in 
terms of the adsorption of small charged spheres onto large ones. The binding efficiency is governed by 
the number density of the protein with respect to vesicles and scales in proportion to the respective 
charges. For this to occur, it is possible to use proteins in spontaneous pH conditions. At values in the 5-
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7 pH range, for instance, lysozyme has 8 positive charges in excess [68]. In such state, it promptly 
interacts with negatively charged vesicles by electrostatic interactions.  This is the behavior observed 
when lysozyme is added to a dilute CTAB/SDS vesicular dispersion, in which the anionic species is in 
excess. Upon interaction, a sort of charge titration takes place and the size of vesicles increases. In the 
same time, the ζ-potential changes until surface saturation is approached. Thereafter, it remains 
essentially the same as the free protein.  This is a clear indication that most surface sites available on 
the vesicle have been titrated. Therefore, it is necessary to estimate the binding efficiency. An 
adsorption isotherm can be drawn from electro-phoretic measurements.  
Two more points still need to be considered. Saturation is not complete, due to repulsive, excluded 
volume, interactions between surface adsorbed protein molecules. Adsorbed lysozyme, in addition, 
may bridge different vesicles: such hypothesis finds support from the substantial increase in lipo-plexes 
size at the saturation threshold. The situation is more interesting in case of pH-dependent bovine 
serum albumin binding onto positively charged DDAB/SDS vesicles. The latter protein has its iso-electric 
point in the pH range close to 5.0-6.0. When the pH of the solution is low, no binding is observed; 
above pH 6.0, on the contrary, the efficiency in binding increases in proportion to the protein net 
charge [71], Figure 7.7. 

 
FIGURE 7.7  
Surface adsorption isotherm and the related surface coverage, θ, calculated by proper rearrangement of ζ-
potential values, as a function of added lysozyme, in mg/ml, to vesicular solution. Data refer to a 6.0 mmol Kg-1 
SDS/CTAB vesicular mixture of mole ratio 2/1, at 25.0°C. Note that surface saturation occurs at high protein 
content, as indicated by the red line in the upper right side of the figure. Redrawn from Ref. [74]. 
 
Surface coverage changes with pH, although the number of charges neutralized upon binding remains 
essentially the same because more negative charges on the protein titrate a high number of surface 
binding sites. In addition, the interactions with vesicles is consistent with an increase in the amount of 
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β-sheet and random coil conformation of albumin. In such conditions, perhaps, albumin retains a 
significant part of its biological activity. 
DNA binding, finally, has been utilized in the case of CTAB/SOS and DDAB/SDS vesicles [72, 73]. The 
latter bio-macromolecule is a long relatively rigid rod, which rolls around the vesicle surface. When 
adsorbed it does not interact with ethidium bromide. Conversely, when completely released from 
vesicles it has significant interactions with that dye and also retains its classical B conformation. In 
words, vesicle-bound DNA is substantially not accessible to the fluorophore, when is accessible to it 
when released. The same holds, very presumably, for all other molecules involved in stacking 
interactions. Released DNA reacts promptly with the products with which it is expected to interact, 
when it is internalized into cells. 
 
 

Biomolecular and cellular evaluation of Cat-Anionic vesicles in Nano-
technology 
 
Before embarking in a study of the potential use of vesicles and similar supra-molecular aggregates in 
nano-biotechnology, an evaluation of their impact upon living cells is mandatory. The simplest way to 
investigate the effects of the exposure to vesicles is using cultured cell systems. The first effect that 
should be examined is the level of cytotoxic action exerted by vesicular suspensions. It should noted 
that the cytotoxicity is a unique feature for each vesicle type and depends upon on their chemical 
composition. Furthermore, the cellular/molecular phenomena underlying the toxic effect and 
subsequent cell death should also be highlighted. We report on cell death, on the possible mechanisms 
of DNA damage at the basis of this phenomenon and on the nature of the cell death. It is known that a 
cell dies following essentially the pathways of apoptosis and/or necrosis, even though phenomena such 
as necroptosis and autophagy are raising increasing interest. All the facets of these modes of cell death 
have been extensively reviewed in literature [74-78]. The possibilities of specific mRNA, a fundamental 
nucleic acid in the process of gene expression and protein bio-synthesis, once incorporated into 
vesicles can be successfully and efficiently transfected into recipient cells are discussed. 
 
Evaluation of vesicle cytotoxicity and their individual components: involvement of DNA damage 
 
The cytotoxic action of the individual surfactants SDS, CTAB and DDAB is exerted at differential extent 
on HEK293. The CTAB component is more toxic than SDS (Fig. 7.8, Left panel). The mortality rate is 
directly proportional to the concentration for both surfactants. Unpublished data from our laboratory 
showed that DDAB is per se dramatically more toxic than CTAB. Analysis of the cyto-toxicity of two 
different vesicles species: SDS-CTAB and SDS-DDAB, (Fig. 7.8, Center panel) shows that the latter ones 
are far more toxic than the SDS-CTAB ones. It is plausible to ascribe this higher toxicity to the intrinsic 
noxious action of DDA, although it cannot be ruled out that the association of the two chemical species 
may play a synergistic role. In any case, SDS-CTAB vesicles, due to their lower toxicity as compared to 
SDS-DDAB, are better candidates for the delivery of biological macromolecules and/or small molecules 
of industrial and biomedical interest. The cytotoxicity of SDA-CTAB vesicles with bound RNA results in a 
slight increase in cell mortality (Figure 7.8, Right panel): this may be ascribed to the commonly 
accepted toxic effect of free, non-vesicle associated, RNA present in the mixture. 
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FIGURE 7.8  
Effect of the separate surfactants and vesicles on the viability of HEK-293 cells. Left panel: Purple bars show the 
toxic effects of SDS and, CTAB (yellow bars). Center panel: Compared cytotoxicity of  vesicles formed with SDS-
CTAB (red bars) and SDS-DDAB (green bars). (Right panel) Cytotoxicity of  vesicle/RNA lipoplexes. In all cases: Cell 
viability was assessed by the colorimetric Mossman assay [79]. The error bars indicate the Standard Error of the 
Mean. 
 
The toxic effect of cat-anionic vesicles is dose and time-dependent as evidenced by the time course of 
the exposure time (Figure 7.9, Upper and Center Panel, respectively). Shorter treatment times with the 
vesicles do not significantly affect the cell survival. Interestingly, human tumor cells lines, such as HL60 
and HeLa, are in general more sensitive as compared to the normal murine fibroblast line 3T6 (Figure 
7.9 of the bottom panel). This phenomenon can be rationalized on the basis of the different structure 
membrane of tumor cells as compared to the normal one. Permeability may also play a crucial role 
since the virtual intracellular concentration of vesicles, in the case of tumor cells, could be higher than 
in normal ones (See also the following section for a detailed discussion of the possible role of the 
plasma membrane fluidity) [24]. Finally, at low concentration tumor cells do not respond significantly 
to the treatment thus suggesting that this population is not homogeneous but includes an intrinsically 
more resistant sub-population.  
It is interesting to acsertain whether cytotoxicity is directly involved in a possible damage at DNA level. 
As shown by TUNEL assay [24], DNA undergoes a severe fragmentation in vesicle-treated cells thus 
suggesting a significant DNA damage which is visualized by fluorescent labelling both at single strand 
and double helix level (Figure 7.10, Center panel). 
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FIGURE 7.9  
Dose, Time, and Differential Sensititvity to SDS-CTAB vesicles. (Upper Panel) Cytotoxity of vesicles at 24 hours of 
treatment. SDS-CTAB vesicles show a pronounced cytotoxicity eve at a concentration as low as 25 M. (Center 
Panel) Effect of concentration and time dependence of vesicles ctyotoxicity. Murine fibroblasts 3T6 were grown in 
the presence of vesicles at the indicated concentration and time. (Bottom Panel) Cytoxicity of cat-anionic vesicle 
on different cell lines. Cells were treated with vesicles for 4 hours. After this treatment the cytotoxic effect of 
vesicles is minimal (see results of the previous figure). The cell types and vesicle concentrations are indicated in the 
figure. In all cases: Cell viability was assessed by the colorimetric Mossman assay [79]. The error bars indicate the 
Standard Error of the Mean. 
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FIGURE 7.10  
TUNEL assay for the evaluation of dell death. (Left panel) Untreated cells. (Center Panel) Cells (3T6) exposed to 35 
vesicles for 24 hours. (Right Panel) Cells treated with H2O2 (positive control). In panel B an evident DNA 
fragmentation indicated by the specific fluorescent reaction, which is a sign of cell death, is present with respect to 
the untreated cells. 
 
This is consistent with the cytotoxicity data discussed above: as matter of fact a heavy DNA damage 
may become not compatible with cell survival. However, the combined data of the toxicity tests, 
measured by the MTT assay [79] and the TUNEL results [24, 80], do not rule out the possibility that a 
defective proliferation, rather than actual cell death, is being observed or a combination of both 
events. A second good candidate to ascertain the mode of cell death is represented by measuring the 
level of membrane lipoperoxidation which is a good diagnostic of the response to an oxidative stress 
damage at membrane level. The role of the plasma membrane as a target for cat-anionic vesicles 
emerges from studies on the biochemical alterations of the lipid bi-layer as discussed in following 
section. 
 
Cell death after exposure to vesicles: role of the plasma membrane alterations and level of apoptotic 
markers 
 
Malonal dihaldehyde (MDA) is a compound not present in “healthy” cells but derives from the 
peroxidation of the poly-unsaturated fatty acids [79 - 81]. This molecule reacts with the free amino-
groups of proteins, of phospholipids and/or with nucleic acids forming stable covalent bonds that 
eventually determine a loss of membrane fluidity, which is the basis of its functional deficit [82, 83]. 
Incidentally, alterations of the membrane fluidity have been also observed after interaction with 
liposomes formed with DMPC and DMPC/gemini [84] and after treatment with a non-cytotoxic natural 
compound [85] as well as after viral infection [86]. As shown in figure 7.11, the intracellular 
concentration of MDA in vesicle-treated cells is about two-fold higher as compared to controls, 
therefore the treatment with vesicles causes a serious oxidative stress with consequent damage at 
membrane level. 
Combined data of the cytotoxic effect of SDS-CTAB vesicles, of the damage at the DNA level observed 
by TUNEL reaction and of the membrane lipoperoxidation, imply that the cell death observed after 
exposure to SDS-CTAB vesicles is essentially attributable to a membrane insult. A good tool to evaluate 
the role of this damage in the activation of the cell death process is provided by the assessment of 
three main phenomena: i.e. the activation of the enzyme poly-ADP-ribose polymerase (PARP), the 
mitochondrial release of cytochrome c and the expression of genes involved in the apoptotic process. 
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FIGURE 7.11  
Lipo-peroxidation assay performed of vesicle-treated cells. Cells (3T6) were treated with vesicles for 4 hours at 75 
μM. Non-treated cells were the negative control while H2O treated cells represented the positive control. The 
comparison between the effect of H2O2 and vesicles is purely qualitative and no quantitative information can be 
inferred. The errors bars indicate the Standard Error of the Mean. 
 
In particular PARP constitutes an important hallmark of apoptosis. This nuclear enzyme is activated 
following DNA damage and is commonly utilized as diagnostic of an on-going apoptotic process. PARP is 
a target of the proteolytic cleavage operated by caspases, a class of cysteine-aspartic acid proteases, 
which play an essential role in the apoptotic process [24, 86, 87]. In untreated cells, PARP is not cleaved 
by caspases (thus it appears as a single band appears after immuno-blotting (Fig 7.12). In contrast, in 
vesicle-treated cells the immuno-reaction evidences two different bands (with molecular weight of 116 
and 85 kDa, respectively), and the amount of the cleaved fragment increases with concentration of 
vesicles. Hence, the treatment of cells with SDS-CTAB vesicles stimulates the expression of the caspases 
which cleave and inactivate PARP: the end of the biochemical story is failure to repair DNA  resulting in 
the progression of the apoptotic process. 

 
FIGURE 7.12  
Evaluation of apoptotic markers. Poly (ADP-Ribose) Polymerase (PARP). Western blot pattern (Panel A) and 
quantitative analysis of full-length and cleaved PARP in control cells and vesicles treated cells (Panel B).  
Mitochondrial release of cytochrome c Western blot pattern (Panel C) and quantitative analysis of cytochrome c 
(Panel D). The errors bars indicate the Standard Error of the Mean. Panel E: Actin control gene. 
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The release of cytochrome c from mitochondria signals unleashes apoptotic progression. Our 
laboratory suggests that the treatment of cells with SDS-CTAB vesicles results in a higher permeability 
of the mitochondrial membrane, thus causing the release of cytochrome c in the cytoplasmic matrix. In 
any case, a further support to the idea that exposure to SDS-CTAB vesicles activates the apoptotic 
pathway is shown by PCR amplification of specific DNA markers. In particular the expression of Bcl-2 
gene is drastically reduced in cells exposed to cat-anionic vesicles. This gene codes for a protein located 
at the membrane level where it prevents the cytoplasmic release of death factors. In conclusion, these 
data strongly suggest that exposure to SDS-CTAB vesicles is a primary cause of membrane damage thus 
causing cell death via activation of the apoptotic pathway. 

 
FIGURE 7.13  
Amplification of the bcl-2 gene RNA by RT-PCR. (Left panel) Lanes 1 – 4: Actin control gene. Lane 5. Untreated 
control cells. Lanes 6 and 7: Cells treated with 25 and 50 M vesicles, respectively. Lane 8: Cells treated with H2O2. 
(Right panel) Quantification of the Westrn blot data shown in the Left panel. 
 
Cat-anionic vesicles do show cytotoxic action at relatively high concentrations and interestingly, they 
are more toxic towards human tumor cells than normal stabilized murine fibroblasts. This effect, as 
mentioned above, may be explained by an intrinsic different membrane permeability of tumor cells 
with respect to normal ones as also discussed in the “classical” works by Van Blitterswijk and Shinitzki 
[89 - 91]. The data discussed allows us to conclude that the cell membrane is possibly the main target 
of the SDS-CTAB vesicles. This emerges from the membrane lipoperoxidation assays in which the main 
product of oxidative stress, MDA, is significantly increased in vesicle-treated cells. The level of DNA 
damage, the levels of death markers and the higher permeability of the mitochondrial membrane lead 
to the conclusion that cell death occurs via the activation of the apoptotic pathway. However, the 
cytotoxic effects of SDS-CTAB are monitored at relatively high concentrations, possibly above the ones 
normally used in pharmacological application. The possibility of using supra-molecular aggregates in 
nano-biotechnology for the delivery of molecules as diverse as nuclear acids, proteins and small 
molecules of pharmaceutical interest remains. 
 
RNase protection assay: Transfection of Chloramphenicol-Acetyl-Transferase reporter mRNA 
 
A powerful tool to measure the expression of nucleic acid after transfection into recipient cells is 
measuring the level of Chloramphenicol-Acetyl-Transferase (CAT). This is a bacterial enzyme whose 
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cognate mRNA can be translated into active protein in eukaryotic cells. The rationale of these 
experiments is that CAT is not normally present in higher cells. The detection of this enzyme is the 
diagnostic sign that the CAT-mRNA has been successfully transferred across the plasma membrane by 
the vesicles and, subsequently, translated into protein within the cytoplasm matrix. Experiments where 
CAT mRNA was transfected into HEK 293 cells, using SDS-CTAB vesicles as molecular vehicles allow the 
quantification of the intracellular concentration of the enzyme by the immuno-enzymatic assay ELISA. 
The efficiency of RNA intracellular delivery of our vesicles is apparently lower as compared to 
Lipofectamine, a commercially available liposome transfection system. This occurs when the CAT mRNA 
is added to pre-formed vesicle and one can reasonably expect that the CAT mRNA is anchored via 
electrostatic interactions to the surface of the vesicles and the cargo molecule becomes an easy target 
for hydrolysis by RNases. This observation is validated by the transfection of naked CAT mRNA is almost 
totally hydrolyzed by the RNases normally present in the cytoplasm. Messenger RNA exists in a quasi-
linear molecular configuration, which is easily hydrolyzed by the resident RNases. Figure 7.14 shows 
that the immuno-reaction between the CAT-protein and anti-CAT antibody is, as expected, almost 
absent in the case of the transfection with naked CAT-mRNA (bar to the right); this is consistent with 
the idea that the RNA is demolished by the RNases present in the cytoplasm and therefore becomes 
unavailable to be translated into protein. The transfection efficiency at the indicated concentrations of 
SDS-CTAB, is indeed lower that the one exhibited by Lipofectamine (Bar to the left) but, in any case is 
quite satisfactory. 

FIGURE 7.14  
Transfection efficiency of mRNA-CAT. In this experiment, the RNA was added to pre-formed vesicles. The 
intracellular level of CAT is lower in the case of SDS-CTAB vesicles as compared to a commercial transfection 
system (Lipofectamine™). See text for further details. LIPO (Lipofectamine) ; V[25M] (25 M vesicle 
concentration) ; V[50M] (50M vesicle concentration) ; V[100M] (100M vesicle concentration) ; CAT (naked 
CAT mRNA).(Figura 5 Paper Laura). 
 
The situation changes dramatically when the vesicles are formed in the presence of CAT-mRNA. In this 
case the RNA would be hosted in the aqueous lumen internal to the vesicles. If the lipoplexes thus 
obtained are transfected into the cells, the RNA is protected by the nucleolytic attack and this results in 
an improved delivery of the cargo molecule. Therefore a significant increase of the transfecting 
performance of the vesicles is monitored (Figure 7.15). 
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FIGURE 7.15  
Transfection efficiency of mRNA-CAT of vesicles formed in the presence of RNA and after treatment with RNase. In 
this experiment, the mRNA-CAT was added to the surfactant mixture prior to the vesicle formation. This results 
strongly suggests that the RNA is internalized within the vesicle aqueous space and it thus protected by the 
nucleolytic attack. Interestingly, vesicles not treated with RNase (last two bars to the right) exhibit a higher 
efficiency than Lipofectamine.LIPO (Lipofectamine); V+E (Vesicles + RNase); V (Vesicles not treated with RNase); 
CAT (naked CAT mRNA). The numbers at the bottom of the bar indicate the vesicle concentration (M). 
 
This strongly suggests that actually the RNA molecule is internalized and protected within the vesicle. 
Subsequent to trasfection, the CAT-mRNA is released in the cytoplasm where is translated into protein. 
The last set of experiments discussed the role the storage temperature from previous evidence from 
our laboratory [68, 72, 73] implicates that vesicles are quite stable in a temperature range of 15-25 °C. 
Actually freezing damages the molecular integrity of the vesicles, thus abolishing their transfection 
efficiency. Freezing almost abrogates the transfection capacity of the SDS-CTAB vesicles since the 
translation of the CAT-mRNA drops almost to the same level as the one exhibited by the naked RNA 
(Figure 7.16, first bar to the left). 
Therefore, it is reasonable assuming that the freezing process disrupts the supra-molecular 
organization of the vesicles. Consequently their role as potential molecular bio-machines for the 
delivery of bioactive polymers is abrogated [91]. 
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FIGURE 7.16  
Effect of freezing on the transfection efficiency. Vesicles formed in the presence of mRNA-CAT and kept frozen at -
20 °C for 24 hours. After thawing, the aggregates were treated with RNase and transfected into HEK-293 cells. Data 
clearly indicate that the Rnase treatment almost abolishes the translation of CAT mRNA into protein. LIPO 
(Lipofectamine); V[25M] (25 M vesicle concentration) ; V[50M] (50M vesicle concentration) ; V[100M] 
(100M vesicle concentration) ; CAT (naked CAT mRNA). 
 
 
 

Conclusions 
 

Data presented in this contribution clearly indicate the strict relations between the structural 
organization of surfactants to form vesicular carriers and the related biological performances. From a 
functional point of view, the efficiency in biopolymer binding is directly related to the nature of the 
reported vesicles, that is their size and surface charge density. The major contribution to the binding 
efficiency is due to electrostatic effects, which ensures good stability to the resulting lipo-plexes and 
substantial possibility to their release from vesicles, when the latter are internalized into cells. Toxicity 
can be modulated by changing the surfactants or lipids to be used in the preparation of effectively 
biocompatible formulations.  
The results obtained indicate that the cell membrane is possibly the main target of SDS-CTAB vesicles. 
This emerges from the membrane lipoperoxidation assays in which the main product of oxidative 
stress, MDA, is significantly increased in vesicle-treated cells. The level of DNA damage, the levels of 
death markers as well as the higher permeability of the mitochondrial membrane, imply that cell death 
occurs via the activation of the apoptotic pathway. In any case, the cytotoxic effects of SDS-CTAB 
vesicles are monitored at relatively high concentrations. The possibility of using supra-molecular 
aggregates in nano-biotechnology for the delivery of diverse molecules, remains still open. 
The interaction of CAT-mRNA with the vesicles causes its internalization within the supra-molecular 
aggregate. This is the first example of an mRNA being delivered within a cell and translated into a 
properly folded conformation as shown by the data obtained with the experiment of RNA protection. 
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The ELISA approach in fact evidences the interaction antigen/antibody (CAT-protein/antiCAT antibody) 
only if the antigen is found in the proper and presumably active molecular structure. 
Finally, one interesting aspect, yet to be investigated in detail, is the mode of cell death. Previous 
evidence from our laboratory indicates that administration of vesicles to cultured causes apoptosis. 
This is a multi-step and very complex mode for a cell to die. Therefore, the elucidation of the key 
step(s) in the process of cell death may help the investigators engaged in this field, to set up the best 
experimental conditions in which, to minimal cell mortality, corresponds an optimal delivery of the 
cargo molecule of biotechnological interest. 
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