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Abstract: Among the synthetic vectors exploitable in Human Gene Therapy (HGT), complexes of DNA with cationic liposomes (lipo-
plexes) are considered the best candidates. Some degree of cytotoxicity and a limited stability on serum are still limiting factors for appli-

cations in vivo. On the contrary the corresponding complexes of neutral liposomes are enough stable and non toxic. This review has the 
aim to offer a survey of existing data, namely structural properties, on neutral liposomes from the point of view of HGT; and to compare, 

whenever possible, the different features of the two classes of compounds. The outlook is that in near future neutral liposomes could be-
have as efficient and safe vectors of genetic material.  
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I. INTRODUCTION 

Human Gene Therapy (HGT) is considered as the medicine of 
the future and may be defined as a treatment of diseases by transfer 
of genetic material into a specific cell of a patient [1]. The discov-
ery that many diseases originate at the molecular level and the 
completion of the Human Genome Project have opened the way to 
the treatment of genetic diseases through replacement of defective 
or absent genes. However, gene therapy methods are also develop-
ing for treatment of cancer and many other diseases (cardiovascu-
lar, infectious, neurological and ocular). Depending on researchers’ 
interest, HGT has been described as molecular surgery [2], molecu-
lar medicine [3] or nanomedicine [4]. HGT represents a therapeutic 
methodology with enormous potentialities and, since its appear-
ance, has induced strong expectations of a rapid solution of many 
health problems both in the professional and the lay communities. 
Yet, very soon the cellular transfection turned out to be a complex 
process, involving many different steps, which has slowed down the 
development of efficient and safe clinical applications. In particular 
it was clear that, to solve the different aspects characterizing this 
medical technique, it was necessary to integrate medical expertise 
with additional skills: namely, biology, biochemistry, physics, 
chemistry, material science and genetic engineering. Roughly, the 
different steps of HGT include preparation of the carrier (viral or 
synthetic), its association with the therapeutic gene, and introduc-
tion of the resulting system into a definite tissue or in the blood 
stream. The gene-carrier system must then find the target tissues, 
enter the target cells and, after entering, traffic through the cyto-
plasm to reach and enter the nucleus. Here it will be transcribed to 
originate the therapeutic protein which, in turn, must act on its re-
ceptor to induce an appropriate therapeutic effect. It follows that 
successful HGT asks for suitable genes, appropriate delivery sys-
tems of simple and cheap manufacturing, efficacy and safety of the 
transfection process. 

The question whether the transport of the genetic material and 
the infection of cells must be carried out by viruses or synthetic 
vectors is still unsolved. Most recent data on clinical trials world-
wide*

 
 are in favour of viruses (roughly 66% vs. 7%) if one consid-

ers the whole period since the first trial approved in 1989 up to 
2009. The high transfection efficiency in vivo is in favour of vi-
ruses, but there are even some significant limitations such as 
mutagenesis, carcinogenesis, immune response and the need of 
expensive techniques of genetic engineering to treat viruses. Many  
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potential advantages, including non-immunogenicity and non-
oncogenicity, lower toxicity, greater nucleic acid packaging capac-
ity, easier and cheaper preparation, are instead in favour of syn-
thetic vectors. Literature is rich in important developments in both 
areas, even if in current opinion synthetic carriers are considered as 
the future of a safe and efficient HGT [5]. Among the many syn-
thetic carriers described so far, leading importance has been gained 
by cationic liposomes (CLs) which interact through their positive 
charge with the negative charged deoxyribonucleic acid (DNA), 
forming positively charged supramolecular structures where DNA 
is condensed. Such complexes (lipoplexes) have been found to be 
safe and rather effective in the in vitro experiments [6], but of lim-
ited efficiency in the in vivo applications: an overview of the rela-
tionships between physicochemical properties of lipoplexes and 
their way of interaction with cells has been recently published [7]. 
As the authors say “despite a lot of efforts, the precise mechanism 
of gene transfer with cationic vectors is still ill-defined”. This re-
view starts with a short discussion on the merits and limits of CLs 
as gene carriers, expecting that the huge amount of data collected in 
the last twenty years will also help in designing optimized neutral 
liposomes (NLs) for HGT. Structural and physicochemical proper-
ties of NLs, together with some application attempts, will then be 
described, with the aim of emphasizing their ability to play as syn-
thetic carriers for the transport and internalization of DNA into cells 
and tissues.  

II. CATIONIC LIPOSOMES AS GENE CARRIERS 

The interest in CLs as gene transfer agents began with the pio-
neering work of Felgner and co-workers [8] who synthesized the 
first cationic lipid N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA). This compound was 
added to the neutral 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) in water solution to give a liposome 
able to bind with DNA and form a stable complex which trans-
fected DNA into some cultured cells, namely COS-7 (a derivative 
of the simian kidney cell line CV1) and TA1 (derived from the 
murine fibroblast cell line 10T ). As the authors noted “the tech-
nique is simple, highly reproducible and effective for both transient 
and stable expression of transfected DNA”. The presence, as a 
helper of transfection, of the neutral liposome DOPE, characterized 
by an inverted hexagonal phase structure, was essential to obtain 
good efficiency, owing to its high fusogenic property [9] and to the 
effect of destabilization of the endosomal membrane [10] that fa-
vors the release of DNA into the cytosol. A second work by the  
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same author described new CLs, showing enhanced transfection 
properties [11]. After such a successful discovery, CLs have been 
the object of intensive investigation aiming at optimizing their per-
formances and better understanding the way they work: an impres-
sive number of new molecules and formulations have been de-
signed and synthesized, in a continuous search for better overcom-
ing the critical barriers encountered in gene delivery. Some recent 
reviews can help to orientate the reader in so great a bulk of infor-
mation [12-14]. 

As already mentioned, the transfection efficiency of CLs is 
lowered by a certain degree of inherent cytotoxicity [15, 16], that 
causes some negative effects on cells, including shrinking and inhi-
bition of the protein kinase C (PKC). Various strategies have been 
proposed to overcome the problem [17]. Besides, efficiency is 
negatively affected by a low stability on serum of lipoplexes [18],

 

which compromises the in vivo experiments [19]. Recently, a com-
parison [20] of ten different commercial lipoplexes, while confirm-
ing the negative effect of toxicity, which increases with the increase 
of the lipid/DNA molar charge ratio, has confirmed that the trans-
fection efficiency depends also on the lipid composition and the 
lipoplex size, as previously found [21, 22]. The structure of each 
cationic lipid is an assembly of three different moieties, namely a 
polar hydrophilic head and a hydrocarbon hydrophobic tail, bound 
together by a linker that can be made of some different functional 
groups (ether, ester, amide, carbammate, etc.). All three compo-
nents take part in determining the whole toxicity. The hydrophilic 
head is responsible for the highest contribution: toxicity induced by 
a quaternary nitrogen is ten times the one induced by a ternary one 
[23]. This result is confirmed by the finding that a ternary amino 
head group is 4 to 20-fold less inhibitory of PKC than a quaternary 
one and that the highest transfection activity occurs with cationic 
derivatives of cholesterol with the lowest PKC inhibitory activity 
[24]. Results that agree with the considerable reduction of toxicity 
obtained when the positive charge is spread on a heterocyclic ring 
[25-27]. In this context it is important to point out that the absence 
of the positive charge in neutral liposomes entitles to foresee some 
kind of advantage over the corresponding cationic liposomes in the 
transfection procedures. The residual contribution to lipid toxicity is 
given by both the hydrophobic tails and the linkers. As for the first, 
conflicting results have been described: the single tailed cetyl-
trimethylammonium bromide was found to be more toxic and less 
efficient than the double tailed DOTMA [28], but in a different 
molecular context, the single tailed oleoyl ornithinate (OLON) is 
less toxic than the double tailed 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) [29]. Finally, it has been 
observed that hydrolysable ester linkers reduce the toxicity of the 
corresponding CLs [30] and enhance their transfection efficiency 
and that better effects are obtained when the hydrophobic tails are 
linked to the cationic head by means of a carbammate linker [31, 
32]. 

In addition to the cited obstacles, some others have been proved 
to affect the in vivo transfection via CLs vectors, beginning with the 
administration route [33]: in the intravenous gene delivery, choles-
terol [34, 35] generally improves the transfection, while DOPE has 
sometimes the opposite effect [35]. Barriers of extracellular origin 
are caused by components of serum which can interfere with the 
travelling lipoplexes [36]: low density lipoproteins and globulins or 
negatively charged compounds as albumin destabilize the positively 
charged lipoplexes and some low molecular weight lipids present in 
serum can replace the original lipid. The consequence of these bar-
riers is to destroy a certain amount of lipoplex, so only a fraction of 
it can reach the target cells. Such fraction is then exposed to intra-
cellular obstacles acting at the different steps of the transfection 
process: fusion of the lipoplex with the cellular membrane, inter-
nalization by endocytosis, separation of the gene from the carrier to 
allow DNA enter the nucleus [37, 38]. The structure of the 
liposome itself can negatively affect the process: that happens when 

the liposome has limited loading capacity and/or low reproducibil-
ity of the formulation. Finally, the eventuality that single particles 
of a charged lipoplex aggregate one another giving rise to larger 
liposomes particles, unsuitable for transfection, must be considered 
[39]. All these barriers are responsible for the difficulty to realize 
standard delivery processes. Taking these limits of the CLs into 
account, a critical survey of the literature on NLs, examined under 
the perspective of the various features potentially useful in HGT, is 
presented in the next section. Two important elements however 
account a priori for studying NLs as DNA carriers: low inherent 
cytotoxicity [40, 41] and longer circulation lifetimes in serum with 
better clearance profiles [42].  

III. NEUTRAL LIPOSOMES 

Pioneering works on NLs go back to the end of the seventies 
and beginning of the eighties and aimed at understanding the role of 
Ca

2+ 
and Mg

2+
 in inducing vesicles fusion [43, 44] and finding a 

reasonable mechanism for it [45-48]. On the basis of the results 
achieved some attempts to encapsulate and deliver genetic material 
were performed: poliovirus RNA [49] and Simian virus DNA [50, 
51] were encapsulated with good yields in large unilamellar vesi-
cles (LUV) of phosphatydilserine (PS) and delivered to cells. A few 
significant papers followed these preliminary studies: a plasmid 
DNA was encapsulated with high efficiency in a neutral lipid made 
of egg phosphatidylcholine (PC) and cholesterol [52]; lecithin 
liposomes [53] were used to deliver a model oligodeoxyribonucleo-
tide (F-DNA) into nuclei of cultured human keratinocytes. In the 
meantime, strategies to design liposomes that could circulate in 
serum for many hours before removal by the reticuloendothelial 
system or phagocytosis by macrophages were suggested: in the 
former case polyethylene glycol-coated liposomes (PEG) were 
experimented successfully [54-56], in the latter it was found that 
gangliosides and sphingomielyn act synergistically to reduce the 
rate and extent of uptake of liposomes by macrophages [57] and 
that an analogous effect is obtained using phosphatidylinositol [58, 
59]. Furthermore, the problem of the low unloading efficiency of 
internalized liposomes started being considered: the idea was to 
convert a highly stable circulating liposome into an unstable 
liposome once entering the endosome, by exploiting the decrease of 
pH within this compartment [60, 61]. The biophysical mechanism 
of action of pH sensitive liposomes involves a transition of the 
liposome from the lamellar to the more fusogenic hexagonal phase 
[62]. In an experiment, folic acid was used [63] to prepare folate 
targeted liposomes that were able to release 20-25% of their load in 
tumour cells. Interesting works were published in the same years, 
based on different techniques, dealing with: (i) the measurement of 
forces acting between PC and phosphatidylethanolamine (PE) bi-
layers in aqueous electrolyte solutions [64]; (ii) the differential 
scanning calorimetric determination [65] of structural transitions 
operated on lecithin by DNA in aqueous solution of Ca

2+
 ions; (iii) 

the analysis of the structural organization and the phase behavior 
[66] of the DNA-Ca

2+
-DPPC complex, studied by means of freeze-

fracture technique. While studies on NLs as helpers of cationic 
liposomes in transfection experiments [67] were going on, a new 
interest in their use as autonomous carriers of genetic material 
arose. The use of complexes of DNA and NLs in the presence of 
metal ions as vectors of transfection in vitro and in vivo was tested 
[68, 69] and a new method for entrapping plasmid DNA (pDNA) 
into NLs, by simply adding CaCl2 and ethanol to aqueous mixtures 
of the corresponding lipids and pDNA lead to higher efficiency 
than previously known procedures. Encapsulations of pDNA in 
DOPC, DOPC-DOPE, DOPC-DOPE-cholesterol [70] and DPPC 
[71] were realized and targeted transfections performed. 

The structure of the complexes of NLs with DNA started being 

considered: it was demonstrated that neutral (zwitterionic) 

liposomes condense with polynucleotides in aqueous solutions of 

divalent metal cations through a self assembly process which leads 
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to stable ternary complex NLs-DNA-M
2+

. DOPC [72] was con-

verted in the corresponding liposome and mixed with calf thymus 

DNA in hepes buffered aqueous solutions of different divalent 

cations (Mn
2+

, Co
2+

, Fe
2+

, Mg
2+

). Simultaneous small (SAXS) and 

wide angle X-ray scattering (WAXS) measurements were carried 

out on the ternary complexes obtained, using different mole ratios 

of the components: in a typical experiment on DOPC-DNA-Mn
2+

 

the mole ratio was 3:4:12 and the corresponding synchrotron X-ray 

diffraction (XRD) pattern (Fig. 1) at 298 K is reported. The spec-

trum is characterized by two intense sharp peaks at d1 = 7.34 nm 

and d2 = 6.04 nm: similar peaks were observed in all the samples 

investigated, which ranged from 3:4.1 to 3:4:24 molar ratios of the 

three components (Table 1). The most significant XRD data re-

ported as a function of the relative concentration of Mn
2+

 at a fixed 

DOPC/DNA ratio show a constancy of the d1 spacing and an appre-

ciable continuous decrease of d2 from 6.38 to 5.88 nm, the latter 

value being very close to the one measured in a DOPC/Mn
2+

 3:24 

mixture (d = 5.84 nm). Both series of data reveal the liquid-

crystalline nature of lamellar phases [73]: the d1 spacing was asso-

ciated with the Lc  phase of the ternary complex DOPC-DNA-

Mn
2+

, the d2 with the L  phase of DOPC-Mn
2+ 

following a com-

monly accepted nomenclature [74, 75]. The first structure is similar 

to that found in CLs-DNA complexes [76, 77] made of stacks of 

alternating lipid bilayers and DNA monolayers. A schematic picture 

of the Lc  phase of the ternary complex DOPC-DNA-Mn
2+

 was 

proposed (Fig. 2a): the DNA strands are sandwiched between the 

lipid bilayers and bound together through the hydrated metal ions. 

The simultaneous presence of two lamellar structures, confirmed by 

an analogous XRD study [78], was interpreted by plotting (Fig. 3) 

the integrated intensities of the first order peaks of the ternary com-

plex and of the uncomplexed DOPC against the ratio of the metal 

ion concentration versus the one of the DNA phosphate groups. An 

increase of the Mn
2+ 

concentration favours the formation of the 

ternary complex with a complementary reduction of the DOPC-

Mn
2+

: the saturation is reached at a ratio [Mn
2+

] / [PO4
2-

]  6, corre-

sponding to a constant volume fraction of the two structures (~ 70% 

to ~ 30% respectively). The formation of the ternary complex is 

promoted by the positively charged metal ions that bind the polar 

heads of DOPC with the negatively charged phosphate of DNA. 

This suggests that NLs behave like cationic lipids in the presence of 

metal ions and that, in the case of neutrals, the driving force for the 
complexation is caused by the release of the counterions. 

A similar study was made using DPPC as a neutral liposome 
[79, 80]: the complex DPPC-DNA-Ca

2+
 was prepared either from 

multilamellar (MLV) or unilamellar (ULV) vesicles of DPPC. In 
both cases two distinct lamellar phases were observed, the one cor-

 

Fig. (1). Synchrotron SAXS pattern of DOPC-DNA-Mn2+ complex at molar 

ratio 3:4:12. 

 
Table 1. The Lamellar Repeat Distance of the L

c
  Complexed Phase 

(d1) and of the L   Uncomplexed Phase (d2) as a Function of 

Metal Concentration 

(Reprinted from Phys. Rev. E, 2003, 67, 11904-6, http://pre.aps.org) 

DOPC DNA Mn
2+

 d1(nm) d2 (nm) 

 

3 

 

3 

 

3 

 

3 

 

3 

 

3 

 

4 

 

4 

 

4 

 

4 

 

4 

 

4 

 

1 

 

4 

 

6 

 

12 

 

18 

 

24 

 

 

 

7.33 

 

7.34 

 

7.34 

 

7.35 

 

7.31 

 

6.38 

 

6.33 

 

6.24 

 

6.04 

 

6.00 

 

5.88 

 

Fig. (2). a: proposed model for L c phase of the ternary complex DOPC-DNA-Mn2+; b: schematic picture of structure of the HII
c  phase of DOPE-DNA-M2+ 

complexes. The DNA strands are collocated in the inner of the structural elements.- (Reprinted from Europhys. Lett., 2004, 67, 671, with permission of the 
editor, www.epljournal.org). 
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responding to DPPC bound to DNA, the other to the unbound 
DPPC. Both lamellar phases are present in the precipitate fraction 
of the sample prepared with MLVs, while only the complexed 
phase is present in the precipitate of the sample prepared with 
ULVs, the uncomplexed lipid being in the supernatant. As for 
DOPC, the complex has a lamellar structure where DNA layers are 
embedded in the DPPC layers. The two lamellar phases are present 
in both the gel (298K) and the liquid crystalline (328 K) thermo-
tropic phases: a value of d = 7.84 nm has been observed for the 
ternary complex. The difference from the value found in the ternary 
complex with DOPC (7.34 nm) was cleared up by considering that 
the presence of a double bond on both hydrocarbon chains in DOPC 
induces some rigidity of the tails. This rigidity is absent in the fully 
saturated chains of DPPC, which gives rise to a higher freedom in 
the membrane fluctuation of the latter. It must also be noticed that 
the lamellar repeat distance in complexes with MLVs at 298 K 
increases slightly from 7.85 to 7.88 nm with Ca

2+ 
concentration 

moving from 1 to 4 mM. Surprisingly it drops to a minimum of 
7.86 nm when Ca

2+
 concentration is equal to 5 mM and slowly rises 

back at increasing values of Ca
2+

 concentrations. The experimental 
evidence suggests that with 5 mM concentration of Ca

2+
 a special 

compact structural arrangement is obtained, indicative of increased 
order. To strengthen such interpretation the authors observed that 
the 5 mM concentration is the only one where a DNA-DNA in 
plane correlation is present on the X-ray spectrum. Starting from 
these data and from the number of estimated lipid molecules per 
DNA phosphate in the complex, already determined as 4.5-5 [71], 
and considering that Ca

2+
 ions bind preferably to complexed than to 

uncomplexed DPPC molecules [81], the authors concluded that the 
value of 5 mM of Ca

2+
 roughly corresponds to one CaCl2 for every 

two DPPC molecules. On the basis of these results a model was 
proposed where every Ca

2+
 bridges two adjacent DPPC molecules, 

making the net positive charge on the trimethylammonium portions 
of the two DPPC molecules bind with the phosphates of DNA. A 
different interpretation was previously suggested [82] while study-
ing the interactions of bivalent metal cations with DNA (and dou-
ble-stranded polynucleotides) and ULV of PC. The results of the 
Scatchard plots of PC-DNA-Mn

2+
 and DNA-Mn

2+
 complexes, to-

gether with data of elemental analysis, lead to propose an arrange-
ment where each Mn

2+
 bridges two DNA phosphates with three PC 

molecules. 

 

Fig. (4). Synchrotron SAXS pattern of DOPC-DNA-Mn2+  at different metal 

concentration vs fixed DOPC/DNA  molar ratio (3:4). A) 3:4:6; B) 3:4:12; C) 

3:4:18. 

After the publication of the structural works on DOPC and 

DPPC an extended systematic approach to NLs based complexes 

has been undertaken and some important insights on their structure 

and morphology obtained. Ternary complexes NLs-DNA-M
2+

 (M
 
= 

Ca, Mg, Mn, Fe) were prepared, using liposomes bearing unsatu-

rated (DOPC, DLPC and DOPE) or saturated (DPPC) hydrocarbon 

tails. Microscopic structures of lipids and their corresponding 

ternary complexes were investigated, having in mind a twofold 

goal: to test (i) whether different metal cations are equally active in 

promoting the DNA condensation into the ternary complexes with 

different lipids and (ii) to what extent structure and phase symmetry 

of the original lipids affect the structure of the self-assembled com-

plexes. These aspects are of great general interest, not only for fun-

damental implications, but mainly in view of an approach to gene 

delivery based on a correct knowledge of the relationships between 

structure and transfection efficiency. Complexes of calf thymus 

DNA with DOPC [83, 84], DLPC [84], and DPPC [85] exhibit the 

already discussed multilamellar liquid-crystalline Lc  phase, con-

sisting of ordered assemblies where hydrated DNA helices are 

sandwiched between the lipid bilayers, and the metal cations medi-

ate the binding of the phosphate groups of DNA with the lipid polar 

heads. In all cases the Lc  phase coexists with the uncomplexed L  

phase of the parent lipid. SAXS patterns of the system DOPC-

DNA-Mn
2+

 at different Mn
2+

 concentrations (Fig. 4) confirm the 

presence of two sets of peaks (each one including the fundamental 

and higher-order harmonics). Layer spacings, d1 ~ 7.52 nm and d2 ~ 

5.9 nm respectively for the complex and the uncomplexed pure 

lipid, were found: these values are substantially analogous to those 

determined in slightly different experimental conditions [72]. Simi-

lar values (d1 ~ 7.06 and d2 ~ 5.86) were found for the DLPC-DNA-

 

Fig. (3). The integrated intensities of the first order diffraction peaks of the 

complexed ( ) and the uncomplexed DOPC liposome ( ), as a function of 

molar ratio metal cation/DNA. (Reprinted from Phys. Rev. E, 2003, 67, 
11904-8, http://pre.aps.org) 
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M
2+

 complexes and for DLPC-M
2+

. The electron density profile 

(Fig. 5) along the normal to the bilayers in the Lc  phase of the 

complex DOPC-DNA-Mn
2+

 shows two density maxima corre-

sponding to phospholipid headgroups and a minimum in the middle 

corresponding to the terminal hydrocarbon chain. The distance 

between the centres of the density maxima gives the phosphate-

phosphate group separation dPP ~ 4.51 nm and allow to calculate the 

water layer thickness dW = d1 – dPP ~ 3.01 nm. This value is suffi-

cient to accommodate double stranded DNA helices surrounded by 

one hydration layer, plus two thin layers of hydrated metal ions: 

these results confirm the structure previously reported (Fig. 2). 

Likewise, in the complex with DLPC were calculated water layer 

thicknesses dW in the range of 2.8-3.0 nm, depending on metal 

cation. Analogous results were found [85] in the ternary complexes 

of DPPC and DNA with Ca
2+

, Mg
2+

 and Mn
2+

: layer spacings of the 

Lc  phases (d1 ~ 7.9 nm for Ca
2+

and Mg
2+

 and 8 nm for Mn
2+

) are 

in a range similar to the ones found in complexes with DOPC and 

DLPC. The SAXS pattern of the DPPC-DNA-Ca
2+

 (Fig. 6) shows a 

correlation peak, marked as DNA in the figure, corresponding to 

the DNA-DNA interaction already reported [79], and indicative of a 

higher organization of the DNA chains between the liposome lay-

ers. In this case the thermotropic phase behaviors of the complexes 

in a temperature range between 30 an 55 °C, well above the main 

transition temperature of the pure lipid (Tm = 41.3 °C) were studied: 

the results show the situation for the complexes with Ca
2+

 (Fig. 7), 

quite similar to the one with Mg
2+

, and Mn
2+

 (Fig. 8). An important 

conclusion arises from the analysis of such patterns: coexistence of 

complexed and uncomplexed phases persists over the whole ex-

plored thermal range but, as temperature increases, the relative 

concentrations of the lamellar phases of pure lipids change in favor 

of one of the ternary complex and such effect is higher in case of 

Mn
2+

. An increase of temperature was found to increase the rate of 

complex formation in the fluid L  phase [86] and this effect is 

amplified when temperature produces a transition from the gel to 
the fluid phases (between 45 and 50 °C in this case). 

The change of the basic geometrical shape of the lipid molecule 

from cylindrical (DOPC, DLPC, DPPC) to wedge-like (DOPE) 

induces a structural transformation of the corresponding complexes. 

The equilibrium phase of pure DOPE in excess water consists of an 

inverted hexagonal HII lattice [87], whose structure elements are 

infinitely long rigid rods, all identical and cristallographically 

equivalent. They are made of cylinders filled with water and dis-

persed in the continuous medium of the hydrocarbon chains, 

whereas the polar groups are located at the water-hydrocarbon 

chain interface. A unit cell spacing a = 7.44 nm, for DOPE in ex-

cess water was calculated from SAXS data [88] (Fig. 9). The elec-

tron density profile (Fig. 10) along the [10] direction, allowed to 

calculate a steric lipid bilayer thickness dL = 4.42 nm and hence an 

 

Fig. (5). Electron-density profile along the normal to the bilayer in  the L c 

phase of the triple complex DOPC-DNA-Mn2+ (3: 4:12). 
 

Fig. (6). SAXS pattern of DPPC-DNA-Ca2+ complex at molar ratio 3:4:24. 

 

Fig. (7). Synchrotron XRD patterns of the DPPC-DNA-Ca2+ complex at 
3:4:24 molar ratio as a function of temperature. 



Can Neutral Liposomes be Considered as Genetic Material Carriers Mini-Reviews in Organic Chemistry, 2011, Vol. 8, No. 1     43 

average diameter of the water core dW =3.02 nm. It was demon-

strated [84, 88] that DOPE and divalent metal cations Mn
2+

, Mg
2+

, 

Co
2+

 and Fe
2+

 in water solution are able to condense DNA into a 

new inverted-hexagonal phase HII
C

: as an example the SAXS pat-

tern for the ternary complex DOPE-DNA-Fe
2+

 at 3:4:12 molar ratio 

is reported (Fig. 11). As it was observed for DOPC, DLPC and 

DPPC, two different sets of peaks are identified also in this spec-

trum and labelled as HII and HII
C

 with different unit cell spacings, 

namely a = 7.45 nm and ac = 6.87 nm, respectively. The first set of 

peaks corresponds to the phase HII of pure DOPE, whereas the sec-

ond set is consistent with the 2D columnar inverted hexagonal 

phase HII
C

 of the DOPE-DNA-Fe
2+

 complex. In this structure DNA 

strands are supposed to fill the water gap inside the cylinders of 

pure DOPE, as supported by the electron density profiles (Fig. 12) 

calculated along the [10] direction. The two shoulders at z/d ~ 0.26 

and 0.73 respectively correspond to phosphate groups and are used 

to localize the centres of the polar headgroups. From the structural 

data, values of dPP = 3.26 nm, dL = 4.36 nm were calculated, lead-

ing to a water layer thickness dW = 2.51 nm, large enough to ac-

commodate a double-stranded DNA molecule surrounded by a 

hydration layer [77]. A schematic representation of the structure of 

the complex was proposed (Fig. 2b). Noteworthy, the ratio between 

HII and HII
C

 depends also on the incubation time: the SAXS pattern 

registered after 48 hours shows the total disappearing of phase HII  

wholly transformed into the ternary complex. This result asks for an 

accurate determination of the correlations between incubation times 
and the yields of ternary complexes. 

In all cases the process of self-aggregation is controlled by the 
release of counter-ion entropy upon neutralization of DNA phos-

 

Fig. (8). Synchrotron XRD patterns of the DPPC-DNA-Mn2+ complex at a 

3:4:24 molar ratio as a function of temperature. 

 

Fig. (9). SAXS pattern of pure DOPE. (Reprinted from Europhys. Lett., 
2004, 67, 671, with permission of the editor, www.epljournal.org) 

 

Fig. (10). Electron density profile of the pure DOPE along the [10] direction 

of the unit cell. The origin corresponds to the center of water core. (Re-

printed from Europhys. Lett., 2004, 67, 671, with permission of the editor, 

www.epljournal.org) 

 

Fig. (11). SAXS pattern of DOPE-DNA-Fe2+ complex at 3: 4:12 molar ratio. 

(Reprinted from Europhys. Lett., 2004, 67, 672, with permission of the 
editor, www.epljournal.org) 
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phate groups by metal cations. Generally pDNA has been preferred 
to linear DNA, considering that the native supercoiled conformation 
of the former is physiologically active and hence more promising 
for therapeutic applications. A study on solid supported ternary 
complexes of DOPC-DNA-Mn

2+
 [89] can be considered useful in 

such perspective: using, the Energy Dispersion X-ray Diffraction 
(EDXD) and an original experimental procedure [90, 91], it was 
possible to examine their structure, which is essentially identical to 
its counterpart in aqueous solution. Solid supported complexes can 
emerge as an interesting state in order to obtain high resolution 
structural information on ternary complexes of NLs. Using the 
same technique, with the aim of increasing the knowledge on NLs, 
a study [92] was made to explore the effect of hydration on the 
structural features of these multilamellar systems, starting from the 
consideration that adsorbed water plays a major role in the effec-
tiveness of lipid drug delivery systems where lipid-cell interactions 
are involved. The hydration kinetics of oriented lipids DOTAP and 
DOPC, bearing different headgroups and both able to entrap DNA, 
was studied: results show that the long-range order in multilamellar 
lipid systems strictly depends on the hydration level, but in a non-
monotic way. First, adsorbed water molecules promote the gain of 
spatial coherence along the normal to the lipid bilayers reaching a 
maximum: then, water molecules penetrate the interbilayer region 
and behave as bulk water, producing disorder. This confirms the 
existence of a correlation between the degree of hydration of lipid 
bilayers and the structure of interbilayer water [93, 94].  

The whole of these achievements asks of course for an evalua-
tion of the attitude of the complexes of NLs to behave as carriers of 
DNA. Complexes DOPC-DNA (pGreenLantern plasmid)-M

2+
, with 

M = Ca or Mn, were used [95, 96] to transfect mouse fibroblast 
NIH 3T3 cell lines. The expression of the green fluorescent protein 
(GFP), analyzed by means of fluorescence microscopy, demon-
strates the capability of complexes with neutral liposomes to trans-
fect DNA, even though the efficiency observed is rather low, if 
compared with the corresponding complexes of CLs. A higher effi-
ciency was obtained with an analogous complex where DOPE was 
added to DOPC to get a final formulation 1 to 4 (authors’ unpub-
lished data), which encourages to continue research in the field and 
shows that the lipid formulation influences the transfection effi-
ciency also in NLs, a behaviour well known in CLs. As recently 
outlined [97], a mixture of the four components DO-
TAP/DOPC/DOPE/DC-Chol shows higher transfection efficiency 
with respect to the binary DOTAP/DOPC and DOPE/DC-Chol 

[98]. A result confirmed by the finding [99] that the transfection 
pattern increases monotonically with the number of lipid compo-
nents. In addition it has been found [100] that the transfection effi-
ciency on C6 rat glioma cells by DC-Chol/DOPE/DNA lipoplexes 
and the toxicity of lipoplexes to cells are dramatically affected by 
cationic liposome/DNA weight ratio. Finally [101], a mixture of 
dilauroyl (12 carbon medium-chain) and dioleoyl (18 carbon long-
chain) homologues of O-ethylphosphatidylcholine synergically 
enhances transfection. This mixture transfects 30-fold more effi-
ciently than either compound separately. 

Existing data at the moment are too limited to predict analogous 

correlations in NLs, which could be of great importance in order to 
address the synthesis of new liposomes. An interesting approach 

could be represented by a pegylated NL [102], since pegylation 

effects on CLs are well known. Positive effects are a prolonged 

circulation lifetime of lipoplexes on serum and a reduction of the 

formation of aggregates [56, 103, 104], a property used for better 

tumour gene expression [105, 106]. Negative effects may come 

from the steric barrier of PEG, which might inhibit the transfection 

activity of lipoplexes by reducing the particle-membrane contact. 

Under definite experimental conditions [107] PEG-lipids had a 

minimal effect on the binding and subsequent endocytosis of the 

lipoplexes, but severely inhibited active gene transfer into the cyto-

plasm. In a different context, PEG chains are reported to decrease 
both the interaction and cellular internalization of DNA complex 

[108]. 

In order to check the effect of pegylation on NLs, the structures 

of mixed complexes DOPE-DOPE/PEG(350)-DNA-M2+
 (M = Ca, 

Mg, Mn) were therefore studied. The result of the XRD investiga-

tion on the complex with Mn
2+

 (Fig. 13) shows that, with an 

amount of 3% of DOPE-PEG, the two phases HII and C

IIH , indexed 

on 2D hexagonal lattice with different unit cells (a =7.42 nm and aC 

 

Fig. (12). Electron density profile of the DOPE-DNA-Fe2+ complex (3:4:12) 

along the [10] direction of the unit cell. The origin corresponds to the center 

of the water core. (Reprinted from Europhys. Lett., 2004, 67, 672, with 

permission of the editor, www.epljournal.org) 

 

Fig. (13). Synchrotron XRD patterns of the DOPE-DOPE/PEG(350)-DNA-

Mn2+ complex as a function of different concentrations of the DOPE/PEG 
component in the lipid mixture.  
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=6.82 nm respectively) coexist as usual. As for DOPE, the former 

set of peaks is attributed to DOPE-DOPE/PEG(350)-Mn
2+

, while 

the latter is consistent with the 2D columnar inverted hexagonal 

phase DOPE-DOPE/PEG(350)-DNA-Mn
2+

. It is worth noticing that 

a new phase, indexed in the SAXS pattern as Q (Fig. 13), appears at 

higher concentrations of DOPE-PEG (6, 9 and 15%): the corre-

sponding peaks are spaced in the ratios 2; 3; 4; 6; 8; 9; 10  

consistent with a cubic Q
224

 phase [109], with the space group 

Pn3m. A transition HII  QII has been found in different contexts 

[110, 111] and a review describing phases and phase transitions of 

the phosphatidylcholines [112] has been published. In this case the 

transition takes on a particular importance in view of an extensive 

use of lipid based cubic phase materials for drug delivery applica-

tions; in addition bicontinuous cubic crystalline phases in mixture 

of lipids seem to play an important biological role in membrane 

fusion [113]. This ability, together with the well known fusogenic 

property of DOPE and its destabilizing effect on targeted endoso-

mal membranes makes the complexes DOPE-DOPE/PEG(350)-

DNA-M
2+

 extremely interesting for application in HGT. In addi-

tion, the possibility of inducing structural transitions to the cubic 

phase, via a proper control of the metal cation concentration, repre-

sents a significant progress toward a design-based approach to drug 
delivery. 

Beside the development of the research aiming at better under-

standing structure and function of the NLs-DNA-M
2+

 complexes 
for HGT application, other scientists followed different approaches: 

there has been recently proposed [114] a way to reduce the cyto-
toxic effect of cationic vectors by encapsulating the positively 

charged lipoplexes into an outer leaflet made of NLs. The authors 
decided to prepare what they call asymmetric liposomes, to distin-

guish such new particles from the normal vectors, considered to be 
symmetric: in these ones, the inner and outer lipid layers have the 

same composition, while in the others the inner and outer lipid lay-
ers are different. Briefly they have hypothesized to keep the 

strongly encapsulated lipoplex DNA-DOTAP in the inner leaflet of 
a second liposome (DMPC; DOPC) made of neutral lipids. The 

inverse emulsion technique [115, 116] used for such preparation 
has resulted in low yields so far. 

CONCLUSIONS AND FUTURE DEVELOPMENTS 

For the moment the use of NLs as autonomous carriers of ge-

netic material in human gene therapy can be considered no more 

than an opportunity to be explored as an alternative to CLs. Consid-

ering that these are still regarded as the most promising synthetic 

vectors, despite the many limits they still encounter, particularly in 

the in vivo applications, and that NLs behave as important helpers 

in transfection experiments with cationic liposomes, a future for 

NLs as autonomous carriers appears feasible. Lack of toxicity and 

high stability in serum are added values in their favour. Some of the 

results outlined in this review are worth interesting developments. It 

has been found that complexes reflect the structure and symmetry 

of the parent lipids and that the different bivalent metal cations are 
equally active in promoting the DNA condensation into the ternary 

complexes. These achievements provide an important structure-

composition correlation, that may be used in designing at the best 

these materials as non-viral DNA carriers in HGT. Additional de-

velopments of the research in the field, currently investigated in our 

laboratories, concern the use of pegylated NLs in the management 

of brain related diseases, where CLs have started being experi-

mented [117-121], also introducing new protocols [122] for a more 

efficient encapsulation. Better results could be obtained with NLs, 

thanks to their ability to reduce opsonization. The recent interest on 

the so-called intelligent carriers which is developing on CLs could 

also represent an interesting opportunity for NLs [123-125]. 

The structural aspects of NLs in determining transfection effi-
ciency don’t exhaust the discussion on the feasibility of HGT with 
NLs. Many other aspects, such as Z-potential values, liposome size, 
type and extension of DNA association are also very important, but 
data are still lacking. As for Z-potential, preliminary measures in 
our laboratories show values close to zero, which means that the 
interaction between the complex DNA-vector and the cell mem-
brane must be classified as adhesion-fusion, a mechanism requiring 
however deeper investigations. The entry of NLs in the world of 
HGT and the consequent opportunity to compare properties and 
activity with the ones of cationic and anionic liposomes could lead 
to a better understanding of this process [126, 127].  

Apart from these perspectives directly concerning HGT, the 
many interesting research opportunities NLs present, from struc-
tural studies to synthesis of modified or new original liposomes, 
from evaluation of structure-property relationships to application in 
alternative fields such as drug delivery, are important reasons to 
keep on research in this field. 
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ABBREVIATIONS 

HGT = Human Gene Therapy 

DOTAP = 1,2-dioleoyl-3-trimethylammonium-propane 

DOTMA = N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride 

OLON = oleoyl ornithinate 

PC = phosphatidylcholine 

PE = phosphatidylethanolamine 

PS = phosphatidylserine 

DOPC = 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine 

DLPC = 1,2-dilinoleoyl-sn-glycero-3-
phosphatidylcholine 

DPPC = 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine 

DC-Chol = N-(N',N'-dimethylaminoethane)-
carbamoyl]cholesterol 

ULV = unilamellar vesicles 

MLV = multilamellar vesicles 

DOPE = 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine 

PEG = poly-ethyleneglycol 

CLs = cationic liposomes 

NLs = neutral liposomes 

DNA = deoxyribonucleic acid 

pDNA = plasmid deoxyribonucleic acid 

PKC = protein kinase C 

XRD = Synchrotron X-ray Diffraction 

SAXS = Small Angle X-ray Scattering 

WAXS = Wide Angle X-ray Scattering 
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EDXD = Energy Dispersion X-ray Diffraction 

GFP = green fluorescent protein 

Note: Patents have not been considered in this review. 
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