
This document is the Accepted Manuscript 

version of a Published Work that appeared in 

final form in the journal Advances on Colloid 

and Interface Science, copyright © 2014 

Elsevier, after peer review and technical 

editing by the publisher. To access the final 

edited and published work see:

http://dx.doi.org/10.1016/j.cis.2013.11.005

http://dx.doi.org/10.1016/j.cis.2013.11.005


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1 Graphical abstract

2 Advances in Colloid and Interface Science xxx (2013) xxx–xxx
4

5

6 Adsorption of DNA onto anionic lipid surfaces

7

8 Alberto Martín-Molina a,⁎, Germán Luque-Caballero a, Jordi Faraudo b,
9 Manuel Quesada-Pérez c, Julia Maldonado-Valderrama a

10
a Departamento de Física Aplicada, Universidad de Granada, Campus de Fuentenueva sn, 18071 Granada, Spain

11
b Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB, E-08193 Bellaterra, Spain

12
c Departamento de Física, Escuela Politécnica Superior de Linares, Universidad de Jaén, 23700 Linares, Jaén, Spain

1314

15

16

Advances in Colloid and Interface Science xxx (2013) xxx

CIS-01350; No of Pages 1

0001-8686/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cis.2013.11.005

Contents lists available at ScienceDirect

Advances in Colloid and Interface Science

j ourna l homepage: www.e lsev ie r .com/ locate /c i s

Please cite this article as:Martín-Molina A, et al, Adsorption of DNA onto anionic lipid surfaces, Adv Colloid Interface Sci (2013), http://dx.doi.org/
10.1016/j.cis.2013.11.005

http://dx.doi.org/10.1016/j.cis.2013.11.005
http://www.sciencedirect.com/science/journal/00018686
http://dx.doi.org/10.1016/j.cis.2013.11.005
http://dx.doi.org/10.1016/j.cis.2013.11.005


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1 Highlights

2 Advances in Colloid and Interface Science xxx (2013) xxx–xxx
4

5

6 Adsorption of DNA onto anionic lipid surfaces
7

8 Alberto Martín-Molina a,⁎, Germán Luque-Caballero a, Jordi Faraudo b, Manuel Quesada-Pérez c, Julia Maldonado-Valderrama a

9
10

a Departamento de Física Aplicada, Universidad de Granada, Campus de Fuentenueva sn, 18071 Granada, Spain
11

b Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB, E-08193 Bellaterra, Spain
12

c Departamento de Física, Escuela Politécnica Superior de Linares, Universidad de Jaén, 23700 Linares, Jaén, Spain

13
14

15 • Anionic lipoplexes are considered to be promising tools for gene therapy because of their low cytotoxicity.
16 • The DNA adsorption onto anionic lipid surfaces is mediated by multivalent cations.
17 • Langmuir lipid monolayers serve as models to study DNA adsorption onto lipid membranes.
18 • Computer simulation addresses specifically the molecular mechanism underlying the binding of DNA with anionic lipids.
19

20

21

Advances in Colloid and Interface Science xxx (2013) xxx

CIS-01350; No of Pages 1

0001-8686/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cis.2013.11.005

Contents lists available at ScienceDirect

Advances in Colloid and Interface Science

j ourna l homepage: www.e lsev ie r .com/ locate /c i s

Please cite this article as:Martín-Molina A, et al, Adsorption of DNA onto anionic lipid surfaces, Adv Colloid Interface Sci (2013), http://dx.doi.org/
10.1016/j.cis.2013.11.005

http://dx.doi.org/10.1016/j.cis.2013.11.005
http://www.sciencedirect.com/science/journal/00018686
http://dx.doi.org/10.1016/j.cis.2013.11.005
http://dx.doi.org/10.1016/j.cis.2013.11.005


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1 Historical perspective

2 Adsorption of DNA onto anionic lipid surfaces

3 AlbertoQ1 Martín-Molina a,⁎, Germán Luque-Caballero a, Jordi Faraudo b,
4 Manuel Quesada-Pérez c, Julia Maldonado-Valderrama a

5 a Departamento de Física Aplicada, Universidad de Granada, Campus de Fuentenueva sn, 18071 Granada, Spain
6 b Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB, E-08193 Bellaterra, Spain
7 c Departamento de Física, Escuela Politécnica Superior de Linares, Universidad de Jaén, 23700 Linares, Jaén, Spain

8

9

a b s t r a c ta r t i c l e i n f o
10
11 Available online xxxx
121314
15 Keywords:
16 Gene therapy
17 DNA
18 Lipid
19 Lipoplex
20 Coarse grain models
21 All-atomic simulations

22Currently self-assembled DNA delivery systems composed of DNA multivalent cations and anionic lipids are
23considered to be promising tools for gene therapy. These systems become an alternative to traditional cationic
24lipid–DNA complexes because of their low cytotoxicity lipids. However, currently these nonviral gene delivery
25methods exhibit low transfection efficiencies. This feature is in large part due to the poorly understoodDNA com-
26plexation mechanisms at the molecular level. It is well-known that the adsorption of DNA onto likely charged
27lipid surfaces requires the presence of multivalent cations that act as bridges between DNA and anionic lipids.
28Unfortunately, themolecularmechanisms behind such adsorption phenomenon still remainunclear. Accordingly
29a historical background of experimental evidences related to adsorption and complexation of DNA onto anionic
30lipid surfaces mediated by different multivalent cations is firstly reviewed. Next, recent experiments aimed to
31characterise the interfacial adsorption of DNA onto a model anionic phospholipid monolayer mediated by
32Ca2+ (including AFM images) are discussed. Afterwards, modelling studies of DNA adsorption onto charged
33surfaces are summarised before presenting preliminary results obtained from both CG and all-atomic MD com-
34puter simulations. Our results allow us to establish the optimal conditions for cation-mediated adsorption of
35DNA onto negatively charged surfaces. Moreover, atomistic simulations provide an excellent framework to
36understand the interaction between DNA and anionic lipids in the presence of multivalent divalent cations.
37Accordingly, our simulation results in conjunction go beyond the macroscopic picture in which DNA is stuck to
38anionic membranes by using multivalent cations that form glue layers between them. Structural aspects of the
39DNA adsorption and molecular binding between the different charged groups from DNA and lipids in the
40presence of divalent cations are reported in the last part of the study. Although this research work is far from
41biomedical applications, we truly believe that scientific advances in this line will assist, at least in part, in the
42rational design and development of optimal carrier systems for genes and applicable to other drugs.
43© 2013 Elsevier B.V. All rights reserved.
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63 1. Introduction and background

64 Gene therapy is considered one of the most strategic scientific
65 methods to introduce genetic material in damaged cells (target cells)
66 to repair or replace damages in the cellular genetic material and thus
67 to relieve symptoms of many inherited or acquired human diseases. In
68 contrast to traditional medicine, the purpose of gene therapy is to cure
69 diseases at a molecular level, repairing possible damages in the cellular
70 DNA and preventing their appearance. In particular, non-viral gene
71 delivery vectors represent one of the strategies most successful in
72 gene therapy at present, given that they are biocompatible systems
73 with low cytotoxicity. Since the early 60s, the research aims to combine
74 the DNA with chemical substances which are able to electrically neu-
75 tralize, complexate and condensate, the DNA [1–3].Q2 To this end, essays
76 with polypeptides such as polyarginine or polihystidine have been
77 carried out but their elevated toxicity prevents their use in transfection
78 in-vivo. Enhanced results are provided by using polylysine with their
79 monomers in L configuration, since this biodegraded polypeptide is
80 less toxic. Other studies performedwith polycations such as spermidine
81 or spermine, do not show significant improvements in the transfection
82 efficiency by direct injection.Q3 Also, cationic polymers such as poli-
83 vinilamine and poli-vinilpiridine have been tested. These are positively
84 charged polyelectrolytes in physiological media which can complexate
85 the DNA that will be extended once in the cytoplasm. However, their
86 transfection efficiency has not been yet proved yet. Finally, dendrimers,
87 with structures similar to that found in histones, are efficient only in-
88 vitro. Since the early 1980s, chemical transfection methods, based on
89 liposome vectors, emerge as an alternative to overcome the lack of
90 efficiency found in the rest of the chemical methods. In fact, lipoplexes
91 (liposomes–DNA) are the most used non-viral vectors in transfection
92 due to their capability to protect the gene and introduce it into the
93 target cell. However, despite great progresses in relation to the use of
94 lipoplexes in gene therapy, the use of these gene vehicles is still in an
95 early stage principally due to their low transfection capacitywith regard
96 to the viral vectors. Nonetheless, as predicted by Danilo D. Lasic (1952–
97 2000), pioneer of the application of liposomes in medicine, a good
98 understanding of the physicochemical properties of the lipoplexes con-
99 tributes significantly to the increase in their rates of transfection [1]. In
100 fact, cationic lipids complexate the DNA giving rise to a great variety
101 of supramolecular structures (cationic lipoplexes) where the cationic
102 lipid bilayers appear as the polycations with the capability to compact
103 the DNA and to form a supramolecular assembly with applications in
104 gene delivery [4–9]. These complexes facilitate the transfection owing
105 to the similarity between the cell membrane and the bilayer lipidmem-
106 brane which yields endocytosis (process whereby cells absorb material
107 from the outside). However, cationic liposomes induce a large number
108 of adverse effects for DNA delivery. For instance, the use of cationic lipo-
109 somes to deliver nucleic acids to cells is inappropriate due to the lack of
110 efficiency in the transfection, the instability of storage, the potential
111 toxicity of the cationic lipid in a cellular environment [10–17], etc.
112 Cationic lipoplexes can be inactivated in the presence of serum and
113 they are not likely tomaintain their stability upon intravenous injection
114 as a consequence of the presence of high concentrations of negatively
115 charged plasma proteins and circulating blood cells [13,15]. Regarding
116 the toxicity, experimental studies have shown that they cause cytotox-
117 icity in both, in-vitro and in-vivo [10–12,14,16,17]. For instance, Filion

118and Philips studied cationic lipoplexes that include the zwitterionic
119lipid: DOPE as a helper lipid (frequently used to form cationic lipoplexes
120[18–21]). In particular, these authors evaluated, among other things, the
121toxicity of different DOPE–cationic lipid lipoplexes towards phagocytic
122macrophages and non-phagocytic T-lymphocytes. According to their
123results, this kind of cationic lipoplexes resulted to be extremely toxic
124following oral administrations. As a consequence, they claimed that
125alternatives to cationic liposomes for DNA therapy should be considered
126in order to avoid dose-limiting and adverse effects [11,12]. With the
127same spirit, Patil et al. studied delivery of plasmid DNA in mammalian
128cell cultures using anionic lipoplexes formed by mixtures of DOPE
129and anionic DOPG lipids [16]. According to their results, toxicity of
130lipoplexes prepared from naturally occurring anionic lipids revealed
131lower than the cationic liposome lipofectAmine®. Later, Lv et al. report-
132ed a very complete review with respect to the toxicity of cationic lipids
133and polymers in gene delivery in which a relationship of toxicity and
134structure of diverse cationic compounds was provided [17].
135Recent investigations have revealed the complexation of anionic
136liposomes with DNA (anionic lipoplexes) as an alternative to classical
137cationic lipoplexes due to their lower cytotoxicity [16,22–37]. However,
138since both anionic lipids andDNA are negatively charged, cations are re-
139quired as bridges between them. In this sense, monovalent cations are
140inappropriate due to their poor binding affinity with lipid headgroups
141[38]. Instead, multivalent metal cations, principally Ca2+, have been
142employed to form anionic lipoplexes [16,22,23,26,27,29,32,37,39].
143Precisely, the first section of the present manuscript is devoted to ana-
144lyse in depth the experimental results concerning the complexation
145procedure of anionic lipoplexes aswell as the interactions at the surface
146between anionic lipid monolayers and DNA mediated by cations. Given
147that, at some stage of the transfection process, the interfacial properties
148of these compounds are involved; their surface properties are of major
149importance for understanding the penetration (adsorption)mechanism
150of DNA and for identifying the conformational changes involved in the
151membrane. In this regard, Langmuir monolayers are a versatile and
152well established characterisation method which allows elucidating
153structural and mechanical properties of lipid surfaces. Furthermore,
154Langmuir monolayers serve as substrate to complementary techniques
155such as SPM [40], BAM [41], FI [42,43], IRRAS [41], VSFG [43], SHG [44],
156etc. These allow visualization of the interfacial material and provide fur-
157ther structural details rendering Langmuir monolayers a very attractive
158experimental method to study the interaction of DNA with lipids. The
159first part of this work reviews the current literature of Langmuir mono-
160layers as a substrate for anionic lipid and DNA complexation.
161In addition, state of the art of theoretical models and computer sim-
162ulations related to the adsorption of DNA onto likely charged surfaces
163mediated by cations are also reviewed in this work. In particular, coarse
164grain (CG) models, in which several atoms are grouped together into
165effective interaction sites, appear as a satisfactory tool to study many
166phenomena that lie within the mesoscopic spatio-temporal scale. In a
167biological context, examples of such phenomena are protein–protein
168interactions, lipid–protein interactions, and membrane–membrane in-
169teractions [45]. In fact, CG molecular model implemented by MC simu-
170lations has been previously used to describe theoretical analysis of the
171physical properties of cationic and zwitterionic lipid–DNA complexes
172[46,47]. For the case of polyelectrolytes, Dias and Pais reported a com-
173plete review inwhich they discussed results from computer simulations
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174 based on CG polyion models applied to the conformation of polyanions
175 as well as their condensation in bulk, induced by multivalent ions and
176 oppositely charged polycations. They also studied the polyanion con-
177 densation in responsive charged surfaces. However, the case of ad-
178 sorption of such polyions onto likely charged surfaces mediated by
179 multivalent cations was not reported [48]. However, the case of ad-
180 sorption of such polyions onto likely charged surfaces was not re-
181 ported. Accordingly, in Section 3.1 we will use the works of Dias
182 and Pais as a starting point to describe the CGmodels and afterwards
183 we will present some preliminary results concerning adsorption of
184 anionic polyelectrolytes onto anionic surfaces.
185 Beyond the CGmodels, conventional all-atomicMolecular Dynamics
186 (MD) simulation (and hybrid simulation) is a well-established tech-
187 nique in order to simulate the structure and dynamics of soft matter
188 in general, and of biomolecular systems in particular [49]. Approaches
189 derived from CG models are correct in many situations but can become
190 inaccurate for the so-called last nanometer phenomena [50]. These are
191 interfacial processes with length scales of the order of the nanometer,
192 whose description requires the inclusion of atomistic detail of the lipids.
193 Examples of these phenomena are ion binding [51–54], membrane
194 adhesion, sequestering of lipids by other biomolecules [55] and mem-
195 brane crystallization [56]. Accordingly, the goal of the last section of
196 the manuscript is twofold. Firstly, to understand in more depth the
197 interaction of cations and lipids by means of all-atomic MD simulations
198 and secondly, to include a DNA model in the simulations and examine
199 its adsorption onto anionic lipid bilayers in the presence of the divalent
200 cations. Alternatively to simulations, compaction of DNA by cationic
201 liposomes has been also theoretically analysed by a phenomenological
202 theory put forward by Nguyen and Shklovskii [57]. This theory provides
203 phase diagrams that contain information about the liposome and DNA
204 concentration necessary to have either anionic or cationic isolated
205 lipoplexes or also clusters of lipoplexes [9,18,19]. Unfortunately, quanti-
206 tative predictions for chemical contributions (hydrogen bonding, solva-
207 tion effects,…) cannot be readily established from chemical structure or
208 physical property considerations. The only direct way to estimate the
209 strength of these chemical contributions seems to be from the adsorp-
210 tion behaviour at high salt concentrations, where the electrostatic
211 contributions are gradually expected to become less important. Also,
212 numerical calculations of the mean-field electrostatic free energy of a
213 zwitterionic lipid monolayer–DNA complex support experimental
214 observations where DNA adsorbs onto zwitterionic lipid monolayers
215 in the presence of divalent cations [58,59]. These last results will be
216 deeply reviewed in Section 3.
217 In accordance, this review provides an up to date list of references
218 for this field of study and is organized into two sections concerning
219 experimental and simulation studies of anionic lipoplexes, respectively.
220 The first section is in turn divided in two subsections in terms of inter-
221 actions of DNA with lipid bilayers and lipid monolayers. Regarding the
222 modelling and simulation section, it has been divided according to the
223 theoretical procedure in CG models and all-atomic MD simulations.

224 2. Experimental evidences

225 2.1. Anionic lipoplexes physiology

226 As it has been mentioned in the introduction, anionic lipoplexes
227 become an alternative to classical cationic lipoplexes due to their
228 lower cytotoxicity. In this sense, the group of Prof. Mozafari pioneered
229 the use of anionic lipoplexes since the early 90s (see references
230 [22,23,29–31,40,60] and references cited therein). This group has
231 specialised in the preparation and optimisation of anionic lipoplexes
232 reporting new strategies to incorporate polynucleotides to anionic
233 liposomes by themediation of divalent cations. For instance, they devel-
234 oped amethod for transferring genomic DNA to target cells bymeans of
235 liposomes formed by PC and DCP as zwitterionic and anionic lipids, re-
236 spectively, and CHO. Likewise, they provided two possible transfection

237strategies. On the one hand, the procedure consists in the induction of
238fusion of liposomes (with DNA inside) through the catalytic action of
239DNA and Ca2+ in order to transfer the content of the liposomes into
240the target cell. On the other hand, the strategy was to introduce the
241DNA to a medium containing target cells and Ca2+ in such a way the
242DNAmolecules can be taken into the fused liposomes [22,23]. In ad-
243dition, Mozafari et al. have developed a scalable and safe method to
244prepare non-toxic anionic lipoplexes based on an original heating
245procedure so-called HM, in which no volatile organic solvent or
246detergent is used [30]. Therein, the authors indicated that HM-
247nanoliposomes were completely non-toxic in the cell-line tested,
248whereas conventional liposomes prepared by the usual thin-film
249method revealed significant levels of toxicity [30,60]. In addition,
250this group is skilled in the morphological characterisation of the
251structure of the resulting complexes by diverse techniques of mi-
252croscopy [31,40]. As a consequence, the investigation performed
253by this group has inspired other researchers in the use of anionic
254lipoplexes for applications in gene therapy and thus, the number of
255experimental studies has grown vertiginously in the last decade.
256For instance, Patil et al. carried out studies concerning anionic
257lipoplexes for plasmid DNA delivery into mammalian cells in-vitro
258[16,26]. They reported a novel anionic lipoplex composed of DOPE/
259DOPG lipids, plasmid DNA molecules and Ca2+. The resulting trans-
260fection and toxicity assays were evaluated in CHO-K1 cells achieving
261an efficient delivery of plasmid DNA with anionic lipoplexes [16].
262In addition, these authors demonstrated that biophysical character-
263isation of anionic lipoplexes can be used to identify formulation
264conditions and electrochemical properties for achieving optimal
265transfections [26]. Afterwards, this idea was followed by Srinivasan
266et al. who also used DOPG/DOPE liposomes to study the role of
267Na+, Mg2+ and Ca2+ at different lipid-DNA ratios to transfer plas-
268mid DNA in CHO-K1 cells [33]. Hence, they carried out a biophysical
269characterisation of the resulting lipoplexes by using techniques of
270particle size, gel electrophoresis, transmission electron microscopy
271and confocal microscopy to optimise the formulation for these
272anionic lipoplexes. Interestingly, Srinivasan et al. demonstrated
273that the transfection efficiency of anionic lipoplexes is similar or
274higher than with cationic lipoplexes but the cellular toxicity was
275meaningfully less when anionic liposomes were used [33]. Continu-
276ing with the biophysical characterisation of DOPG/DOPE-DNA-Ca2+

277lipoplexes studies performed by Patil et al., they used electrokinetic
278techniques to demonstrate that Ca2+ interaction with plasmid DNA
279also induces restructuring of DNA that facilitates the transfection
280[26]. Furthermore, they used circular dichroism and fluorescence
281spectroscopy techniques to show how a plasmid DNA underwent a
282conformational transition due to compaction and condensation
283upon Ca2+-mediated complexation with anionic liposomes. In addi-
284tion, Patil et al. proved that these structural changes were different
285to those found in cationic lipoplexes or in complexes DNA–Ca2+.
286As a consequence they concluded that DNA cellular uptake, intracel-
287lular trafficking and transfection of anionic lipoplexes may involve
288different and more suitable pathways compared with other DNA de-
289livery systems [26]. More recently, Kapoor et al., using DOPG/DOPE
290liposomes again, have demonstrated that physicochemical attri-
291butes of anionic lipoplexes can be used to estimate in-vitro activity
292of anionic lipid-based ternary siRNA complexes and understand
293their morphology correlating the lipoplex assemblies to biological
294activity [37]. Based on their experimental characterisation, they
295proposed a model representing lipid-siRNA association within the
296anionic lipoplexes as a function of the lipid-siRNA ratio that proves
297the existence of a synergism role of lipids and Ca2+ in associating
298with siRNA to form anionic lipoplexes. At low lipid-siRNA ratios,
299siRNA loading of anionic lipoplexes is equivalent to that obtained
300with Ca2+-siRNA complexes (in absence of lipids). In contrast, at
301high lipid-siRNA ratios, Ca2+ primarily contributes to siRNA com-
302plexation whereas lipids contribute to siRNA encapsulation and
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303 both of these processes are required to achieve complete siRNA
304 loading [37].
305 With the aim of further understanding the structural aspects of an-
306 ionic lipoplexes, Liang et al. investigated the structure and interactions
307 of anionic lipoplexes in the presence of different divalent metal cations
308 such as Mg2+, Ca2+, Co2+, Cd2+, Mn2+ and Zn2+ by performing SAXS
309 experiments and confocal microscopy [25]. According to them, anionic
310 lipoplexes self-assemble into a lamellar structure at low lipid mem-
311 brane charge densities (Fig. 1 A). This lamellar assembly consisted in
312 alternating layers of like-charged DNA and anionic membranes bound
313 together with divalent cations. As the membrane charge density
314 increased, they observed how the DNA was expelled from the complex
315 and sandwich-like structure resulted among lipidmembrane sheets and
316 divalent cations (Fig. 1 B). This transition between the two structures
317 was also induced by increasing the concentration of divalent cations.
318 Moreover, the system forms an inverted hexagonal phase comprised
319 of a hexagonal array of divalent cation-coated DNA strands wrapped
320 by anionic lipid monolayers (Fig. 1 C). In addition, it was reported
321 that divalent cations (especially Zn2+) could also coordinate
322 nonelectrostatically with lipid molecules and modify the resulting
323 structure [25]. Later, Khiati et al. performed also SAXS studies of
324 novel anionic nucleotide based lipids for DNA delivery and expres-
325 sion [32]. According to them, the structure of the complexes is
326 strongly dependent on the formulation being the transfection en-
327 hanced by inverted hexagonal structures. In cooperation with the
328 structural aspects of anionic lipoplexes, the equilibrium constants
329 for the binary complexes Ca2+–lipid, Ca2+–DNA and DNA–lipid pro-
330 vide the basis for the electrotransfer of gene-DNA into biological
331 cells and tissue [27].
332 Concerning the interaction between lipids and DNA, Michanek et al.,
333 studied the interaction of nucleic acids with zwitterionic and anionic
334 phospholipids by means of DSC and QCM-D [61]. Therein the authors
335 showed that the length of the nucleic acids is one of the crucial factors
336 in determining how association influences the lipid phase behaviour,
337 and the largest effects were observed for the shorter nucleic acids.
338 Later the authors also characterised the association of ssRNA, dsRNA
339 and dsDNA with zwitterionic and cationic monolayers with different
340 phase behaviour by means of surface pressure–area isotherms, NR and
341 fluorescence microscopy [62]. Also with cationic lipids, Suga et al.,
342 investigated the binding of liposomes to ssRNAmolecules through elec-
343 trostatic and hydrophobic attraction in order to induce conformational
344 changes in them [63]. In the same line, binding of DNA to catanionic
345 surfactant vesicles was also studied by Bonincontro et al. using different
346 experimental approaches [64]. Therein it was shown how DNA can be
347 completely retrieved from the vesicles upon addition of adequate
348 amounts of anionic surfactant whereas precipitation of a poorly soluble
349 salt results in an almost complete release of DNA.
350 In summary, experimental pieces of evidence of diverse anionic
351 lipoplexes prove that the transfection efficiency of anionic complexes
352 is similar or higher than that of cationic lipoplexes but the cellular

353toxicity is proved to be significantly less when anionic liposomes are
354used. The transfection efficiency of anionic lipoplexes depends on the
355optimal formulation of the complexes, which is a function, in turn, of
356the structure of the lipid–cation–DNA ternary system as well as the
357lipid–cation, cation–DNA and DNA–lipid binding. These experimental
358facts are summarised in Table 1.

3592.2. Interaction of DNA with anionic lipid monolayers

360The objective of investigating the interaction of DNA with anionic
361lipid by Langmuir monolayers is to enlighten the mechanism of forma-
362tion of anionic lipoplexes and its transfection efficiency exposed above
363(Table 1). In order to address this issue effectively, separate investi-
364gations into the nature of the interactions between the various com-
365ponents involved in the complexation (DNA, lipid molecules and
366cations) should be accomplished. As it has been discussed, anionic
367lipids require multivalent cations to mediate attractions to negatively-
368charged DNA through direct electrostatic bridging interactions. But
369also, multivalent cations can coordinate non-electrostatically with
370lipid molecules and modify its structure and mechanical properties.
371Hence, it is important to start investigating the physics governing the
372effect of cations on the properties of anionic monolayers in order to
373address later the interaction of DNA with anionic lipid monolayers
374and achieve a coherent understanding of the resulting structures.
375Lipid monolayers at the air–water interface hence allow studying
376these interactions by looking into the modification of the area per
377lipid molecule and hence the compression state and molecular packing
378of the monolayer.
379One of the first works dealing with anionic lipid monolayers was
380done back in the 80's by Ohki and Düzgünes [65] who use an original
381experimental approach which mimics the process of membrane fusion
382by looking into the adsorption of liposomes onto a monolayer com-
383prised of the same lipids. These authors evaluate the surface tension of
384the system (PC and PS) as the liposomes penetrate into the monolayer
385as a function of concentration and type of the divalent cations present
386in the subphase (Ca2+, Mg2+ and Mn2+), thus examining the mecha-
387nismof the ion-inducedmembrane fusion inmodelmembrane systems.
388As a result, the liposomes penetrate significantly into the monolayer
389only in the presence of a critical concentration of cations in the subphase
390and this mechanism is similar for both zwitterionic (PC) and anionic
391(PS) lipids. According to Ohki and Düzgünes, the interaction of divalent
392cations with the phospholipid polar group causes a water exclusion
393effect from the membrane resulting in an increased hydrophobicity of
394the cation–lipid complex. This is an important piece of work suggesting,
395for the first time, that the interaction between divalent cations and
396anionic lipid monolayers cannot be regarded as purely electrostatics
397but affects decisively the surface properties of the system. In fact,
398more recently it has been shown that the presence of Ca2+ or Mg2+

399induces very different aggregation behaviour for PS liposomes as
400characterised by their fractal dimensions [66,67]. This ion-lipid specific

Fig. 1. Schematic pictures of self-organized structures of anionic lipoplexesmediated by divalent cations. (A) Condensed DNA–ion–membrane lamellar structurewith alternating layers of
DNA and anionic membranes glued together by divalent cations. (B) Condensed ion–membrane lamellar structure inwhich chargedmembranes stacks are held together by divalent cat-
ions. (C) 2D inverted hexagonal structure inwhich hexagonal arrays of divalent cations coatedDNA strandswrapped in the anionicmembranemonolayer tubes. Lipoplexmodelwith DNA
wrapped into phospholipid inverted micelles. Reprinted with permission from reference [25]. Copyright (2005) National Academy of Sciences, U.S.A.
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401 interaction has also been intensely studied by MD simulations for the
402 case of Ca2+, Mg2+ and La3+ cations interacting with PS lipid bilayers
403 [52,53] and will be properly discussed in the last section.
404 More recently, Sovago et al. authored a very interesting contribution
405 addressing specifically the interaction of Ca2+ with anionic lipid DOPS
406 and zwitterionic lipid DPPC by means of Langmuir monolayers in
407 combination with VSFG. This work emphasizes the role of the surface
408 pressure on the calcium-induced changes of the lipid monolayer.
409 Namely, Ca2+ induces the formation of lipid domains at low surface
410 pressure (b5 mN/m), induces disorder at intermediate surface pres-
411 sures (5–25 mN/m) and expands and simultaneously orders the lipid
412 chains at the highest surface pressures (N25 mN/m) [43]. Interestingly,
413 the authors also report qualitatively similar effects on anionic and zwit-
414 terionic lipids. Hence, this work confirms the importance of solvent
415 interactions in the systems envisaged by Ohki and Düzgünes [65].
416 The influence of the surface pressure on the interaction of cations
417 with anionic lipids has been also reported for an organic cation (MG)
418 and DPPG [44]. Kim et al. show again distinct types of adsorption of
419 MG depending on the initial phase of the monolayer. Combination
420 with second harmonic generation, fluorescence microscopy and X-ray
421 reflectivity illustrates the orientation of MG in each phase: vertical
422 penetration into the DPPG monolayer at a fluid phase; vertically but
423 oppositely paired orientations at a more condensed phase and parallel
424 adsorption at the interface near the lipid headgroup region at a highly
425 packed condensed phase.
426 More recently Ross et al. visualized the calcium induced domains in
427 mixed DPPC/DPPS 4:1 Langmuir-Blodgettmonolayers [42]. Bymeans of
428 a combination of imaging techniques, the authors demonstrate that
429 these lipids are miscible in the absence of Ca2+ while they form DPPS
430 rich domains upon the addition of Ca2+. This study concentrates on
431 low-intermediate surface pressure values and concludes that the pres-
432 ence of Ca2+ triggers phase separation of the monolayer [42]. In addi-
433 tion, the presence of Ca2+ was reported to alter the morphology of
434 the domains in a DPPC/DOPS bilayer [68].
435 Hence, analysis in conjunction of the studies published so far
436 concerning the effect of cations on anionic lipid monolayers allows
437 establishing some details of the possible scenario for the complexation.
438 Apart from the electrostatics, thepresence of cations affects crucially the
439 hydrophobicity of the system and the molecular packing of the mono-
440 layer. However, experimental investigations remain to be done in

441order to fully elucidate the role of the structural position of the anionic
442group in the lipid molecule and the role of the molecular packing of
443the lipid in the monolayer in the interaction of lipid with cations and
444the induced morphological changes in the lipid surface. Yet, the surface
445pressure seems to play a vital role in the cation–lipid interactions
446allowing the tuning of the molecular packing on the monolayer.
447Consider now the interaction of DNA with anionic lipids. Since
448anionic lipids and DNA are electrically repelled to each other, the
449attraction needs to be mediated by multivalent cations, and this is
450the reason why the physical state of the lipid–cation monolayer has
451been established first. Nevertheless, none of the works shown so
452far apply the findings to then allocate DNA in the system. There is in-
453deed very little work dealing with the interaction between DNA and
454anionic monolayers and the research in this direction remains in a
455very early stage.
456There are some works addressing the complexation of DNA with
457zwitterionic lipids monolayers mediated by cations [41]. Interestingly,
458and in the line of the previous speculations, Gromelski et al. reported
459that the interaction with DNA is not only mediated by cations but also
460depends on the surface pressure of the lipid monolayer. These authors
461showed that the DNA partially penetrates into the DMPE monolayer
462only at low surface pressures and in the presence of Ca2+ but is
463squeezed out at higher surface pressures even in the presence of Ca2+.
464This again demonstrates the importance of the physical state of the
465lipid monolayer for establishing the conditions which favour the com-
466plexation of DNA with the lipid. The presence of Ca2+ is not enough
467to trigger not only the complexation but also the molecular packing
468(i.e. surface tension) needs to be considered.
469One of the few works showing specifically adsorption of DNA onto
470anionic lipid monolayers is the work done by Frantescu et al. with PS/
471POPC 1:2 [27]. These authors report an increase of the area per lipid in
472the presence of DNA + Ca2+ in the subphase. In this way, the authors
473provide evidence of the binding of DNA to anionic lipids mediated by
474Ca2+. Interestingly, in contrast to DMPEmonolayers [41], the DNA com-
475plexationwith PS/POPC 1:2mediated by Ca2+ remains regardless of the
476surface coverage of the monolayer. Whereas DNA is expelled in DMPE
477monolayer at high surface pressures, for PS/POPC the lipid remains in
478a liquid-expanded state during all the compression. Hence, an impor-
479tant conclusion arising from these studies is that unsaturated chain
480phospholipids which reach the collapse directly from liquid-expanded

Table 1t1:1

t1:2 Summary of experimental systems based on anionic lipoplexes reported in Sections 1 and 2.1.

t1:3 Lipids Lipid assemblies Cations Type of DNA-based
therapeutic

Reference

t1:4 N-C12-DOPE/DOPC
(70:30)

liposomes spermine4+ plasmid DNA pZeoLacZ [23]

t1:5 DCP:PC:CHOL
(2:7:1)

MLV Ca2+ genomic DNA from wheat seedlings [21,22]

t1:6 DCP/PC/CHOL
(2:7:1)

MLV Ca2+ plasmid DNA pCMV-GFP [29]

t1:7 DCP/PC/CHOL
(2:7:1)

MLV Ca2+ plasmid DNA pcDNA3.1/His B/lacZ [30]

t1:8 DOPG/DOPE
(17:83)

MLV Ca2+ plasmid DNA pCMV-GFP [15,25]

t1:9 DOPG/DOPE
(1:1-1:9)

MLV Ca2+, Mg2+, Na+ plasmid DNA pEGFP-N3 [32]

t1:10 DOPG/DOPE
(variable)

ULV Ca2+ siRNA [36]

t1:11 DOPG/DOPC
(variable)

MLV Mg2+, Ca2+, Co2+, Cd2+, Mn2+, Zn2+ λ-phage DNA
calf timus DNA

[24]

t1:12 DOPG/DOPE
DPPA/DOPE
(variable)

Liposomes Ca2+ plasmid DNA pEGFP [31]

t1:13 PS/POPC (1:2) ULV Ca2+ calf timus DNA [26]
t1:14 POPA Liposomes – polynucleotide acid (polyU) [27]
t1:15 POPG, POPN Liposomes – polynucleotide acids (polyA, polyU) [33]
t1:16 DMPS/DMPC

(1:2)
MLV Na+, Ca2+ tRNA and ssDNA [61]
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481 phase never reach enough condensation to squeeze out the DNA in the
482 presence of Ca2+.
483 With the aim of deepen into this effect, a recent study carried out at
484 the University of Granada deals with mixtures of zwitterionic and an-
485 ionic lipid but increasing the concentration of the former (DPPC/DPPS
486 4:1) [69]. Fig. 2 shows the shift in the π-A isotherms recorded for a
487 DPPC/DPPS 4:1 monolayer on a subphase containing both Ca2+ and
488 DNA with respect to the one recorded on a water subphase [69]. Inter-
489 estingly, the penetration now depends again on the surface pressure
490 with the isotherms appearing displaced to higher molecular areas only
491 at low surface pressurewhile collapsing at the highest surface coverage.
492 This result agrees with the results of Gromelski et al. for DMPE [41],
493 suggesting that the highest molecular packing reached before the col-
494 lapse for saturated phospholipids forces the DNA out the monolayer.
495 The highest amount of zwitterionic lipid in the system could be now
496 dominating the interaction. Fig. 3 shows AFM images of the monolayer
497 of both isotherms at π = 2 mN/m. These images reveal the presence of
498 DNA at the interface, allowed identifying phospholipid–Ca2+–DNA
499 interfacial aggregates and picture more accurately the interaction [69].
500 Moreover, visualization of the monolayer by AFM has provided the
501 definite evidence of the presence of DNA at the interface.
502 Results published so far importantly highlight the different interac-
503 tions occurring in zwitterionic and anionic monolayers and we are
504 beginning to understand how they influence the complexation with
505 DNA mediated by Ca2+. Experimental works with Langmuir mono-
506 layers demonstrate not only the importance of cations in mediating
507 the interaction between anionic lipids and DNA but also reveal the
508 role of the nature of lipid andmolecular packing as quantified by surface
509 tension. The adsorption of DNA appearsmore stable for anionic systems
510 but further investigation into thismechanism still needs to be undertak-
511 en in order to fully provide a clear explanation of the interactions taking
512 place and validate this as a universal trend. To achieve this it seems
513 crucial to combine it with more sophisticated techniques in order to
514 univocally interpret the results. Furthermore, work on bilayers and
515 numerical simulations (as those reviewed in next sections) need to be
516 considered in order to realize the mechanism of nucleic acid transfer
517 by liposome–DNA complexes.

518 3. Modelling and simulations

519 Before analysing themechanismunderlying the formation of anionic
520 lipoplexes, modelling the system zwitterionic monolayer/M2+/DNA is

521essential to understand the role of divalent metal cations in its interac-
522tions with zwitterionic lipids and DNA. The formulation of a general
523theory about the DNA adsorption onto zwitterionic monolayers in the
524presence of divalent cations would be helpful to correlate such results,
525determine the driving force and the conditions that favour the forma-
526tion of themonolayer/M2+/DNA complexes and describe their structur-
527al features. In this sense, Mengistu et al. have developed a theoretical
528approach based on the classical PB formalism to look into the role of
529divalent cations in the formation of a monolayer/M2+/DNA complex
530[58]. To this aim, they represented theDNAwith charged rods. The zwit-
531terionic headgroups in themonolayerweremodelled as electric dipoles.
532The dipole movement was limited by two constraints: i) The negative
533charge was fixed on the interface plane; and ii) the distance between
534the positive and negative charges was constant. They calculated the
535increment in the free energy associated with the adsorption of the
536DNA rod onto the zwitterionic monolayer, showing that this magnitude
537decreasedwith increasing concentrations of either monovalent or diva-
538lent cations, and being more sensitive to the divalent ones. Hence, the
539addition of divalent cations made the DNA binding on the zwitterionic
540monolayer more stable. Moreover, the adsorption process took place
541with redistribution of divalent cations from the DNA to the anionic
542moieties in the lipid headgroups. Consequently, the formation of the
543monolayer/M2+/DNAcomplex seems to be governed by the electrostat-
544ic interactions. This model was recently extended to account for the
545change in the surface pressure induced by the M2+-mediated DNA
546adsorption on the zwitterionic monolayer [59]. In this case, the authors
547focused on the second order tilt transition, which is observed experi-
548mentally at lower surface pressures when both M2+ and DNA are pres-
549ent in the subphase [41]. This downshift in the tilt transition surface
550pressure was qualitatively predicted by the model, indicating that the
551DNA-induced M2+ penetration into the headgroup region resulted in
552a lateral condensation in the monolayer. Although this theory explains
553satisfactorily the M2+-mediated DNA adsorption onto zwitterionic
554monolayers, the implications of the introduction of an excess of nega-
555tively charged moieties in the monolayer have not been analysed yet.
556Undoubtedly this feature deserves a great attention in the future since
557physical–chemical properties are probed to be significant on the trans-
558fection activity of cationic lipoplexes [70].
559The interactions of DNA with a negatively charged surface are not
560intuitive and have been therefore less studied. Waltkins et al. modelled
561ssDNA tethered to a hydroxylalkane-coated gold substrate, which is
562negatively charged in aqueous media [71]. To determine both the DNA
563conformation and the adsorption on the surface at different salt concen-
564trations, they balanced the contributions to the folding free energy due
565to electrostatic interactions and excluded volume effects as well,
566concluding that the surface attachment stabilized the folded state re-
567spect to the unfolded state at high ionic strengths. In addition, the
568work of Waltkins et al. demonstrates that the presence of cations can
569govern the DNA interfacial adsorption on negatively charged surfaces.
570In any case, the systematic search for the conditions in which metal
571cation mediated DNA binding to anionic monolayers can be appropri-
572ately addressed with simulation methods. The advantage of this ap-
573proach is the possibility to test a wide range of cases by varying
574parameters such as the surface charge density, the length and geometry
575of the DNA and the valence and concentration of the metal cations. In
576addition, simulations can easily account for ionic correlations neglected
577by classical approaches (such as the PB theory).
578The accuracy of a certain simulation to predict themechanism of the
579DNA adsorption to a charged plane and the structural features of the
580monolayer/M2+/DNA complex depends strongly on the model chosen
581for each of the different components of this system and the interactions
582applied among them. Accordingly, twowell-differenced sorts of models
583can be used: CGmodels, which imply a simplification of the charged ob-
584jects involved (polyelectrolyte, surface and ions), and all atomistic
585models, which take into account the interaction among all the atoms
586in the system, including water molecules. The former is ideal to explore

Fig. 2. DPPC/DPPS 4:1 surface pressure–area isotherms on a pure water subphase (black,
solid) and on a solution containingbothDNA andCa2+ (red, dash-dot).Moredetails in ref-
erence [69]. (For interpretation of the references to colour in this figure, the reader is
referred to the web version of this article.)
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587 a vast range of conditions in a reasonable time and the latter offers us
588 better precision, structural and conformational information and the
589 effect of the solvent too, but the computational cost is much higher.
590 Although both models provide valuable information, we cannot forget
591 that they are approximations that could not reproduce reality perfectly.
592 On one hand, a large number of effects derived from the molecular
593 nature of the solvent and macromolecules are not included in CG
594 models. On the other hand, all-atomic models consider all the atoms
595 present in the relevant chemical species and include also their bonds,
596 however chemical reactions, titration, electron transfer and in general
597 processes which require a quantum description are typically ignored.
598 At this point, it is important to remark also that both procedures consid-
599 er model systems for the charged interface which are far from the com-
600 plexity of a real cell membrane. For instance, homogeneousmembranes
601 composed only by phospholipids are considered in all-atomic models
602 whereas real membranes have also several types of proteins and also
603 protein channels. Accordingly many of the phenomena that take place
604 in the cell membrane cannot be properly studied by using the cited
605 models. In addition, the effects derived from a global curvature of the
606 mono/bilayer have not specifically studied in the present work.
607 Undoubtedly this feature is an interesting subject with important impli-
608 cations since the elastic bending constants of lipid assemblies determine
609 a variety of membrane-associated physical and functional properties
610 such as the membrane vesicle shape, the structure and formation of
611 interlamellar attachments and non-lamellar lipid phases, and may also
612 play an important role in membrane fusion [72].
613 Once the models are proposed, a suitable methodology to solve
614 them is required. One possibility is to use approximate theories or to
615 employ simulation techniques which are, in principle, exact [73].
616 According with our previous experience, we have chosen to consider
617 MC and all-atomic MD simulations to solve the CG and all-atomic
618 models, respectively. Hypothesis and approximations associated to
619 each simulationmethod are described in the next sections. In particular,
620 we first describe the basis and performance of some CG models below
621 whereas all the atomistic simulations are treated in the next section.

622 3.1. Coarse grain models

623 In many cases, CG models consist in a bead-spring representation
624 where hard charged spheres are used to build the system to be simulat-
625 ed. For instance, the salt ions are represented by spheres with the same
626 electric charge and the equivalent radius. The electrostatic interactions
627 are usually computed by using a Coulomb potential:

u12 elecð Þ ¼ q1q2
4πε0εrr12

; r12≥R1 þ R2 ð1Þ

628629 where q1 and q2 are the electric charges of the ions 1 and 2 respectively,
630 R1 and R2 are their radius, r12 is the distance between them, ε0 is the

631vacuum electric permittivity and εr the relative electric permittivity of
632the solution. All the magnitudes are expressed in the International Sys-
633tem. Usually, Eq. (1) is expressed as:

u12 elecð Þ ¼ z1z2kBTλB

r12
; r12≥R1 þ R2 ð2Þ

634635where z1 and z2 are the valences of the particles 1 and 2 respectively, kB
636is the Boltzmann constant, T is the absolute temperature and λB is the
637Bjerrum length, which is defined as the distance between twomonova-
638lent particles atwhich the pairwise electrostatic potential is equal to the
639thermal energy (kBT):

λB ¼ e2

4πε0εrkBT
ð3Þ

640641where e is the elemental charge.
642Ions are allowed to move freely throughout the simulation cell, and
643excluded volume effects are usually introduced with either a hard
644sphere term or a LJ term (particularly when derivatives of the interac-
645tion energy are required):

u12 hard‐sphereð Þ ¼ ∞; r12≤R1 þ R2 ð4Þ
646647

u12 LJð Þ ¼ 4�
d
r

� �12
− d

r

� �6
þ 1
4

� �
; r≤rc

0 ; rNrc

8<
:

9=
; ð5Þ

648649where is the depth of the potential well, d = R1 + R2. The LJ potential
650is cut-off at rc = 21/6d yielding a purely repulsive interaction.
651Potentials described with Eqs (1), (2), (4) and (5) are applicable not
652only to the salt ions, but also to all sorts of beads present in the system.
653The negative net charge is introduced in one face in the simulation
654cell to mimic the headgroup side of the lipid monolayer. However, a
655plane with a surface charge density does not take into account the
656properties of corrugation, discrete charges and the presence of both
657negatively and positively charged groups on the interface. This is the
658reason why the charge is usually introduced with charged beads em-
659bedded in the wall [74]. The sign of the charge of each embedded
660bead can be positive or negative but the number of the latter must be
661greater than the former to ensure that the plane has a negative net
662charge. In addition, these embedded beads can be fixed or they move
663along the plane to model the effect of the lateral diffusion.
664The last item of the model to be described is the DNA. In a CG
665representation, its structure is usually simplified as a flexible
666chain of negatively charged beads. The diameter and the equilibri-
667um separation distance between two adjacent beads in the DNA
668string slightly depend on the sort of interaction that is defined to
669keep the string cohesion. According to the literature reviewed,
670two different sorts of bond potentials can be applied. On the one

Fig. 3. AFM images of DPPC/DPPS 4:1 Langmuir Blodgett monolayers transferred from a pure water subphase (A) and from a solution containing both DNA and Ca2+ (B). More details in
reference [69].
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671 hand, the elastic bond potential connects each pair of adjacent
672 beads by a spring [48,75,76]:

uelastic rn−1;n

� �
¼ 1

2
k rn−1;n−req
� �2 ð6Þ

673674 where k is the bond constant, rn − 1,n is the distance between the
675 two adjacent beads in the DNA string n − 1 and n and req is the
676 equilibrium distance between the two adjacent beads. k and req
677 can be adjusted to match the DNA bond properties. All the magni-
678 tudes are expressed in the International System.
679 On the other hand, when the DNA polyelectrolyte is described as a
680 sequence of beads connected with nonlinear springs, a FENE potential
681 is applied [77]:

uFENE rn−1;n

� �
¼ 1

2
k0r20ln 1−

r2n−1;n

r20

 !
ð7Þ

682683 where k′ is the bond constant and r0 is the maximum bond distance. k′
684 and r0 can be adjusted to match the DNA bond properties. All the mag-
685 nitudes are expressed in the International System.
686 Similarly, the flexibility properties of the DNA are modulated by an
687 angular potential:

uangular αn−1;n;nþ1

� �
¼ 1

2
kang αn−1;n;nþ1−αeq

� �2 ð8Þ

688689 where kang is the bending constant, αn − 1,n,n+1 is the angle formed by
690 the three adjacent beads in the DNA string n − 1, n and n + 1 and
691 αeq is the equilibrium angle between the three adjacent monomers.
692 Again, kang and αeq can be adjusted to match the DNA bending proper-
693 ties. All the magnitudes are expressed in the International System.
694 Dias et al. applied the CGmodel to search for the conditions that lead
695 to a negatively charged polyelectrolyte to condensate under different
696 geometries [48]. They run MC simulations to separately study, on the
697 one hand, the polyelectrolyte condensation by metal cations in bulk
698 and, on the other hand, the binding on a charged surface without any
699 added salt. Although these cases cannot represent the formation of the
700 anionic monolayer/M2+/DNA, they should be considered as important
701 precedents because the simulation methods and the factors governing
702 condensation described in their works may inspire future computation-
703 al research on the anionic monolayer/M2+/DNA system. This is the
704 reason why we would like to review the most remarkable findings re-
705 ported by these authors about the effect of lateral diffusion and the
706 polyelectrolyte geometry on the adsorption on a charged surface.
707 Lateral diffusion in lipidmonolayers that contain both positively and
708 negatively charged headgroups make them to behave as responsive
709 surfaces, since they undergo a reorganization of the surface charge to
710 accommodate the polyelectrolyte. In fact, mobile charged bead embed-
711 ded surfaces adsorb a higher number of monomers from both flexible
712 and semiflexible polyelectrolytes than fixed ones independently on
713 the surface net charge [76]. This finding suggests that the membrane
714 fluidity could be essential for the mechanisms of formation of lipoplex
715 and transfection efficiency. In addition, the same authors reported
716 recently differences in interfacial adsorption due to circular or linear
717 polyelectrolytes [75]; the former adsorbed more strongly on both fluid
718 and frozen interfaces with respect to the latter. This effect was stronger
719 for polyelectrolyte binding ontoweakly and positively charged surfaces.
720 However, when the fluid surfaces lacked of net charge the circular
721 polyelectrolyte was totally desorbed while the linear one retained a
722 certain degree of adsorption. This difference between the simulation re-
723 sults observed for linear and circular polyelectrolytes points out that,
724 when electrostatic interactions are low enough, the polyelectrolyte-
725 responsive surface interaction is governed by a delicate balance be-
726 tween the entropy of the surface groups and that of the polyelectrolyte.
727 It should be mentioned, however, that the surveys about adsorption
728 on responsive surfaces published by Dias et al. were carried out

729exclusively in the presence of monovalent counterions. In addition,
730they only considered the minimum number of counterions required
731for electroneutrality. For monolayer/M2+/DNA complexes, however, it
732would be desirable to account for the presence of multivalent cations
733and anions.
734Similar bead-springmodels have also been applied to study theDNA
735properties in solutionwithMD simulations [77–81] and somevariations
736have been proposed to address the problem with different geometries.
737Since lipoplexes are bulk systems formed as a result of the interaction
738of DNA with liposomes, which are spherical colloids, models of charged
739curved surfaces are likely to be helpful in lipoplex modelling. This chal-
740lenge has been tackled by Carnal et al [82]. They have run MC simula-
741tions with one negatively charged polyelectrolyte condensing on a
742positively charged spherical nanoparticle. They were able to determine
743the influence of parameters affecting the adsorption, such as the surface
744charge density of the nanoparticle, the valence of the salt and the pH,
745but nanoparticles with negative net charge were not considered. This
746work could be applicable to the cationic lipoplex early stage formation
747modelling and could be modified to study the interaction anionic or
748zwitterionic liposome/M2+/DNA.
749CG approaches can be formulated to predict the structure of
750lipoplexes. For instance, Farago et al. proved that GCmodels can capture
751the self-assembly of cationic lipid–DNA complexes [46,47]. In fact, they
752found excellent agreement with x-ray diffraction experimental data for
753the dependence of the spacing betweenDNA chains on the cationic lipid
754concentration. At high charge densities, they observed that the increas-
755ing electrostatic pressure exerted on the membranes leads to pore
756opening, through which the DNA may be released from the complex.
757Also, zwitterionic phospholipid/M2+/DNA self-assembly has been ob-
758served in silico at different length scales. On the one hand, at short
759range, Tresset et al. performed MC simulations to gain insight into the
760effect of different cations in the formation of lipoplexes fromzwitterion-
761ic phospholipids [83,84]. In this case, a homogeneously charged rod rep-
762resented DNA, while phospholipidmolecules weremodelledwith three
763beads: two of them lacked electric charge and represented the hydro-
764phobic tail and the other one held an electric dipolar moment and
765represented the zwitterionic headgroup. At equilibrium, the phospho-
766lipid molecules formed inverted micelles, being the multivalent cations
767placed in the space between the DNA rod and the phospholipid
768headgroups, as has been experimentally measured by SAXS. On the
769other hand, more recently, the same author proposed these inverted
770micelles as building blocks to simulate the structure of the assemblies
771at the supramolecular level [85,86]. In this manner, such inverted mi-
772celles are now modelled as semiflexible tubes interacting with one an-
773other through electrostatic interactions, hydrophobic force and
774excluded-volume repulsion. As a result, the tubes formed clusters
775whose morphology depended on size and rigidity of the tube. In solu-
776tion, the cluster should be wrapped into a lipid monolayer as shown
777in Fig. 5, because the polar headgroup contact with thewater molecules
778should be more favourable. To sum up, different simulation methods
779based on CG models comprise a powerful tool to deduce the structural
780properties of lipoplexes. However, the effect of anionic lipids alone or
781in combination with zwitterionic ones is still to be elucidated.
782In fact, only a few CG simulations have explicitly studied a related
783problem: the complexation of negatively charged polyelectrolyte with
784a like-charged surface. Messina et al. analysed the complexation of a
785highly charged sphere with a flexible polyelectrolyte, both negatively
786charged, in the presence of divalent and trivalent counterions but in
787salt-free environment [87]. For typical electrostatic couplings of aque-
788ous solution, a weak like-charge complexation takes place provided
789that the linear charge density or the counterion valence is high enough.
790More recently, Turesson et al. have investigated a similar issue: The
791calcium mediated polyelectrolyte adsorption on a like-charged surface
792[88]. Surface charge was uniformly smeared. They conclude that the
793purely electrostatic adsorption is also weak, but can be considerably in-
794creased when ion pairing effects between calcium and carboxylate
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795 monomers are taken into account. From density functional theory
796 calculations, Wang et al. have also reportedmultivalent counterionme-
797 diated polytelectrolyte adsorption onto a like-charged surface. In this
798 case, however, they only consider purely electrostatic correlations [89].
799 It would be interesting to extend the previous works to responsive
800 surfaces. In this sense, we have included in this review our preliminary
801 study of the adsorption of a negatively charged polyelectrolyte onto a
802 negatively charged responsive surface in the presence of a 3:1 electro-
803 lyte (trivalent cations, monovalent anions). A flexible 50-monomer
804 polyelectrolyte chain (the charge of each monomer is −e) identical to
805 that investigated by Dias et al. has been considered. However, the
806 responsive surface is now exclusively made of negative mobile
807 groups and is strongly charged (−0.16 Cm−2). The electrolyte
808 concentration is 50 mM. The dimensions of the simulation cell are
809 15 nm × 15 nm × 20 nm. The long-range electrostatic interactions
810 were handled using the method proposed by Boda et al. for slab geom-
811 etry (periodicity only in two dimensions) [90]. This simulation suggests
812 that the polyelectrolyte chain can stay in the neighbourhood of the like-
813 ly charged surface due to the role ofmultivalent counterions (see Fig. 4).
814 It is well known that these ions form a layer on the surface that

815neutralizes its charge to a great extent and might even overcharge it.
816In addition, they would also screen the charge of the polyelectrolyte
817chain, which could wander in the vicinity of the charged surface with-
818out being strongly repelled. Fig. 4 also suggests that, eventually, some
819beads of the polyelectrolyte chain could be adsorbed onto suchmultiva-
820lent cations.

8213.2. All-atomic molecular-dynamics simulations

8223.2.1. Cation–lipid interactions in lipid bilayers
823As was previously pointed out, the standard view of the interaction
824of electrolyte with interfaces is based on a simplified picture of the in-
825terface as a simple geometrical boundarywith uniform charge (typically
826a charged plane) [91]. This standard view can be implemented for
827example by considering the PB classical theory of double layer electro-
828statics, usually employed not only for colloids but also for soft-matter
829systems and biomolecules in general. As long as the limitations of the
830PB theory become clear, more sophisticated theoretical approaches
831focused on the refinement of the description of the ions (ion size, polar-
832izability,…) but retained an extremely simplified description of the in-
833terface as a boundary condition. In the case of complex systems such
834as lipids membranes, interactions are highly specific, i.e. depend strong-
835ly on the particular lipids and ions involved. Hence, at this scale, the
836hydration behaviour of ions plays amajor role, even formultivalent cat-
837ions [51–53], in which interface–ion interaction was supposed to be
838mainly electrostatic. For example, experimental evidence (from turbid-
839ity measurements and other techniques) shows that similar divalent
840cations such as Ca2+ and Mg2+ induce different structural changes in
841phospholipid membranes and different membrane solvation, which in
842turn has substantial consequences in the interaction between mem-
843branes and their aggregation behaviour [53,65–67]. Experimentally, it
844is also known that the binding of multivalent cations to negatively
845charged lipids is endothermic, and thus it is entropy driven [92,93].
846This fact strongly suggests the existence of hydration and solvation
847effects as well as structural rearrangements in the membrane as the
848driving forces for ion binding, effects which cannot be captured by CG
849models.
850The question is how to study theoretically all this complexity, rele-
851vant at the last nanometer scale near a lipid assembly. The continuous
852increase in computer power and the development of new algorithms
853for large-scale MD simulations has made possible its use as a kind of
854computational microscope to study molecular systems and processes
855with atomic resolution. The development of force fields for lipids has
856allowed large scale atomistic simulations of lipid assemblies and their
857interactions with unprecedented resolution. Conceptually, the MD

Fig. 4. A) Snapshot showing a negatively charged polyelectrolyte chain (green beads) in
the vicinity of a negatively charged surface (light blue beads). Orange, red and dark blue
spheres represent multivalent cations, monovalent cations and monovalent anions.
B) This snapshot shows only the charged surface, the polyelectrolyte chain and the multi-
valent cations near the surface for the sake of clarity. As can be seen, a few multivalent
cations behave as a bridge between the polyelectrolyte chain and the surface, bringing
them together (in spite of the fact that they are likely charged). (For interpretation of
the references to colour in this figure, the reader is referred to the web version of this
article.)

Fig. 5. Lipoplex model with DNA wrapped into phospholipid inverted micelles. Reprinted
with permission from reference [85]. Copyright (2011) American Chemical Society.
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858 method is based on the fact thatwe know the basic equations governing
859 the motion of atoms and molecules, so we can employ numerical
860 solutions of these equations to predict the behaviour and properties of
861 matter from their molecular composition [91]. As an essential input,
862 the MD technique requires a molecular model of the individual entities
863 building up the system (all atoms and bonds making up the molecules
864 and a prescription for calculating atom–atom interactions). As an out-
865 put, MD simulations provide equilibrium and transport properties of
866 the system. More importantly, MD simulations give a detailed account
867 of the different molecular contributions to the properties of the system
868 and allow one to identify the molecular origin of the observed behav-
869 iour. Of course, as any approach to a difficult problem, these simulations
870 have their own difficulties. MD simulations of realistic models of lipid
871 systems (with accurate atomic resolution) are far from easy. Also, the
872 need for simulating large numbers of water molecules (in order to de-
873 scribe both interfacial phenomena but also bulk water and electrolyte)
874 leads to the requirement of large amounts of computational power,
875 which typically require the use of supercomputing facilities. In any
876 case, MD results offer us many important insights which should be con-
877 sidered and incorporated in more general theories.
878 As an illustration of the kind of results, typical of MD simulations of
879 ions and lipids, we show in Fig. 6 a snapshot of a simulation of a PS
880 membrane in the presence of divalent counterions Ca2+ or Mg2+ [53].
881 As illustrated in this snapshot, the binding of a single Ca2+ cation typi-
882 cally involves a \COO group from one PS lipid and a PO4

− group from
883 another lipid. On the other hand, Mg2+ has typically two ways of bind-
884 ing to PS lipids. One is rather superficial, which involves two \COO
885 groups from two different PS lipids. Mg2+ cations bound in this way re-
886 main attached to the exterior of the membrane, but are not incorporat-
887 ed inside the hydrophilic part of the membrane. The other binding
888 mode involves the binding of Mg2+ with two phosphate groups. This
889 binding mode (which is less probable) implies a deeper penetration of
890 Mg2+ than Ca2+. Although Ca2+ and Mg2+ cations have similar affini-
891 ties to PS lipids, they bind in a very different way and induce a different
892 structure in the lipid membrane. Also, the hydration involved in the
893 binding of these ions is different. MD simulations predict that PS mem-
894 branes are more hydrated in the presence of Mg2+, in agreement with
895 FTIR experiments [94]. In the simulations of reference [53], it was
896 obtained 7.5 water/lipid(Ca2+) as compared with 9 water/lipid(Mg2+).
897 The case of the interaction of trivalent ions with anionic lipids is also
898 interesting and provides interesting clues on the mechanism of lipid–
899 ion interaction. It has been shown that La3+ is able to induce charge
900 inversion in PS liposomes, at very low concentrations of the order of
901 c0 ≈ 0.1 mM [52]. This means that at concentrations larger than c0,
902 the electrokinetic charge of the PS liposome is positive, instead of nega-
903 tive. The positive charge from the adsorbed ions is larger than the bare
904 (negative) charge from the lipids. This charge inversion effect is well
905 known in many systems (including latex colloids [95–99], silica [100],
906 peptides [101] and many other systems). However, in the case of lipid

907systems it has an important peculiarity. In many of these examples,
908the addition of physiological concentrations of monovalent electrolyte
909suppresses the observed charge inversion but in the case of lipids, the
910addition of monovalent electrolyte has no effect in the charge inversion
911concentration [52]. Theoretical considerations show that monovalent
912salt is able to weaken or even destroy the ionic correlations responsible
913for charge inversion in materials like silica [100] and latex [102]. In the
914case of lipids, a different mechanism, robust against the screening by
915physiological amounts of 1:1 salt, is operating [51,52]. According to
916MDsimulations [52], La3+ penetrates deeply into thehydrophilic region
917of the PS membrane, at a position equivalent to that of Ca2+ cations. At
918that position, La3+ cations become associated to about 5 oxygen atoms
919from the PS lipids, larger than the value found for Ca2+ (4 oxygen
920atoms) or Mg2+ (3 oxygen atoms). This direct interaction between
921oxygen atoms of PS and Ca2+ inside the hydrophilic region of themem-
922brane is well “protected” against screening by monovalent salt (Na+,
923NO3

−, in this case) which remains in solution. Of course, there is some
924competition between La3+ and Na+ for binding to oxygen atoms of
925PS, but the affinities are rather different. The estimated free energy of
926binding per La3+ is about−9 kBT, much larger than the−3.5 kBT esti-
927mated for Na+.
928These studies also demonstrate another interesting feature of the
929lipid− ion interaction. Both theories and many experiments support
930the concept that an increase of the surface charge density enhances
931the interaction between ions and the surface, for obvious electrostatic
932reasons [103]. However, in the case of the interaction between ions
933and lipids, this is not the case. For example, the free energy of interac-
934tion between La3+ and zwitterionic PC lipids is about −12 kBT, larger
935than the free energy for the interaction of La3+ with anionic PS quoted
936above [52]. The interaction of the cations with lipids is governed by the
937chemical structure of the lipids and by the particular location (accessi-
938bility, flexibility…) of negatively charged groups and not by the bare
939charge of an idealised surface.

9403.2.2. DNA adsorption onto anionic lipid bilayers induced by multivalent
941cations
942As it has been mentioned along the manuscript, the formation of
943anionic lipoplexes is achieved by the creation of a ternary complex be-
944tween DNA and anionic liposomes using multivalent ion bridges. This
945feature has been shown in the numerous experimental evidences
946cited above as well as in the simulations presented in the previous
947section. Furthermore, the restructuration procedure of the lipid mem-
948branes induced by the multivalent cations is also analysed in the previ-
949ous section. However, the DNA adsorption onto an anionic lipid
950membrane mediated by cations at the molecular level has not been
951described yet. To this end, we have performed preliminary all-atomic
952MD simulations about the adsorption of DNA onto a PS bilayer in the
953presence of Ca2+.

Fig. 6. Caption corresponding to the binding of Ca2+ or Mg2+ cations to PS lipids as obtained inMD simulations from reference [53]. The lipids are shown as lines (the colour code of each
atom follows the standard crystallographic convention) and the cations are shown as green spheres.We show themost probable bindingmode for Ca2+ (left) and the twomost common
binding modes for Mg2+ (centre and left). The numbers over the snapshots indicate the number of oxygen atoms from\COO groups and phosphate groups of PS lipids involved in the
binding. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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954 Before showing the results, some technical considerations as well as
955 recent studies have to be taken into account. The DNA molecule is a
956 strongly charged polyelectrolyte; with a typical charge of one electron
957 every 0.17 nm of its length [104]. This large negative charge plays a
958 major role inmany biological and technological processes. For example,
959 adhesion anddesorption of DNA onto solid surfaces can be controlled by
960 tuning the charge of the surface [105]. In these experiments, large
961 adhesion forces are obtained in the case of a positive electrode, and
962 the adhesive force over DNA is completely suppressed by turning the
963 charge of the electrode to negative. Interestingly, the addition of low
964 concentrations of Mg2+ cations (which are well known as condensing
965 agents of DNA [104]) does not induce adhesion of DNAonto a negatively
966 charged surface.
967 The interaction of DNA with lipid membranes presents a much
968 higher complexity, due to the self-assembled nature of lipid bilayers.
969 Obviously, negatively charged DNA easily associates strongly with cat-
970 ionic lipids [4–9,18–21]. As we have discussed in a previous section,
971 the case of negatively charged membranes containing anionic lipids is
972 more interesting not only for its fundamental interest, but also due to
973 its potential interest for biocompatible DNA delivery systems for gene
974 therapy. Experimental evidences shown in Section 2 suggested that
975 the interaction of a single DNA molecule with a membrane made only
976 of anionic lipids (such as PS) is repulsive, even in the presence of diva-
977 lent cations. As discussed in the previous section divalent cations are
978 unable to invert the charge of a PS bilayer under reasonable concentra-
979 tions (below the CCC) although they adsorb on PS membranes [53]. In
980 other words, the PS membrane will remain with a net negative charge
981 in the presence of cations. In any case, the binding of divalent cations
982 onto PS membranes induces substantial conformational changes in the
983 membrane and a complex (and highly inhomogeneous) charge distri-
984 bution at the membrane surface, with positive patches coming from
985 adsorbed cations and cationic amino groups also present in the anionic
986 PS lipids. Amino groups are also known to interact strongly with DNA
987 through ionic hydrogen bonds [105]. It is suggestive to think that
988 these positive patches may act as putative binding sites for DNA in a
989 negatively charged membrane.
990 This possibility has been confirmed by our recent MD simulations
991 [106,107]. In these simulations, we obtain binding of a DNA molecule
992 onto a pure PSmonolayer by hydrogen bonding between the phosphate
993 groups of DNA and the amino groups of PS (see Figs. 7 and 8). In addi-
994 tion, a small fragment of a DNAmolecule is placed far from thePSmono-
995 layer (1.6 nm), in a solution containing low concentrations of CaCl2.We
996 added also enough Na+ counterions to balance the charge of DNA and
997 Ca2+ counterions to balance the charge of the PS membrane. The PS

998monolayer has a strong negative charge of 1.15 e/nm2. However this
999charge density is almost neutralized by adsorption of Ca2+, which has
1000a strong affinity to the surface as discussed in the previous section.
1001The charge of DNA is also renormalized by adsorption of cations.
1002Hence, the strong electrostatic repulsion between these two negatively
1003charged objects is greatly reduced due to both the adsorption of cations
1004and the efficient screening by divalent salt. In the simulations, the DNA
1005molecule initially diffuses far from the surface, as seen during the first
100615 ns of simulation in Fig. 7. However, the low repulsive barrier
1007between the DNA (with its adsorbed counterions) and the PS mem-
1008brane (also with adsorbed Ca2+) can be surpassed by simple diffusive
1009crossing, as seen in the jump between 15 and 20 ns in Fig. 7. Once the
1010DNA molecule is close to the surface, the DNA molecule approaches
1011and patches onto the membrane containing positive charges (from
1012lipid amino groups −NH+3 and adsorbed counterions) exposed to the
1013solution. The atomistic detail given by the simulations reveals two
1014different kinds of bonds between PS lipids and DNA molecules. In
1015some of the bonds, Ca2+ cations participate as a bridge, linking a DNA
1016phosphate with an acidic group of PS. However, the most frequent
1017bond is a direct bond between the positively charged amino group of
1018a PS lipid and a negatively charged phosphate of the DNA. In this case,
1019also a Ca2+ is involved, but in this case indirectly. The PS lipids partici-
1020pating in these bonds have Ca2+ cations adsorbed at their negatively
1021charged phosphate or carboxylic groups. Recall that, according to the
1022results discussed in the previous section, PS lipids alter their conforma-
1023tions in the presence of divalent cations. In this new configuration, the
1024positively charged amino groups (which interact strongly with DNA)
1025become more exposed to the aqueous solution. In other words, adsorp-
1026tion of divalent cations by the membrane induces a structural change
1027which makes possible the direct PS-DNA association.

10284. Conclusions and future

1029The adsorption of DNA onto anionic lipids clearly plays an important
1030role in the development of biocompatible DNA delivery systems for
1031gene therapy. DNA–anionic lipids complexes constitute nowadays the
1032most promising non-viric gene vectors. While the complexation of
1033cationic lipids and DNA has been well studied, the use of less toxic an-
1034ionic lipids for gene biomaterials has not hitherto been established.
1035Moreover, addressing the interaction of DNA with a negatively charged
1036membrane provides a unique platform for pure academic research, as
1037fundamental knowledge of their structure–function relationships will
1038afford a deeper understanding of their later performance as lipoplexes
1039as genetic vehicles.
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Fig. 7. Distance between a DNA molecule in electrolyte solution and a PS lipid monolayer as a function of time during MD simulations. The distance is calculated as the closest distance
between any atom of DNA and lipid molecules. The arrows indicate the time corresponding to the snapshots shown in Fig. 6 (adapted from [107]).
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1040 Thiswork combines a review of the state of art with the presentation
1041 of our new results in two sections: experimental and simulations. We
1042 first present themost important experimental studies concerning char-
1043 acterisation of anionic lipoplexes and their subsequent use in clinical
1044 transfection procedures, followed by new experimental results on the
1045 adsorption of DNA onto anionic lipid monolayers mediated by Ca2+.
1046 Complementary to the experimental work we then review the theoret-
1047 ical framework of adsorption of DNA onto lipid membranes, which has
1048 limited to cationic and zwitterionic surfaces to date. This introduces
1049 new preliminary simulation work on DNA adsorption onto anionic
1050 lipid surfaces mediated bymultivalent cations using two different com-
1051 putational methodologies. Although the simulations do not provide yet
1052 quantitative correlationwith the experimental results, they do corrobo-
1053 rate the findings. Namely, the displacement of the π-A isotherm obtain-
1054 ed only in the presence of DNA and Ca2+ in the subphase can be
1055 interpreted as penetration of the DNA into the monolayer.
1056 Combination of experiments and simulations sheds new light on the
1057 molecular mechanism underlying the binding of DNA with anionic
1058 lipids. However, further research is needed in order to understand the
1059 complexity involved in the bridgingmechanism necessary to overcome
1060 the electrostatic repulsion. Even though this achievement is not a deci-
1061 sive result in final biomedical applications by itself, rational strategies
1062 can be developed to improve the transfer efficiency of lipoplexes as de-
1063 livery systems in vivo. Accordingly, colloid scientists working in this
1064 field will be working increasingly in partnership with biologists and cli-
1065 nicians towards the rational design of low toxic nonviric gene vectors.
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