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 Self-assembly, DNA Complexation, and pH Response of Amphiphilic Dendrimers for Gene Transfection Marine Guillot-Nieckowski,† Derk Joester,† Meike Sto¨hr,‡ Myriam Losson,§ Marc Adrian,| Bjoern Wagner,⊥ Manfred Kansy,⊥ Harry Heinzelmann,§ Raphae¨l Pugin,*,§ Franc¸ ois Diederich,*,† and Jean-Louis Gallani& Laboratorium fu¨r Organische Chemie, ETH-Zu¨rich, Ho¨nggerberg, HCI, 8093 Zu¨rich, Switzerland, Institut fu¨r Physik, Klingelbergstrasse 82, 4056 Basel, Switzerland, Centre Suisse d’Electronique et de Microtechnique SA, Nanoscale Technology, Rue Jaquet Droz 1, Case Postale 2002 Neuchaˆ tel, Switzerland, Laboratoire d’Analyse Ultrastructurale, Baˆ timent de Biologie, UniVersite´ de Lausanne, 1015 Lausanne, Switzerland, F. Hoffmann-La Roche Limited, 4070 Basel, Switzerland, and Institut de Physique et Chimie des Mate´ riaux de Strasbourg, 23 rue du Loess, BP 43, 67034 Strasbourg Cedex 2, France ReceiVed August 23, 2006. In Final Form: September 28, 2006 Cationic lipids and polymers are routinely used for cell transfection, and a variety of structure-activity relation data have been collected. Few studies, however, focus on the structural aspects of self-assembly as a crucial control parameter for gene delivery. We present here the observations collected for a set of cationic dendritic amphiphiles based on a stiff tolane core (1-4) that are built from identical subunits but differ in the number and balance of their hydrophobic and cationic hydrophilic moieties. We established elsewhere that vectors 3 and 4 have promising transfection properties. Scanning probe microscopy (AFM, STM), cryo-transmission electron microscopy (cryo-TEM), and Langmuir techniques provide insight into the self-assembly properties of the molecules under physiological conditions. Furthermore, we present DNA and pH “jump” experiments where we study the response of Langmuir films to a sudden increase in DNA concentration or a drop in pH. We find that the primary self-assembly of the amphiphile is of paramount importance and influences DNA binding, serum sensitivity, and pH response of the vector system.
 
 Introduction Transfection of cells with exogenous genes lies at the heart of molecular biology. It is a powerful technique that ultimately could be used in human gene therapy, a goal that seems tantalizingly just beyond the border of what modern medicine can do safely.1 The method depends on the efficient delivery and expression of a therapeutic gene within a specific target cell population. Synthetic vector molecules comprise a valuable class of gene carriers that promise greater safety than viral vectors. Following the pioneering work of Felgner and co-workers,2 a huge number of nonviral vectors, mostly cationic lipids (small molecular weight amphiphiles)3 but also polymers4 (linear, branched, and block-copolymers5,6) and dendrimers7 have been developed and commercialized. More exotic vectors based on carbon nanotubes8 or fullerenes9 have also been tested. Despite all these research efforts, the efficiency of artificial vectors lags behind that of viruses by no less than 3 orders of magnitude.10 Key biological steps have been identified but remain poorly controlled (Figure 1).11 Essentially, most working systems are * To whom correspondence should be addressed. R.P.: Phone: +4132-720-5042. Fax: +41-32-720-5750. E-mail: [email protected]. F.D.: Phone: +41-1-632-2992. Fax: +41-1-632-1109. E-mail: [email protected]. † Laboratorium fu ¨ r Organische Chemie, ETH-Zu¨rich. ‡ Institut fu ¨ r Physik. § Nanoscale Technology. | Universite ´ de Lausanne. ⊥ F. Hoffmann-La Roche Ltd. & Institut de Physique et Chimie des Mate ´ riaux de Strasbourg. (1) Luo, D.; Saltzman, W. M. Nat. Biotechnol. 2000, 18, 33-37. Wolff, J. A. Nat. Biotechnol. 2002, 20, 768-769. (2) Felgner, P. L.; Gadek, T. R.; Holm, M.; Roman, R.; Chan, H. W.; Wenz, M.; Northrop, J. P.; Ringold, G. M.; Danielsen, M. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 7413-7417. Behr, J.-P. Acc. Chem. Res. 1993, 26, 274-278. (3) Martin, B.; Sainlos, M.; Aissaoui, A.; Oudhiri, N.; Hauchecorne, M.; Vigneron, J.-P.; Lehn, J.-M.; Lehn, P. Curr. Pharm. Design 2005, 11, 375-394. (4) Eliyahu, H.; Barenholz, Y.; Domb, A. J. Molecules 2005, 10, 34-64. (5) Torchilin, V. P. Expert Opin. Therapeutic Pat. 2005, 15, 63-75.
 
 cationic and bind negatively charged DNA through Coulomb interactions, tightly compacting the stiff macromolecule in a condensation process. With a diameter of 10-100 nm, the resulting complex generally enters the cell via endocytosis. Once internalized, endosomal escape can occur by at least two mechanisms; for successful transfection escape must naturally be faster than degradation. In the case of polyamine vectors, the buffer capacity of the DNA-vector complex that counteracts endosomal acidification (pH ) 5) may lead to high osmotic pressure, swelling, and rupture of the vesicle.12,13 On the other hand, amphiphilic molecules may also interact directly with the endosomal membrane, destabilize it, and release DNA to the cytosol.14 Both mechanisms must then be followed by nuclear entry (endonucleose). This is thought to occur mainly during cell division when nuclear membrane is compromised.11 In addition to detailed biological experiments,13,14 a number of amphiphilic vector structures have been systematically varied.15 (6) Choi, J. S.; Joo, D. K.; Kim, C. H.; Kim, K.; Park, J. S. J. Am. Chem. Soc. 2000, 122, 474-480. (7) Dufe`s, C.; Uchegbu, I. F.; Scha¨tzlein, A. G. AdV. Drug DeliVery ReV. 2005, 57, 2177-2202. (8) Singh, R.; Pantarotto, D.; McCarthy, D.; Chaloin, O.; Hoebeke, J.; Partidos, C. D.; Briand, J.-P.; Prato, M.; Bianco, A.; Kostarelos, K. J. Am. Chem. Soc. 2005, 127, 4388-4396. (9) Nakamura, E.; Isobe, H.; Tomita, N.; Sawamura, M.; Jinno, S.; Okayama, H. Angew. Chem. 2000, 23, 4424-4427; Angew. Chem., Int. Ed. 2000, 39, 42544257. (10) Wiethoff, C. M.; Middaugh, C. R. J. Pharm. Sci. 2003, 92, 203-217. (11) Pouton, C. W.; Seymour, L. W. AdV. Drug DeliVery ReV. 2001, 46, 187203. Lechardeur, D.; Verkman, A. S.; Lukacs, G. L. AdV. Drug DeliVery ReV. 2005, 57, 755-767. (12) Behr, J.-P. Chimia 1997, 51, 34-46. (13) Sonawane, N. D.; Szoka, F. C., Jr.; Verkman, A. S. J. Biol. Chem. 2003, 278, 44826-44831. (14) Xu, Y.; Szoka, F. C., Jr. Biochemistry 1996, 35, 5616-5623. (15) Felgner, J. H.; Kumar, R.; Sridhar, C. N.; Wheeler, C. J.; Tsai, Y. J.; Border, R.; Ramsey, P.; Martin, M.; Felgner, P. L. J. Biol. Chem. 1994, 269, 2550-2561.
 
 10.1021/la0624891 CCC: $37.00 © 2007 American Chemical Society Published on Web 12/02/2006
 
 738 Langmuir, Vol. 23, No. 2, 2007
 
 Guillot-Nieckowski et al.
 
 Figure 3. Schematic representation of the three main cases of lipoplex geometry: (a) Lamellar phase LRC, (b) hexagonal phase HIIC, and (c) lipid bilayer-coated DNA strands, likely a metastable phase. The blue cylinders are the DNA strands. The names of the first two phases come from the lyotropic phases of pure amphiphiles, the superscript C standing here for “complex”. Figure 1. Endocytosis is the major pathway for uptake of lipoplex particles bearing positive surface charge. Maturation of the endosome includes a significant drop in pH. Several mechanisms have been shown to lead to endosomal escape. Endonucleose is much less understood but likely occurs during cell division. An alternative pathway is open to fusogenic particles that destabilize the membrane directly and enter the cytosol.
 
 Figure 2. Schematic description of the supramolecular assemblies formed by amphiphiles as a function of their critical packing parameter Cpp. (a) Cpp < 0.33, formation of micelles. (b) 0.33 < Cpp < 0.5, formation of cylindrical micelles. (c) 0.5 < Cpp < 1, formation of vesicles and flexible bilayers. (d) Cpp ≈ 1, formation of planar bilayers. (e) Cpp > 1, formation of inverted micelles.
 
 Investigations focused on the influence of the length of the carbon chains,16 the nature of the linker between head and tails,17 and the differences in the structure of the polar head on transfection efficiency. Fewer studies have been devoted to the crucial very first parameter: how do the amphiphilic vectors self-assemble? Both DNA condensation and endosomal escape are indeed directly controlled by the packing mode of cationic lipids.18,19 The supramolecular assemblies formed by amphiphiles are exquisitely sensitive to their molecular structure and more precisely to their critical packing parameter (Cpp, Figure 2).20 When DNA is mixed with a preassembled cationic amphiphile, (16) Castro, M.; Griffiths, D.; Patel, A.; Pattrick, N.; Kitson, C.; Ladlow, M. Org. Biomol. Chem. 2004, 2, 2814-2820. (17) Sainlos, M.; Hauchecorne, M.; Oudrhiri, N.; Zertal-Zidani, S.; Aissaoui, A.; Vigneron, J.-P.; Lehn, J.-M.; Lehn, P. ChemBioChem 2005, 6, 1023-1033. (18) Lasic, D. D.; Strey, H.; Stuart, M. C. A.; Podgornik, R.; Frederik, P. M. J. Am. Chem. Soc. 1997, 119, 832-833. Hafez, I. M.; Maurer, N.; Cullis, P. R. Gene Ther. 2001, 8, 1188-1196. (19) Ra¨dler, J. O.; Koltover, I.; Salditt, T.; Safinya, C. R. Science 1997, 275, 810-814. (20) Israelachvili, J. N. Intermolecular and Surface Forces, 2nd ed.; Academic Press Ltd.: London, 1991. (21) Miller, A. D. Curr. Med. Chem. 2003, 10, 1195-1211. (22) May, S.; Ben-Shaul, A. Curr. Med. Chem. 2004, 11, 151-167.
 
 spontaneous rearrangement leads to formation of the lipoplex. Exhaustive determination of the phase diagram for a given amphiphile is very time and material consuming. When the phase diagrams become ternary, for example, when transfection efficiency is improved with a “helper” lipid, e.g., dioleoyl-LR-phosphatidylethanolamine (DOPE) or cholesterol,21 this approach becomes even more tedious. Generally, DNA condensation leads to one of the three phases as elucidated by X-ray studies19 and modeling22 (Figure 3). Many vector-DNA complexes with good in vitro efficiency are indeed heterogeneous and consist of a mixture of these structures. When studying endosomal escape, Xu and Szoka postulated that DNA release is mediated by a flip-flop mechanism of cationic lipids with membrane lipids.14 Transfection efficiency was then associated with the observation of discrete multilamellar particles.21 Safinya and co-workers suggested that multilamellar bilayer structures undergo a transition to hexagonal phase in the endosome, which may disrupt the endosomal membrane and thus facilitate endosomal escape.23 The authors also show a considerable improvement of the transfection efficiency for a HIIC as compared to a LRC phase.24 Furthermore, the membrane charge density of the lipoplex was found to be a key parameter governing the transfection efficiency of LRC complexes. Very few vectors lend themselves to a detailed analysis of the influence of molecular structure on self-assembly in aqueous systems, condensation with DNA, and the resulting transfection properties. Dendritic platforms25 are uniquely suited to establish such correlations. Made from perfectly branched repetitive units, their size, shape, and density of functionalities (i.e., surface charge density) can be controlled. A wide spectrum of self-assembly properties26 are accessible in amphiphilic dendrimers: unimolecular micelles,27 dendritic block copolymers,28 globular amphiphiles with fullerene cores,29 and mesophase-forming tapered dendrons30 are examples. (23) Koltover, I.; Salditt, T.; Ra¨dler, J. O.; Safinya, C. R. Science 1998, 281, 78-81. (24) Lin, A. J.; Slack, N. L.; Ahmad, A.; George, C. X.; Samuel, C. E.; Safinya, C. R. Biophys. J. 2003, 84, 3307-3316. (25) Newkome, G. R.; Moorefield, C. N.; Vo¨gtle, F. Dendrimers and Dendrons: Concepts, Syntheses, Applications; Wiley-VCH: Weinheim, 2002. (26) Zimmerman, S. C.; Zeng, F.; Reichert, D. E. C.; Kolotuchin, S. V. Science 1996, 271, 1095-1098. Narayanan, V. K.; Newkome, G. R. Top. Curr. Chem. 1998, 197, 19-77. (27) Schenning, A. P. H. J.; Elissen-Roma´n, C.; Weener, J.-W.; Baars, M. W. P. L.; van der Gaast, S. J.; Meijer, E. W. J. Am. Chem. Soc. 1998, 120, 81998208. Sui, G.; Micic, M.; Huo, Q.; Leblanc, R. M. Langmuir 2000, 16, 78477851. (28) Kakizawa, Y.; Kataoka, K. AdV. Drug. DeliVery ReV. 2002, 54, 203-222. vanHest, J. C. M.; Delnoye, D. A. P.; Baars, M. W. P. L.; Elissen-Roman, C.; vanGenderen, M. H. P.; Meijer, E. W. Chem.sEur. J. 1996, 2, 1616-1626. (29) Zhang, S.; Rio, Y.; Cardinali, F.; Bourgogne, C.; Gallani, J.-L.; Nierengarten, J.-F. J. Org. Chem. 2003, 68, 9787-9797. Brettreich, M.; Burghardt, S.; Bo¨ttcher, C.; Bayerl, T.; Bayerl, S.; Hirsch, A. Angew. Chem. 2000, 112, 1915-1918; Angew. Chem., Int. Ed. 2000, 39, 1845-1848. Nierengarten, J.-F. Top. Curr. Chem. 2003, 228, 87-110.
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 Chart 1. Library of Amphiphilic Molecules 1-4 Based on a Stiff Tolane Spacer
 
 We recently reported on the design of small amphiphilic dendrimers based on a tolane spacer and both cationic and lipophilic dendrons to generate efficient vectors for gene transfection (Chart 1).31 Biological evaluation indicated the predominant role of the lipophilic unit vs the cationic head. Within the series of compounds 1-4, dendrimers 3 and 4 are efficient vectors. We present here investigations on physicochemical properties for this new class of synthetic vectors in an attempt to identify experiments with predictive power for transfection efficiency. The main section is devoted to interfacial behavior of the amphiphiles at the air-water interface. Microscopy and (30) Hudson, S. D.; Jung, H.-T.; Percec, V.; Cho, W.-D.; Johansson, G.; Ungar, G.; Balagurusamy, V. S. K. Science 1997, 278, 449-452. Percec, V.; Ahn, C.-H.; Cho, W.-D.; Jamieson, A. M.; Kim, J.; Leman, T.; Schmidt, M.; Gerle, M.; Mo¨ller, M.; Prokhorova, S. A.; Sheiko, S. S.; Cheng, S. Z. D.; Zhang, A.; Ungar, G.; Yeardley, D. J. P. J. Am. Chem. Soc. 1998, 120, 8619-8631. Percec, V.; Cho, W.-D.; Ungar, G.; Yeardley, D. J. P. Angew. Chem. 2000, 112, 1661-1666; Angew. Chem., Int. Ed. 2000, 39, 1598-1602. (31) Joester, D.; Losson, M.; Pugin, R.; Heinzelmann, H.; Walter, E.; Merkle, H. P.; Diederich, F. Angew. Chem. 2003, 115, 1524-1528; Angew. Chem., Int. Ed. 2003, 115, 1486-1490.
 
 potentiometry results supporting the findings and providing more information are also detailed. Materials and Methods General. Compounds 1-7 tested here were synthesized and purified according to protocols reported elsewhere.31,32 Commercial reagents and solvents were used without further purification. Ultrapure water (F ) 18 MΩ‚cm, pH 6.5) was purified through a Milli-RO3Plus/ Milli-Q185 Ultra Purification system (Millipore, Molsheim, France). Potentiometric Titration. The pKa values of molecules 5-7 were determined by potentiometric titration in water, containing 0.15 M KCl as background electrolyte. The sample (20 mmol) was dissolved in the background electrolyte solution and acidified to pH 2.0 by addition of 0.5 M HCl. The solution was then titrated with the standardized base (0.5 M KOH) to pH 12.0 at room temperature (23 °C) under argon atmosphere with a GLpKa titrator (Sirius Instruments). The estimated error for the pH is (0.05, and the relative standard deviation is 600) results in dramatic changes. Vesicles were found to aggregate and fuse to form multilamellar vesicles in the way described by Huebner et al. for cationic lipid systems.52 Interestingly, by lowering the charge excess ratio (CE ) 100) we observed a large number of cylindrical micelles, some of these being branched (Figure 11D inset). At the lowest charge excess ratio tested here (CE ) 6), i.e., in the optimal concentration range for transfection, individual vesicles could no longer be seen and large unstructured aggregates dominated (data not shown). This is in contrast to the narrow size distribution of DNA/dendrimer aggregates observed by AFM, and no clear transition between the two assembling modes could be determined. Concerning the dissimilar AFM observations, it is possible that there is a structural reorganization of the aggregates on the surface during solvent evaporation. Even though the technique is not suited for high throughput, cryo-TEM results are nicely supporting biological and Langmuir studies. Compound 4 can only form micelles in aqueous media and has been proved to be the most responsive vector to changes in biological conditions. When serum is added, DNA complexation might become less favored and transfection efficiency of 4 falls.31 On the contrary, the unique ability of vector 3 to build multilamellar vesicles with intercalated DNA might prevent marked sensitivity to the presence of serum and help to maintain high levels of gene delivery.
 
 Conclusion We presented a comprehensive set of physicochemical experiments on four amphiphilic molecules 1-4. From the results of just one experiment it would have been very difficult to predict which of the four candidates would be the most efficient vector in vitro. Generally, the most active vectors 3 and 4 stably selfassemble under physiological to endosomal pH while markedly adjusting to changes in biological conditions. Touch after touch, the picture that eventually comes out is that the shape of a charged amphiphile is of paramount importance, more precisely its critical packing factor. Differentiation between vector 3 and 4 arises from the kind of supramolecular structures built in aqueous solution. The most versatile transfection vector has to be able to self-assemble into vesicles or bilayers, and the necessary cylindrical shape might be generated via dimerization of the molecules. In parallel, a larger library of compounds where the head, core, and tails of vector 3 have been systematically modified was evaluated for transfection, and this general trend remains valid throughout the series.32,53 As variations on the spacer geometry have focused only on its proper length, we are aware that one crucial parameter has not been addressed, namely, its diameter. We believe that an enlarged core that would make the molecule cylindrical by itself could lead to improved efficiency (52) Huebner, S.; Battersby, B. J.; Grimm, R.; Cevc, G. Biophys. J. 1999, 76, 3158-3166. (53) Nieckowski, M. Ph.D. Thesis Nr 16674, ETH-Zu¨rich, 2006.
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 of vector 3. For larger headgroups as in 4, the core would probably have to be scaled up accordingly. This adjustment could turn to be critical in providing serum stability as well. Along the same line of thought, it would be interesting to test whether the oscillatory behavior displayed by films of 4 after “DNA jump” during “pH jump” experiments persists upon modification of the molecular core. Acknowledgment. We thank Jacques Dubochet (Laboratoire d′Analyse Ultrastructurale, Universite´ de Lausanne, Switzerland) for giving us access to cryo-TEM and for his expertise and fruitful discussions. Purified pUC18 plasmids were kindly provided by H. P. Merkle, E. Walter, and K. Weller (Institut fu¨r Phar-
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 mazeutische Wissenschaften, ETH-Zu¨rich, Switzerland). Modeling of 3 with ViewerLite or Insight II software was performed by C. Bourgogne (I.P.C.M.S, Strasbourg, France). This work was partially funded by the NCCR “Nanoscale Science” and the Swiss Federal Office for Education and Science (OFES). Supporting Information Available: Complementary STM images and chemical structures of alternative compounds, BAM images, Langmuir isotherms at different pH/DNA concentrations, sketch to explain the behavior of 4 on acidic subphase, and results of “pH jump” experiments without DNA in the subphase. This material is available free of charge via the Internet at http://pubs.acs.org. LA0624891
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