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Asp-Gly Based Peptides Confined at the Surface of Cationic Gemini
Surfactant Aggregates
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Cationic gemini surfactants complexed with anionic oligoglycine-aspartate (called gemini peptides hereafter) were
synthesized, and their aggregation behaviors were studied. The effects of the hydrophobic chain lerg@2&y10
and the length of the oligoglycine {8}) were investigated, and it was clearly shown by critical micellar concentration,
Kraffttemperature, and isothermal surface pressure measurements that the hydrophobic effect and interpeptidic interaction
influence the aggregation behavior in a cooperative manner. Below their Krafft temperatures, some of them formed
both hydro- and organogels with three-dimensional networks and the Fourier transform infrared measurements show
the presence of interpeptidic hydrogen bonds.

Introduction icochemical and biophysical studie$he most studied class of
cationic gemini amphiphiles are bis-quaternary ammonium
surfactants having the formulat@so,w-((CHz)2NtCrHam+1-
Br7)((CHz)2N*CrHomt+1Br~) denoted withm-s-mnotation® For

this group of surfactants, the effects of various structural variations
ontheir assembling morphologies and physicochemical properties
are reported.

We have recently shown that the chiral counterion tartrate can
induce supramolecular chirality to the membranes formed with
nonchiral gemini amphiphiles. Such molecules self-assemble in
solution to form chiral fibers with their sizes and helical pitch
ranging from tens of nanometers to microns. These fibers form
three-dimensional networks gelling organic and aqueous sol-
events? Infrared and NMR spectroscopies have shown that the

intimate interaction between the amphiphilic molecules and the
in the literature, reporting various induced interactions and t@rtrate counterions influence the molecular conformation of
conformations between short peptides confined at the surface of9¢MM mglecules an(_j th_e_-re is a cooperative effect between the
amphiphilic moleculed# organization of amphiphilic molecules and that of counterfbns._ _

Almost all of these systems use peptidic lipids where the ~ FOr the present study, we have chosen the same gemini
peptides are covalently connected to amphiphilic molecules. Surfactants with an ethylene spaces2(n)!°with various chain
Herein we report a new family of peptido amphiphiles formed lengths thgtwere complexed Wlth qllgopeptldes by ion exchange
by the complexation of cationic surfactants and anionic oligo- &S Shownin Scheme 1. The conditions were chosen such that one
peptides, acetyl-(Gly)aspartate. Their behavior in bulk solution ~ Peptide acetyl-(GlyyAsp (denoted as AcGhAsp) forms a
aswell as atthe airwater interface was investigated. As cationic  COMPplex with one gemini molecule.
surfactants, dimeric (gemini) surfactants comprised of two The reasons for choosing such molecules were as follows.
conventional single-tail surfactants connected covalently at their First, it is easier to obtain peptide amphiphiles with different
headgroups were used. These surfactants show quite unusudteptide or hydrophobic chain lengths by cati@anion com-
phase behaviors and have recently motivated numerous physPlexation as opposed to synthesizing new molecules each time.

The confinement of molecules capable of molecular recognition
at the surface of nanometric supramolecular objects is an
interesting way of reinforcing intermolecular and intersupramo-
lecular interactions. Such an approach allows induction of
recognition mechanisms between functionalized supramolecular
objects but also the nanoscale control of the morphology of
molecular assemblies (bottom-up architecture). In this context,
designing of structurally well-defined assembligsspired by
biological systems is particularly attractive.

Confinement of peptides at a surface can induce structure
formations and the use of peptidic lipids has been proposed in
such a context, aiming at induced structure and functionality of
such assemblies that may not be present or may organiz
differently in free solutior. A number of examples are found
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Scheme 1. (a) Gemini Peptida-2-n AcGlypAsp (Sometimes the use of the resulting product for the coupling. Simultaneously,
Denoted asnGly in the Text) and (b) AcGlyy+1Na N-acetyl-glycylglycine (162.8 mg, 1 equiv) and 1-hydroxybenzo-
o} H \/ o triazole (HOBT) (143.2 mg, 1 equiv) were dissolved in 10 mL of
N, COO" N*-CyHan.s ',:} COO" Na* dimethylformamide (DMF)N,N-Diisopropylethylamine (0.95 equiv)
(@) N [L [ (b) ﬁ/\ﬂ ~ and 1H-benzotriazolium, 1-[bis(dimethylamino)methylene]-hexa-
© p 00 “N*-CoHany 1 P fluorophosphate (1-), 3-oxide (HBTU) (0.98 equiv) were added to
a the previous mixture, which was stirred for 20 min at room
. o . temperature (RT). Then,-aspartate dibenzyl ester (1.1 equiv)
This s quite important when one wants to compare the properties gissolved in 2 mL of DMF was added, and the resulting mixture was
of various peptide lengths or sequences. For the cation side,vigorously stirred for 24 h, at RT. The final product was extracted
gemini molecules having-2-n structure tend to form aggregates  with ethyl acetate and NaHGGaturated water. The resulting organic
with low interfacial curvature (cylindrical micelles, bilayers, €ft.)  phase was then treated by dilute acetic acid solution, washed several
atvery low concentrations{mM) compared to their monomeric  times with water, dried on MgSQand filtered, and the solvent was
counterpartd% which is interesting from the point of view of ~ evaporated under vacuum.

structural studies. For the structure of oligopeptides, glycine was " SC(?L)?AS;’%%- ;H)Ng/'?g(?zog MF"]Z' |35'V%|331)0172?5’° 5C( 150 pHPm))i glgg
. . . . ; ,d,31=7. 2); 8. ,mJ=5.81); 7. ,m); 5.
chosen since oligoglycines are the most labile peptides and the(4H, d): 4.75 (1H, m): 3.73 (2H, &) — 4.75 Hz): 3.69 (2H. ¢°

induction of structure would be the most efficient. The N-terminals = 5.67 Hz), 2.92 (1H, deJ = 16.64 Hz3) = 5.91 Hz): 2.57 (1H,

of glycines were acetylated so that globally the peptides are dd, 2J = 16.64 Hz;3J = 6.95 Hz); 1.85 (3H, s).

anionic. (':-te'rmllnals were complexed with aspartic acid, because Catalytic Hydrogenation of N-Acetyl Glycylglycyl-L-aspartate

of their dianionic character: with the two carbons between two pipenzyl Ester. N-Acetyl glycylglycyl-L-aspartate dibenzyl ester
carboxylic acids there is good matching with the distance between (300 mg) was dissolved in 5 mL of trifluoroacetic acid (TFA), in
ammonium cations having an ethylene spacer. Such a structurathe presence of 10% Pd/C (mass). The mixture was placed under
matching has previously been shown to be important with the hydrogen and vigorously stirred (4 h, RT). TFAwas then evaporated
gemini tartrate comple$@ The effects of structural variation of ~ under vacuum. Consecutive lyophilization and dissolution in water
such gemini oligoglycines on their molecular and supramolecular Were repeated to ensure evaporation of trifluoroacetic acid (controlled
organization are presented: the ensemble of surface pressurdY infrared). ) X .

isotherm, critical micellar concentration (cmc), and Krafft , ACGI¥ASp.*H NMR (400 MHz, DMSO, 25°C, 0 ppm): 8.18

3] = : 3] = - 37 —
temperatureTyx) measurements demonstrates that the structure gloHZ deJ3 3 :860§1H|2,).8?.’1619((12|—||_i td‘; 3 :55;8;%:2'?3;16';8’ (dltH‘] dd
of counterions strongly influenced the intermolecplarinteractio.n 2] = 16.67 HZ;'gJ —581 .Hz); 257 ’(1H, d-dZ,J = 16.67 Hz;sj _
ofthe aggregates. These mqlecules form an ambidextrous gellingg »g Hz): 1.84 (3H, s)*C NMR (100 MHz, DMSO, 25C, d ppm):
agent, and Fourier transforminfrared spectroscopy (FT-IR) clearly 172.17; 171.56; 169.72; 169.23; 48.43; 42.05; 41.52; 35.93; 22.40.
shows the presence of hydrogen bonding between the peptidioMass spectrometryM + 1)/z = 290.1.
counterions. n-2-n AcGly,Asp Synthesis (| = 12—-22, p = 0—4): lon
ExchangesThen-2-n amphiphiles with bromide counterions were
Experimental Section synthesized as previously report€el/arious procedures for bromide
: . . : : to oligopeptide ion exchange were tested, to achieve the best results.
Oligopeptides. N-Acetyl-L-aspartic acid and Glycyl-aspartic . .
acid were purchased from Fluka and used without further purification. We ha})ve observed that the presence of residual bromaden less
N-Acetyl-glycylglycyl-L-aspartic acid was synthesized by coupling an 2%-may have adramatic effecton the properties of the prepared
in solution N-acetyl-glycylglycine (obtained from glycylglycine, gemini, 'mp'y'”g that the stoichiometry between cationic geminl
ACROS Organics) and I-aspartate dibenzyl ester obtained from and anionic peptides must be carefullyrespe'cted (unpu_bl_lshed _results).
L-aspartic acid dibenzyl ester toluene-4-sulfonate (Fluksicetyl- _Method a. lon-Exchange Colunirhe solution of geminibromide
tetraglycyli-aspartic acid was directly prepared by solid-phase in water/methanol mixture passes through a anion-exchange resin
synthesis (COMIPSO, Bordeaux). with hydroxide anions (Dowex18, 50+ 100 mesh, 20 equiv). The
Acylation of Glycyl-L-aspartic Acid and Glycylglycine. N- resulting gemini hydroxide was mixed with 1 equiv of oligopeptide,
Acetyl-oligopeptides were prepared by adding the peptide (200 mg) gnd tht_e solution was lyophilized. The final product was dlssolyed
to a solution of acetic acid (10 mL) and acetic anhydride (5 mL). in a mixture of chIoro_form/methanoI (9/1, vlv), precipitated with
The mixture was vigorously stirred at room temperature for 24 h. ther. filtered, and dried. _ _
After evaporation of the solvent under vacuum, 10 mL of water was Method b. V'_a S_zler P_ept_lde (Waten)A suspension of the silver
added to hydrolyze the terminal acidic function. Consecutive salt of the peptide in deionized water was prepared before each use

lyophilization and dissolution in water were repeated to ensure UPON mixing the peptide acid and 4G0; (1 equiv), followed by
complete evaporation of acetic acid (controlled’byNMR) vigorous stirring under slight vacuum for 1 h. A hot solution of the
AcGlyAspH NMR (400 MHz, DMSO, 25°C, & ppm): 8.18 n-2-n surfactant (1 equiv, typically 50100 mg scale) was added,

(1H, d,3] = 8.08 Hz); 8.11 (1H, t3J = 5.81); 4.53 (1H, dt3) = and the mi.xture was stirred for 30 mirj at480°C andllyophilized. .
8.02 Hz,3J = 6.21 Hz): 3.69 (2H, d3) = 5.81 Hz); 2.68 (1H, dd, The_resultlng powderwas_ dissolved in MeOH. and filtered on Celite
2) = 16.67 Hz;3) = 5.81 Hz); 2.57 (1H, ddBJ = 16.67 Hz;3] = to give a_colorl_ess solution. After evaporation, the prodl_Jc_t was
6.28 Hz); 1.84 (3H, s}3C NMR (100 MHz, DMSO, 25C, d ppm): dl_ssolved inamixture ofchl_oroform/methanol (9/1, viv), precipitated
172.28; 171.70; 169.51; 168.91; 48.46; 41.68; 36.01; 22.46.  With ether, filtered, and dried.

AcGlyGly.’H NMR (400 MHz, DMSO, 25°C, 6 ppm): 8.15 Mehtod c. Via Siler Peptide (MeOH)The method was the same

(2H, m); 3.75 (2H, d3J = 5.81 Hz); 3.70 (1H, d3J = 5.81 Hz); as the previous method except that pep_tides were solubilized in

1.86 (3H, 5)13C NMR (100 MHz, DMSO, 25C, 6 ppm): 171.17; methanol. As a consequence, after the addition af{?@ surfactant

169.60: 169.46: 41.81: 40.56: 22.53. (also in methanol) to the mixture, the AgBr dark powder could be
Coupling of N-Acetyl-glycylglycine with L-Aspartate Dibenzyl directly filtered on Celite. L _

Ester. L-Aspartate dibenzyl ester (1.1 equiv) was extracted from  *HNMRrevealed alack of25% of peptidic anions with method

L-aspartic acid dibenzyl ester toluene-4-sulfonate (1.1 equiv, 500 @ Thisis probably due to the high viscosity of genmir2-n solution

mg) by an ether/NaHC§Zaturated solution. The organic phase was N water whem > 14, preventing efficient exchange of bromide by

separated and dried on Mg$@he ether was evaporated just before Nydroxide. Moreover, once exchanged, gemini molecules turned
out to be unstable in basic solution (pHL0)12 When methods b

(11) Israelachvili, Jintermolecular & Surface Force2nd ed.; Academic
Press: London, 1992. (12) Berthier, D. Ph.D. Thesis, University of Bordeaux I, 2002.
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and c were compared, the intermediate product of silver salt of increased between 2 and 80 with a temperature increase rate of
peptide seems to have a higher solubility in methanol; thus method 1 °C per 10 min. The Krafft temperature was taken at the temperature
c results in a gemini peptide with better stoichioméfry. where the specific conductanceS/cm) versus temperature plot

18-2-18 AcGlyAsp.tH NMR (400 MHz, C3OD, 25°C, S ppm): showed a break after a sharp increase. This break usually coincided
4.47 (1H, t,3) = 4,87 Hz); 3.93 (4H, s); 3.42 (4H, m); 3.22 (12H, with the temperature of full clarification of the system.

s); 2.70 (1H, dd2) = 16.06 Hz;3J = 4.87 Hz); 2.64 (1H, dd3J Surface Pressure MeasurementsThe surface pressure mea-
= 16.06 Hz;3) = 4.87 Hz); 1.99 (3H, s); 1.83 (4H, m); 1.43 (4H, surements were performed on a computer-controlled Langmuir film
m); 1.30 (56H, m); 0.91 (6H, &) = 6.56 Hz).13C NMR (100 MHz, balance (Nima Technology, Coventry, UK), and the surface pressure

CD30D, 25°C, 6 ppm): 178.67; 178.33; 171.74; 66.41; 56.76; () was measured by the Wilhelmy method using a filter paper plate
53.30;51.56;40.84;32.77; 30.52; 30.48; 30.42; 30.34; 30.19; 30.10; (10 x 23.5 mm). Care was taken so that, during the measurements,

27.08; 23.47; 23.15; 14.43. the bottom edge of the well-soaked plate was always just at water
18-2-18 AcGlyAsp.H NMR (400 MHz, C3OD, 25°C,§ ppm): surface level, still attached to the meniscus.
4.47 (1H, t3) = 4,87 Hz); 3.92 (4H, s); 3.90 (2H, m); 3.42 (4H, For the surface pressure isotherms, a rectangular Teflon trough

m); 3.22 (12H, s); 2.71 (1H, ddJ) = 15.66 Hz3) = 4.87 Hz); 2.64 with computer-controlled barriers with a compression rate of 5
(1H, dd,2J = 15.66 Hz;3) = 4.87 Hz); 2.03 (3H, s); 1.83 (4H, m);  70= 350 cn? was used. The trough was filled with ultrapure water
1.44 (4H, m); 1.30 (56H, m); 0.92 (6H,%] = 6.56 Hz).13C NMR with the temperature controlled at= 21 + 2 °C. The compression
(100 MHz, CR0OD, 25°C,6 ppm): 179.05;178.72;173.39;170.64; rate was 5 cfimin and data points were taken about every 0.85 A
66.67;56.99;53.96;51.88;43.80;41.19; 33.09; 30.82; 30.78;30.73;  Amphiphiles were solubilized in a mixture of chloroform/methanol
30.63; 30.50; 30.38; 27.36; 23.71; 22.71; 14.48. to make solutions on the order of ¥Omol/L. The ratio of two
18-2-18 AcGlyAsp.tH NMR (400 MHz, CQxOD, 25°C, 6 ppm): solvents depended on the solubility of the molecules. A carefully
4.45 (1H, t,3) = 5,30 Hz); 3.92 (4H, s); 3.90 (4H, m); 3.43 (4H, measured quantity (on the order of &Q) of the solutions was
m); 3.22 (12H, s); 2.70 (1H, dd) = 16.42 Hz;3J = 5.30 Hz); 2.64 spread at the aifwater interface with Hamilton syringes. After
(1H, dd,2) = 16.42 Hz;3) = 5.30 Hz); 2.04 (3H, s); 1.84 (4H, m);  Wwaiting for 10 min to let the solvents evaporate, the compression
1,44 (4H, m); 1,30 (56H, m); 0,92 (6H,%] = 6,56 Hz).13C NMR curves were registered. The isotherm curves for all the molecules
(100 MHz, C0OD, 25°C,6 ppm): 178.99;178.75;173.84;172.11; and the mixtures of molecules were repeated at least 3 times and
170.54; 66.68; 56.97; 54.02; 51.89; 43.71; 43.52; 41.01; 33.088; were found to show good reproducibility: the standard deviations
30.78;30.72; 30.63; 30.50; 30.38; 27.37; 23.75; 23.71; 22.66: 14.46.0f the limiting molecular areas as well as the molecular areas at

18-2-18 AcGlyAsp.!H NMR (400 MHz, CQxOD, 25°C, § ppm): collapse were less than 8 And the deviations of the surface pressures
4.47 (1H, t,3) = 5,26 Hz); 3.97 (4H, s); 3.96 (8H, m); 3.44 (4H, at the collapse points were less than 5 mN/m.
m); 3.23 (12H, s); 2.74 (1H, dd) = 16.92 Hz3J = 5.56 Hz); 2.67 FT-IR Spectroscopy MeasurementsThe FT-IR spectra were

(1H, dd,2) = 16.92 Hz;:3] = 5.56 Hz); 2.05 (3H, s); 1.85 (4H, m);  recorded onaBruker IFS 55 FT-IR spectrometer (Bruker, Karlsruhe,
1,44 (4H, m); 1,31 (56H, m); 0,92 (6H,%) = 6,36 Hz).13C NMR Germany) equipped with a detector (DKATGS with KBr window).
(100 MHz, CXOD, 25°C, 6 ppm): 178.96;178.73;174.15;172.76;  To avoid the big absorption peak of@, which hides the amide
172.40; 171.96; 170.55; 66.74; 56.98; 53.92; 51.90; 43.86; 43.65; | peaks, solutions in BD were prepared. Generally, 100 scans were
43.57;33.09: 30.82: 30.78: 30.72: 30.63: 30.50: 30.37; 27.37; 23.75: added at a resolution of 4 cth The transmission measurements

23.72; 22.63; 14.46. were performed with two ZnSe windows.

Conductivity Measurements. The conductivity was measured Scanning Electron Microscopy Hydrated samples (1) were
with a Consort C830 (Belgium) conductimeter with an SK10T frozeninliquid propane (to avoid water crystallization) before being
platinum electrode embedded in glass (cell constant 1.0)cffihe lyophilized. The obtained powders were coated with Au/Pd under
measurements were performed in a temperature-controlled double-vacuum and observed using a JEOL GSM 840A microscope operating
walled glass container with a circulation of water. at 15 kV.

For the cmc measurements, a stock solution of surfactant at a _ Optical Microscopy with Differential Interferential Contrast
concentration about 10 times the expected cmc was successivel(DIC). Samples were sealed between slide glass and cover glass and
added to 4 mL of deionized water (Purelab Prima Elga, 182-M  Wwere observed with a NIKON Eclipse PhysioStation EG00FN using
cm). Sufficient time was given between additiorsi(min) until the a 100x/1.4 PlanFluor objective with an adequate condenser and a
conductivity reached equilibrium after each addition. prism for DIC observations. . . .

The Krafft temperatures were also determined using the electrical  SMall-Angle X-ray Scattering. A Rigaku Nanoviewer (Micro-
conductivity metho# combined with visual observation. Since the ~Source generator, MicroMax 007, 800W rotating anode coupled
conductivity is strongly influenced by the presence of any metastable With & Confocal Maxflux Mirror) was used. Gels were put between
and kinetically controlled aggregates, care was taken so that all W0 Mylar windows with a spacer of 1 mm. The temperature of the
samples are treated in the same manner. The powder of surfactanf@mples was regulated at T& unless indicated differently.
was first solubilized in water to obtain the solution of about 1% wiw, ntegrations of the spectra were performed with a program delivered
and then it was freeze-dried to get a very fine powder. This powder With the apparatus.
was again dispersed in water to obtain 3 mM solutions, much above
the cmc of all the investigated surfactants. For some of the solutions, Results

either the kinetics of precipitation was extremely slow or gelformation A the gemini formed a fluid solution at 10 mM upon heating

instead of precipitation was observed. To make sure that all the aboveTy. When the solutions were cooled to room temperature
samples formed well hydrated precipitate, the solutions were plunged(controlled at 21°C), some of them formed hydrog&fsvithin

into liquid nitrogen to get fast congelation, and then they were kept . . .

at 2°C for several hours so that they melted without forming a gel. & féw hours. The Table 1 shows their gelling behavior at room

The solutions with precipitates were introduced into the conductivity (€mperature.

cell, and the conductivity was measured as the temperature was As can clearly be remarked, the gelling behavior is more

pronounced for molecules with longer alkyl chains. All the gemini
(13) To test the results of ion exchange, the following test was driven: a few peptides with C20 and C22 formed gel both at room temperature

milligrams of the gemini peptides was putin the presence of silver acetate (‘cream gnd at 4°C regardless of peptide numbers. On the other hand,

colored”), in methanol. With methods a and b, the mixture became rapidly dark - . . .
(less than 30 min), indicating the formation of AgBr and suggesting the presence for gemini peptldes with chain Iengths shorter than C14, all were

of residual bromide. On the contrary, the gemini peptides synthesized via method soluble whatever the temperatures and peptide lengths. For C16,
¢ mixed with silver acetate remained clear, showing negligible amounts of residual gel formation was observed only for= 0 and 4, and only at
bromide. !
(14) (a) Saito, S.; Moroi, Y.. Matuura, R. Colloid Interface Sci1982 88,
578. (b) Nishikido, N.; Kobayashi, H.; Tanaka, M1.Phys. Cheni.982 86, 3170. (15) Estroff, L. A.; Hamilton, A. D.Chem. Re. 2004 104, 1201.
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Table 1. Behavior at 21°C/2 °C of 10 mM Gemini Peptide
Solutions with Various Hydrophobic Chain Lengths (C10-C22)
and Peptide Lengths p =0, 1, 2, 4}

n<14 n=16 n=18 n=20 n=22
p=0 (AcGlyoAsp) sol/sol sol/gel gellgel gel/gel gellgel
p=1(AcGly;Asp) sol/sol sol/sol sol/gel gel/gel gellgel
p=2 (AcGly,Asp) sol/sol sol/sol sol/gel gel/gel gellgel
p=4 (AcGly,Asp) sol/sol sol/gel gellgel gel/gel gellgel

aSol = solution.

Figure 1. DIC microscope images of (a) 20-2-20 Ac@hsp, (b)
20-2-20 AcGlyAsp, (c) 22-2-22 AcGlyAsp; bar= 10um. These
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Figure 3. Krafft temperature oh-2-n AcGlypAsp, as a function of
glycine numbep. 16-2-16 AcGlY ang ASp are both soluble at°LC.
Lines are guides for the eye.

three images are the representative images of gels, showing fibrous

structures. No particular sample-dependent differences in morphol-
ogies were observed.

Figure 2. Lyophilized gels observed with SEM. Submicrometer-
scale objects forming a three-dimensional network with no particular
inner structures are observed. Some are formed with fibrous structuresncreases by two per chain. On the contrary, the effect of the

(a—c), and others are formed with more membrane-like structures
(d—f).

4 °C. For C18, they all formed gels at°€. On the other hand,
at room temperature, the gel melted for= 1 and 2.

The optical microscopic images of some of the gels at 50 mM
show an entangled network of fibrillar structures with a diameter
on the order of a few hundred nanometers (Figure 1).

Such an observation was then compared with the electron

For a fixed peptide length, the Krafft temperature showed a
monotonic decrease with increase in the hydrophobic chain length.
The variation is on the order of +20 degrees per two carbons,
which is in good agreement with previously reported results
with other gemini surfactan.0n the other hand, the variation
of Ty as a function of oligoglycine length at a fixed hydrophobic
chain length showed a minimum aroumek 1—2. Furthermore,
it seems that the minimum shifts toward a higpetumber as
the chain length decreases.

cmc. Conductivity measurements were used to determine the
cmc’s of gemini oligoglycines. Because of the high hydropho-
bicity due to their dimeric nature, the determination of cmc’s (on
the order of 10% M) turned out to be difficult for C16C20
gemini surfactants. Therefore, we used the gemini peptides with
10, 12, and 14 carbons with—@& glycines. In Figure 4,
conductivity curves for 12-2-12 and 14-2-14 Ac@Agp, as
summarized in Table 2, and the variation of cmc as a function
of hydrophobic chain length for AcGdpsp are shown. The cmc
decreases about an order of magnitude as the carbon number

peptidic length at fixed hydrophobic chain lengths of C12 and
Cl4isvery difficultto clearly nail down: because the differences
are very small and the breaks in the curves are not very sharp,
it is difficult to clearly determine the absolute values. If there
is any cmc variation, however, it seems to show a tendency to
decrease with the increase in peptide length.

Surface Pressure IsothermsThe interaction between gemini
AcGlypAsp was studied at the atwater interface. In Figure
5a,br—A curves are shown for given hydrocarbon lengths C18
and 20 with various peptide lengtHstor both gemini AcGly-

microscopic images. Despite numerous trials, transmission Asp molecules, the shapes of the curves were similar for all the
electron microscopy did not give satisfactory images. On the peptide lengths, showing monotonic increases in the surface
other hand, observation by scanning electron microscopy of gelspressure until the collapse points. No intermediate transitions
frozen directly in liquid propane followed by lyophilization  were observed. For 20-2-20 AcGAsp andp = 1 and 2, the
demonstrated three-dimensional networks of fibers of membrane-collapse points were not easily defined because of the presence

like structures (Figure 2). The diameters or the widths of these
structures were on the order of 206800 nm in agreement with

of a shoulder at about 902AThe characteristic values for each
system are summarized in Figure 5c,d. It is interesting to note

optical microscopic observations, and they did not show apparentthat the molecular areas do not vary linearly with the peptide

internal structure. The effect of the different chain lengths and
peptide lengths on the fiber structure could not clearly be nailed
down.

Krafft Temperature ( Tx). The Krafft temperatures measured
by conductimetry for four different chain lengths, C16, C18,
C20, and C22, and for four different peptide lengths, AgBSp
(p=0,1, 2, 4), are shown in Figure 3.

length, but rather they have a maximumpat 1 or 2 and the
position of the maximum is observed at a higher peptide number
for C18 than for C20.

(16) Since the molecules with C16 were too soluble and did not have a clear
collapse and C22 had a phase transition that made it difficult to compare the
different peptide lengths (Figure 10), we focused specifically on the systems with
C18 and C20.
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14 T T T T e 4 Table 2. cmc Values ofn-2-n AcGlyp,Asp Measured by
or (a) ot Conductimetry (n = 10-16 for p=0; n = 12 and 14 forp =

120 | 2t o® 0-4)

o2 o’ n=12 n=14
7.5x 104 M 6.5x 10°5M
7.3x 104 M 7.0x 105M
6.4x 10 M 7.0x 105M
6.0x 10 M 7.0x 105M
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12-2-12 AcGlyOAsp - In Figure 6a), four isotherm curves with different peptide
]gggﬁgg:ﬁgg lengths are compared, and in Figure 6b the areas per molecules
12-2-12 AcGlydAsp | at the surface pressure of 14 mN/m are compared. It is clearly
0 ) ) , ) \ shown that the molecular area is maximum for &lgunterions,
010° 510* 110°1,510°210°%2510°310° reaching about 130%before decreasing to about 83 #&r Gly..
Concentration (mol.L'") This behavior is in agreement with the observation with

stoichiometric gemini peptides.
20 1T

- (b) . * L FT_-IR Measurements. FT-IR measurements_ on _100 mM
solutions and gels were performed to monitor inter- and
intramolecular interactions as well as molecular organization.
¢ ] Here, we focused in particular on two domains in frequencies,
one for the amide | bands of the amino acids around +d%&80
] cm~1, and another domain for the symmetric and antisymmetric
. stretching bandss and v,s of CH, around 2850/2920 cm.
. . ] These two domains for various gemini AcGhsp are compared
.ww“ ] at different times after solubilization of molecules ig@ Figure
[ o }33:13 ﬁggly‘mzp ] 7 summarizes the positions efs peaks of CH and amide | of
[ 9 14-2-14 Acegz,\sg ] amino acids of gemini peptide (C3&22, Gly—Gly,) solution
A 14-2-14 AcGlydAsp | at 72 h after solubilization.
o*........................' It is clear that, for those that do not form gels at room
010° 110" 210" 310" 410" 510* temperature, the frequencies associated with the stretching
Concentration (mol.L") vibrations of the alkyl chains remain at high wavenumbers
— . : — (>2920/2850 cm?) such as those for C16 and C18 Ghnd
E o (c) Gly,. For the gels, the wavenumbers for these bands decreased
(e.g., 2924— 2918 cn1?) as the gels were formed, indicating
a high organization of the gemini molecules in gels. The time
necessary for reaching the final values depended on the samples:
for 16-2-16 AcGlyAsp and 18-2-18 AcGlyangd Asp CH
vibrations, evolution from high wavenumbers to low wave-
numbers took as long as 3 days. For other gels, they were already
° 1 at these low values as soon as the gels were prepared.
Simultaneously, fop = 0, 1, and 2, the wavenumber for amide
3 | bands in solution was around 1642645 cnt! with very little
o | time evolution, whereas for those that formed gels, these bands
. decreased with time (typically 1645 ci— 1637 cnr?d),
y Q indicating the presence of hydrogen bonds in the gel network.
10 12 14 16 Interestingly, the time evolution for amide | band with gel
hydrocarbon chain length (n) formation was much slower than the stretching mode for the
Figure 4. cmc determination by conductivity measurements for (a) hydrocarbon chains
C12 and (b) C14 fop = 0—4. The peptide length does not seem  Gemini AcGly,Asp molecules show particular behaviors: i.e.,
to have a big influence on the cmc values. It decreases about angn top of a band around 1643 cfyanother peak at 1670 crh
order of magnitude as the chain length increases by twg)Cid . - - .
shown in (c) fop = 0. These values were also compared to gemini (Figure 8€) is present. This peak only appears in the hydrated
having bromide counterions. cmc values are slightly lower for gemini State, and does not exist for the powder. This peak does seem
AcGlyoAsp. to appear as a very slight shouldering even for gemini AgGly
Asp systems, but it is clearly enhanced for Acg&gp systems.

In Figure 9, we have compared these amide | peaks with those
of gemini complexed with two acetylated oligoglycine counterions
(called gemini (AcGly),). It is clear that gemini (AcGlor 4)2
did not show the same organization of the glycine; i.e., gemini
tﬁcGIyg or4 did not show the peak at 1670 cf
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The differences of molecular area observed between various
glycine lengths at a fixed gemini chain length as described above
are quite small (between 10 and 23)ATo check that it is not
an artifact, we performed surface pressure isotherm measuremen
of gemini (22-2-22) monolayers with a large excess of sodium
salt of oIigopeptide; in the Sprhase' A monplgyer of gemini (17) Acetate counterion is chosen for its low affinity with ammonium headgroups
acetaté’ was deposited on a subphase containing about 6000(manuscript in preparation); thus the exchange by the oligopeptides in solution
equiv of AcGlyAsp sodium salt. will be more efficient.
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Figure 5. 7—A isotherm curves ofi-2-n gemini surfactants whemis (a) 18 and (b) 20 for four different peptide lengths+ 0, 1, 2, 4.
Peptide length dependences on molecular area are shown (c) at surface pressure 25 mN/m, or (d) at the first detectable increase in surface
pressure, and at collapse. Lines are guides for the eye.

In Figure 10, the effect of added AcGlya to the solution of perpendicular to the membrane. Upon hydration, for low peptide
18-2-18 AcGlyAsp is shown. As previously discussed, 18-2-18 numbers the periodicity increased more than 15 A, whereas for
AcGly,Asp does not gel at room temperature, but upon addition the high peptide numbers € 4) it decreased slightly. Therefore,
of AcGlysNa, it gels water. Both spectra of alkyl chains and they show minimum values g@t= 2 for C22 and ap = 4 for
spectra of amide | show better organization of gemini and peptidesC20. Such observations show that the molecular organization in
as seen by the decreasing wavenumbers of both peaks. particular for low peptide numbers is strongly influenced by the

Small-Angle X-ray Scattering (SAXS). We compared drying of the gels.
hydrated gels (100 mM) and lyophilized (dried) gels. For allof  When compared to gemini (AcGly, for the equivalent number
them, a peak representing periodic stacking of bilayer structuresof amino acids, for example= 20 and 22 fon-2-n (AcGlys),
was observed around 350 A. In Figure 11, two series of graphs  vs n-2-n AcGly,Asp, the gemini with two oligoglycine anions
with peak positions for dehydrated and hydrated samples are(AcGlys), had much higher periodicities. For example, the
shown. periodicity for 20-2-20 (AcGly), = 68 A and that for 20-2-20

As is commonly observed with this family of cationic gemini  AcGly,Asp = 47.5 A.
surfactants with ethylene spacer (unpublished results), the The insertion of AcGlIyNa influenced the solution of C18
observed periodicity indicated that there were very Iittl_e water AcGly; ..q Asp molecules quite dramatically. As shown by the
between the membranes. Moreover, the effect of variation in |R gnd macroscopic observations, the fluid solution of C18
hydrophobic chain length was clearly seen; i.e. as the chain getsacGly, 4, Asp gel upon addition of AcGiNa accompanied
longer, the periodicity increases by about2A per (CH). the increase in organization of both hydrocarbon chains and

From the IR measurements, we have observed that thepeptides. SAXS measurements showed that the periodicity is
hydrocarbon chains in gels are highly ordered and inthe majority jncreased by67 A, which strongly suggests that the oligoglycine

roughly estimated as 1.2 & n, wheren is the carbon number,

for C18 the estimated thickness of bilayers would be at least 2 Discussion
x 21.6=43.2 A, for C20= 48 A, and for C22=52.8 A. With
the headgroups which will add at leask21.5 A (2 x N—CHa), The various techniques that were used for the characterization

these values, which furthermore do not take into account the of the present systems gave information on the assemblies of
counterions, were much higher than what was observed for gemini peptides at different levetdrom macroscopic to me-
dehydrated gels for low peptide numbeps< 0, 1, 2). Probably soscopic levels down to molecular levelass well as on inter-

the chains are tilted or interdigitated in the bilayer. and intramolecular interactions.

The effect of glycine length on the periodicity was much more  Gelling Behaviors, Mesoscopic Structures, and Supra-
complex. For the dehydrated gels, the periodicity increased with molecular Structures. The matching between the gelling
glycine number monotonically and the periodicity increase per behaviors presented in Table 1 and the Krafft temperatures shown
glycine was about-34 A, suggesting that glycines are organized in Figure 3 confirmed that the gels of gemini AcGAsp were
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) ) | vibration. Measurements were performed for C16, C18, C20, and
Figure 6. 7—A isotherm curves of 22-2-22 acetate on subphases c22 and forp = 0—4, all aged for 72 h. The results obtained with
with 6250 equivalent of AcCGAsp withp =0, 1, 2, 4. The line  20-2-20 AcGlyAsp in deuterated methanol (which remains as
is a guide for the eye. solution) are shown for comparison.

observed only below the Krafft temperature, typical behavior for

metastable physical gel:_;. . evolutions were not observed with the solutions (C16 and C18
_The gels observed with gemini ACGlsp showed three- iy y— 1 and 2, and the methanol solution of 22-2-22 AcGly
dimensional networks of ill-defined structures on the order of Asp), which indicated that high ordering footh hydrophobic
submlcrons.. On the other hand, the interbilayer perlqdlcny chains and peptidic counterions was needed for gel formation.
observed with SAXS measurements illustrated that this distance What was intriguing was the presence of the second peaks

increased as the chain lengths were increased in both hydrate round 1670 crmion top of the peak around 1645 chobserved
and dehydrated gels. The absolute values of these periodicitie%ostIy exclusively with gels witp = 4. These peaks were also
indicated that they were either interdigitated or tilted. The variation absent when two peptidic counterions were complexed with a
of the periodicity as a function of peptide length was much more gemini molecule. An amide | peak around 1670 émad been

complex. In the hydrated gels, they showed minima at glycine ¢, o< ) ; . ;
i . ypical of #-turn as confirmed by circular dichroism
number 1 or 2. Such a behavior was not observed with dehydrated:md NMR measurement§Then, we may ask if it is related to

gels,_ where the p¢r|od|C|ty showed a monotonic Increase W'th the difference in the area per gemini molecule and per peptide
peptide length. This suggests that the bilayers V_V'th _Iow egC|r_1e chain. Since distances between gemini molecules are typically
numbers are much more hydrated_than the gels with hlghgrglyqlne7_9 A2, characteristic of two large headgroups (quaternary
number§ and they polla}psg to give much smaller pPTHOd'C't'eS ammoniums), whereas distances between peptide chains forming
when dried. This might indicate that, because of the intermem- hydrogen bonds is typically-4 A peptides complexed with
brane _interaction, the water ”.‘O'ec_u'es were readily expulsed gemini could not have strong hydr’ogen bonding networks which
(see Figure 12) for _the.gels with high glycine .numbers. could explain the loose interaction characterized by a relatively
Molecular Organization. The presence of intermolecular high amide 1 band: 1636 cn! most of the time. However, for

interaction was then confirmed with infrared (IR) spectroscopy. a lon :
. - g peptide AcGlyAsp, they could better occupy the space
Wavenumbers corresponding to both the stretching bands for y partially making a turn and disordered structures (see Figure

CHg groups of hydrophobic chai_ns anq the amidg |band dgcrease 2). This would be inhibited when two peptides were complexed
as gels were formed. The time difference in reaching the with one gemini molecule occupying much a larger area per

equilibrium value (“?“‘3.*‘ faster for GHgroups than for p(_eptidg molecule, which might explain the absence of the peak at 1670
groups) seemed to indicate that the aggregation was first driven

by the assembling mechanism of gemini molecules, andthenthe 18y Gao, F.; wang, v.; Qiu, Y.; Li, Y.; Sha, Y.; Lai, L.; Wu, H. Peptide
organization of peptidic counterions followed afterward. These Res.2002 60, 75.
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Figure 8. Typical wavenumbers corresponding to the stretching vibration of d&ddrease upon gel formation, which takes about 24 h, as
shown for (a) 18-2-18 AcGhAsp. The amide | band also decreases with time, but much more slowly. For 20-2-2QA¢ZGly, it took

about 3 days (be) for them to reach the final values, whereas the correspondingvibkhtion bands were already at the low values
(2917/2850 cm?) after a few hours.

cm™t and a much higher periodicity observed by SAXS itdid not show the monotonic variation with glycine length. For
measurements.

all the chain lengths investigated, it showed a minimum. This
Intermolecular Interaction, cmc, Krafft Temperature,

minimum was observed at= 2 for C18 and ap = 1 for C22.
SAXS, and Langmuir Film. The cmc measurements showed

The presence of such a minimum could be compared to the
a clear effect of chain length: they decreased about an order ofmaximum of molecular area observed with surface pressure

magnitude as the chain length was decreased by two carbonssotherms. For C18 and C20, molecular areas were maximum
(per chain, therefore four carbons per gemini molecule), which for p = 2 and 1, respectively. For the C22 gemini monolayer
was a typical behavior for ionic surfactants. On the other hand, with subphase saturated with Ac@Asp, the behavior was much

the variation in glycine length did not seem to strongly influence more enhanced, showing a maximum of the molecular area at
the cmc. Values for a fixed chain length seemed to indicate thatp = 1.

the cmc was mainly controlled by the hydrophobicity and ionic

Such behaviors may be described as follows. Both Krafft
characteristics of the molecules.

temperature and molecular area at the-aiater interface were
The insensitivity to glycine length was not reflected by the closely related to the intermolecular interaction at the interface

Krafft temperature. The Krafft temperature increased abott 15  of the aggregates. Such an interaction could be described as a
20 degrees per two carbons, at a fixed glycine length. However, cooperative effect between repulsion due to steric hindrance
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one (AcGlyAsp) or two (AcGly), glycines. The peak at 1670 cfn as the chain number and the peptide number increases, whereas the
is much more pronounced for gemini AcGAsp than for gemini hydrate gels show minima at= 2.
(ACGlys)..
n-2-n AcGly Asp n-2-n (AcGly,),
0,2 -
—18AcGIly2 Asp (a) p=0 1,2 4 f j Rk
----- 18AcGly2 Asp + AcGly5Na2 ﬁ
018 g L 0L mfm,
VA o PR
£ pevt | UUYY
Ew A % Ll kEs 14| Il
va enl YA el /
: gl nane Qé%ﬁ 5 jﬁ
05 L %#%% EERTWWIL
il il i T e e Figure 12. Schematic representation describing the variation of
Wavenumbers (cmi”) interbilayer distance as a function of peptide length for associated
peptidic structures observed by infrared observations.pFer0,
each bilayer is individualized, and headgroups are well hydrated.
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£ o008l distance.
2
S 0,06 |
the molecular area in the opposite sense. At short peptidic length
008 1 (p =0, 1), the steric and ionic repulsion won over, increasing
0,02 | the molecular area and the disorder of the molecular packing,
. . and decreasing the Krafft temperature. As the peptides gotlonger,
10700 1650 1600 1550 intermolecular attraction got stronger, thus decreasing the

Wavenumbers (cri’) molecular area and increasing the Krafft temperature.
Figure 10. Effect of AcGlysNa added in the solution of 18-2-18 The_ p_eptlde length with Wh'.Ch '_[he maximum mo_IecuIar area
AcGly,Asp in (a) stretching vibration of C+thains and (b) amide and minimum molecular organization was observed is determined
| bands. After 3 days, both domains show much better organization by the two antagonistic effects described above; therefore it varied
at 2922/2852 cm* (CHp) and 1642 cm! (amide 1) for 18-2-18 with the chain length. This might be why the maximum molecular

AcGly2Asp compared to 2920/2850 ci(CH,) and 1634 cmt* area was observed wifh—= 1 for C20 whereas for C18 a longer
(amide 1) for 18-2-18 AcGlyAsp + AcGlysNa. peptide length was needed.

(chains and peptides) and electric repulsion (ionic headgroups Conclusion

and counterions) and intermolecular attraction due to van der Cationic gemini surfactants complexed with Acghgp
Waals interaction (chains) and hydrogen bonding (peptides). At counterions are gelling agents of water when either the
a fixed chain length, as the peptidic length was increased, while hydrophobic chains or the peptides are long enough. Microscopic
the ionic repulsion remained the same, the steric hindrance andobservations show a network of membrane/fibrous structures.
the intermolecular attraction both increased, which influenced These structures are probably formed with periodic bilayer-type
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indicating that, for short peptides, membranes are much more
hydrated than they are for longer peptides which form an
interbilayer interaction expulsing water molecules between
bilayers.

Whereas the critical micellar concentration seems to be
controlled mainly by the hydrophobicity of the molecules, the
Krafft temperature and the molecular area ataater interface
show that the aggregation is probably a cooperative process
between intercation/interanion repulsion and attractions due to
sterical, ionic, hydrophobic, and hydrogen bonding interactions.
FT-IR measurements suggest the formation of hydrogen bonding
between the oligopeptidic counterions. For long peptiges,
4,itseemsthat the discrepancy between areas occupied by gemini
molecules and by AcGpAsp allows the oligoglycines to form

Figure 13. lllustration of the presence of antagonistic effects between a mixture of random structures and turns.

repulsive and attractive interactions. As the peptide and hydrocarbon

chain length increase, steric repulsion between molecules increases;

in parallel, there is a strong attraction due to hydrogen bonding
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