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Macromolecular assemblies are elaborated by mighegclodextrin-containing polymer (pghCD), dextran sulfate
polyanion (NaDxS), and cationic amphiphiles which are adamantane derivatives (Adal or Ada2) in aqueous
medium. These components are assembled via coupled inclusion complex interactions (adamantyl group with
cyclodextrin cavity) and electrostatic attractive interactions (positive charges of Ada with negative charge of
NaDxS). The structural properties are studied by viscometry and small angle neutron scattering. Ternary aggregates
with larger size and lower compacities are observed as the cation concentration is increased, until phase separation
occurs. The results are in good agreement with a-eshell association mechanism, the core being made of one
poly3CD chain, the shell of NaDxS chains, and the Ada amphiphiles being distributed more or less homogeneously
inside the cyclodextrin cavities. The nature of the Ada counterions has a strong influence on the association as
Adal with I~ counterions give smaller and less compact aggregates than Ada2 wittoBnterions.

Introduction of hydrophobic groups per chain of guest polymers, soluble
complexes, nanopatrticles, or phase-separated systems can be
Supramolecular architectures involving polymers constitute obtainec?®22The SCD units in these systems do not only play
an area of current interest and development due to their practicala role in building the nanoassemblies but can also trap
applications in the design of stimuli-responsive gelsnano- hydrophobic drug molecules for drug delivery applications.
parthleé’ that could t,’e used. for dru.g.delllvery orgene thgrapy Cyclodextrin polymers have also found interest in the field
and, in the case of interfacial modifications, in the design of ¢ 4one therapg?-26 The first requirements for the gene vectors
b|os<_ensmg device’! The drlvmg_ Interaction mecha_n!sm§ are their ability to condense DNA and to overcome the
I:;aa;dlng .to poI)r/]mdefp%Iyg?er.atssoc?ltlons can t.)e C|.aSSIerd N electrostatic repulsions to the negatively charged membrane
ypes: (a) hy irophopic interac |50ns OCCUMTNg In aqUeOUS o5 pavis and co-workers have synthesized positively charged
systems of amphiphilic copolyme’révz (b) electrostatic Interac- polymers containings-cyclodextrin units in their backborfé.
tions between polymers of opposite chargessponsible of These polymers condense DNA via electrostatic interactions,

yvmtall-detf.med. pollyglectrolytle mlultllayers .t‘?‘t interfaceg) h like other cationic polyelectrolytes, the principal role of @D
interactions involving a molecular recognition process such as | .. being to lower the toxicity of the gene carrier. THeD

hydrogen bond interactions in prateffisr inclusion complexes units also served as potential sites for surface modification of

with S-cyclodextrin compound¥-16 . T ; )
Cyclodextrins (CD) are cyclic oligomers of anhydroglucose the colloidal structures via inclusion complexation. Poly(ethylene
y Y 9 ydrog glycol) modified at one end with an adamantyl moiety (Ad-

with the shape of a truncated cone that has a hydrophilic extenorPEG) was found to stabilize the particles through the formation

and a less polar cavity in the centet., andy-cyclodextrins of PEG brushes, whereas PEG modified at both ends with an

consist respectively .Of 6.7, or 8 glucose units. In agueous adamantyl moiety and a targeting ligand (Ad-PEG-L) was used
solutions, cyclodextrins form inclusion complexes with sub- for cell targeting

stances containing lipophilic groups, provided that the shape

of the hydrophobic group fits in the cavitj:8 For instance, Mqre co_mplex system_s using_ a combination of ele_ctrostatic
the adamantyl group precisely fits into th@cyclodextrin and inclusion complex interactions have been designed. For
cavity 19 instance Yui and co-workers have synthesigecyclodextrin

B-Cyclodextrin CD) units, due to their specific interaction ~ conjugated polytlysine)?” These cationic polymers are able
with well chosen hydrophobic guests, can be used as tools to!© interact with anionic amphiphiles via both heguest and
build tailorable macromolecular assemblig<CD are integrated electrostanc complexation thus leading to pH and temperature
over polymeric architectures (p@ED) in order to ensure  'esponsive supramplecular structures. In this study, the macro-
multiple interactions with the guests. Lock and key systems have Molecular assemblies are elaborated from a ternary system: a
been built by mixing in aqueous solution p8®D and neutral 5CD po!ymer, a cationic amphiphile, a_nd an anionic
hydrosoluble polymers containing hydrophobic guégg:22 polymer are mixed together in aqueous media. The cationic
These polymer couples interact via inclusion complexes, and @mphiphiles act as connectors between the two polymers as they
the strength of the interaction is largely controlled by the density make inclusion complexes with th6CD cavities of the
of links between the two p0|ymers_ Depending on the number pO'yﬂCD and interact e|eCtrOStatica”y with the anionic polymer.
Potential applications of these systems are in gene delivery,
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12 19. Fax: +33(0)1 49 78 12 08. E-mail address: amiel@glvt-cnrs.fr.  prepared using cationic copolymégfspur systems provide
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several advantages including the easy charge ratio control by
the adjustment of the connector’s concentration and an improved
dissociation of the complexes realized either by screening the
Coulombic interactions or by dissociating the inclusion com-
plexes. These systems could also provide interesting carriers
for negatively charged proteins.

Previous works have demonstrated the occurrence of the
ternary complexes using dextran sulfate, polystyrene sulfonate
and DNA fragments as different models of polyanions, a
brancheds-cyclodextrin epichlorohydrin polymer (pghzCD)
and dodecyltrimethylammonium chloride (DTAC) as the cat- @ ®)
jonic amph|ph|le The studies have shown that the connector’s Figure 1. Chemical structures of the cations (a) Adal and (b) Ada2.
concentration Nptac) played a major role in the structural
properties of the complex. A structural transition from diffuse ~ The two cationic connectors were synthesized in the laboratory and
aggregates at lowNprac to compact aggregates at higher their structures are shown in Figure 1. 1-Adamantyl trimethylammonium
concentration occurred at a critical DTAC concentration ( iodide (Adal) was prepared following a one-step procedure using a
NI, ). This structural transition of the ternary complexes has described metho®. A total of 2.5 g of 1-adamantylamine (Aldrich)
been related to a change of the DTAC distribution along the Was dissolved in 20 mL of dimethylformamide, and 8 mL of
polyBCD chains in the binary complexes p8gD/DTAC: from tributylamine (AIdnch) were added. Then 4.? mL of iodomethane was
an inhomogeneous distribution at low surfactant concentration, S'°W!y added. The mixture was left under stirring at room temperature
the DTAC being distributed along a spherical outer shell of the for 24_ h. The white SO“_d Sampl_e was f”tered_' washed with acetone
polyBCD, to a more homogeneous distribution bey(biﬁifAC. and diethyl c_ather_, apd flnally drled. The obtained _l-ad?mantyl trim-
Some of the questions that remain unanswered from the previousg;héla,mrln gmum é&d!dze (526 o g:_?lfj)zvgs Cha;?_ft,egzg d bVQT_'MRTh
studies are related to the nature of the connector. DTAC is a__- h) - Eml 1 )’d ’ (m,l 2)’. ’ h Em’ )’. ’ S‘ )b "sd
cationic surfactant able to self-associate and form hydrophobic ngt zes;]s © | '(d_abamamy)'f,;;'met ylammoniumethane bromide
microdomains. Although previous studies have shown that (Ada2) has already been reported. ) )
hydrophobic self-assembling of the surfactants is not the main Fluorescence MeasurementsA_SLM Aminco 8100 fluorimeter was .
association mechanism in the ternary systems, their contributiontSed for the fluor'es.cence experiments. A ﬂgorescent probe,_ 4-amino-
as competitive or cooperative effects cannot be ruled out. The N-tert—butylphtha||m|de,_able to make inclusion complexes with CDs,
aim of this paper is to study the influence of the connector’s was used as a 9°mpet'tor for Adal and. Aa.hz' )
nature. Connectors with no self-association properties have been For Fhe association constants determination, a stock solution of the
synthesized using adamantane-based amphiphiles. The bulkines&obe in water (around & 10°° M) was prepared and used to make
of the adamantyl groups prevents them from making large @ 10 M polyfCD solution in order to have the same probe
hydrophobic microdomains as do alkyl tails. Another aim of concentration; then m.|xtures of these two solutl_onS We_re useq to_record
this work is to study the influence of a spacer between the chargethe fluorescence at dlffergnt pqﬂ@l_) coqcentratlons (with gxcntatlon'
and the hydrophobic group on the decoupling of the electrostaticWa"e_length_lof:ated at_the isosbestic point (41'4 nm) to avoid any optical
and inclusion complex interactions. Two connectors (Adal and def‘ls'ty variation). This allowed the determination Kor. = 5900
Ada2) differing in the length of the spacer have been synthe- M_ . For the_ competition experlmepts, a stock solutlon40f the probe
sized. To be able to compare our results to the ones obtained"ith aPPropriate polyCD concentration (Mpape~ 2 x 10 M) was
with DTAC, the experiments have been performed using dextran prepared and used to make a concentrate solution of the competitor (5

RN ;
sulfate (NaDxS) M, = 40 000) as the polyanion and the same ; 1Cﬂr M); again mt'x(?;fres O'; these t\;\_/to SOI”t'OnStW?re usiﬂ.to r”e Cordd
ponﬁCD as in the previous works. € fluorescence at diirerent competitor concentrations. IS allowe

. . . . . . the determination oKaga (cOmplexation constant between competitor
The paper will start with a first study of the binary interactions 4 poly3CD)

polySCD/Ada (Ada stands for Adal or Ada2) and Ada/NaDxS.
It will be shown that careful analysis of the binary systems . : ; .
constitutes a necessary step to understand the interactio letermined with an Ubbelohlde viscometer at 250.05°C in a

. . hermostated bath. Samples were previously filtered over a Minisart
mechanisms in the ternary systems (second part). The structura . . . I .

. - . C15 Sartorius with 0.4bm porosity. All of the dilutions were directly
properties of the binary and ternary systems are studied by

viscometry and neutron scattering performed into the viscometer.
' SANS MeasurementsThe SANS experiments were carried out with

the PACE spectrometer at the Laboratoif@h&rillouin (LLB), Saclay,
France. The experimental scattering vect¢g = (4-t/4) sin(0/2)) range
was 0.0032< ¢q (A1) < 0.12 and was covered by two sample-to-
Materials. The polyanion sodium salt dextran sulfate (NaDxS) was detector distances (3 m at the neutron wavelength of 6ahd 5 m at
supplied by Sigma (St Quentin Fallavier, France). lIts sulfur content is 13 A™). The wavelength dispersiah/4 of the velocity selector was
17% which corresponds to about two sulfate groups per glucose unit 10%. The samples were kept in quartz cells (Hellma) with a path length

Bre

@D
N(CHa)3

®
N(CHz);

Viscometric Measurements.The viscosity of the solution was

Experimental Section

and its weight-average molecular weight is 40 000 g thol

The polyf-cyclodextrin polymer (polgCD) was synthesized by
polycondensation g8—cyclodextrin with epichlorohydrin under strong
alkaline conditiong? The sample was purified by ultrafiltration of
aqueous solutions on membranes of molecular weight cut off 30 000

of 2 mm for samples in BD. The collected data were normalized for
the detector efficiency using the isotropic scatterim@d mmthick
calibration sample of bD. The raw data were corrected for background
from the solvent and sample cell. All of the samples were prepared in

. D20 to maximize the contrast between tBecyclodextrin polymer

It was characterized by size exclusion chromatography coupled with (ppoiysco = 2.29 x 10*° cm™?) and the solventdpzo = 6.41 x 10
light scattering detector: its weight-average molecular weight and its cm 2). The scattering length densities of Adal, Ada2, and the dextran

polydispersity index ard/,, = 160 000 g mot* and My/M, = 1.9,
respectively. It§3CD content, determined byH NMR, is 59 wt %.

sulfate are 0.3 10%, 0.22x 10%, and 1.75x 10 cm2, respectively
without the counterions).
( ) CbhVv
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Results

1. Binary Complexes.Adal and Ada2 are expected to form
inclusion complexes wittB-cyclodextrin through the hydro-
phobic adamantyl group. Adamantane derivatives are known
to form stable complexes wifhrcyclodextrin as the size of this
group perfectly fits thggCD cavity. High association constants
of the order of 16—10° M~1 have been reported.On the other
hand, Adal and Ada2 may strongly interact with NaDxS through
electrostatic interactions. Therefore, Adal and Ada2 will form
binary complexes either with pghCD or with NaDxS.

1.1. Determination of the Association Constant of the T I I I T
poly3CD/Adal or Ada2 Complexe$he fluorimetric titration 0.0 [26531 _[kg ool E-gD] 2.0x10 "
is an indirect method based on the competition between a _ o ot poy ( )_
fluorescent probe and a nonfluorescent competitor, both com- F9ure 2. De.te.’rm'”at'onl of the pfO'yﬁCD//lfl‘da assoc'at'O“bCO”StZg/t
pounds forming association complexes with @D cavities. u5||ng competiive complexation from a fluorescent probe. [Ad

? o polysCD] and [polyCD] are calculated from the fluorescent intensity
The used probe (4-aminlg-tert-butylphthalimide) presents &  measurements. The complexation constants are the linear slope
fluorescence intensity which largely increases upe@D (Adal (@) and Ada2 (O)).
complexation. Adding the competitor (in this work, Adal or ) )
Ada2) into the solution of probe/pghCD leads to a decrease ! aPle 1. Complexation Constants of Adal and Ada2 with
of the fluorescence intensity of the probe. This decrease is dueﬁ -cyclodextrin Derivatives

[Ada/polyBCD] / [polyBCD]

to the dissociation of the fluorescent (probe/gp) complex B-cyclodextrin  Kyove  Kadat Kadaz Kada2 (M™1)
by formation of a complex between the competitor and derivative MH MY M 1072 M NaCl
polySCD. Assuming 1:1 inclusion complexes, the following BCD 3100 6000 90 000
equilibriums can be written polySCD 5900 600 1100 1650
probe+ polySCD = probe/polyy)CD  with _ ) _ ) o
[probe/pol\3CD] inclusion complex interactions between the adamantyl moieties
= Q) and thep-cyclodextrin cavities, leading to a decrease of the
probe " 5robe][poly3CD] : - ,
complexation constants by—P orders of magnitude. This
Ada+ polySCD = Ada/poly3CD with behavior has already begn observe_d in the study of the
[Ada/poly3CD] complexation of polgCD with a cationic surfactant dodecyl
e = T o~ (2) trimethylammonium chloride (DTACY When the electrostatic
[Ada] [polysCD] repulsions are partially screened, by adding salt in the solution,

the affinity constants increase as shown by the result obtained
in 1072 M NacCl (Table 1).

Nevertheless, using the complexation constants reported on
Table 1, it is possible to estimate that 75 to 95% of Ada is
complexed in the range of p@ZD concentrations (523 x
103 M) used in the following parts.

1.2. Viscometric Result3he reduced viscosity of a sample
is defined as

Note that, in writing equilibriums (1) and (2), it is implicitly
assumed that the different CDs of a p@G§D chain behave
independently upon complexation with the probe and the
competitor. A first experiment is done with samples containing
only polyBCD and probe. The fluorescence intensity variations
as a function of the po§CD concentration allow determining
the complex concentration, [probe/p®D], and therefore
Kprobe 3132 0ne obtainKprone= 5900 M. From this value and
the fluorescence intensity variations obtained by adding Adal _
or Ada2 into a probe/pojCD solution, the [polgCD] and ﬂred=77ipe: "o 4)
[Ada/poly5CD] concentrations may be calculateBaga is Cot  1Coot
derived as the slope of the line

whereCyy is the total concentration in gii. Figure 3a shows
[Ada/polysCD] the reduced viscosity of pghiCD/Ada mixtures in a 2.3 ratio

[poly3CD] = Kaga([Adal,, — [Ada/polySCD]) ®) of B-cyclodextrin cavity and adamantane derivative concentra-

tions ([poly3CDJ/[Ada] = 2.3) as a function of po§CD

where [Adaly is the total concentration of competitor. Figure concentration. The two binary complexes behave quite differ-
2 shows the results obtained for a mixture involving %.20°° ently. The poly)CD/Ada2 reduced viscosity increases with
M of probe and 5< 10~4 M of poly3CD cavities in the case of  decreasing pof§CD concentration (or else with dilution), which
Adal and Ada2. The same experiments have also beenis typical of a polyelectrolyte behavior. This indicates that the
performed usin@-cyclodextrin instead of pof§CD. The results, inclusion complexes formation between Ada2 and gGIp
reported in Table 1, show that Ada2 has a much higher affinity leads to a polycation. The p@ZD/Adal solution shows a
for 5-cyclodextrin than Adal. The charge, N(gkl group, is behavior typical of a neutral polymer (as reported for paip
close to the adamantyl group in Adal and restricts its entrancealone3* decrease ofjeq With dilution). Even in a different ratio
in the cavity, whereas two carbons are spacing the charge and[polySCD]/[Adal] = 1), the polyp)CD/Adal complex still
the adamantyl group in the case of Ada2. Complexations with shows the same behavior. The fluorimetric measurements (see
polymers of$3-cyclodextrin lead to much lower values than in  above) have shown that Adal has a non-negligible affinity for
the case of the monomers, either for Adal and Ada2. This the CD cavities of polgCD, more than 70% of Adal being
should be related to the electrostatic repulsions between thecomplexed in the conditions of the viscosity measurements. The
ligands already complexed on the chains and the incoming unexpected viscosity behavior should be attributed to a coun-

ligands. These electrostatic repulsions oppose the attractiveterion condensation occurring with the polarizable anionsCDV
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Figure 3. (a) Reduced viscosity as a function of S-cyclodextrin cavity Figure 4. (a) Reduced viscosity as a function of sulfate group
concentration for poly3CD/Adal (®) and polyBCD/Ada2 (O) with a concentration for NanS_ (+), an(_j for the mixtures NaDxS/Adal (@)
ratio [polySCD]/[Ada] equal to 2.3; (b) Reduced viscosity as a function and NaDxS/Ada2 (O) with a ratio [NaDxS]/[Ada] equal to 2.3 and
of Adal (@) and Ada2 (O) concentration for poly3CD/Ada mixtures NaDxS/Adal (W) with a ratio [NaDxS]/[Ada] equal to 1; (b) Reduced
with [polyfCD] = 14 x 103 M viscosity as a function of Adal (®) and Ada2 (O) concentration for

NaDxS/Ada mixtures with [NaDxS] = 14 x 1073 M.

In the case of Ada2, the Brcounterions are less prone to a ) ) ) )
condensation effeéf still behave like polyelectrolyte chains although in a more
The effect of Ada concentration on the reduced viscosity of compact conformation than in the free case as shown by the

polyBCD/Ada mixtures, where the molar concentratiog6D reduced viscosities which are two times lower than for free
cavities is fixed at 14< 10-3 M, is presented in Figure 3b. In  NabDxS. The binary complexes NaDxS/Ada are soluble contrary

general, the higher the Ada concentration in the mixture, the 0 the system NaDXS/DTAC studied in a previous witkn
higher the reduced viscosity. This is what is almost observed this case, coupled hydrophobic and electrostatic interactions
for Ada2 for whichyeq progressively increases (by a factor re_sult in compact structures correspo_ndlng to a wrapping of the
1.7) with increasing Ada2 concentration till 1073 M. In micellar domain by the NaDxS chains. The adamantyl am-
fact, there are two regimes in the variations of the reduced Phiphiles do not show the same tendency to self-organize into
viscosities: at low Ada2 concentrationeq is approximately ~ hydrophobic microdomains as the alkyl amphiphiles. This
constant, whereas at Ada2 concentration larger thax 1163 explains p_artly Fhe|r larger solubility. _F|gure_ 4a also reports the
M, it increases almost linearly. In the case of the binary system réduced viscosity of NaDxS/Adal mixture in a 1/1 ratio. Even
polyBCD/DTAC 3 similar behaviors have been observed and at the charge neutrallzatlon, the systgm slightly behaves as a
have been attributed to an inhomogeneous complexation at lowPolyelectrolyte. In fact, this is certainly due to the steric
DTAC concentration: the surfactant molecules are complexed hindrance of the adamantyl group. The NaDxS chain presents
at the periphery of the branched architecture of SAIp, an average of two sulfate groups by dextran unit and the unit
resulting in a negligible swelling of the chains. At larger DTAC ~ Size is around 5 A An adamantyl group has a size around 7 A
concentrations, the surfactant molecules are more homoge_the_refo_re, it will be dlfflcuIF to bind more than one adamantane
neously distributed, and the electrostatic repulsions betweenderivative per dextran unit.
them explain the swelling of the coils. In the case of Adal, the  The effect of Ada concentration on the reduced viscosity of
results are qualitatively similar at Adal concentration lower than NaDxS/Ada mixtures, where the molar concentration of sulfate
6 mM but are more scattered due to the lower sensitivity to the groups is 14x 103 M, is presented in Figure 4b. The reduced
Adal concentration. A saturation appears at larger Adal Viscosity decreases by increasing the Ada concentration, bearing
concentration. The origin of this effect will be discussed in the out the association of the adamantyl derivatives with NaDxS.
SANS part. This decreases the total charge of the chains, leading to less
Figure 4a shows the reduced viscosity of NaDxS/Ada expended chains and consequently lower reduced viscosities.
mixtures in a 2.3 ratio of sulfate group and adamantane 1.3. SANS ResutsStudy of the poyCD/Ada2 Complexes.
derivative concentrations ([NaDxS]/[Ad&] 2.3) as a function In the first SANS experiments, a fixed cyclodextrin polymer
of sulfate group concentration. At this ratio, the charges of the concentration (14 mM) has been used to characterize the system
NaDxS chains are not neutralized. Thereby, the two systemsin order to study the influence of Ada2 cation concentratieB.V



2894 Biomacromolecules, Vol. 7, No. 10, 2006 Burckbuchler et al.

24 The reduced charge concentratisis defined in terms of
08 R 23 the Debye screening lengtk () and given by
3 23
= S ®
g - bt The reduced temperatutestands for the solvent quality as
= 04 T follows:
[Ada2] (mM)
ro\? 3B,
02 t=12- (1—2)+ ?47 )
. ; ! ! filidadateh t > 0 in good solvent ant < 0 in poor solventB3 is the third
0 002 004 006 008 01 012 virial coefficient, andy is the Flory interaction parameter.
q(A) Forro™1 > «, eq 1 predicts the scattering maximuafnequal
Figure 5. Variation of SANS scattered intensity /(g), plotted versus to
the scattering vector g, for the polyCD/Ada2 complexes with different
Ada2 concentration in D,O: (O) polyCD/Ada2 (14/1), (O) polysCD/ o = (rofz _ K2)1/2 (10)
Ada2 (14/2), (<) polySCD/Ada2 (14/4), (x) poly3CD/Ada2 (14/6), (+)
polyCD/Ada2 (14/10), (a) polySCD/Ada2 (14/14). The values of Ada2
and polymer concentration are indicated in mM. The solid lines are Forrog ! <« ors> 1, the screening due to the salt ions becomes
the result of BE fits. Inset represents the coefficient b resulting from preponderant, and the BE model is not valid. In this case, the
the power law as a function of the Ada2 concentration. structure factor is similar to ones obtained for neutral polymer
solutions.

The scattering behaviors of samples containing various amount  The solid lines of Figure 5 show the results of the BE fits to
of Ada2 cation ranging from 1 to 14 mM are shown in Figure the data using eq 5 witB1, s, t, andro as adjustable parameters.
5. These results express the influence of the Ada2 addition onThe BE model fits quite well the data, and the adjustable and
the conformation and interactions of the g8GD chains. A deduced parameters are displayed in Table 2. The degree of
clear diffusion peak is observed for all samples which is jonizationa is calculated in a first approximation assuming a
characteristic of a polyelectrolyte (PEL) behavior. Indeed, the total complexation of Ada2; that isy is equal to the molar
observed peak indicates that, in Ada2 cation presence@ly  ratio between the cation charge and cyclodextrin cavity.
chains repulse each other by electrostatic interactions. It is |t is verified thatro~* > « for all of the samples. To find the
important to note that the Scattering intensity by Ada?2 solution peak position independenﬂy of any modeL we used a p0|ynomia|
in DO at 14 mM (4.2 g/L) is too weak to be detected. Thus, fitting through few points around the scattered intensity
the PEL peak is due to the electrostatic repulsions of the maximum, and the corresponding calculated position is noted
complexed Ada2 cationic charge on the g#Dp chains. These  g* . This calculated peak position is compared to the peak
results give another proof of the effective inclusion complexation positiong*ge from eq 10 as shown in Table 2. There is a good
between the Ada2 cations and the cyclodextrin cavities of the correlation between® caic andgr g, showing that the BE model
polySCD at any concentration yielding a “polycation”. The adequately represents our data. The position of the gedk
shape of the PEL peak is well defined for [Ada2]2 mM. shifted toward higheq values (see Table 2) when the charge
The data were analyzed under the framework of the Borue concentration is increased due to the increased polyelectrolyte
Erukhimovich (BE) modéf3° using the random phase ap- contribution to the whole signal. The peak position reaches a
proximation (RPA) formalism. The BE model modelized the constant value at [Ada2] larger than 6 mM, due to a compensa-
polyelectrolyte solution as a three-component system composedion in eq 10 ofro~2 and«? increases.
of the solvent, the macroions, and the counterions. The The BE model allows to have access to the segment length
calculated structure factor is given by a provided by eqs 7 and 10 and given by

c ¢ +9 5) ro 2=0q° + > =[a"481l5) o™  (11)
"+ 90 +1) +1

Sx) =
A linear fit of ro=2 versusog2 should enable the determination

where C; is a scaling constant andand s are the reduced  Of the segment length The parameters of eq 11 were calculated
temperature and the reduced charge concentration. The reducetidependently of the previous BE fits[* is the 0* caie  is the

scattering vectox is given by calculated ionization degree, the polymer volume fractida
equal to 0.018, and is estimated by? = 8xlgIR, wherel is
X=ry (6) the ionic strength andk is the Avogadro number. The ionic

strength is attributed to the Ada2 counterions= [Ada2] /2.
The results are presented in Figure 6. The slope of the linear fit
provides a segment length= 18 A. This value is in good
agreement with our expectations since fheyclodextrin size
is 15 A and several hydroxypropyl units connect the different
(487“8 z)_ll4 cavities. However, it is seen that the linear fit cannot cover the
ro=a P (7) ' : i ionizati
a whole range of data but can only be applied at an ionization
degree lower than 0.5. Although the departure from linearity
ais the segment lengtly, is the degree of ionizatioryg is the corresponds to only three data points, one can discuss the
Bjerrum length, and is the polymer volume fraction. validity of the BE model in this range: it has been develoeﬁgv

whererg is a characteristic scale of Coulombic interactions,
defined as follows:
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Table 2. Adjustable (Ci, ro, s, and ), Deduced (g*ze) and Calculated (o, g*cac) Parameters Based on BE Theory for the Binary Systems
PolypCD/Ada2

[Ada2]
complexes (mM) a Ci o (A s t gee (A Geac (A
polySCD/Ada2 14/1 1 0.07 0.803 37.187 0.698 —-0.315 0.01479 0.01624
polySCD/Ada2 14/2 2 0.14 0.628 34.512 0.489 —0.473 0.02071 0.02047
polySCD/Ada2 14/4 4 0.28 0.595 32.042 0.362 —0.590 0.02492 0.02548
polySCD/Ada2 14/6 6 0.43 0.469 29.889 0.323 —0.786 0.02753 0.02795
polySCD/Ada2 14/10 10 0.71 0.438 28.036 0.343 —0.867 0.02891 0.02969
polySCD/Ada2 14/14 14 1 0.433 26.538 0.464 —-0.771 0.02758 0.02818
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Figure 6. Variation of the peak position with the ionization degree 0 ! ! !
of the complexes. The polymer volume fraction is fixed at ¢ = 0.018 0 0.02 0.04 0.06 0.08 0.1 0.12
([polyBCD]=14 mM). q(A)

for linear polyelectrolytes, whereas the poGD has the Figure 7. Effect of added salt: (O) 0 salt-free, (O) 15, (<) 150, (x)

; : ; 500 mM. Variation of the SANS intensity /(g) as a funtion of g for
constraint of a branched architecture and is not able to swell aSponﬁCD/AdaZ (14/6) system at different added salt concentrations

highly charged polyelectrolytes. [NaCl].

Information about the internal structure of the polymer
complex can be obtained by analyzing the asymptotic behavior 0.6
of the scattering intensit}(q) at largeq values. Thus](q) in o
this g domain is represented by a power ldyg) O q°. 05|

Theoretically, the more compact the scattering bodies, the higher
theb values: b = 1 is expected for a rigid rody = 2 for an
ideal chain, and = 4 for a collapsed chaiff:*1 For poly3CD
alone in solutionp = 2.25, a value close to the one predicted
by Daoud and Joanny in a Flory model of randomly branched
polymers in theta solvent conditions (2.28)For the binary
mixtures polyyCD/Ada2, theb exponents slightly decrease with
the Ada2 concentration, as shown in the inset of the Figure 5:
b= 2.07 for [Ada2]= 14 x 102 M. The radius of the polymer
complex is expected to vary a¢'® whereN is the average 0 o
number of cyclodextrins per chaiN & 83). The swelling ratio 0 002 004 006 008 01 0.12
of the mixture containing [Ada2E 6 x 103 M (b = 2.12) a(A)
compared to pure poBCD (b = 2.25) can thus be calculated  gigyre 8. Effect of cyclodextrin polymer concentration [polyCD].
using the following relationshipN®212 = 3225 This gives a Variation of SANS intensity /(g), plotted versus the scattering vector
swelling ratio of 1.4, which is in good agreement with the g, for the polyBCD/Ada2 complexes (O) (14/6), (O) (7/3), (a) (3.5/
viscosity results presented on Figure 3b: the swelling ratio 1.6 1.5) in D20. The solid lines are the result of the BE fit. Inset represents
is estimated from the ratio of the reduced viscosities. the variatiqns of the PEL peak position as a function of polySCD
1.3.1. Effect of Salt Concentratiofine variation of the SANS ~ concentration.
scattering intensity(q) as a function ofg at different added trostatic forces is observed when [NaCl] increases and a neutral
salt concentration [NaCl] of the system pg§D/Ada2 (14/6) behavior is eventually reached. Repulsive interactions have been
is reported in Figure 7. The added salt concentrations are [NaCl] completely screened at [NaGH 150 mM, and diffusion spectra
= 0 (salt-free), 15, 150, and 500 mM. Upon a small addition are superimposed for larger salt concentrations. In this system,
of salt (15 mM), the PEL peak in salt-free condition disappears, above 150 mM of salt, pojCD/Ada2 chains behave as neutral
replaced by a monotonic intensity decrease as a functiap of chains and the chain structures are independent of the ionic
The same behavior is also observed at higher salt concentrationstrength.
Thus, an addition of a simple electrolyte (NaCl) results in a  1.3.2. Effect of Polymer Concentratidhis seen from Figure
scattering behavior closer to that of a neutral polymer. The 8 and the obtained values qfge based on BE theory reported
explanation of this effect is based on the electrostatic nature ofin Table 3 that the PEL peak position moves toward higher
the peak. Indeed, a progressive screening of long-range elecvalues with increasing polymer concentration. This beha&'BrV
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Table 3. Influence of Dilution on the PEL Peak Position Based on has shown that Adal has a lower affinity for pgGD (Kaga1
BE Theory = 600 M) than Ada2 but in the conditions of the SANS
Cpolypcp [Ada2] G*se experiments a large majority of the cations are making inclusion
(mM) (mM) (A1) complexes: for instance, at [AdaZ]6 mM, 85% of the cations
35 15 0.01809 are complexed. On the contrary, the viscosity results show much
7 3 0.02205 lower expansions of the coils when Adal is added than with
14 6 0.02753 Ada2 (Figure 3b). This can be attributed to larger counterion

condensationd () in the case of Adal. In this frame, the SANS
results can be explained by a constant effective charge of the

0.8 decorated polyCD chains when [Adal] is larger than 4 mM.
0.7 We have also analyzed the asymptotic behavior at lagiger
valuesl(qg) O g ~ ° for all of the samples ranging from 2 to 10
0.6 - mM in Adal concentration. As was observed for Ada2, the
05 F cation linking induces a slight decrease of the expongrftem
5 04l b = 2.05 (JAdal]= 2 mM) tob = 1.98 ([Adal]= 10 mM).
IS 2. Ternary Complexes.Adal and AdaZ2 interact both with
0.3 - polySCD and NaDxS by inclusion complexation and electro-
02 static interactions, respectively. In the following section, we will
oA report results regarding the ternary complexes pOB/Ada/
o NaDxS.
0

2.1. Viscometric Result¥iscometry was first chosen to prove

0 002 004 006 008 01 0.2 ; X
the formation of ternary complexes for particular soluble

_ o al) _ _ mixtures in water, with the same concentrations ratio as in
Figure 9. Variation of SANS scattered intensity /(q), plotted versus previous work$334 The concentrations ratio is 2.3 both for the
the scattering vector g, for the polyfCD/Adal complexes with Adal B-cyclodextrin cavity/adamantane derivative and for the sulfate

concentration (O) polyCD/Adal (14/2), (O) poly3CD/Adal(14/4), () L .
polyBCD/Adal (14/6), (x) polySCD/Adal (14/10) in D,O. The values group/adamantane derivative. Figure 10a shows the reduced

of Adal and polymer concentration are indicated in mM. The solid viscosity of POl}BCD/Adal/NaDXS and POBCD/AdaZ/NaDXS
lines are the result of the BE fit. as a function of polgCD concentration (or sulfate group

concentration). The observed reduced viscosity decreases with
indicates a decrease of the characteristic scale of Coulombicdilution, typical of a neutral polymer behavior. The binary
interaction by progressive screening of long-range repulsions, systems polyCD/Ada and Ada/NaDxS, whose reduced viscosi-
i.e., counterion concentration increase with [Ada2]. Interestingly, ties are shown in Figures 3a and 4a, do not show the same trend.
the BE model was not successful to predict the variatiorgg of ~ The reduced viscosities of the ternary mixtures could not be
as a function of the polymer concentratiog:2 + «2 does not fitted assuming ideal mixtures of the binary systems. Indeed,
vary proportionally toag? when ¢ is varied. As already  there are additional interactions that are to be taken into account
mentioned, the pof§CD polymer has a branched architecture, which screen the electrostatic interactions due to the polyelec-
which could explain this discrepancy. The best fit corresponds trolytes. This occurs through the formation of ternary complexes,
to a linear relationship betweeyt and 23 like it is represented  involving electrostatic attractive interactions between Ada and
in the inset of Figure 8. The long-range electrostatic interactions NaDxS and inclusion complexes between Ada and 0.
impose a preferential distance between charged particles andVioreover, the values of the reduced viscosity of the fGIR/
lead to an “organized structure” characteristic of a cubic Ada2/NaDxS ternary complex are lower than those of the two
arrangemend* O [poly3CD]%3in the dilute regime. Similag* binary complexes, poCD/Ada2 and NaDxS/Ada2, suggesting
variations have been observed on micellar aggregates ofaggregates with compact structures.
amphiphilic diblock polyelectrolyte®,charged dendrimerd; 46 The effect of Ada concentration on the reduced viscosity of
and charged arborescent graft polynfér€onformations of  polyBCD/Ada/NaDxS mixtures, where the molar concentration
branched polyelectrolytes have been studied theoretit&ify. of SCD cavities and of sulfate groups is 14 1073 M, is

Interaction models based on charged soft spligfésre in presented in Figure 10b. In the case of Adal, the reduced
agreement with the experimental results based on the concentraviscosity increases slightly with the Adal concentration, which
tion influence. indicates the formation of larger aggregates. Above [Adal]

1.4. SANS ResultsStudy of the PojyCD/Adal Complexes. 1.5 x 1072 M, the reduced viscosity decreases only slightly.
To study the effect of the cation nature on the cyclodextrin Larger variations are observed for Ada2. The reduced viscosity
polymer, experiments have been performed with the cation decreases slightly until the same critical concentration as for
Adal. Figure 9 shows the Adal cation concentration influence [Adal] = 1.5 103 M and then a stronger decrease takes place
on the scattering diffusion spectra for the mixtures palip/ indicating the formation of denser and denser aggregates up to
Adal containing various amounts of Adal ranging from 2 to their precipitation at [Ada2} 6 x 1072 M. A similar behavior
10 mM and a fixed pol§CD concentration at [pof§CD] = 14 was observed for the system p8ED/DTAC/NaDxS3* where
mM. These results show a polyelectrolyte behavior by the a critical concentration was also observed around-1.50-3
appearance of a correlation peak due to the electrostaticM for which a structural transition was proposed for both the
repulsions between Adal and the g#GD chains. At [Adal] binary poly3CD/DTAC and the ternary complexes. At low
> 4 mM, all of the diffusion peaks are almost superimposed, cation concentration, the DTAC decorated @fp chains are
and the peak maximum remains unaltered by increasing theweakly charged, and the charges are distributed on an outer
Adal concentration. Indeed, from the BE parameter fits corona of the polymer cofit Their weak attraction for the
compiled in Table 4, there are negligible variations in the PEL NaDxS chains does not lead to compact structures, the NaDxS
peak positiorg*. The previous fluorimetric titration experiment  chains being still swollen in the corona. As the Cati(?BV
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Table 4. Adjustable (Ci, ro, s, and ), Deduced (g*ze) and Calculated (o, g*cac) Parameters Based on BE Theory for the Binary System

PolypCD/Adal
complexes [Adal] mM a Ci o (A) s t gee (A Greac (AD)
polySCD/Adal 14/2 2 0.14 0.794 36.657 0.631 —0.305 0.01658 0.01709
polySCD/Adal 14/4 4 0.28 0.717 34.29 0.517 —0.399 0.02028 0.02015
polySCD/Adal 14/6 6 0.43 0.476 29.289 0.622 —0.610 0.02099 0.02056
poly5CD/Adal 14/10 10 0.71 0.630 30.653 0.556 —0.477 0.02173 0.02127
11x10° 35
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[polyBCD] or [NaDxS] (M) 0 002 004 006 008 01 012
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10x10 1 b) Figure 11. Scattered intensities of the ternary systems: (O) polyCD/
o e, Ada2/NaDxS (14/1/14), (O) polyfCD/Ada2/NaDxS (14/2/14), (<)
= L ol %o o polySCD/Ada2/NaDxS (14/4/14). Inset represents the scattered
9 Q)Qb intensities of Adal system (O) polySCD/Adal/NaDxS (14/2/14), (O)
% polySCD/Adal/NaDxS (14/4/14), () polySCD/Adal/ NaDxS (14/6/
3 B o 14), (+) polysCD/Adal/NaDxS (14/10/14). Solid lines fit the curves
& 8 o based on Debye function.
o
74 ° Ada2 2.2. SANS Result®revious work has shown that, although
°© NaDxS is a PEL, no diffusion peak by NaDxS alone is observed
6 Oi meaning that in the concentration range of the experiments, its

T T T T T,
0 2 4 6 8x10
[Ada] M)

Figure 10. (a) Reduced viscosity as a function of poly3CD or NaDxS
concentration for polySCD/Adal/NaDxS (®) and polyCD/Ada2/
NaDxS (O) mixtures b) Reduced viscosity as a function of [Ada]
concentration for polySCD/Adal/NaDxS (®) and polyCD/Ada2/
NaDxS (O) mixtures with [poly3CD] = [NaDxS] = 14 x 103 M. The
arrow indicates the Ada2 concentration at which the system phase-
separates

scattering intensity is too weak to be detected. Thus, the data
may be interpreted in terms of scattering by gD or by its
complexes only.

When the ternary system p@lD/Ada2/NaDxS is formed,
the PEL peak in the scattering intensity of peGD/Ada2
disappears which indicates a screening of Coulombic repulsive
interactions of polycationic chains (Figure 11). This is due to
the interaction of opposite charges between the negative charges
of NaDxS and the positive charges of p8GD/Ada2.

In a similar way as was done for binary systems, the internal

concentration is larger than the critical value, the charges startstructure of the system is obtained by the asymptotic behavior
to be distributed homogeneously along the p&ip coil, and of 1(q) at largeq values by the power law(q) O g°. These
the attractions for the NaDxS chains are stronger, leading to aternary systems show g2 dependence of the scattered
gradual deswelling of the NaDxS chains belonging to the intensity,b being insensitive to the charge ratio. These results
complexes. Moreover, the previous studies have shown that theseem to be in contradiction with the viscosity ones (see Figure
NaDxS chains are too large to penetrate into the branched10b), which show a large sensitivity to the charge ratio. It should
structure of the polyCD chains but rather wrap around them. be recalled that the asymptotic largecattering behavior check
This model holds also for the Ada ternary systems. For Ada 2, the internal structure of the aggregates whereas the viscosity
the weak viscosity decrease corresponds to the first regimemeasurements are indicative of the compacities of the whole
([Ada2] < 1.5 mM). At larger Ada2 concentration, the strong aggregates. Moreover, aggregates with an inhomogeneous
viscosity decrease is due to the large attraction between thedistribution of the two polymers, a coreshell-structure for
polySCD and the NaDxS chains, inducing the formation of instance (the core being composed of @D and the shell
compact aggregates of increasing molecular weight. Phaseof a NaDxS layer), should display an apparent power law, which
separation should occur when the aggregates start to overlapcorresponds to a combination of the scattering from the core
In the case of Adal, the very low viscosity decrease can be and from the shell. Increasing the Ada2 concentration should
attributed to a larger counterion condensation than for Ada2. induce a slight expansion of the pgigD core (due to its
Indeed, the cations buried in the center of the @ coil do increased charge density), whereas the NaDxS shell should be
not interact directly with the NaDxS (located on the outer more compact (due to an increased attraction to the core). The
corona). Counterion condensation with thesbft anions should negligible sensitivity of the apparebtexponent to the charge
be favored, decreasing the strength of the interaction with the ratio reflects thus the combination of two opposite effects and
polyanions and thus explaining the low viscosity effe€ts. is not in contradiction with the viscosity measurements. CDV
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Table 5. Values of the Radius of Gyration Estimated by the polymer (poly3CD), a dextran sulfate polyanion (NaDxS), and
Debye Function Fits of Ternary Complexes cationic connectors which are adamantyl derivatives (Adal or
concentration poly3CD/Ada/NaDxS Ada?) in aqueous medium. These components are assembling
ratio 14/1/14  14/2/14 14/4/14 14/6/14 14/10/14 via coupled inclusion complex interactions (adamantyl group
Rg Adal (A) 62 % 82 88 and pyclodextrin cavity) and electrostatic attractive interactions
Rg Ada2 (A) 63 83 107 NA NA (positive charges of Ada and negative charge of NaDxS). The

study has been divided in two parts: a characterization of the
) ) . binary systems before a study of the ternary ones because it
As shown on Figure 11, the scattered intensities decreaseyas of prime importance to understand the binary interactions

monotonically as a function af for all of the ternary mixtures,  pyior to a description of the interaction mechanism in the whole
reflecting negligible repulsive interaction potentials between gystem.

them. This proves that the complexes are almost neutral and
that they do not experience hard core interaction potentials. Due
to low contrast in the scattering length densities of pap svstems beina discussed at the end of this part
and NaDxS, it has not been possible to perform contrast- Y g . . part. .
matching experiments to deduce information about f6B Each_of the three possible binary systems has been consdgred.
distribution in the complexes. To characterize the structure of A Previous study has shown that there was no specific
the complexes, and taking into account the results at lgyge  Interaction between poCD and NaDxS!* On the contrary,

an attempt was done to fit the scattering profile of the ternary Ada derivatives link to either poiCD or to NaDxS. Electro-
system as the one of an ideal chain. Indeed, the SANS intensityStat'C |nteract.|ons are responsive of th.e Ada2 tq NaDxS linking,
patterns (q) show a monotonically decrease similar to neutral @S characterized by the large viscosity reductions upon Ada2
polymer solutions. Th&, averaged structure was estimated from addition. It should be mentioned that Ada2/NaDxS complexes

the scattering curves by Debye funcfidf? fits based on the are soluble in a large stoichiometric range, contrary to the
formula behavior observed using a cationic surfactant like DTAE.53

The Adaz2 affinity for the cyclodextrin cavities of the pgigD
has been determined through fluorimetric experiments. The
complexation constants are almost 100 times lower than the
one expected for complexation into natiy&cyclodextrin
where x = ¢?Rg? and Ry is the radius of girationA is an without added salt but increases markedly when NaCl is added
incoherent baseline parameter, é®ds an arbitrary intensity  to the medium. This behavior is due to the polyelectrolyte nature
scaling factor. As shown in Figure 11, the Debye function fits of the complex, with the electrostatic potential induced by the
the data quite well over the whole range of scattering angles. charges on the decorated péGD chains opposing to an
The Ry based on the Ada2 system ranges from 63 A for increase of the Ada2 binding. However, the complexation
polyBCD/Ada2/NaDxS (14/1/14) to 107 A for pghCD/Ada2/ constants are always high enough to ensure the binding of a
NaDxS (14/6/14). The increase is due to the ability of the system large majority of the Ada2 molecules. Viscosity and SANS
to bind more NaDxS resulting in the biggest structures. measurements show that p6yD/Ada2 complexes behave as
Aggregates whose core is formed by one pa@p chain may polyelectrolytes, with reduced viscosity increase at low con-
thus be formed. No measurement at Ada2 concentration highercentration and correlation peaks in the neutron scattered
than 6 mM is available because of the precipitation of the intensities.
system. It has been calculated that, on average, singlg@bly Mixing the three components in aqueous media results in
chains have a 300 A center-to-center distance when in solution|arge viscosity reductions correlated with the disappearance of
in the concentration of the experiments (14 mM). Thus, when the polyelectrolyte peaks in the scattered intensities and with
the radius of the complex is larger than half this critical distance, intensity increase at lowy. The radius of gyration of the
the different complexes may interact one with each other and aggregates is found to increase from 60 A (a value close to the
lead to precipitation due to a bridging effect (NaDxS chains one of pure polCD) to 110 A. The results are in good
can link several polyCD chains). This simple calculation isin  agreement with a coreshell complexation mechanism already
agreement with the concentration domain where precipitation developed for the ternary system pg8GD/DTAC/NaDxS8: The
is observed: atan Ada2 concentration of 6 mM, the extrapolated structure of the ternary system is reminiscent of the one of the
radius of gyration should be around 140 A. binary system pol§CD/Ada2. The core is constituted of the
The experiments performed with the Adal ternary systems polysCD/Ada2 complex and the shell is made of NaDxS chains
give qualitatively the same behaviors as for Ada2. The results interacting electrostatically with the positively charged core as
of the nonlinear curve fitting foRy are reported in Table 5. schematized on Figure 12. At low Ada2 concentration, the
TheR, of the averaged structure based on Adal system increasesgttraction is weak and the linked NaDxS are making few
from 62 A for polyCD/Adal/NaDxS (14/2/14) and quickly  contacts with the surface of the core. As the Ada2 concentration

The following discussion will be focused on the results of
the Ada2 derivatives, the particular behavior of the Adal

I(G) = A+ (%)(e‘x —1+%) (12)

reaches a limit value close to 85 A for [Adat] 4 mM. It is increased, the electrostatic interactions increase, leading to
should be noted that the radius of gyration of pure fGIR is both increased association with NaDxS and to compaction of
equal to 55 A. As observed for the Ada2 systems, it appearsthe shell. This model is in good agreement with the neutron
that the complexes are probably built around one fOD scattering and viscosity results: both the molecular weight and
chain. The limited increase of the aggregate size is in agreementne radius of gyration of the aggregates increase with the Ada2
with the viscosity results (Figure 10b). concentration whereas their global compacities decrease. More-
over, this model is able to predict the solubility limit of the
Discussion and Conclusion complexes: soluble complexes are formed until the diameters

of the aggregates become comparable to their average spacing
The experiments of this study have shown that ternary distance. Above this limit, attractive bridging interactions should
complexes can be formed by mixinggacyclodextrin containing occur between the aggregates leading to phase separatieB.\}t
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to the Adal addition above an Adal concentration equal to 4
mM and the reduced viscosities show a neutral type behavior.
This phenomenom is attributed to a larger counterion condensa-
tion of the I polarizable counterion of Adal than the Br
counterion of Ada2 around the polyelectrolyte complex&he
results can be analyzed in terms of lower effective charge
densities of the polyCD/Adal complex. In the case of the
ternary system, the aggregates are smaller and less compact than
with Ada2. This is again interpreted in terms of large |
counterion condensation, but the mechanism is more subtle. We
have seen that direct electrostatic interaction can occur between
Adal and NaDxS which are able to displace thedunterions.

In the frame of the interaction mechanism schematized in Figure
12, the Adal cations located at the periphery of the pOD

core do interact directly with the NaDxS chains. This explains
why at low Adal concentration there is the formation of ternary
complexes. However, increasing the Adal concentration above
a critical concentration (152 mM) results in a larger amount

of cations located inside the p@€D core. The electrostatic
interactions generated by these ions are, for the most part,
screened by counterion condensation. With the Adal cations
being buried inside the pg®CD core, displacement of |
counterions by close association with the NaDxS charges is
unfavorable. Thus, there is almost no further increase of the
should be mentioned that attractive br|dg|ng interactions do not aggregation above the critical Concentration' as seen from
have to overcome strong repulsive electrostatic interactions toviscosity and neutron scattering results (Figures 10 and 11). This
establish the fact that the primary aggregates have a low globalstydy shows that Adal cationic amphiphiles are less efficient
charge (no polyelectrolyte peak and neutral type viscosity than Ada2 in building large ternary complexes. This phenom-
behavior). Then, the bridging should occur by involving a single enom is mostly attributed to a counterion effect than to the

NaDxS chain which links two po§CD/Ada cores by interacting  influence of a spacer group between the charge and the
electrostatically between them. In the concentration range of hyqrophic group.

the experiments, the Ada2 concentration for phase separation
is 6 mM where the extrapolated diameter of the aggregates
would be 280 A, a value comparable to the average spacing
distance between pghD chains (300 A). The good correlation
between these two values proves also the validity of the-eore
shell model where the core contains only one pafp chain.
Compared to the DTAC surfactaristhe Ada2 amphiphiles

Figure 12. Schematic representation of the ternary complex between
the polyCD, the cation and NaDxS.

This study has allowed us to understand the interaction
mechanisms in a model ternary system driven by coupled
electrostatic and inclusion complex interactions. It has shown
that the nature of the cationic amphiphile, at the origin of its
ability to self-associate, and the nature of the counterion are
playing an important role in determining the structural properties
of the ternary complexes. Potential applications of these systems

Elepend on the choice of the polyanion. Ternary complexes

structure under the same concentration conditions. There € erformed with DNA are potential gene carriers. First trans-
structural differencies in the two cases which can be understood;g i, efficiency experiments have given encourlaging results

considering that the ternary complexes are constituted of primary, nich can be improved changing the nature of the AGI

aglgreggteiwith _I"i‘hCOTShe” st.ructufrer,] thg_ﬁzrg containing oné 501 of the connectors. Drug delivery with negatively charged
polySCD chain. The larger size of the aggregates can ., ,ieing can also benefit from the versatility of such a system.
be attributed to a moderate association of the primary structures.

These associations, which are only effective for the DTAC
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