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ABSTRACT: We consider the new type of water-soluble stoichiometric interpolymer polyelectrolyte complexes
(IPEC) consisting of macromolecules having different affinities to solvent and different densities of ionic groups
along the chain. It was proposed that complexes of such macromolecules have-shedirstructure. The inner

part of complex with a radius contains monomer units of both macromolecules, while exterior part with a
radiusR consists exclusively of monomer units of hydrophilic macromolecules. With such complex organization,
the external charged hydrophilic shell effectively protects the complex from precipitation and fusion with other
complex assemblies. These theoretical conclusions allow to explain the experimental data on the stability of
IPECs containing polyflysine), poly(-lysine citramide), poly(-lysine citramide imide), and poly(acrylic acid),

and can be of interest in the field of DNApolycation complexes aimed at transfecting genes to cell nuclei.

1. Introduction block is attached to at least one polyelectroRAg.The
interactions between monomeric units of this block and the
solvent stabilize the formation of finite-size aggregates in the
solution. The aggregates have a well-defined micellar-eore
shell structure where the core of the micelle consisting of
polyelectrolyte complex is surrounded by hydrophilic corona
of nonionic block. This type of complexes is called bleck
ionomer complexes. Theories have been proposed for such
Crizomplexeé.L12

In parallel, some of us found recently that cationic macro-
molecules such as pol{ysine) and poly(amino serinate) form
water-soluble stoichiometric IPECs with anionic macromol-
ecules of poly(-lysine citramide) and polyflysine citramide
imide), two polyelectrolytes of the polycarboxylate-type whose
backbone bears one hydrophilic OH group in each hysyl
citramide repeating unit (Scheme %#)We suggested that the
apparent solubility of such complexes result from the presence
of hydrophilic hydroxyl groups. Indeed the mixture of cationic
macromolecules of polyflysine) with poly(acrylic acid) having
a hydrophobic main chain always led to macroscopic phase

complexes including their preparation and structure analysis separatiort? In the case of PLCA and PLCAI polycarboxylates,
have been performed during last decatiédt has been found  yhe apsence of precipitation could be due to the interactions of

that IPEC properties considerably depend on the positive andy,, hydrophilic OH groups with aqueous surroundings.

negative charge ratios within mixtures. Nonstoichiometric Accordingly, one can expect that PLCA and PLCAI com-
complexes appear if there is an excess of charges of one Slgr]olexes are heterogeneous and composed of an inner part with

'r:' ;[jheds.olutlona'[.hese ctc?rr|1plexes gre”generally Irtl thetfok;T OL radiusr that contains monomer units of both macromolecules
ydrodispersed tiny particies or miceflar aggregates stabllized , \y 5 ayxterior part (with radiuR) that consists exclusively of

Eyntl:ei Eirerier:ﬁe Ingg sutrf?cr:ei rr;ettriChgg% In :to?r:rast tlo monomer units of longer hydrophilic macromolecules. The
onstoichiometric S, stoichiometric S contain equal gy i0rng) charged hydrophilic shell would thus protect the

amounts of opposite charges. The net charge is thus zero, an omplex elementary entities to aggregate with other similar

macroscoplc_ phase separation is observed. o ~_ entities. Such shell is formed thanks to the energetic gain for
Recently, it was shown that the phase separation in stoichio- hydrophilic monomer units to be exposed in the surrounding
metric mixtures could be prevented, if a hydrophilic nonionic - sojvent rather than into the hydrophobic core. In contrary, the
factor preventing the formation of such layer is the Coulomb
* To whom correspondence should be addressed. E-mail: vwas@ineos.ac.r@ttraction between excess of negative and positive groups in
and leclercq@univ-montpl.fr. internal and external parts of IPEC, respectively. The balance
5 ! N.esmAey%”OV '”Sf“é‘“.e of Organoelemental Compounds (INEOS),  of these two main factors determines availability and width of
E i,',i’; M%isir:%,,? |nsct;fur;geosf Biomolecules, UMR CNRS 5247, Equipe  Protective external layer. Itis clear that such IPECs will be stable
CRBA, Facultede Pharmacie. upon aggregation only in the caserok R.

Intermolecular polyelectrolyte complexes (IPECs) have at-
tracted considerable attention for a long time starting from their
first studies in the middle of the 20th century. IPECs are
formed spontaneously in solution upon mixing positively and
negatively charged polyions. The association between these
polyions occurs thanks to strong cooperative electrostatic
interactions.™ IPECs play an essential role in nature where
many charged systems, namely proteins, polysaccharides, an
cells, are dispersed in fluids and tissues in the absence of
macroscopic precipitatichThey are involved in many biologi-
cal phenomena that condition life, some of them being very
complex like DNA—enzyme-protein interactions occurring in
cell machinerie$:® On the other hand, and somewhat related,
IPECs dispersed in water are very prospective for various
applications in biomedical fields, including the encapsulations
of biological substances, drug delivery systems, or gene
transfection and gene therapy?

A great number of comprehensive experimental studies of
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Scheme 1. Chemical Structure of PLCANa, PLCAINa, PAANa,
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IPEC Formation. Typically, IPECs were obtained by adding

and PLL,HBr successively an appropriate volumgaol M PLL solution to a
OH strongly stirred polyanion solution (20 mg in 1 mL of water) in a
plastic vial at room temperatuteThree additions were successively
—PNH_?H_(CHZ)“_NH_E_?_C}E_ﬁ PLCANa carried out until the globaNpo/Npa ratio reached 1. We order to
COONa* 0O CH, 0 reachNpo/Npa = 0.3, 0.6 and finally 1. Precipitates were collected
COONa* gﬂea each addition, washed with deionized water and finally freeze-
ried.
Methods. The molecular weight of the polyanion and polycation
engaged in the precipitates was determined by size exclusion
0:C_CH chromatography (SEC) after separation of the two components by
NH—CH—(CH2)4—N' 2 gel filtra‘gion on CM-CLGB_ Sepharose _g@IAt 1 M NaCl, PLL _
Na* v PLCAINa was retained on the gel while the polyanion was eluted. The retained

C—C—CH,—C

7,

o’ )
OH 0

PLL was then released from the gel ugia M NaCl.

SEC experiments were performed using a LCC-501 System (from
Pharmacia Biotech) equipped with a YVisible detector and a
column packed with the anionic CM-CLEB Sepharose gel. The
mobile phase was a solution of 0.15 M N#&D, and 1 M NaCl at

{—CHZ—CH PAANa pH = 7.4. The detector operated at 214 nm. The elution rate was
é . 0.25 mL/min. PAA standards (from Polymer Laboratories) or PSS

OO0 Na standards (from Wheaton) were used for calibration. The signifi-
cance of the calibration based on PSS standards for determining

the PLCA and PLCAI molecular weight was controlled using three

o PLCA whose molecular weights were respectively 56 000, 34 000,

I PLL HBr and 26 000 g/mol according to static light scattering. The correction

C_|CH_NH+ ’ factor logM,, (PLCA)]/log[M,, (PSS)] was 1.030. The molecular

(CHy), weight of the PLL polycation engaged in IPECs was determined
II\IH;BI_ by SEC using the same system but with a column packed with a

cationic DEAE Sepharose gel. The mobile phase was a solution of

In this article, we analyze the factors that govern the stability 1 M NH,Cl and 1 M NaCl at pH= 4.0. The detector operated at
of complexes between oppositely charged macromolecules214 nm. The elution rate was 0.25 mL/min. P2VP standards (from
having different affinity to solvent and we propose a thermo- Fluka) were used for calibration. The significance of the calibration
dynamic approach that describes such complexes. The theoretibased on P2VP standards for determining the PLL molecular
cal calculations are compared with additional experimental data Weight was controlied using four PLL whose molecular weights

on the stability of IPECs between palyfysine) and three
polycarboxylates, namely poly{ysine citramide), poly(-lysine
citramide imide), and poly(acrylic acid). It is important to note
that the distance between charged groups in pdigine) and
poly(acrylic acid) is at least twice smaller than in palysine
citramide) and poly(-lysine citramide imide). Analysis shows
that this is an additional factor contributing to the stability of
their complexes.

were respectively 73500, 51000, 26300, and 12 700 g/mol
according to static light scattering. The correction factor

log[M,, (PLL))/log[M,, (P2VP)] was 1.065.

The values of the hydrodynamic radids of IPEC particles were
determined in NaCl solutions by dynamic light scattering (DLS).
Vertically polarized DLS measurements were performed &t@5
on a commercial BI-200SM instrument (from Brookhaven Instru-
ment Corporation) equipped with a AKr laser (514.5 nm) and a
multibit, multi-z digital correlator (model BI-9000AT) covering

The second section will present the materials and methodsmore than 10 decades in delay timélhe apparatus was calibrated
used. Section 3 is aimed at reporting experimental data. In awith toluene whose absolute scattering value was 32.¢0r* at
fourth section, we derive the free energy of complexations ¢ = 90°. The hydrodynamic radiuRy was calculated from the
between oppositely charged macromolecules having different average diffusion coefficier using the StokesEinstein equation:

affinity to solvent and analyze the conditions of their stability.

The comparison between experimental data and theoretical

results are discussed in section 5.

2. Methods and Materials

Raw Materials. Poly(L-lysine) hydrobromide (PLL,HBr) (aver-
ageM,, = 30 000 g/mol) was purchased from Sigma. Poly&ine
citramide) M, = 42 000 g/mol) and polyflysine citramide imide)
(My, = 48000 g/mol) sodium salts, respectively PLCANa and
PLCAINa, were synthesized as previously descrifeel.CA was

kT

Ry s (€]
wherek is the Boltzmann constant, is the absolute temperature
andy is the viscosity of the measured liquid at Z5. The viscosity
of the polymer solutions used for DLS measurements was deter-
mined using a rheometer Rheostress RS 100 (from Haake) at 25
°C. The refractive index increments were determined for the various
polymers using a Brice-Phoenix refractometer at 633 nm €25

IPECs were first dissolved in 2.5 M NaCl at a concentration of

issued from the alkaline hydrolysis of the cyclic imide groups Qf 0.4 mg/mL. 65uL of the resulting solution were then added in a
PLCAI. PLCA molecules contain two negative charges per unit, pyrex tube to a strongly stirred NaCl solution whose concentration
whereas PLCAI molecules contain only one negative charge peras calculated to allow setting at the appropriate final NaCl

unit (Scheme 1). Linear sodium poly(acrylate) (PAAN4,, = concentration. The final amounts of precipitates and the total volume
81 000 g/mol) was prepared in two steps. First, poly(benzyl acrylate) \ere 13,g/mL and 2 mL, respectively. DLS measurements were
was synthesized by radical polymerization in toluene at@®ith performed 24 h after IPEC preparation.

AIBN as the initiator. PAA was then obtained by hydrogenolysis
of poly(benzyl acrylate) using Pd/C as catalyst followed by 3 Experimental Results
neutralization of carboxyl groups with NaOH. PAA molecules
contain 1 negative charge per unit (Scheme 1). Deionized water
obtained with a Milli-Q system from Millipore was further distilled
once and filtered three times through a Q.22 filter from Millipore
before use. Analytical grade NaCl was purchased from Merck.

Characteristics of the Complexed PolyelectrolytesThe
protocol consisting in pouring the polycation PLL into the
polyanion, all the polycation molecules were engaged in the
complex and thus the PLL molecular weight was unchanged
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Figure 1. Ry dependence of different PLEPAA complexes on NaCl 0 AAh———
concentration. [IPEC¥ 13 ug/mL andM,, (PLL) = 30 000 g/mol. 12 11 1 09 08 07 06 05 04 03 02 01 0

Table 1. Chemical Data of the Polyanions PLCA, PLCAI, and PAA ) _[NaCl] (moV/L)
Complexed with the Polycation PLL Figure 2. Ry dependence of different PLEPLCA complexes on NaCl
concentration. [IPEC¥ 13 ug/mL andM,, (PLL) = 30 000 g/mol.

polymer Mw Mn DP, Ip
PLCA 55 000 32000 107 1.7 750 7
27 000 15 000 50 1.8
18 000 10 000 33 1.8
PLCAI 69 000 34 000 120 2.0 600
38 000 24000 85 1.6
16 000 9000 32 1.8
PAA 135000 40 000 563 34
73 000 21000 296 35 . 450
38 000 8000 113 4.8 £
=
-7
(26 000 g/mol), as expected and already obsetvéucontrast, 300 -
selectivity was observed in the case of the polyanion molecules.
The average molecular weighilg) and weight-average degree —#—PLCAI69,000 g/mol
of polymerization (DR) of the polyanions issued from the 150 - —m— PLCAI 38,000 g/mol
different IPECs prepared are presented in Table 1. —a—PLCAT 16,000 g/mol
Influence of Salt. The influence of NaCl on the interactions
between the various polyanions and PLL was investigated by 0 T T T T "
dilution starting from a NaCl concentration high enough to 1 09 08 07 06 05 04 03 02 01 0
decomplex IPECs, namely 2.5 M. DLS was used to monitor [NaCl] (mol/L)

the presence of complex in the media at various salt concentra-gigyre 3. Ry dependence of different PEPLCAI complexes on NaCl
tion and with a constant 18g/mL polymer concentration. In concentration. [IPECE 13 ug/mL andM,, (PLL) = 30 000 g/mol.

the case of 2.5 M NacCl, the sizes of the scattering species were

around 10 nm in agreement with dimensions of separated relatively independent of the polyanion molecular weight. This
polyions. Under these conditions, decreasing the salt concentraR, value was lower for PLCAI than for PLCA. Th€recomp

tion led sooner or later to the appearance of much greatervalues decreased with decreasing the polyanion molecular
scattering species with sizes larger than 100 nm. The saltweight, as in the case of PELPAA complexes.

concentration at which the formation of these rather large |t yas tentatively concluded that nanoparticles of similar size
scattering species became detectable was n&nreghp with were obtained from macromolecules of different molecular
‘recomp” standing for recomplexation. Because of the fact that \yeights. However, if similar sizes were obtained for

antagonist polyelectrolytes were initially in 2.5 M NaCl, itwas  complexes composed of macromolecules of different molecular
not p_os;ible to decrease the salt concentration below 0.1 M NaC'weights, the NaCl concentration required to destabilize such
by dilution. IPECs increased when the molecular weight increased. As
In the case of the PLEPAA complexes (Figure 1), recom-  previously suggested, the difference of behavior between the
plexation was detected foCrecomp Values decreasing with  PLCA or PLCAI and PAA systems can be assigned both
decreasing the PAA molecular weight. When the salt concentra-to the presence of hydrophilic OH groups and the amide
tion was decreased, a sharp size increase was observed, followedipoles present in PLCA and PLCAI polyanions which
by a zone where the size variations leveled off. BelbM in stabilized the IPEC particles against dramatic increase of
NaCl, macroscopic flocculation was observed. hydrophobicity and to the higher charge density of PAA
The PLL—PLCA and PLL-PLCAI complexes led to profiles ~ molecules (as compared with PLCA and PLCAI ones) which
composed of onsets and plateaux as shown in Figure 2 andincreased the attractive electrostatic interactions with the
Figure 3, respectively. There was no flocculation in contrast to polycation!® This assignment well agrees with the higher
what was observed for PLLPAA complexes. The plateau zones  CrecompObserved for the PLEPAA complexes as compared with
were extended up to the lower 0.1 M limit of the salt the PLL—PLCA and PLL—PLCAI complexes. In order to verify
concentration. For a given PLL/polyanion couple, the curve this hypothesis, theoretical calculations were carried out by
leveled off to almost the sant&, value which was found to be  considering the macromolecules of PLL and PAA as hydro-
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phobic and the macromolecules of both PLCA and PLCAI as internal part of complex ifNf + Ni f/2 = f(N + N3/2), and

hydrophilic. free energyFup can be written as
4. Theoretical Part i: 312
The interpolymer complex described in above section were Fou 2 a0 3o N+ )
formed by oppositely charged macromolecules which differ T~ :—,’*/EU % T 3)

significantly in terms of molecular weights, affinity to solvent, r

density of ionic groups along the chain, and molecular weight ) )
distribution. whereV, is the volume of the internal part of comple¥; (=

Describing such mixture in detail is rather complicated. Let (47/3)r%); u= €¥/eaTis a characteristic dimensionless parameter
us consider a simplified model that takes into account only the (T, temperatures, dielectric constant of mediune; elementary
main features of systems under consideration, namely, thecharge). In the case of aqueous solutien~( 80) at room
different affinity of macromolecules to solvent and the different t€mperature ~ 300 K) and for size of monomer unigs~ 1

distance between ionic groups along the macromolecule back-"M. the parametew is approximately equal to unityu ~ 1.
bone. The contributionFeong Of interaction of noncompensated

First, let us consider the case of diluted solution of oppositely charges of internal and external parts of complex can be written
charged macromoleculésand macromolecules (i) that have within the model of spherical capacitor having chadge The
hydrophilic and hydrophobic backbone, respectively; (i) that ChargedQ of such capacitor is equal to difference between the
bear equal numbers of ionic groups: (iii) that have different total numbers\f of positively charged monomer units and the
degree of polymerization (hydrophils macromolecules being  total numberNy f/2 of negatively charged monomer units in
longer). Furthermore, mixture composition is stoichiometric, i.e., the internal part of the complex:
the number of positive charges in the solution is assumed equal

to the number of negative charges. Feond > la al_
Unimer Complex. To start, let us consider the construction kT (dQ"u r R
of a 1-1 complex of macromolecules and C with different 13 N
degree of polymerizatiomA and C polyions carry charges of (417) f 2u(N — _A)(i — i) 4)
the opposite sign. The charged groups are distributed randomly 3 2 Vrl/3 VR”3

along the chain and the total numbers of charged groups per
each macromolecule are equal and amount3 tegardless of ~ whereV is the total volume of the compleXg = 47/3 R®).
charge signs. To be definite, let us propose that macromolecules Finally, the contributiorFin; can be written as a sum of free
A are negatively charged and twice as long as positively chargedenergy of interactions in intern&f), and externaFgy' parts of
macromolecule€. Furthermore, let the long backbone Af the complex:
macromolecules have affinity with solvent, i.e., water, while
shorter cationic macromolecul€do not have it. Fie = F:gt + F%‘;t

Let us denote abl the degree of polymerization of cations
C, and ad its degree of ionizationf = Q/N. Then the degree | Flory—Huggins approximation the ter#", is
of polymerizationNa of anionA is equal to X, and its degree
of ionization isf/2. We assume that both macroions are flexible  gin

and have monomer unit of equal typical size . ﬁ = yacPc?n + tesPcl — gc — @) +

As stated in the introduction, we assume that the oppositely in _ _ _
charged macrc_)ionA and C form IPECs h_aving _coresh_ell IpsPall — @c— o) + (L — @c — @
structure. The inner part of the complex with radiusontains N — on— o™ (5
monomer units of both macromolecules while exterior part N = gc = ¢a) )
(having radiusR) consists exclusively of monomer units of in n ]
longer hydrophilic macromolecula. where pc = N&/Vi, g5 = Nya%V, are volume fraction of

It was previously shown that the stoichiometric polyelectrolyte MONOMer unitsA and monomer unit® in the inner part of
complex can be considered as a globule of a polyampholyte COMPIeX, correspondinglyac, xas, andycs are Flory-Huggins
macromolecule at isoelectric point and described within the Parameters of interaction of monomer unis €) between each
framework of volume approximatiolt. We assume that the ~ Other and with molecules of solvers)( .
volume approximation is valid for the case under consideration USing the same approximation, we should write free energy

as well. Fg‘ut of external part of complex in the following form:
Following this approach, the total free energyof core— out
shell IPEC can be presented as sum of three contributithes Fint

— outrq4 ___oub __out ____out
free energyFin of non-Coulomb van der Waals type forces, kTv_,~ #As¥A A-@a)+ (A =ea) A —gny) (6
the free energ¥pn of Debye—Hukkel electrostatic interactions
due to the fluctuation of charges, and the free enéigyq of wheregd = (Na — NI/(Vr — Va3 = (2N — ND)/(Vk — Vy)-

L . . P =
electrostatic interactions between excess of charges of internalgs is the volume fraction of polyme in shell of IPEC.
and external parts of complex: The equilibrium values of volum¥; and Vg, as well as the
concentration of monomer units in both parts of IPEC, are
F=F+ Fou+ Feona &) determined by conditions of equality of osmotic pressures and

chemical potentials of the coexisting parts of the complex. In
The internal part of the complex contains ldlmonomer units the case under consideration, this condition is equivalent to the
of cationC, and NL’\‘ < 2N monomer units of anio®. Thus, following condition for the derivatives of total free energy
the total number of charged monomer units of both signs in with respect to the variablegz, V, and N',L‘:
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/SR \YA ,8Nj£

(7)

The system of equations written above was solved numerically.

For simplicity in our calculations the value ghc was taken
equal to zero, and we sghs = —ycs=x < 0.

Figure 4A shows the dependence of radii of compgReand
of internal part on the degree of ionizatidifor different values
of . One can see that for macroions with equal affinity to
solvent § = 0), radiiR andr are equal to each otheR =r.
This indicates that the protecting layer is absent and IPEC
contains the only phase with homogeneous distribution of
monomer units of both macroions. With increase of degree of
ionizationf the electrostatic interaction becomes stronger and
complex diminishes its size.

In the case of negative values of parametéy < 0), when
complex composed of macroions with different affinity to
solvent, IPEC indeed has a cerghell structure with hydro-
phobic core and hydrophilic shell. The calculations show that
the protective layer of IPEC is rather narrow, its width

corresponds to the size of few monomer units and its total charge

is about few elementary chargegFigure 4B). The width of
layer A, A = R — r, increases with increase of hydrophilicity
of anion and with decrease of degree of ionizatibrof
macroions. Thus, due to the strong electrostatic interaction
anionic monomer units are mainly concentrated within internal
part of IPEC. The number of hydrophilic anionic groups is twice
larger than the number of hydrophobic groups of polycations,
as a result in spite of strong hydrophobicity of polycations (the
low negative values of interaction paramejgg) the size of
polymer complexR varies approximately inversely proportion-
ally to degree of ionizatioft R~ f . It should be reminded

that such dependence is characteristic for amphiphilic macroions

immersed in good solvent; in ideal solvédt- f 13 and radius

of macroionR shows no dependence dbm poor solvent:R ~
f0.16-17 The dependence of the total concentration of monomer
units within inner part of IPEQi, = ¢ + ¢c on degree of
ionizationf is shown in Figure 4C.

Because of the same reasons, the size of IPEC, i.e., rRdius
is larger than the size of complex wigh= 0, and it increases
with the increase ofy]|.

The core-shell structure of IPEC is also observed for
macromolecules with high degree of polymerizatdiiFigure
5A). The width of protective layer decreases withhowever,
its chargedQ increases (Figure 5B). The scaling dependence
of radiusR of a complex on its degree of polymerization giving
R ~ N s typical for a polyampholyte globule stabilized by
attractive electrostatic interactiohs.

Figure 6 shows the dependence of the free en&rgyF/N
per monomer unit on the degree of polymerizatdrAs it can
be seen, the free enerdyper monomer unit increases with
increasing oN. This fact lets us to conclude that the formation
of complex containing few macromolecules of cations and
anions is energetically unfavorable.

Complex with m Macromolecules of Cations and Anions.
Indeed, when writing the free energy of complex of few
cationic and few anionic macromolecules in the case of
long macromolecules, we can neglect the entropy contribution
of polymer chains. Then the free energy of complex containing
m macromolecules of cations anch macromolecules of
anions is equal to the free energy of unimer complex
described aboven{= 1) between single cation and single anion
given by eqs 26 with the degrees of macroion polymerization
Nc and Na replaced by total numbers of monomer units in

Macromolecules, Vol. 40, No. 16, 2007
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Figure 4. Dependences of the radii(dashed line) an® (solid line)
(A), chargedQ (B), and concentration;, (C) on degree of ionization
f for different affinity of macromolecules to solvept= 0 (a),—1 (b),
and—2 (c). P = 100.

cationic and anionic macromoleculeBlc = N — mN Na =
2N — 2mN. All other calculations remain the same. It is clear
that in this context the formation of complex having
macromolecules leads always to the growth of free energy per
macromolecule since the free enerfly per monomer unit
increases monotonously with the increase of number of mon-
omeric units forming the complex. Thus, the free energy of IPEC
of m cationic andm anionic macromolecules is always higher
than free energy of 21 complex and therefore the formation
of complex with few macromolecules is energetically unfavor-
able.

Macrophase Separation. Another possibility for phase
behavior of the diluted solution of considered above oppositely
charged macromolecules is the precipitation instead of the
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. ! . L L L L L 5. Discussion
1,20 r

R/r Thus, theoretical calculation shows that in solution of
I oppositely charged hydrophobic macromolecueand hydro-
1,151 L philic macromoleculed carrying equal numbers of ionic groups
and having different degree of polymerization, the eeskell
1-1 complexes are formed. These complexes are stable upon
1,10 - aggregation, formation of larger complexes and precipitation.
It is clear that the stoichiometric complex of oppositely
charged macromolecules having different affinity to solvent and
1.054 r carrying outnot equal number of charged groups per chain
should not include equal number of macromolecules. In this
case the ratio, between positively and negatively charged
1.004 N ¢ macromolecules within the complex differs from unity and
250 500 75 1000 1250 1500 1750 2000 fulfils the conditions of electroneutrality. However, all other
A conclusions of proposed theoretical model for the structure of
complexes should remain unchanged. Namely, the complexes
with minimum number of oppositely charged macromolecules
required to preserve the electroneutrality condition should be
formed in such solutions. These complexes have a-cshell
structure with hydrophilic shell, and due to such structure they
are stable with respect to macrophase separation and fusion with
other complexes.

Actually, this is the case in our experimental study. We found
that the stoichiometric complexes of oppositely charged mac-
romolecules with different affinity to the solvent are stable upon
aggregation and precipitation. On the other hand, the complexes
of PLL—PAA macromolecules, both having hydrophobic back-

N bone, macroscopically precipitate.
— The complexes under investigation are formed by oppositely

20 S0 750 1000 1250 1300 1750 2000 charged macromolecules having different lengths, different

B charge densities and different molecular weight distributions.

Figure 5. Dependences of ratigr (A) and of chargelQ (B) ondegree  |nteresting feature is that the size of complexes formed by
of polymerizationN. £ = 1, = =2. polycation PLL of almost the same molecular weight and
polyanions (PAA, PLCA, PLCAI) with broad molecular weight
distribution and different average molecular weights have almost
the same average size. Apparently the very broad distribution
0.0051 r of polyanions over molecular weights allows fit the numbers
of oppositely charged macromolecules in interpolymer complex,
0,004 1 - so that the total charge of the complex is approximately equal
to zero and this complex contains the minimum possible amount
0,003 - L of macromolecules. The detailed study of the mechanism
promoting the formation of aggregates with optimum size in
00024 L mixtures of oppositely charged macromolecules with broad
distribution of macromolecules over molecular weight, as well
as of the dependence of such IPEC on the salt concentration,
will be the subject of a forthcoming publication.

0 A

oh

0,001 4 o

N

0,000 ’ . r . T . T i
o 00 - 2000 Acknowledgment. The study was performed during the stay

Figure 6. Free energys per monomer unit as a function of degree of of V.V.V. in Max Mousseron Institutg of Biomolecules, UMR

polymerizationN. f = 1, y = —2. CNRS 5247, Equipe CRBA, Montpellier, France. V.V.V. would
like acknowledge support from Centre National de la Recherche

formation of unimer fh = 1) A—C complex. However, it is  Scientifique (CNRS, France). V.V.V. is grateful to the Russian

easy to show that the precipitation is also unfavorable as soonFoundation for Basic Research (project 05-03-33077) and the
as two-phase complexes are formed. Basic research program of the Division of Chemistry and
Material Science of the Russian Academy of Sciences for
financial support. Very useful discussions with Prof. I. I.
Potemkin and Dr. V. Baulin are appreciated.

Indeed, the free enerdy per one monomer unit in precipitant
is fp = 2¢p/3N In 2¢p/3N + fy, wheregp is volume fraction of
polymer in precipitant andy is the energetic contribution to
free energyfp. The contributiorfy coincides with written-above

free energy per one monomer unit in the complggeq 1) if References and Notes

both radius are assumed to be equal to each ofRet:r. It is (1) Fuoss, R. M.; Sadek, Fciencel949 110, 552-573.
clear that the following inequality should be fulfillég > fs @ 1Bf;<tur0v| E. A.; Bimendina, L. AAdv. Polym. Sci1981 41, 99—
as soon as the formation of two-phase complex is favorable. '

. . . - (3) Tsuchida, E.; Abe, KAdv. Polym. Sci1982 45, 1-119.
This allows to conclude that in dilute solution the-1 (4) Philipp, B.; Dautzenberg, H.; Linow, K.-J.; Koetz, J.; Dawydoff, W.

complexes are stable upon precipitation. Prog. Polym. Sci1989 14, 91-172.



5940 Vasilevskaya et al.

(5) Kabanov, V. A. InMacromolecular Complexes in Chemistry and
Biology, Dubin, P., Bock, J., Davies, R. M., Schulz, D. N., Thies, C.,
Eds.; Springler-Verlag: Berlin, 1994; 151.

(6) Hsiang, M. W.; Cole, R. DProc. Natl. Acad. Sci. U.S.A977, 74,
4852-4856.

(7) Behr, J.-PBioconjugate Cheml994 5, 382-389.

(8) Kabanov, A.V.; Kabanov, V. ABioconjugate Cheni995 6, 7—20.

(9) Harada, A.; Kataoka, KMacromolecules1995 28, 5294-5299.
Harada, A.; Kataoka, KSciencel999 238 65—67.

(10) Kabanov, A. V.; Vinogradov, S. V.; Suzdaltseva, Yu. G.; Alakhov,
V. Yu. Bioconjugate Cheml995 6, 639. Kabanov, A. V.; Bronich,
V. K.; Kabanov, V. A.; Yu, K.; Eisenberg, AMacromolecule4996
29, 6797-6802.

(11) Kramarenko, E. Yu.; Khokhlov, A. R.; Reineker, R.Chem. Phys.
2003 119 4945-4952. Kramarenko, E. Yu.; Khokhlov, A. R.;

Macromolecules, Vol. 40, No. 16, 2007

Reineker, PJ. Chem. Phys2006 125, 194902.
(12) Castelnovo, MEurophys. Lett2003 62, 841-847.

(13) Etrych, T.; Leclercq, L.; Boustta, M.; Vert, MEur. J. Pharmacol.
Sci. 2005 25, 281-288.

(14) Boustta, M.; Huguet, J.; Vert, Mlakromol. Chem. Macromol. Symp.
1991, 47, 345-355.

(15) Boustta, M.; Leclercq, L.; Vert, MJ. Bioact. Comp. Polym2004
19, 155-171.

(16) Borue, V. Yu.; Erukhimovich, I. Yavlacromolecule499Q 23, 3625~
3632.

(17) Khokhlov, A. R.; Starodubtzev, S. G.; Vasilevskaya, VAdy. Polym.
Sci. 1993 109 123-171.

MAO70749V



