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Polyanions and polycations are known to interact electrostatically and form soluble or insoluble
polyelectrolyte complexes. Body fluids, blood and cells are composed of many polyelectrolytic systems
such as proteins, glycoproteins, poly(glycosamino glycane)s, polynucleotides, etc. under physiological
conditions. Nowadays synthetic polyelectrolytes are proposed as carriers of bioactive compounds, such
as drugs and genes, and are thus to be injected into body fluids. For the sake of better understanding the
complex behaviour of such artificial polyelectrolytic systems in the pool of natural polyelectrolytes
forming living systems, interactions of bi- and multi-components mixtures of synthetic polyanions with
the same synthetic polycation, namely poly[(dimethylaminoethyl) methacrylate], HCl, were
investigated under the conditions imposed by physiological media, namely pH ¼ 7:4; ionic strength
m ¼ 0:15 and T ¼ 378C: The selected artificial polyanions were the sodium salts of poly(acrylic acid),
poly(methacrylic acid), poly(L-lysine citramide) and poly(styrene sulfonic acid) which have different
acid strength, charge density and ionogenic group. The influence of ionic strength and pH on complex
formation and stability was investigated by turbidimetry at l ¼ 520 nm: Phase separation occurred
regardless of ionic strength in the case of sodium polystyrene sulfonate. For the other polyanions,
redissolution was observed at critical NaCl concentrations much higher than the physiological ionic
strength. In the case of mixtures of two or three polyanions with the polycation, the complex formation
appeared polyanion-selective at physiological ionic strength. Data are discussed with regard to
phenomena that can occur in vivo.

Keywords: Polyelectrolytes; Polyelectrolytic complexes; Polymeric drug carriers; Gene transfection;
Polyanions; Polycations

INTRODUCTION

The investigation of the physicochemical behaviours of

polyelectrolytes of natural origin such as proteins, glyco-

proteins and polynucleotides started many decades ago

(Fuoss and Sadek, 1949; Michaels and Miekka, 1961;

Morawetz, 1965; Rembaum and Sélégny, 1975). Almost at

the same time, the study of synthetic polyelectrolytes was

initiated and it is now well known that polyions of opposite

electrostatic charges interact to form interpolyelectrolyte

complexes or IPECs. The complexation is primarily based on

Coulombic forces (Kossel, 1896), although other space-

oriented intermacromolecular interactions, such as hydrogen

bonding and non-oriented ones, such as hydrophobic and/or

charge-transfer and/or van der Waals interactions, can also

play a critical role (Nakajima, 1980; Tsuchida, 1980; 1994;

Bekturov and Bimendina, 1981; Tsuchida, 1982; Kabanov

and Zezin, 1984; Philipp et al., 1989). The formation and the

properties of IPECs in aqueous media are determined by a

number of factors, e.g. nature, position of ionic groups, size,

charge density and concentration of macromolecules,

proportion of opposite charges, physicochemical environ-

ment (e.g. ionic strength, pH, temperature, etc.) as well as the

method of preparation, in particular the order and rate of

solutions mixing (Hara and Nakajima, 1978; Nakajima,

1980; Tsuchida, 1980; 1994; Bekturov and Bimendina,

1981;Tsuchida and Abe, 1982; Kabanov and Zezin, 1984;

Philipp et al., 1989; Kötz et al., 1996). In literature, less
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attention has been paid to IPECs compared with other

polymeric blends, primarily because of the difficulty to

precisely characterize insoluble solid systems whose

formation is generally far from thermodynamic equilibrium

(Nakajima, 1980; Tsuchida, 1980; 1994; Bekturov and

Bimendina, 1981; Tsuchida and Abe, 1982; Philipp et al.,

1989; Kabanov, 1994). In the recent years, interactions

between positively and negatively charged polyelectrolytic

systems received renewed attention thanks to the develop-

ment of fields like drug transport and gene transfection.

Indeed synthetic polyelectrolytes can be used as polymeric

drug carriers (Vert, 1986). Presently, polycations are

investigated for gene or DNA condensation and transfection

(Kabanov et al., 1985; Behr, 1994; Kabanov, 1994; Blessing

et al., 2001). However, such applications imply injection of

polyelectrolytic systems or IPECs into blood where

electrostatically patched proteins and cell surfaces are

present and thus can interfere under defined physicochemical

conditions imposed by the living medium. Moreover, most

polycations are hemotoxic. It has been recently shown that

the toxicity of polycations can be assigned to interactions

with negatively charged red blood cells and proteins, the

in vitro effects including cell aggregation and hemolysis

(Moreau et al., 2000a, b). These interactions and their effects

have been shown to depend on the type of cationic charges,

on the polycation concentration and even on the order of

addition of the interacting species (Moreau, 2002).

One of the striking features of body fluids, especially

blood, is the presence of a great number of polyelectrolytic

macromolecules that are in close contact with no dramatic

phase separation. This situation is likely to be locally

perturbed when foreign polyelectrolytes or IPECs are

introduced. So far, literature has been rather silent on such

effects, probably because of the complexity of the

behaviour of charged polymers in contact with body

fluids. Recently, it was shown that the inhibitory effects of

glycosaminoglycans on gene transfer cannot be explained,

in most cases, by a decreased cellular uptake of

DNA-cationic species complexes (Ruponen et al., 2001).

The authors suggested that glycosaminoglycans may bind

to the cationic carrier or to the surface of positively

charged IPECs. They also proposed that glycosamino-

glycans may replace DNA in the initial complex resulting

in the uptake of the anionic polysaccharide into the cells

instead of DNA. Several years ago, Kabanov described

exchange reactions, e.g. PA1 2 PC þ PA2 Y PA2 2

PC þ PA1 where PA1 and PA2 are two different

polyanions and PC is a polycation. The work

involved synthetic polyelectrolytes (Kabanov et al.,

1985; Izumrudov et al., 1995) and DNA (Izumrudov

et al., 1995). The authors studied the formation and

stability of corresponding IPECs as a function of various

factors, namely nature of the external salt, salt

concentration and average degree of polymerization

(DPw). They found that these three factors played an

important role on polyanion–polycation exchanges, even

in the case of biopolymers (Kabanov, 1994). However,

neither the physical chemistry of such complex mixtures

nor the effects of the slight changes that can occur locally

in some body compartments, have been investigated

deeply under the conditions imposed by the human body.

In this first article, we wish to report the results of a

preliminary study involving bi- or multi-component

mixtures of different synthetic polyanions with the

same synthetic polycation under conditions that are

typical of body fluids, namely temperature T ¼ 378C;
pH ¼ 7:4 (blood) or 4.5 (lysosomal vesicles) and ionic

strength m ¼ 0:15 in NaCl. In order to support the

discussion on the effects of ionic strength on complex

formation and stability, investigations were also

carried out at various salt concentrations. The selected

polyanions were the sodium salts of poly(acrylic

acid), (NaPAA), poly(methacrylic acid), (NaPMA),

poly(L-lysine citramide), (NaPLCA), poly(L-lysine citra-

mide imide), (NaPLCAI) and poly(styrenesulfonic acid),

(NaPSS). The polycation was the hydrochloride salt

of poly(dimethylaminoethyl methacrylate), (PDM-

AEMA, HCl) (Scheme 1). Although IPEC formation is

known to be dependent on the molecular weight of

the involved polyelectrolytes (Kabanov et al., 1985;

Izumrudov et al., 1988), in the present work the effect of

molecular weights was considered as negligible with

respect to electrostatic effects between polyanions of

different chemical structures.

MATERIALS AND METHODS

Materials

Poly(dimethylaminoethyl methacrylate hydrochloride)

(Mw ¼ 100; 000 g :mol21;DPW ¼ 515) was purchased

from COATEX. Sodium poly(acrylate) (Mw ¼ 20; 000

g . mol21, DPW ¼ 213) and sodium poly(styrene sulfo-

nate) (Mw ¼ 70; 000 g :mol21; DPW ¼ 340) were sup-

plied by FLUKA and ACROS, respectively. Commercial

PAA polymers are usually more or less branched

because of radical transfers to growing chains during the

polymerization process. The presence of branches was not

taken into account in this study. Sodium poly(methacry-

late) (Mw ¼ 50; 000 g :mol21; DPW ¼ 463) was prepared

by radical polymerization of methacrylic acid from

ALDRICH, using K2S2O8 at pH ,10 as the initiator

(Bovey, 1963). Poly(L-lysine citramide imide) and

poly(L-lysine citramide) (Mw ¼ 20; 000 g :mol21;
DPW ¼ 65and58; respectively) were synthesized in our

laboratory as previously reported (Boustta et al., 1991).

NaCl was purchased from MERCK and used as

received. Water was purified and de-ionized using a

Milli-RO system from Millipore.

Preparation of Polyelectrolyte Complexes

Typically, a PDMAEMA, HCl solution at the desired NaCl

concentration was added dropwise to a stirred dilute solu-

tion of Na-polyanion at the same NaCl concentration.
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The resulting turbid mixtures were centrifuged using a

Sigma 301 centrifuge at 4000 rpm for 90 min. The

precipitate was washed with water. The supernatant was

dialyzed against de-ionized water and freeze-dried. When

slightly turbid, the supernatant was filtered through a

0.45mm porous membrane.

Methods

Turbidimetry

The turbidity of the mixtures of oppositely charged

polyelectrolytes was determined from light absorbance

measurements at l ¼ 520 nm: At this wavelength, the

selected polyelectrolytes did not absorb light and thus the

value of the optical density (OD520) reflected the light

scattered by IPEC particles only. Measurements were carried

out using a Lambda 15 Perkin Elmer spectrophotometer.

Nuclear Magnetic Resonance Spectra (NMR)

1H NMR spectra were recorded using a Brücker 400 MHz

spectrometer operated by the Laboratory of Physical

Analyses of the Montpellier 2 University, France.

Infrared Spectrometry (IR)

IR spectra were recorded using a FTIR 1760 Perkin Elmer

spectrometer and KBr pellets.

Elemental Analysis (EA)

Elemental analyses were carried out at the CNRS

Analytical Laboratory at Vernaison, France.

Viscometry

The specific viscosity was measured using an Ubbelohde

viscometer at 25 ^ 0.18C. Data were obtained using the

relationship h ¼ ðtsolution 2 tsolventÞ=tsolvent where tsolution

is the flow time of a polyelectrolyte mixture and tsolvent

the flow time of the pure solvent, respectively. Each data

point was the average of two measurements performed on

the same mixture.

RESULTS AND DISCUSSION

For the sake of stepwise investigation, we firstly

considered the case of mixtures of PDMAEMA, HCl

with each of the polyanions taken separately in de-ionized

water and in NaCl solution at different salt concentrations.

In a second stage, the same polycation was mixed with

pairs of different polyanions. Finally the polycation was

mixed with three different polyanions taken together.

A. Complexation between One Polyanion and

PDMAEMA, HCl

In De-ionized Water

In this set of experiments, IPECs were prepared by mixing

a Na-polyanion (8.0.1024 mol . l21) with the polycation

under its hydrochloride form. The ionic strength could not

be considered as strictly constant since NaCl was formed

in situ in amounts depending on the concentrations of

the interacting polyelectrolytes. However, the corres-

ponding low ionic strength was considered as negligible,

especially when NaCl was introduced in parallel.

SCHEME 1 Chemical formula of the NaPAA, NaPMA, NaPSS, NaPLCAI, NaPLCA and PDMAEMA, HCl polyelectrolytes.
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Under these conditions, all the investigated mixtures

generated a precipitate when NPC=NPA (the positive/

negative charge ratio, where NPC and NPA stand for the

concentrations in cationic and anionic species born by the

polyelectrolytes respectively) was equal to one. Figure 1

shows the variation of OD520 for the different polyanion-

PDMAEMA systems as a function of NPC/NPA. At low

NPC/NPA, OD520 raised linearly and reproducibly up to a

critical value, beyond which OD520 increased dramatically

to reach a maximum at NPC=NPA ¼ 1: For NaPLCA,

NaPLCAI and NaPAA having comparable average molar

masses in the range of 20,000 g . mol21, slope changes

were observed at NPC=NPA ¼ 0:92, 0.94 and 0.84

respectively. It is worth noting that NaPLCA and

NaPLCAI molecules bore hydroxyl pendent groups.

Presumably, these hydroxyl groups provided extra

hydrophilicity that can explain the delayed phase

separation. For NaPSS and NaPMA that had greater

molar masses, the critical NPC=NPA value was 0.90 for

NaPSS and 0.80 for NaPMA. Below the critical NPC=NPA

value, OD520 stayed very low, as in the case of the pure

solvent, in agreement with the formation of nanodispersed

IPECs.

Similar features were observed when the initial

polyanion concentration was lower than 1023 mol . l21.

Above, turbidity was detected even at very low NPC/NPA,

the higher the concentration, the greater the increase

of OD520 with NPC/NPA. This trend was assigned to

increases of particle size and compactness as

well documented in literature (Tsuchida, 1980; 1994;

Bekturov and Bimendina, 1981; Tsuchida and Abe, 1982;

Philipp et al., 1989).

In Salt-containing Water

Complex Formation

The influence of ionic strength on IPEC formation is

known to depend on both the nature and the molecular

weight of polyions (Kabanov and Kabanov, 1995;

Izumrudov et al., 1988). In the present study, the number

of cationic charges needed to reach maximal turbidity

decreased dramatically as the salt concentration increased,

the residual electrostatic charges that prevented aggrega-

tion being screened by small ions as it is well known.

Figure 2 shows the ionic strength-dependence of critical

NPC=NPA values for different 8.0.1024 mol . l21 polyanion

solutions. For example, in the presence of 0.1 mol . l21

NaCl, a precipitate appeared when NPC=NPA ¼

0:12; 0:22 and 0:50 respectively for NaPLCA, NaPLCAI

and NaPAA. In contrast, precipitation was observed at

NPC=NPA ¼ 0:72 and 0:81; respectively for NaPSS and

NaPMA. Presumably, particle size and surface charge

contributed to the differences, although correlation is not

proved so far. For all polyanions other than PSS, there was

a critical NaCl concentration above which solid did not

appear anymore, OD520 remaining very low. This critical

salt concentration depended on the nature of the

polyelectrolyte (Table I). In contrast, PSS complexes

precipitated even at 3 mol . l21 NaCl thus showing high

stability, as already mentioned in literature for another

polycation (Dautzenberg and Karibyants, 1999).

The influence of ionic strength on a nanodispersed

IPEC prepared from a mixture of NaPAA (1.0.1023

mol . l21) with PDMAEMA, HCl at NPC=NPA ¼ 0:50 in

de-ionized water was investigated in more detail. Three

zones appeared on plots shown in Fig. 3. At low ionic

strength (below 0.05 mol . l21), the system exhibited very

low viscosity. Under these conditions the complex was

under the form of nanoparticles stabilized by anionic

charges in excess. At higher ionic strength

(0.05 , m , 0.12 mol . l21) charge screening led to

aggregation. The greater the ionic strength, the greater

the turbidity and also the greater the viscosity, at least up

FIGURE 1 Evolution of OD520 for various polyanion-PDMAEMA
systems as a function of the NPC=NPA cation/anion ratio ð½Polyanion� ¼
8:0:1024 mol : l21Þ:

FIGURE 2 Variation of the critical NPC=NPA value of different
polyanions above which OD520 increased dramatically as a function of
the salt concentration ð½Polyanion� ¼ 8:0:1024 mol : l21Þ:

TABLE I Critical NaCl concentration (in mol . l21) above which
complexes returned to solution

NaCl Nal NH4Br Na2SO4

PAA-PDMAEMA 1.0 0.6 0.8 1.2
PMA-PDMAEMA 2.7 1.0 2.2 –*
PSS-PDMAEMA –* 2.6 –* –*

* No re-dissolution could be observed before 3 mol . l21 salt concentration.
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to the maxima of turbidity and viscosity that occurred at

the same ionic strength (0.12 mol . l21). The amount of

precipitate at the maximum of viscosity corresponded to

all polycation molecules combined with half of the

polyanion molecules, a composition that agrees with the

initial NPC=NPA ¼ 0:5 value, thus showing the respect of

charge stoichiometry. The 50% excess of polyanion

molecules remained in solution, as confirmed by NMR

analysis. Higher salt concentration led to lower turbidity,

transparency being observed for NaCl concentrations

higher than 1 M.

The ionic strength at which precipitation was detected

varied from one polyanion to the other and depended on

the initial NPC=NPA ratio. Qualitatively one can conclude

that larger this ratio, the lower the salt concentrations

required to observe macroscopic precipitation (Fig. 4).

The trend might have dramatic consequences in the case

of injections of polyelectrolytes or IPECs into blood

where proteins and other polycharged species are present.

Complex Destabilization: Re-dissolution of

Stoichiometric IPECs

All IPECs systems taken at charge stoichiometry

(according to precipitate weighing and NMR analysis

of the supernatants), except PSS-PDMAEMA, could be

dissolved at high NaCl concentrations. However, none of

them could be destabilized in the presence of 0.15 M NaCl

that mimicked the physiological ionic strength. The same

experiments were also conducted with other sodium

halides, which are normally not present in significant

amounts in body fluids. The solubilizing effect depended

on both the nature of the polyanion and the nature

of the halide anion (Table I). The order of efficiency

under comparable conditions was iodide . bromide .

chloride. In no case dissolution at 0.15 M was observed.

It is worth noting that in body fluids, multivalent ions are

present such as sulfate, phosphate and calcium that may

affect complex formation and stability. The consequences

were not investigated in this preliminary approach. It is

worth noting that destabilization of IPECs can be a

concern in the case of polyelectrolytes with low charge

density or ionic strength-related acid or base strengths, as

it is the case for biopolymers, occasionally.

Under Conditions Aimed at Modelling Body Fluids
( pH 5 7.4, T 5 378C and m 5 0.15)

At pH ¼ 7:4; T ¼ 378C and m ¼ 0:15; the ionization

states of polycarboxylic acid salts at 1.0.1022 mol . l21

were comparable with a degree of ionization in the range

of 0.9 (pKo , 6.2 in 0.15 M NaCl). In contrast, NaPSS

was totally charged in agreement with the stronger acidity

of sulfonic acid groups. On addition of the polycation,

OD520 increased progressively up to a critical NPC=NPA

value where the increase became dramatic in agreement

with macroscopic precipitation, as already observed in the

case of de-ionized water (Fig. 5). This critical NPC=NPA

value depended on the nature of the polyanion. For a given

polymer concentration, it was much lower than in

de-ionized water due to the screening of the charges by

small ions. For NaPSS and NaPAA the critical values were

0.70 and about 0.02, respectively. For NaPMA OD520

remained very low up to 0.56. However, in this case,

mixing at low NPC=NPA ratios led to turbidity that turned

clear after a few minutes, thus suggesting time-dependent

two step complexation related to an anti-cooperative

FIGURE 4 Variation of the NaCl concentration at which precipitation
occurred as a function of the initial NPC=NPA ratio for various polyanions
ð½Polyanion� ¼ 1:0:1023 mol : l21Þ:

FIGURE 5 Variation of OD520 for the mixtures of PDMAEMA with
various polyanions as a function of the NPC=NPA ratio ð½Polyanion� ¼
1:0:1022 mol : l21Þ:

FIGURE 3 Variation of OD520 and specific viscosity for a
NaPAA/PDMAEMA, HCl mixture at NPC=NPA ¼ 0:50 as a function of
the salt concentration ð½NaPAA� ¼ 1:0:1023 mol : l21Þ:
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mechanism, as suggested for the complexation of ionene

molecules with NaPAA or NaPMA taken separately

(Beyer, 1999). Presumably, the small NaPMA chains

acted initially as a cross-linking agent to give a

polyelectrolyte network insoluble in water. In the second

stage, the IPEC rearranged to loop-like or completely

bound NaPMA molecules only.

Under Conditions aimed at Modelling Intracellular
Lysosomal Vesicles ( pH 5 4.5, T 5 378C and m 5 0.15)

Under these conditions and at low 4.5.1025 mol . l21

concentration, carboxylate groups of the polyanions were

largely turned to unionized carboxylic acids. In contrast,

PSS remained fully ionized. In the case of PAA and PSS

the variations of OD520 were similar to those observed

previously at neutral (pH ¼ 7:4; T ¼ 378C and m ¼ 0:15).

The critical NPC=NPA values from which OD520 increased

dramatically were the same at pH ¼ 7:4 and pH ¼ 4:5:
In the case of PMA, the values were totally different at

pH ¼ 4:5: OD520 raised very slightly at low NPC=NPA and

then remained almost unchanged, a small number of rather

large particles being visible. Normally PMA chains take

on a compact coil conformation at low pH values, due to

the contribution of pendent methyl groups to local

hydrophobicity (Crescenzi et al., 1972). It is likely that the

hydrophobic interactions that stabilize the PMA compact

coil conformation contributed to the formation of rather

big particles instead of the nanosized ones observed for

the other more hydrophilic polyacids.

Complexation between Two Polyanions and

PDMAEMA, HCl

In literature the competition between two polyanions for

complex formation was generally conducted by adding the

competing polyanion to a formed IPEC (Bekturov and

Bimendina, 1981; Kabanov, 1985; Izumrudov et al., 1988;

1995). Given the fact that injection of a polyelectrolyte or

of a polyelectrolytic complex in body fluids corresponds

to introduction in a pool of charged polymers, we

considered first the case where the polycation is added

directly into solutions containing polyanions only. Indeed,

in the case of preformed IPEC, the concurrent polyanion

has to destabilize the existing complex and thus fight the

short distance cooperative forces acting in addition to

electrostatic interactions between the oppositely charged

polyelectrolytes. In contrast, the second protocol is likely

to be more favorable to selection since the polycation can

basically have easier access to the preferred polyanion.

In De-ionized Water

The formation of IPEC when PDMAEMA, HCl was

introduced in a solution of two different polyanions under

their sodium salt forms was investigated as a function of

ionic strength at NPC/NPA , 1.

NaPMA and NaPSS at the same 3.3.1023 mol . l21

concentration were selected as the two polyanions, the

polycation being added so that NPC=NPA ¼ 0:25: After

separation of the resulting two phases by centrifugation

and filtration, the supernatant was freeze-dried and

analyzed by NMR. The compounds issued from the

solid and the solution were also analyzed by IR

spectrometry.

The IR analysis was based on the fact that the

stoichiometric PSS-PDMAEMA complex presented a

band typical of sulfonate groups at 1030 cm21, i.e. in a

wavelength range where the stoichiometric PMA-PDM-

AEMA complex did not absorb (Fig. 6a). After normal-

ization of the IR spectra of both the recovered precipitate

and the stoichiometric PSS-PDMAEMA complex accord-

ing to the 1730 cm21 band, the PSS content in the

precipitate was evaluated from the relative height of the

1030 cm21 bands. Data showed a small significant excess

of PSS (60%) in the precipitate (Table II, first line).

NMR analysis of the supernatant was based on the

resonances typical of NaPSS aromatic protons (6–8 ppm)

and NaPMA CH3 and CH2 protons (1–3 ppm). Data

showed predominance of the polycarboxylate, thus

confirming the excess of PSS found in the precipitate

(Table II, first line).

In Salt-containing Water

The presence of salt increased the selectivity in favor of

the PSS proportion in the precipitate, that raised from 60%

in de-ionized water to 90% in 0.5 M NaCl at similar

NPC=NPA ¼ 0:25 (Fig. 7 and Table II). It is likely that this

selectivity was related to the difference of pKa between

the two polyanions, sulfonic acids being stronger acids

than carboxylic ones. The presence of the salt increased

the difference in agreement with the fact that a PSS-based

complex was stable regardless of NaCl concentration

whereas a PMA-based complex was more sensitive to

destabilization in the presence of NaCl, as shown

previously.

Action of a Polyanion on a Preformed Polyelectrolyte
Complex (Exchange Reaction)

A 1:1 complex between NaPAA and PDMAEMA, HCl

was prepared in the absence and in the presence of salt at

two concentrations, namely 0.1 and 0.5 mol . l21.

A solution of NaPSS was added dropwise to the different

systems under strong stirring, so that amounts of NaPAA

and NaPSS be equivalent in terms of negative charges.

One day later the mixtures were centrifuged. The

supernatants were dialyzed against water and finally

freeze-dried. The content of the precipitate in PSS was

determined by NMR as described above. PSS contents of

0, 3 and 41% were found by NMR for the precipitates

recovered in the presence of 0, 0.1 and 0.5 M salt,

respectively. Sulfur elemental analysis gave similar results

(Table III), the contents being then 2, 2 and 33%,
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respectively. The differences between low values, namely

0, 2 and 3% were obviously not statistically significant.

Under the selected conditions and despite the higher

affinity of PSS to the polycation, the pre-formed PAA-

based complexes remained stable upon addition of NaPSS

provided the salt concentration remained low. This result

fully agrees with data previously reported by Kabanov for

the action of sodium polyvinylsulfonate on a pre-formed

NaPMA-poly(N-ethyl-N-vinyl pyridinium) chloride com-

plex, where the polysulfonate replaced the polycarboxyl-

ate in the complex (Kabanov et al., 1985).

Under Conditions Aimed at Modelling Body Fluids
( pH 5 7.4, T 5 378C and m 5 0.15)

The variations of OD520 when a solution of PDMAEMA,

HCl was mixed with an equimolar NaPAA/NaPMA solution

ð½NaPAA� ¼ ½NaPMA� ¼ 4:0:1023 mol : l21Þ showed that,

at low NPC=NPA values, OD520 raised slowly up to a critical

NPC=NPA ratio above which it increased dramatically. Under

the selected conditions, the critical value was 0.24, i.e. a

value comparable to that of NaPMA alone under similar

conditions. NMR analysis of the supernatant obtained from

the PAA/PMA-PDMAEMA system at NPC=NPA ¼ 0:30

showed the presence of polycationic molecules and

consequently the presence of some nanosized complex in

the supernatant. Therefore, it was not possible to evaluate the

selectivity in this particular case.

In order to know whether a pre-complex can be

destabilized by the addition of another polyanion under

model physiological conditions, a NaPMA-PDM-

AEMA, HCl system at NPC=NPA ¼ 0:2 was submitted to

the action of NaPSS. The solution was initially transparent

at 520 nm. The solution of NaPSS was added dropwise

under strong stirring so that the equivalent ratio PSS/PDM-

AEMA be one at the end. The final mixture was then

introduced in a quartz cell placed into a UV spectro-

photometer. OD520 was measured as a function of time

(Fig. 8). Progressive increase was observed and levelled off

beyond 5 h. The increase well agrees with exchange from

PMA complex that was transparent at NPC=NPA ¼ 0:2
to PSS complex that was shown to yield turbid solutions

under similar conditions (Fig. 5). After centrifugation,

the precipitate and the supernatant were separated and

analyzed by IR and NMR, respectively. According to IR,

FIGURE 6 IR spectra of PSS-PDMAEMA ( ), PMA-PDMAEMA ( ) and PAA-PDMAEMA ( ) stoichiometric complexes (Fig. 6a) and of
NaPAA-NaPMA-NaPSS-PDMAEMA, HCl mixtures at NPC=NPA ¼ 0:40 ( ), NPC=NPA ¼ 0:67 ( ) and NPC=NPA ¼ 1 ( ). ½NaPAA� ¼
½NaPMA� ¼ ½NaPSS� ¼ 3:3:1023 mol : l21 (Fig. 6b).

TABLE II Contents in PSS of the precipitates formed by mixtures of
NaPMA þ NaPSS and PDMAEMA, HCl at various salt concentrations
ðNPC=NPA ¼ 0:25Þ

[NaCl] (mol . l21) PSS content (IR data) PSS content (NMR data)

0 60.0% 60.8%
0.05 70.6% 66.2%
0.1 74.6% 74.7%
0.2 75.3% 80.6%
0.5 89.6% 87.7%
1 – 87.7%
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the precipitate was composed of PSS and PDMAEMA

only. In parallel NMR showed that only PMA was in the

solution phase. Therefore, it was concluded that under

conditions modelling physiological fluids, PSS was able to

totally displace PMA from a complex with the polycation

according to the following equation:

NaPMA in excess þ PMA–PDMAEMA þ NaCl

þ NaPSS ! NaPMA þ PSS–PDMAEMA þ NaCl

Under Conditions Aimed at Modelling Intracellular
Lysosomal Vesicles ( pH 5 4.5, T 5 378C and m 5 0.15)

The variations of OD520 when a solution of PDM-

AEMA, HCl was mixed with an equimolar PAA/PMA

solution ð½PAA� ¼ ½PMA� ¼ 2:3:1025 mol : l21Þ kept at

pH ¼ 4:5 were found to be similar to those observed for a

PMA solution under similar conditions. The precipitate

could be dissolved at pH ¼ 2 only. As it was found

independently that destabilization of PMA IPECs required

pH values as low as 2–2.5, whereas PAA IPECs were

destabilized at pH ¼ 4 2 4:5; the pH ¼ 2 value suggested

a strong predominance of PMA in the complex issued

from the mixture of the polyanions. The source of this

selectivity is still unclear.

The same experiment was carried out on an

equimolar PMA/PSS solution ð½PMA� ¼ ½PSS� ¼

2:3:1025 mol : l21Þ: The variation of OD520 was compar-

able to that observed in the case of PSS alone under

similar conditions. The precipitate phase could only be

dissolved above pH ¼ 9–9:5; a feature which was found

to be typical of PSS complexes. After the NMR analysis of

the supernatant, only PSS was present in the solid phase.

From the behaviours of the two couple of polyanions,

one could conclude that, at pH ¼ 4:5; the order of

increasing selectivity toward PDMAEMA is PSS .

PMA . PAA, confirming the predominance of the

sulfonate-containing polyanion found by Kabanov for

other polyions (Kabanov et al., 1985).

Complexation between Three Polyanions and

PDMAEMA, HCl under Conditions Aimed at

Modelling Body Fluids ( pH 5 7.4, T 5 378C and

m 5 0.15)

This work being aimed at investigating the behavior of

a pool of polyanions in the presence of a polycation

under fixed conditions mimicking physiological

fluids, an equimolar mixture of NaPAA/NaPMA/NaPSS

ð½NaPAA� ¼ ½NaPMA� ¼ ½NaPSS� ¼ 3:3:1023 mol : l21Þ

was considered to which PDMAEMA was added at various

FIGURE 7 1H NMR of the filtrates of a mixture of NaPMA þ NaPSS
and PDMAEMA, HCl at NPC=NPA ¼ 0:25 in presence of salt (Fig. 7a:
½NaCl� ¼ 0:05 mol : l21 and Fig. 7b: ½NaCl� ¼ 0:5 mol : l21). ½NaPMA�
¼ ½NaPSS� ¼ 3:3:1023 mol : l21:

TABLE III Contents in PSS of the precipitates when NaPSS was added
to a preformed stoichiometric PAA-PDMAEMA complex at various salt
concentrations

PSS content(%)

[NaCl] (mol . l21) NMR EA

0 0 2
0.1 3 2
0.5 41 33

FIGURE 8 Variation of OD520 with time in the case of a
NaPMA/PDMAEMA, HCl mixture at NPC=NPA ¼ 0:2 ð½NaPMA� ¼
1:0:1022 mol : l21Þ:
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NPC=NPA ratios. Figure 9 shows the variation of OD520 with

increasing NPC/NPA. At low NPC=NPA values, OD520

increased progressively in the 0 , NPC/NPA , 0.4 range.

At 0.4, OD520 decreased dramatically due to precipitation.

The precipitate was separated by filtration and another

aliquot of the polycation solution was added dropwise to the

filtrate. The value of OD520 increased again up to a second

critical value ðNPC=NPA ¼ 0:67Þ where it dropped again

suddenly to yield a second fraction of complex by filtration.

The stepwise addition of the polycation solution yielded

precipitate fractions until the anion sites of the three

polyanions were stoichiometrically complexed, thus

explaining the series of peaks shown in Fig. 9. The IR

spectrum of the precipitate obtained at NPC=NPA ¼ 0:4
exhibited the absorption bands typical of PSS, whereas IR

spectra of the precipitates collected at higher NPC=NPA did

not (Fig. 6). The NMR spectra of the corresponding filtrates

confirmed that PSS was complexed predominantly in the

first precipitate that contained 75% of total PSS, a percentage

that is comparable to that found for de-ionized water at

0.15 M salt concentration (70%) (Table II). These data

reflect a rather high preferential affinity of our polycation to

PSS, thus expending the finding of Kabanov to the case of

three polyanions (Kabanov et al., 1985). It has not been

possible to demonstrate selectivity between the two

polycarboxylates so far, primarily because of signal

overlapping and analytical difficulties. However, such

selectivity is likely to occur, even if the difference of

affinity for the polycation is smaller than between PSS and

polycarboxylates.

As already stated, there has been little attention paid to

the fact that physiological conditions imposed by body

fluids drive charged polymer-living elements interactions

and that interaction with natural polyelectrolytic systems

present in living media can dramatically affect the

behaviour and the biodisponibility of a polymeric drug

carrier or a polycation-promoted gene transfecting system.

It is evident that the phenomena reported by Ruponen

(2001) are related to interaction and exchange between

oppositely charged polyelectrolytic systems.

CONCLUSION

This work shows that preferential complexation is to be

expected when several polysalts interact with the same

polycation under conditions mimicking those imposed by

physiological media and by physicochemical changes

resulting from the post-injection dilution. For the selected

polyelectrolytes and at low polymer concentrations, the

complexes formed at low NPC=NPA values were nano-

dispersed. The critical NPC=NPA ratio from which

aggregation and then precipitation occurred depended on

the type of the polyanion and on the ionic strength.

Selectivity in favor of PSS was observed when the

polycation was added to a mixture of two or three

polyanions, thus expending the finding reported in

literature for pairs of polyanions under slightly different

conditions (Kabanov et al., 1985). It has not been possible

to distinguish PAA from PMA polymers when these

polymers were engaged simultaneously in a complex at

pH ¼ 7:4: Anyhow, from data collected at pH ¼ 4:5; one

can conclude at least qualitatively that selectivity is likely

to occur also between the polycarboxylates regardless of

the pH. The fact that NaPSS could not destabilize a

preformed stoichiometric PAA-polycation complex in

pure water suggested that short range non electrostatic

interactions can play an important role in the IPEC stability

under the selected particular conditions, the presence of

hydrophilic substituent like OH groups as well.

If confronted to the cases of complexes involved in gene

transfection or polyelectrolyte-based drug delivery or

targeting in the blood flow, our data suggest that injecting

a polyelectrolyte complex or a more or less charged

polymeric drug carrier is likely to perturb locally the

equilibria between polyelectrolytic cells and biopolymers

present in human tissues and body fluids. Our approach

was based on a maximum of three polyanions. In the next

stage, a larger library of polyelectrolytes will be

considered in order to study under which conditions a

given polycation can select some of the members by

selective complexation under specific environmental

conditions as it is in biological fluids, especially in

blood. The strategy is also being applied to biopolymers

mimicking gene-polycation condensed systems.
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Kötz, J., Köpke, H., Schmidt-Naake, G. and Vogl, O. (1996) “Polyanion-

polycation complex formation as a function of the position of the
functional groups”, Polymer 37(13), 2775–2781.

Michaels, A.S. and Miekka, R.G. (1961) “Polycation–polyanion
complexes. Preparation and properties of poly(vinylbenzyl-
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