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Abstract—The infl uence of preparation conditions on the size characteristics and stability of particles of aqueous 
dispersions of positively and negatively charged polyelectrolyte complexes based on N-succinyl chitosan and poly-
N,N-diallyl-N,N-dimethylammonium chloride was studied. An increase in the concentrations of the initial polymer 
solutions, irrespective of the order of their mixing and the charge of the complex, makes narrower the interval of 
the molar ratios of the initial polyelectrolytes at which the dispersions of particles of the complexes exhibit ag-
gregation stability. The widest interval of molar ratios at which the dispersions are stable (0.20–0.55) is observed 
for systems of negatively charged complexes with the initial concentration of the components of 0.05%. In the 
presence of 0.1 М NaCl, the initial particle radius in both types of complexes decreases to 75–80 nm. Addition 
of more concentrated sodium chloride solutions, especially into systems based on positively charged complexes, 
leads to an increase in the initial particle radius to 90–700 nm. With time, the particle size increases, and variation 
of the component molar ratio does not noticeably aff ect the particle size of the complexes. The mean particle size 
of polyelectrolyte complexes in the region of relative sedimentation stability of disperse systems is 75–403 nm, 
which opens prospects for using these particles as drug carriers for targeted delivery.
Keywords: N-succinyl chitosan sodium salt, poly-N,N-diallyl-N,N-dimethylammonium chloride, polyelectrolyte 
complexes, particle size, turbidimetry, method of turbidity spectrum
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The development of targeted drug delivery systems 
is one of the problems that can be solved using polymer 
nano- and microparticles. Medicines containing drugs 
incorporated in polymer nano- and microparticles 
can exhibit fewer unfavorable side eff ects and higher 
bioavailability and therapeutic performance compared to 
classical drug forms [1, 2]. The overwhelming majority 
of systems containing polymer nano- and microparticles 
are based on biocompatible materials such as natural 
polysaccharide derivatives (carboxymethyl cellulose, 
chitosan and its derivatives), polyesters (polylactide, 
polyglycolide, and their copolymers), and polyamides 
[2, 3].

By varying the conformational and supramolecular 
state of biocompatible and biodegradable polymer 
materials, it is possible to control their physicochemical 

properties and rate of release of the pharmaceutical 
substance, which is important for the development of 
medicines for targeted delivery. In this connection, 
particles of biocompatible polyelectrolyte complexes 
are of most interest as systems for encapsulation of 
drug molecules, because the degree of aggregation of 
macromolecules and hence their conformational and 
supramolecular state can be controlled by varying the 
preparation conditions. 

In the development of materials based on nano- and 
microparticles of polyelectrolyte complexes, particular 
attention is paid to the thermodynamic stability and 
behavior of systems with variation of рН, ionic strength 
of the medium, temperature, magnetic fi eld, etc. [4–6].

However, today data on the eff ect of specifi c factors 
on the size characteristics of particles of polyelectrolyte 
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complexes are apparently insuffi  cient. This problem is 
topical and important from both scientifi c and practical 
viewpoints for developing preparation procedures 
and controlling characteristics and properties of 
polyelectrolyte complexes.

N-Succinyl chitosan (SCTS) sodium salt polyanion 
is nontoxic, water-soluble, and biocompatible with 
tissues of a living body [7, 8]. Poly-N,N-diallyl-N,N-
dimethylammonium chloride (PDADMAC) exhibits 
antifungal and bactericidal properties and shows 
promise for use in medicinal materials [9–11]. 

This study was aimed at determining how the prepa-
ration conditions infl uence the size characteristics and 
stability of particles of aqueous dispersions of polyelec-
trolyte complexes based on SCTS and PDADMAC.

EXPERIMENTAL

The following polymers were used for preparing 
polyelectrolyte complexes: SCTS with the molecular 
mass of 200 kDa, 75% degree of amino group 
substitution, and 82% degree of deacetylation of the 
initial chitosan sample from which SCTS was prepared 
(Bioprogress, Russia); PDADMAC with the molecular 
mass of 47 kDa (Bashkir Soda Company, Russia).

Samples of the initial polyelectrolytes were dissolved 
in purifi ed water obtained from potable water by 
distillation [12]. The gravimetric concentration of SCTS 
and PDADMAC solutions was 0.02–0.2%.

The formation of polyelectrolyte complexes was 
studied by turbidimetry. The optical density of solutions 
was measured with a KFK-2 photocolorimeter (Zagorsk 
Optical and Mechanical Plant, Russia) at the absorbing 
layer thickness of 1 cm and wavelength of 490 nm at 
which all the components are optically transparent. 
The order of mixing the polyelectrolyte solutions was 
diff erent: In the SCTS–PDADMAC system [negatively 
charged polyelectrolyte complex (PEC-1)], we added 
dropwise the polycation to the polyanion, whereas in 
the PDADMAC–SCTS system [positively charged 
polyelectrolyte complex (PEC-2)] the polyanion was 
added dropwise to the polycation. The composition of 
polyelectrolyte complexes was expressed via molar 
ratios of the initial polyelectrolytes z:
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where [PDMADAC] and [SCTS] are the molar 
concentrations of the ionogenic units of PDADMAC and 
SCTS (M), and VPDADMAC and VSCTS are the volumes of 
the solutions of the corresponding components (mL). 

Solutions of the mixtures were stirred at 25°С on a 
magnetic stirrer at 500 rpm for 10 min. 

The titration result is given in the form of the 
dependence of the turbidity τ (τ = 2.3D, D is the optical 
density) on the component molar ratio z. Mixtures 
meeting the condition τ490 < 0.02 were considered 
as transparent. The reaction mixture composition 
starting from which τ490 becomes higher than 0.02 and 
visually detectable opalescence appears, suggesting 
the formation of optically discernible particles of the 
polyelectrolyte complex, was denoted as zmin. The 
reaction mixture composition starting from which the 
system loses the sedimentation stability, a precipitate is 
formed, and the turbidity sharply increases was denoted 
as zlim. To prepare polyelectrolyte mixtures containing 
0.1, 0.2, and 0.5 M low-molecular-mass electrolyte, 
NaCl (chemically pure grade, Lenreaktiv, Russia), the 
corresponding weighed portion of NaCl was added 
to the working solution of the polyelectrolyte being 
titrated. 

The mean radius (r, nm) of particles of polyelectrolyte 
complexes was determined from the turbidity spectrum 
[13]. The main criteria of the applicability of this method 
are given in [14].

RESULTS AND DISCUSSION

The formation of polyelectrolyte complexes is 
controlled by such factors as nature of the initial 
polyelectrolytes, their molecular mass, order of mixing 
the components, and, to a large extent, their ratio and 
concentration in the mixture [4]. In this connection, we 
determined by turbidimetric titration the component 
molar ratios at which the dispersed system formed does 
not undergo aggregation within the time comparable 
with that of formation of materials based on solutions 
and dispersions of polyelectrolyte complexes (2–3 days). 
Both SCTS and PDADMAC solutions were used as 
titrants.
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Three portions can be distinguished in the titration 
curves of both systems (Fig. 1). The initial portion 
of the turbidimetric titration curves corresponds to 
a homogeneous system in which PEC-1 is present 

in excess STCS and PEC-2 is present in excess 
PDADMAC. Throughout the composition range, at 
z ≤ zmin the system remains homogeneous, which 
corresponds to the formation of soluble polyelectrolyte 
complexes.

Further increase in the titrant amount leads to the 
formation of visually detectable opalescence associated 
with the formation of sol particles. In the interval 
from zmin to zlim, the insoluble stoichiometric complex 
coexists with the soluble nonstoichiometric complex. At 
z ≥ zlim, both polyelectrolytes appear to be quantitatively 
incorporated in particles of the insoluble stoichiometric 
complex. Further addition of solutions of oppositely 
charged polymers leads to a sharp increase in the optical 
density and to the precipitate formation.

The formation of particles of the polyelectrolyte 
complex is strongly infl uenced not only by the molar 
ratios but also by the concentrations of the components. 
With a decrease in the concentrations of the initial 
polymer solutions, irrespective of the order of their 
mixing, the range in which particles of the complexes in 
aqueous dispersions are aggregatively stable becomes 
broader. The range in which the dispersions of the 
SCTS–PDADMAC polyelectrolyte complex are stable 

Table 1. Infl uence of the reaction mixture composition on the formation of stable dispersions in negatively charged N-succinyl 
chitosan–poly-N,N-diallyl-N,N-dimethylammonium chloride complexes and positively charged poly-N,N-diallyl-N,N-
dimethylammonium chloride–N-succinyl chitosan complexes

Initial concentration of 
succinyl chitosan and 
poly-N,N-diallyl-N,N-
dimethylammonium 

chloride, %

Polyelectrolyte molar 
ratio corresponding to the 
appearance of opalescence 

(zmin)

Polyelectrolyte molar ratio 
corresponding to the formation 
of the insoluble stoichiometric 

complex (zlim)

Molar ratio interval 
corresponding to the 

formation of stable particles 
of dispersions (Δz)

negatively 
charged 

complexes

positively 
charged 

complexes

negatively 
charged 

complexes

positively 
charged 

complexes

negatively 
charged 

complexes

positively 
charged 

complexes

0.01 Optically transparent solution
0.02 0.20 0.25 – – – –

0.05 0.20 0.20 0.55 0.50 0.35 0.30

0.08 0.15 0.20 0.45 0.45 0.30 0.25

0.10 0.15 0.20 0.45 0.45 0.30 0.25

0.20 Precipitation
Dash means that, at the initial concentrations of N-succinyl chitosan and poly-N,N-diallyl-N,N-dimethylammonium chloride of 0.02%, 
particles of the polyelectrolyte complexes are resistant to sedimentation, no precipitate is formed, and zlim is not reached.

Fig. 1. Curves of turbidimetric titration (1) of a solution of 
N-succinyl chitosan with a solution of poly-N,N-diallyl-N,N-
dimethylammonium chloride and (2) of a solution of poly-
N,N-diallyl-N,N-dimethylammonium chloride with a solution 
of N-succinyl chitosan. Initial concentrations of N-succinyl 
chitosan and poly-N,N-diallyl-N,N-dimethylammonium 
chloride solutions 0.1%.
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Tu
rb

id
ity

zlim(t)(2)



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  95  No.  1  2022

49CONDITIONS  OF  FORMATION  OF  STABLE  POLYELECTROLYTE  COMPLEXES

(∆z = zlim – zmin) narrows from ∆z = 0.35 for 0.05% 
solutions to ∆z = 0.30 for 0.1% solutions (Table 1).

In the case of dispersions of the PDADMAC–SCTS 
polyelectrolyte complex, the range of the existence 
of stable particles narrows from ∆z = 0.30 for 0.05% 
solutions to ∆z = 0.25 for 0.08–0.1% solutions (Table 1). 
Narrower intervals of the stability of the positively 
charged PDADMAC–SCTS complexes can be attributed 
to shorter length of the macrochain of the lyophilizing 
component (PDADMAC), which cannot provide the 
required amount of free ionogenic groups that are not 
involved in interchain ionic bonding [4]. Hence, particles 
of the PDADMAC–SCTS polyelectrolyte complex are 
more hydrophobic than those of the SCTS–PDADMAC 
polyelectrolyte complex and are therefore less resistant 
to sedimentation.

With an increase in the polymer concentration to 
0.2%, the precipitate is formed in the fi rst and second 
systems already on adding the fi rst drops of both 
PDADMAC and SCTS solutions. This is due to the 
presence of excess blocking polyelectrolyte in the 
system. 

When considering the formation of dispersed 
particles of polyelectrolyte complexes, we should 
proceed from the fact that, at a defi nite concentration 
(>0.1%) of polyelectrolytes in solutions based on 
relatively low-molecular-mass polymers SCTS 
and PDADMAC, not only separate polyelectrolyte 
macromolecules but also bulky macromolecular 
associates occurring in equilibrium with them participate 
in the interaction. In this case, only the charged groups 
on the surface of the associates are accessible to ionic 

bonding. Each associate has a large number of surface 
charges, allowing its binding with several oppositely 
charged associates. Apparently, specifi cally this factor 
causes the formation of relatively coarse particles of 
polyelectrolyte complexes, rapidly losing the stability, 
from SCTS and PDADMAC solutions of concentrations 
higher than 0.1%.

The factors aff ecting the complexation in 
polyelectrolyte solutions are the chain length and the 
length ratio of the interacting polymers. The molecular 
masses of the interacting polyelectrolytes SCTS and 
PDADMAC diff er by a factor of approximately 4; i.e., 
macromolecules of these polymers signifi cantly diff er in 
the length, which is manifested in such characteristics of 
the complexes as their size and sedimentation stability 
and in diff erences in the intervals of the component 
molar ratios at which positively and negatively charged 
polyelectrolyte complexes form stable dispersions. 

The aggregative stability of aqueous dispersions of 
polyelectrolyte complexes at component molar ratios 
within the stability interval was evaluated by changes in 
the particle size in the course of 4 days. 

The initial (determined directly after mixing the initial 
polyelectrolytes) mean particle radii are 75–175 nm in 
PEC-1 dispersions (Fig. 2) and 85–100 nm in PEC-2 
dispersions (Fig. 3); i.e., the initial particle size is virtually 
independent of the type of the polyelectrolyte complex. 
Direct dependences of the mean particle size on the 
component molar ratio are observed (Fig. 2). Apparently, 
at large defi ciency of the blocking polyelectrolyte, the 
amount of microheterogeneous sol particles formed in 
relatively small, and the probability of their participation 

Fig. 2. Dependence of the particle radius of polyelectrolyte complexes on the keeping time. (1) Negatively charged N-succinyl chitosan–
poly-N,N-diallyl-N,N-dimethylammonium chloride complexes and (2) positively charged poly-N,N-diallyl-N,N-dimethylammonium 
chloride–N-succinyl chitosan complexes. Initial concentrations of succinyl chitosan and poly-N,N-diallyl-N,N-dimethylammonium 
chloride 0.1%.
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in the subsequent aggregation processes is relatively 
low. An increase in the lyophilizing polyelectrolyte to 
blocking polyelectrolyte ratio leads to an increase in the 
number of particles and, correspondingly, to an increase 
in the probability of their involvement in the formation 
of coarser aggregates. Variation of the order of mixing 
the initial polyelectrolytes does not noticeably infl uence 
the formation of polyelectrolyte complexes.

Aggregation processes developing in polyelectrolyte 
solutions are manifested in changes in the particle size 
with time, but within a relatively short observation period 
(1–2 days) the system remains resistant to aggregation, 
and the particle size is virtually independent of the 
component molar ratio (Fig. 2).

Thus, the characteristic feature of the interaction 
of PDADMAC and SCTS as components of 
polyelectrolyte complexes in a neutral aqueous 
solution is the formation of relatively stable systems 
with the dispersed phase of particles of polyelectrolyte 

complexes. In these systems, processes leading to 
changes in the particle size continuously develop in 
time, which ultimately leads to the phase separation 
with the formation of a precipitate. For example, a 
precipitate is formed after 4-day monitoring in both 
kinds of systems. Changes in the PEC particle size 
in time may be due in part to partial hydrolysis of 
carboxylate salt groups in N-succinyl chitosan sodium 
salt (salt of a weak acid and a strong base). As a result, 
a part of carboxylate groups can transform into weakly 
dissociating carboxyl groups and the charge density 
on SCTS macromolecules will decrease, which will 
lead to the break of a part of ionic bonds in particles of 
polyelectrolyte complexes and to changes in the size of 
supramolecular formations.

Variation of the solution ionic strength can also aff ect 
the character of the polyelectrolyte interaction. In this 
connection, when evaluating the possibility of preparing 
micro- and nanoparticles based on polyelectrolyte 

Fig. 3. Dependence of the particle radius of polyelectrolyte complexes on the keeping time for (a) negatively charged N-succinyl chitosan–
poly-N,N-diallyl-N,N-dimethylammonium chloride complexes and (b) positively charged poly-N,N-diallyl-N,N-dimethylammonium 
chloride–N-succinyl chitosan complexes. Initial concentrations of succinyl chitosan and poly-N,N-diallyl-N,N-dimethylammonium 
chloride 0.1%. (1) Without NaCl, (2) 0.1 M NaCl, (3) 0.2 M NaCl, and (4) 0.5 M NaCl.
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complexes, it is of certain interest to study their 
formation in aqueous solutions of low-molecular-mass 
salts, because the majority of biological media have 
relatively high ionic strength.

In the presence of 0.1 М NaCl, the initial particle size 
in PEC-1 and PEC-2 decreases, probably because of the 
break of the hydrate shell (Fig. 3). On the other hand, the 
addition of 0.2 and 0.5 М NaCl, especially in the case of 
PEC-2, leads to an increase in the initial particle size as 
a result of partial shielding of the macromolecule charge 
and, correspondingly, partial dissociation of the ion pairs 
of the complexes. Because the SCTS macromolecule 
contains, along with ionogenic groups, also acetamide 
and amino groups incapable of dissociation, it is quite 
possible that not only electrostatic interaction but also 
hydrogen bonds and hydrophobic interactions contribute 
to the formation of polymer complexes. Therefore, an 
increase in the solution ionic strength can lead will 
not necessarily lead to complete disaggregation of the 
complexes, and changes in the conformational and 
supramolecular state can lead to an increase in the particle 
size. With time, the particle size increases; variation of 
the component molar ratio does not noticeably aff ect 
the particle size of the complexes (Fig. 3), which also 
suggests partial shielding of the macromolecule charge 
with ions of the low-molecular-mass electrolyte and 
involvement of particles of polyelectrolyte complexes 
in the formation of secondary aggregates. 

CONCLUSIONS

Thus, we have determined the conditions of 
the existence of stable dispersions and the size 
characteristics of diff erent kinds of polyelectrolyte 
complexes based on N-succinyl chitosan and poly-
N,N-diallyl-N,N-dimethylammonium chloride, which 
will allow the evaluation of their application fi eld and 
the development of procedures for preparing various 
materials based on them. In the course of storage, 
processes leading to changes in the particle size and 
ultimately to precipitation of the complex continuously 
occur in the systems based on the polyelectrolyte 
complexes studied. The time to precipitate formation 
depends mainly on the diff erence between the molecular 
masses of the lyophilizing and blocking polyelectrolytes 
and on the polymer concentration in the solution. The 

order of mixing the components of the complexes does 
not noticeably aff ect the variation of the particle size 
in time. The mean particle radius of polyelectrolyte 
complexes in the region of sedimentation stability of 
the dispersed systems is 75–403 nm, which, taking into 
account high biological activity of the polyelectrolytes 
studied and their biocompatibility and biodegradability, 
opens prospects for using particles of the polyelectrolyte 
complexes as drug carriers for targeted drug delivery in 
a living body.
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