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Pathogenic microorganisms are one of the leading causes of 
mortality initiating severe infectious diseases such as pneumonia, 
sepsis, surgical infections, etc.1 Among pathogenic 
microorganisms, gram-negative bacteria are most active in the 
community and hospital settings. Gram-negative bacteria are 
more resistant to antimicrobial agents in comparison to gram-
positive bacteria; they spread faster and pose a greater danger to 
humans.2 In recent decades, there has been significant concern 
about the rise in antibiotic-resistant bacteria, with gram-negative 
species making the main contribution to this problem.2–5 All 
these factors dictate an urgent need for efficient biocides, 
especially affecting resistant gram-negative microorganisms.6–8

Quaternary ammonium compounds (QACs) are widely used 
as antiseptics and disinfectants whose practical application has 
been grown tremendously during the COVID-19 pandemic.9,10 
They are also applied for drug and gene delivery and protein 
folding.10 In aqueous solutions, cationic micelle-forming QACs 
interact with anionic polymers leading to new polymer–
surfactant complexes (PSCs).11–21 The latter are stabilized by 
hydrophobic interactions of the surfactant aliphatic tails, which 
ensures micelle formation and multiple ionic contacts between 
oppositely charged groups of micelles and polymer chains.11–15 
The complexation allows one to concentrate the biocidal QAC in 
a small volume; the use of a biodegradable polyanion makes 
PSCs sensitive to pathogenic microbes. Acting together, these 
factors can increase the therapeutic effect of QAC incorporated 
in the polyanion matrix. 

In the current article, we describe complexation of 
N-cetylpyridinium bromide (CPB), a cationic surfactant, with 
sodium alginate (ALG), a native polysaccharide, and studies on 
the toxicity of the CPB–ALG complex to gram-negative bacteria. 

We compare the behavior of the CPB–ALG complex with the 
behavior of complex composed of CPB and non-biodegradable 
anionic polymer such as synthetic sodium polyacrylate (PANa), 
and discuss a possible mechanism of the toxic effect of both 
complexes towards gram-negative bacterial cells. 

Binding of CPB to the polyanions was performed via addition 
of a CPB solution in 0.01 m Tris buffer with pH 7 to an anionic 
polymer solution in the same buffer. Cationic CPB (Sigma-
Aldrich) and anionic polymers ALG (ISP, UK) and PANa with 
Mw = 100 kDa (Sigma-Aldrich) were used. Molar concentration 
of CPB was measured spectrophotometrically taking 
experimentally determined molar extinction coefficient of 
4.100 dm3 mol–1 cm–1 at l = 259 nm. Concentrations of ALG 
and PANa were measured based on potentiometric titration of 
ALG/PANa aqueous solutions and expressed as the number of 
moles of anionic COOH groups per liter. 

On addition of a CPB solution to a solution of ALG or PANa, 
the mixtures became progressively turbid (Figure 1) due to 
formation of CPB–ALG and CPB–PANa PSC particles. In both 
cases, the maximum turbidity is observed at molar ratios of 
cationic CPB and anionic ALG/PANa units Z = [CPB]/[ALG] = 
= [CPB]/[PANa] close to 1, which indicates complete 
neutralization of the negative polyanion charges by cationic 
surfactant charges. This, in turn, means that the compositions of 
the CPB–polymer complexes are identical to the compositions of 
the corresponding CPB–polymer mixtures. 

In the range Z £ 0.7 in Figure 1, the turbidity did not exceed 
20% that allowed the PSC particles with the hydrodynamic 
diameter of 90–300 nm that was measured with dynamic light 
scattering to occur. Aggregative stability of these particles was due 
to their negative charges provided by an excess of anionic polymer. 
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Cetylpyridinium bromide, a quaternary ammonium 
surfactant, was electrostatically complexed with an excess of 
anionic polymers such as biodegradable sodium alginate or 
non-biodegradable sodium polyacrylate. The binding of 
surfactant with alginate delivered polymer–surfactant 
complexes capable of killing both more surfactant-sensitive 
Escherichia coli and less surfactant-sensitive Pseudomonas 
aeruginosa bacteria, while the binding with acrylate gave 
complexes active only against Escherichia coli. The results 
obtained show a way for adjustment of the antimicrobial 
formulation to a specific pathogen to be destroyed.
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The colloidally stable PSC formulations with Z £ 0.7 were 
used in antimicrobial experiments. Inhibitory activity of the 
formulations was quantitatively characterized by their minimum 
inhibitory concentration (MIC), the lowest concentration which 
inhibited the growth of microorganisms in solution.22,23 Non-
pathogenic strains of gram-negative encapsulated motile bacteria 
were used as test cultures: Escherichia coli MG 1655 K12, key 
model prokaryotic organisms for microbiological testing, and 
more resistant Pseudomonas aeruginosa 4.8.1, one of the major 
pathogens in nosocomial infections.24–26 The bacterial cultures 
were from the microorganism collection of the FRC 
Biotechnology RAS. 

MIC values for CPB–ALG and CPB–PANa polycomplexes 
with Z = 0.1, 0.3, 0.5 and 0.7 together with MIC values for CPB 
and individual polyanions against both bacteria are shown in 
Figures 2 and 3. As expected, ALG and PANa showed no toxicity 
to the bacterial cells up to the maximal tested polymer 
concentration of 30 000 µm, whereas CPB had a strong 
bactericidal effect with a MIC value of 14 µm for the cells of 
E. coli (see Figure 2) and 67 µm for P. aeruginosa (see Figure 3). 

All complexes showed an antimicrobial effect on E. coli (see 
Figure 2), while their inhibitory activity was within 14 ± 2 µm, 
i.e. at a level of individual CPB surfactant, and did not depend on 
the type of the polymer: biodegradable or not. The same PSC 
formulations demonstrated a more complicated antimicrobial 
effect being added to P. aeruginosa bacteria (see Figure 3). The 
CPB–ALG formulations were nearly as active as individual CPB 
surfactant (100 ± 10 µm); such behavior was similar to that of 
CPB–ALG formulations towards E. coli bacteria. Contrastingly, 
the activity of CPB–PANa formulations decreased sharply 
towards the activity of individual ALG. In other words, the 
complexation of CPB with biodegradable ALG did not change 
the activity of CPB to E. coli and P. aeruginosa. The 
complexation of CPB with non-biodegradable PANa also did not 
affect the activity of surfactant to E. coli but dramatically reduced 
its activity to P. aeruginosa. 

In order to clarify a possible mechanism of CPB–polymer 
formulations to bacterial cells, we turned to the literature. 
Complexation of CPB to anionic polymers has been intensively 
investigated earlier.11,14,16 In has been found in particular that the 
complexation was a highly cooperative process which occurs in 
a narrow range of CPB concentration in solution. The equilibrium 
concentrations of free CPB (unbound to ALG14,16 and PANa11) 
lie in the vicinity of 10 µm. This value is comparable with MIC 
for individual CPB against E. coli bacteria. If so, the 
concentration of free CPB is sufficient to kill E. coli as it follows 
from the data in Figure 2. Both biodegradable CPB–ALG and 
non-biodegradable CPB–PANa complexes reveal the same 
activity against E. coli, and this activity is close to that of 
individual CPB. No need in additional CPB, initially incorporated 
into the PSC, is required to kill E. coli. 

As regards the activity of CPB–polymer complexes to 
P. aeruginosa (see Figure 3), cells of the latter are more resistant 
to CPB resulting in a higher MIC value of 67 against 14 µm for 
E. coli. The MIC value of 67 µm exceeds that for free CPB 
concentration in solutions of the CPB–polymer complexes equal 
to 10 µm (see above). For this reason, it seems that the CPB–
polymer complexes would not kill bacteria. This is actually true 
for the non-biodegradable CPB–PANa complexes whose MIC 
values are many times higher than those for individual CPB 
indicating an extremely low toxicity of CPB–PANa for 
P. aeruginosa. At the same time, the biodegradable CPB–ALG 
complexes kill P. aeruginosa. Obviously, this happens because 
P. aeruginosa bacteria can degrade polysaccharide27–30 and 
finally meet CPB which kills them. 

Summarizing, negatively charged polymer–colloid complexes 
were prepared via binding of quaternary pyridinium compound 
such as CPB to an excess of anionic polymers such as native 
polysaccharide ALG and synthetic PANa. The biodegradable 
CPB–ALG complexes are active against both more CPB-
sensitive E. coli and less CPB-sensitive P. aeruginosa bacteria, 
while the non-biodegradable CPB–PANa complexes are active 
only against E. coli and inert to P. aeruginosa. Antimicrobial 
action of polycomplexes is modulated by different availability of 
anionic polymer for bacterial enzymes and different sensitivity 
of bacteria to biocidal CPB. This demonstrates a means of 
adjusting the antimicrobial formulation for the specific pathogen 
to be destroyed. 

This work was supported by the Russian Science Foundation 
(project no. 22-13-00124).
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Figure  1  Dependence of the relative turbidity of the (1) CPB–ALG and 
(2) CPB–PANa mixtures on the Z ratio at 500 nm. 0.01 m Tris buffer, pH 7; 
[PANa] = 10–3 m; [ALG] = 4.5 × 10–4 m.
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Figure  2  MIC values for ALG, PANa, CPB and CPB–ALG and 
CPB–PANa complexes against E. coli. Standard deviations of 10% are 
shown as error bars.

C
PB

–A
L

G
 (

Z
 =

 0
.1

)

C
PB

–A
L

G
 (

Z
 =

 0
.3

)

C
PB

–A
L

G
 (

Z
 =

 0
.5

)

C
PB

–A
L

G
 (

Z
 =

 0
.7

)

C
PB

A
L

G
 >

30
 0

00

PA
N

a 
>

30
 0

00

C
PB

–P
A

N
a 

(Z
 =

 0
.1

) 
>

10
00

C
PB

–P
A

N
a 

(Z
 =

 0
.3

) 
>

10
00

C
PB

–P
A

N
a 

(Z
 =

 0
.5

) 
>

10
00

C
PB

–P
A

N
a 

(Z
 =

 0
.7

) 
>

10
00

0

100

M
IC

/µ
M

Figure  3  MIC values for ALG, PANa, CPB and CPB–ALG and 
CPB–PANa complexes against P. aeruginosa. Standard deviations of 10% 
are shown as error bars.
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