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High antibacterial activity and low toxicity of pyridoxal derivatives
of chitosan and their nanoparticles
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Thepyridoxal derivatives of chitosan with various degrees of
substitution (DS) were synthesized from low-, moder ate- and
high-molecular-weight chitosans by their reaction with
pyridoxal followed by treatment with NaBH 4. The derivative
of moderate molecular weight and high DS demonstrated a
maximum antibacterial activity against S. aureusand E. coli.
The nanoparticles of this derivative obtained by ionic
gelation are nontoxic, and they exhibit a high in vitro
antibacterial effect, which slightly exceedsthat of ampicillin
and gentamicin.
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Chitosan is a biocompatible, biodegradable and nontoxic natural
polymer, which consists of N-acetyl-D-glucosamine and
D-glucosamine units.! A wide range of chitosan-based
multifunctional materials were developed, including low-toxicity
antibacterial systems, as compared with conventional synthetic
antibiotics.®1° However, the antibacterial activity of chitosan is
limited by its moderate cationic density, which can be increased
by introduction of substituents into the chitosan macromolecule.
In this study, we prepared pyridoxal derivatives of chitosan
(Scheme 1) since pyridoxal is a nontoxic compound and the
introduction of a pyridoxal moiety into the chitosan backbone
increases the cationic density of chitosan. The resulting polymers
were characterized by H NMR spectroscopy (Figure 1).
The degree of substitution (DS) of the polymers was calculated
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as DS = I(1"), while 1(12) = 0.75 (I is the integral intensity of
corresponding protons in the 'H NMR spectrum; for proton
numbering, see Online Supplementary Materials).

Thus, starting from low, medium and high molecular weight
chitosans (3.7 x 10%, 6.9 x 10* and 17.8 x 10* Da, respectively;
the degree of acetylation, 25%), we prepared pyridoxal
derivatives with low, medium and high degrees of substitution
(about 15, 40 and 60%, respectively) (Table 1). In the sample
names, P refers to pyridoxal; CS refers to chitosan; I, Il and Il
refer to low, moderate and high degrees of substitution,
respectively; and H, M and L refer to high, medium and low
molecular weight derivatives of chitosan, respectively. For
example, P-CS-IlI-L is a pyridoxal derivative of chitosan with
a high degree of substitution and a low molecular weight.
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Scheme 1 Reagents and conditions: i, HCI (0.1 M aq.), 25 °C; ii, NaBH,, H,0.
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Table 1 Degree of substitution, antibacterial activity and toxicity of the
prepared polymers and their nanoparticles.

Cell viability (%) at

Saureus E. coli sample concentration
sample 0 ton Ggmi?

Inhibition zone/mm @ 10 300 1000
Chitosan - 13.2+0.1 10.7+0.3 100 96 65
P-CS-I-L 0.15 15.0+0.3 12.3+01 99 93 63
P-CS-I-M 0.16 20.8+0.2 18.8+0.4 98 94 62
P-CS-I-H 0.16 151+0.1 129401 99 94 63
P-CS-II-L 0.42 20.1+£0.3 13.6+0.2 99 93 63
P-CS-11-M 0.41 22.8+0.2 20.2+04 98 93 62
P-CS-1I-H 0.43 18.1+0.3 14.3+£0.2 97 94 64
P-CS-Ill-L 0.62 23.7+04 16.5+02 98 93 63
P-CS-111-M 0.62 27.0£0.1 20.9%0.2 97 92 62
P-CS-11I-H 0.63 24.2+0.1 16.6%+0.1 98 93 62
Ampicillin 30.2+0.2 - 60 43 31
Gentamicin - - 221+0.2 58 37 20

aMean value+SD, n= 3.

We tested in vitro the antibacterial activity of the pyridoxal
derivatives of chitosan against the Gram-positive bacteria
Saphylococcus aureus and the Gram-negative bacteria
Escherichia coli and compared it with that of the commercial
antibiotics ampicillin and gentamicin using an agar diffusion
method. The diffusion of an antibiotic into agar leads to the
formation of a inhibition zone of the growth of microorganisms
around the site of antibiotic application to the agar with fresh
inoculation of bacteria. The most active antibiotic corresponds to
the largest inhibition zone.

The antibacterial activity of the resulting polymers depends
on both the molecular weight of the chitosan derivative and its
degree of substitution. The medium molecular weight polymers
were most effective. Moreover, an increase in the degree of
substitution led to an increase in antibacterial activity against
both S. aureus and E. coli. This fact can be explained by the
following reasons: (1) an increase in the cationic density of the
polymer, caused by both an increase in the fraction of secondary
amino groups in the derivative macromolecule and a symbatic
increase in the number of positively charged quaternized nitrogen
atoms and (2) an increase in the fraction of hydrophobic moieties
in the macromolecule responsible for hydrophobic interactions
with the surface of bacterial cells.

Different polymer nanoparticles can exhibit enhanced
antibacterial activity, as compared with that of corresponding
polymers in their native forms.'* Thus, nanoparticles are of
increasing interest as an alternative to conventional antibacterial
drugs. We prepared nanoparticles from the most effective
antibacterial chitosan derivative P-CS-I11-M using ionic gelation

Table 2 Characterization and antibacterial activity of nanoparticles.2

mag
100 000x

Figure 1 SEM image of NP-2 nanoparticles.

with sodium tripolyphosphate (Table 2, Figure 1). The
nanoparticles exhibited a unimodal particle size distribution.

The antibacterial activity of the nanoparticles against both
S aureus and E. coli demonstrated strong dependence on the
particle size and £ potential. Table 2 shows that the most effective
nanoparticles (see inhibition zones) had a moderate size (about
100 nm) and a high positive ¢ potential (about +69 mV). The
nanoparticles with the lowest & potential (about +32 mV) and a
size of 300 nm had the lowest antibacterial effect. The
nanoparticles with higher sizes (500 and 800 nm) and & potentials
(+51 and +64 mV, respectively) possessed moderate antibacterial
activity. Thus, the NP-2 nanoparticles were the most active
antibacterial systems among those obtained in this work. Their
antibacterial activity was comparable with or even higher than
that of ampicillin and gentamicin (see Table 1).

An important advantage of chitosan over other antibacterial
agents is its low toxicity, but this is not always true with all
chitosan-based systems. Actually, each new chitosan derivative
designed for biomedical applications should be characterized in
terms of toxicity. In this study, we used a so-called MTT test, a
colorimetric method for estimating the number of viable cells in
culture, to assess the toxicity of TMAB-CS. The basis of this
method is that NADPH-dependent dehydrogenases of living
cells efficiently reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to form a purple formazan
product. Thus, the color intensity is proportional to the viability
of the cell culture. The highest cell viability corresponds to the
lowest toxicity of the test sample. We compared the toxicity of
the starting chitosan in a hydrochloride form with the toxicity of
the antibacterial chitosan derivatives (see Table 1, cell viability)
and their nanoparticles (see Table 2, cell viability) and found that
the toxicity of the effective chitosan-based antibacterial systems
was similar to that of the original chitosan. This fact is not
surprising since the obtained derivatives are the addition products
of natural nontoxic pyridoxal to the natural nontoxic polymer
chitosan. Thus, we prepared an effective nontoxic chitosan-
based antibacterial nanosystem NP-2, which is comparable with
the antibiotics ampicillin and gentamicin.

Cell viability (%) at sample

S aureus E. coli : 1

Sample 2R./nm Vipp/ml  PDI gImv concentration (ug ml™)
Inhibition zone/mm 10 300 1000
NP-1 63+5 0.70 0.29+0.03 72.1+0.2 29.0+0.1 20.9+0.1 97 91 62
NP-2 105+3 1.00 0.22+0.03 69.2+0.2 33.2+0.2 23.0£0.3 98 93 64
NP-3 201+1 1.30 0.23+0.04 55.1+0.3 29.3+0.4 21.4+0.2 98 92 63
NP-4 306+3 1.65 0.18+0.05 32.0+0.3 26.4+0.2 18.9+0.1 99 93 63
NP-5 509+1 1.95 0.15+0.02 51.5+0.1 27.1+0.1 19.6+0.2 97 93 63
NP-6 811+2 2.80 0.16+0.03 64.2+0.4 27.2+0.2 19.8+0.3 97 92 62

@Mean value+SD, n = 3; 2R, is the mean hydrodynamic diameter; Vpp is the volume of a sodium tripolyphosphate solution; PDI is the polydispersity index;

and ¢ is the ¢ potential.
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