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Recently, increasing attention has been paid to water-soluble derivatives of chitosan at its applications. The chemical characteristics
and the antimicrobial properties of these salts can play significant role in pharmacological and food areas mainly as carriers
for drug delivery systems and as antimicrobial packaging materials. In the current paper, a historical sequence of the main
preparative methods, physical chemistry aspects, and antimicrobial activity of chitosan quaternized derivatives are presented and
briefly discussed. In general, the results indicated that the quaternary derivatives had better inhibitory effects than the unmodified
chitosan.

1. Background

One of the first reports about methylation process of
chitosan was presented by Wolfrom et al. in their study on
carboxyl-reduced heparin published in 1963 [1]. Despite
employing a very methylant agent (dimethylsulfate), only
a 3,6-O-methylated product was claimed by the authors.
In the seventies, Nudga et al. studied a series of N-
alkylated chitosans [2–4] and described the preparation of
a derivative with a 78% of quaternary amino sites. Then,
Muzzarelli and Tanfani, in 1985 [5], prepared N-trimethyl
chitosan iodide in a controlled three-step reaction: (a)
started by a preparation of an N-alkyl chitosan via reductive
alkylation, in which the chitosan amino groups react with
appropriated aldehyde, generating a Schiff ’s base; (b) this
compound is treated with a reducing agent, to yield the
corresponding N-alkyl chitosan (c) then an overmethylation
with an alkyl halide is carried out, generating, finally, the
quaternary salt. With these sequences Muzzarelli and Tanfani
obtained N,N,N-trimethyl chitosan (TMC) by reacting N-
permethylated chitosan, which was previously prepared by
treating chitosan with formaldehyde followed by reduction
with sodium borohydrade and trimethylation with methyl

iodide. Although, according to the authors, the product
60% trimethylated was not water soluble and characterized
only with 13C NMR and elemental analysis. This effort was
made, aiming its application as antibiotic and ion exchange
material.

In the following year, Domard et al. [6], also reacting
chitosan with methyl iodide, gave an important contribution
mainly on the role of the reagents in the quaternization. They
established that the combination of N-methyl-2-pyrrolidone
(NMP) and NaOH favors the quaternization better than
sole addition of organic bases, for example, triethylamine.
In order to understand the chemical structure of the TMC,
several papers were published, emphasizing the features and
signal changes as observed by nuclear magnetic resonance
spectroscopy [7, 8]. At this time, three important branches
of application for TMC have emerged, to be known: (i) as
gene delivery tool; (ii) as absorption enhancer for hydrophilic
drugs transport across epithelium (iii) for cosmetics applica-
tions.

The first topic started back in 1996-97 by the publications
from Murata et al. [9, 10] who measured the cytotoxic ac-
tivity and the formation of polyelectrolyte complex with
DNA. Those works were based on the derivative synthesis
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as proposed by Domard et al. [6]. After a long period of
latency regarding this specific application, in 2005 Kean
et al. [11] returned to this area, publishing results of a
study about the toxicity and transfection efficiency of TMC
derivatives with respect to the degree of trimethylation. After
that, several other papers have been published in the field,
highlighting the polyelectrolyte complex (PEC) formation
[12]; aspects of nanoparticles cytotoxicity [13]; structure-
activity relationship determination [14, 15]; reviews of use
of chitosan derivatives as functional polymers [16–18].

The second issue began with Kotze et al. [19] in
1997 by reporting that TMC, as drug excipient, had a
superior efficiency as absorption enhancer for hydrophilic
drugs across intestinal epithelia than the chitosan itself.
This potential for pharmacological applications increased
considerably the interest for this polyelectrolyte. Aiming at
better efficiency, the synthetic path was deeply studied, allow-
ing, consequently, a better comprehension of its chemical
structure [20–30]. The absorption enhancer property of the
TMC did not confine only to intestinal epithelia but for
other epithelial tissues. It showed also to be efficient, as
documented for buccal mucosa [31, 32], mammalian airway
[33], rabbit cornea [34], and derma [35]. Despite the huge
amount of publications and data on chitosan quaternization,
the synthetic route had remained almost the same, generally
with a reaction involving a suspension of NMP and methyl
iodide. Furthermore, these studies also demonstrate (see, e.g.
[25, 29]) that strong inorganic bases, such as NaOH, are
more efficient for quaternization than organic ones. As TMC
gained attention for use in oral drug delivery, some reviews
on the subject have appeared [16, 28, 36–38].

The last application can be related to the publication of
Lang et al. [39] regarding the synthesis of quaternary salts for
use as additive in cosmetic products. The authors proposed
alternative synthetic routes as well as new applications for
the derivative. One of the suggested methodologies was the
covalent addition of a substituent containing a quaternary
ammonium group. It could be achieved by reacting chitosan
with a quaternary ammonium epoxide, such as glycidyl-
trimethylammonium chloride. The main focus was the
cosmetic market, as evidenced by several patents refereed in
that paper.

More recently, an important branch of application for
chitosan quaternary salt related to antimicrobial action has
gained attention. It started by Kim et al. [40] testing several
chitosan quaternary salt against Staphylococcus aureus. The
synthetic path was based on that proposed by Muzzarelli
and Tanfani [5]. In this way, the authors described the
reaction of chitosan with formaldehyde, butyraldehyde, n-
octylaldehyde, and n-dodecylaldehyde, treated the resulting
Schiff ’s bases with sodium borohydrade, obtaining the
quaternary salts via methyl iodide synthetic route. In fact, the
antibacterial activity of the prepared salts was higher than
that found for chitosan itself and increased with increasing
chain length of the alkyl substituent. Following this line,
in 2001, Jia et al. [41], also prepared several quaternary
chitosan salts and tested against gram-negative bacteria
Escherichia coli. It was seen that these salts exhibited higher
in vitro activity against E. coli than chitosan, mainly in acid

medium. Particularly, other combinations including alkyl,
aryl moieties and carboxymethylation in chitosan quaternary
salt also showed to be efficient against gram-negative and
gram-positive bacteria [42–45].

With respect to its physical and chemical properties,
works have reported the chemoselectivity with methyl iodide
[46], the thermal degradation [47], the viscosity behavior
[48], new synthetic route via dimethylsulfate [49, 50], the
degree of quaternization via solid state 13C NMR [51], and
procedures for preventing the occurrence of O-methylation
[52, 53].

Finally, the utmost research is the synthesis and applica-
tion of chitosan quaternary salts as nanoparticles. It started
from the work of Xu et al. [54], who reported the preparation
of quaternary salt via reaction between glycidyl-trimethyl-
ammonium chloride and chitosan and the formation of
nanoparticles based on ionic gelation process with sodium
tripolyphosphate (TPP). They described nanoparticles in the
size range of 110–180 nm with drug entrapment efficiency
up to 90%, for evaluation of bovine serum albumin as
a model drug. Several other important applications have
emerged for TMC nanoparticles obtained by ionic gelation
with TPP, such as nasal [55–57] and oral [58] vaccine delivery
system; protein carrier [59–61], and insulin releaser [62].
Then, several methods for the preparation and applications
of TMC were reported, as: (i) by emulsion-diffusion-
evaporation technique for gene transfer process [63]; (ii) by
electrostatic self-assembling between TMC and insulin [64,
65] and cysteine [66], for controlled release applications; (iii)
synthesis and characterization of gold, silver, and platinum
TMC nanoparticles [67]; (iv) via ionotropic gelation with
alginate for drug delivery [61, 68–70]; (v) alkyl chitosan
salts micelles (or nanomicelles) formed via ultrasonication
in aqueous media for nutraceuticals and functional foods
[71, 72]; (vi) via ionotropic gelation with poly(γ-glutamic
acid) for insulin controlled transport [73].

In spite of this vast literature on production and
applications of TMC nanoparticles for delivery system, it
is reported that TMC nanoparticles loaded with insulin
were found to be less effective in permeating epithelial
cells than the corresponding TMC in its free soluble form
(not as nanoparticles) [74]. The reduced available amount
of positive charge at the surface of the nanoparticles was
claimed as responsible for this lower performance. Moreover,
an important finding in that research was the strongest ability
of TMC in opening the tight junction in comparison with
the parent chitosan and other quaternary salts, for example,
dimethylethyl chitosan and diethylmethyl chitosan.

2. Physical-Chemical Aspects

Chitin and chitosan are β(1→ 4) glycans whose chains are
formed, respectively, by 2-acetamide-2-deoxy-D-glucopyra-
nose and 2-amino-2-deoxy-D-glucopyranose units. Chito-
san is generally prepared by the deacetylation of chitin,
and, in fact, none of them can be considered a homopoly-
mer. Chitin, regularly isolated from the carapaces of mar-
ine animals such as crabs and shrimps, contains some
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fraction (approximately 5–10%) of 2-amino-2-deoxy-D-
glucopyranose units. Completely deacetylated chitosan is,
however, rarely prepared due to the simultaneous occurrence
of extensive depolymerization.

The chitosan’s amino group behaves as nucleophile that
bonds to and yields products with a variety of electrophiles,
so the methylation reaction proceeds via electrophilic substi-
tution of nitrogen. The most common electrophiles already
reported on chitosan methylation are alkyl halides (R–
Cδ+H2–X) and dialkyl sulfate (R–Cδ+H2–SO4–Cδ+H2–R).
In both cases the reaction proceeds presumably by a SN2
mechanism and liberates H+ as a by-product. However, low
pH values affect the forward reaction in two aspects: first,
decreasing the substitution degree and, second, promoting
the glycoside bond cleavage. The first event occurs when
H+ is captured by the unshared electron pair of the
nitrogen, stopping the reaction at the amino site. The last
event causes chain depolymerization, yielding low molecular
weight derivatives [48]. These problems can be overcome by
a proper addition of strong bases [6, 7, 25]. On the other
hand, the added OH− base is also a nucleophile that can
react with the electrophile and produces alcohols. It seems
that the slow addition of the strong base during the course of
the reaction is the best way to avoid this problem.

The main parameters that characterize a chitosan’s
derivative are its average degree of quaternization, DQ, and
molecular weight. The DQ is usually determined by 1H
NMR spectroscopy [22, 24, 46], although potentiometric
and conductimetric methods have also been proposed [41,
46, 48]. As the reaction is conducted in a heterogeneous
medium, monomethylated, dimethylated, and trimethylated
species are generated randomly. This has complexed and
even leaded to misinterpretation of the 1H NMR spectrum.
Although, solid state CP-MAS 13C NMR technique has
been emerged as an alternative method to calculate TMC’s
DQ [51]. Despite the usefulness of FTIR spectroscopy in
determining the degree of acetylation of chitosan [75] on
TMC characterization, it has been limited to qualitative
analysis [40, 41, 44, 47, 49]. Regarding the molecular
weight, comparative viscosimetric studies have been adopted
[25], but, as increasing the applicability of such derivatives,
absolute method based on Gel Permeation Chromatograph
(GPC) has given precise data [15, 27, 42, 76–82]. In the
following, the main features of these techniques in TMC
characterization are discussed.

Sample preparation for FTIR spectroscopy can be accom-
plished by KBr pellets or casting thin film on acrylic dish.
The last method, however, makes use of the excellent film
ability of such polymer and gives good spectra with low
noise. Two main differences between the parent chitosan
and TMC FTIR occur in the interval of 1700–1200 cm−1

(see Figure 1). First, the TMC’s spectra show a band near
1475 cm−1, “A”, correspondent to asymmetrical stretching
of C–H in the methyl groups. This band is absent in the
spectrum of the starting chitosan. Second, the band assigned
to angular deformation of N–H in amino groups (near
1590 cm−1, “B”) is reduced for the derivatives, and, generally,
is overlaid by the signal at 1630 cm−1 (carbonyl stretching of
acetamide moiety, “C”). The major problem in using FTIR in
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Figure 1: Typical FTIR spectra of chitosan and TMC.

quantitative analysis may be related to lack of proportionality
between the signal “A” and the DQ. As seen in Figure 1, the
two TMC derivatives have different DQ but the intensity of
the signal “A” is equal in two samples [49].

The 1H NMR spectroscopy is also a useful tool in
characterization and has been largely used in DQ calculation.
Some misinterpretation regarding peaks assignments was
raised before [8] but corrected in a subsequent paper
[22]. Currently, the peaks assignments shown in Figure 2
are accepted as the correct one. Although, for certain
applications, not only the DQ is important, but also the
degree of dimethylation and O-methylation as well. For this
knowledge, 1H NMR spectroscopy has been used [15, 77]. 1H
NMR spectroscopy was also used as quantitative technique
in the characterization of O-methyl free TMC derivatives
[46, 52, 78, 79]. The strategy for such attempt was based
on the method described by Muzzarelli and Tanfani [5]
with some modification. According to the authors, the two-
step reaction (dimethylation with formic acid-formaldehyde
followed by a mild methylation with iodomethane without
addition of strong OH− base) not only avoided the O-
methylation reaction but also prevented the chain scission.
However, some limitations of this technique in substitution
calculation were discussed recently [51] and are related
mainly to the low intensity of the proton linked to C1 of the
glycoside ring, generally took as reference signal [52]. This
can induce a super estimation of such parameters.

The solid-state CP-MAS 13C NMR spectroscopy, which
combines the techniques of proton dipolar decoupling (DD),
magic angle spinning (MAS), and crosspolarization (CP),
has emerged as an alternative tool in TMC characterization
and DQ calculation [49–51]. A methylated chitosan may
show the following evidences (Figure 3): (a) 106.1 ppm,
attributed to C1 signal of the glycoside ring when there is
no substitution on the near amino group; (b) 100.4 ppm,
attributed to C1 signal when there is substitution on the near
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Figure 2: Typical 1H NMR spectrum of TMC. For chemical
structure and legends, see Figure 3.

200 180 160 140 120 100 80 60 40 20 0

4
1s

1u

M

T

D
α

β

(ppm)

O

O

O
O

N+

H3C

H3C

CH3

H3C

CH3

C

O

1

2

3

4

5

6

Acetyl moiety

residue

CH2OH

α β

O

6, 2

3, 5

Figure 3: Typical solid state CP-MAS 13C NMR spectrum of TMC.
The labels stand for 1u: C1 (amino unsubstituted); 1s : C1 (amino
substituted); O : O-methylated; T : N,N,N-trimethylated; D : N,N-
dimethylated M : N-monomethylated signals.

amino group; (c) 37.9 ppm, attributed to carbon of methyl
groups in N-monomethylated site; (d) 48.1 ppm, corre-
spondent to carbon of methyl groups in N,N-dimethylated
site; (e) 56.4 ppm, related to the carbon of methyl groups
in N,N,N-trimethylated site (f) 68.5 ppm, correspondent
to the carbon of methyl groups in O-methylated site. In
fact, the signals labeled as “1u”, “1s”, and “T” showed
reasonable proportionality according to degree of substitu-
tion [82]. Such technique was also useful to characterize
other chitosan quaternary salts, for example, N-butyl-N,N-
dimethylchitosan, N-octyl-N,N-dimethylchitosan, and N-
dodecyl-N,N-dimethylchitosan [50].

Degradations which occur during the reaction can be
assessed by measuring the intrinsic viscosity, [η], since it
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Figure 4: Illustration of the different chain conformations of a
polyelectrolyte in function of the concentration and ionic strength.

is related to the average molecular weight by the Mark-

Houwink equation, [η] = KM
a
v . The drop in [η] can be of

90% in comparison with parent chitosan, depending on the
reaction condition [25], until of only 5% [8]. But, in most of
the cases, intermediate values within this range are common
[27, 48, 49, 76, 77, 82]. Absolute molecular weight technique
(GPC) also shows such depolymerization, situating Mw near
1.0–3.0 g/mol ×105 [27, 76, 77, 82]. In fact, a plot of log[η]
versus log Mw showed values of 0.39 and 2.14 ×10−4 for the
empirics Mark-Houwink’s parameters a and K , respectively
[77]. However, instead of a drop, Verheul et al. [52] found a
slight increase in Mw, rising of 42 kDa up to 84 kDa, which
was attributed to limited or even absence of chain scission
during reaction by the method of O-methylation free.

The usefulness of viscosity data is not limited to molec-
ular weight estimation, but it spread light on chain confor-
mation as well. Chain conformation, in its turn, can help to
understand the antimicrobial activity of the polymer. Partic-
ularly in the case of cationic polyelectrolyte, as chitosan and
its quaternary salts, the viscosity, in aqueous solution free of
added electrolytes, shows an apparent paradoxical behavior
called polyelectrolytic effect in which the viscosity increase,
as the dilution increase, (Figure 4). The charged groups
repeal each other, causing chain expansion, increasing the
hydrodynamic volume and, consequently, increasing the
viscosity. In the presence of added electrolytes, the charges
will be screened, and, consequently, the polyelectrolyte chain
will adopt a coiled conformation.

TMC itself shows the polyelectrolyte effect (Figure 5)
and the viscosimetric study of the interaction of TMC
with other charged species like surfactant (Figure 5), anionic
polyelectrolyte, and other complexant polymers can explain
the mode of action between the quaternary salt and the cell
wall of a microorganism. Further studies must be developed
in this area.

The hydrophilic character is another important property
of chitosan quaternary salt that shows the net force presented
in the surface of a smooth solid film. This property is useful
in protecting coating experiments in which the interactions
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Figure 5: Polyelectrolytic effect of TMC and TMC/sodium dodecyl
sulfate (SDS) complex in aqueous solution (adapted from [83]).

existent in the interfaces peel/coating film/microorganism
spores play an important role. It is generally measured by
contact angle technique and expressed in terms of wettability
[49, 84]. For TMC, a sharp decrease in the contact angle
values was found when compared with the parent sample due
the presence of permanent positive charges which increased
the hydrophilic character of the quaternary salts. On the
other hand, the methyl groups, having apolar character, also
contribute to hydrophilic character decreasing, as seen for
highly substituted samples [84].

3. Antibacterial Action of Chitosan
Quaternary Salts

The mode of action of antimicrobial activity of chitosan
derivatives is strictly linked with that described for chitosan
itself [85–87]. In fact, the main objective of the derivatives
synthesis is to enhance such intrinsic property of chitosan.
Particularly for quaternary salts, the advantage over the
parent chitosan is attributed to its permanent positive charge
and the synergetic effect of the pendant alkyl moiety. Further,
the solubility of chitosan at physiological pH is low, while for
the quaternary salts the solubility is high both in acid and
basic conditions.

In fact, the better antibacterial activity of quaternary salt
cannot rely only on charge density because at acid medium
the chitosan chain is almost completely protonated. As
pointed out by Xu et al. [44], it is necessary also to consider
the degree of ionization and the chain conformation. For
example, at moderated acid conditions, the repulsive forces
among quaternary groups (–N+(CH3)3) are weaker than that
among protonated chitosan amine groups, which increases
the chain flexibility and facilitates the interaction with
bacteria cell envelope. Despite this, the increase of the DQ
is not a guarantee of better antibacterial activity. It depends
on the pH. Some investigations showed that the antibacterial

efficiency decreased as the DQ increased at acid conditions,
but increased as the DQ increased at neutral conditions
[44, 88]. Here, the knowledge of chain conformation is
fundamental for a better comprehension of this behavior.

The cell wall of bacteria is a complex structure made
mainly of lipopolysaccharide (gram-negative) and pep-
tidoglycan associated with teichoic acid (gram-positive),
both having anionic groups (phosphate, carboxyl, N-
acetylglucosamine, N-acetylmuramic acid, etc.) that can
interact (hydrogen bond, electrostatic, etc) with the polyca-
tionic structure of the quaternary salt. The chelant effect of
quaternary salts on divalent cations present on cell wall also
contributes to disrupt the integrity of the membrane [85].

The presence and length of alkyl moiety on amine
group is another relevant question on such derivatives. The
hydrophobic affinity between the alkyl chain and phospho-
lipids of the bacterial membrane has assumed to enhance the
antibacterial activity [40, 41, 43, 89]. In this attempt, several
chitosan derivatives were synthesized, involving several paths
as alkylation, covalent addition of a substituent containing
a quaternary ammonium group and extent methylation.
Such derivatives have a very complex structure with variable
antibacterial activity [90, 91]. However, a series of N-(2-
quaternary ammoniumyl) acyl derivatives with different
chain moiety did not exhibit better antibacterial activity
than the TMC [45]. In another study, the methylated N-aryl
chitosan did not improve so much the antibacterial activity,
with similar results that are found for pure TMC [42].

E. coli and S. aureus have been adopted as model of gram-
negative and gram-positive bacteria, respectively, in most of
the studies, with MIC (Minimum Inhibitory Concentration)
as lower as 0.125 µg/mL for E. coli and 0.0625 µg/mL for
S. aureus [44]. However, other bacteria as Enterococcus
facialis and Pseudomonas aeruginosa have shown susceptible
to TMC, with MIC of 128 and 256 µg/mL respectively
[45]. Streptococcus mutans, responsible for dental caries in
humans, was also susceptible to chitooligosaccharide quater-
nized via covalent addition of glycidyl trimethylammonium
chloride [92]. In the presence of a 0.1% solution, the
quaternary derivative inhibited near 90% of the colonies
growth, while the unmodified counterpart only 10% after 5
hours of exposure. Belalia et al. [93] also gave an important
contribution, studding the action of quaternary salt against
Listeria monocytogenes and Salmonella typhimurium in their
attempt to improve the properties of biocomposite for
packaging purposes. The derivative was based on Muzzarelli
and Tanfani [5] method and showed inhibition of 96% of L.
monocytogenes and 100% of S. typhimurium development.

The most important issue from now is to establish the
effectiveness of such derivatives at in situ experiments. The
antibacterial activity of chitosan has been proved in several
in situ experiments as food preservative, packaging material,
edible film and coating, wound dressing materials, cotton
fabrics, and many others [86]. In this line, experiments
with TMC were reported, showing the effectiveness of
electrospun mats of TMC/poly(vinyl alcohol) [94] and mats
of TMC/poly(vinyl pyrrolidone) [95] against E. coli and S.
aureus. The potentiality of such mats was regarding wound-
dressing applications. Antibacterial activities of finished
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cotton fabrics impregnated with chitosan derivative were
also evaluated, although the synthesis path was similar
to that complex one cited above, based on alkylation,
covalent addition of a quaternary substituent, and further
methylation [96]. Related to food area, the work of Belalia
et al. [93] contributed to knowledge in elaboration of effec-
tive antibacterial biopackagings with improved mechanical
property.

In this way, the antibacterial activity of cast TMC film
helps to understand the behavior of in situ conditions. For
this, a qualitative test can be performed by agar diffusion
method [97]. Film cuts were placed on the medium, and
the inhibitory activity was measured based on the average
diameter of the clear inhibition zone. Figure 6 illustrates the
measurable zone.

The diameters of inhibitory zones surrounding film discs
as well as the contact areas of edible films with agar surface
were reported with significant results. A wide clear zone
on solid media has been observed for S. aureus growth
inhibition, whereas inhibition for E. coli is not effective,
in some way confirming better antibacterial activity against
gram-positive bacteria. The film concentration also appears
to be important, mainly for the TMC, whose inhibition zone
increases exponentially with the concentration (Figure 7).
For commercial chitosan, the bacterial activity is inferior and
not dependent on the concentration.

4. Chitosan Quaternary Salt and
Antifungal Activity

Similar to antibacterial properties, the derivative synthesis
has the main objective to enhance the antifungal property of
chitosan largely reported in the literature [87, 98–100]. Par-
ticularly for fungi, such derivative study is more important
once chitosan generally has a stronger antimicrobial activity
against bacteria rather than against fungi [101]. Common
plant pathogenic fungi such as Botrytis cinerea, Penicillium
expansum, Rhizopus stolonifer, Penicillium digitatum, and
Penicillium italicum, among many others, have been tested
with chitosan, owing to its impact in the agricultural
business.

In order to enhance the chitosan antifungal activity some
methodology has been proposed. For example, the syner-
gistic effect of microbial antagonists, for example, Candida
saitoana Cryptococcus laurentii, enhanced significantly the
antifungal activity of chitosan [101]. Accordingly, chitosan
was effective against P. expansu spore germination in vitro
and in vivo when introduced on the wound of Fuji apple
(Malus domestica Borkh.). They found a complete inhibition
of P. expansum spore germinations at concentrations of
0.3% or above of chitosan for in vitro test. On the other
hand, after addition of C. laurentii antagonist the inhibitory
concentration dropped to 0.1%. Addition of essential oil
[102] or changing the organic acid, for example, acetic,
sorbic, propionic, lactic, and glutamic acids [103], were
also proposed to enhance the chitosan antifungal activity,
representing an actual alternative to synthetic fungicide such
as thiabendazole.

Finally, the chemical modification of chitosan as poten-
tial antifungal has emerged, however, with few publications.
Some chitosan derivatives studied as antifungal were N,O-
carboxymethyl chitosan [104], glycolchitosan [105], and
thiourea derivative [106]. It was found that the hydrosoluble
derivative N,O-carboxymethyl chitosan was less effective
than chitosan in reducing the radial growth of the fungi B.
cinerea and R. stolonifer, while the acid soluble derivative
glycolchitosan was more effective than chitosan against the
fungi B. cinerea and P. expansum. Once again, it looks
that fungicidal effect depends on the charge density of
the chitosan chain. Also, Rabea and colleagues [107–110]
have synthesized a series of N-alkyl and N-aryl chitosan
derivatives with superior fungicidal and insecticidal func-
tions that founded for chitosan, although soluble only in acid
conditions.

Recently, Badawy [111] has shown that the quaternary
salts of alkyl chitosan derivatives also exhibit antifungal
property against plant fungi Pythium debaryanum, B. cinerea
and Fusarium oxysporum. Accordingly, in vitro results
showed that the best antifungal quaternary salts were N-
octyl-N,N-dimethylchitosan against B. cinerea (383 mg/L),
F. oxysporum (812 mg/L), and P. debaryanum (440 mg/L),
on the basis of the effective concentration that caused 50%
inhibition of mycelial growth (EC50). TCM also showed
a good activity with EC50 = 1467, 875, and 907 mg/L
respectively, for B. cinerea, F. oxysporum, and P. debaryanum.
This is a good achievement when compared with chitosan
that showed EC50 > 3000 mg/L in all the cases. Despite the
solubility of those salts in aqueous media, the author used
a mild acetic acid solution to enhance salt solubility. The
action of those quaternary salts was also effective against
spore germination, generally increasing with an increase in
the chain length of alkyl substituent.

Other hydrosoluble chitosan derivatives, bearing salicy-
laldehyde and pyridinium ion [112], were tested against
some plant-threatening pathogenic fungi Cladosporium cuc-
umerinum, Monilinia fructicola, Colletotrichum lagenarium,
and F. oxysporum. The best performance of those salts was
near 500–1000 µg/mL.

Chitosan quaternary salt has shown good activity against
fungal deterioration of in situ experiments with apple
[113]. The TMC showed important antifungal activity
against P. expansum which was strongly dependent on the
characteristics of the polymer (Figure 8). By comparing
the samples TMC1 (DQ = 18%, low solubility and low
viscosity) and TMC2 (DQ 45%, high solubility and high
viscosity), it was found that the latter presents superior
antifungal activity. The chitosan derivatives N-butyl-N,N-
dimethylchitosan, N-octyl-N,N-dimethylchitosan, and N-
dodecyl-N,N-dimethylchitosan also showed good antifungal
activity (Figure 8). The introduction of alkyl substituents on
the chitosan chain strongly decreases the polymer solubility,
a property which seems to play a very important role in the
antifungal activity. The chitosan derivative TMC dissolved in
water solution exhibited moderate antifungal activity against
P. digitatum and B. cinerea with fungal spread 28.6% and
45.5%, respectively, as compared to the respective controls
34.9% and 51.5%. As observed for P. expansum, the acetic
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Chitosan 2 g L−1
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TMC 2 g L−1
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Figure 6: Examples of inhibitory effect of chitosan and TMC film against gram-positive bacteria S. aureus.
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Figure 7: Inhibition zone in function of the film concentration as
measured against the bacteria S. aureus.

acid medium was favorable to fungal spread on cut apple
surface, reaching values of 100% and 87.1% for P. digitatum
and B. cinerea, respectively, while both control samples were
100%.

The mechanism of action of quaternary salts against
fungi still debated but generally is attributed to formation
of polyelectrolyte complex between different charged species,
in a similar way that took for antibacterial action [111]. On
the other hand, microscopic observation has shown that chi-
tosan oligomers can also diffuse inside hyphae interfering on
the enzymes activity responsible for the fungus growth [106].
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Figure 8: P. expansum colonies development on cut apple surface
coated with different coating solutions after 7 days of storage in a
greenhouse at 28◦C and 80% humidity. (A) acetic acid control; (B)
water control; (C) chitosan; (D) TMC1; (E) TMC2; (F) N-butyl-
N,N-dimethylchitosan; (G) N-octyl-N,N-dimethylchitosan; (H) N-
dodecyl-N,N-dimethylchitosan.

5. Conclusion

Quaternary salts of chitosan can be prepared with different
degree of substitution mainly via methyl iodide or dimethyl-
sulfate synthetic route. The last one shows the advantage
of better control and reproducibility of the reaction steps.
New and more security synthetic routes, free of hazardous
methylant agent, can be developed to attenuate the purifi-
cation costs for grade suitable for pharmaceutical and food
areas. The water solubility is attained by introduction of
CH3 moiety in the amino group, generating a permanent
cationic polyelectrolyte. This feature enhances the chitosan
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applicability in a large pH range opening up a broad range
of possibilities. Ordinary, by increasing the reaction time
and reaction steps, a higher degree of N-quaternization is
achieved. However, the overmethylation can yield products
with low degrees of substitution and polymerization. The
antifungal activity represents a potential application as edible
coating and film for this hydrosoluble derivative once the
acid medium used for preparation of chitosan solution is
very aggressive to cut fruit tissue. Regarding the antibacterial
activity, it revealed higher inhibition against gram-positive
than gram-negative bacteria. Finally, nanoparticles-based
quaternary salts promise to improve these already cited
properties. TMC and other chitosan quaternary salts have
effectively antimicrobial activity; however, experiments in
situ must help the applications in real conditions.
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