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Abstract

be considered.

N,N,N-Trimethyl chitosan (TMC) is one of most important chitosan derivative with stronger bactericidal property.
Currently, the TMC has been attracted considerable attention, because it contains quaternized ammonium moieties
("*N(CHj3)3) in its network. Its cationic property leads to a renowned bactericidal power. Besides, TMC has
appropriate biocompatibility, biodegradability, mucoadhesive capacity and greater solubility at pH close to
physiological condition regarding chitosan. In this way, there are not sources regarding revision papers toward TMC
bactericidal action. So, this revision work reports the TMC potential to be applied in many fields, depicting its
bactericidal performance, as well as, its bactericidal mechanism and some current technological aspects that must

Keywords: N,N,N-Trimethyl chitosan; Bactericidal activity;
Applications
Introduction

Chitosan (a chitin derivative) is water-insoluble (at physiological pH
condition) and in most organic solvents, except in organic acids, which
substantially limits its usefulness [1]. On the other hand, the N,N,N-
trimethyl chitosan is the most famous chitosan derivative, obtained
from reductive methylation of amino moieties. Several methodologies
concerning the TMC synthesis are depicted in the (Figure 1). Among
these, the highlighted methodologies were proposed by Sieval et al.,
Verheul et al., De Brito and Assis, and Benediktsdottir et al. (Figure 1)
[2-5].

The most commonly used synthesis is based on the amino groups
reduction (from two steps) in strong base, sodium iodide and
iodomethane presence, using N-methyl-2-pyrrolidinone (NMP) as
solvent [2]. However, this pathway provides the -OH/-NH,
uncontrolled methylation, being its reproducibility a negative factor
(Figure 1). Among these procedures, the most important and simple
synthesis methodology has been described [3]. This route offers lower
cost and exhibits excellent reproducibility and such pathway occurs
from two steps. In the first step, the N,N-dimethyl chitosan (DMC) is
performed from formic acid-formaldehyde mixture (Eschweiler-
Clarke) at 70°C (Figure 1). Then, the fully N-dimethylated DMC is
quaternizaed, using only iodomethane under NMP presence and
sodium iodide and sodium hydroxide absences (Figure 1). This
methodology leads to TMC free of O-methylation.

De Brito and Assis [4] developed another methodology using the
dimethylsulfate as reductor agent instead iodomethane (Figure 1). On
the other hand, Bendiktsdottir et al. [5] synthesized a fully quaternized
TMC from protection strategies toward -OH groups (using the tert-

butyldimethylsilyl - TBDMS protection group and
tetrabutylammonium fluoride (TBAF) as desprotetor agent), avoiding
O-methylation (Figure 1). The Figure 1 will be further discussed in the
following sections.

TMC has received great attention in the last 15 years, due to its
excellent  properties of  biodegradability, = biocompatibility,
mucoadhesion, excellent water-solubility, and especially for its
antimicrobial potential [6]. TMC may exhibit bactericidal activity up
to 700 times greater than the neat chitosan. This property is
intrinsically linked to "*N(CHj3); quaternary groups existence in its
network and some studies show that larger N-quaternized fraction,
better bactericidal performance is reached i.e., the higher TMC
quaternization degree (DQ) promotes higher bactericidal power [7].
Factors as, molar weight [8], specie types toward “*N(CHj); sites
(counterion types) [9], synthesis methodology, as well as, the adopted
purification process [10], and culture assay conditions (temperature
and ionic strength) [8] can change the TMC antimicrobial capacity.
Some of these factors have been extensively studied and they are not
reported in this opportunity. The effects promoted by these factors
regarding bactericidal activity were recently revised in a work
published by Hosseinnejad and Jafari [8], they will not be discussed
again.

Recent studies reinforce that TMC can be applied in pharmaceutical
and medical field [11-13], as well as, in food industry [1]. TMC based-
materials (thin films, beads, thermosensitive hydrogels, polyeletrolyte
complexes, nanoparticles, etc.,) may be designed as drug delivery
matrices [13], as building devices coated with bactericidal and cell
growth potentials [12,14] and developing biodegradable membranes
[15,16] with bactericidal action for use in food industry, among others.
This paper highlights the latest issues concerning TMC antimicrobial
potential, as well as, some TMC-based technological applications.
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Figure 1. The most important routes for the TMC synthesis [2-5].
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Probably TMC Bactericidal Mechanism

TMC bactericidal activity is the most targeted parameter toward the
pharmacy and medicine fields. TMC showed potential to kill several
bacteria types, such as Escherichia coli [9,10], Staphylococcus aureus
[9], Pseudomonas aeruginosa [17], Listeria innocua [18] and
Enterococcus facialis [17], i.e., it has antimicrobial activity on gram-
negative and gram-positive bacteria. On the other hand, the precise
TMC bactericidal mechanism is difficult to identify, because such
activity depends on many parameters, as previously reported section
[6,8-10]. Studies indicate that TMC has potential against Gram-
negative and Gram-positive bacteria, and its action can be better
understood from analysis as shown in Figure 2.

Gram-negative bacteria

Gram-positive bacteria

Membrane

PDPPG

Membrane

Outer lipid membrane Periplasmic space

J,TMC

Electrostatic interaction

Figure 2. Bactericidal mechanism of TMC [6,9].

Gram-negative cells are composed by a multilayer cell surface
containing an outer membrane, a peptidoglycan layer between
periplasmic space and an internal cytoplasmic membrane (Figure 1)
[6,9]. On the other hand, gram-positive membrane cells are constituted
by a broad dense wall that consists of 15-40 interconnecting
peptidoglycans layers and an internal membrane cell [6,9]. Anionic
phospholipid dipalmitoylphosphatidylglycerol (PDPPG) is the major
component of both membrane cells (gram-negative and gram-positive
bacteria) (Figure 1) [6]. Besides, outer membrane (OM) on gram-
negative bacteria contains polyanionic lipopolysaccharides (PLPS),
which are stabilized by Mg?* and Ca?* divalent ions [6]. Such species
bind on out membrane, maintaining them stables, being essential to
OM integrity. Therefore, gram-negative membrane cells have more
negative charge densities than gram-positive cells.

Cationic TMC polymer has higher positive charge densities that can
interact with the cell walls (Figure 1) [9,10]. This interaction occurs
among cationic N-quaternized moieties (*N(CHj);) on TMC
networks and anionic molecules, such as PDPPG on bacteria cells
(Figure 1). It leads to a large increase on membrane permeability,
causing structural changes (distortion-disruption), as well as, a severe
leakage of cytoplasm constituents and eventually results in the death of
bacteria [19]. TMC has greater adsorption capacity onto bacteria cell
surface, especially on gram-negative bacteria cell, due its higher
negative charge property, regarding the gram-positive bacteria [6].

Current Aspects Concerning the Bactericidal Potential
of TMC

Some important points regarding the TMC bactericidal potential
cannot be unnoticed. A recently paper showed that adopted
purification process on TMC synthesis significantly influence its
bactericidal activity [10]. TMCs are obtained as iodide salts and then
they are dissolved in a 10% wt. sodium chloride solution for ion
exchange (Figure 1). TMC chloride is more water-soluble than TMC
iodide due to smaller chloride ionic radius concerning the iodide [2].
Then, the TMC chloride aqueous solution is precipitated in ether and
then it is centrifuged and washed/purified. However, TMC chloride
can be purified by two ways (Figure 1).
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i) After centrifugation, the TMC chloride is washed several times
with ether solvent and dried at 40°C to finally be obtained as a white
crystalline powder [10];

ii) After centrifugation the TMC can be dispersed again in water
and dialyzed (for 3 to 4 days), frozen and lyophilized [10];

The second process is more efficient and it has low cost, because it is
not necessary carry out the TMC washing, using organic solvent. In
the TMC chloride precipitation process (in EtOH), it attracts to its
structure sodium chloride crystals, an insoluble salt in ethanol and
ether solvents. Upon precipitation, sodium chloride crystals are
directed to the ""N(CHj3);Cl- group, leading the ‘ionic pairs’ formation
(Figure 1) [10]. The ionic pairs between TMC chloride/NaCl crystals
drastically decrease the TMC bactericidal potential, whereas they are
shielding the TMC N-quaternized groups, reducing the potential
interaction of these sites with the bacteria cell membranes [10]. So, the
dialysis may be used to remove the NaCl from TMC structure,
purifying it (Figure 1). After dialysis, TMC chloride must be frozen
and lyophilized to be obtained in an amorphous form [10]; feature of
polysaccharide macromolecules.

TMC chlorides obtained by our research group was carried out
according to the methodologies proposed by Sieval et al. [2] and
Verheul et al. [3], using some modifications on experimental
procedures [10]. TMC chloride O-methylated and TMC chloride free
of O-methylation, containing the same DQ (=15%) were evaluated,
regarding their bactericidal potentials against Escherichia coli (E. coli)
(ATCC 26922) [10]. In this case, TMC chlorides were produced at
dialysis absence, i.e., TMCs with high crystallinity were performed due
to ionic pairs’ formation [10], as depicted in the reaction at the top on
Figure 1. TMC salts were also successful synthesized and purified from
dialysis method, i.e., amorphous TMCs free of ionic pairs were
synthesized [10].

TMCs free of ionic pairs (purified by dialysis) showed stronger
antimicrobial action against E. coli in only 6 h. Both O-methyl TMC
and TMC free of O-methylation (both 15% DQ) have more than 90%
inhibition. On the other hand, regarding the TMCs containing ionic
pairs, their bactericidal performance does not exceed 40% inhibition
[10]. These results showed that TMC should be purified by dialysis
process to enable its bactericidal performance.

Another recent study depicted that TMC counterion species
(counterions on -+N(CHj); sites) dramatically influences the
antimicrobial effect [9]. Several TMC salts (TMC iodide, TMC
bromide, TMC chloride, TMC acetate and TMC sulfate) with 60%
quaternization degree were obtained and their microbial potentials
investigated against E. coli (ATCC 25922) and Staphylococcus aureus
(8. aureus) (ATCC 25923) [9]. The salts containing delocalized n
counterions have better bactericidal activities toward both bacteria (Z.
coli and S. aureus). TMC iodide and TMC bromide showed weak
potential to kill bacteria, due to the higher ionic volume (cm® mol ™)
and ionic radius (pm), as well as, the delocalized m absence for the Br-
and I counterions [9]. In order, the bactericidal effect followed the
sequence: TMC sulfate>TMC acetate>TMC chloride>TMC bromide =
TMC iodide [9]. So, TMC sulfate and TMC acetate presented the
highest activities against both bacteria, whereas the number of -
*N(CHj); groups “available” to interact with the bacteria cell
membranes should be larger [9].

Most Recent TMC Applications

TMC-based materials have been much attention in these last years,
mainly for the pharmaceutical and medical fields. The cationic
property of TMC allows its association with polyanionic
macromolecules, like heparin, sodium alginate, among others [20,21].
TMC/heparin multilayer thin films carried out from the layer-by-layer
assembly [20,22]. Such assembled film prepared with O-methyl TMC,
containing 80% DQ showed stronger bactericidal action (64.6%
inhibition at 6 h) against E. coli (ATCC 26922) at physiologic pH
condition (7.4) [22]. Sajomsang et al. [23] revealed that N,N,N-
trimethyl ammonium group showed high bactericidal activity toward
E. coli (ATCC 25922) and S. aureus (ATCC 6538) [23].

Hydrogel beads based on TMC/alginate polyelectrolyte complexes
showed bactericidal property against E. coli (ATCC 26922) cells,
mainly when associated with silver nanoparticles [13]. In this case,
these metallic nanomaterials enhanced TMC/alginate bactericidal
performance to 91% inhibition at 24 h (pH 7.4) [13]. Quaternary
ammonium TMC prepared from amino group moieties, exhibited
improved water solubility and stronger bactericidal activity over an
entire pH range. So, quaternized sites can increase the potential
biomedical applications on anti-infection [19]. Electrospun
membranes based on TMC/poly(vinyl pyrrolidone) had high
antibacterial activity against S. aureus (749) and E. coli (3588) [15].
Another electrospun nanofibers, formulated from association of
poly(e-caprolactone) coated by poly(acrylic acid)/TMC iodide
polyelectrolyte complex, inhibited the growth of S. aureus and E. col,
as well as, suppressed the pathogenic bacteria adhesion of S. aureus
[16]. Nanoparticles containing quaternized moieties on their surfaces
also suppressed the E. coli growth [24]. Many TMC-formulations have
been conducted and designed for technological applications, due to
bactericidal action of these based-materials.

Future Trends

TMC is famous because it not only retains the chitosan properties,
such as biocompatibility, biodegradability and non-toxicity, but also it
can enhance the antimicrobial activity, water-solubility and
mucoadhesion capacity [22]. Therefore, the TMC has attracted much
attention and recent studies show its wide application range.

Zhou et al. [12] obtained TMC fibers (varying the TMC
quaternization degree) with high water absorption performance and
excellent bactericidal activity (than chitosan fibers) against E. colf
(>63% inhibition) and S. aureus (>99% inhibition). TMC fibers
regarding chitosan fibers could significantly enhance the contraction
and wound re-epithelialization toward the mouse embryo fibroblast
cells, leading to the wound dressing potential [12]. TMC-materials
showed higher water absorbance capacity and stronger bactericidal
effect, suppressing excessive would maceration ie., the eschar
formation and chronic clinical events at only 12 days [12, 14]. So, TMC
fiber has potential to be used as components for wound healing
performance.

Currently, TMC and TMC-based materials are being applied to
obtain bactericidal materials. These are designed for orthopedic
application [19], formulation of dental resin [11], repair engineering
and wound healing/cell growth [12,14] and food industry [1,8], among
others.

TMC has attracted attention on food industry due to its easy
acquisition, preparation low cost and mainly due to its extraordinary
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bactericidal activity. Currently, there is a great race for the new
technologies development, in order to obtain bactericidal films, aiming
new food preservative strategies. In this way, TMC based film can be
used to kill £ coli (O157:H7), one of the most infamous foodborne
pathogen that has been detected in various foods, including cheese,
neat milk, undercooked meat, and spinach [1].

Chitosan is the most bactericidal agent applied like food additive/
preservative [1]. However, the chitosan has lower bactericidal activity
than TMC and chitosan based-materials in solid-state did not show
considerable bactericidal action [6]. In this sense, the TMC synthesis
may become a reality on industrial scale. The food industry has
continually sought the development of bactericidal films that may
increase the lifetime of food packaging. In this case, the TMC must be
used for this purpose, in order to obtain bactericidal films with
excellent performance for food preservation.
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