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Synthesis, Characterization, and Antibacterial Activity of
N-substituted Quaternized Chitosan and Its Cellulose-
based Composite Film

Qiyuan Chen,? Shengling Xiao,>* Sheldon Q. Shi,® and Liping Cai®

A water and organic soluble N-benzyl-N,N-diethyl quaternized chitosan
(NSQC) material was synthesized using chitosan, benzaldehyde, and
bromoethane. Amino groups on chitosan reacted with benzaldehyde to
form a Schiff base intermediate. Quaternized chitosan was obtained by
reacting the Schiff base with bromoethane. The quaternized chitosan was
dissolved in an organic solution with dissolved cellulose and cast to
prepare quaternized chitosan/cellulose (QCC) film. The molecular
structure, morphology, tensile strength, thermal stability, and antibacterial
activity effects of NSQC-treated cellulose film were studied in detail. The
results showed that the NSQC product exhibited superior solubility in
deionized water and dimethylacetamide. The addition of NSQC as a
reinforcing agent in QCC film enhanced the interlinking of fibers and
slowed down the rate of cellulose pyrolysis, which improved the tensile
properties and thermal stability of the cellulose film. The minimum
inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) values of NSQC showed that it had good antibacterial activity
against Staphylococcus aureus and Escherichia coli. The QCC film also
showed contact sterilization ability with regards to two kinds of bacteria,
which suggested that QCC film has the potential for applications in food
packaging and bacterial barriers.
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INTRODUCTION

As a product of deacetylation of chitin, chitosan, poly(s-(1—4)-N-acetyl-D-
glucosamine), is a natural, weakly alkaline polysaccharide with a structure similar to
cellulose (Rinaudo 2006). Studies have shown that protonated ammonium -NHs* in
chitosan molecules is strongly positively charged under acidic conditions and could adsorb
negatively charged surface bacteria and destroy their cell wall composition, causing
bacterial death (Chang et al. 2015, 2019). Thus, chitosan has displayed a broad spectrum
of antibacterial activity against a wide range of microorganisms, including bacteria, yeasts,
and fungi (Kumar et al. 2016; Crini 2019). Because of the complex hydrogen-bonded semi-
crystalline structure within the chains, the pKa value of chitosan is approximately 6.5,
making it insoluble in water and common organic solvents; it only becomes soluble in an
acidic medium with pH < 6.5 due to the protonation of amine groups (Liu et al. 2006;
Zargar et al. 2015; Chen et al. 2016). Therefore, poor solubility of chitosan restricts its
antibacterial applications to some extent. The chitosan molecular structural unit contains a
primary amino group (-NH>) and two hydroxyl groups (-OH), making it easy for it to be
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chemically modified to obtain functionalized chitosan derivatives with improved
biological properties and water solubility (Chen et al. 2016; Zou et al. 2016; Jelkmann et
al. 2018). Thus, the development of functionalized chitosan quaternary ammonium salts
with higher positive charge density has become a popular topic of research (Fan et al.
2018).

A common method of quaternization treatment of chitosan involves alkylation
modification of -NH and adding quaternization reagents, continuously quaternizing the
amino groups (Wei et al. 2019). Other methods include grafting an ammonium salt directly
on the -NH> or -OH at the C6 position (Xu et al. 2011; Wang et al. 2016) or esterifying the
-OH and then grafting the salt (Guo et al. 2007; Sahariah and Méasson 2017). Glycidyl
trimethylammonium chloride (GTMAC) was used to directly graft and replace the H of -
NH: and -OH at the C6 position to obtain O-substituted, N-substituted quaternized chitosan
(HTCC) that displayed superior water solubility and antibacterial activity (Wei et al. 2018;
Wang et al. 2019). The alkylation of -NH> is an early method for chitosan quaternization
(Martins et al. 2014). Chitosan can be directly reacted with quaternizing agents CHzl to
obtain N,N,N-trimethyl chitosan (TMC) (Sadeghi et al. 2008). Recent studies have focused
on grafting functional groups on -NH. to give the products special properties (e.g.,
antibacterial, dye adsorption, and targeted catalysis) (Lee et al. 2015; Li et al. 2016;
Ghazaie et al. 2019). The antibacterial ability of chitosan enhanced by grafting a quaternary
ammonium salt on the molecular structure is attributed to its positive charge density, which
is enhanced by converting -NH> to -NHs* (Guo et al. 2007). It was found that the length
and type of the alkyl group grafted to the chitosan affects the antibacterial activity of
quaternized chitosan, and that grafting a benzyl group leads to better results than grafting
amethyl group (Jia et al. 2001). Therefore, the use of aldehydes containing benzylic groups
is preferred for the preparation of highly antibacterial activity chitosan quaternary
ammonium salts.

Cellulose-based materials have been widely used in various fields due to their low
price, good regeneration ability, and high strength (Thakur and Voicu 2016). The
antibacterial film that is fabricated by blending chitosan with cellulose has wide application
prospects in the fields of food packaging and bacterial barriers (Abdul Khalid et al. 2016;
Gan and Chow 2018; Niu et al. 2018). This study focused on the synthesis of N-substituted
quaternized chitosan and the fabrication of its quaternized chitosan/cellulose composite
film. The chemical structure of the synthesized product was characterized by Fourier-
transform spectroscopy (FT-IR) and nuclear magnetic resonance spectroscopy (NMR). The
surface morphology, tensile strength, and thermal stability of the composite film were
evaluated by scanning electron microscopy (SEM), thermogravimetric analysis (TGA),
and tensile tests. The minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC) value, and contact antibacterial ability of the fabricated films against
Escherichia coli and Staphylococcus aureus were investigated to provide further research
with theoretical supports.

EXPERIMENTAL

Materials

Cellulose (a-cellulose > 80%) was experimentally self-made via the preparation
method described in previous experiments (Chen et al. 2018). Chitosan (with a > 95%
degree of deacetylation), benzaldehyde, and bromoethane were purchased from Shanghai
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Aladdin Bio-Chemical Technology Co., Ltd. (Shanghai, China). All other solvents and
agents were of analytical grade. S. aureus (ATCC 6538) and E. coli (ATCC 25922) were
obtained from China General Microbiological Culture Collection Center (Beijing, China).

Synthesis of N-substituted quaternized chitosan

Approximately 2 g of accurately weighed chitosan was dissolved in 100 mL of 1%
(wt%) acetic acid under magnetic stirring at 35 °C to obtain a chitosan solution.
Approximately 14.0 mL of benzaldehyde was added into the solution and stirred for 5 h at
room temperature. Then, the pH of the solution was adjusted to 4.5 using 1.0 mol/L sodium
hydroxide. Approximately 30.0 mL of sodium borohydride (0.01 mol/L) was added to the
solution before the solution was stirred for 12 h at room temperature. The pH of the solution
was adjusted to 10 after stirring, and N-benzyl chitosan derivatives were obtained by
washing the white precipitate of solution with distilled water to a neutral pH and drying
the solution at 40 °C.

Approximately 1.0 g of N-benzyl chitosan derivatives was dissolved into 50.0 mL
of N-methyl pyrrolidone and stirred for 12 h at 50 °C. Approximately 5.0 mL of sodium
hydroxide (3.0 mol/L), 1.030 g of sodium bromide, and 5.4 g of bromoethane were added
to the solution, and continuously stirred for 12 h at 50 °C. After the reaction, the solution
was added dropwise to acetone, and N-benzyl-N,N-diethyl quaternized chitosan (NSQC)
was obtained by filtering the white precipitate and drying the solution at 40 °C.

Preparation of cellulose films

The LiCl was added to a dimethylacetamide (DMAC) reagent at a weight ratio of
4:45 (w/w) to prepare the LiICI/DMACc solution. Cellulose was dissolved in a LiCI/DMAc
solution with a weight ratio of 1:49 (w/w). The mixture was then heated and stirred in an
oil bath at 105 °C for 2 h. The solution was cooled to room temperature and remained for
12 h to eliminate bubbles.

The NSQC was added to the cellulose LiCI/DMACc solution with different mass
ratios of chitosan to cellulose (0:100, 1:100, 2:100, 4:100, 8:100, and 16:100). The
solutions were then heated and stirred in an oil bath at 70 °C for 4 h. The mixtures of
solutions were uniformly cast onto glass plates to pre-solidify them in air. The solidified
gels were immersed in the distilled water bath at 20 °C for 4 h to remove the residual
solvent. The wet cellulose hydrogel samples were dried at room temperature to obtain
uniform films. The films obtained by different mass ratios of chitosan to cellulose (0:100,
1:100, 2:100, 4:100, 8:100, and 16:100) were labeled as RC, QCC1, QCC2, QCC3, QCC4,
and QCCS films, respectively. The average thickness of the films was 20 pm to 40 pum.

Methods
NSQC chemical structure
The yield of NSQC was estimated using Eq. 1,

y =222 5 100% (1)
where w is the dry weight of the chitosan (g) and w: is the dry weight (g) of the NSQC
product. The constant 161.2 represents the molar mass of chitosan and the constant 388
represents the molar mass of NSQC.

The degree of substitution (DS) of NSQC was calculated with the Mohr method by

titration of Br~ concentrate. The specific steps were as follows: 1 g of dry NSQC was
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dissolved in 100 mL of deionized water and the pH of the solution was adjusted to 9, and
then 2 mL of 8% potassium dichromate solution was added as the acid-base indicator.
Approximately 0.1 mol/L of silver nitrate standard solution was used to titrate the solution.
The DS of NSQC was estimated using Eq. 2,

vXxcx1073

DS = X 100% @)

T uXex10-3+(m—-vXcx10-3x388)/161.2

where v is the titrant consumption (mL) of silver nitrate standard solution, m is the dry
weight (g) of the NSQC product, and c is the concentration (mol/L) of silver nitrate
standard solution. The constant 161.2 represents the molar mass of chitosan and the
constant 388 represents the molar mass of NSQC.

The FT-IR spectra of chitosan, N-benzyl chitosan derivatives, and NSQC were
collected on a Frontier instrument (PerkinElmer, Foster, CA, USA) in the range from 600
cm™ to 4,000 cm™ with a resolution of 4 cm™,

'H Nuclear magnetic resonance (*H NMR) and *3C nuclear magnetic resonance
(13C NMR) spectra were all recorded on NSQC dissolved in D,O with a Bruker AVANCE
I11 HD Spectrometer (500 MHz; Bruker Corporation, Beijing, China) at 25°C.

Films morphology, thermal stability, and mechanical properties

The surface and cross-section micromorphology of RC and QCC4 films were
observed via SEM (Quanta200; FEI Company, Golden, CO, USA) at low acceleration
voltages of 12.5 kV. The films were coated with gold by a vacuum sputter coater (SCD
005; Bal-tec™, Los Angeles, CA, USA) before observation. The surface element content
of the films was determined by an EDAX detector of the SEM.

The thermal stability of RC and QCC4 films were measured by TGA using a TG
analyzer (SDT Q600; TA instruments, New Castle, DE, USA) at a heating rate of 20
°C/min from 50 °C to 750 °C under a high purity air atmosphere.

According to the ISO 1924-2 (2008) standard, mechanical property tests were
conducted at room temperature using a universal testing machine (IMT-202F; International
Material Tester Co., Ltd., Dongguan, China). The cross-head speed was 10 mm/min. The
dimensions of the test films were 100 mm x 10 mm x 0.02 mm to 0.04 mm. The initial
separation of the grips was 50 mm.

NSQC and films antibacterial activity

The antibacterial activity of NSQC against E. coli and S. aureus were determined
by MIC and MBC values. Both MIC and MBC were measured according to the Clinical
and Laboratory Standards Institute standards CLSI M07-A10 (2015) and CLSI M26-A
(1999).

The antibacterial activity of composite films against two kinds of bacteria were
qualitatively tested by the film inhibition zone. Approximately 0.5 mL of 10° CFU/mL
fresh bacterial bacteria solution were evenly coated on the nutrient agar (NA) plate in the
clean bench. Then, 13 mm diameter of round punched RC to QCC4 films were attached to
the surface of the plate. The plates were incubated at 37 °C for 48 h, and the zone of
inhibition diameter of the films was measured with a vernier caliper.

The contact sterilization ability of modified cellulose film against the two types of
bacteria was determined according to the 1ISO 22196 (2011) standard. Approximately 10°
CFU/mL of fresh bacterial bacteria solution was coated on the surface of the blank plate,
(RC and QCC4 films), and covered with polypropylene films. After incubation at 37 °C
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for 24 h, the plate, film, and cover film were washed carefully using a nutrient broth
(NB)/H20 eluent with a volume ratio of 1:100 (v/v). Approximately 0.5 mL of the eluate
was then coated on the NA plate and incubated for 48 h at 37 °C with a humidity of > 95%
before the growth of bacteria was observed.

RESULTS AND DISCUSSION

Analysis of NSQC Chemical Structure

The synthetic route of NSQC is shown in Scheme 1. Chitosan contains a free -NH>
group, which can combine with the H* of dilute acid to form an amine salt and dissolve in
dilute acid. The -NH> dissolved in 1% acetic acid was condensed with the aldehyde group
in benzaldehyde to produce a chitosan-Schiff base intermediate. Then, the N-benzyl
chitosan derivatives were obtained by reduction with sodium borohydride in a weakly
acidic environment. The formation of quaternary ammonium salt was completed via a
substitution reaction of chitosan amine protons with ethyl groups of bromoethane, forming
NSQC. The NSQC yield was 64.7%, and it had presentable water and organic solubility,
and could be directly dissolved to 1/100 g in deionized water and DMAc. The DS degree
of NSQC, calculated by the Mohr method, was 91.7%, which indicated that a small amount
of chitosan and derivatives were not quaternized during the reaction.

OH OH
1% HAc a.q. NaBH,
O O‘I— —_— o) o-l— —
n : n
HO NH, CHO HO N
7

(Chitosan) (Schiff 's base intermediate)

OH OH

CH3CH2Br, NaBr
Q O-l— e O O‘l_
n n

o NH Q , NaOH N

Ho Br N
o \\

(N-benzyl Chitosan) (NSQC)
Scheme 1. Synthetic route of NSQC

Changes in the chemical composition and chemical structure of chitosan to NSQC
were illustrated by FT-IR, as shown in Fig. 1. The absorption peaks around 3000 cm™ and
1159 cm™ were the C-H and C-O stretching vibration peaks of chitosan, respectively,
which were apparent in each spectrum of the sample. The peaks at 756 cm™ and 695 cm™
represented monosubstituted benzene characteristic bands of the benzyl structure grafted
on chitosan, which were not present in the spectrum of chitosan. The absorption peaks of
1643 cm™ and 1581 cm™ belonged to C=N symmetry and asymmetric vibration peaks,
demonstrating that the Schiff base structure was successfully synthesized. The spectrum of
NSQC changed noticeably after quaternization. Many new peaks appeared around 1500
cm, which may be the characteristic absorption bands of NSQC.
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Fig. 1. FTIR spectra of chitosan and chitosan derivatives

The NMR spectra were applied to further confirm the chemical structure of NSQC.
The *H and *C NMR spectra of NSQC and the peaks attributions are shown in Fig. 2.
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Fig. 2. NMR spectra of NSQC: (a) Peaks attributed to the NSQC NMR spectra; (b) H NMR
spectra of NSQC; and (c) 13C NMR spectra of NSQC

The absorption peaks at 4.82 ppm, 3.86 ppm, 3.70 ppm, and 3.13 ppm (*H) were
assigned to the chemical shifts (o) of the H-4, H-1, H-2, and H-6, H-5, and H-3 positions
of chitosan structure. The peak at 7.45 ppm (*H) was the characteristic peak of the benzene
ring, indicating that the benzyl structure was successfully grafted on the amino groups,
which was confirmed by the results of FTIR. The strong peak at 2.74 ppm and 2.15 ppm
(*H) corresponded to a chemical shift of the H-11 and H-7,9 positions, demonstrating the
formation of a quaternized structure. The peaks of C-4, C-1, C-5, C-3, and C-2 and C-6
corresponded to the signals at chemical shifts of 97.46 ppm, 76.31 ppm, 74.75 ppm, 70.01
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ppm, and 60.01 ppm (**C), respectively. The peaks at J = 55.80 and ¢ = 50.32 were the
signals of C-7 and C-9 and C-8 and C-10, respectively. These results of FTIR and NMR
showed that NSQC was successfully synthesized according to the synthetic route.

Analysis of Films’ Morphology, Thermal Stability, and Mechanical
Properties

The appearance, color, and transparency of the QCC film prepared by mixing
cellulose with NSQC did not change compared with RC film. The 5000x magnified view
of the RC film surface was compact and smooth, while a uniformly dispersed granular
structure appeared at the surface of the QCC4 film (Fig. 4a and 4b). This was likely because
NSQC accumulated on the surface of the cellulose film, resulting in the appearance of
granular NSQC on the surface of the film.

T Bp—— (d)

Fig. 3. SEM images of RC film and QCC4 film: (a) The surface picture of RC film; (b) The surface
picture of QCC film; (c) The cross-section picture of RC film; and (d) The cross-section picture of
QCC film

The surface elemental composition of RC and QCC4 films in Fig. 4a and 4b, as
shown in Table 1, were obtained by EDAX scanning. The content of Br in the QCC4 film
surface was higher than that of the RC film. The composition of the Br atom increased
from 0.13% to 1.48%, and the mass percentage increased to 8.26%, demonstrating that the
granular structure of QCC4 film surface was composed of NSQC, which contained
bromide. The cross-section of the cellulose film had a fibrous hierarchical structure and
micropores, which disappeared after blending with NSQC (Fig. 4c and 4d). This may have
been because NSQC acted as a filler to enhance the bonding ability of fiber, making it more
densely bonded, causing the pores to disappear.
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Table 1. Composition of Wood Chips and Cellulose Samples

Element At% _of RC Wt%_of RC | At% of QCcC4 Wit% qf
Film Film Film QCC4 Film
C 60.11 54.04 56.61 47.41
N 16.49 17.29 17.59 17.18
@] 23.27 27.89 24.32 27.15
Br 0.13 0.78 1.48 8.26

The QCC films prepared by the regenerated cellulose blending with NSQC
displayed superior elasticity and bending performance compared with the RC film. The
tensile strength of the films increased from 55 MPa to approximately 65 MPa and could
reach up to 71.3 MPa, which were higher than chitosan/cellulose films published
previously (Shih et al. 2009). The reason for this was the affinity of the NSQC and the
fibers, which caused the fibers to combine more tightly during dissolution and regeneration
procedures, as shown in the SEM image, thereby enhancing the tensile properties of the
cellulose film. While the tensile strength of the QCC films showed the complex changes
with the increase in content of NSQC, and the trend of elongation at break was similar.
This indicated that excessive addition of NSQC undermined the uniformity of the film
structure (as shown in the SEM images Fig. 4b and 4d), making it easier to form more
stress concentration points during stretching, which caused mechanical properties of the
film could not continuously increase.
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Fig. 4. Mechanical properties of RC film and QCC films

The reaction of cellulose combustion is divided into two stages: cellulose
decomposition and char combustion (Gani and Naruse 2007). The thermogravimetric curve
(TG) and a derivative thermogravimetric curve (DTG) curve of RC and QCC4 films are
shown in Fig. 6. The mass loss of RC and QCC4 film at temperatures lower than 200 °C
was mainly due to fiber pyrolysis, and the hydrogen bond broke to form carbonyl, carboxyl,
and peroxide. The radicals reacted with oxygen to form CO, CO», and H>O, accompanied
with char residue. The combustion of fiber at approximately 300 °C released a large amount
of heat, which further accelerated pyrolysis and combustion, and resulted in rapid mass
loss in the films. The reaction formed gas and a small amount of relatively stable coke. The
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continuous increase of temperature promoted complete combustion of the remaining coke.
The mass of residue was less than 1% at 750 °C. The TGA showed that the mass loss of
QCC4 film was lower than the RC film at the same temperature. The peak intensity of the
QCC film at 300 °C in DTG was weaker. These results suggested that the added NSQC
could be combined with cellulose to form a more stable structure, which would reduce the
combustion rate of fiber decomposition and thus improve the thermal stability of the
cellulose film.
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Fig. 5. TG curves of RC film and QCC4 film; the inset shows the DTG curves

Analysis of NSQC and Films’ Antibacterial Activity

The method of NSQC sterilization can be attributed to the "adsorption-penetration-
destruction™ type. Positively charged quaternary groups adsorbed and combined with the
negatively charged cell wall peptidoglycan layer of bacteria to make it lose its effect.
Therefore, the antibacterial substance continued to destroy the interior structure of bacteria,
leading to the leakage of DNA, K* of the cells, and resulting in bacterial necrosis (Walsh
et al. 2003; Vieira and Carmona-Ribeiro 2006; Asri et al. 2014). The MIC values of E. coli
and S. aureus were 1.28 mg/mL and 0.64 mg/mL, respectively, based on the difference in
ODesoo Vvalues. This indicated that the low concentration of NSQC solution exhibited
antibacterial activity. The antibacterial effect of NSQC solution against S. aureus was
stronger than against E. coli, which could be attributed to the thickness of the cell wall
peptidoglycan layer of Gram-positive bacteria being greater than that of Gram-negative
bacteria (Kawahara et al. 2000). The bactericidal ratio of both kinds of bacteria was more
than 95% after the NSQC concentration was increased from 1.28 mg/mL to 2.56 mg/mL
(Fig. 7a, 7b, 7e, and 7f), indicating that 2.56 mg/mL was the MBC value for NSQC to
protect against E. coli and S. aureus.

The inhibition zone pictures (Fig. 7i and 7j) showed that only QCC5 film had an
inhibition zone against Escherichia coli. It was suggested that the NSQC dispersed in the
QCC films had difficulty diffusing in the plate to form an antibacterial region. QCCS5 film
with 16% NSQC content showed a similar inhibition zone compared with 40% HTCC
content carboxymethyl cellulose film published previously (Hu et al. 2016), which
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demonstrated that the QCC film unmistakably has antibacterial properties. The two kinds
of bacteria incubated on the surface of the blank plate and RC membrane grew well in the
NA plate (Fig. 7c, 7g, and 7d, 7h), while the bacteria incubated on the surface of the QCC4
film did not multiply (Fig. 7k and 71), indicating that the sterilization method of the QCC
films was mainly contact sterilization. The aggregation of NSQC on the surface of the QCC
film made it easier for it to come in contact with the bacteria and digested its cell wall
peptidoglycan layer. Therefore, the sterilization effect of QCC4 film against Gram-
negative E. coli and Gram-positive S. aureus were both above 99.9%.

Fig. 6. The antibacterial activity of NSQC and QCC films: Respectively, (a), (e) The plates of 1.28
mg/mL and 2.56 mg/mL NSQC/E. coli incubated for 48 h; (b), (f) The plates of 1.28 mg/mL and
2.56 mg/mL NSQC/ S. aureus incubated for 48 h; (i), (j) The pictures of films in E. coli and S.
aureus plates incubated for 48 h; (c), (9), (k) The pictures of blank control, RC film, and QCC4
films in E. coli plates incubated for 48 h; and (d), (h), (I) The pictures of blank control, RC film,
and QCCA4 films in S. aureus plates incubated for 48 h
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CONCLUSIONS

1.

Both FTIR and NMR characterizations confirmed that N-benzyl-N,N-diethyl was
successfully synthesized by chitosan with water and organic solubility.

The cellulose was blended with NSQC to prepare quaternized chitosan-cellulose films.
The affinity of the NSQC and the fibers made the fibers combine more tightly during
dissolution and regeneration procedures, slowing down the pyrolysis combustion rate
of cellulose and improving the thermal stability and tensile properties of cellulose film.

The aggregation of NSQC on the surface of the QCC film made it easier for it to come
in contact with and destroy the bacteria. When the mass ratio of chitosan to cellulose
was 8:100, the contact sterilization ability of composite film against E. coli and S.
aureus exceeded 99.9%.

The results showed that quaternized chitosan-cellulose films have potential application
value in food packaging and bacterial barrier fields.
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