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In this study, antioxidant active films were prepared from 2-(2-aminoethoxy) ethyl chitosan (AECs, a novel
chitosan derivative) and cellulose under an environmentally friendly process using ionic liquids (ILs). AEC/
cellulose composite films were prepared by efficiently blending AECs into cellulose N-methylmorpholine
N-oxide (NMMO)/H,0O solution, followed by shaping in a mold. The microstructure, physical, mechanical
and antioxidant properties of the composite films were measured. The resulting composite films
exhibited good physical properties, favorable mechanical properties and a high free radical scavenging
activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH) in methanol. Furthermore, a loading of AECs at 5%
into cellulose resulted in significant improvement in antioxidant activity (86.5% + 2.7%), while a slight
decrease in the tensile strength (2.9% + 0.2%) was noted. This result indicated that the oxidation
resistance can be greatly improved by incorporation of AECs without significantly affecting the
mechanical properties. The bioactive composite film is expected to be a promising material for potential
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1. Introduction

In recent years, there has been a growing interest in the
development of food packaging based on natural macromol-
ecules that are environmentally friendly, biodegradable and
renewable because the packaging can not only reduce plastic
waste but also enhance food quality by preserving moisture,
water vapor permeability and antioxidant activity."* Cellulose,
the most abundant biopolymer consisting of p-glucopyranose
units connected by pB-1,4-glycosidic bonds, is capable of
forming a structural matrix with a sufficient cohesiveness due
to its superior ability to form films and mechanical behavior.**
The excellent biological properties of cellulose show great
promise for its application in food packaging.*® New trends in
cellulose have focused on the improvement of its functionality
through incorporation of active compounds, such as antioxi-
dant agents.””

Chitosan (the cationic (1-4)-2-amino-2-deoxy-B-p-glucan) is
a non-toxic and biodegradable polymer obtained from the
deacetylation of chitin and has excellent biocompatibility, film
forming ability and antioxidant activity.'>'" In order to improve

“Department of Polymer Materials Science and Engineering, College of Materials
Science and Engineering, Tianjin University, Tianjin, 300072, P. R. China. E-mail:
liuxf315@aliyun.com

*Research Institute of Advanced Polymer, Tianjin University, Tianjin, 300072, P. R.
China

“Tianjin Key Laboratory of Composite and Functional Materials, Tianjin University,
Tianjin, 300072, P. R. China

This journal is © The Royal Society of Chemistry 2017

the solubility, physicochemical and biological properties of
chitosan, much effort has been made to introduce hydrophilic
groups by covalent attachment to reactive amino groups.**™*
Various types of chitosan derivatives with good antioxidant
activity have been investigated.'>"” Therefore, it is possible to
prepare chitosan derivative/cellulose composite films, in which
chitosan acts as an additive to improve the properties of cellu-
lose and endows it good antioxidant ability.'*->°

Previously, the preparation of cellulose films was usually
carried out through the viscose process, which was harmful
to the environment.*">* As a result, ionic liquids (ILs), novel
green solvents and catalysts, were regarded as promising
alternatives to green solvents to replace the organic solvents in
cellulose film formation.**** It was reported that several
promising solvent systems, such as LiCl/N, N-dimethylaceta-
mide (DMAc), dimethylformamide, and N-methylmorpholine
N-oxide (NMMO)/H,0, have been utilized to prepare chitosan/
cellulose blends.>**” In particular, NMMO solution was tech-
nically feasible and has been widely applied in industrial
production.>*?°

The aim of this study was to develop a fully green approach
for the preparation of bioactive films from renewable resources
through the use of cellulose as the film matrix and the incor-
poration of various amounts of AECs, a novel chitosan deriva-
tive as an antioxidant agent. Extensive characterization of AEC/
cellulose composite films revealed unique properties of these
films and how the additive AECs affected the microstructure,
physical and mechanical properties and antioxidant activity.
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2. Experimental
2.1 Chemicals and materials

Chitosan (molecular weight 1.08 x 10° the degree of deacety-
lation was 0.85) was supplied by Qingdao Medicine Institute
(Shandong, China) and degraded by fy-irradiation to various
molecular weight samples. The molecular weight for the orig-
inal chitosan was 1.9 x 10° g mol . Cellulose pulp (DP = 750)
was provided by Tianjin Rayon Factory (Tianjin, China), which
was dried at 80 °C for 24 h before use. N-Methylmorpholine-N-
oxide (NMMO) aqueous solution (50 wt%) was purchased from
BASF, Germany. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was
purchased from Sigma-Aldrich (St. Louis, MO). Other reagents
were of analytical grade and provided by Jiangtian Chemical
Technology (Tianjin, China).

2.2 Film preparation

2.2.1 Synthesis of AECs. Fig. 1 shows the synthetic process
of AECs. Chitosan was suspended in sodium hydroxide (NaOH,
42 wt%) solution and then reacted with 2-chloroethanol at 25 °C
for 12 h. After the filtration, hydroxyethyl chitosan (HECs) was
dried at 60 °C under vacuum. Then, HECs (5 g) was dissolved in
NaOH (42 wt%) solution and reacted with 2-chloroethylamine
hydrochloride at 80 °C for 12 h. After the reaction, the pH of the
solution was adjusted to 7.0 with hydrochloric acid. The crude
product was dialyzed, lyophilized, and dried. The NH,% of
AECs was determined by potentiometric titration (PT).

2.2.2 Preparation of AEC/cellulose co-solution. An AEC/
cellulose co-solution was prepared as follows: 10 g cellulose
was pulverized and dipped in 200 mL NMMO/H,0 (50 wt%),
heated to 110 °C and stirred in a vacuum until the content of
H,0 reduced to 13.3 wt% (Wt% = H,0/(NMMO/H,0)).** Then,
the cellulose was filtered and completely dissolved in NMMO/
H,0 under stirring. AECs powder (5 g) was dissolved in 10 mL of

OH
NaOH
II ClCHZCH 5,OH
oH NHz NH, 0~
Chitosan HECS
o\
o NH,-HCl
CICH>CH,NH,OH H
2L, INHy —0 (0] H
H g —

NH,-HCINH,-HCI
AECs
Fig. 1 Synthesis of AECs.
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sodium hydroxide solution (5 wt%). Then, the mixture was
added into a cellulose NMMO/H,0 solution under vigorous
stirring to obtain an AEC/cellulose co-solution.

2.2.3 Preparation of AEC/cellulose composite films.
Through co-solution of AECs and cellulose in the NMMO/H,0
system, AEC/cellulose composite films were shaped in a mold at
a stable temperature of 90 °C, and deionized water was used as
a coagulation bath. The resultant films were washed three times
to ensure complete coagulation and removal of NMMO. The
thickness of the films was controlled to about 50 um. The
cellulose film was obtained using the same method.

2.3 Film microstructure

2.3.1 Fourier transform infrared spectroscopy (FTIR)
analysis. FTIR spectra of AECs and AEC/cellulose composite
films were obtained with a Nicolet 560 E.S.P. spectrometer. The
samples were scanned from 400 to 4000 cm™ " with a resolution
of 1 em™".

2.3.2 Wide angle X-ray scattering (WAXS). WAXS experi-
ments were performed for the films using a D/max-2500 X-ray
diffractometer. The X-ray source was Ni-filtered CuKa radia-
tion (25 kv, 10 mA). Samples were scanned at a range of 26 from
5° to 40° at a scan rate of 4° min~".

2.3.3 Scanning electron microscopy (SEM). SEM observa-
tions were made on the films. Films were coated with a small
amount of gold and examined with a Philips SL-30 SEM.

2.4 Physical properties

2.4.1 Film thickness measurement. Thicknesses of the
films were analyzed on a digital micrometer (RCBS Electronic
Digital Micrometer). The thickness was tested at 12 randomly
selected points of the same film, and then an average value was
calculated.

2.4.2 Equilibrium moisture content. The water content of
film samples was determined by measuring the weight loss of
films. Films samples were conditioned under standard condi-
tions (25 °C, 70% relative humidity) for 24 h before weighing
(wet sample weight) and dried in triplicate at 105 °C for 24 h
more in a vacuum oven until reaching a constant weight (dry
sample weight). The equilibrium moisture content (%) was
calculated from the following expression:

Equilibrium moisture content (%) =

wet sample weight
dry sample weight

- 1> x 100 (1)

2.4.3 Film solubility in water. The water solubility of film
samples was determined by immersing dried, weighed test
samples (initial dry weight) into test beakers with distilled water
for 24 h at room temperature. Then, each sample was dried at
105 °C for 24 h to determine the weight of the final dry matter.
Every experiment was performed 5 times. The percentage of film
solubility was calculated based on the following equation:

) %100 (2)

final dry weight

BH 0/ _
Solubility (%) = (1 initial dry weight

This journal is © The Royal Society of Chemistry 2017
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2.4.4 Water vapor permeability (WVP). The WVP of films
was determined by a modified ASTM method as described in
a previous study at a constant temperature of 20 °C.** The film
samples, cut into disks, were sealed to cups with an average
diameter of 2 cm and a depth of 4.5 cm. After steady-state
conditions were reached (about 2 h), the cups were weighed
every 2 h over a period of 24 h. Tests were conducted in dupli-
cate for each sample, and the slope, obtained from regression
analysis of weight loss data as a function of time, was used to
calculate WVP, according to ATSM.*

2.5 Mechanical properties

Mechanical properties of film samples were determined using
M350-20KN Testometric. The tensile strength and elongation of
the films were measured. The tests were carried out in accor-
dance with the standard ISO 6239-1986 (E), and the stretching
rate was 5 mm min~'. Surface tension of the films was
measured by a dynamic contact angle measurement instrument
and Tensionmeter, DataPhysics DCAT 21.

2.6 Antioxidant activity

The antioxidant activity of films was measured using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical method according to
a procedure previously described.**** The films were cut and
dipped in the methanol solution of DPPH (0.030 g mL ') under
magnetic stirring for 12 h at 25 °C. The decrease in absorbance
was monitored by UV-Vis absorption spectrometry at 515 nm.
The experiments were repeated 5 times for the evaluation of
each antioxidant activity. DPPH radical scavenging activity was
calculated as inhibition percentage as follows:

Abssamplc) % 100

Free radical scavenging activity (%) = (l ~ Absery

(3)

2.7 Statistical analysis

All values reported were from replicate determinations with
basic mathematical calculations and analysis. A statistical
analysis of data was obtained through a one-way analysis of
variance. Homogeneous sample groups were performed by
Fisher's protected least-significant difference (LSD) test and the
significance level used was 0.05.

3. Results and discussion
3.1 Synthesis and solubility of AECs

The FTIR spectra of HECs and AECs are displayed in Fig. 2. In
the FTIR spectrum of HECs, the main characteristic peaks at
1058 cm ™ * were assigned to the stretching vibration of the C-O
group, and 1313 cm ' was assigned to the O-H bending
vibration. The absorptions at 1650 cm ' and 892 cm ™' showed
evidence for the presence of N-H groups. The spectrum of AECs,
on the other hand, exhibited an absorption of a -NH, bending
vibration at 1618 cm™ ' and the peak for the -CH,-N- bending

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FTIR spectrum of HECs and AECs.

vibration at 1448 cm™'. In addition, the absence of the -OH
absorption at 1058 cm™ " and the absorption of the secondary
amino group at 1022 cm™ " indicated that the amination reac-
tion occurred at both hydroxyl and amino groups.* Due to the
introduction of a number of -NH,, groups, the absorption of the
-NH, stretching vibration at 3428 cm™ " was enhanced.

The structure of AECs was further explored by “C-NMR
(Fig. 3). The "*C-NMR spectrum was recorded on a Mercury-
Vx300 spectrometer in D,O/CF;COOD 95:5 v/v. The peaks
observed at 97.6 ppm, 56.7 ppm, 70.1 ppm, 76.7 ppm, 74.0 ppm,
60.1 ppm corresponded to the pyranoid ring (C-1,2,3,4,5,6),
respectively. The peak at 83.9 ppm was ascribed to -CH,NH,,
another peak at 48.2 ppm was attributed to -CH,-O-, and the
peak at 22.2 ppm was assigned to ~CH;.*® FTIR and *C NMR
confirmed that the quaternary amino salt group was introduced
onto chitosan, and AECs were successfully synthesized.

The solubilities of AECs synthesized under various condi-
tions in NMMO/H,0 are given in Table 1. The results show that
all samples obtained from the original chitosan could dissolve
in aqueous NMMO/H,0 except the one in experiment no. 1; in
particular, the solubility of AECs in NMMO/H,0 in experiment
no. 5 reached 63.5 mg mL~". Due to the hydration of the amino
group in NMMO/H,0O, AECs had good solubility, which
benefited spinning and film formation. The incorporation of
a polar group into the chitosan backbone offered excellent
water solubility.

~ Q
o <
N~

97.6

o

T T T T T T T T T 1
100 80 60 40 20

chemical shift (ppm)

T T
140 120

Fig. 3 ®*C-NMR spectrum of AECs.
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Table 1 Solubility of AECs in NMMO/H,O

Experiment no. 1 2 3 4 5 6 7 8 9
Time (h) 6 12 24 6 12 24 6 12 24
Temperature (°C) 50 70 80 70 80 50 80 50 70
NH,% 8.4 9.51 9.85 10.31 10.7 9.36 9.85 10.5 10.2
Solubility (mg mL™*) — 12.3 40.8 14.6 63.5 35.7 53.1 25.3 60.1

3.2 Film microstructure

The structure of the composite films was studied via FTIR
spectroscopy (Fig. 4). In the spectrum of cellulose, the absorp-
tion band of the hydroxyl group was wide and strong ranging
from 3310 cm™ " to 3520 cm ™', and the peak at 2895 cm ™" was
assigned to the stretching vibration of C-H. The spectrum of
AEC/cellulose composite films was very similar to that of AECs.
The strong absorption band at 1618 cm ™" was the deformation
vibration of -NH,, and the peaks appearing at 1448 cm™ ' and
1409 cm ' corresponded to the deformation vibration and
wagging vibration of -CH, in the -CH,-N-, respectively.
Compared with AECs, a slight motion at the high wavenumber
of -NH, was observed in the spectrum of AECs/cellulose
composite films, indicating that an interaction between AECs
and cellulose existed, proving the compatibility between AECs
and cellulose.

X-ray scattering patterns of cellulose pulp, cellulose film and
AEC/cellulose composite films were also studied as shown in
Fig. 5. Cellulose pulp showed a diffraction pattern for cellulose
I, while cellulose film generally showed a diffraction pattern for
cellulose II at 26 = 12° for (101), 20° for (101), and 21.7° for
(002).*” Compared with the cellulose film, the height of the peak
at 12° for (101) in the diffraction patterns of AEC/cellulose

Transmittance(%)

!
)
o
&

\I’Vaver}umbel:r (cml")
1500

X 1 L
4000 3500 3000 2500 2000

[T
1000 500

Fig.4 FTIR spectra of (a) AECs, (b) AECs/cellulose composite films and
(c) cellulose.
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composite films evidently declined with an increased content
of AECs. This indicates that the interaction between AECs and
cellulose broke the intermolecular hydrogen bonds between
cellulose chains, which led to the weakness of the peak at 12°
for (101).%®

SEM microphotographs of the surfaces of cellulose and
composite films are shown in Fig. 6, respectively. Because the
cellulose and composite films were separated out from the
solution during the longitudinal deformation and soft coagu-
lation, there were holes in the surface of all the films (Fig. 6).
Unlike the cellulose film, there were fewer and smaller holes for
composite films. The cellulose film displayed a zigzag section,
while the section of composite film was smooth and homoge-
neous. We attributed this morphological difference to the
additive AECs, which may have changed the crystal structure of
the cellulose film.

3.3 Physical properties

Homogeneous, thin and flexible films were obtained from the
AECs/cellulose blending. Thicknesses of films varied between
50.46 + 0.79 and 52.39 + 3.25 um, as shown in Table 2. As the
amount of AECs in the films increased, the thicknesses of the
films increased as well. This change in thickness may be caused
by the compact difference between cellulose chains, groups of
AECs and their interactions. When AECs was added to cellulose
matrix, an interconnected bonding network could be formed by
the hydrogen bonds.

The composite films with various amounts of AECs showed
higher moisture content than cellulose films without AECs
(Table 2), suggesting that AECs were more hydrophilic than

10 15 20 25 30 35 40
2 theta (deg.)

Fig. 5 X-ray diffraction patterns of the cellulose pulp (a), cellulose film
(b) and the composite films with different contents of AECs: (c) 1%, (d)
3% and (e) 5%.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 SEM images of (a) cellulose film's section 2000, (b) cellulose
film's section 5000x, (c) composite film's section 2000x and (d)
composite film's section 5000 x.

cellulose. Cellulose and composite films had low solubility
values, and the incorporation of AECs into the cellulose matrix
significantly increased the solubility in water (Table 2).
Hydrogen bonds between the cellulose chains and the quater-
nary amino salt group of AECs were the driving forces for the
water solubility.***® Accordingly, AEC/cellulose composite films
are not desirable for preserving liquid or liquid-containing
food.

Table 2 also shows the water vapor permeability (WVP)
values of the cellulose and composite films. The WVP values of
the composite films, after adding AECs, increased to 7.32-7.67
x 107" gm ' s7! Pa~! due to the higher water affinity of AEC/
cellulose composite films. Since WVP is the contribution of
diffusivity and solubility of the films through the matrix,*
composite films showed higher water vapor permeability than
the cellulose film. Due to the greater number of hydrophilic
groups of AECs and the presence of a greater amount of water
molecules in the composite films, it is likely that the structural
changes, induced by the addition of AECs, resulted in notable
changes for the mass transfer rate of water molecules and
greatly affected permeability values.

3.4 Characterization of surface tension

The effects of the content of AECs on the surface tension of
cellulose and composite films are given in Fig. 7. The surface
tension of the films decreased with an increasing content of
AECs, which indicates that the moisture absorption of
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Fig. 7 Mechanical properties of the films with various contents of
AECs.

composite films was better than that of the cellulose film due to
the significant moisture performance of AECs. This result
agreed well with DSC analysis, which showed that the enthalpy
of water loss increased with increased content of AECs.

3.5 Mechanical properties

The tensile strength and elongation of cellulose and composite
films in the dry state are shown in Fig. 8. The tensile strength
of the films showed a continuous minor decrease with an
increased content of AECs. Although the additive AECs may
interfere with the orientation and crystallization of cellulose,
the effect of small amounts of AECs was so weak that the
performance of the films was not strongly influenced. More-
over, the films with AECs exhibited higher elongation, indi-
cating that the addition of AECs could improve the flexibility
of the composite films, which agreed well with the SEM
microphotographs.

3.6 Antioxidant activity

The antioxidant activity of films was evaluated by means of the
dissolution of the film in a controlled amount of distilled water.
Incorporating antioxidants into food packaging materials to
control the oxidation of fatty components and pigments may
contribute to the preservation of the quality of food products.*
The incorporation of AECs into cellulose matrix introduced
a radical scavenging functionality in this biodegradable poly-
mer. As shown in Fig. 9, cellulose film without AECs produced
a small antioxidant response, which could be attributed to
hydroxyl moieties along the cellulose chains. However, free

Table 2 Thickness, equilibrium moisture content, film solubility in water and water vapor permeability (WVP) of films

Thickness Equilibrium moisture Film solubility WVP x 10"
Content of AECs (m) content (%) in water (%) (gm™tstPa)
0 52.39 £ 3.25 3.81 £ 0.64 2.22 £ 0.32 6.25 + 0.33
1% 51.61 + 1.87 4.75 £ 0.53 4.35 £ 0.24 7.32 £ 0.20
3% 51.04 £ 2.01 6.98 + 0.92 5.91 £ 0.31 7.51 £ 0.35
5% 50.46 £ 0.79 8.23 + 0.89 7.07 £ 0.25 7.67 £ 0.74

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Surface tension of the films with various amounts of AECs.
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Fig. 9 DPPH radical scavenging activity of the composite films with
various contents of AECs.

radical scavenging activity by incorporating AECs at a concen-
tration as low as 1% in cellulose was clearly seen. The scav-
enging activity was concentration dependent with a minimum
of 55.4% =+ 1.3% for 1% AECs to 86.5% =+ 2.7% for 5% AECs.
The increased free radical scavenging activity of AEC/cellulose
composite films was in direct relation to the higher NH,% of
incorporated AECs, which was in accordance with previous
reports demonstrating that higher NH,% resulted in better
scavenging activity.*>**

4. Conclusions

This study reported the preparation of bioactive composite films
from AECs (a novel chitosan derivative) and cellulose using an
environmentally friendly casting method. Addition of various
amounts of AECs affected the moisture, water vapor perme-
ability, mechanical strength and antioxidant activity of the
prepared composite films. Moreover, these composite films with
good antioxidant activity have the potential to tailor physical and
mechanical properties. Results from this study indicated that
incorporation of AECs into the films can lead to possible appli-
cations in the food industry, considering the bioactivity and
antioxidant activity of both the natural polymers.
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