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ARTICLE INFO ABSTRACT

Keywords: In this study, carbon dots (CDs), cellulose nanofibers (CNF) and essential oil nanoemulsion (EON) were extracted
Torreya grandis aril waste from the aril waste of Torreya grandis following nuts production. These three nanomaterials were formulated for
Nanomaterials

the preparation of a composite film to be employed for postharvest tomato storage. Visual, microscopical and
physicochemical properties of the prepared nanocomposite films were analyzed at different levels of CDs and
CNF for optimization purposes. The UV absorption and antioxidant capacity of gelatin film with 10 % CDs (G/
10CD) were enhanced compared with gelatin (G) film, concurrent with a reduction in water barrier capacity,
water contact angle (WCA) and tensile strength (TS). Compared with G/10CD film, the WCA of G film after
incorporation of 10 % CDs and 3 wt% CNF (G/10CD/3CNF) was significantly increased by 14.5°at 55 s. In
contrast, TS increased by 1.26 MPa, as well as the significant enhancement in water barrier capacity. The above
composite film mixed with EON (G/10CD/3CNF/EON) exerted further antimicrobial effects against Escherichia
coli. G/10CD/3CNF/EON coating effectively extended tomato shelf life compared with the control group.
Therefore, this new eco-friendly film presents several advantages of biodegradability, sustainability as well as

Functional composite film

multifunctional properties posing it as potential packaging material for food applications.

1. Introduction

Nowadays, the increasing consumption of plastic packaging in food
industry is posing a potential threat to the environment owing to its low
recylability and degradation [1]. Hence, research on developing new
green packaging materials have attracted increasing attention in recent
years to aid replace some plastic packaging and mitigate against asso-
ciated environmental problems.

Several studies reported that several nature-derived biopolymers can
be used as base formulation for packaging, such as proteins [2], poly-
saccharides [3,4] and lipids [5], due to their sustainability and high
biodegradability [6]. Among these biopolymers, gelatin is a kind of
protein, which is a hydrophilic colloid partially hydrolyzed by collagen,
and widely abundant in mammalian skin and bone such as cow, pig etc.
[71. It has been reported that fish scales are rich in gelatin but are mostly
discarded, with ca. 7.32 million metric tons of fish scales discarded each
year [8], posing it as major source for gelatin extraction among dietary
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sources [9]. Although gelatin has been widely used as a food-protection
film, it has limited application due to its poor water barrier capacity,
mechanical properties, and weak antibacterial activity [10]. Therefore,
improvement of gelatin functionalities is ongoing by designing it with
other materials, such as nanomaterials [11].

Carbon dots (CDs), as a zero-dimensional carbon nanoparticles, are
known for their low toxicity, photoluminescence, and biocompatibile
properties [12]. In addition, it has been reported that CDs have excellent
in vitro and in vivo free radical scavenging activities, to be used as anti-
oxidants [13]. Cellulose nanofibers (CNF) are considered non-toxic, with
high surface area and aspect ratio, and are used as a support filler to
improve film mechanical properties [14,15]. Several studies have been
reported on film anti-bacterial activity posing it as potential food
packaging material [16,17]. Recently, synthetic chemical preservatives
become increasingly replaced by natural essential oil as a natural anti-
microbial agent [18]. However, limitation of essential oils employment
in food packaging is attributed to its volatility and hydrophobicity [19].

E-mail addresses: wujs@zafu.edu.cn (J. Wu), yangdp@qztc.edu.cn (D. Yang), lilisong@zafu.edu.cn (L. Song).

1 These authors have contributed equally to this work.

https://doi.org/10.1016/j.ijbiomac.2023.125482

Received 25 March 2023; Received in revised form 9 June 2023; Accepted 17 June 2023

Available online 20 June 2023
0141-8130/© 2023 Elsevier B.V. All rights reserved.


mailto:wujs@zafu.edu.cn
mailto:yangdp@qztc.edu.cn
mailto:lilisong@zafu.edu.cn
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2023.125482
https://doi.org/10.1016/j.ijbiomac.2023.125482
https://doi.org/10.1016/j.ijbiomac.2023.125482
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2023.125482&domain=pdf

J. Bao et al.

In practice, essential oils were added with active agents to form essential
oil nanoemulsion (EON) by homogenization to improve its functional
properties [20]. The gelatin film based on CDs and CNF through incor-
poration of EON and assessment of its antimicrobial properties has yet to
be reported in literature.

Torreya grandis, belonging to the genus Torreya of Taxaceae, is a
unique economic tree species in Southern China. The nut exhibits high
nutritional value due to its richness in unsaturated fatty acid such as
sciadonic acid [21]. T. grandis, the green arils of nuts accounts for 50 %
of the whole fruit composition. Studies have confirmed that aril is rich in
cellulose, phenolics, flavonoids, and essentail oil [22]. Although only a
small amount of arils are used for essential oil extraction, most of which
are discarded following nuts production leading to environmental
problems asides from wasting such valuable resource [23].

Consideration arils richness in cellulose and essential oil, this study
aimed to assess: 1) successfully extract the nanomaterials (such as CDs,
CNF, EON) from arils waste; 2) designing gelatin composite film based
on CDs, CNF and EON; 3) application potential of the new composite
films to be used as eco-friendly packaging material for fruit preservation.
For optimization purposes, the water barrier capacity, microstructure,
thermal stability, mechanical and antimicrobial properties of the com-
posite films were investigated when incorporation of CDs, CNF and EON.
In addition, the effect of the composite film on the physiological pa-
rameters of tomato during postharvest stage were assessed for proof of
application in food industry. This study aids to provide eco-friendly
sustainable material for fruit packaging based on unexploited re-
sources such as Torreya nut aril for the first time in literature.

2. Experimental section
2.1. Materials

The aril waste of Torreya grandis were collected from Zhejiang A&F
University, Hangzhou, Zhe jiang province, China. The discarded fish

scales and tomatoes were purchased from Xinhuadu Supermarket
(Quanzhou, China). Escherichia coli was provided by the second hospital
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of the Fujian Medical University, Quanzhou, Fujian province, China. All
other chemicals were of analytically grade and purchased from Sino-
pharm Chemical Reagent Co, Ltd. (Shanghai, China). Ultra-pure water
was used as solvent (Sichuan Youpu Instrument and Equipment Co.,
Ltd., Sichuan, China).

2.2. Preparation of carbon dots (CDs)

CDs were fabricated using a one-step hydrothermal method (Scheme
1). The arils of T. grandis were crushed using a high-speed sample
grinder (JP-500C, Yongkang Jiupin industry and trade Co. Ltd., Jinhua
City, Zhejiang province, China). The powder (2 g) was refluxed with 30
mL of ultrapure water in a polytetrafluoroethylene reactor. The mixture
was refluxed at 180 °C reaction for 8 h, left to cool to room temperature.
After separation of the residue by filteration using filter paper (diameter
12.5 cm), followed by 0.22 pm nylon glass fiber filter membrane, a
yellow transparent solution of CDs was obtained.

2.3. Preparation of cellulose nanofibers (CNF)

CNF were prepared by a slightly modified procedure [24]. T. grandis
aril powder (10 g) was mixed with 500 mL 4 % NaOH at 80 °C for 4 h,
washed with 0.2 M phosphate buffer (pH 6.8) to neutralize, bleached
with 2 % sodium chlorite and acetic acid buffer for 4 h, and the bleached
sample was filtered and washed with phosphate buffer (pH 6.8), The
cellulose nanofiber gel was then prepared using acid hydrolysis with 65
wt% H3SOy4, heating at 60 °C and mechanical agitation for 2 h. Reaction
was terminated by the addition of cold water, filtering out excess acid,
adjusting pH to 6.8, and ultrasonic dispersion for 1 h.

2.4. Preparation of essential oil nanoemulsion (EON)

EON was obtained by adding surfactant Tween 80 and homogeni-
zation using microjet homogenizer (NANO, NOOZLE, USA). 2.5 g of
Tween 80 and 92.5 g deionized water were mixed with 5 mL pure
essential oil and homogenized for 20 min.
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Scheme 1. Introduction to the preparation process of composite membranes.
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2.5. Characterization of nanomaterials

2.5.1. Physical structure

The CDs were diluted with deionized water (9:1) and their UV-vis
absorption spectra were recorded using a UV-vis spectrophotometer
(Analytic Jena, Specord S600, Germany). The fluorescence spectrum
was obtained using FL970 fluorescence spectrophotometer (Techcomp,
Shanghai, China). The morphology of CDs and EON were observed using
by transmission electron microscopy (TEM) with an equipment Tecnai
F30 electron micoscopy with a voltage of 300 kV, and Image J was used
to calculate the particle size distribution. CNF topography was observed
using scanning electron microscopy (SEM, Zeiss, Germany) and the size
of CNF was measured by Nano 2590 particle sizer (Malvern, UK).

2.5.2. Chemical structure

The crystal structure of CNF and aril was analyzed at the 20 degree
using X-ray diffractometer (XRD, Bruker D8 Advance, Germany). The
scanning angle ranged from 10° to 90°, radiated by Cu Ka. Both CNF and
aril were cut into small pieces and put under probe, the wavelengths
were recorded using fourier transform infrared spectroscopy (FTIR,
Thermo Scientific, USA) scanning from 500 to 4000 cm’l, with a reso-
lution of 4 cm ™! and scanning rate of 120 times per min.

2.6. Preparation of composite membranes

The scale gelatin/carbon dots/cellulose nanofibers composite films
were prepared using the solution casting method [25]. Briefly, 40 g of
fish scale was treated with 0.6 M HCI for 15 min to remove CaCO3 and
washed with phosphate buffer (pH 6.8). Then, 300 mL distilled water
was added to fish scale and boiled for 3 h followed by filteration to
remove residue yielding a fish scale gelatin solution. Glycerin was added
at 1: 0.5 v/v and cross-linked by magnetic stirring at 1000 rpm for 20
min. 20 mL solution was poured into a plate of diameter 9 cm, dried at
37 °C using DHG-9240A air blower for 24 h, and served as a blank
control (G, gelatin). Various concentrations of CDs (5 %, 10 %, 15 %, 20
%) were added into gelatin glycerin by continuous stirring and mixing,
termed as G/5CD, G/10CD, G/15CD, G/20CD, respectively. Base on the
best addition amount of CDs, different proportions (3, 5, 7 wt%) of CNF
was added to G/10CD, termed as G/10CD/3CNF, G/10CD/5CNF and G/
10CD/7CNF, respectively. G/10CD/3CNF, then mixed with 1 mL of 5 %
essential oil nanoemulsions (EON), termed as G/10CD/3CNF/EON
(Scheme 1). All the mixtures likewise poured into a plate with a diam-
eter of 9 cm and dried in at 37 °C using air blower for 24 h.

2.7. Characterization of G/CD films

2.7.1. Thickness

Film thickness was measured with a digital micrometer IP65 (Songqi
Technology Co., Ltd., China), and each film was measured at 8 different
points, with the average value calculated and expressed as mm.

2.7.2. Color measurement

The colorimetric index of the film sample (4 x 1 cm) was recorded
using a colorimeter with pulsed xenon lamp (CR400, Konica Minolta,
Inc., Japan), including L*(lightness), a* (4 redness, — greenness), b* (+
yellowness, — blueness), and total color difference AE was calculated
using the Eq. (1).

AE = (L = L) + (@ = a0)’ + (b — by)? &)

where Lo, ag, by are parameters to the whiteboard. (Lo = 93.45, ag =
—0.81, bg = 0.33).

2.7.3. UV-visible absorbance and transmittance.
To evaluate film performance to shield the transmission of ultraviolet
and visible light (UV-vis), its transmittance and absorbance were
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measured at 200-800 nm using an ultraviolet spectrophotometer (Jena
specord S600, Germany). The G film with different proportions of car-
bon dots were cut into 1 x 4 cm strips and placed outside quartz cuvette
to obtain the absorption and transmission curves in UV-vis region,
respectively.

2.7.4. Invitro Antioxidant activity

2.7.4.1. DPPH method. The composite films were cut into a 5 mm
diameter disc using a punch, and five pieces were added to 3 mL DPPH-
ethanol solution (0.02 mM), shaken, and mixed well. Mixture was then
stored in the dark to react for 30 min, and absorbance was measured at
517 nm. The pure gelatin prepared under the same conditions was
treated as a blank. The radical clearance was calculated as follows:

Ao —A1

0

Scavenging activity = x 100% 2)

where Ay is the absorbance of the pure gelatin sample, A; is the absor-
bance of the composite film sample.

2.7.4.2. ABTS method. To obtain the ABTS solution, ABTS (7.4 mM)
and K3S,04 (2.6 mM) were mixed, and left to react in the dark for 12 h,
further diluted with 100 % ethanol. Then, the ABTS solution was diluted
until the absorbance reached 0.7. The sample sizes were similar to DPPH
assay, five samples were added to 3 mL ABTS solution, incubated in the
dark for 1 h, and the mixture was taken to measure its absorbance at 734
nm. The radical clearance was calculated using same equation as DPPH
method.

2.8. Characterization of G/CD/CNF films

2.8.1. Scanning electron microscopy (SEM)

The surface morphology of composite films was observed by SEM
(Zeiss, Germany). The composite film samples were pasted on the
conductive adhesive, and after gold spraying, surface and cross-section
morphology of the composite film were observed by magnifying 200
times at 2 KV high voltage.

2.8.2. X-ray diffraction (XRD)
The crystal structure of the composite film was analyzed by the same
method reported in Section 2.5.2.

2.8.3. Fourier transform infrared spectroscopy (FTIR)

All film samples were cut into small pieces and put under probe, the
wavelength of CNF and three composite films were recorded by the same
method in Section 2.5.2.

2.8.4. Moisture content (MC) and water solubility (WS)

The weight of the film stored at 25 °C is recorded and then it is dried
to constant weight to 60 °C using a blast drying oven, the MC of films
were calculated and expressed as relative weight (%).

2 x 2 cm dried film samples were placed in a glass bottle, 15 mL
distilled water was added followed by stirring using a magnetic stirrer at
100 rpm. The insoluble parts were separated onto pre-weighed filter
paper Wi, kept at 60 °C and the weight was recorded as W5, after drying.
Water solubility was calculated using the following formula:

W

W, —
Water solubility (%) = IT
1

x 100% 3

2.8.5. Water contact angle

The 1 x 1 cm film was placed on a flat contact angle measuring
platform JY-PHb (Jinhe Instrument Manufacturing Co., Ltd., Hebei,
China), and a syringe was used to drip 10 pL of deionized water. A
camera was used to record the changes in contact angle within one
minute, once in every five seconds. The average water contact angle was
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measured using Image J software.

2.8.6. Water vapor permeability (WVP)

15 mL of deionized water was packed into a glass tube with a
diameter of 25 mm and a depth of 55 mm. The composite film was sealed
at the mouth of the glass and placed in a silica gel dryer. The weight was
recorded every 12 h and measured continuously for one week on a
regular time intervals, the slope was calculated using linear regression
equations. WVTR and WVP were calculated using these equations.

slope

WVTR = (C))

WVP = WVTR x L/ AP (5)

where s denotes membrane area, L is the thickness of the membrane, AP
is the vapor pressure difference inside and outside the bottle.

2.8.7. Thermal properties

TGA (Q50, America) was used to evaluate the thermal stability of the
membrane. Under the nitrogen atmosphere, the heating range was set
from 25 to 600 °C, with heating rate at 10 °C/min.

2.8.8. Mechanical properties

The mechanical properties of composite membranes were tested on a
universal testing machine (INSTRON, USA). The composite films were
cut into 60 x 15 mm rectangles, where one side of the fixture is fixed,
and the other side is stretched at a speed of 50 mm/s, with an initial
distance of 20 mm. Tensile strength (TS) and elongation at break (EBA)
were calculated using the following equations.

TS (MPa) = FT“ (6)

Lo x 100 @

EBA (%) =
0

where Fpax is the maximum tensile strength (N), A is the area of the film
(mmz), and L is the (mm), Ly is the (mm).

2.9. Antimicrobial properties

Bacteriostatic activity was assessed using plate counting method
[26]. The 1 mL E. coli bacteria (10° CFU/mL) was mixed with 20 pL
composite membrane solution, placed on a shaker for 2h, 3h,4 h, 5h,
respectively, 20 pL mixture was coated on a plate, and incubated at
37 °C for about 18 h. The bacteriostatic effect of the composite mem-
brane was assessed as colony number after incorporation of EON within
5h.

2.10. Preservative effect of composite membrane on tomato fruits

The composite film was coated on the surface of the fruit as a coating
before the film is formed. Water was set as blank control, pure gelatin
film, and composite film treatment, with each treatment to include
ca.100 fruits. The tomatoes were immersed in the liquid for one min,
taken out, dried at 26 °C and soaked again. This process was repeatedly
twice and further kept separately in a plastic bag stored in a thermostat
incubator at 28 °C with 40 % humidity. The appearance and physio-
logical indexes of tomatoes were observed for a week.

2.10.1. Color parameters
The method is the same reported in Section 2.7.2.

2.10.2. Firmness

Tomato firmness was measured using a GY-1 fruit firmness meter
(Sundoo, Wenzhou, China). The average value of 9 fruits was deter-
mined for each treatment.
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2.10.3. Soluble solids content (SS) and titratable acidity (TA)

Tomato fruit was homogenized for 10 min, and supernatant was
aliquoted, and one drop was placed inside a refractometer (Atago,
Japan) to determine soluble solids and titratable acids (Atago, Japan).

2.11. Statistical analysis

SPSS 23 was used for statistical analysis using one-way ANOVA and
Tukey pot hoc test (P < 0.05). Origin 2018 (Origin Lab, Northampton,
CA, USA) was used as the mapping software.

3. Results and discussion
3.1. Characterization of nanomaterials

TEM image examination revealed that CDs were uniformly distrib-
uted, with a diameter of ca. 5.2 nm (Fig. 1a-b). The TEM image showed
that essential oil was distributed as nano-sized particles, with droplet
size of ca. 12.5 nm (Fig. 1c-d), which can protect essential oil from
volatilization [27]. Fig. 1 ¢ showed SEM image of the cellulose nano-
fibers after acid and alkali treatment ranging in diameter between 10
and 100 nm (Fig. le-f).

In addition, UV visible absorption spectra analysis showed an ab-
sorption peak at 298.5 nm (Fig. 2a), likely attributed to n - & * transition
of C—O0 and C—C * transition [28]. The inset in Fig. 2a showed that CDs
were brownish yellow under normal light and to fluoresces blue under
UV light. From the fluorescence spectrum (Fig. 2b), it can be seen that
CDs exhibited strongest emission peak at 428 nm upon excitation at 351
nm UV light. There appeared to be a red-shift of CDs upon change in
excitation wavelength from 280 nm to 480 nm (Fig. 2¢), caused by the
change of the electron gap [29]. The fluorescence intensity of CDs
decreased with the increasing CDs dose (Fig. 2d).

Compared with aril, the band at 3420 cm ™! in CNF became lower,
concurrent with the disappearance of the band at 1723 em™! (Fig. 2e)
attributed to the O—H and acetyl and uronic ester groups in lignin and
hemicellulose [30]. In addition, our XRD result showed two typical peals
at 15.8° and 22.2° indicating the presence of cellulose I structure [31].
These results imply that cellulose nanofibers (CNF) was successfully
achieved after the efficient removal of lignin and hemicellulose.

3.2. Characterization of G/CD films

The appearance of film is always reflected by its color, and to affect
consumer’s preferences [32]. The optical properties of film were listed
in Table 1. G film had the highest L* value (lightness) versus the lowest
a*(redness/greenness), b*(yellowness) and AE values, compared with
composite films as well as CDs film. Both the lightness and redness/
greenness declined within increase of CDs percentage in the composite
films. The yellowness of the film increased continuously by 10 % addi-
tion of CDs and remained steady at that level. The trends of color dif-
ference were similar to the L* and a* values. The lower L* value and the
higher a* value of G/CD films were mainly attributed to their decreasing
light transmission [33].

Photo-oxidation and photo-damage contributed towards food
oxidation and or deterioration [34]. In practice, light-induced damage
can be alleviated upon packaging with the composite films [35]. In the
present study, UV band at 240-330 nm increased with increase of CDs
percentage in the composite films (Fig. 3a), indicating that the films
enhanced UV absorption and blocked UV radiation with addition of CDs
(Fig. 3a). In addition, the lower transmittance in the visible range was
observed at the composite CDs films (Fig. 3b), which was consistent with
report of Wang et al. (2020) that CDs-based composite film led to a
decrease in UV transmittance [36].

The addition of CDs to gelatin films, as a functional material is ex-
pected to enhance films antioxidant property and protect foods from
oxidative damage [37]. The free radical scavenging rate depends on the
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Fig. 1. Transmission electron microscopy (TEM) image and particle size of CDs (a-b) and NEO (c-d), and scanning electron microscopy (SEM) image and size of CNF

(e-f).

antioxidant level attributed to the surface-rich -OH, -NH3, and -COOH
[38]. Results of DPPH and ABTS radical scavenging assays of composite
film at different CDs levels are shown in Fig. 3c-d. The DPPH radical
scavenging activity was 60 % and 80 % at 5 % CDs and 10 % CDs,
respectively, with DPPH radical scavenging activity to show no further
increase beyond 10 % CDs addition. The ABTS scavenging activity of the
film increased continuously with increase in CDs level. Therefore, 10 %
CDs was selected as optimum dose in the further studies of the composite

film with cellulose nanofibers.

3.3. Appearance and thickness of G/10CD/CNF films

As shown in Fig. 4a-e, all five film types showed high transparency.
Pure gelatin film is transparent and colorless, G/10CD film is yellow and
transparent, and the surface is smooth. Cellulose nanofibers (CNF) is
insoluble and uniformly dispersed inside the membrane, without
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Table 1
The thickness and color parameters of the pure gelatin film and the CDs film with four adding ratios.
Film Thickness(mm) L a b AE
G 0.05 £ 0.01% 88.71 &+ 1.33% —1.18 + 0.25¢ 9.64 + 0.69° 5.94 + 1.30¢
G/5CD 0.05 + 0.01% 85.32 + 0.44° —0.35 + 0.14¢ 15.74 + 0.55" 12.77 + 0.68°
G/10CD 0.05 + 0.01? 79.28 + 1.90¢ 1.74 + 0.78° 25.82 + 3.12% 24.62 + 3.69°
G/15CD 0.05 + 0.02* 76.68 + 2.51% 2.8 £ 0.94% 27.76 + 3.14° 27.79 + 4.08%
G/20CD 0.05 £ 0.01% 74.62 + 3.93¢ 3.65 + 1.81% 29.02 + 4.64% 30.12 £ 6.26%

* G: pure gelatin, G/5CD: pure gelatin with 5 % carbon dots, G/10CD: pure gelatin with 10 % carbon dots, G/15CD: pure gelatin with 15 % carbon dots, G/20CD: pure
gelatin with 20 % carbon dots. The values indicate mean =+ standard deviation. Different letters indicate significant statistical differences among the composite films

with different levels of CDs mixtures (P < 0.05).

reduction in clarity and transparency of the film [39]. Results showed
that the surface of G/10CD/3CNF, G/10CD/5CNF and G/10CD/7CNF
films were rough due to the addition of CNF. To better understand the
morphology of the composite films, the plane and cross-section were
observed using SEM. Results showed that the surface and cross-section
of both G and G/10CD films were relatively smooth, with CDs not
appearing to affect G film morphology (Fig. 4al-bl and a2-b2).
Compared with G and G/10CD, the surface of G/10CD/5CNF and G/
10CD/7CNF films were uneven and convex, with a rougher section
(Fig. 4d1-el and d2-e2), indicating that CNF was embedded inside the

film.

The thickness of G film decreased after CDs addition (Table 2),
suggestive that CDs were tightly filled in gelatin film. Compared with G/
10CD film, the thickness of the composite films (G/10CD/3CNF, G/
10CD/5CNF, and G/10CD/7CNF) were significantly higher after the
addition of CNF (P < 0.05), concurrent with increased thickness
increased with CNF addition. The thicker composite film was attributed
to the more solid matter additions [34].
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gelatin mixed with 15 % carbon dots, G/20CD: pure gelatin mixed with 20 % carbon dots. The values indicate mean + standard deviation. Different letters indicate
significant statistical differences among the composite films with different levels of CDs mixtures (P < 0.05).
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Fig. 4. Image of the transparent appearance (a-e), SEM micrographs surface (al-el) and the cross-section (a2-e2) of G, G/10CD, G/10CD/3CNF, G/10CD/5CNF, G/
10CD/7CNF.
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Table 2
The thickness, water vapor transmittance, water solubility and moisture content
of the five membranes.

Film Thickness WVP (x107 0 g/ WS (%) MC (%)
(mm) m>hPa)
. R 70.32 + 7.42 +
G 0.09 + 0.01 7.48 + 0.42 11.09% 1o°
a ab 65.23 + 6.7 +
G/10CD 0.07 £ 0.01 6.28 + 2.51 10,55 0.64%
G/10CD/ b b 53.76 + 6.56 +
3CNF 0.12 + 0.01 1.84 +1.23 12,287 0.82%
G/10CD/ a b 55.69 + 6.78 +
SCNF 0.14 + 0.02 5.61 + 4.26 12,05 0,138
G/10CD/ a ab 31.76 + 6.04 +
JCNF 0.15 + 0.01 7.08 + 2.58 P 0.02°

* G: pure gelatin, G/10CD: pure gelatin with 10 % carbon dots, G/10CD/3CNF:
pure gelatin with 10 % carbon dots and 3 % cellulose nanofibers, G/10CD/5CNF:
pure gelatin with 10 % carbon dots and 5 % cellulose nanofibers, G/10CD/7CNF:
pure gelatin with 10 % carbon dots and 7 % cellulose nanofibers, WVP: water
vapor permeability, WS: water solubility, MC: moisture content. The values
indicate mean + standard deviation, different letters indicate significant statis-
tical differences (P < 0.05).

3.4. Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD) of G/10CD/CNF films

The functional groups in CNF and G, G/10CD, G/10CD/CNF films
were analyzed by FTIR spectroscopy, respectively (Fig. 5a) to account
for reaction outcomes in film preparation. Absorption band at 3340
cm ™! was observed in all film samples corresponding to the stretching
vibration of O—H [40] and that of -NHj in gelatin [41]. The position of
3340 cm™! band became wider after incorporation of CDs and gelatin
into CNF suggestive that was obvious interaction between CNF, CDs, and
gelatin. In addition, two bands appearing at 2930 and 1650 cm ™! were
found in G, G/CD and G/CD/CNF films, corresponding to the charac-
teristic peaks of C—H [36] and C=O0 [11], respectively. The appearance
of C=0 was suggested to inder for protein secondary structure corre-
sponding to amide I [25]. The band at 1161 cm ™! was only found in CNF
and G/CD/CNF film attributed to typical polysaccharide functional
group of C-O-C in CNF [42].

Considering the possible involvement of organic nanoparticles in
film formation, XRD experiments was used to analyze the phase in G, G/
CD and G/CD/CNF films (Fig. 5b). The diffraction peak in three films
appearing at 19°, 30°and 41° revealed that the addition of CDs and CNF
did not damage structure of gelatin, with the peak at 19° related to f-
fold structure of gelatin [43]. Compared with G film, both the peak
strength of G/CD and G/CD/CNF films significantly decreased, indi-
cating that the addition of CDs and CNF could block gelatin original
regular structure [44]. The damaged intramolecular associations started
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to recover with CNF addition as indicated by the higher band strength
was in G/CD/CNF films compared with that in G/CD film.

3.5. Water barrier capacity and water resistance of G/CD/CNF films

Usually, food storage typically needs a dry environment, but also to
keep water inside the food from evaporation, which requires a certain
degree of water barrier packaging materials [45]. The water vapor
permeability (WVP) is an index to assess film ability to allow for water
diffusion in and outside [3]. As can be seen in Table 2, G/10CD/3CNF
film showed maximum water barrier capacity (1.84 + 1.23 x 107 % g
m/m?hPa), much lower than the packaging of gelatin agar with nano-
fibers (0.56 + 0.1 x 10~° g/mzsPa) [46]. However, WVP in case of G/
10CD/5CNF and G/10CD/7CNF films significantly increased in com-
parison to G/10CD/3CNF film. Excess CNF inside the film would
aggregate and change the water transport path inside the film [47].

The water solubility (WS) of G/10CD/7CNF film was significantly
lower than that of other films likely attributed to CNF hydrophobicity
[48]. There is no significant differences in moisture content (MC) among
all the samples. In addition, the changes in the water contact angle
(WCA) of the five films were within 55 s (Table 3). The WCA at 5 s for G
and G/10CD films were at 54.5°and 47.6°, respectively, and decreased
by 2.5° and 8.6° at 55 s. Decrease in WCA in case of G/CD compared
with G is attributed to CDs good water compatibility, making the gelatin

Table 3
Water contact angle of different membranes within a minute.

Film Time

15s 55s

Q
’
' ©»

54.5° 53.1° 52°
G/10CD A 4. 4.
47.6° 45° 38°
G/10CD/3CNF 4 ‘ ‘
59.3° 55.5° 52.5°
L WY WY
62.5° 62.5° 62.4°

65.6° 64.4° 64°

* G: pure gelatin, G/10CD: pure gelatin with 10 % carbon dots, G/10CD/3CNF:
pure gelatin with 10 % carbon dots and 3 % cellulose nanofibers, G/10CD/5CNF:
pure gelatin with 10 % carbon dots and 5 % cellulose nanofibers, G/10CD/7CNF:
pure gelatin with 10 % carbon dots and 7 % cellulose nanofibers.

a

G/10CD

G/10CD/CNF

Transmittance (%)

1650

b

—_—G
—— G/10CD
G/10CD/CNF

Intensity (a.u.)

: . : : . :
4000 3500 3000 2500 2000 _ 1500 1000
Wavenumber (cm™)

Fig. 5. The FTIR spectra (a) and XRD patterns (b) of different membranes.

20 30 40 50 60 70
Angel of diffraction (26)

*CNF: cellulose nanofibers; G, pure gelatin; G/10CD, pure gelatin mixed with 10 % carbon dots; G/10G/CNF, pure gelatin mixed with 10 % carbon dots and

define CNF.
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film more hydrophilic [49]. The initial WCA of G/10CD/3CNF, G/
10CD/5CNF and G/10CD/7CNF films was significantly higher than that
of G/10CD film ranging from 59.3° to 65.6°. Moreover, reduction of
WCA for G/10CD/3CNF, G/10CD/5CNF and G/10CD/7CNF films was
less than that for G/CD during 5 s to 55 s, indicating that gelatin film
mixed with CDs and CNF exerted better surface hydrophobicity. Our
result was consistent with previous report that the addition of CNF
makes the membrane structure more compact, and the internal mole-
cules were cross-linked, effectively reducing its hydrophilicity [50].

3.6. Thermal and mechanical properties of films

As shown in Fig. 6, weight loss of film sample can be divided into
three steps. The first change in weight loss occurred between 30 °C and
128 °C for the five film samples, which mainly corresponded to water
evaporation [51]. The second stage ranged from 130 to 217 °C, the
weight loss of all samples corresponded to the decomposition of glycerol
[52]. The maximum weight loss began after 250 °C (corresponding to
the third stage), which was mainly attributed to the degradation of
gelatin macromolecule [53]. Interestingly, percentages of weight loss of
G/10CD/3CNF, G/10CD/5CNF, and G/10CD/7CNF films were less than
those of G and G/10CD films during whole stage, indicating CNF addi-
tion blocks moisture and combines with gelatin to form a tighter retic-
ular membrane, improving the thermal stability of the membrane [9].

Pure gelatin films often need to be improved by adding fillers due to
its poor mechanical properties. Compared with G film, the tensile
strength of G/10CD film sharply decreased by 3 MPa after incorporation
of CDs (Table 4), and with an increase of 170 % in elongation at break
(Table 4 and Fig. 6b), which may be explained that G/10CD film absorbs
moisture in the air and greatly improves the film toughness [54]. The
elongation at break of G/10CD film significantly decreased when mixed
with CNF. In contrast, the tensile strength of G/10CD film showed an
increasing trend after mixing with 3 wt% CNF or 5 wt% CNF. Decrease in

a’” b
—c
100 —— G/10CD
—— G/10CD/3CNF
ey G/10CD/SCNF
S —— G/10CD/TCNF
N’
g 60
=
=
Shao
=
20 -
0 4
.

100 200 300 400 500 600
Temperature (°C)
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Table 4
Tensile strength and elongation at break of different films.

Film Tensile strength(MPa) Elongation at break(%)
G 10.83 30
G/10CD 7.83 200
G/10CD/3CNF 9.09 120
G/10CD/5CNF 8.10 140
G/10CD/7CNF 6.41 126

* G: pure gelatin, G/10CD: pure gelatin with 10 % carbon dots, G/10CD/3CNF:
pure gelatin with 10 % carbon dots and 3 % cellulose nanofibers, G/10CD/5CNF:
pure gelatin with 10 % carbon dots and 5 % cellulose nanofibers, G/10CD/7CNF:
pure gelatin with 10 % carbon dots and 7 % cellulose nanofibers.

tensile strength of G/10CD/5CNF film may be due to the aggregation of
CNF inside the film [9]. Altogether the G/10CD/3CNF film exerted
better mechanical property among the three composite films (G/10CD/
3CNF, G/10CD/5CNF and G/10CD/7CNF).

3.7. Antibacterial activity of G/10CD/3CNF/EON film

Fresh fruits infected with E. coli can lead to the outbreak of foodborne
diseases [55]. Several studies showed that essential oils could inhibit
E. coli likely attributed for its richness in phenols [56] and terpenes [57].
The inhibition ability of the composite membrane solution after incor-
poration of essential oil to E. coli was evaluated using the plate counting
method. As can be seen from Fig. 7, the bactericidal effect could not be
achieved by the reaction of the membrane fluid with the bacteria for 2 h,
whereas the number of colonies gradually decreased after 3 h, indicating
that the essential oil wrapped by the active agent in the membrane fluid
was gradually released.

- G
12 4 - = G/10CD
= = G/10CD/3CNF
‘s G/10CD/5CNF
104 F s~
' = = G/10CD/7CNF
; Lem="
841 .~
] "¢ ‘-—.-0--‘
6-' l' "(
] ’” "— 1
] P .‘-"‘ ¥
|,'--- .
4 i L
N, .7
2 ~ "
4
0 4 T T T T
0 50 100 150 200

Strain (%)

B

4h Sh

Fig. 6. The thermogravimetric (a) and mechanical properties (b) of five membranes, and inhibition effect of NEO in membrane fluid on E. coli within different
reaction time (c) *G: pure gelatin; G/10CD: pure gelatin mixed with 10 % carbon dots; G/10CD/3CNF: pure gelatin mixed with 10 % carbon dots and 3 % cellulose
nanofibers; G/10CD/5CNF: pure gelatin mixed with 10 % carbon dots and 5 % cellulose nanofibers; G/10CD/7CNF: pure gelatin mixed with 10 % carbon dots and 7

% cellulose nanofibers.
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G/10CD/3CNF/EON
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Fig. 7. Changes in the appearance (a), L* value (b), a* value (c), b* value (d), hardness (e), soluble solids content (f), titratable acidity (g) of tomatoes with different
coating films during storage stage. *CK: control tomato; G: the tomato coating by the pure gelatin film; G/10CD/3CNF/EON, the tomato coating by the pure gelatin
mixed with 10 % carbon dots, 3 % cellulose nanofibers and nanoemulsions of essential oil.

3.8. The application of G/10CD/3CNF/EON film on tomato storage

The changes in appearance of tomatoes within 6 d of storage under
different treatments are shown in Fig. 7. The tomato in control group
became soft and showed a pericarp rupture at 5 d of storage. The pure
gelatin coating tomatoes remained intact in shape but with moldy dur-
ing the whole storage. In contrast, the tomatoes maintained their intact
shape without moldy, indicating that G/10CD/3CNF/EON exerted effi-
cient antibacterial activity, which aided tomatoes to maintain good
quality under the same conditions.

The change of tomatoes color reflects its maturity and quality to
some extent. The lightness and yellowness of tomatoes in each group
showed decrease trend during storage, whereas redness showed
continuously increase (Fig. 7). The tomatoes treated with G/10CD/

10

3CNF/EON showed better lightness and yellowness, but lower redness,
which indicating that the composite film can maintain the good
appearance of tomato under the same conditions.

The tomato belongs to the respiration jump type fruit, after the
mature period of storage, will carry on the oxygen-free respiration to
consume the substrate [58]. The firmness of tomato in each group
gradually decreased during storage, the reduction in hardness was
slower in case of G/10CD/3CNF/EON group than in CK, indicating that
the complex film wrapped around tomato to form a barrier, and aid to
maintain the fruit hardness by reducing water loss.

Soluble solids (SS) and titratable acid (TA) are the key indicators for
fruit quality assessment [59]. It can be seen from the Fig. 7e that the SS
in each group began to decrease after 2 d likely explained to soluble
polysaccharides decomposition to monosaccharides, ultimately leading
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to fruit deterioration [60]. Similarly, TA in each group showed a
decreasing trend during storage, indicating the organic acids were
consumed by anaerobic respiration. In the present study, reduction of SS
in G/10CD/3CNE/EON group was less than that observed in case of G
and control for most days during storage. The tomato in G/10CD/3CNE/
EON group maintained higher TA at the late stage during storage.

4. Conclusion

In summary, a biodegradable, sustainable, anti-microbial and flex-
ible nanocoposite for fruits coating was successfully developed using the
waste fish scale and the aril of T. grandis waste products. The G/10CD
film exhibited significantly improved UV absorption and antioxidant
capacity compared with pure gelatin film, with significantly lower water
vapor permeability (WVP), water contact angle (WCA) and lower tensile
strength (TS). However, G/10CD film showed an improved WVP, WCA
and TS of G/10CD film after incorporation of 3 wt% CNF. The G/10CD/
3CNF film exerted anti-microbial ability for Escherichia coli by addition
of EON. Furthermore, G/10CD/3CNF/EON film was also demonstrated
that can effectively prolong tomato shelf life. Therefore, such multi-
functional and low-cost gelatin-based film shows great potential in to-
mato packaging and has yet to be examined for other food products. In
addition, primary materials used in production of these biofilms were
derived from the most abundant biopolymers, which can powerfully
solve the problems of agricultural waste (such as fish scale and the aril of
T. grandis).
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