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Highlights

e The applications of regenerated cellulose films and hydrogels in food packaging
are promising.

e The mechanical and barrier properties of regenerated cellulose materials can be
modulated to fulfill different requirements.

e Regenerated cellulose films and hydrogels provide versatile matrices for active and
intelligent packaging construction.

e Regenerated cellulose materials are generally safe but the migration of functional

fillers should be considered carefully.

Abstract

Nowadays, much attention has been paid to combat international plastic pollution.
Especially, the nondegradable plastic packaging materials have created significant
disposal and pollution issues threatening human health and development. In addition to
the promised 100% recyclable packaging, the utilization of biodegradable packaging
materials can also help address the issue. Cellulose is abundant and renewable, and
cellulose-based materials have been regarded as an alternative to petroleum-based
plastic food packaging. With the development of cellulose solvents, various regenerated
cellulose films and hydrogels have been fabricated for different applications. In this
review, we summarize the recent progress in the preparation of regenerated cellulose
films and hydrogels, and highlight their potential applications as biodegradable
packaging, active packaging, and intelligent packaging. Finally, the biodegradability
and safety of cellulose-based materials are stated, and future opportunities and

challenges in this active research area are described.
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Introduction

Food packaging waste comprises approximately one-third of all Canadian household
waste, and only 20% is recovered for reuse and recycling. Among them, synthetic
plastics suffer from poor biodegradability and limited ways to reuse and recycle, and
thus cause serious environmental issues. Food packaging developed from natural
polymers provides an alternative solution and has attracted more and more attention.
Cellulose is the most abundant renewable and biodegradable polymer on earth, and has
several advantages such as inexpensiveness, low density, non-toxicity, versatility, and
superb mechanical properties [1]. Cellulose-based food-packaging materials, for
example paper and cloth, have been widely utilized. However, with the requirements of
improved protection of food products, the exploration of novel food packaging with
multiple functional properties is urgent. The development of various cellulose solvents
enabled the processing of cellulose into different forms of materials. Especially, after
dissolution, regenerated cellulose films and hydrogels can be fabricated by modulating
physical and chemical interactions. They possess three-dimensional porous structures,
which allow the incorporation of functional fillers and are thus applied as active or
intelligent packaging materials [refs, 6-127]. According to the Web of Science search
result, 10,254 research papers on cellulose-based materials have been published in last
two years, and 404 (3.94%) of them are related to food packaging applications. The
utilization of cellulose-based materials in food packaging is promising and still has a
huge potential. Several reviews have summarized different forms of cellulose-based
materials such as cellulose films [2], fibers [3], hydrogels [4], microspheres [5], and
composites [ 1], without the focus on food packaging purpose. Therefore, in this review,
we have summarized recent strategies of fabricating regenerated cellulose-based films
and hydrogels and their potential applications in food packaging. The considerations of
biodegradability and toxicity are highlighted, and future opportunities, challenges, and

research directions are described.

Recent studies on regenerated cellulose film and hydrogel production



Extensive studies have discussed various cellulose solvents including N-
methylmorpholine-N-oxide (NMMO), LiCI/DMAc, ionic liquids (ILs), and alkali/urea
solutions to develop a more efficient and environmentally friendly method for cellulose
dissolution and regeneration. Figures 1 (a) to (d) illustrate the appearance of regenerated
cellulose films produced from different raw materials and solvents. Recent research
mainly focused on optimizing dissolution conditions and strategies of non-solvent
regeneration that influence morphological and mechanical properties of regenerated
cellulose films [13]. For instance, cellulose source [14], wood type (hard or soft) [9],
pulping process (acid sulfite or kraft sulfate) [9], and coagulants used to regenerate
cellulose were compared to investigate their effects on the morphology of cellulose
films [15,16]. A novel cellulose pretreatment for the dissolution in LiCI/DMAc was
recently proposed that used O2 plasma irradiation to activate cellulose chains and
eliminate glycosidic bonds, leading to the improved dissolution of cellulose and
enhanced mechanical properties of regenerated films [17]. Zheng and co-workers
applied three imidazolium-based ILs, namely AmimCl, BmimCl, and EmimAc, to
dissolve cellulose , where BmimCl showed the best dissolution capacity to dissolve
cellulose within 8 min at 90 °C [18]. However, the AmimCl dissolution system was the
optimal option due to the short gel formation time (13 min) and the superior tensile
strength of the produced film, revealing the good molecular network arrangements and
strong intermolecular interactions. The effect of dissolution temperature was
highlighted by Wei et al. that in the range of -2 to -12.5 °C, a decrease in temperature
resulted in more cellulose dissolution in NaOH/urea solution [19]. The regenerated
cellulose film prepared at -10 °C was optimal due to its best mechanical properties,
transparency, and thermostability.

For the production of cellulose hydrogels, the double-crosslinking strategy has
been applied recently by combining chemical and physical crosslinking to obtain the
hydrogels with dimensionally stable and recoverable double network structures [20,21].
For example, nanocellulose was crosslinked with epichlorohydrin (ECH) and metal

salts (FeCl; or CaCly) to produce double-crosslinked hydrogels [22]. A three-



dimensional network was formed due to the interconnected nanofibrils with no
aggregation in crosslinked domains. A highly deformable cellulose hydrogel (126% of
tensile strain) containing chitin and chitosan was formed via free radical polymerization
of synthesized allyl cellulose, and had good transparency and ionic conductivity at -20 °C
working condition [23]. This hydrogel was further immersed in saturated NaCl solution
to initiate double crosslinked network, which thus had an improved tensile strain (236%)
and was still stretchable at -24 °C, because the incorporation of physical crosslinking
maintained the hydrogel integrity [24]. A similar cellulose hydrogel with excellent
mechanical properties, good transparency, and anti-freezing capacity was also reported,
where ECH was used to crosslink cellulose dissolved in benzyltrimethyl ammonium

hydroxide solution [25].



Figure 1. Photos of regenerated cellulose films (top) and hydrogels (bottom) prepared
from (a) xxx in LiCl/DMAc [16], (b) xxx in NaOH/urea solution [26], (¢) xxx in
AmimCI [27], (d) xxx in BmimCl [28], (e) bagasse cellulose filaments (BCF) [29], (f)
oxidized BCF [29], (g) Zn*" crosslinked BCF [30], and (h) xxx cellulose with amino-

terminated hyperbranched polyamic anchored nanosilver [31].

Potential applications in food packaging
Regenerated cellulose films

Cellophane is the commercial transparent film regenerated from a viscose solution;
however, carbon disulfide and other by-products of viscose process cause serious
environmental pollution [32]. Currently, regenerated cellulose films are prepared from
eco-friendly solvent systems, and usually form composites with other polymers or
additives to improve mechanical properties, optical properties, barrier properties, and
thermostability. The applications of regenerated cellulose films in food packaging can
be mainly classified into three aspects: biodegradable packaging, active packaging, and
intelligent packaging. A pure cellulose film regenerated from durian rind dissolved in
LiCl/DMACc was regarded as the alternative to cellophane [33]. It had a smooth surface,
good transparency, high strength (44 MPa), good thermostability, and biodegradability
(100% decomposed in 4 weeks). The cellulose film prepared from xxxxxx dissolved in
ionic liquid showed comparable tensile strength and thermal stability, and the pineapple

sample packaged by the regenerated film showed the decreased weight loss and well



maintained firmness and vitamin C content after 2 days [34]. Another similar cellulose
film regenerated from xxxxxx dissolved in ionic liquid also demonstrated the capacity
to extend the storage life and commodity rate of mango to about 7 days [35]. The
incorporation of nanoparticles (NPs, nanocellulose, metallic nanoparticles, etc.) and
polymers (chitosan, etc.) is the traditional way to reinforce the mechanical and barrier
properties of regenerated cellulose films [38-40]. A recent study recommended that the
addition of Ca®" in cellulose/ionic liquid solution significantly improved the tensile
strength (85.86 MPa) and thermal stability (351 °C) of regenerated cellulose films;
however, the transparency was reduced [27]. The modulation of polymer network
structure is another way to enhance the performance. Ye and co-workers revealed that
the well-ordered arrangement of polymers at nanoscale and macroscale facilitated the
improvement of mechanical and optical properties [7]. A dual crosslinking approach
was applied to control the aggregation of cellulose chains and resulted in a nanofiber-
structured cellulose film with remarkable tensile strength (253.2 MPa) and top value of
transparency (91%). Wang and co-workers obtained a similar film by using
benzyltrimethyl ammonium hydroxide as solvent followed by a simple water
evaporation strategy in regeneration [44]. The fabricated film had a dense network, high
tensile strength (158 MPa), excellent transmittance (89.94%), and good gas barrier
properties in a 40% humidity environment [44]. At the same time, some research works
focused on the low elasticity and high UV transparency of regenerated cellulose films
[36], which may lead to the ruptured packaging and deteriorated food [37]. For instance,
the elongation percentage, water vapor permeability, and visual appearance of cellulose
films were improved by the addition of glycerol and polyvinyl alcohol [36]. Besides,
the incorporation of 2 wt% of graphene oxide (GO) in cellulose films endowed good
visible light transmittance (78%) and UVA (66.7%) and UVB (54.2%) shielding
property [41]. The enhanced UV shielding capacity and hydrophobicity of cellulose
films were also observed after the addition of CeO, [42]. Typical properties and
potential applications of some recently reported cellulose films are summarized in Table

1.



Table 1. Typical properties and potential applications of recently reported regenerated
cellulose films and hydrogels.

Forms Compositions Tensile strength WVP Initial degradation Applications Refs
(MPa) (10”° g/m-s-Pa) temperature (°C)
Films CMC-Cur-ZnO 41.8 1.67 210 Antioxidant and antimicrobial packaging [45]
Durian rind C 44 / 270 “Green” and low-cost packaging [33]
BC-ZnO 92.4 / 337 Highly flexible packaging [46]
RC-ZnO 126.61 542 270 Antimicrobial packaging [47]
GS-MCC 41.87 2.49 170.3 “Green” and low-cost packaging [48]
Gelatin-CNC 20 0.03 200 Biodegradable packaging [49]
Gelatin-BC-MgO 0.71 0.03 / Egg packaging and preservation [50]
PVA-Gelatin-CNC 13.8 0.46 250 Biodegradable packaging [51]
Reactive CNF 47 3.40 260 Hydrophobic packaging [52]
CNF-ZnO-GSE 140 0.51 221 Antioxidant and antimicrobial packaging [53]
MC-CNF-SPA 46.6 0.02 230 Intelligent packaging [54]
FP-SCNF-FP 287 / / Low oxygen-permeable packaging [55]
OEO-Tween-CNF 24.63 / / Antimicrobial packaging [56]
OC-Nisin peptide 99.2 0.004 / Antimicrobial packaging [57]
CMC-Starch 32.6 3.27 234 Transparent packaging [58]
GG-HEC-Lignin 39 2.18 148.2 Antioxidant and biocompatible packaging [59]
Hydrogels PVP-CMC (film) 24.4 0.23 / Biodegradable packaging [60]
Collagen-CNC 0.90 / / Biocompatible and biodegradable packaging [61]
TOBCF-Zn?** 0.28 / / Intelligent packaging [29]
C-PAAmM 0.63 / 150 Highly flexible packaging [62]
NalOs-CNF-PVA 0.43 / 310.9 Thermostable packaging [63]

Note: WVP, water vapor permeability; CMC, carboxymethyl cellulose; Cur, curcumin; C, cellulose;

BC, bacterial cellulose; RC, regenerated cellulose; GS, Lemang bamboo; MCC, microcrystalline

cellulose; CNC, cellulose nanocrystals; GSE, grape seed extracts; MC, methyl cellulose; CNF,

cellulose nanofibrils; SPA, saffron petal anthocyanin; FP, fluoropolymer; SCNF, succinylated

cellulose nanofibers; OEO, oregano essential oil; OC, 2,3-dialdehyde cellulose; GG, gellan gum;

HEC, hydroxyethyl cellulose; PVP, polyvinyl pyrrolidone; TOBCF, TEMPO-oxidized bagasse

cellulose filaments; PAAm, polyacrylamide; PVA, polyvinyl alcohol.



Active food packaging is one of many possible applications of regenerated
cellulose films, in which antimicrobial agents could be incorporated to inhibit the
growth of foodborne bacteria [Carbohydrate Polymers 241 (2020) 116256, 39,64,65].
In recent years, much attention has been paid to natural antimicrobials such as essential
oils and extracts [66]. For instance, poacic acid as a plant-based antimicrobial agent
was added in cellulose film to inhibit the growth of S. aureus [56], while oregano
essential oil in the film showed an excellent inhibition rate (99.99%) against E. coli and
L. monocytogenes [31]. A comparative study indicated that the cellulose films
incorporated with Ag, ZnO, and CuO NPs inhibited the growth of E. coli and S. aureus
through the release of reactive oxygen species [39]. Ag NPs were preferred due to their
best inhibition capacity against both bacteria [39]. Gu and co-workers demonstrated
that hyperbranched polyamide-amine could be used as a binder to ember Ag NPs and
further control the release rate [31]. The produced film exhibited a microbial inhibition

capacity and maintained the freshness of cherry tomatoes for 9 days [31].
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Figure 2. (a) UV-vis spectra and (b) optical images of intelligent cellulose films at
different concentrations of ammonia solution. The color of cellulose films (c¢) before
shrimp spoilage, (d) after shrimp spoilage, and (¢) applied cellulose films [67].

Intelligent cellulose-based films were also designed and employed to monitor the
quality and condition of packaged food. Ding et al. [67] revealed a pH-responsive film
composed of regenerated cellulose, polyvinyl alcohol, and acidochromic dye, which
showed a pH-responsive color change within pH 7-12, good tensile strength (35 MPa),
thermostability (about 150 °C), and leakage resistance in acidic and basic environments.
The methyl cellulose-based film loaded with saffron petal anthocyanin was reported
with a wide pH-response range from 1 to 14, and successfully applied to indicate the
freshness of lamb meat [54]. As shown in Figure 2, the prepared intelligent film could
be used to detect ammonia formation and indicate the freshness of shrimps [67]. The
anthocyanins-embedded cellulose/chitosan film had a wide pH response ranged from 2
to 12 and an excellent color stability for one month [68], while the similar
cellulose/chitosan film embedded with alizarin was applied to monitor the spoilage of
minced beef [69]. The pH value of minced beef elevated from 6.2 to 6.76 after storage
at 4 °C for 4 days, and the color of the film changed correspondingly from brown to
purple, revealing the high microbial load (>7 log CFU/g) beyond the acceptable limit
[69].
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Regenerated cellulose hydrogels

Recent studies on regenerated cellulose hydrogels are summarized in Table 1.
Compared to regenerated cellulose films, the applications of hydrogels in food
packaging are relatively less. Cellulose hydrogels can be regarded as an attractive
absorbent material with superhydrophilicity, good structural stability after water
absorption, and negligible influence on the sensory attribute of food [70,71], and be
applied in food packaging to control the humidity and water activity of food. A
superabsorbent cellulose hydrogel was prepared by crosslinking CMC with ECH,
which had a desirable water retention value of 725 g water/g dry hydrogel [71]. Yang
et al. provided a novel method to fabricate cellulose hydrogels by crosslinking with
methylenebis acrylamide (MBA) in LiOH/urea solvents [72]. The interactions among
water and -OH and -NH groups from polymer network endowed hydrogels with a good
water absorption capacity of 220 g water/g dry hydrogel. The composite hydrogel of
CMC and PVP at aratio of 1:1 could absorb 1134% water, and delayed the deterioration
of blueberries for 15 days, While the addition of guar gum slightly decreased the water
absorption capacity (895%) but enhanced the mechanical properties [60]. A similar
CMC-PVP-based hydrogel was applied to package table grapes, spinach, and tomatoes
at room temperature for 30 days [73]. Alam and Cristopher noted that the water-
absorption property of cellulose hydrogels was relevant to the concentration and
chemical nature of polymers, and the optimal water absorption capacity (610 g water/g
dry hydrogel) was found when cellulose hydrogel contained 25% of chitosan [74].
Another research focus was on the improvement of mechanical resistance by
incorporating crosslinkers, polymers, and metallic compounds in cellulose hydrogels.
Huber and co-workers [75] used undissolved micro-cellulose as a crosslinker to
enhance the mechanical properties of hydrogels, resulting in lower gelation temperature
and shorter heating time during the gelation process. The reinforcement of mechanical
properties of cellulose hydrogels via the incorporation of Fe** was also elucidated, and
the increase of Fe*" content at low iron ion concentration levels formed more tridentate

coordinates with the carboxyl groups of cellulose [76]. However, the iron ions at high
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concentrations transformed tridentate into monodentate or bidentate, which
deteriorated the toughness of hydrogels. Ye and co-workers constructed a dual-
crosslinked cellulose hydrogel with the improved compressive strength (9.4 MPa) and
tensile strength (1.7 MPa) by using two different crosslinkers namely ECH and
polyethylene glycol diglycidyl ether [77].
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Figure 3. Color response of (a) cellulose-based hydrogels for intelligent food packaging
application; (b) Changes in the color of hydrogel with chicken breast freshness in 4
days at 4 °C; (c) Changes in CO2, Oz, and microbial counts of chicken breast stored at
4 °C over 7 days [29].

Like regenerated cellulose films, cellulose hydrogels were also employed as a three
dimensional matrix to fabricate antimicrobial or pH-responsive packaging by
incorporating functional fillers. Compared to the dense structure of films, the porous
network of cellulose hydrogels facilitates the transportation of bioactive compounds
and enables quickly starting signaling pathways. The antimicrobial capacity was

determined by the network density and concentration of active compounds [85].
12



Curcumin loaded in a bacterial cellulose hydrogel had a release rate of 76.99% in 6 h
and significantly inhibited the growth of S. aureus [78]. The bactericidal effect was also
found in the grapefruit seed extract-loaded cellulose hydrogel due to the existence of
choline and ethanolamine [79]. Silver NPs were widely used to inhibit the growth of
gram-negative bacteria (P. aeruginosa), gram-positive bacteria (S. aureus), and yeast
(C. albicans) [83,84]. A novel strategy was proposed to produce hydrogels by using
ECH to chemically crosslink bacterial cellulose and polyethyleneimine (PEI) in
NaOH/urea solution [86]. The disruption of cell membranes by the polycationic nature
of PEI caused a bactericidal activity against S. aureus and E. coli. The synergistic effect
of several antimicrobial compounds was also investigated. For example, a hydrogel
made from dialdehyde cellulose and chitosan was embedded with ZnO NPs and two
bioactive compounds (quercetin and onion peel drug) to inhibit the growth of S. aureus
and T. rubrum [81]. A comparable effect was found in the hydrogel filled with curcumin
and ZnO NPs [82]. For the construction of intelligent packaging materials, as shown in
Figure 3, two pH-responsive dyes (bromothymol blue and methyl red) were
incorporated in a nanocellulose-based hydrogel as a food quality indicator to monitor
the freshness of chicken breast [29]. The hydrogels showed a noticeable color change
from green to red after three days due to the emission of CO, from microbial growth,
indicating the detected microbial loads exceeded the acceptable limit for consumption
(>6 log CFU/qg). A tough, self-healing and pH-responsive hydrogel was produced from
cellulose, polyvinyl alcohol, and borax, which could recover to the original state within
15 s after high shear strain and display a color change from yellow to red and purple

when pH value increased from 5 to 12 [87].

Biodegradability and toxicity of cellulose-based materials

The biodegradability of cellulose may be affected by chemical modifications.
Leppénen et al. reported that the biodegradation rate of regenerated cellulose depended
on the degree of substitution (DS) [90]. Regenerated cellulose from ionic liquid was

completely degraded after 4 weeks in a natural composting environment, while
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cellulose acetate with DS 2.5 prevented the attachment of enzymes and showed no
biodegradability in enzymatic hydrolysis and natural composting environment [90-91].
Haske-Cornelius et al. suggested to use esterase to degrade cellulose acetate with DS
lower than 1.8, which could be enhanced by the synergistic effect of cellulase [92].
Cellulose nanocrystals are usually combined with regenerated cellulose to prepare all-
cellulose materials; however, the incorporation of micro- and nanocellulose could lead
to the decreased biodegradability [93,94]. It was because of that the increased
crystallinity of all-cellulose materials hampered the water diffusion in polymer matrix
and affected the disintegration kinetics [95,96]. Cui and co-workers demonstrated that
okara cellulose hydrogels prepared by ECH crosslinking in LiOH/urea solution could
completely decompose in 28 days [97]. The biodegradation process of crosslinked
cellulose hydrogel was caused by the presence of microorganisms in soil, which
initiated the cleavage of crosslinkages and disrupted covalent bonds, resulting in the
decomposed network structure [98]. Regarding to the safety and toxicity of cellulose-
based materials, various forms of cellulose including raw cellulose and regenerated
cellulose, as well as it derivatives such as CMC, cellulose acetate, ethyl cellulose, etc.,
have been regarded as safe food substances according to the U.S. Department of
Agriculture, and considered as the food additives by the FDA regulations [ref].
Nevertheless, the release and migration of functional additives from regenerated
cellulose matrices should be carefully investigated. For instance, the minor release of
Ag NPs didn’t affect the survival rate of shrimp after an exposure of 24 h [100], but Ag
NPs with high concentration (>500 ug/mL) showed the significant cytotoxicity to Caco-
2 and FHC human colon cells [101], and 100 ppm of Ag NPs remarkably decreased the

vitality of hepatocellular carcinoma cells close to zero over 24 h [83].

Conclusions and outlook
Recent research focuses on optimizing dissolution conditions and developing new
strategies to improve the properties of regenerated cellulose films and hydrogels, for

example, the double-crosslinking method. Both cellulose films and hydrogels exhibit
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potential to be applied in food packaging. Particularly, the regenerated films provide a
solution for biodegradable wrapping materials, and the regenerated hydrogels can serve
as a three dimensional matrix for absorption and quick signal response. Various organic
and inorganic fillers can be incorporated in regenerated cellulose films and hydrogels
to enable special functionalities, such as antimicrobial property and pH responsive color
change. Generally speaking, regenerated cellulose materials are safe to be used for food
packaging, but the release and migration of functional fillers should be evaluated.

Future research in the following areas is required to promote their real applications:

1. The design of food packaging materials should be linked to a specific food product.
Some research works just simply emphasized the improvement in mechanical and
barrier properties, but did not mention the requirements for packaging materials.
Especially for the development of active and intelligent packaging, various aspects
such as initial status, storage condition and quality change of food product should
be understood in advance.

2. The feasibility of new packaging materials should be considered. Processes should
be available for mass production, and all the modifications and additives should be
economically practical. The selection of cost-effective cellulose solvent system and
the efficient recycle of solvent will help reduce the cost of regenerated cellulose
materials.

3. The release and migration of functional fillers from regenerated cellulose packaging
at different conditions (pH, temperature, solvent, food components, etc.) should be
carefully studied. Although some active compounds are chemically bonded to
cellulose matrices, the fate of these chemicals in the environment after the materials

are disposed and degraded should be evaluated.

Conflict of interest statement

Nothing declared.

Acknowledgements

15



Funding: This work was supported by the FRQNT — Projet de recherche en équipe
[2021-PR-283095]; Natural Sciences and Engineering Research Council Discovery
Grants [250374]; and Natural Sciences and Engineering Research Council Discovery

Launch Supplement [250531].

References and recommended reading
Papers of particular interest, published within the period of review, have been
highlighted as:

* of special interest

16



References

[1] Sharma A, Thakur M, Bhattacharya M, Mandal T, Goswami S: Commercial
application of cellulose nano-composites—A review. Biotechnology Reports 2019,
21:e00316.

[2] Cazon P, Vazquez M: Improving bacterial cellulose films by ex-situ and in-situ
modifications: A review. Food Hydrocolloids 2020:106514.

[3] Iglesias MC, Gomez-Maldonado D, Via BK, Jiang Z, Peresin MS: Pulping
processes and their effects on cellulose fibers and nanofibrillated cellulose
properties: A review. Forest Products Journal 2020, 70:10-21.

[4] ¢ Zainal SH, h Mohd NH, Suhaili N, Anuar FH, Lazim AM, Othaman R:
Preparation of cellulose-based hydrogel: A review. Journal of Materials
Research and Technology 2020.

This paper reviewed the recent advances in the preparation of cellulose-based hydrogels

in detail and discussed the relationship between the dissolution methods and properties

of hydrogels. Besides, various crosslinkers for the formation of hydrogels were
compared.

[5] Wei S, Ching YC, Chuah CH: Preparation of aerogel beads and microspheres
based on chitosan and cellulose for drug delivery: A review. International
Journal of Biological Macromolecules 2021.

[6] Jin L, Gan J, Hu G, Cai L, Li Z, Zhang L, Zheng Q, Xie H: Preparation of
cellulose films from sustainable CO2/DBU/DMSO system. Polymers 2019,
11:994.

[7] Ye D, Lei X, Li T, Cheng Q, Chang C, Hu L, Zhang L: Ultrahigh tough, super
clear, and highly anisotropic nanofiber-structured regenerated cellulose films.
ACS Nano 2019, 13:4843-4853.

[8] Ma X, Deng Q, Wang L, Zheng X, Wang S, Wang Q, Chen L, Huang L, Ouyang
X, Cao S: Cellulose transparent conductive film and its feasible use in
perovskite solar cells. RSC Advances 2019, 9:9348-9353.

[9] « Sayyed AJ, Deshmukh NA, Pinjari DV: A critical review of manufacturing
processes used in regenerated cellulosic fibres: Viscose, cellulose acetate,
cuprammonium, LiCl/DMAc¢, ionic liquids, and NMMO based lyocell.
Cellulose 2019, 26:2913-2940.

In this paper, a systematic review of six cellulose dissolution techniques and related

mechanisms and factors affecting the regeneration process was presented, which is

beneficial for researchers to have a basic understanding of cellulose-based materials.

[L0]Nguyen MN, Kragl U, Barke I, Lange R, Lund H, Frank M, Springer A, Aladin V,
Corzilius B, Hollmann D: Coagulation using organic carbonates opens up a
sustainable route towards regenerated cellulose films. Communications
Chemistry 2020, 3:1-9.

[11]Namkaew J, Laowpanitchakorn P, Sawaddee N, Jirajessada S, Honsawek S,
Yodmuang S: Carboxymethyl cellulose entrapped in a poly (vinyl) alcohol
network: Plant-based scaffolds for cartilage tissue engineering. Molecules
2021, 26:578.

17



[12]Zaman A, Huang F, Jiang M, Wei W, Zhou Z: Preparation, properties, and
applications of natural cellulosic aerogels: A review. Energy and Built
Environment 2020, 1:60-76.

[13]Lindman B, Medronho B, Alves L, Costa C, Edlund H, Norgren M: The relevance
of structural features of cellulose and its interactions to dissolution,
regeneration, gelation and plasticization phenomena. Physical Chemistry
Chemical Physics 2017, 19:23704-23718.

[14]Ul-Islam M, Khan S, Ullah MW, Park JK: Comparative study of plant and
bacterial cellulose pellicles regenerated from dissolved states. /nternational
Journal of Biological Macromolecules 2019, 137:247-252.

[15]1lyin SO, Makarova VV, Anokhina TS, Ignatenko VY, Brantseva TV, Volkov AV,
Antonov SV: Diffusion and phase separation at the morphology formation of
cellulose membranes by regeneration from N-methylmorpholine N-oxide
solutions. Cellulose 2018, 25:2515-2530.

[16]Sadeghifar H, Venditti RA, Pawlak JJ, Jur J: Cellulose transparent and flexible
films prepared from DMA¢/LiCl solutions. BioResources 2019, 14:9021-9032.

[17]Lao TLB, Cordura SLA, Diaz LJL, Vasquez MR: Influence of plasma treatment
on the dissolution of cellulose in lithium -chloride—dimethylacetamide.
Cellulose 2020, 27:9801-9811.

[18] Zheng X, Huang F, Chen L, Huang L, Cao S, Ma X: Preparation of transparent
film via cellulose regeneration: Correlations between ionic liquid and film
properties. Carbohydrate Polymers 2019, 203:214-218.

[19]Wei Q-Y, Lin H, Yang B, Li L, Zhang L-Q, Huang H-D, Zhong G-J, Xu L, Li Z-
M: Structure and properties of all-cellulose composites prepared by
controlling the dissolution temperature of a NaOH/urea solvent. Industrial &
Engineering Chemistry Research 2020, 59:10428-10435.

[20]Li X, Wang H, Li D, Long S, Zhang G, Wu Z: Dual ionically cross-linked double-
network hydrogels with high strength, toughness, swelling resistance, and
improved 3D printing Processability. ACS Applied Materials & Interfaces 2018,
10:31198-31207.

[21]Wu T, Yu S, Lin D, Wu Z, Xu J, Zhang J, Ding Z, Miao Y, Liu T, Chen T:
Preparation, characterization, and release behavior of doxorubicin
hydrochloride from dual cross-linked chitosan/alginate hydrogel beads. ACS
Applied Bio Materials 2020, 3:3057-3065.

[22]Xu H, Liu Y, Xie Y, Zhu E, Shi Z, Yang Q, Xiong C: Doubly cross-linked
nanocellulose hydrogels with excellent mechanical properties. Cel/lulose 2019,
26:8645-8654.

[23] Tong R, Chen G, Pan D, Qi H, Li Ra, Tian J, Lu F, He M: Highly stretchable and
compressible cellulose ionic hydrogels for flexible strain sensors.
Biomacromolecules 2019, 20:2096-2104.

[24]+ Tong R, Chen G, Pan D, Tian J, Qi H, Li Ra, Lu F, He M: Ultrastretchable and
antifreezing double-cross-linked cellulose ionic hydrogels with high strain
sensitivity under a broad range of temperature. ACS Sustainable Chemistry &
Engineering 2019, 7:14256-14265.

18



The authors introduced the enhanced structure and properties of cellulose hydrogels,
which had good mechanical properties and were stretchable even in low-temperature
environments.

[25]Wang Y, Zhang L, Lu A: Transparent, antifreezing, ionic conductive cellulose
hydrogel with stable sensitivity at subzero temperature. ACS Applied Materials
& Interfaces 2019, 11:41710-41716.

[26]Cazon P, Vazquez M, Velazquez G: Regenerated cellulose films with chitosan
and polyvinyl alcohol: Effect of the moisture content on the barrier,
mechanical and optical properties. Carbohydrate Polymers 2020, 236:116031.

[27]Xu H, Huang L, Xu M, Qi M, Yi T, Mo Q, Zhao H, Huang C, Wang S, Liu Y:
Preparation and properties of cellulose-based films regenerated from waste
corrugated cardboards using [Amim] Cl/CaClz. ACS Omega 2020, 5:23743-
23754.

[28]Qiao H, Li L, Wu J, Zhang Y, Liao Y, Zhou H, Li D: High-strength cellulose films
obtained by the combined action of shear force and surface selective
dissolution. Carbohydrate Polymers 2020, 233:115883.

[29]¢ Lu P, Yang Y, Liu R, Liu X, Ma J, Wu M, Wang S: Preparation of sugarcane
bagasse nanocellulose hydrogel as a colourimetric freshness indicator for
intelligent food packaging. Carbohydrate Polymers 2020, 249:116831.

This cellulose hydrogel was produced from waste sugarcane bagasse and then loaded

with two natural dyes to indicate the quality of food, which had a wide pH response

range. This low-cost, biodegradable and biocompatible hydrogel could be the future
trend of food packaging materials.

[30]Lu P, Liu R, Liu X, Wu M: Preparation of self-supporting bagasse cellulose
nanofibrils hydrogels induced by zinc ions. Nanomaterials 2018, 8:800.

[31]Gu R, Yun H, Chen L, Wang Q, Huang X: Regenerated cellulose films with
amino-terminated hyperbranched polyamic anchored nanosilver for active
food packaging. ACS Applied Bio Materials 2019, 3:602-610.

[32]Fotie G, Limbo S, Piergiovanni L: Manufacturing of food packaging based on
nanocellulose: current advances and challenges. Nanomaterials 2020, 10:1726.

[33]* Zhao G, Lyu X, Lee J, Cui X, Chen W-N: Biodegradable and transparent
cellulose film prepared eco-friendly from durian rind for packaging
application. Food Packaging and Shelf Life 2019, 21:100345.

[34] The authors provided an approach to fabricate a pure cellulose film from waste
resources with good mechanical and optical properties. The fast biodegradation
process in the soil also indicated its potential in green packaging.

[35]* Wei X, Zhang L, Wang J, Li J, Zhou W: Preparation of cellulose film in ionic
liquid by high shearing and application in pineapple preservation. Materials
Research Express 2020, 7:025313.

[36] This is an interesting study that used pineapple leaves to extract cellulose, which
was then used to preserve the fresh-cut pineapple. This research offered a potential
process for producing, packaging, and marketing fruits with zero environmental
pollution.

19



[37]Ai B, Zheng L, Li W, Zheng X, Yang Y, Xiao D, Shi J, Sheng Z: Biodegradable
cellulose film prepared from banana pseudo-stem using an ionic liquid for
mango preservation. Frontiers in Plant Science 2021, 12:234.

[38] Cazon P, Velazquez G, Vazquez M: Characterization of mechanical and barrier
properties of bacterial cellulose, glycerol and polyvinyl alcohol (PVOH)
composite films with eco-friendly UV-protective properties. Food
Hydrocolloids 2020, 99:105323.

[39]Simmonds G, Woods AT, Spence C: ‘Show me the goods’: Assessing the
effectiveness of transparent packaging vs. product imagery on product
evaluation. Food Quality and Preference 2018, 63:18-27.

[40]ShiJ, Liu W, Jiang X, Liu W: Preparation of cellulose nanocrystal from tobacco-
stem and its application in ethyl cellulose film as a reinforcing agent. Cellulose
2020, 27:1393-1406.

[41]e Ebrahimi Y, Peighambardoust SJ, Peighambardoust SH, Karkaj SZ:
Development of antibacterial carboxymethyl cellulose-based
nanobiocomposite films containing various metallic nanoparticles for food
packaging applications. Journal of Food Science 2019, 84:2537-2548.

This paper focused on the antimicrobial properties of various commonly used metallic

nanoparticles in cellulose-based hydrocolloids, which also included a comparison of

the reinforcement effects in terms of mechanical properties, UV-barrier properties, and
water vapor permeability.

[42]Ju S, Zhang F, Duan J, Jiang J: Characterization of bacterial cellulose composite
films incorporated with bulk chitosan and chitosan nanoparticles: A
comparative study. Carbohydrate Polymers 2020, 237:116167.

[43]Zhang X-F, Song L, Wang Z, Wang Y, Wan L, Yao J: Highly transparent
graphene oxide/cellulose composite film bearing ultraviolet shielding property.
International Journal of Biological Macromolecules 2020, 145:663-667.

[44]Wang W, Zhang B, Jiang S, Bai H, Zhang S: Use of CeO2 nanoparticles to
enhance UV-shielding of transparent regenerated cellulose films. Polymers
2019, 11:458.

[45]Xu L, Teng J, Li L, Huang H-D, Xu J-Z, Li Y, Ren P-G, Zhong G-J, Li Z-M:
Hydrophobic graphene oxide as a promising barrier of water vapor for
regenerated cellulose nanocomposite films. ACS Omega 2019, 4:509-517.

[46]Wang Y, Yuan L, Tian H, Zhang L, Lu A: Strong, transparent cellulose film as
gas barrier constructed via water evaporation induced dense packing. Journal
of Membrane Science 2019, 585:99-108.

[47]Roy S, Rhim J-W: Carboxymethyl cellulose-based antioxidant and
antimicrobial active packaging film incorporated with curcumin and zinc
oxide. International Journal of Biological Macromolecules 2020, 148:666-676.

[48] Abral H, Fajri N, Mahardika M, Handayani D, Sugiarti E, Kim H-J: A simple
strategy in enhancing moisture and thermal resistance and tensile properties
of disintegrated bacterial cellulose nanopaper. Journal of Materials Research
and Technology 2020, 9:8754-8765.

[49]Saedi S, Shokri M, Kim JT, Shin GH: Semi-transparent regenerated

20



cellulose/ZnONP nanocomposite film as a potential antimicrobial food
packaging material. Journal of Food Engineering 2021:110665.

[50]Hermawan D, Lai TK, Jafarzadeh S, Gopakumar DA, Hasan M, Owolabi FT,
Aprilia NS, Rizal S, Khalil HA: Development of seaweed-based bamboo
microcrystalline cellulose films intended for sustainable food packaging
applications. BioResources 2019, 14:3389-3410.

[51]Leite LS, Moreira FK, Mattoso LH, Bras J: Electrostatic interactions regulate
the physical properties of gelatin-cellulose nanocrystals nanocomposite films
intended for biodegradable packaging. Food Hydrocolloids 2021, 113:106424.

[52]Wang Y, Luo W, Tu Y, Zhao Y: Gelatin-based nanocomposite film with bacterial
cellulose-MgO nanoparticles and its application in packaging of Preserved
Eggs. Coatings 2021, 11:39.

[53]Oyeoka HC, Ewulonu CM, Nwuzor IC, Obele CM, Nwabanne JT: Packaging and
degradability properties of polyvinyl alcohol/gelatin nanocomposite films
filled water hyacinth cellulose nanocrystals. Journal of Bioresources and
Bioproducts 2021.

[54]Li W, Wang S, Wang W, Qin C, Wu M: Facile preparation of reactive
hydrophobic cellulose nanofibril film for reducing water vapor permeability
(WVP) in packaging applications. Cel/lulose 2019, 26:3271-3284.

[55]Roy S, Kim HC, Panicker PS, Rhim J-W, Kim J: Cellulose nanofiber-based
nanocomposite films reinforced with zinc oxide nanorods and grapefruit seed
extract. Nanomaterials 2021, 11:877.

[56] Alizadeh-Sani M, Tavassoli M, McClements DJ, Hamishehkar H: Multifunctional
halochromic packaging materials: Saffron petal anthocyanin loaded-chitosan
nanofiber/methyl cellulose matrices. Food Hydrocolloids 2021, 111:106237.

[57]Kim J-K, Choi B, Jin J: Transparent, water-stable, cellulose nanofiber-based
packaging film with a low oxygen permeability. Carbohydrate Polymers 2020,
249:116823.

[58]Chen S, Wu M, Lu P, Gao L, Yan S, Wang S: Development of pH indicator and
antimicrobial cellulose nanofibre packaging film based on purple sweet potato
anthocyanin and oregano essential oil. International Journal of Biological
Macromolecules 2020, 149:271-280.

[59]WuY, Li Q, Zhang X, LiY, Li B, Liu S: Cellulose-based peptidopolysaccharides
as cationic antimicrobial package films. Infernational Journal of Biological
Macromolecules 2019, 128:673-680.

[60] Tavares KM, de Campos A, Luchesi BR, Resende AA, de Oliveira JE, Marconcini
JM: Effect of carboxymethyl cellulose concentration on mechanical and water
vapor barrier properties of corn starch films. Carbohydrate Polymers 2020,
246:116521.

[61] Rukmanikrishnan B, Ramalingam S, Rajasekharan SK, Lee J, Lee J: Binary and
ternary sustainable composites of gellan gum, hydroxyethyl cellulose and
lignin for food packaging applications: Biocompatibility, antioxidant activity,
UV and water barrier properties. [nternational Journal of Biological
Macromolecules 2020, 153:55-62.

21



[62] Bandyopadhyay S, Saha N, Brodnjak UV, Saha P: Bacterial cellulose and guar
gum based modified PVP-CMC hydrogel films: Characterized for packaging
fresh berries. Food Packaging and Shelf Life 2019, 22:100402.

[63] Ghorbani M, Roshangar L: Construction of collagen/nanocrystalline cellulose
based-hydrogel scaffolds: Synthesis, characterization, and mechanical
properties evaluation. International Journal of Polymeric Materials and
Polymeric Biomaterials 2021, 70:142-148.

[64] Yang B, Hua WQ, Li L, Zhou ZH, Xu L, Bian FG, Ji X, Zhong GJ, Li ZM: Robust
hydrogel of regenerated cellulose by chemical crosslinking coupled with
polyacrylamide network. Journal of Applied Polymer Science 2019, 136:47811.

[65] Zhu L, Liu Y, Jiang Z, Sakai E, Qiu J, Zhu P: Highly temperature resistant
cellulose nanofiber/polyvinyl alcohol hydrogel using aldehyde cellulose
nanofiber as cross-linker. Cellulose 2019, 26:5291-5303.

[66] Gomez-Garcia M, Sol C, de Nova PJ, Puyalto M, Mesas L, Puente H, Mencia-Ares
O, Miranda R, Argiiello H, Rubio P: Antimicrobial activity of a selection of
organic acids, their salts and essential oils against swine enteropathogenic
bacteria. Porcine Health Management 2019, 5:1-8.

[67]Hu Y, Guo Q, Liu P, Zhu R, Lu F, Ramaswamy S, Wu Y, Xu F, Zhang X:
Fabrication of novel cellulose-based antibacterial film loaded with poacic acid
against staphylococcus aureus. Journal of Polymers and the Environment 2021,
29:745-754.

[68]Breijyeh Z, Jubeh B, Karaman R: Resistance of Gram-negative bacteria to
current antibacterial agents and approaches to resolve it. Molecules 2020,
25:1340.

[69]Ding L, Li X, Hu L, Zhang Y, Jiang Y, Mao Z, Xu H, Wang B, Feng X, Sui X: A
naked-eye detection polyvinyl alcohol/cellulose-based pH sensor for intelligent
packaging. Carbohydrate Polymers 2020, 233:115859.

[70] Tirtashi FE, Moradi M, Tajik H, Forough M, Ezati P, Kuswandi B:
Cellulose/chitosan pH-responsive indicator incorporated with carrot
anthocyanins for intelligent food packaging. International Journal of Biological
Macromolecules 2019, 136:920-926.

[71]Ezati P, Tajik H, Moradi M: Fabrication and characterization of alizarin
colorimetric indicator based on cellulose-chitosan to monitor the freshness of
minced beef. Sensors and Actuators B: Chemical 2019, 285:519-528.

[72] Batista RA, Espitia PJP, Quintans JdSS, Freitas MM, Cerqueira MA, Teixeira JA,
Cardoso JC: Hydrogel as an alternative structure for food packaging systems.
Carbohydrate Polymers 2019, 205:106-116.

This paper highlighted the factors involved in the development and performance

evaluation of hydrogels and discussed several functional properties of applying

hydrogels in food packaging. Besides, this paper presented potential uses of hydrogels,
which could be enlightening to the future food industry.

[73] Alam MN, Islam MS, Christopher LP: Sustainable production of cellulose-based
hydrogels with superb absorbing potential in physiological saline. ACS Omega
2019, 4:9419-9426.

22



[74] Yang J, Medronho B, Lindman B, Norgren M: Simple one pot preparation of
chemical hydrogels from cellulose dissolved in cold LiOH/urea. Polymers 2020,
12:373.

[75]Saha N, Zaandra O, Bandyopadhyay S, Saha P: Bacterial cellulose based
hydrogel film for sustainable food packaging. In Advances in Sustainable
Polymers. Edited by: Springer; 2019:237-245.

[7T6]Alam MN, Christopher LP: Natural cellulose-chitosan cross-linked
superabsorbent hydrogels with superior swelling properties. ACS Sustainable
Chemistry & Engineering 2018, 6:8736-8742.

[77]Huber T, Feast S, Dimartino S, Cen W, Fee C: Analysis of the effect of processing
conditions on physical properties of thermally set cellulose hydrogels.
Materials 2019, 12:1066.

[78] Zhang H, Wu X, Qin Z, Sun X, Zhang H, Yu Q, Yao M, He S, Dong X, Yao F: Dual
physically cross-linked carboxymethyl cellulose-based hydrogel with high
stretchability and toughness as sensitive strain sensors. Cellulose 2020,
27:9975-9989.

[791Ye D, Chang C, Zhang L: High-strength and tough cellulose hydrogels
chemically dual cross-linked by using low-and high-molecular-weight cross-
linkers. Biomacromolecules 2019, 20:1989-1995.

[80]Gupta A, Keddie D, Kannappan V, Gibson H, Khalil I, Kowalczuk M, Martin C,
Shuai X, Radecka I: Production and characterisation of bacterial cellulose
hydrogels loaded with curcumin encapsulated in cyclodextrins as wound
dressings. European Polymer Journal 2019, 118:437-450.

[81]Koneru A, Dharmalingam K, Anandalakshmi R: Cellulose based nanocomposite
hydrogel films consisting of sodium carboxymethylcellulose—grapefruit seed
extract nanoparticles for potential wound healing applications. /nternational
Journal of Biological Macromolecules 2020, 148:833-842.

[82]El Fawal G, Hong H, Song X, Wu J, Sun M, He C, Mo X, Jiang Y, Wang H:
Fabrication of antimicrobial films based on hydroxyethylcellulose and ZnO
for food packaging application. Food Packaging and Shelf Life 2020, 23:100462.

[83]  George D, Maheswari PU, Begum KMS: Synergic formulation of onion peel
quercetin loaded chitosan-cellulose hydrogel with green zinc oxide
nanoparticles towards controlled release, biocompatibility, antimicrobial and
anticancer activity. International Journal of Biological Macromolecules 2019,
132:784-794.

The synergistic effect of zinc oxide nanoparticles and bioactive compounds on the

antimicrobial properties of cellulose hydrogel was discussed. The cell proliferation and

anticancer effect of hydrogel indicated good biocompatibility and functionality.

[84] Anagha B, George D, Maheswari PU, Begum KMS: Biomass derived
antimicrobial hybrid cellulose hydrogel with green ZnO nanoparticles for
curcumin delivery and its kinetic modelling. Journal of Polymers and the
Environment 2019, 27:2054-2067.

[85] Bergonzi C, Remaggi G, Graiff C, Bergamonti L, Potenza M, Ossiprandi MC,
Zanotti I, Bernini F, Bettini R, Elviri L: Three-dimensional (3D) printed silver

23



nanoparticles/alginate/nanocrystalline cellulose hydrogels: Study of the
antimicrobial and cytotoxicity efficacy. Nanomaterials 2020, 10:844.

[86] Gupta A, Briffa SM, Swingler S, Gibson H, Kannappan V, Adamus G, Kowalczuk
M, Martin C, Radecka I: Synthesis of silver nanoparticles using curcumin-
cyclodextrins loaded into bacterial cellulose-based hydrogels for wound
dressing applications. Biomacromolecules 2020, 21:1802-1811.

[87]Gutierrez E, Burdiles PA, Quero F, Palma P, Olate-Moya F, Palza H: 3D Printing
of antimicrobial alginate/bacterial-cellulose composite hydrogels by
incorporating copper nanostructures. ACS Biomaterials Science & Engineering
2019, 5:6290-6299.

[88] Wahid F, Bai H, Wang F-P, Xie Y-Y, Zhang Y-W, Chu L-Q, Jia S-R, Zhong C:
Facile synthesis of bacterial cellulose and polyethyleneimine based hybrid
hydrogels for antibacterial applications. Cellulose 2020, 27:369-383.

[89]Ding L, Chen L, Hu L, Feng X, Mao Z, Xu H, Wang B, Sui X: Self-healing and
acidochromic polyvinyl alcohol hydrogel reinforced by regenerated cellulose.
Carbohydrate Polymers 2021, 255:117331.

[90]Bilal M, Adeel M, Rasheed T, Zhao Y, Igbal HM: Emerging contaminants of high
concern and their enzyme-assisted biodegradation—A review. Environment
International 2019, 124:336-353.

[91]Emadian SM, Onay TT, Demirel B: Biodegradation of bioplastics in natural
environments. Waste Management 2017, 59:526-536.

[92] Leppénen I, Vikman M, Harlin A, Orelma H: Enzymatic degradation and pilot-
scale composting of cellulose-based films with different chemical structures.
Journal of Polymers and the Environment 2020, 28:458-470.

[93]Zhao H, Chen Z, Du X: Evolution of dielectric behavior of regenerated cellulose
film during isothermal dehydration monitored in real time via dielectric
spectroscopy. Polymers 2019, 11:1749.

[94]Haske-Cornelius O, Pellis A, Tegl G, Wurz S, Saake B, Ludwig R, Sebastian A,
Nyanhongo GS, Guebitz GM: Enzymatic systems for cellulose acetate
degradation. Catalysts 2017, 7:287.

[95]Hasan M, Lai TK, Gopakumar DA, Jawaid M, Owolabi F, Mistar E, Alfatah T,
Noriman N, Haafiz M, Khalil HA: Micro crystalline bamboo cellulose based
seaweed biodegradable composite films for sustainable packaging material.
Journal of Polymers and the Environment 2019, 27:1602-1612.

[96]Ong HL, Owi WT, Sam ST, Akil HM: Revealing the water resistance, thermal
and biodegradation properties of citrus aurantifolia crosslinked tapioca
starch/nanocellulose bionanocomposites. Journal of Polymers and the
Environment 2020, 28:3256-3269.

[97] Trifol J, Plackett D, Szabo P, Daugaard AE, Giacinti Baschetti M: Effect of
crystallinity on water vapor sorption, diffusion, and permeation of pla-based
nanocomposites. ACS Omega 2020, 5:15362-15369.

[98]Souza VGL, Fernando AL: Nanoparticles in food packaging: Biodegradability
and potential migration to food—A review. Food Packaging and Shelf Life 2016,
8:63-70.

24



[99]Cui X, Lee JJ, Chen WN: Eco-friendly and biodegradable cellulose hydrogels
produced from low cost okara: Towards non-toxic flexible electronics.
Scientific Reports 2019, 9:1-9.

[100] Sethi S, Kaith BS, Kaur M, Sharma N, Khullar S: A hydrogel based on
dialdehyde carboxymethyl cellulose—gelatin and its utilization as a bio
adsorbent. Journal of Chemical Sciences 2020, 132:1-16.

[101] Janarthanan G, Tran HN, Cha E, Lee C, Das D, Noh I: 3D printable and
injectable lactoferrin-loaded carboxymethyl cellulose-glycol chitosan
hydrogels for tissue engineering applications. Materials Science and
Engineering: C 2020, 113:111008.

[102] Marrez DA, Abdelhamid AE, Darwesh OM: Eco-friendly cellulose acetate
green synthesized silver nano-composite as antibacterial packaging system for
food safety. Food Packaging and Shelf Life 2019, 20:100302.

[103] Yu Z, Wang W, Dhital R, Kong F, Lin M, Mustapha A: Antimicrobial effect
and toxicity of cellulose nanofibril/silver nanoparticle nanocomposites
prepared by an ultraviolet irradiation method. Colloids and Surfaces B:
Biointerfaces 2019, 180:212-220.

[104] Kai J, Xuesong Z: Preparation, characterization, and cytotoxicity
evaluation of zinc oxide-bacterial cellulose—chitosan hydrogels for
antibacterial dressing. Macromolecular Chemistry and Physics 2020,
221:2000257.

25



