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Abstract

Cellulose is a natural fibrous carbohydrate, is the
main structural element of plant cell walls, and
is the most abundant natural polymer found in
the biosphere. Due to its abundance and chemi-
cal stability, it has been used as a raw material in
varjous industries for thousands of years. Due to
developments in nanotechnology, materials that are
used in macroscale abundantly are also utilized for
nanomaterial design, and cellulose-based nanoma-
terials have gained more interest in recent years.

The unique properties of cellulose-based nanomate-
rials including their chemical stability, high degree of
crystallinity, biocompatibility, biodegradability, and
tunability of their chemical (e.g., surface modifi-
cation) and physical (e.g., shape) properties make
them good candidates for functional nanomaterial
design. This review brings advances in cellulose-
based nanomaterials for application in two major
fields, sustainability and therapeutics.
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1 Introduction

Improvements in the life standards of human beings result in an
increased need for textile products, which results in increased
textile waste. In the textile and clothing industry, the most uti-
lized material is cotton, and approximately 88-96 % of this
natural fiber contains cellulose [1-3]. In recent years, there has
been an increased interest in the production of greener materi-
als by using cellulose isolated from cotton waste, which may be
further utilized for the development of environmentally friendly
technologies.

Cellulose is a natural polysaccharide polymer that is the
essential element of plant cell walls, and it is the most abundant
biomaterial found in the biosphere [4]. Cellulose has a water-
insoluble and fibrous nature, which is crucial to maintaining the
structure of plant cell walls [4]. In 1838, the molecular formula
of cellulose was reported as C4H;oOs by Anselme Payen [4]. In
the structural view, cellulose contains linear chains of glucose
monomers, which are linked by B-1,4-glycosidic bonds [5]. The
cellulose microfibril (CM) structure occurs with aggregation of
glucan chains with both hydrogen bonds and van der Waals
interactions, forming a long thread-like crystalline structure [5].

Further investigations on cellulose revealed that different
types of cellulose exist, which are categorized concerning the
physical and chemical properties of the protein structure, and
these polymorphs are named cellulose I, IL, ITI, and IV [5, 6]. Cel-
lulose Iis the native and the most common cellulose that exists as
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parallel sheets without inter-sheet hydrogen bonding and can be
converted into cellulose II and III. On the other hand, cellulose
11 is the most stable structure which is formed via immersion of
native cellulose in an alkaline solution and exists as antiparallel
strands connected by inter-sheet hydrogen bonding. With liq-
uid ammonia treatments, cellulose I and II can be converted to
cellulose III, while further treatment of cellulose III at high tem-
peratures with glycerol results in the formation of cellulose IV
[5,6].

Cellulose is marketed in different forms such as microcrys-
talline cellulose (MCC), microfibrillated cellulose (MFC), CMs,
cellulose nanocrystals (CNCs), nanofibrillated cellulose, and
bacterial cellulose (BC) [7]. MCCs are microlevel cellulose par-
ticles with both length and width >1 um. MFCs are individual
fibers with alength >10 pm and a width in the range of 2-20 pm,
and they can be produced from wood via either chemical or
mechanical treatment [7]. CNCs are produced from cellulose-
based raw materials via acid hydrolysis, and they have a length in
the range of 50-500 nm and a width in the range of 2-20 nm [8].
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Production of nanosized cellulose
materials can solve problems asso-
ciated with hierarchical structure
defects, which can be seen in micro-
sized cellulose materials and can
bring additional superiorities such
as larger surface area [7]. Cellulose
nanomaterials are described as the
nanosized products or extracts of
native cellulose [8, 9], which have
diverse forms including rod, nee-
dle, spherical, or ribbonlike and
have lengths in the range of 50-
1000 nm and diameter in the range

Improved barrier properties
to water, oxygen, and gases
- Preserving food freshness
- Improved food safety

Drug Delivery and
Targeting

Approaches in Cellulose-Based
- Controlled and targeted Nanomaterials
release of therapeutic agent

- Reduced side-effects

Environmental and Water
Treatment

- Removal of contaminants

- Support for bioremediation
processes
- Pollution reduction

of 3-50 nm [10, 11]. The nanocellu-
lose surface can be further modified
chemically via covalent bond forma-
tion with the functional groups [12],
and the high charge of cellulose col-
loids provides high stability and pre-
vents aggregation of nanoparticles
[13].

Utilization of cellulose-based
nanomaterials has many properties
like renewability, biocompatibility,
biodegradability, chemical stability,
high specific surface, no/low toxic-
ity, high degree of crystallinity, and
tunability of their chemical (e.g.,
surface modification) and physical
(e.g., shape) properties [4, 14]. In
this manner, the usage of cellulose nanomaterials can be oppor-
tunistic, especially in biomedical applications (such as drug
delivery, tissue regeneration and repair, biosensing, and sub-
stitute implants) [14]. By the way, numerous studies were
generated in the name of cellulose nanomaterials, and many
novel nanocellulose types were designed.

Cellulose-based nanomaterials are categorized into three
main classes, which are CNCs, cellulose nanofibrils (CNFs),
and bacterial nanocellulose (BNC). The first class is CNCs, also
named nanocrystalline cellulose, which are needlelike or rigid
rodlike nanowhiskers with 5-70 nm width and 200-500 nm
length [14]. The second class is CNFs, also named nano-/
microfibrillated cellulose, which has a nanoscale diameter
(<100 nm) and length of several micrometers [14, 15]. The last
class is BNC, in which cellulose is produced via bacteria, and the
nanomaterial is produced as pure and ribbon-shaped nanofibers
with 20-100 nm diameter and length of several micrometers
[4, 14]. These three classes of cellulose-based nanomateri-
als can be utilized in many eras under different names such
as nanowires, nanorods, nanoballs, nanowhiskers, nanotubes,
nanodiamonds, and nanocoils [14].

Cellulose-based nanomaterials have many well-known
advantageous features such as biodegradability, biocompatibil-
ity, and hydrophilicity, and beyond these features, many recent
advances may provide the development of superior materials. In
recent years, there has been an increased interest in the devel-
opment of novel biohybrid materials by integrating specific
microorganisms with electrospun cellulose-based nanofibrous
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Figure 1. Graphical representation of different approaches in the use of cellulose-based nano-
materials for sustainability and therapeutics including environmental and water treatment,
antimicrobial material design, food packaging/preservation, and drug delivery/targeting.

materials. Although, in general, electrospun nanofibrous cel-
lulosic materials have much bigger sizes (>100 nm diameter)
compared with classical CNFs, applications of these materials
for pollutant removal purposes are also included in this review
because their size is still at the nanoscale, and very promising
results have been reported for applications of these materials as
a potential carrier system for integrating with bioremediative
microorganisms. This review highlights the recent break-
throughs in the application of cellulose-based nanomaterials
across two major fields, sustainability and therapeutics, which
involve wastewater treatment, food packaging, development
of antimicrobial materials for potential therapeutic use, and
drug delivery specifically. Fig. 1 summarizes these different
applications of cellulose-based nanomaterials schematically.

2 Applications of Cellulose-Based
Nanomaterials for Sustainability

2.1 Cellulose-Based Nanomaterials for
Wastewater Treatment

There are many opinions in the scientific community that access
to clean drinking water will be one of the most important prob-
lems of the world in the not-too-distant future [16]. Access
to safe, clean, and drinkable water is a standard requirement
for every human being, as water is the basic substance for the
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survival of every living organism. However, the point where
the industry has come and the treatment methods have diffi-
culty in meeting the demand for clean water for the increasing
human population has revealed the need for the development
of new and more effective treatment methods. As a result of
nanotechnological developments, new and more effective strate-
gies for wastewater treatment have been proposed, and promis-
ing results have been obtained for removing pollutants in water,
preventing or reducing toxicity caused by these pollutants, and
ultimately achieving clean and drinkable water [16-18].

For a long time, wastes or by-products from agriculture have
been used as potential adsorbent materials for water-cleaning
purposes. Cellulose here is the major component of all agri-
cultural wastes and by-products. However, this practice is not
always flawless, and some problems may occur when using agri-
cultural wastes or by-products as adsorbents, which may include
inadequate performance for adsorption when using these mate-
rials in their raw form and potential color leaching problems.
These problems have been reported to be overcome by chemi-
cal or physical modification of these materials [19] which may
include milling or nanomilling for gaining new characteristics.

When compared with synthetic polymer-based adsorbents,
cellulose-based nanomaterials are natural, abundant, nontoxic,
biodegradable, and very efficient adsorbents. In addition, the
surface chemistry of cellulose-based nanomaterials can be fur-
ther modified to develop more effective adsorbents, making
them ideal bio-adsorbents for use in wastewater treatment [7,
20]. Therefore, these low-cost, eco-friendly, and nontoxic mate-
rials have been extensively studied to develop bio-adsorbents for
the remediation of heavy metals in water systems [17, 18, 21, 22].

The adsorbent nature of cellulose-based nanomaterials comes
from their carboxylic functional groups, which provide adsorp-
tion of cations (e.g., cationic metal ions) due to the electrostatic
force between the negatively charged carboxylate groups and the
metallic cations found in the water [4]. In addition, chemical
modification of the hydroxyl group on the anhydroglucose unit
(e.g., replacing it with amine orthiol) has been found to improve
the heavy metal adsorption capacity of cellulose-based nanoma-
terials [4]. Cellulose-based nanomaterials have been reported
to be potentially effective adsorbents for the remediation of
some heavy metal cations including Cr (VI), Cu (II), Co (1),
Cd (II), Ni (II), Pb (II), and Hg (II) [4, 23-25]. In a recent
study, it has been shown that cellulose-based nanomaterials can
also adsorb gold from a chloride solution with high efficiency
(98 %) [26].

In addition to heavy metal cations, the removal of various
other water pollutants can also be accomplished via the utiliza-
tion of cellulose-based nanomaterials including organic dyes,
oils, pharmaceuticals, etc. [27]. Due to the presence of varying
functional groups (e.g., hydroxyl and carboxyl), nanocellulose-
based materials have a high potential for the removal of various
organic pollutants as well, specifically pesticides (e.g., atrazine,
simazine, cyprazine, and ametryn) [28], petroleum-based prod-
ucts (e.g., ethylene gas and toluene) [29, 30], organic dyes (e.g.,
methylene blue, rhodamine B, and methyl orange) [31, 32], and
pharmaceutics (e.g., potassium diclofenac and tylosin antibi-
otic) [33, 34], in which removal performances of cellulose-based
nanomaterials are assumed to be provided by differential inter-
actions (e.g. electrostatic interactions, hydrogen bonding, 7 -
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Figure 2. Schematic representation for chemical modification of
cellulose with TiO,. Reproduced from [23] with permission from
Elsevier.

interactions, and van der Waals forces) that occur between
pollutants and these nanomaterials [27].

The adsorption capacity of cellulose-based nanomaterials
can be further improved by modification of their chemi-
cal architecture, such that, in a recent study, Karimi et al.
(2016) reported a very high Cu(II) adsorption capacity
for cellulose-based nanomembranes developed via 2,2,6,6-
teramethylpiperidinyloxy (TEMPO) oxidation (374 mg g™),
more than three times higher than other bio-adsorbents (in
general <100 mg g) [35], which was assumed to be because
of the large active surface area along with the higher numbers
of carboxylate groups [4]. In another study, the formation of
titanium dioxide (TiO,) nanocrystals on cellulose fibers (CFs)
via facile hydrolysis of TiOSO4 has been reported, and the
newly developed TiO,/CF composite has shown high adsorp-
tion capability with superior regenerability and selectivity for
Pb(II) remediation (Fig. 2) [23].

Up to this part, the wastewater treatment studies mentioned
above were based on adsorption without the involvement of
biological entities, and they cannot be classified under biotech-
nological applications. Nevertheless, cellulose-based nanoma-
terials can also be utilized as a potential carrier material for
bioremediative microorganisms, which enables the develop-
ment of novel biohybrid materials with bioremediation capabil-
ity due to the existence of integrated microorganisms. Although
dead bio-adsorptive microorganisms or their specific enzymes
could be utilized for this purpose, live microorganisms may
also be integrated with such cellulose-based nanomaterials.
Cellulose-based nanofibrous materials produced via the electro-
spinning method have been offered as potential carrier systems
in recent years, and they have been utilized for the integra-
tion of specific microorganisms for the remediation of water
pollutants.
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integrated cellulose-based nano- a K
materials for potential wastewater
treatment applications, Prof. Uyar’s
research group has reported sev-
eral promising studies in recent
years [36-38]. In one of their stud-
ies, they developed ammonium
remediating biohybrid system by
immobilizing a previously isolated
ammonia-oxidizing bacterial strain,
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for the attachment of bacterial cells.
After being sure that the bacterial
attachment was sufficient for further
experiments, samples of bacteria-
immobilized CA web samples were
utilized in ammonium removal
experiments. Pristine CA webs
and free Acinetobacter calcoaceticus
STBI cells were also included as
control samples in these experiments, where the samples were
incubated in a basal growth medium containing different con-
centrations of ammonium (50 mg L™ as low, 100 mg L™ as
medium, and 200 mg L™ as high) at 140 rpm and 30 °C for
48 h. The results indicated that bacteria-immobilized CA webs
could successfully remediate ammonium at each concentration,
and their removal performance was very similar to free bacte-
ria, while pristine CA webs remediated only a negligible amount
of ammonium, suggesting that the ammonium removal capa-
bility of biohybrids mainly came from the metabolic activities
of the immobilized bacteria. In addition, results indicated that
the remediation performances of bacteria-immobilized webs
were negatively correlated with the initial ammonium concen-
trations of samples, such that complete removal was achieved
for 50 mg L™ of initial ammonium concentration, while the per-
centile removal was 98.5 % for 100 mg L™ and 72 % for 200 mg L™!
initial concentration of ammonium. Bacteria-immobilized CA
webs were also tested for potential reusability of ammonium
removal, and the results indicated that they could be utilized at
least several times without a significant loss in their ammonium
removal capability [36].

In another study, Prof. Uyar’s research group developed a
novel biohybrid material for remediation of a known dye pol-
lutant, methylene blue, in water systems by immobilizing three
different bacterial species, Pseudomonas aeruginosa, Clavibac-
ter michiganensis, and Aeromonas eucrenophila, on electrospun
CA nanofibrous webs by natural adhesion of bacterial cells onto
nanofibrous surfaces during 7 days of incubation in bacterial
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Figure 3. (a) Graphical representation of the electrospinning procedure for the production of
nCA and pCA nanofibrous webs along with their photographic images, (b) sequential images of
bacteria-immobilized nanofibrous webs including a photographic image, an SEM micrograph,
and schematic illustration of bacterial cells on nanofibrous surfaces. Reproduced from [37] with
permission from the Royal Society of Chemistry.

growth medium [38]. Samples of CA nanofibrous webs were col-
lected after 7 days of incubation and checked via SEM imaging
for attachment of bacterial cells. After observing strong biofilm
structures on the surfaces of CA nanofibrous webs, bacteria-
immobilized CA webs were incubated in media containing 20,
100, 250, and 500 mg mL™" of initial methylene blue dye concen-
trations. While nearly complete dye removal (at least 95 % for
each) was observed at 20 mg L' of initial methylene blue dye
concentration for three different types of bacteria-immobilized
CA web samples, much lower dye decolorization performances
were observed at higher initial concentrations (100, 250, and
500 mg L), suggesting that the decolorization capabilities of
bacteria-immobilized webs were negatively correlated with the
initial dye concentrations. The reusability of these three differ-
ent bacteria-immobilized CA web samples was also checked in
reusability experiments, and the results indicated that they could
preserve their dye removal capabilities even after several times
of reuse [38].

Prof. Uyar’s research group also evaluated if differences in CA
webs’ fiber morphology were influential on the bacterial immo-
bilization and thereby remediation performances of the newly
developed biohybrids in a separate study [37]. For this study,
novel electrospun biohybrid materials have been developed by
natural adhesion of previously isolated surfactant degrading
bacterial strains Serratia proteamaculans STB3 and Achromobac-
ter xylosoxidans STB4 on either electrospun porous CA (pCA)
or non-porous CA (nCA) nanofibrous webs (Fig. 3). It was
found that at initial stages, bacterial attachment on pCA webs
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was lower than on nCA webs, implying that porous surfaces
might have been difficult to settle at earlier stages, yet after
21 days of incubation, similar amounts of bacterial attachment
could be achieved for both nCA and pCA web samples. Sodium
dodecyl sulfate (SDS) was utilized as the model surfactant
in bioremediation experiments, and the results indicated that
bacteria-immobilized pCA nanofibrous webs could remediate
SDS with higher efficiency, which was assumed to be mainly
based on the differences in available surface area for those two
different nanofibrous webs for the attached bacteria, causing dif-
ferences in their SDS remediation performances eventually. The
reusability of both bacteria-immobilized nCA and pCA webs
was evaluated as well, and they were found to be potentially
reusable for use in SDS bioremediation [37].

2.2 Cellulose-Based Nanomaterials for Food
Packaging

Food is one of the fundamental requirements in human life, and
preserving food freshness and safety is the main purpose of food
industries. Food waste is reaching millions of tons each year, and
many foods are wasted due to spoilage issues. With proper pack-
aging techniques, this waste can be eliminated to a significant
extent [39, 40]. Food packaging should provide physical protec-
tion as barriers to water and gases and should be developed as
eco-friendly. Besides ensuring physical protection, maintaining
food quality and safety during transportation and storage is also
a crucial concern [41].

There are divergent food packaging materials that aim to
protect food from the external environment in a cost-effective
manner. Requirements in food packaging differ according to the
intrinsic properties of food (e.g., oxidation potential), extrinsic
factors (e.g., temperature), and the required shelf-life. Con-
cerning the properties of the food, packaging material can be
determined like metalized biofilms used for low-moisture foods
(e.g., nuts), glass and polyethylene terephthalate (PET) mostly
used for high-moisture foods (e.g., milk), and mostly derivatives
of polyethylene used for fresh foods (e.g., meat/dairy prod-
ucts). Unfortunately, most of these materials are synthetic and
non-degradable, causing environmental concerns [42].

Utilization of nanotechnological developments provides
many opportunities. Specifically, natural polymers have a great
potential to reduce food spoilage and environmental pollution;
also, they have biodegradable, nontoxic, sustainable, reprocess-
able, and recyclable characteristics. Owing to the fibrous and
water-insoluble characteristics of cellulose, nanomaterial types
produced by this natural polymer could significantly fulfill these
expectations [41, 43]. There are divergent examples in food pack-
aging with cellulose-based nanomaterials, which include CNCs,
CNFs, and BNC, to generate improved barrier properties to
water and gases [41].

CNCs can be synthesized by undergoing chemical or enzy-
matic hydrolysis, and most of the time, the highly concentrated
acid hydrolysis method is preferred since acids have lower costs
and shorter reaction times than enzymes. However, the usage
of highly concentrated acid is an energy-consuming and envi-
ronmentally hazardous method, while enzymatic acid usage
is much more beneficial since it is environmentally friendly
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and has a much higher yield and selectivity [44-46]. The
synthesized CNCs have features like high crystallinity, high
surface-to-volume ratio, and high flexibility and provide a better
barrier to gas molecules [41, 44, 46]. Regarding this, de Oliveira
et al. (2019) reported that CNCs obtained from agro-industrial
residues can be utilized to produce water-absorbing aerogels
to be used in food packaging. In the production of CNCs,
they utilized the enzyme hydrolysis method, which makes it
a biodegradable and environmentally friendly food packaging
method [46].

CNFs are cellulose-based nanomaterials that can be effec-
tively utilized in food packaging. Recently, they have gained
considerable attention as a bio-friendly and sustainable option
for packaging and gas barrier applications. This attention is
related to the properties of CNFs like their abundant natural
availability, renewability, and biodegradability [47]. In a struc-
tural context, the main feature that distinguishes CNFs from
CNC:s is the aspect ratio of CNFs which is comparatively large.
This size difference is mainly due to the fabrication process of
CNF including only mechanical treatment that breaks fibrils
into small units [39]. Recent studies on CNFs have presented
novel methods; one example is the usage of edible food pack-
aging (EFP) films. This innovative approach offers numerous
beneficial features, including varying thickness levels, opti-
cal characteristics, water resistance, reduced water sensitivity,
improved mechanical properties, antioxidant capabilities, and
antimicrobial properties [48].

In EFP, the source of cellulose can be agricultural residue,
bacterial species (e.g., BNC), algal source, or marine ani-
mal. Plant-sourced cellulose is majorly called lignocellulosic
biomass, which includes cellulose, hemicellulose, and lignin
[49]. For cellulose extraction from these sources, different phys-
ical, chemical, or enzymatic treatments such as high-pressure
homogenization, alkali hydrolysis, acid hydrolysis, or enzymatic
hydrolysis can be applied [49-53]. Eventually, the pretreated cel-
lulose is found in the form of BNC, CNC, or cellulose nanofibrils
(CNEs).

In order to improve gas and water vapor barrier, multiple coat-
ing layers are commonly utilized, especially in the combination
of metalized biofilms and synthetic polymers such as polyethy-
lene [42, 54]. However, these materials hardly dissolve in nature;
therefore, the usage of natural polymers such as cellulose-based
nanomaterials for packaging can be much more beneficial. Cel-
lulose nanomaterials such as CNFs are water sensitive, and in
high humidity, oxygen barrier levels may be diminished. Utiliza-
tion of multiple coating layers can improve its barriers against
this handicap and make it proper for food packaging applica-
tions. For instance, CNF can be combined with an extruded
polylactic acid (PLA) layer to reduce moisture levels [54]. Also,
a multilayer with CNF and CNC combination can be generated
to use with their gas barrier characteristic for dry food; however,
CNC is also water sensitive, so humidity may be still a problem
in that combination, and to improve water sensitivity, the pack-
aging material can be supported with biobased polyethylene [54,
55].

For multiple coating layer systems in food packaging meth-
ods, multilayers of natural polymers can also be used. BNC
is an exopolysaccharide nanocellulose substrate that is pro-
duced extracellularly by several nonpathogenic bacteria, for
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isothermally for ~15 days at 10 °C). Different letters (a—d) show sta-
tistically significant differences (p < 0.05). Reproduced from [58]
with permission from Springer Nature Group.

instance, Komagataeibacter xylinus [56, 57]. Biodegradability
and renewability characteristics are common in nanocellulose
materials; beyond that, BNCs also have some divergent fea-
tures like superior mechanical strength, high crystallinity, high
thermal stability, and high purity [58]. Efthymiou et al. (2022)
reported a useful example for food packaging with BNCs [58].
In that research, BNC was combined with sunflower meal pro-
tein isolate (SFMPI) and generated SEMPI-BNC-based biofilms
on the packaging of fresh strawberries (Fig. 4). The biofilm was
observed with effective preservation at 10 °C according to micro-
bial growth and physicochemical profile such as weight loss,
chemical composition, color, firmness, and respiration activity
[59].

Another example of natural polymer combinations is a
food packaging method with multilayers of chitosan and car-
boxymethyl nanocellulose. Shi et al. successfully produced a
food packaging paper with high antibacterial and strong barrier
characteristics by generating multilayers of chitosan and car-
boxymethyl nanocellulose on paper. They generated mechani-
cally strengthened paper with improved barrier characteristics
against grease, oil, vapor, and water [60, 61]. Owing to its bio-
compatible, nontoxic, antibacterial, and fungicidal properties,
chitosan membrane is a commonly used material in especially
EFP era [62].

Cellulose-based nanomaterials can also be combined with
sustainable polymers such as PLA [63]. PLA is known for
its biodegradable, processable, renewable, and biocompatible
characteristics, and owing to its mechanical and thermal prop-
erties, PLA-based composites are often utilized in packaging
and medical industries [63-65]. The main supplement of PLA
is lactic acid, which can be produced through the fermenta-
tion of agricultural waste [64, 65]. Andrade et al. indicated that
the utilization of CNCs improves packaging properties such as
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hydrophobic characteristics, thermal stability, and mechanical
strength when compared to plastic-based films [65].

Beyond classical packaging methods, some designs provide
intelligent packaging. Moradi et al. designed a pH-sensing indi-
cator by using BNC and black carrot anthocyanins to observe the
spoilage and freshness of fish. The indicator was observed with
various color changes from red to gray according to the changing
pH ranging between 2 and 11 (Fig. 5) [61, 66].

There are various application models of cellulose-based
nanomaterials in the food packaging era owing to their envi-
ronmentally friendly characteristics. The available food packag-
ing methods mostly utilize non-biodegradable substances that
increase environmental pollution due to plastic waste. There-
fore, replacing non-biodegradable materials with biodegradable
ones would help to reduce pollution and help for efficient and
more environmentally friendly packaging methods (Fig. 6) [67]
(Fig. 7).

Some of the selected key studies for applications of cellulose-
based nanomaterials in the sustainability area are listed in Tab. 1,
highlighting the design of these nanomaterials and their appli-
cation purposes in each subcategory: wastewater treatment and
food packaging.

3 Applications of Cellulose-Based
Nanomaterials for Therapeutics

3.1 Cellulose-Based Nanomaterials for
Antimicrobial Material Design

The main aim of antimicrobial design is to generate materials
and products with antimicrobial properties, which majorly aims
to slow down or stop microbial growth [68]. Antimicrobials
started to be used in 1929 with the discovery of penicillin, and
until today, many other derivatives have been discovered for the
treatment of infectious diseases [69]. However, extensive usage
of these antibiotics causes an increase in antimicrobial resis-
tance, which further treats human health [68, 70]. Within the
developments in the nanotechnology era, there are also benefi-
cial methods to generate antimicrobial designs without causing
antimicrobial resistance [67].

Regarding the physical properties, special surface chemistry,
and ideal biological properties, cellulose-based nanomateri-
als have a significant interest in antimicrobial applications.
In the production of these nanomaterials, all three types of
nanocellulose, which are CNCs, CNFs, and BNC, can be uti-
lized. Antimicrobial designs for nanocellulose can be generated
via divergent preparation methods such as surface modifica-
tions, the addition of antibiotics, combinations with metallic
nanomaterials, enzymes, or composition with polymers [67].

Nanocellulose is composed of 8-1,4-glucose with three active
hydroxyl groups, in which surface modification can be eas-
ily formed via oxidation, esterification, or etherification, to
generate new functional groups, and the functional groups
that include aldehyde group and quaternary ammonium show
antimicrobial characteristics. Aldehyde nanocellulose is majorly
formed via oxidation by oxidants such as periodate sodium and
TEMPO [69, 71]. Oxidation via periodate sodium is majorly
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Figure 5. Graphical representation of the color label design (A) and color changes seen on the labels attached to the packages of rainbow
trout (B) and common carp (C) fillets (both of them stored at 4 °C). Reproduced from [66] with permission from Elsevier.

Natural polymers
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Figure 6. The application of cellulose-based nanomaterials in food packaging varies concerning the combined materials and combination
method. These materials may include either natural (e.g., chitosan) or synthetic (e.g., PLA) biodegradable polymers and might be coated

with multilayers of those for improved properties.
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Figure 7. Different sources of nanocellulose and application of those as nanocellulose-based
antimicrobial materials. Reproduced from [67] with permission from the Royal Society of

Chemistry.

made in aqueous conditions, and exposure to periodate in
higher concentrations with longer time helps to achieve higher
aldehyde contents [69]. With the oxidation of CNFs with peri-
odate sodium, 2,3-dialdehyde CNF is formed, which can be
utilized in wound healing [67, 69]. On the other hand, TEMPO
is another oxidant that can bind the surface of nanocellulose
under aqueous conditions, and this newly generated aldehyde-
nanocellulose form has the potential to be used in several
antibacterial applications [67].

The other surface modification to design antimicrobial
nanocellulose can be generated by grafting quaternary ammo-
nium salts (e.g., dodecyl-trimethylammonium bromide) or
some phosphonium salts (e.g., dodecyl-triphenyl phosphonium
bromide (DDTPPBr)) [69, 71]. Nemec et al. (2022) reported
that the utilization of cellulose substances in combination
with an ammonium salt, tetradecyl-trimethylammonium bro-
mide, was observed with 100 % inhibition of Staphylococcus
aureus, Escherichia coli, and Candida albicans. The positively
charged ammonium groups interact with the negatively charged

Antimicrobial-
based nanocellulose
materials

cytoplasmic membrane of the bac-
teria, and polymers are absorbed
into the bacterial membrane. Fur-
ther, this interaction results in the
disruption of bacterial membranes
[71, 72]. In addition, the combina-
tion of cellulose and a phosphonium
+—= Paint salt, DDTPPBr, was observed with a
significant bactericidal effect on the
same bacteria species [72].

Also, chemicals such as pyri-
dinjum, imidazolium, and
4-vinylpyridine are commonly
preferred owing to their antibacte-
rial and antiviral characteristics, and
these substances are known as envi-
ronmentally friendly and low toxic
[67, 70]. Produced nanocellulose-
based antibacterial materials by
these chemicals are majorly utilized
for packaging and biochemical
application purposes [67].

Antibiotic resistance continues to be a global health con-
cern [73]. Multidrug-resistant bacteria kinds are increasing and
spreading around the whole world due to overuse, misuse, or
widespread use of antibiotics, and novel treatment strategies are
required for treatments [74]. A combination of these antibiotics
and nanocellulose mats/hydrogels is observed with a reduc-
tion of the consumption of antibiotics by bacteria and reduced
antibiotic resistance risk [67]. For instance, Kaplan et al. (2014)
developed cellulose hydrogels from BC by using ampicillin and
gentamycin and successfully inhibited the growth of E. coli,
E. faecalis, S. aureus, and P. aeruginosa, and these hydrogels can
be utilized for treatments of skin wounds [75].

Silver, gold, copper, and zinc particles have strong antimicro-
bial activity, and a combination of these inorganic materials and
nanocellulose is also used in the production of antimicrobial
material design (in which these particles have properties like
low toxicity, photothermal effects, and large surface area) [69,
76, 77]. The metallic nanoparticles can show their antimicrobial
activity in divergent ways such as absorption of nanoparticles

— Protective gear
—= Food packaging

— Textile

—= Drug carrier
—= Ultrafiltration

- Adsorbent

— Wound dressing

Table 1. A selection of recent studies mentions applications of CBN for sustainability in different application areas, wastewater treatment,

and food packaging.

Application area for CBN Design of nanomaterials Applications References
Wastewater treatment — Bacterial immobilization on Bioremoval of ammonium [36-38]
electrospun CA nanofibers Bioremoval of methylene blue dye
Bioremediation of SDS
Food packaging - Combination with natural/synthetic Sunflower meal protein isolate [42, 48, 54, 59]

polymers
- Combination with metalized biofilms

(SEMPI)-bacterial-based biofilms (BNC) on the
packaging of fresh strawberries

Edible food packaging via cellulose nanofibrils
Coating with multiple layers (e.g., addition of
polylactic acid layer) to improve barrier properties
against humidity

Combination of cellulose nanofibril and cellulose
nanocrystal to achieve improved gas barrier
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Figure 8. Antibacterial activity of different R-cellulose and metal-
lic nanoparticle composites (CL, cotton linter; MCC, microcrys-
talline cellulose). Reproduced from [77] with permission from
Elsevier.

on the cell wall of microbes, release of reactive oxygen species,
cell membrane disruption by free radicals, the interaction of
metals with respiratory enzymes, and interaction of nanoparti-
cles with DNA and protein through sulfur and phosphorus, and
their antimicrobial activity may show a difference concerning
the size, shape, and synthesis method of nanoparticles [77]. After
all, these antimicrobial hybrid nanomaterials can be utilized in
biomedical applications such as wound healing (Fig. 8) [77].
Another antimicrobial design in cellulose-based nanomateri-
als is a combination of nanocellulose and antibacterial polymers:
natural polymers (e.g., chitosan) and synthetic (e.g., polyhexam-
ethylene biguanide (PHMB)) polymers [69]. A combination of
chitosan, which is a natural polymer produced from chitin, and
cellulose-based nanomaterials can be prepared in either phys-
ical, chemical, or biological ways. The chitosan-nanocellulose
hybrid form shows antibacterial characteristics against E. coli
and S. aureus when it is used as wound dressing material [78].
As a synthetic polymer, PHMB and cellulose nanomaterial com-
bination can be generated for antimicrobial material design [79,
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80]. PHMB shows an efficient antimicrobial activity, and even
a low concentration of PHMB is enough for the destruction of
both gram-positive and gram-negative bacteria [80]. Eventually,
the produced biofilm from the nanocellulose-PHMD hybrid can
be utilized in wound dressing [69].

The development of antimicrobial materials by the use of
nanocellulose can also be provided by integrating with specific
enzymes. In this context, Califano et al. (2021) reported on an
experimental design that uses H,O,-producing enzymes [70].
H,O, triggers an oxidative cascade reaction which may result
in DNA damage, defects in protein synthesis, and disruption in
the integrity of the phospholipid membrane and, therefore, can
inhibit the growth of the bacteria [70, 81]. On the other hand, low
concentrations of H,O, may act on redox-sensitive cell signaling
that supports wound healing [70].

The development of graphene oxide-cellulose nanocompos-
ites has also been reported as a promising strategy for use in
skin wound healing applications [82]. Both in vitro (i.e., on
a human endothelial cell model) and in vivo (i.e., on rats)
studies have been performed to evaluate the potential of this sys-
tem, and the results demonstrated that graphene oxide-cellulose
nanocomposites have a positive impact on skin wound healing
process.

3.2 Cellulose-Based Nanomaterials for Drug
Delivery

Cellulose-based nanomaterials have been reported as poten-
tial drug carrier systems, release modulators, or co-stabilizers
in different forms such as cellulose nanoparticles, cellulose
micelles, or cellulosic films/sheets [83]. Both hydrophobic and
hydrophilic drugs have been reported to be utilized in cellulose-
based drug delivery systems with the availability to administer
in different routes including oral, topical, and transdermal [83].
In the following paragraphs, several recently selected studies
regarding the use of cellulose-based nanomaterials for drug
delivery purposes are mentioned.

Actually, in the pharmaceutical and food industry, the use
of cellulose-based excipients has a very long history. On the
other hand, the development of cellulose-based nanocarrier
systems for drug delivery is a relatively new concept. Jackson
et al. reported that pure CNC can bind with several different
hydrophilic antibiotics (doxorubicin and tetracycline), and after
surface modification of CNC through the use of cetyl trimethy-
lammonium bromide (CTAB), CTAB-bound cationic CNC can
bind with several nonionizing hydrophobic anticancer drugs
(i.e., docetaxel, etoposide, and paclitaxel) [84]. While hydropho-
bic drugs have shown rapid release in the first drug delivery
system, controlled drug release was observed for the hydropho-
bic drugs in the second drug delivery system. In another study,
researchers developed a novel pH-sensitive controlled release
system based on the integration of CNC and sodium alginate
microspheres, and superior properties including high encapsu-
lation efficiency, uniform swelling patterns, and sustained drug
release profiles were observed for this system [85].

Valo et al. developed a novel drug delivery system by using
a genetically engineered hydrophobin fusion protein having
cellulose-binding domains, which is coated with itraconazole
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Figure 9. The representative image summarizes the experimental procedure; the chemical structures of berberine sulfate, berberine
hydrochloride, and bacterial cellulose (BC); and the embedment of berberine molecules within BC. Reproduced from [87] with permission

from the Royal Society of Chemistry.

drug nanoparticles and bound to CNE It was shown that
CNF in this system provided protection for drug nanoparti-
cles and improved formulation storage stability, such that drug
nanoparticles could be stored for almost a year in a carrier solu-
tion containing hydrophobin-coated CNF [86]. Huang et al.
compared the effects of BC membranes with that in a differ-
ent study to deliver berberine hydrochloride or berberine sulfate
for oral tablet delivery, and their findings suggest that BC can
be utilized as a potential drug carrier with extended-release
characteristics (Fig. 9) [87].

It was found that by the inclusion of packed protein film
on nanocellulose, hydrophobic solid drug nanoparticles could
be attached directly to the surface of nanocellulose, which can
enhance the duration of stability for the drug under physio-
logical conditions [88]. Nevertheless, there are some concerns
regarding the use of natural nanocellulose for the delivery of
pharmaceuticals such as the influence of nanocellulose on the
regulation of drug release and drug-nanocellulose interactions
[89] and the potential disruption of pharmacological activity
or structure [90]. For instance, in a recent study, the surface
charges on nanocellulose (TEMPO-oxidized anionic CNF) were
found to negatively affect the chemical stability of a model drug,
aspirin, and accelerate the drug degradation time [91]. On the
other hand, promising data have also been reported for the
encapsulation of therapeutics within cellulose-based nanocar-
riers and their further characterization [92], for instance, the
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preparation of lutein-encapsulated hydroxypropyl methylcellu-
lose phthalate spherical nanocapsules has been reported to be
a feasible approach by using SAS technology, with over 88 %
lutein encapsulation yield and <220 nm nanocapsule size [93].
This finding may support the superiority of cellulose-based
nanomaterials for use as a potential drug delivery system, since
smaller-sized nanoparticles may have high kinetic stability to
avoid sedimentation, and their high surface-to-volume ratio
may increase the adhesion potential of these substances to tissue
surfaces within the body [94].

In recent years, there has been an increased interest in
developing doxorubicin-encapsulated cellulose nanoparticles
for potential use in anticancer treatment. Yang et al. (2020)
developed cellulose-based supramolecular nanoparticles and
evaluated their cellular internalization [95]. It was shown that
doxorubicin-encapsulated cellulose nanoparticles were taken up
into the cells via endocytosis, and a slow release of doxoru-
bicin has been observed for those (19.8 % release within 2 days),
while free doxorubicin has been observed to quickly penetrate
through cellular/nuclear membranes by passive diffusion [95].
Kumari et al. (2018) developed doxorubicin-encapsulated oxi-
dized cellulose nanoparticles, and the release of doxorubicin was
found to be time and pH dependent, such that up to 715 %
release within 4 days at pH 5.0 has been reported for this sys-
tem (Fig. 10) [96]. In a very recent study, Gulsu and Yuksektepe
(2021) reported the development of doxorubicin-encapsulated
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permission from Elsevier.

spherical cellulose nanoparticles, and they evaluated their anti-
cancer potential on the human A549 (human lung adenocar-
cinoma) cell line [2]. The results indicate that these spherical
doxorubicin-encapsulated cellulose nanoparticles are effective
on the model cancer cell line, and the nanoparticles have a
sustained drug release profile (up to 34 days with 97 % drug
release) [2].

Some of the selected key studies for applications of cellulose-
based nanomaterials in the therapeutics area are listed in Tab. 2,
highlighting the design of these nanomaterials and their applica-
tion purposes in each subcategory, antibacterial material design
and drug delivery.

4 Conclusion

Nanotechnology is a consistently evolving scientific field that
continues to produce innovative solutions to address every-
day challenges faced by humanity. In recent years, researchers
studying in the nanotechnology field have been mostly focused
on developing nanomaterials from natural raw materials that
are environmentally friendly, biodegradable, and nontoxic. Cel-
lulose is a natural carbohydrate polymer that meets these
properties, and nanomaterials from cellulose can be easily man-
ufactured. In this review, we focused on and brought together
recent data for biotechnological applications of cellulose-based
nanomaterials in wastewater treatment, food packaging, antimi-
crobial material design, and drug delivery systems. As men-
tioned in the above sections, cellulose-based nanomaterials are
tunable and can be manufactured in divergent shapes and sizes,
and for better efficiency, they can be combined with other syn-
thetic/natural polymers, metalized biofilms, metallic nanopar-
ticles, enzymes, proteins, or living organisms (e.g., bacteria and
microalgae). These functionalized cellulose-based nanomateri-
als have great potential to be used particularly in the food and
pharmaceutical industries, and they have other potential appli-
cation areas which are not covered in this review. Nevertheless,

Table 2. A selection of recent studies mentioning applications of CBN for therapeutics in different application areas, antimicrobial material

design, and drug delivery.

Application area for CBN  Design of nanomaterials Applications References
Antimicrobial material - Surface modifications with oxidation, = - Oxidants such as TEMPO bind the surface of [67, 69-71,
design esterification, or etherification nanocellulose, and the provided material can support 75-77]
- Addition of ammonium compounds wound dressing
- Combination with antibiotics - Production of antibiotics (e.g., ampicillin and
- Combination with metallic gentamycin) containing hydrogels to inhibit the
nanoparticles such as gold and silver growth of E.coli, E. faecalis, S. aureus, and
- Combination with enzymes P. aeruginosa, which can be utilized in wound dressing
- Addition of H,O,-producing enzymes to provide
antimicrobial efficiency, since H,O; can disrupt
bacterial membranes, and low concentrations of H,O,
may act on redox-sensitive cell signaling that supports
wound healing
Drug Delivery - Bacterial nanocellulose - Oral tablet delivery [2, 87,95, 96]

- Cellulose-based supramolecular or
oxidized cellulose nanoparticles
- Spherical cellulose nanoparticles

Anticancer agent (doxorubicin) delivery on model
tumor cell lines (e.g., A549 — human lung
adenocarcinoma)
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there might be challenges as well when developing cellulose-
based nanomaterials. For instance, nanocellulose needs surface
modification in some cases via treatment with harmful and
toxic substances, and this results in additional environmen-
tal problems. In addition, some antimicrobial cellulose-based
nanomaterials contain synthetic and non-environmental addi-
tives, which may also cause problems. This problem might
be solved via the use of natural plant-based antimicrobial
molecules, and fortunately, there is an increased interest in
developing greener antimicrobial nanomaterials in recent years.
In the future, owing to the eco-friendly and desirable properties
of cellulose (e.g., high mechanical strength and tunable physical
and chemical properties), it is expected to observe widespread
integration of nanocellulose materials across various aspects of
human life and environmental sustainability.
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Abbreviations

BC bacterial cellulose
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