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1. Introduction

Infectious disease management has become an increasing
challenge in recent years. According to the Centers for Disease
Control and Prevention and the World Health Organization
(WHO), microbial infections are a top concern." On December
31, 2019, the WHO reported a cluster of pneumonia cases
associated with individuals who had visited a wholesale seafood
and wildlife market in Wuhan City, Hubei Province, in China.”
The aetiologic agent was identified as a novel Betacoronavirus,
subsequently named SARS CoV-2, and then later known as
COVID-19 that rapidly spread throughout the world.? Later on,
the WHO declared the COVID-19 outbreak as a pandemic on
March 12, 2020.* COVID-19 infections keep circulating and the
number of infected people continues to rise and has not shown
conclusive signs of remission. During this pandemic, there are
still a lot of uncertainties, especially related to its precise
origin, structure, composition, suitable rapid diagnostic and
immunologic tests, suitable vaccines and effective antimicrobial
materials.

In ancient times, metals like copper and zinc were used to
disinfect wounds.” According to Malachova et al. (2011),° these
elements can be applied directly to the body, dissolved in
aqueous solutions, or anchored to inorganic carriers from
which they can be released. Infection with pathogens, particularly
burn wounds, serious injuries and surgical procedures, can
prolong the wound healing process. The survival and surface
adherence ability of bacterial pathogens on the surface of wounds,
contributing to the colonization of new hosts, contribute to the
transmission of dangerous pathogens. In 2017, the WHO
launched a global campaign to advance the development of
antibiotics due to diminishing antibiotic effectiveness against
infectious pathogens.” The infection breakout originates from
direct transmission from healthcare workers to patients, as well
as via indirect interaction between the pathogens from the
hospital setting and healthcare staff.® There are about 140 known
pathogens, including viruses, bacteria, and protozoa.’ Studies
done by Kramer et al (2006)'° and Otter et al. (2013)"" have
shown that nosocomial pathogens, including Acinetobacter
baumannii and Staphylococcus aureus can survive for a few weeks
to months on an inanimate surface. Therefore, the acquisition of
antibiotic resistance combined with passive disinfection
would offer a more effective combative strategy against pathogen
resiliency. Today, alternative materials bearing antimicrobial or
other bioactive entities with naturally occurring low-risk
cytotoxicity properties are highly sought after since they could
effectively disinfect and provide infection tolerance despite
recurring human physical contact.™

Nanocellulose can be a great candidate as a antimicrobial
material against microbes.®" This material is well known for its
versatility and excellent properties, such as having a high
specific surface area, being biodegradable, renewable, allowing
surface functionalization and having a high mechanical
strength.”*2° According to Norrrahim et al. (2020),>' nanocellulose
has been proved as one of the most effective materials that can
filter several microbes. In recent years, the nanocellulose-based
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Fig. 1 Total number of publications related to nanocellulose antimicrobial
material.

antimicrobial material has attracted a great deal of applications in
several areas of industry.”” Based on a survey through Google
Scholar using the keywords ‘“nanocellulose as antimicrobial
material”, the total number of publications has shown an
increasing trend over the past ten years, and this is illustrated
in Fig. 1.

The nanocellulose-based antimicrobial material has great
potential to be used as a component in a wide range of
products. These may include protective gear (mostly in a
healthcare setting), food packaging, textiles, paints, drug carriers,
in ultrafiltration, as adsorbents and wound dressings. Table 1
summarizes several applications of nanocellulose as an
antimicrobial material.

Therefore, this review aims to bring forward the point of the
current state of research and the future development of nano-
cellulose as an antimicrobial material against viruses, bacteria,
fungi, algae and protozoa. The use of nanocellulose is reviewed
concerning the importance of its surface modifications in
establishing antimicrobial nanocellulose-based materials. The
important mechanism of interaction between the nano-
cellulose and microbes is also tackled. Last but not least,
several challenges as well as future recommendations are high-
lighted in this review.

2. Classification and properties of
nanocellulose

The nanocellulose structure features a diameter of 100 nano-
metres in one dimension and a length that may reach hundreds
of micrometres or more.>® It offers a highly entangled and
interconnected network structure for the scaffolding of bio-
materials. This is beneficial and useful for antibiotics and the
diffusion of other drugs in cell and tissue regeneration through
wounds as it provides a physical shield against any infection.®”

Nanocellulose is produced from cellulose, which was first
extracted from a broad range of plants, animals, and bacteria.
A wide variety of plant materials such as wood, oil palm
biomass, bamboo, rice husk, sisal, hemp, flax, kenaf, and
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Table 1 The example of applications of nanocellulose as antimicrobial material

Applications Findings Ref.

Food packaging - Food packaging is one of the fast-growing industries and there is a high demand to use antimicrobial = 23-26
materials for this industry
- Functionalized nanocellulose paper is resistant to food-poisoning-causing microbes, e.g. Bacillus cereus,
Salmonella typhimurium, Pseudomonas aeruginosa and Staphylococcus aureus

Filtration - Development of nanocellulose as a filtration material for microbes has received much attention 27
- Functionalized nanocellulose with NH,Ag managed to reduce 87% of bacterial growth by using the
Kirby-Bauer diffusion method

Automotive - Nanocellulose composites show potential for use as package trays, door panels and trunk liners in trucks 25, 26, 28 and 29
and cars.

Textiles - Nanocellulose is widely applied in the development of textile materials. Allicin-conjugated nanocellulose 30
fabrics have shown significant antibacterial activity against Staphylococcus aureus.

Coating/paint Nanocellulose can be used as an antimicrobe paint. For example, nanocellulose/silver nanoparticle/poly- 31

urethane hybrid coatings exhibited strong antibacterial properties against Escherichia coli.

Drug carrier

Nanocellulose can be used as an antimicrobial material in the drug delivery system. For example, nano- 32

cellulose functionalized with 2,3-dialdehyde has shown antimicrobial activity against Staphylococcus

aureus and multidrug-resistant bacteria.
Military

Nanocellulose-based antibacterial materials can benefit several applications for the military such as

21 and 33

packaging, filtration, textile and bullet-proof materials.

Wound dressing

Functionalized nanocellulose has shown excellent antimicrobial properties as a wound dressing material.

34 and 35

For example, the C-Periodate nanocellulose material inhibited bacterial growth in planktonic culture
containing the common wound pathogen Pseudomonas aeruginosa.

coconut husk have been studied as a source of cellulose for
nanocellulose production.'*'®?%*%*! Tynjcates are a type of
marine invertebrate, which are a member of the subphylum
Tunicata and which contain cellulose.* There are 2300 species of
tunicates and most of the research for nanocellulose production
has focused on a class of tunicates commonly known as sea
squirts. These tunicates produce cellulose in their outer tissue,
termed tunic, from which a purified cellulose fraction named
tunicin can be extracted. Otsuka et al. (2017)** have successfully
produced nanocellulose from tunicates with properties comparable
to plant-based nanocellulose.

Nanocellulose can be categorized into cellulose nanofiber
(CNF), cellulose nanocrystals (CNC) and bacterial nanocellulose
(BNC), as shown in Fig. 2 and Table 2. Different approaches
have been used to extract these three types of nanocellulose.
CNF is normally produced using several methods such as
mechanical, physical, and physiochemical, or by a combination
thereof, while CNC can only be produced by acid pretreatment
which requires strong acid hydrolysis.**> CNF has long

threadlike bundles of cellulose molecules stabilized laterally
by hydrogen bonds between the hydroxyl groups and the oxygen
atoms of adjacent molecules.”**> Meanwhile, CNC have
rod-like, highly crystalline, short structured, nanocellulose with
a rectangular cross-section. Their dimensions depend on the
native cellulose source material, the hydrolysis time and the
temperature.*®

On the other hand, BNC is a nanocellulose produced by
microorganisms.”” In contrast to CNF and CNC, which may
require pretreatment to remove lignin and hemicellulose
before hydrolysis, BNC is synthesized as a pure cellulose
material and is characterized by average diameters of 20-
100 nm and lengths of micrometers, entangled to form stable
network structures.

Nanocellulose has a similar molecular structure regardless
of the source from which it was extracted (ie. plants or
bacteria).>®> BNC also features high chemical purity, a high
degree of polymerization, and a high degree of crystallinity,
which distinguishes it from the various types of plant cellulose.

Modifications
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Table 2 Types of nanocellulose according to sources, treatments and dimensions

Nanocellulose Sources
Cellulose nanofiber Plants

Cellulose nanocrystals/nanowhiskers/nanorods Plants

Bacterial nanocellulose/biocellulose Microorganisms

It is of note that nanocellulose from plants is usually contaminated
with hemicellulose and lignin.*® Nevertheless, the drawbacks of
BNC are that it has a long production cycle, which can be as long as
30 days, and it is laborious but has a low yield, consequently
decreasing its attractiveness among scientists.*’

As shown above, there are several interesting characteristics
of nanocellulose which suggest it as a suitable antimicrobial
material. Table 3 summarizes the importance of these special
nanocellulose characteristics, which are related to its application
as an antimicrobial material.

3. Modification of nanocellulose for
antimicrobial materials

Nanocellulose alone cannot protect human beings from developing
a wound infection as it is not an antimicrobial agent."> Over the
past decade, there has been an increasing number of research
teams around the world who have reported the use of nano-
cellulose with different antimicrobial agents. Fig. 2 shows that
nanocellulose-based antimicrobial materials can be synthesized
through surface modification with biocidal agents, making
them effective against wound infection.’®* Meanwhile, surface
functionalization can be carried out through different strategies
(ie. oxidation, esterification and etherification) involving the
chemistry of the hydroxyl function.®® This will allow nanocellulose
to have various functional groups, including the aldehyde group
and quaternary ammonium, which give them the bacteriostatic
and biocompatibility properties.** Alvarado et al (2019)°° and
Li et al (2018)°" reported the identification of other cellulose
conjugation agents for antimicrobial properties, including metal/

Dimensions

Diameter: 5-50 nm

Length: several pm

Diameter: 2-20 nm

Length: 100 nm to several um
Diameter: 2-4 nm

Length: 100 pm

Main treatments
Mechanical fibrillation

Acid hydrolysis

Polymerization and crystallization

metal oxide nanoparticles (e.g. Au, Ag, Cu, CuO, MgO, ZnO, and
TiO,), chitosan, silanes, and chlorine.

Fig. 3 shows data generated from lens.org using the search
term ‘functionalization of nanocellulose’ and it was found that
manuscripts focusing on the functionalization of nanocellulose
are increasing year by year. It shows that research on the
functionalization of nanocellulose has gained much interest
among scientists in this decade.

Several compounds such as aldehydes, quaternary com-
pounds (cationic and anionic), antibiotics and nanomaterials
are usually added to nanocellulose. The aldehyde groups are
usually grafted on nanocellulose through an oxidation process
using oxidants such as periodate sodium and 2,2,6,6-
teramethylpiperidinyloxy (TEMPO). TEMPO can link to the
surface of nanocellulose under aqueous conditions, and then
the hydroxyl group at the C6 position of nanocellulose will be
converted to aldehyde and carboxyl functional groups.
Aldehyde-nanocellulose has been shown to have great potential
in several antibacterial applications.

Besides that, quaternary compounds such as pyridinium,
imidazolium and 4-vinylpyridine are the most widely used
antimicrobial agents due to their antibacterial and antiviral
properties. They are considered to be low toxicity and
environmentally-friendly. Nanocellulose could be quaternized
with these compounds through a grinding and high-pressure
homogenization process. Fig. 4 illustrates an example of the
functionalization of nanocellulose with several quaternary
compounds for antiviral applications. Most of the viruses and
some other microbe species usually contain a charge on their
surface, and thus modifying the surface charge of nanocellulose
will help to improve the electrostatic interaction properties.

Table 3 Several properties of nanocellulose related to its adsorbent properties

Property Advantages Ref.

Nanoporosity - The pore size of nanocellulose is below 100 nm, hence it can notably filter viruses, bacteria, and other 14 and
micro-elements 50-52
- It can help in cleaning water with a low back pressure while retaining a high water flux

Surface - Nanocellulose’s binding affinity towards microbes can be enhanced by functionalising it with several 53

functionalization compounds to transform it into a charged molecule

High specific - Due to its nanosize, nanocellulose has a large surface area for functionalisation, which may enhance 54

surface area the interaction efficiency

Renewable - Nanocellulose can be produced from any biological waste, hence eliminating the use of non- 14 and
renewable materials 55

Biodegradable - Nanocellulose is made from renewable and biodegradable sources, and this helps in combating 56
environmental issues especially related to the disposal method

High mechanical - Nanocellulose has higher mechanical properties compared with the original fiber. The incorporation 57

properties of a small amount of nanocellulose can greatly enhance the mechanical properties of many materials

Stable in water - Nanocellulose is stable in water and the application of nanocellulose as a filtration material can 58
reduce the chance of biofouling
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Fig. 3 A chart of published manuscripts focusing on the functionalization
of nanocellulose.

This is important to produce a high-efficiency filtration material.
In the next section, several interesting findings on quaternized
nanocellulose for microbial removal will be discussed.

Antibiotics are wusually used in the production of
nanocellulose-based antibacterial materials. Table 4 shows several
types of antibiotics used to fight against specific bacterial species.
This approach is usually applied for packaging and biomedical
application purposes. Interestingly, the consumption of
antibiotics can be reduced by combining the antibiotics with
nanocellulose mats or hydrogels. This could reduce the risk of
antibiotic-resistant infections.

Inorganic nanoparticles such as metal nanoparticles and
metal oxide nanoparticles are widely used in nanocellulose-
based antimicrobial materials, especially for bacteria. They are
released from the composites and are in contact with the
bacteria. The minimal inhibitory concentration of inorganic
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nanoparticles containing nanocellulose-based materials is
much lower than that of single metal or metal oxide nano-
particles, thus, showing its importance and benefits in several
applications such as packaging and wound dressing.

4. Nanocellulose as an antimicrobial
material for viruses

The ensnarement of viruses is one of the most crucial steps in
biopharmaceutical and clinical applications.®® In fact, contami-
nation by viruses is recognized to be a threat to the safety of
plasma-derived biopharmaceutical products, which contributes
to underscoring the need for incorporating virus contamination
control strategies.®® Among several types of microbes, the virus is
the smallest in size and probably the most difficult to deal with
compared with other microbes. To the best of our knowledge,
the development of nanocellulose-based antiviral materials
is usually for filtration purposes. Size-exclusion-based virus
filtration is an established, reliable and robust method to
physically remove all types of infective microorganisms, including
According to Kosiol et al. (2019),* size-exclusion-based
virus filtration has a complex internal pore network, which is
capable of transmitting molecules that are smaller than 15 nm on
a quantitative basis. Therefore, at least 99.99% of the larger
microorganisms, including viruses (or the majority of relevant
virus species), should be retained, mainly by size exclusion.®®

viruses.®*

The exploration of nanocellulose as a filtration material for
several types of viruses has also received much attention
recently. For example, the threat of the current COVID-19
pandemic is worrying as millions of people have been affected

Br n
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Illustration of an example functionalization of nanocellulose with quaternary compounds.
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Table 4 Antibiotics and their functions in nanocellulose-based antimicrobial materials

Antibiotic compound Bacterial species

Staphylococcus aureus; Pseudomonas aeruginosa; Escherichia coli; Enterococcus faecalis
Staphylococcus aureus; Streptococcus pneumonia; Escherichia coli

Pseudomonas aeruginosa; Serratia marcescens; Salmonella typhimurium; Escherichia coli; Enterobacter cloacae

Staphylococcus aureus; Pseudomonas aeruginosa; Escherichia coli; Enterococcus faecalis

Gentamycin

Chloromycetin

Allicin Staphylococcus aureus

Polymyxin B

Tetracycline hydrochloride Staphylococcus aureus; Escherichia coli
Triclosan Staphylococcus aureus; Escherichia coli
Ampicillin

Ceftriaxone Staphylococcus aureus

during this outbreak. COVID-19 is an airborne virus that is
spread from the human nasal or saliva secretions of an infected
person. Therefore, in order to minimize the risks from this
pandemic, an efficient, robust and affordable air-borne virus
removal filter is in high demand for use in hospitals, transportation
hubs, schools and other crowded places. There have been multiple
research articles published recently regarding this aspect.

Several factors can affect the efficiency of the filtration
process such as pore size, thickness, number of layers, size of
the virus, charge of the filter surface, ionic strength and surface
chemistry.>® In general, the benefits of using the size-exclusion
filtration are: flexible and ease of use since it can provide
predictable virus removal; the removal of viral markers for easy
validation; and not dependence on toxic or mutagenic chemicals
for inactivation.>>%"%%

Metreveli et al. (2014)°° have reported that nanocellulose
filter managed to remove the Swine Influenza A Virus (SIV),
which has a particle size of 80-120 nm, as shown in Fig. 5. The
latex beads and SIV particles are observed in a stacked structure
on the surface of the porous filter paper.

Surface modification of nanocellulose has also been discovered
to improve the filtration efficiency towards the virus. As discussed
in Section 3, several quaternary compounds can be incorporated
with nanocellulose to give it a cationic or anionic charge. This will
improve the chemical interaction between nanocellulose and the
virus. For example, the coronavirus and several other viruses are
known to have a negatively charged surface.* Fig. 6 shows the
coronavirus structure with proteins embedded in the bilayer with
negatively charged lipid head groups.

The electrostatic attraction between the negatively charged
virus and the positively charged nanocellulose will effectively

Fig. 5 SEM image of SIV filtration on a nanocellulose membrane.
Copyright (2014) Wiley. Used with permission from ref. 50.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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entrap the virus on the nanocellulose. The following give some
examples of cationic nanocellulose developed to filter negatively
charged viruses. Mi et al. (2020)>" modified nanocellulose with a
positively charged guanidine group to adsorb porcine parvovirus
and Sindbis virus. The cationic nanocellulose as shown in Fig. 4
was able to completely filter the porcine parvovirus and Sindbis
virus from water and exceeded the Environment Protection Agency
(EPA) virus removal standard requirement for potable water. This is
due to the protonated guanidine groups on the cationic nano-
cellulose forming ionic and hydrogen bonds with the proteins and
lipids on the virus surface.”

On the other hand, Rosilo et al. (2014)”" prepared a cationic
nanocellulose (known as CNC-g-P(QDMAEMA)s) by the surface-
initiated atom-transfer radical polymerisation of poly(N,N-
dimethylaminoethyl methacrylate) and subsequent quaternization
of the polymer pendant amino groups as shown in Fig. 4. The
addition of only a few weight percentages of this cationic nano-
cellulose in water dispersions was observed to efficiently bind with
the cowpea chlorotic mottle virus and norovirus-like particles with
high affinity.

In addition, quaternary amines were observed to have
functionalization with nanocellulose as reported by
Riviére et al. (2020).”* They functionalized lignin particles with
quaternary amine to facilitate the removal of anionic cowpea
chlorotic mottle viruses (CCMVs). In that research, they found
that the CCMVs formed agglomerated complexes with the
cationic lignin particles.

Mater. Adv, 2021, 2, 3538-3551 | 3543
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Besides that, the functionalization of nanocellulose in give a
negatively charged surface has also been discovered to successfully
filter the EV71 virus and Sindbis.” The modification of CNF to a
negative charge was carried out by covalently modifying it with
polyglutamic acid (PGA) and mesoporous silica nanoparticles
(MSNs).” Based on the aforementioned studies, the successful
removal of these viruses is mainly due to the surface proteins of the
viruses that contain two exposed positively charged amino acids
(His10 and Lys14), which then interact with the negatively charged
MSNs on the modified CNF.

Table 5 summarizes the nanocellulose-based filtration
materials for virus removal. There are several other compounds,
such as small organic molecules, polymers, dendrimers and
porphyrin, that can be functionalized with nanocellulose to
make it positively or negatively-charged.>® However, not all of
these examples have been tested as a filter against viruses.

Besides that, nanocellulose has also been used as a drug
carrier for certain types of antiviral compounds in medical
field. For example, Acyclovir is an antiviral drug that can
down-regulate herpes simplex virus (HSV) replication. HSV is
typically responsible for a different form of human diseases
such as herpes labialis and herpes zoster. To get the desired
therapeutic effects, acyclovir has to be administered via oral or
systemic route using multiple administrations of large doses,
which are often plagued by significant side effects. Recently, a
novel hydrogel composed of CNC, B-cyclodextrin and acrylic
acid was developed for optimising the delivery of acyclovir.'® It
is of note that nanocellulose is mainly used as a drug carrier
due to its ability to host a large number of drug molecules
inside it.

To the best of our knowledge, the exploration of other
applications of nanocellulose as an antiviral material have
rarely been studied. Therefore, more studies are urgently
needed for this research area. This is due to the recent high

Table 5 Nanocellulose-based filtration materials for virus removal
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demand of antiviral material to be utilized in industrial
products such as fabrics, packaging, and paints.

5. Nanocellulose as an antimicrobial
material for bacteria

Similar to viruses, one of the famous applications of
nanocellulose-based antimicrobial material is for filtration.
Nanocellulose offers several interesting features as a filtration
material for bacteria. The high specific surface area enables the
adsorption of various microbial cells, and porous nanocellulose
materials can separate various molecules and retain microbial
objects. Several research reports have shown the effectiveness
of nanocellulose as a filtration material in the removal of
bacteria as shown in Table 6. The development of a
nanocellulose-based filtration material can be applied in mask
cartridges, water filters and air filters.

As discussed in Section 3, the modification of nanocellulose
by surface functionalization is important to increase its
efficiency of antibacterial properties. Compounds such as alde-
hydes, quaternary compounds, antibiotics and nanomaterials
can be added to nanocellulose using several approaches.
Table 6 also shows several functionalization approaches for
nanocellulose.

Aside from bacterial filtration applications, nanocellulose is
deemed as a potential material to be featured in other applications
such as packaging, paper and biomedical utilities. As mentioned
above, nanocellulose does not have any natural antimicrobial
properties, thus it requires additional antimicrobial agents.*>
Tavakolian et al. (2020)** suggested that the surface modification
of nanocellulose is important to enhance its antibacterial proper-
ties. Besides that, the biocompatibility properties of nanocellulose
make it suitable for biomedical applications.

Type of

Microbes nanocellulose Functionalization  Findings Ref.

A/swine/Sweden/9706/2010 BNC Not applicable o Authors developed non-woven, pm-thick filter paper, consisting of 50

(H1N2) - swine influenza crystalline BNC and featuring a tailored pore size distribution particularly
suitable for virus removal.

e It is capable of removing virus particles solely based on the size-exclusion
principle, with a log 10 reduction value of > 6.3, thereby matching the
performance of industrial synthetic polymer virus removal filters.

Xenotropic murine BNC Not applicable e The crystalline BNC filter paper is useful for the removal of endogenous 74
rodent retroviruses and retrovirus-like particles

MS2 viruses BNC Not applicable e The filter exhibited 5-6 log virus clearance of ®X174 (28 nm; plI 6.6). This 64
nanocellulose-based filter paper manufacturing process offers the possibility
of producing cost-efficient viral removal filters.

Coliphages®X174 BNC Not applicable e The filter exhibited 5-6 log virus clearance of MS2 (27 nm; pI 3.9). This 64
nanocellulose-based filter paper manufacturing process offers the possibility
of producing cost-efficient viral removal filters.

Parvoviruses BNC Not applicable o The developed filter is the first non-woven, wet-laid filter paper, composed 75
of 100% native cellulose, which is capable of removing non-enveloped
parvoviruses.

EV71 CNF Polyglutamic acid e The modified CNF strongly adsorbed the epitope of EV71 capsid. 73

and mesoporous

silica nanoparticles
Sindbis virus CNC Guanidine e Over 4 log removal value was achieved for a Sindbis virus. 51
Porcine parvovirus CNC Guanidine e Over 4 log removal value was achieved for a Porcine parvovirus. 51
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Table 6 Nanocellulose based filtration materials for bacterial removal
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Types of
Microbes nanocellulose  Functionalization Findings Ref.
Escherichia coli CNC Silver e The high adsorption capacity and reusability, with complete removal of 76
nanoparticles Escherichia coli.
Bacillus subtilis and ~ CNF ZnO and CeO, o The antibacterial assays revealed that the composite had a high antibacterial 77
Escherichia coli activity, with MIC50 values of 10.6 pg ml~* against the Gram-positive
Bacillus subtilis and 10.3 pg ml~" against the Gram-negative Escherichia coli.

Escherichia coli BNC Not applicable o The significance of Brownian motion on virus capture in a BNC-based filter 78

paper through theoretical modelling and filtration experiments was

investigated

e It was found that the BNC-based filter was able to filter those bacteria

Panaitescu et al. (2018)*° had developed a composite of
poly(3-hydroxybutyrate) with nanocellulose and coated with
zinc oxide (ZnO) nanoparticles for better properties and anti-
bacterial activity towards Escherichia coli and Staphylococcus
aureus. Based on Fig. 7, ZnO plasma-treatment of nanocellulose
results in the total inhibition of Staphylococcus aureus growth.
Other than that, a plasma-treated nanocellulose/poly(3-
hydroxybutyrate) composite has been proposed as a green
solution for the food packaging industry.

Moreover, Sarwar et al. (2018)*" conducted the modification
of nanocellulose to produce a nanocomposite film made of
polyvinyl alcohol (PVA), nanocellulose, starch-capped Ag
nanoparticles and glycerin. These nanocomposite films were
processed by using casting/atmospheric evaporation intended
for utilization in antimicrobial food packaging. These types of
nanocomposite films have shown a strong antimicrobial
property against both Gram-positive and Gram-negative
bacteria; they also showed a high moisture retention capability,

Fig. 7 Antibacterial activity of nanocellulose composite films against
Escherichia coli (a) before the plasma treatment and (b) after the plasma
treatment; and against Staphylococcus aureus (c) before ZnO plasma
coating and (d) after ZnO plasma coating. Reproduced with permission
from ref. 80, Polymers, MDPI, 2018.

© 2021 The Author(s). Published by the Royal Society of Chemistry

which further helps in retaining the freshness of fruits and
vegetables.

Cationic nanocellulose compounds have an intrinsic anti-
bacterial property since the cell walls of both Gram-positive
(G+) and Gram-negative (G—) bacteria have a net negative
charge, due to the presence of phosphate groups in the pepti-
doglycan and phospholipids of the outer membranes of G+ and
G— bacteria, respectively.”® Tyagi et al (2019)** have
demonstrated the combination of CNC with chitosan for tissue
coatings for antimicrobial and superabsorbent tissue papers.
This modified nanocellulose can inhibit 99% of the growth of
Escherichia coli. The mechanism of this process is shown in
Fig. 8(a). The developed material has a positively charged
surface due to the presence of chitosan. Meanwhile, Escherichia
coli has a negatively charged cell membrane. This allows the
electrostatic interaction between the developed material with
Escherichia coli. Besides that, the rigid and narrow CNC particles
will cause damage to the cell membrane after being adsorbed on
the surface of the developed material. Moreover, the accessibility
of chitosan into the cell membrane will cause further damage
and cause the cell membrane to denature as a result of osmotic
imbalance in the cell. The combination of acetylated chitosan
and CNC gave several advantages with respect to antibacterial
activity. Moreover, this developed nanocellulose also has good
water absorbency and high mechanical strength. The distribution
of CNC in the chitosan matrix in composite is shown in Fig. 8(b).
The aforementioned authors also observed that the CNC were
protruding out of the surface through the chitosan matrix instead
of being entrapped in the matrix. This situation has overcome
the hydrophobicity characteristic of chitosan by the presence of
hydrophilic CNC on the surface.

In another finding, Mou et al. (2017)** demonstrated the
modification of CNF with 2,3-dialdehyde CNF (DACNF) using
sodium periodate oxidation (Fig. 9(a)). The modified DACNF is
deemed to exhibit antimicrobial properties, which further help
in wound healing. DACNF has antimicrobial properties against
a wide variety of pathogenic bacteria, due to the acidity effect.
As shown in Fig. 9(b), pH is the vital factor affecting the
antimicrobial mechanism because it affects the activities of
the protein and hydrolases in the bacterial cytomembrane,
the permeability of the bacterial cytomembrane and the
absorbance of nutrients.**

Besides that, Zhang et al. (2019)*® used a facile hydro-
thermal method for synthesizing silver (Ag) nanoparticles in

Mater. Adv.,, 2021, 2, 3538-3551 | 3545
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(a) Schematic diagram of the theory of using nanocellulose and chitosan together for antimicrobial and superabsorbent tissue papers. The

chitosan—CNC composite at different magnifications: (b) 15000x and (c) 50 000x. Reprinted with permission from ref. 82. Copyright 2019 American

Chemical Society.

TEMPO-oxidized nanocellulose, which acts as a reducing agent
and stabilizer of the antimicrobial activity. Antibacterial tests of
the nanocellulose nanocomposites were conducted with Gram-
negative bacteria Escherichia coli and Gram-positive bacteria
Staphylococcus aureus. The antimicrobial test results indicated
that the Ag nanoparticles-nanocellulose composite has a high
bactericidal efficiency towards those bacteria. This highlights
its potential to be applied for the development of packaging
and wound healing materials.

6. Nanocellulose as an antimicrobial
material for fungi

Nanocellulose is a promising candidate for antimicrobial
agents for fungi to attach to. This is due to the porous form
and high number of reactive hydroxyl groups in their
structure.”® Similar to viruses and bacteria, the modification
of nanocellulose is important to improve its antifungal

3546 | Mater. Adv., 2021, 2, 3538-3551

properties. The developed nanocellulose-based antifungal
materials are useful for several applications such as in filters,
packaging, paper and wound dressing.

Maliha et al. (2020)** have developed a paper-based renewable
and biodegradable active packaging material using nanocellulose
sheets with phenyl bismuth bis(diphenylphosphinato) as an
additive to impart antimicrobial properties. Bismuth complexes
have been reported to possess antibacterial activity.** *® They have
been used for treating intestinal disorders. Unlike other heavy
metals, bismuth displays a low level of toxicity in humans and is
non-carcinogenic.®® In their study, the nanocellulose sheets were
prepared using a spraying technique with different loadings of
phenyl bismuth bis(diphenylphosphinato). Based on the results
obtained, the composite sheets displayed a good performance by
inhibiting the growth of several fungi species: Schizosaccharomyces
pombe, Saccharomyces cerevisiae and pathogenic Candida glabrata
and Candida albicans. However, some fungal species showed a
lower level of inhibition. The contamination risk is still low.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The use of metal-based antimicrobial agents in the form of
nanoparticles or complexes has increased lately. This is due to
the property of the metal, which shows good efficacy and
resilience towards bacterial resistance compared with organic
compounds.’”” Mocanu et al. (2019)*° demonstrated the
functionalization of BNC with zinc oxide nanoparticles (ZnO
NPs) and propolis extract for antimicrobial food packaging
applications. ZnO NPs and propolis were used as the antimicro-
bial and antioxidant agents, respectively, and acted as an alter-
native to commercial antibiotics in order to prevent the
enhancement of fungus resistance. The ZnO NPs was grown
directly on the BNC via ultrasound at two frequencies (40 and
100 kHz), and then ethanolic propolis extract was impregnated on
the BNC-ZnO at different concentrations (3.5%, 7%, 11% and
15%). The synergic effect for antifungal activity towards Candida
albicans showed that the BNC-ZnO NPs with propolis extract at an
11% concentration recorded a noticeable result with a high
ultrasound frequency of 100 kHz.

Zhang et al. (2019)*° used the facile hydrothermal method in
synthesizing Ag-nanoparticles in TEMPO-oxidized nanocellulose,
which acts as a reducing agent and stabilizer to study the
antimicrobial activity. The anti-fungus tests of the nanocellulose
nanocomposites were conducted with Candida albicans.
Based on Fig. 10, the antifungal results indicated that the
Ag-nanoparticles-nanocellulose composite has a high fungicidal
efficiency towards Candida albicans. This developed nanocellulose
is deemed useful in numerous applications.

Pordevié et al. (2018)°° fabricated low-density polyethylene
foil consisting of a few layers of polycaprolactone (PCL), nano-
cellulose and CuO in different compositions to improve their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The zone of inhibition results of the synthesized Ag nanoparticles
in TEMPO-oxidized nanocellulose. Reprinted from ref. 83, Copyright
(2019), with permission from Elsevier.

barrier and antifungal activity. The nanocellulose was modified
with maleic anhydride before co-precipitating it with the CuO,
giving a nanocellulose-CuO material structure. Two types of
drying methods, including conventional drying and lyophilization,
were applied to determine the properties of the hybrid material.
The result showed that incorporation of a 2% nanocellulose-CuO
loading in PCL causes an 81.9% reduction in cell viability of
Candida albicans, which indicated its excellent performance in
antifungal activity. However, the drying method of lyophilisation
does not contribute to improvement of the antifungal activity. This
newly-developed material can be used in several applications,
especially in food packaging.

vilela et al. (2019)°* carried out a study using a combination
of poly(2-(methacryloyloxy)ethyl trimethylammonium chloride)
(PMETAC) and BNC to develop antifungal nanocellulose-based
composites. PMETAC is known to have antifungal activity
against Candida albicans. The presence of quaternary ammonium
groups in the chemical structure of the cross-linked PMETAC is
expected to convert the nanocomposites into potential antifungal
agents. The antifungal activity was demonstrated by a 4.4 log
reduction of Candida albicans for the nanocomposite containing
only 10wt% of PMETAC after 48 h. Moreover, the in vitro cyto-
toxicity assay showed that the nanocomposites are non-cytotoxic
towards human keratinocyte (HaCaT) cells. Hence, these bioactive
and non-cytotoxic materials were considered effective to treat
Candida albicans infections.

Table 7 summarizes several other developed nanocellulose-
based antifungal materials.

7. Nanocellulose as an antimicrobial
material towards algae and protozoa
Nanocellulose could also act as a removal agent for algae and

protozoa, and this can be achieved by modifying it with other
compounds such as metal nanoparticles, enzymes and

Mater. Adv,, 2021, 2, 3538-3551 | 3547
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Table 7 Several findings of nanocellulose as an antimicrobial material for fungus
Type of
nanocellulose Type of fungus Functionalization Ref.
CNF Candida albicans Ferulic acid and feruloylated arabinoxylo-oligosaccharides 92
Not mentioned Candida albicans, Aspergillus niger Allicin and lysozyme by a carbodiimide cross-linker 93
CNF Candida albicans Magnetic composites (iron salts of ferrous sulfate and ferric nitrate) 94
CNF Aspergillus niger, Rhizopus stolonifer, G. mangostana L pericarp extract 95
Microsporum fulvum and Fusarium solani
Not mentioned Candida albicans, Aspergillus niger Melanin(diallyl thiosulfinate) 96
Not mentioned Aspergillus niger, Candida albicans Polylysine and polyarginine 97
CNF Saccharomyces cerevisiae TEMPO (carboxyl), Benzalkonium chloride and copper 98
CNC Saccharomyces cerevisiae Titanium dioxide nanoparticles (TiO,) 99
CNC Saccharomyces cerevisiae Oregano essential oil 100
CNF Candida albicans Thymol 101

proteins. Other factors, such as the membrane pore size and
the charge of the nanocellulose-based membrane, could also
enhance the efficiency of the removal performance.'®* Studies
have shown that a different charge between the membrane and
algae/protozoa plays dominant role in the adsorption/retention
of these microorganisms on the membrane surface (i.e. the
electrostatic interaction principle).'**"%*

However, it is noteworthy that the number of studies regarding
this issue is still lacking. Contaminated water resources can cause
serious illnesses and thereby could affect human health and the
environment. Algae is the major contributor to contamination in
water resources and can change the taste or odour of the water.
For example, certain diatoms, blue-green algae, coloured flagel-
lates (especially Chrysophyta and Euglenophyta) as well as green
algae can cause contamination of water resources.'” As a
solution, the development of filtration material from nano-
cellulose can be explored by scientists in removing algae and
protozoa from the contaminated water.

Ge et al. (2016)"°° explored the sustainability and the most
efficient approach to harvest microalgae using CNC. A modification
was made on the CNC by introducing a 1-(3-aminopropyl)
imidazole (APIm) structure as a reversible coagulant for harvesting
the microalgae. Based on Fig. 11, the positively-charged CNC-APIm
in the presence of carbon dioxide (carbonated water) could
promote the coagulation of the negatively-charged Chlorella
vulgaris. Their findings are in agreement with Qiu et al. (2019)'””
as a harvesting efficiency of 85% can be achieved with a 0.2 g CNC-
APIm mass ratio, a CO, sparging time of 5 s and a 50 ml min~*

Fig. 11 Schematic illustration of the electrostatic attraction between
Chlorella vulgaris and APIm-modified CNC. Reprinted with permission
from ref. 106. Copyright (2016) American Chemical Society.

3548 | Mater. Adv., 2021, 2, 3538-3551

flow rate. The CNC-APIm could be an alternative for conventional
coagulants for application in the harvesting of microalgae.

8. Challenges and future
recommendations

This review has revealed that modification of nanocellulose is
undoubtedly beneficial in combating viruses, bacteria, fungi,
algae, and protozoa. A study focusing on nanocellulose properties
and characteristics as an antimicrobial material is a very
promising and exciting area to be explored for current and future
research. Several recent developments in the application of
nanocellulose as an antimicrobial material were reviewed. It is
interesting to note that the functionalisation of nanocellulose
with a variety of functional groups is a key factor for success in
enhancing the antimicrobial properties against numerous
microbes.

Although the effectiveness of nanocellulose as an anti-
microbial material has been demonstrated through different
works, several improvements are still needed. As discussed in
Section 4, the current application of nanocellulose as an anti-
viral material is mainly focused on filtration. Moreover,
research on the use of nanocellulose-based antimicrobial
materials for protozoa and algae is still very limited. Therefore,
more research on these types of microbes is needed.

The functionalisation of nanocellulose is very important in
order to enhance its antimicrobial properties. In this review,
several compounds were shown as capable to be incorporated
with nanocellulose. However, the side effects on the environment
as a result of the functionalisation of nanocellulose are also
important to be considered. For example, the functionalization
of nanocellulose with TEMPO can have harmful effects on the
environment as the synthesis of TEMPO can generate a chemical
waste which is toxic to aquatic life.'®® In the future, research
should also be focused on determining the feasibility of the
developed functionalized nanocellulose without harming the
environment.

Additionally, further research is also needed to generate
hybrid structures at the nanoscale on the surface of nanocellulose
that is most likely to interact with different species of microbes,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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so that it is possible to develop material capable of eliminating
multiple species at the same time.

Multiple challenges regarding the use of nanocellulose as an
anti-microbial agent have also been identified in this review.
Nanocellulose requires a high production cost, especially at the
industrial level. The energy consumption related to the production
of nanocellulose is still an issue hampering the scale-up production
of nanocellulose. A reliable and reproducible production technique
for nanocellulose is essential to pave the way for using nano-
cellulose as a commercial antimicrobial material. A low-energy
and affordable production method to produce nanocellulose at a
commercial scale should also be developed as it would diversify its
usage in numerous industries. To the best of our knowledge,
progress has been accomplished in this field and numerous
pilot-scale productions are now available worldwide. Despite that,
there is an issue regarding the biodegradability of nanocellulose.
Many factors could contribute to the biodegradability of nano-
cellulose, such as the type of water and the presence of certain
microbes that may degrade the cellulose.

Further investigation on using either CNF, CNC or BNC is
also necessary to determine which kind of nanocellulose is
suitable to treat different species of viruses, microbes, fungi,
algae, or protozoa. This includes studies on the interaction
between nanocellulose and cells, especially if the targeted
application involves the incorporation of nanocellulose inside
the human body. Having such information will indirectly help
researchers to improve the properties of nanocellulose-based
antibacterial materials. In conclusion, the use of nanocellulose
as an antimicrobial material is expected to be one of the most
important fields of research over the next few years to come as
many researchers have realized its potential in several industries.
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