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Abstract: Chemical sensors are a rapidly developing technology that has received much attention
in diverse industries such as military, medicine, environmental surveillance, automotive power
and mobility, food manufacturing, infrastructure construction, product packaging and many more.
The mass production of low-cost devices and components for use as chemical sensors is a major
driving force for improvements in each of these industries. Recently, studies have found that using
renewable and eco-friendly materials would be advantageous for both manufacturers and consumers.
Thus, nanotechnology has led to the investigation of nanocellulose, an emerging and desirable
bio-material for use as a chemical sensor. The inherent properties of nanocellulose, its high tensile
strength, large specific surface area and good porous structure have many advantages in its use as a
composite material for chemical sensors, intended to decrease response time by minimizing barriers
to mass transport between an analyte and the immobilized indicator in the sensor. Besides which, the
piezoelectric effect from aligned fibers in nanocellulose composites is beneficial for application in
chemical sensors. Therefore, this review presents a discussion on recent progress and achievements
made in the area of nanocellulose composites for chemical sensing applications. Important aspects
regarding the preparation of nanocellulose composites using different functionalization with other
compounds are also critically discussed in this review.

Keywords: nanocellulose; composites; chemical sensors; functionalization

1. Introduction

Recent developments in material science have seen a new class of materials known
as “mixed materials” or “composites” emerging [1–4]. Polymer composite materials are
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materials that are made up of organic semiconductors and biomass derivatives that could
be used in a variety of ways [5]. These combinations provide a material with improved
mechanical strength, electrical conductivity and thermal stability [6–8]. Figure 1 illustrates
composite materials used in a variety of different applications.
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Nowadays, polymer composites are being used more commonly in the development of
chemical sensors [10–13]. Chemical sensors have gained significant attention in the various
areas of public safety, such as in the military [14], space exploration [15], biomedicine [16],
pharmaceuticals [17], leakage detection of explosive gases such as hydrogen [18], and
real-time detection of toxic and carcinogenic gases in various industries [19,20], as well as
chemical warfare agents [21,22], particularly at public venues such as airports and public
parks. These chemical sensors are typically installed both indoors and outdoors, as well as
used as portable devices to be brought into areas where the target analytes are suspected
or spilled. The need for more accurate and sensitive chemical sensors has driven research
and development of these sensors with the use of polymers and composites now being
given more emphasis most likely due to the remarkable sensor performance resulting
from their use. This improved sensor performance is increased sensitivity in the parts
per million (ppm) to billion (ppb) range for trace level detection, absolute discrimination,
and the sensors now becoming bio-based, reproducible, biocompatible, with the ability to
operate at mild operational temperatures, having low power consumption, of a reasonable
size, volume and mass, and with low cost for large-scale applications [23,24]. However,
the development of the ideal chemical sensor is still far from realisation in spite of the
enormous advances over the past few decades.

Recently, as various material science fields have expanded, there has been a surge
in interest in further improving dependable graphene composite chemical sensors. In-
terestingly, nanomaterials are being actively investigated in the ongoing development of
composites for chemical sensors. This is because of these nanomaterials having extraordi-
nary physicochemical properties that are absent in their bulk form [25,26]. Hence, over the
last few decades, nanomaterials have been actively investigated and then applied as core
components of advantageous chemical sensing applications.

Composites can be derived from plant-based nanomaterials, among which is nanocel-
lulose which has attracted significant attention as potential replacements for their more
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conventional petroleum-derived counterparts for use in chemical sensing applications.
The current trend seen in publications related to this area show an extensive increase over
this past decade. This is illustrated by a survey using Google Scholar using the keyword
“nanocellulose composites for chemical sensors” which is shown in Figure 2. Nanocellulose
possesses several interesting properties which includes being a renewable resource, having
a large specific surface area, a porous structure, essentially biocompatible and with unique
structural and physical characteristics such as tensile, optical and electrical properties which
make it an ideal material for use in chemical sensors [14]. However, since the natural hy-
drophilic property of nanocellulose is not compatible with the hydrophobic nature of some
sensing molecules, the development of suitable composites using surface functionalization
on the nanocellulose is required to enable the needed sensor component compatibility.
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Nanocellulose composites are usually prepared by functionalizing them with a va-
riety of conducting polymers such as polypyrrole (PPy), polyaniline (PANI) and poly
(3,4-ethylenedioxythiophene) (PEDOT) derivatives [27–30]. This is to develop a sensor me-
diating material that has the necessary electronic characteristics together with the structural
advantages that nanocellulose has. Conducting polymer nanostructures with large specific
surface areas and a porous structure that are combined with suitable electrical properties
have been reported to be excellent sensing mediators [31].

This review article provides a state-of-the-art review on the performance of nanocellu-
lose composite applications as chemical sensors. It not only covers the fundamental aspects
regarding the capability of nanocellulose as chemical sensors but also several important
strategies such as functionalization and hybridization of nanocellulose composites for
chemical sensor applications. Their mechanisms with regards to specific gases were also
highlighted. This review concludes by presenting an overview of the challenges faced and
recommendations for future advances.

2. An Introduction to Chemical Sensors

A chemical sensor is a self-contained instrument that can offer real-time analytical
information on the presence of chemical species in a particular environment [32]. Transduc-
tion and identification are two roles that a chemical sensor performs. Initially, an analyte
has a selective interaction with the identification element. Identification receptors are
different molecular entities that make up the sensing element [33]. The ion sensor was the



Polymers 2022, 14, 4461 4 of 30

first type of chemical sensor, and it has been extensively developed and widely utilized [34].
The glass pH electrode is the most widely used ion sensor today. This type of sensor was
invented by Klemensiewicz and Haber in 1908, and it became commercially accessible in
1936, along with the Beckman pH meter [35].

In recent times, the emissions of toxic by-products from human activity and as pol-
lutants, such as nitrogen oxides (NOx), carbon oxides (COx), sulphur oxides (SOx) and
ammonia (NH3), have considerably increased, now posing a long-term threat to our health
and the environment. Thus, chemical sensing devices have been extensively developed
and studied to monitor those chemicals that are detrimental to human health and the
environment. Improvements and optimizations of existing chemical sensors, including gas
sensors, together with the development of new sensors with higher sensing performance
and sensitivity at a lower cost, continue to be needed for a variety of applications, which
go beyond industrial sectors but also include indoor health and safety, environmental
monitoring, and many others [36].

Chemical sensor development is undergoing several new and continuing develop-
ments. The phrase “nanoscience is revolutionizing a field” has since become a cliché
but it does play an important part in chemical sensor development. Swager and Mirica
(2019) [37] claim that the tremendous innovations of the recent decades have had a pro-
found impact on the sensor industries, where the analyte transduction interface just needs
to be made nanoscale. Materials can be manufactured or examined via nanofabrication, use
sophisticated imaging technologies with sub nanometer resolution, and sensor developers
have access to nanomaterials generated from the bottom up or top down. Nanostructured
materials are being used to push the limits of a new generation of sensors using these
nanomaterials, which includes metal oxides, thus taking these newly developed sensors to
a higher level than that achievable at present.

Metal oxide nanostructures such as titanium oxide (TiO2), iron oxide (Fe2O3), zinc
oxide (ZnO), stannous oxide (SnO2), tungsten oxide (WO3), cuprous oxide (Cu2O) and
others similar, have been studied extensively for use in sensing applications. This is be-
cause of certain characteristics, including a large specific surface area, superior mechanical
flexibility, strong chemical stability and improved sensitivity [38,39]. Nonetheless, these
metal oxide-based sensor materials, on the other hand, have significant restrictions, such as
needing a high operating temperature (100–500 ◦C), thus resulting in high power consump-
tion which then negatively impacts integration and long-term stability of the sensor device.
Over the past few decades, metal oxide gas sensors have been used to detect certain gas
species at high working temperatures, which are required to stimulate gas reaction with
oxygen ionosorbed over the semiconductor, causing a shift in the material’s resistance. In
actual usage, the high-temperature operations needed for the function of these sensors may
increase the risk of fuel ignition while used to sense the presence of high explosive gases.
When hydrogen is mixed with air, the presence of oxygen at a concentration of 4% (at the
lower explosive limit), this mixture can explode. Hence, the fabrication of sensors that can
operate efficiently at room temperature is vital [40].

Aside from that, most commercial gas sensors are made from semiconductor and
polymer materials, and the sensing methods available include optical, chemiresistive,
calorimetric, gas chromatographic, and acoustic [41]. These gas sensors typically have one
or more of the following limitations: high power consumption, high cost of operations,
poor sensitivity at parts per billion (ppb) level, poor selectivity, limited life span, poor
repeatability, and downsizing the sensor devices is very challenging [42].

In contrast, nanomaterial gas-sensing materials have gained a lot of traction as an
alternative because of many promising electrical, optical, and thermal properties, as well
as their high surface to volume ratio, short response and recovery times, high sensitivity,
selectivity, reversibility and stability properties [43]. Other than metal oxides, nanocellulose
shall be discussed in this review as it has been shown to be useful in the development of
composites for chemical sensors due to its relative ease in tailoring its sensitivity through
functionalization [44].
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Sensors which utilize nanocellulose can be divided into the following types: optical,
acoustic wave-based, piezoelectric and electrochemical [45]. Optical sensors can be based
on fluorescence or surface-enhanced Raman spectroscopy sensors. An example of a sensor
based on acoustic waves is an ammonia sensor that uses a quartz glass microbalance with a
sensing coating composed of negatively charged electrospun cellulose acetate nanofiber [46].
Piezoelectric nanocellulose/graphene sensors have been fabricated for use in strain sensing
while electrochemical sensors based on chemically modified nanocellulose have been
designed in the most part for detecting pathogenic bacteria and glucose, cholesterol, and
organic liquids [47].

Recently, there have been reports regarding nanocellulose as the sensor material
including gas sensor, chemical sensors, biosensor, heavy metal ion sensing, temperature
sensor and strain sensor [48–52]. Since the nanocellulose has a large surface area [53]
and is rich with the hydroxyl group [54], it can be functionalized with other chemicals
depending on the targeted analytes. Therefore, more focus was given in this review on the
functionalization on nanocellulose and its mechanism as chemical sensor materials.

3. Nanocellulose’s Unique Characteristics as a Chemical Sensor

Natural cellulose constitutes the most abundant renewable polymer resource available
worldwide [55–57]. As a raw material, it is generally well known for its use in the form of
fibers or derivatives in a wide spectrum of products and materials for a multitude of uses.
Cellulose fibrils are structural entities formed through a cellular manufacturing process,
involving cellulose biogenesis, and stabilized by both hydrogen bonds and van der Waal
forces. It contains an abundance of hydroxyl groups as shown in Figure 3. It can be further
converted into nanocellulose through several pre-treatment approaches involving chemical,
mechanical, physical, and enzymatical processes or through combination of processes
thereof [58–61].
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Nanocellulose can be classified variously into cellulose nanocrystals (CNC), cellulose
nanofibrils (CNF) and bacterial nanocellulose (BNC) depending on their production mode
as well as their morphologies. These are presented in Figure 4. CNC are long and straight
crystals of cellulose with very large modulus elasticity and strength. CNC are needle-
shaped crystalline fibrils that are 150–300 nm in length and 5–10 nm in diameter. They
are mainly produced by the controlled acid hydrolysis of cellulose fibers which selectively
dissolves the amorphous domains and releases cellulose crystallites. Meanwhile, CNF is
composed of thin, flexible nanosized fibrils, encompassing both crystalline and amorphous
domains. Their production involves mainly intensive mechanical disintegration. This
is done using either high pressure homogenization, microfluidization or high-intensity
mechanical grinding using wet disk milling [62–65]. On the other hand, BNC is made of
cellulose nanofibrils which are obtained from certain types of bacteria using a bottom-up
approach that involves the enzymatic polymerization of glucose. The diameter size for
CNF and BNC are usually below than 100 nm [66]. The morphological properties of BNC
are generally similar to those of CNF.
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Nanocelluloses combine important cellulose properties such as hydrophilicity and
crystalline characteristics, while containing a broad chemical modification capacity and
a high surface area. The use of nanocellulose instead of other materials in composites is
known to make certain products more efficient, biocompatible, cost-effective and environ-
mentally friendly. Nanocellulose displays much merit thus making it a good material of
choice for the development of chemical sensors.

Table 1 highlights major nanocellulose attributes that contribute to their use as chemi-
cal sensors.

As was discussed above, nanocellulose in its native form has limitations in its appli-
cation as a chemical sensor. Composites of nanocellulose for use as chemical sensors can
be prepared through surface functionalization of the nanocellulose with other conducting
polymers. A developed porous nanostructure conducting polymer with a large specific
surface area that possesses electrical properties is predicted to be an excellent sensing medi-
ator. The electrostatic interactions between the different charges found in nanocellulose
composites and the analytes play an important role in the fabrication of ion exchange and
permselective membranes. These developed nanocellulose composites can be modified by
changing their surface functionality and permselective properties.
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Table 1. Merits of nanocellulose as chemical sensors.

Properties Description References

Surface modification

- Through surface modifications of the nanocellulose and its permselective
properties, this allows the modification of a new membrane for
different species.

- The high energy interaction between binding sites on the nanocellulose film
and cationic species when combined with its permselective properties make
the nanocellulose film a prime candidate for sensor devices.

[67,68]

Nanocellulose structuring
in solid films

- Orientation and alignment of nanocellulose is important in the development
of new chemical sensors. Nanocellulose is very suitable for this as it forms
ordered structures.

- Among the several types of nanocellulose, CNC is of special interest in these
applications because of its inherent characteristics relating to aspect ratio,
cylindrical shape, rigidity and chiral ordering, all of which lead to desired
optical effects in aqueous media, in films or in solids when templated from
these structures.

[69,70]

Large specific surface
area/porous structure

- The response time in a sensor which is based on a bulk polymer is relatively
long due to slow penetration of the target molecules into the polymer.

- However, because of the porous structure of nanocellulose, this response
time is expected to be significantly faster.

- The sensitivity and response time of a sensor is highly dependent on the
specific surface area of the mediator chosen. The target analyte must be able
to adsorb onto and diffuse into a mediator which possesses a high surface
area and consequently, both higher sensitivity and faster response time can
be expected.

[71,72]

Tensile

- Nanocellulose is known to have high tensile strength, therefore, it would be
useful in fiber-optic type sensors for strain sensing applications, such as in
Fiber Bragg Gratings, helical long-period fiber gratings, and
Fabry–Perot interferometers.

[73]

Optical/fluorescent

- The fluorescent properties of nanocellulose are also one of the chemical
modifications that can be used to develop sensing materials.

- The use of analyte-sensitive fluorophores along with a reference fluorophore
that can react with the hydroxyl groups in nanocellulose will allow
ratiometric measurements of an analyte.

[74,75]

Electrical - Nanocellulose can be chemically modified to make it a good electrical
conductor with permselective properties.

[74]

Biodegradable
- The biodegradable properties of nanocellulose are useful for development

into chemical sensors which are appropriate in medical implants,
environmental sensors, and as wearable and disposable devices.

[76]

There are several different strategies of surface functionalization that can be used
which involve the chemistry of hydroxyl functional groups found in nanocellulose as
shown in Figure 5. Functionalization of nanocellulose can usually be carried out through
several reactions such as covalent, oxidation, esterification and even more [77,78]. In order
to covalently modify superficial porous nanocellulose, this would involve its treatment with
strong acids, silylation, the addition of small functional groups, medium-sized molecules,
macromolecules, polymers or even nanoparticles. Besides that, oxidants can also be used
for tuning the surface (charges, functional groups) and their properties. TEMPO-mediated
oxidation is the most employed reaction to enrich a nanocellulose surface with carboxylic
acids. Functionalization of nanocellulose surfaces can also involve esterification reactions
using a wide variety of modalities such as acetylation, acylation and cationization, which
causes the surface of the nanocellulose to change dramatically through these reactions
thereby causing them to possess more hydrophobic or cationic charges.
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Additionally, functionalization using other molecules onto nanocellulose surfaces
has been extensively described [72,77,78,80,81]. Another very relevant example of surface
modification involves polymer-grafting methods onto the nanocellulose. However, a
common limitation using this reaction is when both polymer types are incompatible. This
becomes a big challenge to increase the polar character of the nanocellulose to enable
it to become compatible with other polymers. This incompatibility problem involving
covalent linkages can be improved using several techniques. These include “grafting onto”
which involves the attachment of an existing polymer onto nanocellulose using coupling
agents which can be by employing a polymerization process that uses particular monomers
and through the use of an initiator agent in the presence of the nanocellulose during
processing. Beyond these, freeze-drying, hot-pressing and casting techniques have also
been found to be suitable for increasing the compatibility of nanocellulose within polymeric
matrices. However, the problem of nanocellulose agglomeration is that it then promotes
sedimentation, which especially in a non-polar matrix continues to persist. Among methods
to overcome this, melt extrusion techniques have been used to reduce this agglomeration.
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4. Chemical Sensor Characteristics and Their Basic Mechanism

A chemical sensor is a device that converts the chemical properties of an analyte into a
quantifiable signal. Typically, the analyte concentration is proportional to the magnitude of
the signal measured. Chemical sensors are made up of a sensing material and a transducer.
The typical manner in which a chemical sensor functions is shown in Figure 6, where
once the tested analyte is absorbed by the sensing material, the transducer translates the
recognition and sensing events acquired by the sensing material into a measured signal
such as conductance, resistance or optical responses [68]. Due to the typically miniscule
size of the sensing material, only small quantities of analytes are necessary to modify the
electrical characteristics of the sensing material, thus allowing remarkable sensitivity and
selectivity of these sensors. This functionality is even able to identify individual molecules
and analytes in vapour form. Breath analysers, electrochemical gas sensors, and fiber-optic
sensors are a few examples of chemical sensors already developed and in commercial use. In
general, chemical sensors can be classified according to the type of analyte to be examined,
encompassing gas, biosensor, humidity, optical, and ion sensor types [82]. These sensors
can be further classified based upon their working principles, some examples of which
are semiconductor, contact combustion, photometric, photochemical and electrochemical
types. They are commonly used to precisely determine analyte concentrations or changes
occurring in chemical processes.
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The selection of an appropriate substrate and sensing material is critical in order to
optimise sensor performance. A further important element when determining a chemical
sensor’s best performance is in the choice of its sensing principle. Table 2 shows various
different types of sensing principles and the signal/magnitude provided by these principles.
As a result of the factors described earlier, researchers in this area need to focus their efforts
so as to achieve (1) sensitivities equivalent to those obtained when working with rigid
substrates at low or room level sensor working temperatures, (2) high selectivity for the
target analyte, (3) fast response and recovery of the sensor, (4) reliable repeatability and
stability and (5) sensor constructs that may be bent and/or stretched without permanent
damage [83].
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Table 2. Different types of sensing principles and signals provided by these principles.

Sensing
Principles Magnitude or Signal Example of Sensing

Material Advantages References

Chemiresistive Resistance of sensing
layer

- Carbon nanotubes
- Metal-oxide semiconductor
- Graphene nanoparticles

- Presence of analyte easily
measured

- Simple sensing mechanism
[84]

Capacitive
Change of dielectric
constant of sensing

layer at high frequency

- Copper
- Indium tin oxide
- Printed ink

- More responsive than
resistive touchscreen

- Detects solid and liquid
analytes without physical
contact

[85]

Impedance
metric

Change of impedance
of sensing layer at high

frequency

- Graphene
- Metallic nanowire
- Molybdenum disulphide

- Non-invasive and
label-free analysis

- Wide linear range of
responses

[86]

Field effect
transistor

Change of source-drain
current

- Silicon nanowire
- Conducting polymer
- Metal oxide

- Ultra-high sensitivity
sensing, label-free
operation, cost reduction
and miniaturisation.

[87,88]

Mechanical

Change of wave
propagates on the

surface of the sensing
layer

- Carbon nanotubes
- Reduced graphene oxide
- PPy

- Detects mechanical
deformation such as touch,
force, acoustic, inertial and
tactile responses

[89]

Optical Change in the spectrum
of the sensing material

- Tin disulfide
- Carbon dots
- Metal hydrides

- Cost effective and simple
hardware setting

- Low-power-consumption
[90,91]

Recently, substantial research has been conducted using nanocellulose as a chemical
sensor. With the commencement of large-scale nanocellulose extraction [66], researchers
all over the globe have used nanocellulose to detect a variety of different analytes. In
order to address the key factors stated above, several techniques have been utilised which
include sensor material doping, functionalization, hybridization, and deposition [92–94].
Chemical sensor mechanisms can be further classified into two types: physisorption and
chemisorption. Chemisorption involves both reversible and irreversible reactions which
would occur on the sensing surface at the same time. These two forms of reaction would
have different rates of adsorption, while having different active sites available with their
corresponding activation energies. The rate of physisorption is quicker than the rate
of chemisorption during the introduction of a gas and at the early phase of adsorption.
However, when more of the available sites become saturated with the analyte, when no
reversible sites are able to adsorb analytes, the process then slows down. This differs
from the earlier phase pre-saturation, when the sensor responses are directly influenced
by the availability of both irreversible and reversible sites. While physisorption and
chemisorption does occur simultaneously, physisorption takes precedence over the latter,
thereby providing both faster reaction and recovery times [95].

The factors that are of importance in evaluating chemical sensor performance are
sensitivity, selectivity, stability, reversibility, response time and recovery time and these are
shown in Figure 7 which contains descriptions of the terminology used.
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The detection strategies used for chemical sensing are aimed at addressing certain key
characteristics of function and to improve sensing performance. The common chemical
sensing technologies in use utilise the following mechanisms and principles of function.
Sensor response, which is often known as sensitivity, is described as follows:

S% =
Rg − Ro

Ro
× 100 (1)

S(dimensionless) = Sg/Sa (2)

where Ro and Rg are sensor output signals in air and target analyte, respectively. The
sensor output signal depends on the sensing principle utilised (e.g., capacitance, resistance,
conductance, etc.) [9]. For example, in an electrochemical sensor which is based on a redox
reaction, the target analyte interacts at the core of sensor device with an electrolyte and two
or three electrodes.

Normally, the configuration of an electrochemical sensor consists of a sensing electrode,
reference electrode and counter electrode which are separated by a thin layer of electrolyte
and sometimes with hydrophobic membrane as well. This membrane is installed in the
sensor device to protect the sensing electrode, to filter unwanted analytes and to manage
the amount of analyte that reaches the surface of the sensing material. The analyte usually
reacts with the sensing material by means of an oxidation mechanism. For example,
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the sensing electrode may provide electrons to the cathode for oxygen reduction. The
electrolyte within the sensor then permits ionic charges to migrate from one electrode to
another. These reactions would vary based on the type of the analyte intended for detection,
and because of this the type of material used to make the electrode becomes critical to the
sensor’s sensitivity [96].

Chemical sensor responses are commonly determined by the sensor material active
layer’s resistivity but could also utilise other response types depending on the measurement
done. Resistive type sensors function by means of a change in conductivity in the sensor
material in the presence of target analyte. Thus, the interaction between a target analyte
and the sensing material would be dependent on adsorption and desorption mechanisms.
In the case of resistive sensors with an n-type sensing layer, when air comes into contact
with it, oxygen is adsorbed as oxide ions after electrons are absorbed on the sensing layer
surface. When a reducing (or oxidising) vapour interacts with the sensing layer, the analytes
(either as donors or acceptors) interact with these adsorbed oxygen ions, thus decreasing
(or raising) the electron density in the conduction band. As a result, the sensor’s resistance
increases (or reduces) substantially thereby creating the response to be measured. In the
case of a p-type sensing layer, the contrary phenomenon would occur [9]. The sensing
mechanism of resistive sensors are summarised in Table 3.

Table 3. Sensing mechanism of resistive sensors.

Sensing Response
Behaviour Target Analyte n-Type Sensor p-Type Sensor

Oxidising analytes Cl2, N2O, O2,
compressed air, H2O2, F2

Resistance increases Resistance decreases

Reducing analytes H2, CO, H2S, CH4,
NH3, C6H6

Resistance decreases Resistance increases

Minority carrier - Hole (+) Electron (−)

Majority carrier - Electron (−) Hole (+)

5. Performance of Nanocellulose Composite Chemical Sensors

The innovative use of nanocellulose in combination with other materials as a chemical
sensor has been emphasised and thoroughly studied by various researchers. As has been
mentioned earlier, modification by surface functionalization are critical steps in composite
processing in order to give nanocellulose these extraordinary capabilities. For instance,
Wang et al. (2021) [97] prepared an ionic conductive hydrogel using cationic CNC (CCNC)
using an in situ polymerization process for the stabilization of graphitic carbon nitride
(g-C3N4) in the hydrogel. This polymerization leads to the formation of CCNC-g-C3N4
complexes which are able to demonstrate high sensitivity in the detection of human motion,
speech and inhalation actions. The ionic interaction between the g-C3N4 and CCNC
provided adequate sacrificial bonds that highly enabled the stretchability of this hydrogel
and would be beneficial in strain sensor applications [97].

Another different strain sensor was researched by Hanif et al. (2020) [98]. These au-
thors fabricated a hydrogel using CNC with PPy using a wet-on-wet vapor-phase polymer-
ization technique (WOW-VPP). Gelation of CNC can be achieved by addition of polymers
in CNC suspensions as done by Hanif et al. (2020) [98]. The oxidant added in the beginning
promotes the interaction of PPy in CNC suspension. The adsorption of polymers can
lead to bridging at low surface coverage and the formation of CNC gels by stabilization
through steric repulsion at high surface coverage. The hydrogel-based strain sensor re-
vealed enhanced resistivity changes under various applied loads and good performance
under repeated compression cycles. Typically, vapor phase polymerization involves coating
the substrate with an oxidant and this is followed by a short drying period to remove any
excess solvent, before the PPy polymerization is done onto the oxidant coated surface
within a controlled humidity environment. Usually classical vapor phase polymerization
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leads to bulk polymerization occurring and the presence of impurities however the WOW-
VPP technique does overcome the challenges, and results in a lightweight hydrogel which
is a renewable and sustainable material, is needing only simple preparation, is capable of
modest scale-up production needs, and can be operated at ambient temperature without
having the problem of bulk polymerization occurring during synthesis. Figure 8 displays
the hydrogel with PPy coated onto CNC and the SEM images of the resulting hydrogel.
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Using conductive nanocellulose, Ouyang et al. (2022) [99] designed a textile sensor to
track real-time human movement, which included full finger flexion and extension as well
as the sensing of subtle swallowing motions. As a supporting fabric for the sensor, silk-
polyurethane was chosen to absorb the conductive units of nanocellulose-PPy. This sensor
was fabricated using a reversible yarn framework and when tested achieved exceptional
sensitivity (Gauge factor = 8.96) and dynamic durability (5000 cycles) in strain sensing and
possessed high conductivity. More crucially, the sensor was able to capture movement in
both normal and fever temperature environments, as well as the pH response, and this
exceptional performance has since progressed into significant application prospects in
human–machine interaction, human health and other related fields.

Silva et al. (2020) [100], on the other hand, utilized BNC to produce a biomarker
for uric acid, 17-estradiol, Pb2+, and Cd2+ detection in both sweat and urine. In order
to be used as a bio-substrate, screen-printed carbon electrodes (SPCE) were coated with
BNC. Due to the sensitive nature of the biosensor which was composed of thermoplastic
resin, conductive carbon particles with a solid content of 32 wt%, and a solvent, a carbon
type electrode was chosen. The SPCE sensor was found to be able to detect hazardous
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metals such as cadmium (Cd2+) and lead (Pb2+) effectively with detection limits being
1.01 and 0.43 µM, respectively, which was adequate for the monitoring of these metal ions
in human sweat and urine. This functionalized SPCE also managed to detect uric acid
and 17β-estradiol with a limit of detection 1.8 µM and 0.58 µM, respectively. The BNC
created oxygen groups on the surface of the electrode which improved its wettability and
hydrophilicity. Thus these findings show that greener, and more environmentally friendly
substrates like nanocellulose do offer good potential for use as immunosensing devices.

Besides that, Shalauddin et al. (2019) [101] performed electrochemical sensor experi-
ments using nanocellulose composites with f -multiwalled carbon nanotubes (f -MWCNT)
to detect diclofenac sodium (DCF), a non-steroidal anti-inflammatory drug (NSAID) which
is a widely used electroactive analgesic. The abundant hydroxyl groups on the surface
of nanocellulose provides more binding sites for the adsorption of analytes. f -MWCNT
provides an axial modulus rearrangement, and possesses a large surface area, excellent
electrical conductivity and good mechanical strength. The electrodes fabricated in this
study demonstrated two linear dynamic ranges namely, from 0.05 to 1.00 µM and 2–250 µM
DCF with a low detection limit of 0.012 µM. In addition, differential pulse voltammetry
(DPV) and cyclic voltammetry (CV) profiles done with this sensor displayed remarkable
sensitivity and selectivity for the determination of DCF.

Jung et al. (2017) [102] evaluated the performance of TEMPO-oxidized nanocellulose
as both a temperature and pressure sensor. For the pressure sensor role, the authors utilized
the piezo resistance principle, where the conducting electrode was inkjet printed onto the
TEMPO-oxidized nanocellulose. Experimental data revealed that the sensor was capable of
high sensitivity over a wide range (500 Pa–3 kPa) and has high durability over 104 load-
ing/unloading cycles. Whereas for the temperature sensor role, it was modified using
a few material types namely, poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)
(PEDOT:PSS), silver nanoparticles (AgNPs) and carbon nanotubes to form a thermocou-
ple on the upper nanocellulose layer. From the experimental data it was noted that the
thermoelectric-based temperature sensors produced a thermoelectric voltage output of
1.7 mV over a temperature difference of 125 K. There findings thus demonstrating that this
tactile sensor possessed durable sensing ability, showed quick responses and experienced
negligible interference which would be beneficial in flexible electronic sensing applications.

Meanwhile, Ortolani et al. (2018) [103] investigated a sensor fabricated from the
functionalization of nanocellulose with single-walled carbon nanohorns (SWCNH) for use
in the selective detection of DNA bases. DNA can be measured through the analysis of its
bases, and since the analysis of the DNA bases guanine and adenine provides sufficient
information for interpretation of DNA sequence, oxidative damage towards DNA, effects
of hybridization and protein metabolism in cells, among others, the ability to determine
guanidine and adenine is a matter of importance [104]. The developed sensor comprised
three electrochemical electrodes which were a platinum electrode as the counter electrode,
Ag/AgCl as the reference electrode and a glassy carbon electrode as the working electrode.
The working electrode was then immersed into a solution of nanocellulose and single-
walled carbon nanohorns within an ultrasonication water bath for few hours. Following
this functionalization, it was found that the sensor’s cyclic voltammetry profiles depicted a
cathodic direction where the charge transfer process was irreversible for both the analytes.
The mechanism of the oxidation of guanine and adenine in this study is represented in
Scheme 1. The modified electrode in this sensor displayed lower limits of detection as
compared with other electrodes already used for the simultaneous detection of purines.
The compatibility seen between nanocellulose and SWCNH gave good electrocatalytic
effects and showed great conductivity. The simple preparation and excellent repeatability
of this modified electrode indicates huge potential for the determination of guanine and
adenine in biosensor applications.
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Sobhan et al. (2019) [105] evaluated the biosensing characteristics of nanocellulose
functionalized with activated carbon produced using a casting approach. This nanocellulose
composite biosensor was then monitored for its electrical conductivity, water absorption
capacity, solubility in water, and its mechanical characteristics were assessed. According
to the results, its electrical conductivity decreased as the concentration of nanocellulose
increased and this was due to the acquisition of negative charges from its non-conductive
components. The composite biosensor film with a nanocellulose composition of less
than 50% was noted as ideal for sensor applications. The composite’s tensile strength,
strain, and Young’s modulus rose dramatically from 0.03 to 4.78 MPa, 0.13 to 1.94%, and
97.64 to 247.3 MPa, respectively, when the nanocellulose content increased. Thermal
decomposition of the composite was noted to occur in the range of 300–400 ◦C as seen in
the thermogravimetric analysis results. The extraordinary biosensing properties of these
nanocellulose/activated carbon composites showed promising potential as biosensors for
smart food packaging applications.

Razalli et al. (2017) [106] established an in situ oxidative polymerization method to
fabricate PANI and CNC. Following this fabrication, the electrochemical, thermal, struc-
tural and morphological properties of the nanocomposite were characterized. The EIS
measurements revealed that the PANI/CNC-modified electrode with a smaller semicircle
and charge transfer resistance (Rct) value had greater electron transport. The existence
of the emeraldine salt of PANI and the inclusion of nanocellulose in the nanocomposite
were demonstrated through X-ray diffractometer (XRD) data. Thermal gravimetry analysis
(TGA) revealed that high aniline content percentages had inferior thermal stability com-
pared to pure aniline. This study concluded that the developed conductive nanocomposite
showed promise for use in sensors, batteries, and conductive adhesives.

Dias et al. (2019) [107] studied the electrical characteristics of CNF modified with
polythiophene, a conductive polymer. The reaction time for oxidative polymerization
by 3-methyl thiophene monomer on CNF backbones was varied at 2 h, 8 h and 24 h,
respectively. Results revealed that a significant amount of conduction polymers was
grafted onto the CNF and this was dependent on the polymerization time employed. A
longer polymerization time achieved a higher yield of CNF composites. Upon grafting
with polythiophene, the insulator characteristics of CNF was converted to conductive and
was also enhanced by one order of magnitude when compared to silicon. The oxidative
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polymerization of CNF also showed exceptional thermal stability, implying that it had
potential as a flexible electronic application, particularly as a chemical sensor. Figure 9
illustrates the grafting and polymerization mechanism of CNF and polythiophene.
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Silver nanoparti-
cles/BNC  

Methomyl 
- Limit of detection: 3.6 × 10−7 M 
- Stability: displayed great sensitivity 

after 3 months 

- User-friendly device 
- Simple and fast results 
- Portable 

[111] 

Polyaniline/CNC 
(screen-printed elec-

trodes with thin layer 
ionic liquid)  

Cholesterol ox-
idase 

- Sensitivity: 35.19 μA mM/cm−2 

- Dynamic linear range: 
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high porosity and good electrocat-
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tent on CNF aerogel: 113 mg/g 

- High fluorescence quantum: 26.2% 

- Carbon dots serve as stabilizers to 
endow shape recovery in water 
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[113] 

Figure 9. Grafting and polymerization mechanism between polythiophene and CNF. Reproduced
from Ref. [108].

On the other hand, composites of nanocelluloses with metal nanoparticles (Au or
Ag NPs) also have been developed as substrates for surface enhanced Raman scatter-
ing (SERS) sensing [108]. For instance, Fu et al. (2022) [109] constructed a flexible 2D
nanocellulose-based SERS substrate for pesticide residue detection. The authors suc-
cessfully developed SERS substrate based on nanocrystalline cellulose (CNC) film via
self-assembly of two plasma nanoparticles: gold nanoflowers (AuNFs) and silver-coated
gold nanocubes (Au@AgNCs). Pesticide residues on the apple surface could be detected by
CNC/Au@AgNC flexible two-dimensional substrate with limit of detection of dimethoate
and acetamiprid, 4.1 and 10.7 mg/L, respectively. The precise control of nanoparticle
distribution density and uniformity on CNC film contributes to the high sensitivity and
field detection of dangerous pesticide residue in a real environment. Song et al. (2021) [110]
also fabricated a flexible nanocellulose-based SERS substrate deposited on Au nanoparticles
to detect toxic fungicide, thiram. A spiral scanning system was utilized using this flexible
and durable nanocellulose-based SERS substrate was provenly sensitive in detection of
thiram with detection within 30 s. It is also noteworthy that the error of spiral scanning
measurements is smaller than that of multi-spot sampling.

Table 4 tabulates certain other findings on the performance of nanocellulose composite
chemical sensors.
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Table 4. Performance of nanocellulose composite chemical sensors.

Composite Target Analyte Performances Advantages References

Silver
nanoparticles/BNC Methomyl

- Limit of detection:
3.6 × 10−7 M

- Stability: displayed great
sensitivity after 3 months

- User-friendly device
- Simple and fast results
- Portable

[111]

Polyaniline/CNC
(screen-printed

electrodes with thin
layer ionic liquid)

Cholesterol oxidase

- Sensitivity: 35.19 µA
mM/cm−2

- Dynamic linear range:
- 1 µM to 12 mM

(R2 = 0.99083)
- Limit of detection:

0.48 µM
- Reproducibility (RSDs ≤

3.76%) and repeatability
(RSDs ≤ 3.31%)

- The developed sensor
provides high porosity
and good
electrocatalytic activity

- Great selectivity and
stability

[112]

CNF/carbon dots Glutaraldehyde

- Maximum carbon dot
grafting content on CNF
aerogel: 113 mg/g

- High fluorescence
quantum: 26.2%

- Mechanical properties:
increased to 360% of
compression strength

- Carbon dots serve as
stabilizers to endow
shape recovery
in water

- Detection at parts per
million (ppm) level

- High selectivity
towards NOx analyte

[113]

Nanocellulose/
polyethylene

terephthalate (PET)
Glucose oxidase

- Limit of detection:
0.1 × 10−3 M

- Response time: 8–10 min
- Glucose concentration:

3 g L−1

- Inexpensive,
disposable, and
environmentally
friendly

[114]

Graphene-nanocellulose
(impregnated in

polydimethylsiloxane for
stretchable nanopaper)

Bending and
stretching

- Stretchable: 100%
without breaking

- Gauge factor: 1.6 at 10%
strain to 7.1 at 100%
strain

- Efficient detection of
a variety forms of
forces

- Stretchable > 10 times
more sensitive than
CNT and AgNWs

[115]

6. Performance of Nanocellulose Hybrid Composite Chemical Sensors

The development of highly sensitive and selective chemical sensors based on nanocel-
lulose and their polymer hybrid composites has been seen as having significant potential
especially in the context of the aforementioned properties. This section will review recent
progress in the use of conductive nanocellulose hybrid composites for use in chemical
sensors. Differing from the nanocellulose composites discussed in the previous section, the
hybrid composites discussed here are those composites which contain a combination of
two or more components.

In 2016, Pang et al. (2016) [116] had found that nanofibers’ ammonia sensing character-
istics could be improved by the presence of P–N heterojunctions. Deacetylated electrospun
cellulose acetate was used to make regenerated CNF, which was subsequently immersed
in a TiO2 solution to adsorb TiO2 nanoparticles onto its surfaces, resulting in a CNF/TiO2
composite. To deposit PANI onto the surface of this CNF/TiO2 composite, in situ aniline
polymerization was applied. The production steps used are depicted in Figure 10.
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be the effect of TiO2 nanoparticle adsorption. The composite with and without TiO2 nano-
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greater specific surface area, allowing ammonia vapour migration and composite expo-
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Figure 10. Production steps for CNF/TiO2/PANI composite. Reproduced from Ref. [116].

From the SEM analysis performed (Figure 11b), the surface of the CNF/TiO2 was
not as smooth as that of CNF (Figure 11a), as is clearly seen in the images below. This
could be the effect of TiO2 nanoparticle adsorption. The composite with and without TiO2
nanoparticles is shown in Figure 11c,d. The surface of the composite became rough due to
the presence of PANI. However, the composite maintained a good fiber structure with a
greater specific surface area, allowing ammonia vapour migration and composite exposure
to the target gases. The response values and sensitivity of this CNF/TiO2/PANI composite
was found to be substantially greater than those of CNF/PANI alone. The fabricated
sensors also showed high selectivity to ammonia gas (Figure 12).
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Besides that, CNC can also be used to make elastic sensors by incorporation into
elastomers. In a study done by Wu et al. (2016) [117], CNC was combined with carbon
black (CB) and natural rubber (NR) to create a CB/CNC/NR hybrid composite for toluene
detection (Figure 13). The study findings revealed that CNC served as a good foundation
for CB and directed CB alignment along its axis. Due to the high aspect ratio of CNC, the
CB/CNC system displayed colloidal properties with a lower percolation threshold. The
electrical conductivity of CB/CNC/NR was 12 orders of magnitude higher than that of
CB/NR with the same amount of CB due to this low percolation threshold. The electrical
conductivity of CB/CNC/NR was drastically lowered when immersed in toluene due to the
swelling of NR in toluene. The percolated network was disrupted and conductivity dropped
as the network was diluted in toluene. This was a reversible process, and the network
rebuilt after drying to regain its electrical conductivity. The reaction time, responsivity (i.e.,
resistance variation), and conductivity of the CB/CNC/NR system was found capable of
being tweaked by changing the concentration of CB. For instance, at 3.4% CB, the response
time to toluene was 168 s, its responsivity was 4427 Ω and its electrical conductivity was
0.35 S m−1.

On the other hand, CNC has also been used to facilitate the assembly of graphene in
rubber composites for the chemical sensing of toluene. According to Cao et al. (2016) [118],
a composite of reduced graphene oxide (RGO)/CNC/NR, as shown in Figure 14a, had a
substantially lower electrical conductivity percolation threshold (0.66 vol%) than RGO/NR
after CNC were introduced (1.17 vol%). Furthermore, with the same 0.83 vol% RGO
loading, RGO/CNC/NR demonstrated exceptional conductivity, which was 10 orders of
magnitude higher than RGO/NR. For organic liquid detection, enhanced RGO/CNC/NR’s
conductivity was found advantageous. The sensors were immersed in various organic
solvents such as toluene, chloroform, acetone, and dimethyl formamide with 2.08 vol%
RGO loading. The resistivity of the sensor was measured over time. Then in the presence of
toluene, chloroform, acetone, and dimethyl formamide, relative changes in electrical resis-
tance of the sensor was found to be 2.05 × 104%, 2.05 × 104%, 220%, and 50%, respectively.
Despite the fact that the resistance levels of toluene and chloroform were comparable, the
sensor’s response time to toluene was significantly faster than that of chloroform (120 s vs.
360 s). Even in the presence of interferences such as chloroform, acetone, and dimethyl for-
mamide, the RGO/CNC/NR remained very sensitive and responsive in detecting toluene
during the five immersion-drying cycles (Figure 14b).
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Figure 13. (a) Schematic presentation of 3D hierarchical conductive CB/CNC/NR fabrication. (b) Im-
ages of illumination change during CB/CNC/NR composite (5 vol% CB) immersion into toluene
and drying by hot-air. Electrical conductivity responses of CB/CNC/NR and CB/NR with different
volume fractions of CB (c), electrical conductivity of CB/CNC/NR as a function of CB content (vol%),
(d) image of CB/CNC/NR lighting up an LED device by 9 V voltage (inset image). Reproduced from
Ref. [117].
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sonochemical synthesis of the novel composite MWCNT-CNC/ZnO NR/hemin. The 
MWCNT-CNC/ZnO NR/hemin electrode, as constructed, was also employed as an im-
proved sensor matrix for H2O2 electrochemical measurement in real time. The MWCNT-
CNC/ZnO NR/hemin modified screen-printed carbon electrode (SPCEs) electrochemical 
redox behaviour and electron-transfer properties were compared. The results showed that 
hemin/MWCNT and hemin/CNC-ZnO demonstrated 1.5 and 2.3 times higher electrocat-
alytic activity respectively with a lower reduction potential (0.2 V) towards H2O2 than 
other examined hemin modified electrodes. In a linear concentration of H2O2 solution 
ranging up to 4183.3 M, the constructed sensor demonstrated a consistent amperometric 
response (−0.2 V vs. Ag/AgCl) with a lower detection limit of 4.0 nM (Figure 15). 

Figure 14. (a) Schematic illustration of RGO/CNC/NR with a 3D conductive network. (b) Responsivity–
time relationship for RGO 2.08 vol% RGO/CNC/NR (b) when exposed to toluene the first time,
(c) during five immersion-drying cycles and (d) when exposed to various interfering compounds.
Reproduced from Ref. [118].

In the year 2020, Selvakumar et al. (2020) [119] produced a simple solution based
on sonochemical synthesis of the novel composite MWCNT-CNC/ZnO NR/hemin. The
MWCNT-CNC/ZnO NR/hemin electrode, as constructed, was also employed as an im-
proved sensor matrix for H2O2 electrochemical measurement in real time. The MWCNT-
CNC/ZnO NR/hemin modified screen-printed carbon electrode (SPCEs) electrochemical
redox behaviour and electron-transfer properties were compared. The results showed that
hemin/MWCNT and hemin/CNC-ZnO demonstrated 1.5 and 2.3 times higher electro-
catalytic activity respectively with a lower reduction potential (0.2 V) towards H2O2 than
other examined hemin modified electrodes. In a linear concentration of H2O2 solution
ranging up to 4183.3 M, the constructed sensor demonstrated a consistent amperometric
response (−0.2 V vs. Ag/AgCl) with a lower detection limit of 4.0 nM (Figure 15).
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Figure 15. (a) Cyclic voltammogram obtained for hemin immobilized different modified
SPCEs, hemin/SPCE (a) CNC/ZnO NR/hemin/SPCE, (b) MWCNT/hemin/SPCE, (c) MWCNT-
CNC/hemin/SPCE (d) and MWCNT-CNC/ZnO NR/hemin/SPCE (e) in a deoxygenated pH 7.0
at a scan rate of 100 mV/s. Under the same conditions, MWCNT-CNC/ZnO NR modified SPCE in
the absence of hemin (a′), (b) Cyclic voltammetric response and the electron transfer characteristics
of MWCNT-CNC/ZnO NR, CNC/ZnO, MWCNT-CNC and pristine MWCNT modified SPCEs in
5 mM potassium ferricyanide containing 0.1 M KCl. Adapted from Ref. [119].

Moreover, Mahmoud et al. (2020) [120] modified a sensing electrode using nanocel-
lulose, nitrogen and sulphur co-doped graphene quantum dots for the electrochemical
detection of olanzapine (OLZ), an atypical antipsychotic used to treat schizophrenia and
bipolar disorders. Polar groups on the surface of the nanocellulose provided additional
anchoring sites for the OLZ at the working electrode. Thus, this modified electrode was
found to promote excellent selectivity, as well as reliability towards OLZ detection.

Tanguy et al. (2021) [121] presented lignocellulosic CNF (LCNFs) as a renewable and
strong substrate for the fabrication of highly sensitive and selective sensors based on PANI
and reduced graphene oxide (rGO). The hydrophobic lignin covalently bonds to cellulose
in the nanofibrils, thus increasing the water resistance of the sensor and limiting the effects
of humidity on the sensor. PANI was deposited on the LCNFs and rGO by means of
chemical oxidative polymerization and this composite then showed improvement in its
sensitivity to detect volatile amines while still maintaining an acceptable selectivity. The
detection mechanism for volatile amines is as follows: (1) adsorption of the analytes onto
the sensing layer (PANI backbone), (2) ammonia molecules convert to ammonium cations
via acid–base interactions, (3) ammonium cations then immobilize the polarons on the PANI
backbone and (4) lastly, mobility and amount of carrier concentration reduces and hence,
this increases the sensor’s resistance. The PANI sensor acts as p-type semiconductor, and
the presence of rGO magnifies the magnitude of the resistance changes seen. After removal
of the analytes, the sensor was found to be able to regain back its initial state which shows
the ability for good reversibility of the sensor. Therefore, LCNFs show excellent potential
as utilising renewable resources, possessing mechanical strength and forming a strong
substrate for use in the fabrication of both sensitive and selective volatile amine sensors.

Table 5 tabulates certain other findings regarding the performance of nanocellulose
hybrid composite chemical sensors.
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Table 5. Performance of nanocellulose hybrid composites chemical sensor.

Material Target
Analyte Performances Advantages References

Polydiacetylene/
CNC/chitosan Ammonia

- Presence of negatively charged
CNC in the system increased
stability of polydiacetylene.

- Sensor exhibits distinctive
blue-to-red colorimetric
response after being exposed to
spoiled meat, even at sub-zero
temperatures.

- Low cost, highly sensitive
sensor.

- Can be incorporated into food
packaging to monitor food
spoilage.

[122]

AgNPs/
carboxymethyl
cellulose/CNF

Catechol

- Cyclic voltammetry reveals that
the developed sensor was of
benefit to immobilize Lac and
facilitate direct electron transfer
between Lac and electrode.

- The developed sensor has a
detection limit of 1.64 µM
(S/N = 3), and a wide linear
range from 4.98 µM to 3.65 mM.

- Can be applied as substrate
material for different biosensors
by immobilizing other different
functional nanoparticles or
enzymes.

- Good repeatability,
reproducibility, stability, and
selectivity.

[123]

Lac/Ag/ZnO/CNF Catechol

- Highly sensitive detection of
catechol with wide linear range
from 0.995 to 811 mM and low
detection limit of 0.205 mM.

- Promising nanostructured
material for the fabrication of
different sensors.

[124]

Peptide/poly(vinyl
alcohol)/CNC Trypsin

- The developed sensor has nearly
instantaneous and pronounced
change in fluorescence emission
intensity in response to changes
in pH.

- Trypsin detected at a
concentration of 250 µg/mL
(concentration that is typical for
abnormal proteolytic activity in
wound fluids).

- A versatile scaffold for the
development of new sensors for
applications in wound diagnosis
and other biomedical
applications.

[70]

Graphene
oxide/PPy/CNC Glucose

- The composite exhibits high
sensitivity (ca. 0.73 µA·mM−1),
with high dynamic response
ranging from 1.0 to 20 mM
glucose.

- Exhibits a limit of detection
(LOD) of (50 ± 10) µM.

- And excludes interfering species,
such as ascorbic acid, uric acid,
and cholesterol.

- The developed sensor displays
an acceptable reproducibility
and stability over time.

- Current response was
maintained over 95% of the
initial value after 17 days.

[125]

Poly(diallyldimethyl
ammonium chlo-

ride/carboxylated
CNC/poly(3,4-

ethylenedioxythiophene)

Nitrite

- The developed sensor can detect
nitrite in the 0.2 µM to 1.73 mM
concentration range with a 57
nM detection limit.

- The composite has lowest
electrochemical impedance and
best electrocatalytic activity
towards the oxidation of nitrites.

[126]

7. Challenges and Future Directions

This review discussed an overview of how nanocellulose composites have been de-
signed and fabricated into chemical sensors in order to detect certain analytes. Overall,
these fabricated chemical sensors utilizing nanocellulose with its high surface area or
porous structure, allows mass transport between the analyte and immobilized indicators in
a faster manner and subsequently this translates into response times that can be expected
to be significantly shorter.

However, there some challenges and future directions related to this research that
need to be taken into consideration and need to be addressed, as follows:

(a) Agglomeration is a major issue that must be taken into account when preparing
nanocellulose for use as this is a result of nanocellulose’s inherent large surface area
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properties. It should be emphasized that aggregated nanocellulose is very difficult
to be re-dispersed, which can lead to undesirable effects on sensing abilities and
mechanical properties of the resultant composites. Due to its hydrophilic properties,
nanocellulose is also difficult to dry, becomes prone to aggregation and is incompatible
with other hydrophobic materials.

(b) Functionalization is an important key towards success in order to make nanocel-
lulose a conducting polymer composite. There is still gaps in knowledge of the
crystallinity and surface properties of functionalized nanocellulose, which can have a
significant impact on the fabrication, reproducibility and applications of nanocellulose
composites within chemical sensors. Methods such as nuclear magnetic resonance
spectroscopy can be used to determine the chemical structure of these materials. This
functionalization has been a key factor in many of the sensor technologies described in
this review. Many of the sensor technologies highlighted have shown high sensitivity
and selectivity and low cost, which are essential attributes for their commercialization
and wider use in the industry.

(c) Pretreatment has been a feature in a number of the developments described earlier.
The development of compact and portable nanocellulose composite chemical sensors
which require less complicated pretreatment steps is a matter that needs attention to
capitalise on the advantages that nanocellulose composites possess to enable better
and more efficient sensors to be made.

(d) Major hurdles for the commercial application of nanocellulose lies both in their pro-
cesses of fabrication and post-production preparation. Green nanocellulose extraction
approaches and functionalization techniques that minimize acid and solvent wastes
are needed. Moreover, the presence of chemical contaminants arising from functional-
ization processes must be avoided

(e) Research aimed at optimizing the dispersion and orientation of nanocellulose within
or on composite matrices needs further exploration. This is an important key towards
structural integrity and sensing performance of these sensors. There have been
several studies exploring the use of a variety of different compatibilizer in polymer
composites of nanocellulose aimed at improving the dispersion and arrangement of
fibers in these composites.

Discoveries regarding the functionalization of nanocellulose with other different
nanomaterials is still very much in its early stages. There are several other types of
nanomaterials that could potentially be good conducting polymers capable of enhancing
the properties in nanocellulose composites used in sensing applications. Thus, scientists
still have a nascent research area to discover greater potentials for the functionalization of
nanocellulose with other nanomaterials in order to create newer, more efficient and yet
more environmentally friendly sensors for a multitude of applications.

Author Contributions: Conceptualization, M.N.F.N., M.S.M.M. and N.J.; validation, N.M.N., J.N.,
N.A.M.K. and V.F.K.; writing—original draft preparation, M.N.F.N., M.A.J., M.S.M.M., N.M.N., N.J.
and V.F.K.; supervision, V.F.K.; project administration, M.F.A.S., M.R.M.A., R.A.I. and J.N.; funding
acquisition, M.N.F.N. and V.F.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Centre for Research Management and Innovation, Univer-
siti Pertahanan Nasional Malaysia (UPNM).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the financial support from the Universiti
Pertahanan Nasional Malaysia (National Defence University of Malaysia) for its support of this work.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2022, 14, 4461 25 of 30

References
1. Ilyas, R.A.; Nurazzi, N.M.; Norrrahim, M.N.F. Fiber-Reinforced Polymer Nanocomposites. Nanomaterials 2022, 12, 3045. [CrossRef]

[PubMed]
2. Asyraf, M.R.M.; Ishak, M.R.; Syamsir, A.; Nurazzi, N.M.; Sabaruddin, F.A.; Shazleen, S.S.; Norrrahim, M.N.F.; Rafidah, M.; Ilyas,

R.A.; Abd Rashid, M.Z.; et al. Mechanical Properties of Oil Palm Fibre-Reinforced Polymer Composites: A Review. J. Mater. Res.
Technol. 2021, 17, 33–65. [CrossRef]

3. Ilyas, R.A.; Sapuan, M.S.; Norizan, M.N.; Norrrahim, M.N.F.; Ibrahim, R.; Atikah, M.S.N.; Huzaifah, M.R.M.; Radzi, A.M.; Izwan,
S.; Azammi, A.M.N.; et al. Macro to Nanoscale Natural Fiber Composites for Automotive Components: Research, Development,
and Application. In Biocomposite and Synthetic Composites for Automotive Applications; Sapuan, M.S., Ilyas, R.A., Eds.; Woodhead
Publishing Series: Amsterdam, The Netherland, 2020.

4. Asyraf, M.R.M.; Ishak, M.R.; Norrrahim, M.N.F.; Nurazzi, N.M.; Shazleen, S.S.; Ilyas, R.A.; Rafidah, M.; Razman, M.R. Recent
Advances of Thermal Properties of Sugar Palm Lignocellulosic Fibre Reinforced Polymer Composites. Int. J Biol. Macromol. 2021,
193, 1587–1599. [CrossRef] [PubMed]

5. Lee, C.H.; Lee, S.H.; Padzil, F.N.M.; Ainun, Z.M.A.; Norrrahim, M.N.F.; Chin, K.L. Biocomposites and Nanocomposites. In
Composite Materials; CRC Press: Boca Raton, FL, USA, 2021; pp. 29–60.

6. Norrrahim, M.N.F.; Yasim-Anuar, T.A.T.; Sapuan, S.M.; Ilyas, R.A.; Hakimi, M.I.; Najmuddin, S.U.F.S.; Jenol, M.A. Nanocellulose
Reinforced Polypropylene and Polyethylene Composite for Packaging Application. In Bio-Based Packaging: Material, Environmental
and Economic Aspects; Wiley Online Library: Hoboken, NJ, USA, 2021.

7. Norizan, M.N.; Alias, A.H.; Sabaruddin, F.A.; Asyraf, M.R.M.; Shazleen, S.S.; Mohidem, N.A.; Kamarudin, S.H.; Norrrahim,
M.N.F.; Rushdan, A.I.; Ishak, M.R.; et al. Effect of Silane Treatments on Mechanical Performance of Kenaf Fibre Reinforced
Polymer Composites: A Review. Funct. Compos. Struct. 2021, 3, 045003.

8. Nurazzi, N.M.; Norrrahim, M.N.F.; Sabaruddin, F.A.; Shazleen, S.S.; Ilyas, R.A.; Lee, S.H.; Padzil, F.N.M.; Aizat, G.; Aisyah, H.A.;
Mohidem, N.A.; et al. Mechanical Performance Evaluation of Bamboo Fibre Reinforced Polymer Composites and Its Applications:
A Review. Funct. Compos. Struct. 2022, 4, 015009. [CrossRef]

9. Nasri, A.; Pétrissans, M.; Fierro, V.; Celzard, A. Gas Sensing Based on Organic Composite Materials: Review of Sensor Types,
Progresses and Challenges. Mater. Sci. Semicond. Process. 2021, 128, 105744. [CrossRef]

10. Nurazzi, N.M.; Abdullah, N.; Demon, S.Z.N.; Halim, N.A.; Azmi, A.F.M.; Knight, V.F.; Mohamad, I.S. The Frontiers of Functional-
ized Graphene-Based Nanocomposites as Chemical Sensors. Nanotechnol. Rev. 2021, 10, 330–369. [CrossRef]

11. Yang, Y.; Tu, H.; Zhang, A.; Du, D.; Lin, Y. Preparation and Characterization of Au-ZrO2-SiO2 Nanocomposite Spheres and Their
Application in Enrichment and Detection of Organophosphorus Agents. J. Mater. Chem. 2012, 22, 4977–4981. [CrossRef]

12. Misenan, M.S.M.; Janudin, N.; Idayu, M.A.; Norrrahim, M.N.F.; Jamal, S.H.; Wan Yusoff, W.Y.; Kasim, N.; Yunus, W.M.D.Z.W.;
Ernest, V.F.K.V.; Kasim, N.A.M. Cellulose Nanofiber as Potential Absorbent Material for Chloride Ion. Solid State Phenom. 2021,
317, 263–269. [CrossRef]

13. Janudin, N.; Kasim, N.A.M.; Knight, V.F.; Halim, N.A.; Noor, S.A.M.; Ong, K.K.; Yunus, W.M.Z.W.; Norrrahim, M.N.F.; Misenan,
M.S.M.; Razak, M.A.I.A.; et al. Sensing Techniques on Determination of Chlorine Gas and Free Chlorine in Water. J. Sens. 2022,
2022, 1898417. [CrossRef]

14. Norrrahim, M.N.F.; Kasim, N.A.M.; Knight, V.F.; Ujang, F.A.; Janudin, N.; Razak, M.A.I.A.; Shah, N.A.A.; Noor, S.A.M.; Jamal,
S.H.; Ong, K.K.; et al. Nanocellulose: The Next Super Versatile Material for the Military. Mater. Adv. 2021, 2, 1485–1506. [CrossRef]

15. Hemath, M.; Mavinkere Rangappa, S.; Kushvaha, V.; Dhakal, H.N.; Siengchin, S. A Comprehensive Review on Mechanical, Elec-
tromagnetic Radiation Shielding, and Thermal Conductivity of Fibers/Inorganic Fillers Reinforced Hybrid Polymer Composites.
Polym. Compos. 2020, 41, 3940–3965. [CrossRef]

16. Bacakova, L.; Pajorova, J.; Tomkova, M.; Matejka, R.; Broz, A.; Stepanovska, J.; Prazak, S.; Skogberg, A.; Siljander, S.; Kallio, P.
Applications of Nanocellulose/Nanocarbon Composites: Focus on Biotechnology and Medicine. Nanomaterials 2020, 10, 196.
[CrossRef] [PubMed]

17. Cunha-Silva, H.; Julia Arcos-Martinez, M. Development of a Selective Chloride Sensing Platform Using a Screen-Printed Platinum
Electrode. Talanta 2019, 195, 771–777. [CrossRef] [PubMed]

18. Dhall, S.; Jaggi, N.; Nathawat, R. Functionalized Multiwalled Carbon Nanotubes Based Hydrogen Gas Sensor. Sens. Actuators A
Phys. 2013, 201, 321–327. [CrossRef]

19. Janudin, N.; Abdullah, N.; Wan Yunus, W.M.Z.; Yasin, F.M.; Yaacob, M.H.; Mohamad Saidi, N.; Kasim, N.A.M. Effect of
Functionalized Carbon Nanotubes in the Detection of Benzene at Room Temperature. J. Nanotechnol. 2018, 2018, 2107898.
[CrossRef]

20. Sharma, A.K.; Mahajan, A.; Saini, R.; Bedi, R.K.; Kumar, S.; Debnath, A.K.; Aswal, D.K. Reversible and Fast Responding Ppb
Level Cl2 Sensor Based on Noncovalent Modified Carbon Nanotubes with Hexadecafluorinated Copper Phthalocyanine. Sens.
Actuators B Chem. 2018, 255, 87–99. [CrossRef]

21. Fennell, J.; Hamaguchi, H.; Yoon, B.; Swager, T. Chemiresistor Devices for Chemical Warfare Agent Detection Based on Polymer
Wrapped Single-Walled Carbon Nanotubes. Sensors 2017, 17, 982. [CrossRef] [PubMed]

22. Janudin, N.; Kasim, N.A.M.; Feizal Knight, V.; Norrrahim, M.N.F.; Razak, M.A.I.A.; Abdul Halim, N.; Mohd Noor, S.A.; Ong, K.K.;
Yaacob, M.H.; Ahmad, M.Z.; et al. Fabrication of a Nickel Ferrite/Nanocellulose-Based Nanocomposite as an Active Sensing
Material for the Detection of Chlorine Gas. Polymers 2022, 14, 1906. [CrossRef] [PubMed]

http://doi.org/10.3390/nano12173045
http://www.ncbi.nlm.nih.gov/pubmed/36080082
http://doi.org/10.1016/j.jmrt.2021.12.122
http://doi.org/10.1016/j.ijbiomac.2021.10.221
http://www.ncbi.nlm.nih.gov/pubmed/34740691
http://doi.org/10.1088/2631-6331/ac5b1a
http://doi.org/10.1016/j.mssp.2021.105744
http://doi.org/10.1515/ntrev-2021-0030
http://doi.org/10.1039/c2jm15129d
http://doi.org/10.4028/www.scientific.net/SSP.317.263
http://doi.org/10.1155/2022/1898417
http://doi.org/10.1039/D0MA01011A
http://doi.org/10.1002/pc.25703
http://doi.org/10.3390/nano10020196
http://www.ncbi.nlm.nih.gov/pubmed/31979245
http://doi.org/10.1016/j.talanta.2018.12.008
http://www.ncbi.nlm.nih.gov/pubmed/30625616
http://doi.org/10.1016/j.sna.2013.07.018
http://doi.org/10.1155/2018/2107898
http://doi.org/10.1016/j.snb.2017.08.013
http://doi.org/10.3390/s17050982
http://www.ncbi.nlm.nih.gov/pubmed/28452929
http://doi.org/10.3390/polym14091906
http://www.ncbi.nlm.nih.gov/pubmed/35567075


Polymers 2022, 14, 4461 26 of 30

23. Nurazzi, N.M.; Demon, S.Z.N.; Halim, N.A.; Mohamad, I.S.; Abdullah, N. Carbon Nanotubes-Based Sensor for Ammonia Gas
Detection—An Overview. Polimery 2021, 66, 175–186. [CrossRef]

24. Gao, J.; He, S.; Nag, A. Electrochemical Detection of Glucose Molecules Using Laser-Induced Graphene Sensors: A Review.
Sensors 2021, 21, 2818. [CrossRef] [PubMed]

25. Ilyas, R.A.; Sapuan, S.M.; Ibrahim, R.; Atikah, M.S.N.; Atiqah, A.; Ansari, M.N.M.; Norrrahim, M.N.F. Production, Processes and
Modification of Nanocrystalline Cellulose from Agro-Waste: A Review. In Nanocrystalline Materials; IntechOpen: London, UK,
2020; pp. 1–30.

26. Mohd Nurazzi, N.; Asyraf, M.R.M.; Khalina, A.; Abdullah, N.; Sabaruddin, F.A.; Kamarudin, S.H.; Ahmad, S.; Mahat, A.M.; Lee,
C.L.; Aisyah, H.A.; et al. Fabrication, Functionalization, and Application of Carbon Nanotube-Reinforced Polymer Composite:
An Overview. Polymers 2021, 13, 1047. [CrossRef] [PubMed]

27. Zuliani, C.; Curto, V.F.; Matzeu, G.; Fraser, K.J.; Diamond, D. Properties and Customization of Sensor Materials for Biomedical
Applications. Compr. Mater. Process. 2014, 13, 221–243. [CrossRef]

28. Thiruganasambanthan, T.; Ilyas, R.A.; Norrrahim, M.N.F.; Kumar, T.S.M.; Siengchin, S.; Misenan, M.S.M.; Farid, M.A.A.; Nurazzi,
N.M.; Asyraf, M.R.M.; Zakaria, S.Z.S.; et al. Emerging Developments on Nanocellulose as Liquid Crystals: A Biomimetic
Approach. Polymers 2022, 14, 1546. [CrossRef] [PubMed]

29. Norrrahim, M.N.F.; Kasim, N.A.M.; Knight, V.F.; Ong, K.K.; Noor, S.A.M.; Jamal, S.H.; Shah, N.A.A.; Halim, N.A.; Ilyas, R.A.;
Yunus, W.M.Z.W. Cationic Nanocellulose as Promising Candidate for Filtration Material of COVID-19: A Perspective. Appl. Sci.
Eng. Prog. 2021, 14, 580–587. [CrossRef]

30. Shukor, N.N.; Roslan, N.F.; Nurazzi, N.M.; Shazleen, S.S.; Faiz Norrrahim, M.N.; Knight, V.F.; Mohamad Nor, N. An Overview on
Chemical Contaminants of Wastewater and Their Current Removal Techniques. Asian J. Water Environ. Pollut. 2022, 19, 15–22.
[CrossRef]

31. Ghosh, S.; Maiyalagan, T.; Basu, R.N. Nanostructured Conducting Polymers for Energy Applications: Towards a Sustainable
Platform. Nanoscale 2016, 8, 6921–6947. [CrossRef] [PubMed]

32. Zeng, S.; Baillargeat, D.; Ho, H.-P.; Yong, K.-T. Nanomaterials Enhanced Surface Plasmon Resonance for Biological and Chemical
Sensing Applications. Chem. Soc. Rev. 2014, 43, 3426–3452. [CrossRef] [PubMed]

33. Biju, V. Chemical Modifications and Bioconjugate Reactions of Nanomaterials for Sensing, Imaging, Drug Delivery and Therapy.
Chem. Soc. Rev. 2014, 43, 744–764. [CrossRef] [PubMed]

34. Neri, G. First Fifty Years of Chemoresistive Gas Sensors. Chemosensors 2015, 3, 1–20. [CrossRef]
35. Ahmad, G.; Nawaz, A.; Nawaz, S.; Shad, N.A.; Sajid, M.M.; Javed, Y. Nanomaterial-Based Gas Sensor for Environmental Science and

Technology; Elsevier Inc.: Amsterdam, The Netherlands, 2020; ISBN 9780128207024.
36. Chen, Z.; Wang, J.; Wang, Y. Strategies for the performance enhancement of graphene-based gas sensors: A review. Talanta 2021,

235, 122745. [CrossRef]
37. Swager, T.M.; Mirica, K.A. Introduction: Chemical Sensors. Chem. Rev. 2019, 119, 1–2. [CrossRef]
38. Rzaij, J.M.; Abass, A.M. Review on: TiO2 Thin Film as a Metal Oxide Gas Sensor. J. Chem. Rev. 2020, 2, 114–121. [CrossRef]
39. Dey, A. Semiconductor Metal Oxide Gas Sensors: A Review. Mater. Sci. Eng. B Solid State Mater. Adv. Technol. 2018, 229, 206–217.

[CrossRef]
40. Ponzoni, A.; Baratto, C.; Cattabiani, N.; Falasconi, M.; Galstyan, V.; Nunez-Carmona, E.; Rigoni, F.; Sberveglieri, V.; Zambotti, G.;

Zappa, D. Smetal Oxide Gas Sensors, a Survey of Selectivity Issues Addressed at the SENSOR Lab, Brescia (Italy). Sensors 2017,
17, 714. [CrossRef] [PubMed]

41. Demon, S.Z.N.; Kamisan, A.I.; Abdullah, N.; Noor, S.A.M.; Khim, O.K.; Kasim, N.A.M.; Yahya, M.Z.A.; Manaf, N.A.A.; Azmi,
A.F.M.; Halim, N.A. Graphene-Based Materials in Gas Sensor Applications: A Review. Sens. Mater. 2020, 32, 759–777. [CrossRef]

42. Nurazzi, N.M.; Harussani, M.M.; Siti Zulaikha, N.D.; Norhana, A.H.; Imran Syakir, M.; Norli, A. Composites Based on Conductive
Polymer with Carbon Nanotubes in DMMP Gas Sensors—An Overview. Polimery 2021, 66, 85–97. [CrossRef]

43. Norizan, M.N.; Moklis, M.H.; Demon, S.Z.N.; Halim, N.A.; Samsuri, A.; Mohamad, I.S.; Knight, V.F.; Abdullah, N. Carbon
Nanotubes: Functionalisation and Their Application in Chemical Sensors. RSC Adv. 2020, 10, 43704–43732. [CrossRef]

44. Nguyen, L.H.; Naficy, S.; Chandrawati, R.; Dehghani, F. Nanocellulose for Sensing Applications. Adv. Mater. Interfaces 2019, 6,
30–33. [CrossRef]

45. Wang, C.; Bai, J.; Tian, P.; Xie, R.; Duan, Z.; Lv, Q.; Tao, Y. The application status of nanoscale cellulose-based hydrogels in tissue
engineering and regenerative biomedicine. Front. Bioeng. Biotechnol. 2021, 9, 732513. [CrossRef] [PubMed]

46. Jia, Y.; Yu, H.; Zhang, Y.; Dong, F.; Li, Z. Colloids and Surfaces B: Biointerfaces Cellulose Acetate Nanofibers Coated Layer-by-
Layer with Polyethylenimine and Graphene Oxide on a Quartz Crystal Microbalance for Use as a Highly Sensitive Ammonia
Sensor. Colloids Surf. B Biointerfaces 2016, 148, 263–269. [CrossRef] [PubMed]

47. Abitbol, T.; Rivkin, A.; Cao, Y.; Nevo, Y.; Abraham, E.; Ben-Shalom, T.; Lapidot, S.; Shoseyov, O. Nanocellulose, a Tiny Fiber with
Huge Applications. Curr. Opin. Biotechnol. 2016, 39, 76–88. [CrossRef]

48. Kumar, S.; Ngasainao, M.R.; Sharma, D.; Sengar, M.; Gahlot, A.P.S.; Shukla, S.; Kumari, P. Contemporary Nanocellulose-
Composites: A New Paradigm for Sensing Applications. Carbohydr. Polym. 2022, 298, 120052. [CrossRef]

49. Misenan, M.S.M.; Akhlisah, Z.N.; Shaffie, A.H.; Saad, M.A.M.; Norrrahim, M.N.F. 8—Nanocellulose in Sensors. In Woodhead
Publishing Series in Composites Science and Engineering; Sapuan, S.M., Norrrahim, M.N.F., Ilyas, R.A., Soutis, C.B.T.-I.A., Eds.;
Woodhead Publishing: Cambridge, UK, 2022; pp. 213–243, ISBN 978-0-323-89909-3.

http://doi.org/10.14314/polimery.2021.2.1
http://doi.org/10.3390/s21082818
http://www.ncbi.nlm.nih.gov/pubmed/33923790
http://doi.org/10.3390/polym13071047
http://www.ncbi.nlm.nih.gov/pubmed/33810584
http://doi.org/10.1016/B978-0-08-096532-1.01308-X
http://doi.org/10.3390/polym14081546
http://www.ncbi.nlm.nih.gov/pubmed/35458295
http://doi.org/10.14416/j.asep.2021.08.004
http://doi.org/10.3233/AJW220034
http://doi.org/10.1039/C5NR08803H
http://www.ncbi.nlm.nih.gov/pubmed/26980404
http://doi.org/10.1039/c3cs60479a
http://www.ncbi.nlm.nih.gov/pubmed/24549396
http://doi.org/10.1039/C3CS60273G
http://www.ncbi.nlm.nih.gov/pubmed/24220322
http://doi.org/10.3390/chemosensors3010001
http://doi.org/10.1016/j.talanta.2021.122745
http://doi.org/10.1021/acs.chemrev.8b00764
http://doi.org/10.33945/SAMI/JCR.2020.2.4
http://doi.org/10.1016/j.mseb.2017.12.036
http://doi.org/10.3390/s17040714
http://www.ncbi.nlm.nih.gov/pubmed/28353673
http://doi.org/10.18494/SAM.2020.2492
http://doi.org/10.14314/polimery.2021.2.1
http://doi.org/10.1039/D0RA09438B
http://doi.org/10.1002/admi.201900424
http://doi.org/10.3389/fbioe.2021.732513
http://www.ncbi.nlm.nih.gov/pubmed/34869252
http://doi.org/10.1016/j.colsurfb.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27619179
http://doi.org/10.1016/j.copbio.2016.01.002
http://doi.org/10.1016/j.carbpol.2022.120052


Polymers 2022, 14, 4461 27 of 30

50. Gabrielli, V.; Frasconi, M. Cellulose-Based Functional Materials for Sensing. Chemosensors 2022, 10, 352. [CrossRef]
51. Divya; Mahapatra, S.; Srivastava, V.R.; Chandra, P. Nanobioengineered Sensing Technologies Based on Cellulose Matrices for

Detection of Small Molecules, Macromolecules, and Cells. Biosensors 2021, 11, 168. [CrossRef] [PubMed]
52. Teodoro, K.B.R.; Sanfelice, R.C.; Migliorini, F.L.; Pavinatto, A.; Facure, M.H.M.; Correa, D.S. A Review on the Role and Performance

of Cellulose Nanomaterials in Sensors. ACS Sens. 2021, 6, 2473–2496. [CrossRef] [PubMed]
53. Dhali, K.; Ghasemlou, M.; Daver, F.; Cass, P.; Adhikari, B. A review of nanocellulose as a new material towards environmental

sustainability. Sci. Total Environ. 2021, 775, 145871. [CrossRef] [PubMed]
54. Mbakop, S.; Nthunya, L.N.; Onyango, M.S. Recent advances in the synthesis of nanocellulose functionalized–hybrid membranes

and application in water quality improvement. Processes 2021, 9, 611. [CrossRef]
55. Ariffin, H.; Norrrahim, M.N.F.; Yasim-Anuar, T.A.T.; Nishida, H.; Hassan, M.A.; Ibrahim, N.A.; Yunus, W.M.Z.W. Oil Palm Biomass

Cellulose-Fabricated Polylactic Acid Composites for Packaging Applications. In Bionanocomposites for Packaging Applications;
Springer: Cham, Switzerland, 2018; pp. 95–105, ISBN 9783319673196.

56. Lawal, A.A.; Hassan, M.A.; Zakaria, M.R.; Yusoff, M.Z.M.; Norrrahim, M.N.F.; Mokhtar, M.N.; Shirai, Y. Effect of Oil Palm
Biomass Cellulosic Content on Nanopore Structure and Adsorption Capacity of Biochar. Bioresour. Technol. 2021, 332, 125070.
[CrossRef]

57. Faiz Norrrahim, M.N.; Ahmad Farid, M.A.; Lawal, A.A.; Tengku Yasim-Anuar, T.A.; Samsudin, M.H.; Zulkifli, A.A. Emerging
Technologies for Value-Added Use of Oil Palm Biomass. Environ. Sci. Adv. 2022, 1, 259–275. [CrossRef]

58. Norrrahim, M.N.F.; Ariffin, H.; Yasim-Anuar, T.A.T.; Hassan, M.A.; Nishida, H.; Tsukegi, T. One-Pot Nanofibrillation of Cellulose
and Nanocomposite Production in a Twin-Screw Extruder. IOP Conf. Ser. Mater. Sci. Eng. 2018, 368, 012034. [CrossRef]

59. Sharip, N.S.; Yasim-Anuar, T.A.T.; Norrrahim, M.N.F.; Shazleen, S.S.; Nurazzi, N.M.; Sapuan, S.M.; Ilyas, R.A. A Review on
Nanocellulose Composites in Biomedical Application. In Composites in Biomedical Applications; CRC Press: Boca Raton, FL, USA,
2020; pp. 161–190.

60. Norrrahim, M.N.F.; Ariffin, H.; Yasim-Anuar, T.A.T.; Hassan, M.A.; Ibrahim, N.A.; Yunus, W.M.Z.W.; Nishida, H. Performance
Evaluation of Cellulose Nanofiber with Residual Hemicellulose as a Nanofiller in Polypropylene-Based Nanocomposite. Polymers
2021, 13, 1064. [CrossRef] [PubMed]

61. Norrrahim, M.N.F.; Ariffin, H.; Hassan, M.A.; Ibrahim, N.A.; Yunus, W.M.Z.W.; Nishida, H. Utilisation of Superheated Steam
in Oil Palm Biomass Pretreatment Process for Reduced Chemical Use and Enhanced Cellulose Nanofibre Production. Int. J.
Nanotechnol. 2019, 16, 668–679. [CrossRef]

62. Ariffin, H.; Tengku Yasim-Anuar, T.A.; Norrrahim, M.N.F.; Hassan, M.A. Synthesis of Cellulose Nanofiber from Oil Palm Biomass
by High Pressure Homogenization and Wet Disk Milling. In Nanocellulose: Synthesis, Structure, Properties and Applications; World
Scientific: Singapore, 2021; pp. 51–64.

63. Norrrahim, M.N.F.; Ariffin, H.; Yasim-Anuar, T.A.T.; Ghaemi, F.; Hassan, M.A.; Ibrahim, N.A.; Ngee, J.L.H.; Yunus, W.M.Z.W.
Superheated Steam Pretreatment of Cellulose Affects Its Electrospinnability for Microfibrillated Cellulose Production. Cellulose
2018, 25, 3853–3859. [CrossRef]

64. Nor, M.; Norrrahim, F.; Azilah, N.; Kasim, M.; Knight, V.F.; Janudin, N.; Arisyah, T.; Yasim-Anuar, T.; Halim, N.A.; Aisyah, N.;
et al. Mini review on nanofibrillation techniques to obtain cellulose nanofiber from lignocellulosic biomass article info abstract.
Zulfaqar. J. Def. Mgt. Soc. Sci. Hum. 2021, 4, 134–145.

65. Norrrahim, M.N.F.; Huzaifah, M.R.M.; Farid, M.A.A.; Shazleen, S.S.; Misenan, M.S.M.; Yasim-Anuar, T.A.T.; Naveen, J.; Nurazzi,
N.M.; Rani, M.S.A.; Hakimi, M.I.; et al. Greener Pretreatment Approaches for the Valorisation of Natural Fibre Biomass into
Bioproducts. Polymers 2021, 13, 2971. [CrossRef]

66. Phanthong, P.; Reubroycharoen, P.; Hao, X.; Xu, G.; Abudula, A.; Guan, G. Nanocellulose: Extraction and Application. Carbon
Resour. Convers. 2018, 1, 32–43. [CrossRef]

67. Tortorella, S.; Buratti, V.V.; Maturi, M.; Sambri, L.; Franchini, M.C.; Locatelli, E. Surface-Modified Nanocellulose for Application
in Biomedical Engineering and Nanomedicine: A Review. Int. J. Nanomed. 2020, 15, 9909. [CrossRef]

68. Golmohammadi, H.; Morales-Narváez, E.; Naghdi, T.; Merkoçi, A. Nanocellulose in Sensing and Biosensing. Chem. Mater. 2017,
29, 5426–5446. [CrossRef]

69. Salas, C.; Nypelö, T.; Rodriguez-Abreu, C.; Carrillo, C.; Rojas, O.J. Nanocellulose Properties and Applications in Colloids and
Interfaces. Curr. Opin. Colloid Interface Sci. 2014, 19, 383–396. [CrossRef]

70. Schyrr, B.; Pasche, S.; Voirin, G.; Weder, C.; Simon, Y.C.; Foster, E.J. Biosensors Based on Porous Cellulose Nanocrystal–Poly (Vinyl
Alcohol) Scaffolds. ACS Appl. Mater. Interfaces 2014, 6, 12674–12683. [CrossRef] [PubMed]

71. Thakur, V.; Guleria, A.; Kumar, S.; Sharma, S.; Singh, K. Recent advances in nanocellulose processing, functionalization and
applications: A review. Mater. Adv. 2021, 2, 1872–1895. [CrossRef]

72. Norrrahim, M.N.F.; Kasim, N.A.M.; Knight, V.F.; Misenan, M.S.M.; Janudin, N.; Shah, N.A.A.; Kasim, N.; Yusoff, W.Y.W.; Noor,
S.A.M.; Jamal, S.H.; et al. Nanocellulose: A Bioadsorbent for Chemical Contaminant Remediation. RSC Adv. 2021, 11, 7347–7368.
[CrossRef]

73. Chen, Y.; Luo, J.; Liu, S.; Zou, M.; Lu, S.; Yang, Y.; Liao, C.; Wang, Y. A High-Strength Strain Sensor Based on a Reshaped
Micro-Air-Cavity. Sensors 2020, 20, 4530. [CrossRef] [PubMed]

http://doi.org/10.3390/chemosensors10090352
http://doi.org/10.3390/bios11060168
http://www.ncbi.nlm.nih.gov/pubmed/34073910
http://doi.org/10.1021/acssensors.1c00473
http://www.ncbi.nlm.nih.gov/pubmed/34182751
http://doi.org/10.1016/j.scitotenv.2021.145871
http://www.ncbi.nlm.nih.gov/pubmed/33631573
http://doi.org/10.3390/pr9040611
http://doi.org/10.1016/j.biortech.2021.125070
http://doi.org/10.1039/D2VA00029F
http://doi.org/10.1088/1757-899X/368/1/012034
http://doi.org/10.3390/polym13071064
http://www.ncbi.nlm.nih.gov/pubmed/33800573
http://doi.org/10.1504/IJNT.2019.107360
http://doi.org/10.1007/s10570-018-1859-3
http://doi.org/10.3390/polym13172971
http://doi.org/10.1016/j.crcon.2018.05.004
http://doi.org/10.2147/IJN.S266103
http://doi.org/10.1021/acs.chemmater.7b01170
http://doi.org/10.1016/j.cocis.2014.10.003
http://doi.org/10.1021/am502670u
http://www.ncbi.nlm.nih.gov/pubmed/24955644
http://doi.org/10.1039/D1MA00049G
http://doi.org/10.1039/D0RA08005E
http://doi.org/10.3390/s20164530
http://www.ncbi.nlm.nih.gov/pubmed/32823536


Polymers 2022, 14, 4461 28 of 30

74. Abdi, M.M.; Abdullah, L.C.; Tahir, P.M.; Zaini, L.H. Cellulosic Nanomaterials for Sensing Applications. In Handbook of Green
Materials: 3 Self-and Direct-Assembling of Bionanomaterials; World Scientific: Singapore, 2014; pp. 197–212.

75. Wei, X.; Lin, T.; Duan, M.; Du, H.; Yin, X. Cellulose Nanocrystal-Based Liquid Crystal Structures and the Unique Optical
Characteristics of Cellulose Nanocrystal Films. Bioresources 2021, 16, 2110–2137. [CrossRef]

76. Koval, V.; Barbash, V.; Dusheyko, M.; Lapshuda, V.; Yashchenko, O.; Yakimenko, Y. Application of Nanocellulose in Humidity
Sensors for Biodegradable Electronics. In Proceedings of the 2020 IEEE 10th International Conference Nanomaterials: Applications
& Properties (NAP), Sumy, Ukraine, 9–13 November 2020.

77. Norrrahim, M.N.F.; Mohd Kasim, N.A.; Knight, V.F.; Ong, K.K.; Mohd Noor, S.A.; Abdul Halim, N.; Ahmad Shah, N.A.; Jamal,
S.H.; Janudin, N.; Misenan, M.S.M.; et al. Emerging Developments Regarding Nanocellulose-Based Membrane Filtration Material
against Microbes. Polymers 2021, 13, 3249. [CrossRef]

78. Norrrahim, M.N.F.; Norizan, M.N.; Jenol, M.A.; Farid, M.A.A.; Janudin, N.; Ujang, F.A.; Yasim-Anuar, T.A.T.; Najmuddin, S.U.F.S.;
Ilyas, R.A. Emerging Development on Nanocellulose as Antimicrobial Material: An Overview. Mater. Adv. 2021, 2, 3538–3551.
[CrossRef]

79. Lam, E.; Male, K.B.; Chong, J.H.; Leung, A.C.; Luong, J.H.T. Applications of Functionalized and Nanoparticle-Modified
Nanocrystalline Cellulose. Trends Biotechnol. 2012, 20, 283–290. [CrossRef]

80. Misenan, S.; Shaffie, A.; Zulkipli, N.; Norrrahim, F. Nanocellulose in Sensors. In Industrial Applications of Nanocellulose and Its
Nanocomposites; Elsevier: Amsterdam, The Netherlands, 2022; pp. 213–240, ISBN 9780323899093.

81. Jaffar, S.S.; Saallah, S.; Misson, M.; Siddiquee, S.; Roslan, J.; Saalah, S.; Lenggoro, W. Recent Development and Environmental
Applications of Nanocellulose-Based Membranes. Membranes 2022, 12, 287. [CrossRef]

82. Trache, D.; Tarchoun, A.F.; Derradji, M.; Hamidon, T.S.; Masruchin, N.; Brosse, N.; Hussin, M.H. Nanocellulose: From Fundamen-
tals to Advanced Applications. Front. Chem. 2020, 8, 392. [CrossRef]

83. Alrammouz, R.; Podlecki, J.; Abboud, P.; Sorli, B.; Habchi, R. A Review on Flexible Gas Sensors: From Materials to Devices. Sens.
Actuators A Phys. 2018, 284, 209–231. [CrossRef]

84. Fratoddi, I.; Venditti, I.; Cametti, C.; Russo, M.V. Chemiresistive Polyaniline-Based Gas Sensors: A Mini Review. Sens. Actuators B
Chem. 2015, 220, 534–548. [CrossRef]

85. Leelaarporn, P.; Wachiraphan, P.; Kaewlee, T.; Udsa, T.; Chaisaen, R.; Choksatchawathi, T.; Laosirirat, R.; Lakhan, P.; Natnithikarat,
P.; Thanontip, K.; et al. Sensor-driven achieving of smart living: A review. IEEE Sens. J. 2021, 21, 10369–10391. [CrossRef]

86. He, S.; Yuan, Y.; Nag, A.; Feng, S.; Afsarimanesh, N.; Han, T.; Mukhopadhyay, S.C.; Organ, D.R. A Review on the Use of
Impedimetric Sensors for the Inspection of Food Quality. Int. J. Environ. Res. Public Health 2020, 17, 5220. [CrossRef]

87. Lowe, B.M.; Sun, K.; Zeimpekis, I.; Skylaris, C.K.; Green, N.G. Field-Effect Sensors-from PH Sensing to Biosensing: Sensitivity
Enhancement Using Streptavidin-Biotin as a Model System. Analyst 2017, 142, 4173–4200. [CrossRef]

88. Hong, S.; Wu, M.; Hong, Y.; Jeong, Y.; Jung, G.; Shin, W.; Park, J.; Kim, D.; Jang, D.; Lee, J.H. FET-Type Gas Sensors: A Review.
Sens. Actuators B Chem. 2021, 330, 129240. [CrossRef]

89. Saga, S. Mechanical Sensors. In Reference Module in Biomedical Sciences; Elsevier: Amsterdam, The Netherlands, 2021; ISBN
978-0-12-801238-3.

90. Xu, K.; Ha, N.; Hu, Y.; Ma, Q.; Chen, W.; Wen, X.; Ou, R.; Trinh, V.; McConville, C.F.; Zhang, B.Y.; et al. A Room Temperature
All-Optical Sensor Based on Two-Dimensional SnS2 for Highly Sensitive and Reversible NO2 Sensing. J. Hazard. Mater. 2021,
426, 127813. [CrossRef]

91. Li, J.; Yan, H.; Dang, H.; Meng, F. Structure Design and Application of Hollow Core Microstructured Optical Fiber Gas Sensor: A
Review. Opt. Laser Technol. 2021, 135, 106658. [CrossRef]

92. Wang, Y.; Wang, X.; Xie, Y.; Zhang, K. Functional Nanomaterials through Esterification of Cellulose: A Review of Chemistry and
Application. Cellulose 2018, 25, 3703–3731. [CrossRef]

93. Ye, G.; Zhu, X.; Chen, S.; Li, D.; Yin, Y.; Lu, Y.; Komarneni, S.; Yang, D. Nanoscale Engineering of Nitrogen-Doped Carbon
Nanofiber Aerogels for Enhanced Lithium Ion Storage. J. Mater. Chem. A Mater. 2017, 5, 8247–8254. [CrossRef]

94. Rafieian, F.; Hosseini, M.; Jonoobi, M.; Yu, Q. Development of Hydrophobic Nanocellulose-Based Aerogel via Chemical Vapor
Deposition for Oil Separation for Water Treatment. Cellulose 2018, 25, 4695–4710. [CrossRef]

95. Han, T.; Nag, A.; Chandra Mukhopadhyay, S.; Xu, Y. Carbon Nanotubes and Its Gas-Sensing Applications: A Review. Sens.
Actuators A Phys. 2019, 291, 107–143. [CrossRef]

96. Kale, G.M.; Jafferson, J.M. Solid-State Gas Sensors: Design and Fabrication; Elsevier Ltd.: Amsterdam, The Netherlands, 2016;
ISBN 9780128035818.

97. Wang, B.; Dai, L.; Hunter, L.A.; Zhang, L.; Yang, G.; Chen, J.; Zhang, X.; He, Z.; Ni, Y. A Multifunctional Nanocellulose-Based
Hydrogel for Strain Sensing and Self-Powering Applications. Carbohydr. Polym. 2021, 268, 118210. [CrossRef]

98. Hanif, Z.; Shin, D.; Choi, D.; Park, S.J. Development of a Vapor Phase Polymerization Method Using a Wet-on-Wet Process to Coat
Polypyrrole on Never-Dried Nanocellulose Crystals for Fabrication of Compression Strain Sensor. Chem. Eng. J. 2020, 381, 122700.
[CrossRef]

99. Ouyang, Z.; Xu, D.; Yu, H.Y.; Li, S.; Song, Y.; Tam, K.C. Novel Ultrasonic-Coating Technology to Design Robust, Highly Sensitive
and Wearable Textile Sensors with Conductive Nanocelluloses. Chem. Eng. J. 2022, 428, 131289. [CrossRef]

http://doi.org/10.15376/biores.16.1.Wei
http://doi.org/10.3390/polym13193249
http://doi.org/10.1039/D1MA00116G
http://doi.org/10.1016/j.tibtech.2012.02.001
http://doi.org/10.3390/membranes12030287
http://doi.org/10.3389/fchem.2020.00392
http://doi.org/10.1016/j.sna.2018.10.036
http://doi.org/10.1016/j.snb.2015.05.107
http://doi.org/10.1109/JSEN.2021.3059304
http://doi.org/10.3390/ijerph17145220
http://doi.org/10.1039/C7AN00455A
http://doi.org/10.1016/j.snb.2020.129240
http://doi.org/10.1016/j.jhazmat.2021.127813
http://doi.org/10.1016/j.optlastec.2020.106658
http://doi.org/10.1007/s10570-018-1830-3
http://doi.org/10.1039/C7TA02334K
http://doi.org/10.1007/s10570-018-1867-3
http://doi.org/10.1016/j.sna.2019.03.053
http://doi.org/10.1016/j.carbpol.2021.118210
http://doi.org/10.1016/j.cej.2019.122700
http://doi.org/10.1016/j.cej.2021.131289


Polymers 2022, 14, 4461 29 of 30

100. Silva, R.R.; Raymundo-Pereira, P.A.; Campos, A.M.; Wilson, D.; Otoni, C.G.; Barud, H.S.; Costa, C.A.R.; Domeneguetti, R.R.;
Balogh, D.T.; Ribeiro, S.J.L.; et al. Microbial Nanocellulose Adherent to Human Skin Used in Electrochemical Sensors to Detect
Metal Ions and Biomarkers in Sweat. Talanta 2020, 218, 121153. [CrossRef]

101. Shalauddin, M.; Akhter, S.; Basirun, W.J.; Bagheri, S.; Anuar, N.S.; Johan, M.R. Hybrid Nanocellulose/f-MWCNTs Nanocomposite
for the Electrochemical Sensing of Diclofenac Sodium in Pharmaceutical Drugs and Biological Fluids. Electrochim. Acta 2019, 304,
323–333. [CrossRef]

102. Jung, M.; Kim, K.; Kim, B.; Lee, K.J.; Kang, J.W.; Jeon, S. Vertically Stacked Nanocellulose Tactile Sensor. Nanoscale 2017, 9,
17212–17219. [CrossRef]

103. Ortolani, T.S.; Pereira, T.S.; Assumpção, M.H.M.T.; Vicentini, F.C.; Gabriel de Oliveira, G.; Janegitz, B.C. Electrochemical Sensing
of Purines Guanine and Adenine Using Single-Walled Carbon Nanohorns and Nanocellulose. Electrochim. Acta 2019, 298, 893–900.
[CrossRef]

104. Papavasileiou, A.V.; Trachioti, M.G.; Hrbac, J.; Prodromidis, M.I. Simultaneous determination of guanine and adenine in human
saliva with graphite sparked screen-printed electrodes. Talanta 2022, 239, 123119. [CrossRef]

105. Sobhan, A.; Muthukumarappan, K.; Cen, Z.; Wei, L. Characterization of Nanocellulose and Activated Carbon Nanocomposite
Films’ Biosensing Properties for Smart Packaging. Carbohydr. Polym. 2019, 225, 115189. [CrossRef]

106. Razalli, R.L.; Abdi, M.M.; Tahir, P.M.; Moradbak, A.; Sulaiman, Y.; Heng, L.Y. Polyaniline-Modified Nanocellulose Prepared from
Semantan Bamboo by Chemical Polymerization: Preparation and Characterization. RSC Adv. 2017, 7, 25191–25198. [CrossRef]

107. Dias, O.A.T.; Konar, S.; Leão, A.L.; Sain, M. Flexible Electrically Conductive Films Based on Nanofibrillated Cellulose and
Polythiophene Prepared via Oxidative Polymerization. Carbohydr. Polym. 2019, 220, 79–85. [CrossRef] [PubMed]

108. Luo, Y.; Xing, L.; Hu, C.; Zhang, W.; Lin, X.; Gu, J. Facile synthesis of nanocellulose-based Cu2O/Ag heterostructure as a
surface-enhanced Raman scattering substrate for trace dye detection. Int. J. Biol. Macromol. 2022, 205, 366–375. [CrossRef]
[PubMed]

109. Wu, J.; Xi, J.; Chen, H.; Li, S.; Zhang, L.; Li, P.; Wu, W. Flexible 2D Nanocellulose-Based SERS Substrate for Pesticide Residue
Detection. Carbohydr. Polym. 2022, 277, 118890. [CrossRef] [PubMed]

110. Song, S.W.; Kim, D.; Kim, J.; You, J.; Kim, H.M. Flexible Nanocellulose-Based SERS Substrates for Fast Analysis of Hazardous
Materials by Spiral Scanning. J. Hazard. Mater. 2021, 414, 125160. [CrossRef]

111. Parnsubsakul, A.; Ngoensawat, U.; Wutikhun, T.; Sukmanee, T.; Sapcharoenkun, C.; Pienpinijtham, P.; Ekgasit, S. Silver
Nanoparticle/Bacterial Nanocellulose Paper Composites for Paste-and-Read SERS Detection of Pesticides on Fruit Surfaces.
Carbohydr. Polym. 2020, 235, 115956. [CrossRef] [PubMed]

112. Abdi, M.M.; Razalli, R.L.; Tahir, P.M.; Chaibakhsh, N.; Hassani, M.; Mir, M. Optimized Fabrication of Newly Cholesterol Biosensor
Based on Nanocellulose. Int. J. Biol. Macromol. 2019, 126, 1213–1222. [CrossRef]

113. Wu, B.; Zhu, G.; Dufresne, A.; Lin, N. Fluorescent Aerogels Based on Chemical Crosslinking between Nanocellulose and Carbon
Dots for Optical Sensor. ACS Appl. Mater. Interfaces 2019, 11, 16048–16058. [CrossRef] [PubMed]

114. Uddin, K.M.A.; Jokinen, V.; Jahangiri, F.; Franssila, S.; Rojas, O.J.; Tuukkanen, S. Disposable Microfluidic Sensor Based on
Nanocellulose for Glucose Detection. Glob. Chall. 2019, 3, 1800079. [CrossRef] [PubMed]

115. Yan, C.; Wang, J.; Kang, W.; Cui, M.; Wang, X.; Foo, C.Y.; Chee, K.J.; Lee, P.S. Highly Stretchable Piezoresistive Graphene-
Nanocellulose Nanopaper for Strain Sensors. Adv. Mater. 2014, 26, 2022–2027. [CrossRef]

116. Pang, Z.; Yang, Z.; Chen, Y.; Zhang, J.; Wang, Q.; Huang, F.; Wei, Q. A Room Temperature Ammonia Gas Sensor Based on
Cellulose/TiO2/PANI Composite Nanofibers. Colloids Surf. A Physicochem. Eng. Asp. 2016, 494, 248–255. [CrossRef]

117. Wu, X.; Lu, C.; Han, Y.; Zhou, Z.; Yuan, G.; Zhang, X. Cellulose Nanowhisker Modulated 3D Hierarchical Conductive Structure of
Carbon Black/Natural Rubber Nanocomposites for Liquid and Strain Sensing Application. Compos. Sci. Technol. 2016, 124, 44–51.
[CrossRef]

118. Cao, J.; Zhang, X.; Wu, X.; Wang, S.; Lu, C. Cellulose Nanocrystals Mediated Assembly of Graphene in Rubber Composites for
Chemical Sensing Applications. Carbohydr. Polym. 2016, 140, 88–95. [CrossRef]

119. Palanisamy, S.; Velusamy, V.; Balu, S.; Velmurugan, S.; Yang, T.C.K.; Chen, S.W. Sonochemical Synthesis and Anchoring of Zinc
Oxide on Hemin-Mediated Multiwalled Carbon Nanotubes-Cellulose Nanocomposite for Ultra-Sensitive Biosensing of H2O2.
Ultrason. Sonochem. 2020, 63, 104917. [CrossRef] [PubMed]

120. Mahmoud, A.M.; Mahnashi, M.H.; Alkahtani, S.A.; El-Wekil, M.M. Nitrogen and Sulfur Co-Doped Graphene Quantum
Dots/Nanocellulose Nanohybrid for Electrochemical Sensing of Anti-Schizophrenic Drug Olanzapine in Pharmaceuticals
and Human Biological Fluids. Int. J. Biol. Macromol. 2020, 165, 2030–2037. [CrossRef] [PubMed]

121. Tanguy, N.R.; Kazemi, K.K.; Hong, J.; Cheung, K.C.; Mohammadi, S.; Gnanasekar, P.; Nair, S.S.; Zarifi, M.H.; Yan, N. Flexible,
Robust, and High-Performance Gas Sensors Based on Lignocellulosic Nanofibrils Nicolas. Carbohydr. Polym. 2021, 278, 150562.
[CrossRef]

122. Nguyen, L.H.; Naficy, S.; McConchie, R.; Dehghani, F.; Chandrawati, R. Polydiacetylene-Based Sensors to Detect Food Spoilage at
Low Temperatures. J. Mater. Chem. C Mater. 2019, 7, 1919–1926. [CrossRef]

123. Fu, J.; Li, D.; Li, G.; Huang, F.; Wei, Q. Carboxymethyl Cellulose Assisted Immobilization of Silver Nanoparticles onto Cellulose
Nanofibers for the Detection of Catechol. J. Electroanal. Chem. 2015, 738, 92–99. [CrossRef]

http://doi.org/10.1016/j.talanta.2020.121153
http://doi.org/10.1016/j.electacta.2019.03.003
http://doi.org/10.1039/C7NR03685J
http://doi.org/10.1016/j.electacta.2018.12.114
http://doi.org/10.1016/j.talanta.2021.123119
http://doi.org/10.1016/j.carbpol.2019.115189
http://doi.org/10.1039/C7RA03379F
http://doi.org/10.1016/j.carbpol.2019.05.057
http://www.ncbi.nlm.nih.gov/pubmed/31196553
http://doi.org/10.1016/j.ijbiomac.2022.02.102
http://www.ncbi.nlm.nih.gov/pubmed/35192906
http://doi.org/10.1016/j.carbpol.2021.118890
http://www.ncbi.nlm.nih.gov/pubmed/34893292
http://doi.org/10.1016/j.jhazmat.2021.125160
http://doi.org/10.1016/j.carbpol.2020.115956
http://www.ncbi.nlm.nih.gov/pubmed/32122492
http://doi.org/10.1016/j.ijbiomac.2019.01.001
http://doi.org/10.1021/acsami.9b02754
http://www.ncbi.nlm.nih.gov/pubmed/30977364
http://doi.org/10.1002/gch2.201800079
http://www.ncbi.nlm.nih.gov/pubmed/31565363
http://doi.org/10.1002/adma.201304742
http://doi.org/10.1016/j.colsurfa.2016.01.024
http://doi.org/10.1016/j.compscitech.2016.01.012
http://doi.org/10.1016/j.carbpol.2015.12.042
http://doi.org/10.1016/j.ultsonch.2019.104917
http://www.ncbi.nlm.nih.gov/pubmed/31945552
http://doi.org/10.1016/j.ijbiomac.2020.10.084
http://www.ncbi.nlm.nih.gov/pubmed/33096171
http://doi.org/10.1016/j.carbpol.2021.118920
http://doi.org/10.1039/C8TC05534C
http://doi.org/10.1016/j.jelechem.2014.11.025


Polymers 2022, 14, 4461 30 of 30

124. Fu, J.; Pang, Z.; Yang, J.; Yang, Z.; Cao, J.; Xu, Y.; Huang, F.; Wei, Q. Hydrothermal Growth of Ag-Doped ZnO Nanoparticles on
Electrospun Cellulose Nanofibrous Mats for Catechol Detection. Electroanalysis 2015, 27, 1490–1497. [CrossRef]

125. Esmaeili, C.; Abdi, M.M.; Mathew, A.P.; Jonoobi, M.; Oksman, K.; Rezayi, M. Synergy Effect of Nanocrystalline Cellulose for the
Biosensing Detection of Glucose. Sensors 2015, 15, 24681–24697. [CrossRef] [PubMed]

126. Xu, G.; Liang, S.; Fan, J.; Sheng, G.; Luo, X. Amperometric Sensing of Nitrite Using a Glassy Carbon Electrode Modified with a
Multilayer Consisting of Carboxylated Nanocrystalline Cellulose and Poly (Diallyldimethyl Ammonium) Ions in a PEDOT Host.
Microchim. Acta 2016, 183, 2031–2037. [CrossRef]

http://doi.org/10.1002/elan.201400636
http://doi.org/10.3390/s151024681
http://www.ncbi.nlm.nih.gov/pubmed/26404269
http://doi.org/10.1007/s00604-016-1842-3

	Introduction 
	An Introduction to Chemical Sensors 
	Nanocellulose’s Unique Characteristics as a Chemical Sensor 
	Chemical Sensor Characteristics and Their Basic Mechanism 
	Performance of Nanocellulose Composite Chemical Sensors 
	Performance of Nanocellulose Hybrid Composite Chemical Sensors 
	Challenges and Future Directions 
	References

