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Cellulose nanocrystals (CNCs) continue to pique the interest of researchers for sustainable development.
These biopolymeric assemblies are significant because of their outstanding physical and chemical
characteristics, inherent renewability, sustainability, and abundance. Given their large surface area, high
aspect ratio, and abundant reactive surface groups, they are ideal for making probes for sensing
applications. The present review highlights current advancements in developing CNCs-based sensors for
sensing hazardous gases, metals, and solvents. It also discusses how CNCs-based sensors have evolved
over the last decade. The review summarizes the methods mentioned in the literature for constructing

Received 25th August 2023, and altering CNCs-based substrates using responsive compounds. Smart CNCs-based sensing probes

Accepted Sth February 2024 for monitoring metals, chemicals, hazardous gases, humidity, and physical stimuli have received special
DOI: 10.1039/d3ma00601h attention. Several of the latest developments in smart sensors have also been evaluated and described.

The review also includes the history of CNCs-based sensors, their evolution in the last decade, the
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challenges faced in their fabrication, and the future prospects of such sensing probes.

1. Introduction

The utilization of sensing technology across various domains
has significantly enhanced the quality of human lifestyle in
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numerous aspects. Sensors are devices that are capable of
detecting and measuring changes in the surrounding
environment.' They function by collecting signals or data from
the source and subsequently initiating a predetermined
response or reaction. Various sources, such as light, tempera-
ture, motion, and pressure, can be utilized. In multiple
domains such as healthcare, fitness, manufacturing, and every-
day activities, a diverse array of applications are employed,
making use of cutting-edge sensing technology.” A sensor refers
to a technical apparatus, component, or subsystem that iden-
tifies certain phenomena or alterations in its surroundings and
transmits these data in an identifiable manner by humans or
machines. A sensor can transform a physical phenomenon into
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a quantifiable digital or optical signal, which can then be
identified, interpreted, or subjected to additional processing.
Researchers have demonstrated various sensor prototypes
showing excellent performance. Such sensors are prepared by
printing, coating, or laminating functional materials like gra-
phene, carbon nanotubes (CNTs), nanocellulose, polypyrrole
(PPy), and metal nanowires.>™ Graphene oxide (GO) was dip-
coated on yarn and reduced to make a wearable strain sensor.
The prepared sensor can identify slight speech vibrations and
forceful human motions like jogging, walking, and jumping.’
Multifunctional CNF/CNT/MXene aerogels were made via facile
bidirectional freezing, inspired by natural wood’s hierarchical
tracheid structure. They have demonstrated good mechanical
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strength and electrical conductivity. The pressure sensors made
of CNF/CNT/MXene aerogels show good sensing performance
and can capture human biosignals.’® Nanocellulose has estab-
lished itself as a potent sensing material and can be used in
various applications of sensing.

The majority of nanosized cellulose is composed of cellulose
nanofibers (CNFs) and cellulose nanocrystals (CNCs). CNFs are
alternatively referred to as nano-fibrillated cellulose (NFC)."'™*
CNCs are alternatively referred to as nanocrystalline cellulose
(NCC) or cellulose nanowhiskers (CNW), which are commonly
used terms for them.'®° Despite sharing the same chemical
structure, CNCs and bulk cellulose exhibit distinct differences
in their physical, chemical, and biological properties. In con-
trast to bulk cellulose, which exhibits a combination of crystal-
line and amorphous regions, CNCs possess a significantly
higher specific surface area, an elevated surface-to-volume
ratio, enhanced tensile strength and modulus, and distinctive
liquid-crystalline properties.

Through surface modification, these CNCs can be applied
across various disciplines, including biology, electronics,
photonics and chemistry.>'>*> CNCs have been employed to
enhance the mechanical and dispersibility characteristics of
materials, owing to their outstanding tensile strength, water
dispersibility, and hydrophilicity. They have been employed as
highly efficient reinforcing additives for several polymers,
including poly(lactic acid),>**° poly(butylene succinate),>*"
and elastomers (like natural rubber).>**® CNCs show suitable
stimuli responses; they can behave as sensors and hence can be
utilized in the sensing field. Typically, sensors are devices that
convert a variety of chemical, environmental, physical, and
biological stimuli into analyzable output. They are classified
as chemical, gas, ion, strain, and biological sensors according
to their specificity for various analytes.’””*' Diverse sensing
methods have limitations, such as metal oxide degradation,
posing a recyclability crisis. Similarly, a wide range of graphene-
based sensors are not sensitive due to diminished exfoliation at
elevated concentrations. However, nanocellulose (NC) could
increase the sensing ability of graphene-based composites by
inhibiting agglomeration.*>*?

CNCs and conducting polymers have enhanced synergistic
effects in glucose biosensing, water defluorination, strain
sensing, flame resistance, supercapacitors, and cancer
therapy.**™” In recent years, numerous nanocellulose-based
composites have been developed; however, only a small num-
ber of review studies have summarised the sensing applications
of CNCs-based composites. Some researchers have recently
reviewed the applications of nanocellulose-based composites
in various fields, including biosensing, aerogels, polymer com-
posites, energy storage, etc.**>" There has been limited
research describing the sensing applications of CNCs-based
materials. In recent years, however, numerous summaries of
biosensing applications have been published. Lv and collea-
gues summarized the nanocellulose-derived materials and their
evolution in chiral photonics, flexible energy storage devices,
and actuator applications.”® Dai and co-workers summarised
the 1D, 2D, and 3D forms of nanocellulose and their influence
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on sensing properties in 2020.%° The literature still lacks a well-
structured report on CNCs based sensors and their importance
in gas, metal, chemical, biomaterial and physical stimuli sen-
sing. In this review, we have presented a detailed discussion
of how CNCs-based sensors are being utilized in sensing
various stimuli, the history of CNCs-based sensors over the last
decade, and the challenges involved in their preparation and
applications.

2. Overview of cellulose and its
nanodimensional characteristics

There is substantial scholarly interest in utilizing biobased
polymers as substitutes for petroleum-derived alternatives
within the industrial sectors. Prominent examples of biopoly-
mers encompass chitosan, collagen, cellulose, pectin, and
starch.”*>° Cellulose, the prevailing biopolymer, has an annual
production rate of around 1.5 x 10" tonnes and finds applica-
tion in a wider range of products compared to any other
sustainable polymer.®*®°"~%> Recently, there has been growing
interest in nano-cellulosic materials due to their versatile
applications and unique properties.”**¢"®® Consequently, cel-
lulose is a promising material for developing sensors that
exhibit enhanced sensing sensitivity.®® The cellulose structure
is characterized by a polymer with a linear chain consisting of
1,4-glycosidic linkages between p-glucopyranose subunits. Each
glucose unit in the cellulose chain possesses three hydroxyl
(-OH) groups, with the exception of the terminal units that
possess four hydroxyl groups.”®”’> -OH groups in cellulosic
materials contribute to various characteristics, including bio-
degradability, chirality, hydrophilicity, and others. When cellu-
lose undergoes size reduction, it exhibits additional distinctive
characteristics.”® It has been discovered that cellulose, a con-
densation polymer and a natural homopolysaccharide, is the
most prevalent organic substance, as it is abundantly available,
cheap, renewable, biodegradable, and non-toxic.”* At the nano-
level, cellulose can have unique properties, which can be
utilised for high end applications.

2.1. Classification of cellulose at the nano-level and its
versatile applications

Crystalline nanocellulose (CNC), cellulose nanofibers (CNFs),
and bacterial nanocellulose (BNC) are the three typical forms of
nanocellulose (NC). Despite the fact that each of these falls
within the nanoscale range, variations in form, size, and
composition are possible. CNC and CNFs are both nanocellu-
loses derived from plants, whereas BNC is a microbial-based
nanocellulose.>”>””® Typically, the diameters of CNC, CNFs,
and BNC fall within the following ranges: 3-70 nm, 2-20 nm,
and 20-100 nm. In contrast, the length of CNCs is between
70 and 300 nanometers, whereas those of CNFs and BNC are in
the micron range. Mechanical, physical, and chemical disin-
tegration of plant cellulose, or a combination thereof, is
required for the fabrication of CNFs and CNCs.®>”*"*° Biotech-
nology is the only method by which microorganisms can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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utilised to produce BNC; it possesses superior purity, mechan-
ical stability, and an interconnecting micropore arrangement
similar to CNCs and CNFs.*'"** The Mobile Matrix Reservoir
Technology (MMR Tech), which was recently developed, has
proven to be highly advantageous for regulating the configu-
ration, dimensions, surface characteristics, and nanonetwork
architectures of BNC.**

NC with high surface area and aspect ratio, dispersion
stability, outstanding mechanical properties, and abundant
active functionalities (hydroxyl and sulphone) on its surface
make it suitable to combine with conductive polymers to
produce sustainable nanocomposites for sensing purposes.
NC-based nanohybrids are used for metal sensing in biological
samples, water quality monitoring, etc. Such nanocomposites
exhibit a piezoelectric effect promoted by hydrogen bonding of
NC.®*> NC incorporated with polyaniline finds application in
sensing electrochemical and optical responses. NC-integrated
films are exploited in anti-counterfeiting and security
encryption.®®

Apart from these, NC has potential applications in tribo-
electric nanogenerators (TENGs). NC demonstrates notable
qualities such as skin compatibility, friendliness, degradability,
and recyclability. These attributes render cellulose an appealing
candidate for the sustainable advancement of TENGSs, particu-
larly in lieu of the conventional nondegradable triboelectric
active layers that are vital for the electrical output performance
of TENGS. In contrast, unadulterated cellulose exhibits neutral
properties when compared to other triboelectric series materi-
als that function as active triboelectric components. By loading
substrates made of other materials with a small quantity of NC,
an electron loss tendency can be introduced, contact area can
be increased, and TENG performance can be enhanced. Peng
et al. incorporated NC into PDMS at a concentration of 2.5% by
weight and utilised spin coating to fabricate the NC/PDMS
composite film. A contact-separation TENG device was fabri-
cated, featuring a positive electrode composed of Al and a
negative electrode composed of the NC/PDMS film. The active
layer area of the device was 2.25 cm®. When subjected to an
external force condition of 40 N at 10 Hz, the NC/PDMS-AI
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TENG produced an open circuit voltage of 320 V and a short
circuit current of 11.25 pA. These values were two and four
times greater, respectively, than those of the plain PDMS-AI
TENG that did not incorporate NC.*” In another report, to
prepare TOCN-SH containing sulfhydryl groups, Roy et al.
modified TONC (TEMPO oxidised NC) with 3-mercapto-
propyltrimethoxylsilane (MPTMS) and subsequently treated it
with allicin (Alc). By means of a thiol-ene click reaction con-
ducted at 80 °C, the terminal alkene groups of allicin can
undergo a complete and gentle reaction with the SH groups
of TOCN in order to produce an allicin-modified TOCN (Alc/
TONC) film characterised by a coarser surface. Allicin’s S=O
bond can significantly increase the Alc/TONC film’s electron-
donating capability. By employing the modified film as the
positive electrode and PVDF as the negative electrode, the
author successfully constructed a contact-separation TENG
device featuring a 4 cm?® active layer area. The condition of
the external force was 12 N and 20 Hz. In contrast, the
unaltered TONC-PVDF TENG produced an open circuit voltage
of 1.23 V, a short circuit current of 0.8 pA, and a maximal
output power of 0.25 uW cm™> By substituting the pure
cellulose film with the modified Alc/TONC film as the positive
active layer, the corresponding Alc/TONC-PVDF TENG pro-
duced an open circuit voltage of 7.9 V, a short circuit current
of 5.13 pA, and a maximal output power of 10.12 uW cm 2.
More specifically, the power density of the fundamental para-
meter output increased by approximately 41 times.*® Undoubt-
edly, the execution of the TENG was substantially enhanced by
the incorporation of NC.

2.2. Production methods of CNCs

Among the above discussed classes of NCs, CNCs find wide
application in various fields like electronics, textiles, sensors,
medical, and polymer-reinforced nanocomposites, which
mainly results from the ease of producing surface functional-
ities and their self-assembly nature.’® A brief about CNCs
sources, crystalline properties, and preparation methods is
summarized in Table 1. Despite their good properties, the
dispersion of CNCs in the polymeric matrix remains a

Table 1 Description of CNC extraction processes, sources, yields, and crystallinity

Yields
(CPC to Crystallinity
Processes Raw materials Treatment procedures Post-treatment CNCs) index Ref.
Acid hydrolysis Pigeon pea wood 4 N solution of HCl at 55 °C for 4 h Quenching, dialysis, ultra- 0.91 0.889 92
sonication, and centrifugation
Mustard straw 64 wt% H,SO, at 55 °C for 30 min Quenching, ultrasonication, 0.82 0.827 74
centrifugation, and dialysis
Bottle guard peels 64% (w/v) H,SO, at 50 °C for 45 min Dilution, dialysis, centrifuga- 0.70 0.820 76
tion, and ultrasonication
Enzymatic Eucalyptus kraft Endoglucanase and xylanase or Cellubrix with Agitation, centrifugation, and 0.672- 0.80-0.95 93
hydrolysis pulp endoglucanase at 50 °C for 72 h ultrasonication 0.746
Ionic liquid Microcrystalline  1-Butyl-3-methylimidazolium hydrogen sulfate and Quenching, sonication, and  0.60 0.67 94
treatment cellulose (MCC) dimethyl sulfoxide treated at 90 °C for 60 min and centrifugation
then hydrolyzed for 30 min in deionized water
Subcritical Microcrystalline MCC was filled with distilled water and then kept Filtration, dialysis, and 0.22 0.79 95
water cellulose under pressure (8.1 MPa and 20.3 MPa) and at sonication
hydrolysis temperatures (120 °C and 200 °C)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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challenge, which hinders the mechanical and electrical
responses of the nanocomposites.”® To avoid the agglomera-
tion issues researchers have focused on the surface tailoring of
the CNCs via hydrophobic modifications like silanes, metal
oxides, and long carbon chain modifiers like surfactants, which
resulted in good dispersion leading to their enhanced mechan-
ical and electrical properties. For the production of CNCs,
purification and pretreatment of cellulosic material are
required through the extraction of hemicellulose, lignin, pec-
tin, and waxes. CNCs are obtained through chemical extraction
(acid hydrolysis).”®°" The upcoming section deals with the
various methods to fabricate the CNCs-based sensors and the
methods to extract CNCs, followed by the sensing applications
of CNCs-based probes.

2.2.1. Synthesis of CNCs. Various investigations have
found that the physical, chemical, mechanical, and morpholo-
gical qualities of CNCs change with the raw material source and
extraction process. CNCs from natural sources are essential for
pretreatment operations to remove lignin/hemicellulose/fat/
waxes/proteins, etc. Naturally occurring cellulose has organized
crystalline and disorganized amorphous areas. Thus, bulk
cellulose is treated by chemical (acid hydrolysis), enzymatic,
oxidative, mechanical, and green methods of hydrolysis
to extract the crystalline portion.”® A brief of morphology of
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CNCs synthesized by different processes is depicted in Fig. 1.
Various CNCs extraction processes are discussed below
sequentially:

Acid hydrolysis. This method is most widely used for
CNCs extraction. It involves the diffusion of acid molecules
into the amorphous region of cellulose. It is an acid-induced
destructive process. Acids can release hydronium ions that
penetrate the cellulosic chains and react with the oxygen
elements, resulting in hydrolytic cleavage of glycosidic bonds
in the amorphous part of the cellulose moiety.’® After acid
hydrolysis, the suspension is washed and rinsed, followed by
dialysis in distilled water till pH neutralizes, indicating the
removal of residual acid and neutralized salts. To get homo-
geneous CNC dispersion in an aqueous medium, sonication
is done.

Acids employed to extract CNCs are sulfuric acid, hydro-
chloric acid (HCI), hydrobromic acid (HBr), phosphoric acid
(H3PO,), maleic acid, hydrogen peroxide (H,0,), and a mixture
of HCI and H,S0,.”%7>1°>71% pactors such as temperature, time
of hydrolysis, concentration, and nature of acid play a crucial
role in determining the characteristic properties of CNCs,
namely crystal size, morphology, crystallinity, thermal stability,
and mechanical and physicochemical properties.

Fig. 1 Different types of methods employed to extract the CNCs from lignocellulosic mass and the respective morphologies.®>°”~1°* Reproduced from
ref. 97 with permission from ACS, copyright 2019. Reproduced from ref. 98 with permission from Elsevier, copyright 2015. Reproduced from ref. 99 with
permission from Elsevier, copyright 2016. Reproduced from ref. 92 with permission from Elsevier, copyright 2023. Reproduced from ref. 100 with
permission from Elsevier, copyright 2015. Reproduced from ref. 101 with permission from Elsevier, copyright 2015.
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Mechanical treatment. Mechanical methods have also been
extensively studied for the production of CNCs, either as a
component of a fabrication process involving acid hydrolysis
and oxidative and enzymatic treatments or directly. This treat-
ment process is commonly used for the production of CNFs. It
involves ultrasonication, microfluidization, and high-pressure
homogenization.'’*'"® Amin et al. have scaled up mechanical
methods using high-energy bead milling (HEBM) to extract
CNCs from aqueous or mild acid microcrystalline cellulose
dispersions. This technique yields 57-76% CNCs with rod-like
shape. CNCs have 85-95% crystallinity and strong thermal
stability. Ultrasonication separates rod-shaped CNCs from
MCC in water."™ Through the ultrasonication method, produc-
tion yield is less than 10%; hence, it is exempted.

Oxidation method. Apart from acid hydrolysis and mechan-
ical treatment, CNCs can be prepared via the oxidation method.
It involves oxidation of natural cellulose with the 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) radical followed by
mechanical homogenization.'" Reaction occurs on the surface
and in amorphous domains of the cellulose fiber. The car-
boxylic group modifies the surface of CNCs through a direct
ultrasonication-assisted TEMPO-NaBr-NaClO system. Due to
anionic-charged electrostatic repulsion, carboxylated CNCs
show better dispersibility in an aqueous solution. The amor-
phous part hydrolyzes gradually in this oxidation process,
resulting in stable and well-dispersed aqueous suspension.
Although the yield of CNCs obtained by this method is 80%
with high crystallinity and high surface area, this method
possesses severe drawbacks such as exploiting toxic chemicals
(TEMPO reagents), thus leading to environmental problems
and a long oxidation time."'® Another reagent that is used for
oxidation is periodate-chlorite. It is a two-step oxidation
method in which periodate is initially utilized, followed by
chlorite. However, it is a two-step, lengthy, and expensive
process. Also, it causes disintegration of cellulose molecular
chains by splitting glycosidic rings.

Green methods of CNCs production. The current trends are
more focused on green and sustainable synthetic approaches.
Taking this context, this section deals with the greener
approaches towards CNCs production. We have categorized
such approaches into five types as follows: (a) enzymatic
hydrolysis, (b) ionic liquids, (c) deep eutectic solvents, (d)
electron beam irradiation, and (e) subcritical water hydrolysis.
In some reports, the oxidation method has also been termed as
the green method for the CNCs extraction, which we have
already discussed.

(a) Enzymatic hydrolysis. Enzymatic hydrolysis is an eco-
nomically viable alternative that avoids the usage of harsh
chemicals and lessens energy consumption. Enzymes selec-
tively digest amorphous domains of cellulose, resulting in
CNCs that maintain hydroxyl group surface chemistry, enabling
more straightforward chemical modification. Cellulase is a
mixture of endoglucanases, exoglucanases, and cellobiohydro-
lases, mainly used to catalyze cellulose hydrolysis. These three

© 2024 The Author(s). Published by the Royal Society of Chemistry
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entities act synergistically."” Endoglucanase randomly attacks
to hydrolyze amorphous regions, whereas exoglucanase reacts
with reducing or non-reducing ends and cellobiohydrolase
hydrolyzes from either the C1 or C4 end of the cellulosic
chain."'® Cellobiohydrolases tend to penetrate both amorphous
and crystalline regions. However, some challenges of this
procedure are the cost and availability of enzymes, longer
processing time causing cellulose degradation, and less yield
that can be improvised by pretreating in DMSO or NaOH.""°

(b) Ionic liquid (IL) treatment. There are multiple ways to
prepare CNCs apart from these methods. Recently, ionic liquids
have been utilized to extract CNCs due to their peculiar solvat-
ing properties for material processing. IL treatment is highly
optimized for cellulosic hydrolysis for the isolation of
nanoparticles.”® For CNCs extraction purposes, imidazolium-
based acidic ILs, such as 1-ethyl-3-methylimidazolium diethyl
phosphonate  ([EMIM|DEP),  1-butyl-3-methylimidazolium
chloride ([BMIM]CI), 1-butyl-3-methylimidazolium acetate
((BMIM]OAc) and 1-butyl-3-methylimidazolium hydrogen sul-
fate ([BMIM]HSO,), are exclusively used as solvents. Imidazo-
lium ILs involve the selective dissolution of amorphous zones
while conserving the native conformation of cellulose type I.
Mao et al. developed a two-step hydrolysis approach using
[BMIM]HSO, in which MCC is allowed to swell at room tem-
perature, followed by hydrolyzing it at 100 °C for about 12 h.
This procedure yields a high CNCs content of up to 76% along
with good surface properties of CNCs."*° Nevertheless, ionic
liquids are not without their limitations, making it difficult to
recommend them as an entirely environmentally friendly sub-
stitute for acid hydrolysis. Ionic liquids incur higher produc-
tion costs due to their potentially hazardous synthesis
procedures, noxious properties and lower recovery rates.

(c) Deep eutectic solvents. Deep eutectic solvents (DES) are
eutectic mixtures composed of Bregnsted or Lewis bases and
acids. DESs are easily generated through the thermal combi-
nation of a donor and acceptor pair of hydrogen bonds that are
capable of forming a eutectic composite. Because of the ease
and safety of their synthesis, DESs are considered ecological
solvents. Certain DESs have demonstrated biodegradability as
well."** Due to the chemical similarity between DESs and ionic
liquids, DESs can be utilised in lieu of ionic liquids in a variety
of applications, including the production of CNCs. This elim-
inates the two primary drawbacks of ionic liquids, which are
their high cost and toxicity. DESs have the potential to be
utilised as straightforward and environmentally friendly agents
for extracting CNCs. Analogous to ionic liquids, DESs facilitate
the reaction by functioning as both solvents and catalysts.
Significantly, the reaction conditions employed in the isolation
of CNCs are typically moderate, and the DESs can be recovered
through distillation five times with a recovery rate exceeding
80%.">> Nevertheless, as previously stated in the section on
ionic liquids, the industrial scale recovery rate and reaction
cycles continue to be obstacles.
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(d) Electron beam irradiation. A more obscure green
method, electron beam irradiation, has also been described
in the literature. By employing a two-step methodology invol-
ving electron beam irradiation (EBI) and high-pressure homo-
genization, Lee et al. synthesized rod-shaped CNCs from
dissolved softwood fibre. By reducing the degree of polymeriza-
tion facilitated by EBI, CNCs could be extracted without the
requirement of strong acid hydrolysis.'** The literature is very
limited on this method.

(e) Subcritical water hydrolysis. Super and subcritical water
has lower ionization constant (Ky) values with higher concen-
trations of ionized species like water molecules and hydronium
ions (H;0"), which assist in efficient hydrolysis. There have
been some reports where the subcritical water hydrolysis
method is employed for CNCs preparation. Subcritical water
hydrolyzes the cellulose, maintaining 120 °C temperature and
20.3 MPa pressure for 60 minutes. The advantage of this
process involves utilizing water as a reagent, which is a green
source, cheap, and yields lesser and cleaner effluents. Also,
suspension shows higher diffusivity, activity, and easy ioniza-
tion, and only around 22% yield was obtained under these
hydrolysis conditions. CNCs obtained by this process offer a
high crystallinity index of approximately 79%, having a similar
rod-like morphology and aspect ratio to those of conventionally
extracted CNCs.”>'**

Fig. 2 The CNC properties and its application in versatile fields.
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2.3. Structural arrangement of CNCs and their properties

Researchers are inclined toward investigating natural and
sustainable nanomaterials that possess fascinating properties
when used for reinforcing and for many other applications.
One such nanomaterial is CNCs, which possesses numerous
peculiar and versatile properties that make it suitable for
various applications, as shown in Fig. 2. The main cause of
CNCs having such properties is their self-assembly behaviour.

Subsequent research revealed that, above a certain concen-
tration threshold, these rod-shaped nanocrystals generate col-
loidal suspensions that are stable, thereby facilitating the self-
assembly of the crystalline nanorods of CNCs in the absence of
external interference.'® In the equilibrium state, these CNCs
suspensions show biphasic behaviour, which consists of iso-
tropic and liquid crystalline (LC) domains. Upon raising
concentration, the shift from a LC state to a gel state is caused
by the enhanced interparticle interactions. A further increase in
concentration leads to complete LC ordering, resulting in
inhibition of the isotropic phase. These enduring suspensions
serve as illustrations of anisotropic (LC phase) deformable
lignocellulosic nanomaterials. The self-assembly (LC phase),
alternatively referred to as the chiral nematic (cholesteric)
phase, is distinguished by the anisotropic long-range arrange-
ment of cellulosic chains at the macroscopic level. Therefore,
CNCs suspensions demonstrate lyotropic LC behaviour sponta-
neously. Polarised optical microscopy (POM) and circular
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dichroism (CD) spectroscopy provide evidence that chiral LC
state formation takes place above a critical concentration
(dependent on the CNC'’s properties).

The director (n), which represents the standard orientation
and long-range organisation of chains, is promoted by the CNC
rods’ high aspect ratio. The helical arrangement of the director
(m) occurs when cellulose molecules align due to their inherent
chirality.””® The CNCs helix exhibits a consistent leftward
orientation as a result of the chirality inherent in the nanorod
organisation. Pitch p is the distance alongside the helical axis
that separates the CNCs nanorods following a 360° rotation
(a complete helical fold). The ultimate refractive index fluctu-
ates intermittently as a result of the spiral configuration of
nanorods; each successive layer transforms the substance into
a self-assembling birefringent crystal.'”” The wavelength of the
reflected light from such chiral nematic arrangements is given

by eqn (1)
Amax = Haygp Sin(0) (1)

where the de Cries wavelength is Ay, 0 is the angle at which
the incident light falls on the respective crystal, n,,, is the
average refractive index (characteristically 1.54 for the CNCs),
and p is the length of formed helix termed as pitch.'*® Pitch
values in the aqueous medium range from a few tens of
micrometres. Thin CNCs films are formed by the suspensions
themselves following prolonged evaporation. When the pitch is
reduced to the submicron scale, it manifests to the unaided
eye as iridescent hues."*"*' The chiral nematic phase, which is
generated through the arrangement of mesogenic units,
demonstrates birefringence and can be identified using POM
as a distinctive fingerprint region. The ability of these lyotropic
liquid crystals to keep their self-assembly even after the aqu-
eous medium is removed is a critical parameter. This facilitates
the production of synthetic substances that possess unparal-
leled optical characteristics. VASA and EISA, which stand for
vacuum-assisted self-assembly and evaporation-induced self-
assembly, are the two most prevalent methods for producing
solid films."”**'** While EISA is the method most frequently
employed, it is a laborious procedure that frequently results in
the observation of polydomain structures in the desiccated
films due to the heterogeneity of the evaporation rate. Con-
versely, VASA yields iridescent coatings that are more homo-
geneous in nature, devoid of any discernible ‘“coffee stain”
rings."*

Biodegradable CNCs can be used as sustainable packaging
materials, agricultural film wraps, covers, biomedical implants,
and dressings."® Also, biopolymers like myrcene have been
also explored in the field of packaging."*® Low-density or light-
weight CNCs find application in nanocomposites and thermal
insulating materials for construction purposes. A polymer
matrix reinforced with CNCs shows high mechanical strength
and is thus used in aerospace and automotive industries."*’”
CNCs are optically active and transparent and so they can be
used as optical films for touchscreen displays, eyewear, window
coatings, and wearable electronics. CNCs possess a high aspect
ratio (i.e., a high length : breadth ratio) and are hence used for
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reinforcement and incorporated with paper and cardboard,
polymers, plastics, rubber, etc.’**** to improve structural
performance and longevity while reducing weight simulta-
neously. High aspect ratio CNCs shows good film-forming
ability and is therefore used as a thin transparent barrier
film for packaging and flexible electronic components. The
increased surface area of CNCs leads to enhanced interactions
and functionalities that control the efficient release of drugs
from targeted drug delivery systems. These properties also
result in a significant material potentially being used as a
stimuli-responsive sensor. The large surface area of CNCs
enriches cell growth and adhesion, facilitates wound healing
and tissue engineering scaffolds, and enables the removal of
contaminants and toxins from liquids and gases through
adsorption and is utilized in water purification and air
filtration applications. CNCs are hydrophilic in nature, and
they are suitably used for cosmetics and personal care, drug
delivery, and wound care. They can be used as water filtration
membranes and promote adsorption and removal of water-
soluble contaminants. This section discussed about the
structural arrangements, properties and the applications of
CNCs. The upcoming sections will deal with the utility of CNCs
in the sensing applications, the historical development of
CNC based sensors, their fabrication methods, and their
classification.

3. History of CNCs in sensing

The development of sensing technology throughout history has
been quick, and systematic advancement has accelerated expo-
nentially over the past few decades. Biosensors are no longer
restricted to detection by the electrochemical response but can
also run via piezoelectric, optical, and thermal mechanisms.
Since their introduction in 1956, biosensors have become
widespread in food technology, clinical diagnostics, forensic
analysis, environmental studies, and drug development.'*?
While the first class of biosensors were electrochemically
responsive in nature, advanced biosensors have expanded their
detection mechanisms to include optical, piezoelectric, and
many others. The objective of extending a new category of
sensors is to use a sustainable method for sensor construction
and eco-friendly materials, like nanocellulose.

Nanoscale cellulose has a high catalytic efficiency, high
surface area, robust adsorption capability, and high surface
area activity. As a result of these enhanced properties at
the nanoscale, it becomes a crucial material for sensors. The
advancement of nanocellulose-based sensing platforms has
taken their accomplishments in this field into account. The
first report on cellulose-based sensors was made by Southern in
1975. His report described the sensing of specific DNA frag-
ments using cellulose nitrate filters.'** This gives an inference
that cellulose is a candidate established long ago as a sensing
probe. This review explicitly addresses the sensing application
of CNCs as sensing probes. Here, we have covered the devel-
opment of CNCs-based sensors in the last decade.
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CNCs as Sensor

Gas Sensor

Fig. 3 Application of CNCs as sensing probes.

Fig. 3 shows the development of the CNCs-based sensors for
metals, gases, chemicals, physical stimuli, and biomaterials.
Additionally, Fig. 4(a) and (b) illustrates the progressive growth
of research in the domain of CNCs-based sensors over the
previous decade. Strings ‘“‘sensors” and ‘cellulose nanocrys-
tals”” were used on SciFinder" within the reference search, and
“Cellulose Nanocrystal based sensors” to get an idea about the
development of the research interest in this field. The string
provides information that 5494 publications were published
between 1975 and 2024. The results were 3938 when refined to
the previous decade, 2014-2023. This indicates that approxi-
mately 71.68 percent of the publications were done in the
preceding decade. This unequivocally demonstrates that inter-
est in this field has grown significantly over the past decade
and that the significance of sensors based on CNCs has
increased substantially.

Schyrr et al.'® developed functionally enhanced surface-area
scaffolds derived from CNCs and poly(vinyl alcohol). This

View Article Online
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platform aids fluorescence-based sensing. The approach was
improved to detect protease action by arresting the Forster-type
resonance energy transfer chromophore pair through a labile
peptide sequence to the scaffold.’*> Overall, they have demon-
strated the possible pH-sensitive sensing probes for monitoring
wound fluid, which is directly applicable in real-time for
medical applications. Sadasivuni et al. reported one more
deal-breaker development. They presented an eco-friendly and
transparent sensor made by the spraying method on modified
graphene oxide-filled CNCs on lithographic designs of inter-
digitated electrodes on polymer substrates to locate approach-
ing objects in 2014. Their finding has established that sensing
based on CNCs is not limited to basic sensing applications;
they can be further explored in high-end sensors like proximity
sensors. Chen and colleagues'*® revealed promising biomedical
and inorganic nanoparticle encapsulation applications using
poly(amidoamine) (PAMAM) dendrimers in 2015. Such hybrids
can be used in pH-responsive nanodevices, fluorescence-based
PH sensors, optical indicators, and nanoreactors for inorganic
nanoparticle encapsulation due to their pH-responsive and
fluorescence features. The suggested methodology can be used
in any field of detection and sensing where changes are in a
wide range. In 2016, new developments of CNCs-based sensors
were made, with one of them by Wu and co-workers."*” They
developed a sandwich-structured cellulose nanocrystal-based
nanocomposite photonic screen to resemble Chrysina beetle
shells. The suggested self-assembled photonic material is inter-
esting for application as an optical anti-counterfeiting film, a
tunable bandpass filter, a reflector or polarizer, and a humidity-
responsive actuator. Another report published in 2016 by Cao
et al.**® provides a green assembly method for making natural
rubber (NR) composites with 3D organized graphene-based
conductive complexes. This unique 3D conductive network gave
the NR composites improved mechanical characteristics, elec-
trical conductivity, and resistivity response to organic liquids.
Their method for making liquid sensors for chemical industry
solvent leakage detection and environmental monitoring was
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Fig. 4 Statistical analysis of research publications between 2014 and 2023 using string “Cellulose Nanocrystal based sensors” on SciFinder” on 20th Dec
2023. (a) Yearly distribution of the number of publications between 2014 and 2023, and (b) year wise percentage contribution of research efforts on

CNCs-based sensors (a pie chart).
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unique, simple, and eco-friendly. Dai et al'*® addressed gas
sensing, which emerged with industrialization. They studied
the structure, optical, and sensing properties of an ammonia
gas sensor established on cholesteric liquid crystal based films
of copper(u)-doped CNCs. Such a hybrid film enhanced a new
gas detection regime for rapid and efficient qualitative investi-
gations. Wu and his colleagues™® proposed dye-loaded CNCs
for ionic strength and solvent detection in 2018. They created
fluorescent and stimuli-responsive CNCs by covalently coupling
a 1,8-naphthalimide dye to TEMPO-oxidized CNCs. Due to the
unique aggregation-enhanced emission (AEE) effect, fluores-
cent CNCs are promising nanomaterials for various sensing
applications like ionic strength and solvent polarity. Han
et al.™' reported polypyrrole-coated CNCs films using iron
chloride (FeCl;) as an oxidant to reinforce polyvinyl alcohol
(PVA) in 2019, which shifted the focus of CNCs-based sensors
towards self-healing skin sensors. These nanocomposites have
superior sensing properties for real-time monitoring of large
and subtle human motions (swallowing, finger bending
motions, and wrist pulse); consequently, they have significant
applications in flexible skin sensors, health monitoring, and
wearable electronic devices. In the year 2020, Ivan and his
colleagues™™ established that the structural characteristics of
CNC-patterned tin dioxide films are highly dependent on the
composition of the precursors. The sensor exhibits highly
selective sensitivity to carbon monoxide (CO) in ppm (parts
per million) concentrations and minimal cross-sensitivity
towards humidity. This research introduced a new dimension
for detecting gases using sensors based on CNCs. Ye et al.>®
described novel rhodamine-based fluorescent CNCs (RhB-
CNCs) as an efficient colorimetric and fluorescent sensor for
detecting Hg”>* in aqueous solutions. They established that
fluorescently labeled CNCs are readily applicable for the selec-
tive and sensitive detection of Hg>" in aqueous medium and
have enormous capability for use in bioimaging, chemosen-
sing, and effluent treatment. In 2021, CNCs-based 3D printable
sensors came into the picture; Lai and his colleagues'>* pre-
pared 3D printable CNCs composites with AI>* and zwitterionic
hydrogels for wearable electronics and sensing. Additionally,
3D printing facilitated the design of tactile sensors with
improved sensitivity. By exploiting the surface functionality of
the nanocrystals, their nanocomposite hydrogels attained high
transparency, excellent mechanical strength, and 3D printabil-
ity simultaneously. Sun et al. (2022)"° have reported iron
sensing, specifically Fe*". 7-Amino-4-methylcoumarin (AMC)
and decarboxylated CNCs (DCN) underwent successive period-
ate-chlorite oxidation to produce fluorescent dicarboxylic CNCs
(FDCN) with selective quenching of Fe*". Due to FDCN’s high
sensitivity, hydrophilicity, and selectivity for Fe**, the chemo-
sensor is appropriate for Fe®" trace sensing in water used for
drinking and biological aspects. Recently, in 2023, Fan and his
coworkers®® reported CNCs/polyaniline (PANI) composite films
that respond to stimuli for use in optical and electrochemical
detection. A self-assembly procedure was optimised to produce
CNCs-PANI and CNCs-glucose-PANI based films with a vibrant
colour. A two-layer, conductive CNCs-PANI based film was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fabricated and integrated into an electrical circuit, where it
could function as a chemical warning alarm for supervising the
environmental and reaction conditions. This unique iridescent
CNCs-PANI based film displays the potential for detectable
electrochemical multi-sensing by using eco-friendly, natural
substances.

The above section summarized how the evolution of CNCs-
based sensors has occurred from 2014 to 2023. Various
research groups have exploited them for different sensing
applications. It started with wound pH monitoring and covered
gas, metal, protein, wearable, and optical and electrochemical
sensors. The field is vibrant and not limited to these sensing
applications. Many sensing probes can be developed and
utilized for versatile fields like chemical industry, pharmaceu-
ticals, food packaging, supply chain, and water management.

3.1. Fabrication of CNCs based sensors

It is becoming increasingly crucial to fabricate such sensors,
and many studies detail various production methods. The most
common approaches for the manufacturing process are listed
out below.

Such sensors can be made by compression molding as SBS/
CNCs/CB-based composite sheets were prepared by Huang et al.
for strain sensing.’*® In another methodology reported by Li
et al. EISA-assisted tunicate CNCs/PVA films were prepared, and
their sodium alginate-based hydrogels were prepared for cal-
cium ion sensing in sweat.'”” Li et al have reported a free
radical copolymerization method to prepare CNCs-based sen-
sing probes. They used these sensors for strain response
monitoring.">® Wei and co-workers have reported humidity
sensors based on CNCs. They used the solution casting method
to prepare such humidity-responsive CNCs-based composite
films." In another report, GO@CNCs nanocomposites were
prepared for acetone sensing by Orasugh et al. via a slurry
method."® Verma et al. reported layer-by-layer EISA-assisted
CNCs-based humidity sensors.” These are some recent reports
where different methods have been used to fabricate CNCs-
based sensors for humidity, chemical, gas, sweat, and metal ion
sensing. The detailed construction and classification of such
sensors are described in the upcoming sections on metal, gas,
chemical, physical stimuli, and biomaterial sensing.

4. Classification of CNCs based
sensors and their recent advancement

This section deals with the classification of CNCs based sen-
sors. Such sensors can be classified into metal, gas, chemical,
physical stimuli, and biomaterial sensors. Their subcategories
have also been discussed in detail.

4.1. Recent advances in CNCs-based sensors for metal
sensing

Metals are essential for human lives, but up to a certain level
of concentration. Increased intake of hazardous metals can
lead to death and adversely affect health. That is why metal
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contaminant detection is a requirement, which should always
start with figuring out where the contamination could be
induced in a system. This is where metal detection comes into
the picture. Functionalized CNCs with ligands or compounds
with a significant affinity for particular metal ions can behave
as sensors for metals and their detection in solvent media.
These functional groups can selectively bind to the metal ions
of interest, resulting in additional alterations to the properties
of CNCs. For instance, when functionalized CNCs come into
contact with metal ions, they may undergo color changes,
fluorescence changes, or electrical conductivity modifications.
In metal ion detection systems, CNCs can function as signal
transducers. This indicates that CNCs can be incorporated into
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sensing platforms, such as composite materials or nanosen-
sors, in order to detect the presence of metal ions. Changes in
the properties of CNCs upon interaction with metal ions
provide a straightforward and efficient method for determining
and detecting the presence and concentration of the target
metal ions. A few examples of sensing metals, like iron and
mercury, are shown in Fig. 5. This attribute makes CNCs ideal
candidates for the development of efficient metal ion sensing
technology.

For the purpose of finding lead ions in a completely aqueous
solution, a fluorescent probe has been created by Song and his
colleagues.'® The 1,8-naphthalimide fluorescent dye is chemi-
cally bonded to CNCs to produce this sensing probe. The CNCs
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Fig. 5 Use of CNCs in metal sensing: (a) tannic acid loaded CNCs for Fe** detection®® and (b) bovine serum albumin-protected-gold-nanocluster
(Au@BSA NC) loaded CNCs-alginate hydrogel beads.*®> Reproduced fsrom ref. 161 with permission from Elsevier, copyright 2021. Reproduced from

ref. 162 with permission from ACS, copyright 2016.
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