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ABSTRACT

Increase in industrial activities has been arising a severe concern about water pollution caused by heavy metal
ions (HMIs), such us lead (Pb%"), cadmium (Cd%") or mercury (Hg?"). The presence of substantial amounts of
these ions in the human body is harmful and can cause serious diseases. Hence, the detection of HMIs in water is
of great importance. As technological advances have developed, some conventional methods have become
obsolete due to some methodological disadvantages, giving way to a second generation that uses novel sensors.
Recently, nanocellulose, as a biocompatible material, has drawn a remarkable attraction for developing sensors
owing to its extraordinary physical and chemical properties. This review pays a special attention to the different
dimensional nanocellulose-based sensors devised for HMIs recognition. What is more, different sensing tech-
niques (optical and electrochemical), sensing mechanisms and the roles of nanocellulose in such sensors are
discussed.

1. Introduction

Water is a paramount natural resource on the earth which is being
increasingly polluted by industrialization and economic development.
HMIs, which are considered extremely toxic elements, are some of the
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substances contaminating this vital resource via industrial activities. For
instance, in the case of metallurgical industries, which includes elec-
troplating metal, mining and smelting, release copper (Cu™2), zinc
(Zn*z), nickel (Ni*z), Cd*? and Pb*? (Hasanpour and Hatami, 2020;
Ruzickova et al., 2018; Yang et al., 2019). Additionally, agricultural
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products, mainly manures, fertilizers, pesticides, fungicides and in-
secticides import Pb*2, Cu™?, Zn*2, Cd*? as well as chromium
(Cr™3/Cr*®) into the environment (Briffa et al., 2020; Manzoor, 2020),
and paint manufacturing is another remarkable contributor of Pb*2,
Zn"? and Cr™3/Cr*® contamination (Lokhande et al., 2011). What is
more, Pb™2, Nit2, Cd*? and also Hg"? are used in several sanitary and
cosmetic products, including shower and hair-care products, dyes,
shampoos and toothpaste. These HMIs, acting as active ingredients,
preservatives or residual contaminants in initial substances like Aloe
vera, are liberated in waste streams and subsequently in the environment
(Ababneh and Al-Momani, 2018). On the other hand, in addition to
these mentioned industries, some natural resources, including soil
erosion, rainfall and volcano emit ions such as Hg*z, Cu*?, Zn*™? and
Ni*2 into the soil, water and atmosphere (Hasanpour and Hatami, 2020;
Manzoor, 2020; Zhao et al., 2017). It is necessary to know that despite
the fundamental need of living cells and organisms for small amounts of
some HMIs, namely Cu™?, Zn*2 and Cr"3, an excessive amount of them
in water resources may affect ecosystems and human health adversely. It
can be observed that, even if iron ion (Fe3*) plays a vital role in several
biochemical reactions, such as respiration, energy metabolism and DNA
synthesis, the excessive intake of this element in body causes cancer,
Alzheimer or Parkinson (Lesani et al., 2020). On the other hand, there
are some other HMIs, such as Ni*2, Pb*2, Cd*? and Hg"? which are
extremely poisonous for human body even in very small quantities and
cause severe and fatal diseases (Fan et al., 2020; Xu et al., 2020; Zhang
et al., 2020a). Hg?" as a kind of pollutant endangers human health and
the ecosystem severely because it is highly toxic, persistent and accu-
mulates in the food chain. It brings about renal failure, digestive prob-
lems and nerve disorders. This HMI not only exists in coal and some
geologic deposits, but also releases into the environment due to
anthropogenic processes and the quick growth of industrialization
(Balusamy et al., 2020; Fu and Xi, 2020). For these reasons, the amount
of HMIs in drinking water must abide by the environmental agencies
recommendations, including the US Environmental Protection Agency
(EPA), the European Medical Agency (EMA) or the World Health Or-
ganization (WHO). Accordingly, HMIs detection in water is a critical
matter (Ramdzan et al., 2020). The standard limits of some HMIs, which
are determined by mentioned international organizations, alongside
their main sources and major detrimental effects are summarized in
Table 1.
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Conventionally, atomic absorption/emission spectrometry (AAS/
AES) (Hasan et al., 2009; Rezvani and Soleymanpour, 2016), X-ray
fluorescence spectroscopy (XRF) (Sitko et al., 2015), inductively
coupled plasma atomic emission spectrometry (ICP-AES) (Sixto et al.,
2016), inductive coupled plasma mass spectrometry (ICP-MS) (Yeung
et al., 2017) and atomic fluorescence spectrometry (AFS) (Gomez-Ariza
etal., 2005; Li and Guo, 2005) and electrochemical assays (Gumpu et al.,
2015) were utilized for HMIs detection. In spite of the immense sensi-
tivity and selectivity of these techniques, they have some drawbacks,
including being time-consuming, requiring expensive instruments and
skilled operators, and sophisticated sample preparation procedure. Be-
side these downsides, the huge size of such devices caused them not to
be able to be deployed as a portable equipment for on-site monitoring.
These disadvantages have led to the advent of more efficient ap-
proaches, such as water quality sensors which are selective and sensitive
with simple procedure for identifying HMIs in environmental samples
(Guo et al., 2019a, 2019b; Huang et al., 2021; Ojha, 2020; Phichi et al.,
2020). Overall, sensors are analytical devices employed for recognizing
analytes on a basis of biocatalyst sensors, and consist of a receptor,
physicochemical signals transducer and a processor for signals inter-
pretation. Depending on the type of the output signals, sensors work
based on optical, mechanical, magnetic and electrical principles (Dan-
iyal et al., 2019b; Torres et al., 2020).

Lately, nanomaterials have been broadly investigated for being
applied in (bio)sensing applications owing to their unique physico-
chemical features. However, the toxicological impact of nanomaterials
on human health and the environment caused researchers to focus on
nanomaterials attained from green resources, mainly polysaccharides,
biopolymers and proteins. Among these nano-biomaterials, nano-
cellulose has exponentially attracted a great deal of attention (Ahankari
et al., 2020; Golmohammadi et al., 2017). Nanocellulose is a cellulosic
material whose, at least, one dimension is in nano-scale. Nanocellulose
is categorized into three types: bacterial cellulose (BC), cellulose nano-
fibril (CNF) and cellulose nanocrystal (CNC), depending on isolation
techniques. The names of the different types of nanocellulose might vary
sometimes: BC which is also known as microbial nanocellulose, nano-
fibrillated cellulose (NFC) might also be referred as microfibrillated
cellulose (MFC) or cellulose nanofiber are the names which are attrib-
uted to CNF and cellulose nanowhiskers (CNW) or nanocrystalline cel-
lulose (NCC) might be used as alternatives to CNC (Omran et al., 2021;

Table 1
Standard limits of HMIs in drinking water, their main sources and major detrimental effects.
HMI Standard limits (mg L’l) Sources Detrimental effects Ref.
WHO EPA EMA
cu?t 1.5 1 3 Electroplating, Cu mining, mineral processing, steel Menkes, Parkinson, Alzheimer and Wilson diseases, (Balusamy et al., 2020;
production kidney damage, liver cirrhosis, anemia, intestine Hasanpour and Hatami,
irritation, Insomnia 2020)
Zn?* 3 5 5 Mining, plating, metallurgy, dust, electroplating Lethargy, anemia, nervous system disorders, Hasanpour and Hatami
abdominal pain, thirst (2020)
cr*t 0.05 0.1 0.5 Cosmetic raw materials, leather production, tanned  Gastrointestinal diseases, hepatic encephalopathy, (Balusamy et al., 2020;
o+ leather, industrial pigments, rubbers and ceramics respiratory and cardiovascular problems, renal and Hasanpour and Hatami,
endocrine systems defects, hematological, ocular 2020; Zhang et al., 2020b)
problems
Pb>+ 0.05 0.05 0.5 Painting, Pbmining, metal smelting, welding, Digestive problems, urinary system failure, nervous (Fu and Xi, 2020;
manufacturing stained glass system damage Hasanpour and Hatami,
2020)
ca*t 0.003 0.005 0.2 Paints, pigments, batteries, plastics and rubbers, Anemia, high blood pressure, urinary system toxicity, (Hasanpour and Hatami,
engraving process, photoconductors and weight loss, respiratory disease, lymphocytosis, 2020; Malik et al., 2019)
photovoltaic cells cardiac disease, immune system failure, bone
problems
Ni%+ 0.07 0.1 0.1 Coal combustion, diesel and fuel oil burning, Dermatitis, lung fibrosis, asthma, respiratory and (Cemple and Nikel, 2006;
tobacco smoking, wind dust, volcano activities, cardiovascular diseases, immune system failure, Genchi et al., 2020;
waste incineration, low cost jewelry, stainless steel carcinogenic, DNA damage Hasanpour and Hatami,
utensils 2020)
Hg2+ 0.006 0.002 - Coal burning, Instrument factory, salt electrolysis, Brain damage, kidney failure (Kinuthia et al., 2020;

metal smelting, cosmetics

Zhang et al., 2020a, 2020b,
2020c¢)




M.M. Langari et al.

Raghav et al., 2021). In Fig. 1a-c, the images of various types of nano-
cellulose, obtained by using electron microscopy, along with their cor-
responding schematics are depicted.

Generally, nanocellulose is derived from bacteria, marine animals
and plants through chemical (e.g. (2,2,6,6-Tetramethyl-piperidin-1-yl)-
oxyl (TEMPO) oxidation, acid hydrolysis, and enzymatic reactions),
mechanical (e.g. cryocrushing, grinding, high-pressure homogenization,
microfluidization and high intensity ultrasonic treatments) and/or bio-
logical (e.g. treatment by using bacterial strains like Acetobacter xyli-
num) approaches (Farooq et al., 2020; Gupta and Shukla, 2020; Piras
et al., 2019). In order to isolate the favorable structure and morphology,
the aforementioned approaches are deployed consecutively or sepa-
rately. Nanocellulose isolation can be accomplished via either a
bottom-up method from glucose, conducted by bacteria, or a top-down
approach from agricultural wastes, plants and crops (Thomas et al.,
2020; Tshikovhi et al., 2020).

It should be noted that nanocellulose can be self-assembled into two-
dimensional (2D) (e.g., films and membranes) and three-dimensional
(3D) products (e.g., aerogels and hydrogels) via hydrogen bonding.
Totally, films and membranes, containing nanocellulose are fabricated
via filtration or casting, and hydrogels are made through gelation pro-
cess. The replacement of the liquid component of hydrogel with gas
leads to form a low density solid, designated as an aerogel (Hu et al.,
2020; Koga et al., 2019; Yuan et al., 2020a, 2020b; Zinge and Kanda-
subramanian, 2020).

Nanocellulose is used for an assortment of applications from rein-
forcing components to sensing materials in various scopes, such as
curative controls and delivery, nanomedicine as well as environmental
conservation. Lately, the utilization of cellulose and its derivatives in
HMIs recognition has received an enormous attention of researchers.
What make nanocellulose an interesting option for sensing applications
are its large surface area, hydrophilicity, superb mechanical and thermal
resistance, high crystallinity, facile chemical modification in addition to
its biocompatibility, reusability and nontoxicity (Ram et al., 2020;
Soriano and Duenas-Mas, 2018; Teodoro et al., 2019b; Wang et al.,
2020b). The modification of nanocellulose can be conducted through
introducing particular functional groups to the hydroxyl groups existing
on its surface (Fan et al., 2020). Noncovalent surface modification (e.g.
oppositely charged groups (Ruiz-Palomero et al., 2016; Zhu et al.,
2021)), etherification (Uzuncar et al., 2021), silylation (Cheng et al.,
2018), amidation (Riva et al., 2019), esterification (Chen et al., 2019;
Tracey et al., 2020), urethanization (Pursula et al., 2018), oxidation
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(Neubauerova et al., 2020), sulfonation (Dwivedi et al., 2014) and
polymer grafting (Anirudhan et al., 2018) are the modifications methods
utilized for sensing applications. Nanocellulose plays a significant role as
substrate, template, reducing/stabilizing agent, nanofiller and disper-
sant for immobilizing a variety of metal NPs, plasmonic NPs, photo-
luminescent and conductive (nano)materials, carbon-based
nanomaterials, and fluorescent (bio)molecules in HMIs sensors. Such
organic/inorganic hybrid platforms demonstrate exceptional optical
and electrical properties (Teodoro et al., 2019b, 2019a; Wang et al.,
2020a; Yue et al., 2021). Herein, we have summarized the latest studies
conducted on different dimensional HMIs sensors which contain nano-
cellulose. The roles of nanocellulose in optical and electrochemical
sensing are highlighted as well.

2. One-dimensional (1D) nanocellulose-based sensors

1D nanomaterials possess extraordinary features, namely light
weight, high sensitivity and transparency, low thickness, low cost, po-
tential for fabricating spacious area as well as excellent mechanical,
optical and electrical properties owing to their great aspect ratio. Hence,
nanocellulose is a kind of 1D nanomaterial that thanks to its biode-
gradability has been increasingly attracting a great amount of attention
for the development of bio-based materials and nanocomposites, such as
sensors (Brett et al., 2019; Gong and Cheng, 2017).

2.1. Optical sensors

Optical sensors are cost effective, highly precise and rapid with the
capability of remote, real-time and multiplexed sensing. More impor-
tantly, they have less complicated setup for obtaining data and working
in comparison to other sensors. Fundamentally, these types of sensors
need a diagnosis element to interact with particular analytes which leads
the sensor to diagnose the signal engendered by binding event (Daniyal
et al., 2019b; Ramdzan et al., 2020; Zhang et al., 2020a, 2020b, 2020c).
In detail, optical sensors are composed of four parts: 1) the diagnosis
element, where the interaction and the recognition of the analyte occur;
2) the transducer element which is responsible for the conversion of the
diagnosis process into a quantifiable optical signal; 3) an optical
equipment (process unit) consisting of a light source and 4) a detector
which amplifies the primary signal, transmits the alteration of optical
signals into a readout unit and identifies it (Mayr and Wolfbeis, 2002).
Optical sensors function on a basis of two classifications of detection

Fig. 1. Transmission Electron Microscopy (TEM) images of CNC (a) and CNF (b) Scanning Electron Microscopy (SEM) image of BC and their corresponding sche-

matics (shown by an arrow) (Abitbol et al., 2016; Piras et al., 2019).
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procedures: label-based detection and label-free detection. What is
referred to as a label is a foreign substance which is attached to the
target molecule temporarily or chemically via a label processing. The
label-based sensors work based on colorimetric, fluorescence and
luminescence techniques (Aliheidari et al., 2019; Ivanova et al., 2016;
Khansili et al., 2018). The schematic of a kind of label-free and
label-based biosensors is depicted in Fig. 2a, b, respectively. Although
label-based sensors are quite sensitive and benefit from a low detection
limit even for one single molecule in cell and molecular biology, they
have some downsides. As a case in point, in fluorescent-based sensors,
fluorescent tags are also likely change the properties of host molecules
during labeling process. Moreover, fluorescence signal bias may disrupt
quantitative analysis since it is not conceivable to control the number of
fluorescent substances on each host molecules efficiently. Consecu-
tively, quantitative detection necessitates relatively high price photonic
devices. Overall, label-based sensors assemblies require additional step
for labeling which consumes additional time and reagents. (Fan et al.,
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2008; Zhu et al., 2010). In contrary to label-based sensors, label-free
ones provide facile and low cost diagnosis as target analytes need not
get labeled or changed, and are recognized in their natural and un-
modified forms. Another interesting feature of this type of sensors is the
capability of analyzing the kinetic and thermodynamic of molecular
interaction quantitatively (Sang et al., 2016). Optical label-free sensors
function on a foundation of various detection mechanisms, including
absorption, refractive index, light polarization and Raman spectroscopy,
resulting in colorimetric, fluorescence, luminescence, surface plasmon
resonance (SPR) and surface enhanced raman scattering (SERS) sensors
(Fan et al., 2008; Golmohammadi et al., 2017; Mayr and Wolfbeis,
2002). What is more, some kinds of materials could be exploited as
recognition units in optical label-free sensors thereby acting as both
colorimetric reporter and fluorescence quencher, thus lead to the
fabrication of dual-signal sensors (Yan et al., 2014).
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et al., 2020b).
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2.1.1. Fluorescence sensors

Normally, one or more fluorescent substances are attached to re-
ceptors in order for manufacturing fluorescent sensors. The interaction
between the receptor and a specific analyte caused the transduction of a
fluorescent signal which can be further detected readily (Sarma et al.,
2019). The more the number of analytes, the more intense the fluores-
cent signal (Fan et al., 2008). On the other hand, natural polymers, such
as cellulose are widely regarded as matrix/carrier for the immobilization
of dyes as fluorescent substances. Three polar OH groups existing on the
surface of cellulose provide several sites for creating hydrogen bonding
between the polar groups of dye molecules and ions (Jiang et al., 2020;
Zhang et al., 2020a). Accordingly, Song et al. (2019) created dye-labeled
TEMPO-oxidized CNC (TOCNC) by means of binding 4-((2-amnioethyl)
amino)-9- methyl-1,8- naphthalimide (AANI) dye on CNC for detecting
Pb2*. In this work, the detection of Pb*" occurred through the
complexation of this HMI with dye groups and carboxyl groups on
TOCNC. Zhang et al. (2012) developed a sensor discriminating Fe>* in
the aqueous solution of Fe?* and other HMIs. For this reason, they
modified CNC with a pyrene (Py) fluorophore resulted in the enhance-
ment of the Py emission. The recognition of Fe3* occurred via the
electron transfer between redox active HMIs and the excited Py, the
complexation of them with Py, which was proved by Benesi-Hildebrand
equation and Sterm-Volmer plot, and fluorescent quenching. Recent
years have witnessed the application of fluorescent probe in HMIs
detection. For materials without intrinsic fluorescence characteristics,
such as nanocellulose, fluorescent complex formation, derivatization
and fluorescence quenching can be operated as indirect fluorometric
methods. Among named methods, fluorescence quenching is the most
reported probe for Fe3*t recognition (Karuk Elmas et al., 2020; Li et al.,
2020).

2.1.2. SPR sensors

SPR is the resonant oscillation of conduction electrons at the inter-
face between metal and dielectric material which is stimulated by
incident light. When resonance happens, the reflected light is quenched.
SPR, as a complementary optical method, has attracted many re-
searchers’ attention to build a sensor through incorporating an active
layer with it. The sensitivity and detection limit of the sensor can be
determined on a foundation of SPR responses to target metal ions con-
centrations (Ramdzan et al., 2020; Zhu et al., 2020). Migliorini et al.
(2020) functionalized CNW with gold nanoparticles (AuNP) so as to
establish a simple nanocomposite (CNW/AuNP) recognizing Cd?* in
real sample, in the existence of interfering HMIs with 60 nM limit of
detection (LOD). The cluster of AuNP formed via binding citrate anions
on its surface to Cd?*, contributed to the optical change in SPR band.
The increase in Cd?>" concentration in the range of 500-2000 nM
decreased the absorbance linearly.

2.1.3. Dual-signal sensors

Colorimetric detectors, functioning through change in its color
which can be observed with naked eyes, demonstrate substantial ad-
vantages over other analytical methods in terms of their selectivity and
sensitivity, simplicity and detection limit (Migliorini et al., 2020). Ram
et al. (2020) devised a spherical nanocellulose-based (SNC) sensor
which was selective to Cu?* and tolerant to pH in a range of 3-10. In this
work, two kinds of modifications on SNC were performed using
Schiff-base formation, with diethylenetriamine (DETA) and ethanol-
amine (EA), leading to the production of SNC-DETA and SNC-DETA-EA
composites, respectively. SNS-DETA just had a colorimetric sensing in
high concentrations (100-150 mg L™!) unlike SNC-DETA-EA, which
turned into dark blue from light blue at 0.5-100 mg L ™! concentrations.
This color alteration was justified by internal charge transfer between
ligand moieties, mainly ester, primary and secondary amine, imine, and
empty d-orbital of Cu?". However, both sensing composites showed
fluorescent detection as well. Another colorimetric and fluorescent
sensor, capable of detecting Hg?", was produced by Ye et al. (2020) In
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this work, acting as a sensor, Rhodamine B (RhB) labeled CNC respon-
ded to Hg?" in pH = 3-12 via changing in its color (red) and fluores-
cence emission (orange). The complex formed through binding
RhB-CNC with Hg?" was conducive to this color change. The Bene-
si-Hildebrand plot was used for the calculation of binding constant in
this complex (4.15 x 105 M) and binding stoichiometry (1:1). Rhoda-
mine derivatives, which were utilized for the first time in 1997 by
Czarnik, have drawn many researchers’ attention recently (Bergmann,
1932). Wang et al. (Wang et al., 2020b) grafted dopamine (DA) onto
TOCNF via amidation in order to devise a polymorphic sensor
(TOCNF-DA) diagnosing Fe>* in the mixture of various HMIs. The
detection occurred because Fe>* interacted with amid and phenolic
hydroxyl groups of TOCNF-DA. In this process, a stable compound was
formed through the chelation of Fe*' by nitrogen and oxygen. This
sensor showed high selectivity and sensitivity in the both forms of solid
and aqueous solution by changing in color from white to dark green in
less than 10 min (LOD =5 x 10 ~/ M) (Fi g. 2¢, d) and ultraviolet-visible
(UV-VIS) spectrophotometry (LOD = 6.6 x 10 -1 M) (Fig. 2e, f),
respectively.

3. 2D nanocellulose-based sensors

2D nanocellulose-based composites are generally divided into self-
standing or supported films, which can be in the forms of coatings on
bulk materials and free-standing membranes (Bacakova et al., 2020). 2D
nanocellulose-based platforms have been widely investigated to elimi-
nate the disadvantages of the conventional substrates, mainly high
surface roughness and low mechanical strength in aqueous medium, for
manufacturing sensing materials (Soriano and Duenas-Mas, 2018).

3.1. Optical sensors

3.1.1. Fluorescence sensors

Carbon quantum dots (CQDs) are a type of fluorescent functional
nanomaterials which is prepared via a simple hydrothermal method and
shows low toxicity and high luminous purity (Zhang et al., 2020c). Xue
et al. (2020) developed Fe>* sensor based on CQDs in which TOCNF was
applied as a substrate. The covalent bonding between the carboxyl of
TOCNF and the amino groups of CQDs prevented CQDs from aggrega-
tion and led to the highly transparent and photoluminescent nanopaper.
What is more, this nanopaper presented excellent thermal and me-
chanical stability. In comparison to recent fluorescent sensors estab-
lished based on carbon for Fe** recognition, the obtained nanopaper
showed decent sensitivity to Fe3* as a fluorescent sensor. Lv et al. (2017)
manufactured a membrane probe recognizing Fe>" in aqueous media.
They incorporated nitrogen doped CQDs (N-CQDs), synthesized using
ethanediamine (EDA) and citric acid (CA) as precursors through hy-
drothermal method, into culture media for the first time. The resultant
composite membrane BC/NCQDs was able to detect Fe>* in the range of
0.5-600 uM with 84 uM LOD. Later, they manufactured another Fe3"
detector through the method similar to their previous study, yet in this
work, they applied graphene oxide QDs (N-GOQDs) instead of CQDs. In
recent years, GOQDs has drawn remarkable attention in biosensing
owing to its astounding physicochemical, optical, photoluminescence
properties, whose surface functionality changes, including heteroatom
doping, and structural defects can influence these properties (Khan and
Patil, 2020). The obtained sensor (BC/NGOQDs) was investigated in
terms of its selectivity to variant HMIs in pure water and its sensitivity to
various concentrations of Fe3'. Fluorescent spectra of the sensor
quenched by Fe3*, and the fluorescent intensity dwindled by increase in
Fe3" concentration. The quenching occurred because of the complex
which was produced by robust coordination of Fe>* with primary amine
and hydroxyl groups. This sensor was able to detect Fe>* in both ul-
trapure water and real water samples and indicated favorable repro-
ducibility through washing with ethylenediamine tetraacetic acid
(EDTA). At the end, the performance of developed sensor in the
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detection of Fe>* in lake water was compared with the conventional
method, inductively coupled plasma mass spectrometry (ICP-MS). Both
methods showed approximately the same amount, proving the fact that
the manufactured sensor would be a promising tool for determining
Fe®' even in lake water (Lv et al., 2019).

Another fluorescent sensor was prepared by Wang et al. (Wang et al.,
2020b) which was able to detect Cu*" in a wide range of pH from 3 to
11. They synthesized europium metal-organic framework (Eu-MOF) on
the surface of TOCNF in ethanol/water medium. The abundance of hy-
droxyl group on TOCNF contributed to Eu®" adsorption and ultimately
Eu-MOF growth on it in the form of film or NPs. TOCNF prevented
Eu-MOF from agglomeration by diminishing its particle size and caused
it to grow in different direction. With regard to the results obtained from
the evaluation of sensing performance in the existence of variant Cu®*
concentrations, fluorescence intensity showed a linear relationship with
Cu?* concentrations. It can be concluded that Eu-MOF@TOCNF was an
ultimate sensor for recognizing Cu?" in complex water system and water
body. There are some other nanocellulose-based sensors which were
capable to sense Cu?* alongside other HMIs. As a case in point, Rah-
mawati et al. (2020) prepared the portable, reusable and fast responsive
sensor film for recognizing both Cu?* and cesium (Cs*). However, it was
more sensitive towards Cu?* with wider detection range. This sensor
was manufactured via the chemical immobilization of a tetradentate
ligand (3,5-bis(((2- hydroxynaphthalen-1-yl) methylene) amino) ben-
zoic acid) (3,5-BHNMABA) on TOCNF. Subsequently, it deposited on
glass substrate. This study paved the way for radioactive waste
treatment.

3.1.2. SPR sensors

The integration of CNC and GO are deployed to fabricate SPR sensors
for Cu?* diagnosis owing to the great electrical and optical features of
GO (Daniyal et al., 2018a).

Daniyal et al. (2018b) developed a sensor where CNC had been
hydrophobized using hexadecyl trimethyl ammonium bromide (CTA)
before integrating it with GO. Afterwards, CTA-CNC/GO nanocomposite
was deposited on a gold layer which had been spin coated onto a glass
substrate. They investigated its sensing performance and characteristics
in two distinct works. Fig. 3a depicts the schematic of SPR setup utilized
in both these works. In the former, the characterization of obtained
sensor showed the produced functional groups attached to the surface of
CNC, its homogeneity and high absorption of the nanocomposite. Be-
sides, the diagnosis of Cu?>" was conducted by SPR spectroscopy by
injecting different concentrations of Gu?* (from 0.01 mg L™! to 0.5 mg
L) in the hollow and recording the reflected beam. This sensor was
able to diagnose the concentration of Cu®* as low as 0.01 mg L. In the
latter, they collected resonance angles (SPR curves) for a wider range of
Cu®" concentrations (from 0.01 mg L1 to 60 mg LY. As illustrated in
Fig. 3b, the SPR curves for the Cu®>* concentrations shifted little by little
because of the formation of shared electrons between Cu®" and CNG
with negative charges on its surface. Conversely, as can be observed in
Fig. 3c, for Cu?* concentrations more than 0.5 mg L™}, SPR curves were
the same as one another inasmuch as the surface of sensing platform was
literally covered with Cu®*. According to Fig. 3d, the plot of SPR curves
fitted Langmuir model with the constant of 4.075 x 103 M for binding
affinity. Furthermore, the sensitivity of the resultant sensor towards
Cu?*, shown in Fig. 3e, calculated 3.271 L mg " in the aqueous solutions
containing low concentrations of cu?t (0.01-0.1 mg L~1). This sensor
was examined for detecting Ni2" in another study, and results exhibited
that the sensor had better performance for Cu?* detection. Although
capable to recognize 0.01 mg L™! concentration of Ni2* as well as Cu®*,
it identified Ni®* in a range of 0.01-0.1 mg L™}, which was wider in case
of Cu®* (0.01-0.5 mg L. Itis noteworthy to mention that the constant
of binding affinity and sensitivity towards Ni>™ were reported 1.62 x
10° M and 1.509° L mg~?, respectively, which were lower for Cu?*
detection (Daniyal et al., 2018a, 2019a). This platform was also able to
recognize Zn>" at the low concentration of 0.01 mg L™! (Daniyal et al.,

Chemosphere 302 (2022) 134823

2019b). Later, they went on to establish another SPR sensor through the
incorporation of GO with unmodified CNC for the purpose of identifying
Cu?* and Zn?" at 0.01, 0.1, and 1 mg L. Fig. 3f, g exhibit the structures
of CNC-GO before and after being in exposure to Cu*, respectively. The
interaction of these metal ions with this sensor, occurs because of the
existence of -COO™ or SO3 functional groups, and it was characterized
with X-ray photoelectron spectroscopy (XPS) after employing the SPR
technique (Daniyal et al., 2020).

3.1.3. Colorimetric sensors

Milindanuth et al. (Milindanuth and Pisitsak, 2018) manufactured a
sensor based on RhB treated BC. Herein, RhB, as a colorless substance
selective to Cu®*, was turned into pink when subjected to the aqueous
solution containing Cu?" along with barium (Ba2"), cr?*, cd?*, zn?",
Co%*, Mg?*, Hg?*, manganese (Mn2"), Pb>" and tin (Sn®"). The most
intense color alteration was observed at pH = 6 since the carbonyl group
existing in the spirolactam ring was protonated by Cu?*, which was
resulted in the RhB ring opening and color change. In this study, the
comparison between the performance of sensors where BC and cellulosic
paper applied as substrates revealed the superiority of BC. Because of its
higher porosity and vaster surface area, the color intensity of the
BC-based sensor in response to Cu?>* was more visible.

3.2. Electrochemical sensors

Recently, electrochemical techniques have attracted a huge amount
of attention owing to their sensitivity, rapidity and ability for reaching
more satisfactory quantitative results in the realm of HMIs detection
(Shen et al., 2017). Electrochemical sensors are capable of recognizing
both electrochemical and electrical signals. These signals are created by
the charge transfer among sensing probes and target molecules. Ac-
cording to the equation (1), o can be reduced into r, or r can be oxidized
into o, and there will be an equilibrium between o and r in their oxidized
(0™ and reduced forms (), respectively, which produces the stream
of electrons (Islam and Channon, 2019).

e ol 4em (@D)]

Fig. 4a illustrates the most efficient cell assembly of electrochemical
sensors and the charge transfer occurring in it. This electrolytic cell
consists of three electrodes, namely reference electrode (RE), working
electrode (WE) and counter electrode (CE) (Islam and Channon, 2019;
Sarma et al., 2019). Generally, electrochemical sensors are divided into
potentiometric, amperometric/voltammetric, impedimetric and
conductometric which measure oxidation/or reduction potential, elec-
trical current, electrical conductance and impedance, respectively
(Shetti et al., 2018; Torres et al., 2020; Yoon et al., 2020).

3.2.1. Voltammetric sensors

Voltammetric sensors are types of sensors that work on the founda-
tion of measuring a current flow in WE, which is placed in an electro-
active solution, at different potentials. Generally, various kinds of
electrodes, such as glassy carbon electrode (GCE), pencil graphite elec-
trode (PGE), carbon paste electrode (CPE) or gold and platinum elec-
trodes are utilized as WEs. The aforementioned electrodes require to be
modified so as to recognize variant HMIs specifically (Chillawar et al.,
2015). There are different types of voltammetry techniques, including
cyclic voltammetry (CV), differential pulse voltammetry (DPV), linear
sweep voltammetry (LSV) and square wave voltammetry (SWV) whose
differences are in the forms of time wave engendered by the corre-
sponding functional application (Lu et al., 2018). As a case in point,
Sakwises et al. (2017) employed CV measurements for determining the
correspondence between applied potential and current signals for
detecting Ni?" in an acidic aqueous media. In this work, Ag/AgCl,
paper-based composite and Pt-wire were the three electrodes of RE, WE
and CE, respectively. This paper-based composite was developed by
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2018a). Schematic of f) CTA-CNC/GO structure and g) possible interaction between CTA-CNC/GO and Cu*" (Daniyal et al., 2020). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

embedding SnO, into BC matrix. Ni2* caused electrons to transfer in the
interface of electrode and solution and increased conductivity which
made it detectable. Zinoubi et al. (2017) modified GCE with NFC film,
acted as a matrix, via simple adsorption aiming to devise a sensor tracing
cd?*, cu®t, Pb%* and Hg?" in seawater samples by using DPV. They
optimized the operational conditions, namely, deposition time and po-
tential, accumulation time, and electrolyte pH to acquire the most sen-
sitive NFC matrix and low detection limit (0.5 nM). What is more, they
washed the NFC film with EDTA for the removal of adsorbed HMIs and
regenerating it. Among others, the resultant sensor showed more
sensitivity and lower LOD for Cu®>" due to its high affinity to the NFC
film. Another sensor which was capable of detecting Cu?* was suggested
by Taheri et al. (2018). They modified PGE with bp-penicillamine
anchored nanocellulose (DPA-NC) (Fig. 4b, c¢), and employed SWV
technique to recognize this HMI in both tap and river water in pM

concentration. This modification increased the SWV responses because
of the nanocellulose porous structure alongside the complex formation
between the groups containing oxygen or nitrogen in DPA-NC and Cu?*.
To calculate the LOD of Cu2+, the modified electrode immersed in
variant concentrations of Cu®>t (0-100 pM), and the SWV responses was
measured (Fig. 4d). The sensitivity and LOD of the DPA-NC/PEG were
measured 0.2 pA (pM)~! and 0.048 pM, respectively. The obtained
sensor was reusable and could be regenerated by exerting the potential
of 0.6 V in nitrate solution (pH = 2, T = 120 s) causing Ccu?t removal.
Qin et al. (2018) modified GCE with y-AlOOH-carbonated BC
(y-AlIOOH-CBC), and applied DPV for recognizing Cd*" and Pb*" in
drinking water. In this work, they fabricated y-AIOOH-CBC via pyrolysis
and hydrothermal methods in which CBC was utilized as a carrier for
growing y-AlOOH on its surface. The superb conductivity and the high
adsorption of y-AIOOH led to the satisfactory selectivity and sensitivity
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Pb%*, Cd** and Hg?* (Teodoro et al., 2019a).

for the mentioned HMIs detection. The LOD for Cd%>* and Pb%t were
0.17 pg L' and 0.1 pg L™ respectively.

The results obtained from the y-AIOOH-CBC/GCE performance was
consistent with the outcomes attained from ICP-MS. Teodoro et al.
(2019a) devised a novel electrochemical sensor with low LOD (0.0052
uM) and broad dynamic linear range (2.5-200 pM) for detecting Hg?" in
real samples from river water to tap water. This sensing platform was
based on CNW/rGO hybrid system, increasing the charge transfer, and
(polyamide 6) PA6 electrospun nanofibers as a Hg>* sensing element.
The sensitivity and selectivity of the sensor towards Hg?" was deter-
mined by investigating its performance in various concentrations of

Hg?* and in the presence of Cu?*, Pb2*, Cd%* by using DPV (Fig. 4e, f).
In this platform, CNW acted as a reducing agent for rGO whose action
was proved by fourier transform infrared (FTIR) and UV-VIS
spectroscopies.

3.2.2. Impedimetric sensors

Functioning on a basis of changes in impedance at the surface of
sensor after interacting with target analytes, electrochemical impedance
spectroscopy (EIS) technique is exploited in the impedimetric method.
To sum up, in this method, the exertion of small sinusoidal perturbation
to elechtrochemical system generates sinusoidal signal. Generally, after
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applying AC potential in a specific range of frequency, the engendered
current is collected by using potentiostat. Since these measurements
produce a great deal of data, visual analysis is not conceivable, and
multivariate data analysis is required so as to simplify data visualization.
The impedance data, as a result, is interpreted through modelling the
data to a proper electrical circuit which consists of capacitors, inductors
and resistors (Fiel et al., 2019; Teodoro et al., 2019b). In this case,
regarded as the array of nonspecific sensors, electronic tongues
(E—tongue) with the capability of analyzing complex liquids are
employed. The array engenders signals which can be ascribed to special
qualities or properties of the specimens by means of an appropriate
software. Normally, their responds toward samples is qualitative, and in
some cases, it can determine the concentration of one analyte in the
sample. In summary, the performance of E—tongue is based on two
different parts; The former is that it consists of the array of sensors, and
the latter is data processing methods (Rodriguez-Méndez et al., 2010).
An efficient approach for statistic interpretation of data is the utilization
of multivariate data analyses, including principal components analysis
(PCA), linear discriminant analysis (LDA), partial least square (PLS)
regression, artificial neural network (ANN) (Geana et al., 2020). Teo-
doro et al. (2019b) succeeded to use E—tongue for establishing a kind of
impedimetric sensor for identifying different HMIs (Cd%*, Cu®", Ni2*
and Pb?*). For this reason, they prepared several sensing units through
distinct combinations of PA6 electrospun nanofibers, CNW and silver
nanoparticles and deposited them on gold interdigitated electrodes
(IDEs) surface to be utilized as sensing probes of an E—tongue
(((PA6/CNW:Ag)bui' /IDE, (PA6)im.cnw:ag/IDE and (PA6/CNW)im,
AgS/IDE)). The proposed units, except the ones composed of solely PA6
or PA6 and CNW, were able to discriminate different heavy metal ionic
solutions at the concentration of 1 mmol L 1. To be more exact, the ones
containing hybrid CNW: Ag improved the classification of mentioned
solutions. After opting for the sensing probes, it was feasible to cate-
gorize the different concentrations of aqueous solution contaminated
with Pb®". In addition, they could distinguish pure water from
Pb?*aqueous solution at minimum concentration of 10 nmol L.

4. 3D nanocellulose-based sensors

3D macroscopic matrixes of nanocellulose structures are represented
by hydrogels and aerogels (Bacakova et al., 2019). Hydrogels are pre-
pared via the removal of water during the conversion of cellulose to
nanocellulose, and aerogels are produced from hydrogel or dispersion,
further dried by means of various methods, including supercritical,
convective or freezing-based ones. Carlsson et al. (2012) produced
conductive CNF aerogels through polymerizing pyrrole onto TOCNF
chemically, subsequently dried by supercritical COy drying, ambient
drying and freeze drying (De France et al., 2020; Muhd Julkapli and
Bagheri, 2017).

4.1. Optical sensors

Several studies have been undertaken on establishing 3D
nanocellulose-based sensors (hydrogels and aerogels) which solely
function on a foundation of fluorescent technique. Some of them are
described subsequently. Mohammed et al. (2016) developed a hydrogel
which was used for sensing and adsorbing Hg?" at the same time. In this
sensor, CNC was applied as a substrate for bovine serum albumin (BSA)
protected Au nanoclusters (Au@BSA NCs) in the presence of alginate
(ALG). Au@BSA NCs intensified the luminescence properties during the
process of detection. The strong metallophilic interaction between Au?*
and Hg?' on the surface of Au@BSA NCs quenched the fluorescence of

1 PA6 containing CNW/Ag in the bulk.
2 PA6 coated with CNW: Ag.
3 PA6/CNW coated with AgNPs.
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nanocomposite completely and made it a competent sensor for Hg"
recognition. However, it suffered from a flaw which was the lack of
reusability, since the fluorescence properties of Au@BSA NCs could not
be recovered after binding to Hg?". Later, Lei et al. (2021) used the
combination of BSA-Au NCs and TOCNC aimed at designing a sensor and
adsorbent selective to Hg?". The mechanism of adsorption was justified
through the complexation interaction between Hg?" with amino groups,
the electrostatic attraction of Hg?" with carbonyl and hydroxyl groups
in addition to metallophilic interaction of Hg?" with Au™. In this work,
the reported LOD and linear range of detection were respectively 2.7 mg
L~!and 5-150 mg L1, Yue et al. (2021) produced a kind of hydrogel via
the in situ polymerization of TOCNF/salicylaldehyde thiosemicarbazone
(ST) in the matrix of PVA/borax which was able to sense Cu®t. The
utilization of TOCNF caused ST (fluorescent material) to disperse
homogenously throughout the PVA/borax matrix and enhanced the
mechanical properties of matrix by 2.66 times. Sensing strategy of this
sensor was explained through forming the complex between Cu®>" and
TOCNE/ST, culminated in quenching fluorescent. The higher the con-
centration of Cu?*, the lower the fluorescence intensity. The LOD of the
sensing platform at 485 nm was 0.086 pM. It is notable that the for-
mation of O-B-O bond between diol unit and borate ion on the surface of
PVA made it thermally reversible, which led it to get transmitted from
liquid to solid phase and vice versa and boosted its accuracy. This plat-
form maintained the 82% of fluorescence intensity after 10 uses and the
85% of mechanical performance after 3 uses. Besides, it exhibited
antibacterial properties and reduced about 93% and 96% of E. coli
number after 1 d and 2 d, respectively. This sensor was capable of Cu®*
recognition in only neutral and alkaline solutions. Another sensor with
adsorption properties was produced by Guo et al., 2019a, 2019b-
through embedding CQD into carboxy-methylated CNF (CM-CNF) in the
form of hydrogel. This hydrogel was able to adsorb several HMIs (Ba>",
Pb3*, Cu* and Fe3*) whereas able to sense solely Fe>* with fast visual
response and the LOD of 18 mg L™". In this platform, the incorporation
of CNF facilitated HMIs adsorption because of the existence of high
density of carboxyl, hydroxyl and amide groups on its surface.

On the other hand, several hydrogels and aerogels have been
developed for both detection and adsorption of Cr’t/Cu®* based on
CNFs and CQDs. In these platforms, CNFs, capable of forming 3D
structure readily and enhancing HMIs adsorption, acts as a template,
and CQDs works as a sensing material due to its favorable fluorescence
feature (Yuan et al., 2020a, 2020b). One of such sensors employed for
Cr®* detection was devised by Song et al. (2020) via a green process. In
this sensor, cellulose was applied as a carbon sources for preparing CQDs
through hydrothermal method, and no hazardous byproducts were
produced. It should be noted that this sensing platform did not lose its
efficiency in strong acidic media although some active sites were
occupied by H instead of Cr®*. Yuan et al. (2020b)prepared an aerogel
based on CQD and CM-CNF, isolated from bleached eucalyptus kraft
pulp, identifying Cr®* with 17.6 mg L-1 LOD. The preparation process of
the aerogel is depicted in Fig. 5a. This sensor showed satisfactory
selectivity and sensitivity towards this HMI. As can be seen in Fig. 5b,
among various ions, Cr®" ended in the most obvious fluorescence
quenching due to its robust electron capturing capability and more
electron transfer between Cr®* and CQD.

On the other hand, Fig. 5c displays that the increase in cr®* con-
centration caused the fluorescence color to turn from bright blue into
dark black. In another work, Yuan et al. (2021) manufactured a hydrogel
for Cr%" diagnosis whose LOD was lower than the aerogel in their pre-
vious work (11.2 mg LY (Yuan et al., 2020a, 2020b). They utilized
wood bleached pulp as an initial substance and incorporated TOCNF and
CQD into lignin-based hydrogels (Fig. 5d) (Yuan et al., 2021). The
selectivity and sensitivity of this hydrogel were estimated by doing ex-
periments in the presence of interfering HMIs and varying concentra-
tions of Cr®", respectively. The results are shown in Fig. Se, f. Another
fluorescent adsorbing and sensing platform for Cr®* was developed by
Luo et al. (2021) through the incorporation of TOCNF modified with
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Fig. 5. a) Synthesis procedure of aerogel. b) Effect of various HMIs at the concentration of 10°> mg L™! on fluorescence quenching. ¢) Effect of increase in Cr®*
concentration on fluorescence quenching (Yuan et al., 2020a, 2020b). d) Synthesis rout of hydrogel. e) Effect of various HMIs at the concentration of 2 x 10° mg Lt
on fluorescence quenching. f) Gradual decrease in fluorescence with increase in Cr®* concentration (Yuan et al., 2021).

CQD and titanate (TN) into chitosan-based hydrogel. The utilization of
TN alongside the TOCNF boosted the adsorption performance because of
its porous structure which was confirmed by FTIR and XPS. In fact, the
porous structure of TOCNF engendered numbers of active sites and
channels for analytes transportation, which improved the adsorption
and binding events between analytes and receptors, hence stabilized
fluorescence signal and enhanced the detection. The LOD and linear
range of detection of this sensor were calculated 8.5 and 10-80 mg L™},
respectively. In all these studies undertaken on Cr®* detection in water,
the presence of amino groups on the surface of CQD was conducive to
adsorbing Cr®' because of electrostatic attraction between them.
Furthermore, some of Cr®" ions, which were reduced to Cr®*, formed
complexes with hydroxyl, carboxyl and amino functional groups. In this

10

way, this HMI was detectable by the suggested sensors (Kumeria, 2015;
Luo et al., 2021; Yuan et al., 2020a, 2020b, 2021). The summary of
different dimensional nanocellulose-based sensors devised for HMIs
detection is listed in Table 2.

5. Conclusions

Nanocellulose-based platforms are novel approaches to manufacture
renewable, efficient, low cost, optical and/or electrochemical analytical
devices in the forms of nanofibers, films and also gel like materials for
(bio)sensing applications. It is evidence that, CNC, CNF and BC, different
sorts of nanocellulose are highly regarded for the fabrication of sensing
platforms functioning on a basis of fluorescence, SPR, structural
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Table 2
Summary of HMIs sensors based on different dimensional NC.
Sensor Sensing function Sensing platform HMI NC NC role Sensing Response range/ Ref.
category type material LOD
1D Optical Fluorescent AANI-labeled Pb%+ CNC Carrier AANI and 0.15-50 pM/0.15 Song et al. (2019)
TOCNC TOCNC uM
Py-CNC Fe®t CNC Matrix Py 1-200 pM/1 pM Zhang et al. (2012)
SPR CNW/AuNP cd** CNW Dispersant AuNPs 500-2000 nM/60 Migliorini et al. (2020)
nM
Fluorescent SNS-DETA cu®*  SNC Matrix DETA N.D. ! Ram et al. (2020)
Colorimetric 100-150 mg L™*
Fluorescent SNC-DETA-EA 1.03 mg L7}
Colorimetric 0.5-100 mg L~'/0.5
mg L~!
Fluorescent RhB-CNC Hg2+ CNC Matrix RhB 232 nM Ye et al. (2020)
Colorimetric 746 nM
Fluorescent TOCNF-DA Fe3* CNF Matrix DA 6.6 x 10 "' M Wang et al. (2020b)
Colorimetric 5x10 "M
2D Optical Fluorescent TOCNF-CQD Fe®* CNF Substrate CQD 10-1000 pM Xue et al. (2020)
BC/N-CQD Fe*t  BC Substrate N-CQD 0.5-600 pM/84 uM  Lv et al. (2017)
BC/N-GOQD Fe3t BC Matrix N-GOQD 0.5-650 pM/69 nM Lv et al. (2019)
TOCNF/3,5- Ccu?* CNF Matrix 3,5- 10-600 mg L Rahmawati et al. (2020)
BHNMABA Cs?* BHNMABA
SPR CTA-CNC/GO Cu** CNC Matrix GO 0.01-0.5 mg L™/ (Daniyal et al., 2018a,
0.01 mg L-1 2018b, 2018a)
NiZ* 0.01-0.1 mg L Daniyal et al. (2019a)
0.01 mg ™!
Zn%t 0.01-0.1 mg L™/ Daniyal et al. (2019b)
0.01 mg ™!
CNC-GO cu?* N.D. Daniyal et al. (2020)
Zn2t
RhB-BC Ccu?* BC RhB N.D. Milindanuth and Pisitsak
(2018)
Electro- Voltammetric Sn0,-BC Ni%* BC Matrix SnO, N.D. Sakwises et al. (2017)
chemical TONFC/GCE cd** NFC TONFC 5nM Zinoubi et al. (2017)
Cu** 0.5 nM
Pb** 0.5 nM
Hg** 5nM
DPA-NC/PGE cu?* N.D. DPA 0.2-50 pM/0.048 Taheri et al. (2018)
pM
y-AIOOH-CBC/ cd**  BC Carrier y-AlOOH 0.5-250 pg L1/ Qin et al. (2018)
GCE 0.17 pg L7!
Pb?* 0.5-250 pg L'/0.1
pg L1
PA6/CNW/1GO Hg** CNW Reducing PA6 2.5-200 pM/0.0052 Teodoro et al. (2019a)
agent UM
Impedimetric =~ E— tongue cd*™  CNW stabilizing Ag NPs N.D. Teodoro et al. (2019b)
Ccu?* agent N.D.
NiZ* N.D.
Pb?* 10 nM
3D Optical Fluorescent Au@BSA ngJr CNC Substrate Au@BSA NCs N.D. Mohammed et al. (2016)
NCs-CNC-ALG
BSA- Au NCs/ ng+ CNC Substrate BSA- Au NCs 5-150 mg L 127 Lei et al. (2021)
TOCNC mg L7!
PVA/borax- cu?*t CNF Dispersant ST 0.1-10 pM/0.086 Yue et al. (2021)
TOCNF/ST uM
CQD/CM-CNF Fe**  CNF Template CQD 18 mg L? Song et al. (2020)
CQD/CNF crit CNF Template CQD N.D. Song et al. (2020)
CQD/CM-CNF cré* 17.6 mg L1 Yuan et al. (2020)
Lignin/CQD/ 11.2 mg L™ Yuan et al. (2021)
TOCNF
CS/TN/CQD/ 10-80 mg L™1/8.5 Luo et al. (2021)
TOCNF mgL!

1. not described.

colorimetric and conductive responses for HMIs diagnosis. It is note-
worthy to mention that 3D structure of nanocellulose made it an
extremely desirable choice for making hydrogels and aerogels with
fluorescent characteristics inasmuch as its porous structure provides
receptor with large surface area culminating in the more interaction
between analyte and receptor. Additionally, the presence of hydroxyl
groups on the surface of such biopolymers have brought them the op-
portunity of being functionalized with NPs (plasmonic NPs and photo-
luminescent nanodots), macromolecules and dyes through which they
are capable of forming complex with HMIs and detecting them.
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Overall, we believe that the progress in nanocellulose-based sensors
will lead to the development of much more practical sensors that will
substitute conventional ones.
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