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(Bio)sensors are integral to various aspects of daily life, contributing to safety, monitoring, and awareness. In

modern sensor devices, polymers play an important role, with increasing interest in bio-based materials.

Biopolymers, unlike their synthetic counterparts, are abundant in nature and exhibit interesting functional

properties that make them highly suitable as biomaterials for sensor technologies. Enhancing sensor

performance to achieve a rapid response to stimuli is a key objective in sensor development.

Lignocellulosic biomass (LCB) from plants holds promise in meeting such requirements due to its high

surface area, tunable surface characteristics (including diverse pore sizes and morphologies), flexibility,

printability, low density, and favorable physicochemical and thermal properties. Growing research in

recent decades has focused on lignocellulosic composite materials due to their functional and

environmentally friendly attributes. This review focuses on the valorization of lignocellulosic biomass and

its three main biopolymer constituents (cellulose, hemicellulose, and lignin) for the development of

electrochemical (bio)sensors. It also explores the macromolecular structure, sources, and inherent

properties of LCB, with emphasis on the three main biopolymers and their applications in sensor

technologies. Recent advances in the use of LCB and its structural biopolymers as materials for (bio)

sensing applications are described and reviewed. The challenges associated with using these

biomaterials in electroanalytical applications are also discussed, along with the exploration of their future

potential for developing high-performance sensing technologies.
1. Introduction

Sensors serve as ubiquitous analytical platforms used across
diverse environments to detect events or changes with high
precision.1–3 These platforms commonly integrate an active
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device, known as a transducer, which can record a physical
quantity and converts it into a signal suitable for subsequent
processing. Sensors are widely employed to measure a broad
range of physicochemical and biological parameters.3–7 The
pivotal characteristics of (bio)sensors include their sensitivity to
input changes and their selectivity in distinguishing specic
targets from adjacent inputs. Enhancements in sensor perfor-
mance are continuously pursued through the integration of
biological receptors or additional materials that amplify the
transducer response.3,8,9 These receptors must exhibit excellent
target recognition capabilities and efficient interaction to
ensure effective signal transduction to the output system.10,11

Accordingly, sensor technologies leverage novel materials to
streamline processes and enhance key attributes, including
sensitivity, specicity, and reproducibility.3,8,12,13 A wide variety
of (bio)sensors, including analytical,7,14,15 humidity,16,17

strain18–20 and gas sensors21,22 are documented in the literature
for diverse applications. Sensor technology offers myriad
benets, such as predictive and preventive maintenance, facil-
itating faster transmission of measurement data, enhancing
accuracy, improving process control, and bolstering asset
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24185
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health.3,23 Moreover, the development of efficient sensors for
sensitive determination of target element levels in various
environments holds signicant importance. Sensors offer
numerous advantages, including ease of operation, high reli-
ability, simplicity, selectivity, sensitivity, time and cost effi-
ciency, portability, and direct applicability in point-of-care
assays. These attributes highlight the importance of sensor
technology inmodern analytical and environmental monitoring
endeavors.24,25 For instance, electrochemical sensors are
analytical devices that detect and quantify specic chemical
species by converting chemical interactions into measurable
electrical signals through redox reactions occurring at the
electrode interface, which results in changes in current, voltage,
or impedance.26,27 In recent advancements, lignocellulosic
biomass and their main structural biopolymers have emerged
as promising sources of electrode materials for sensing appli-
cations. These biopolymers offer distinct properties, such as
high surface area, structural stability, porosity, and diverse
functional groups.6,7,28,29 While these biomaterials typically
exhibit low electrical conductivity in their natural state, their
conductivity can be enhanced through processes such as
carbonization, doping with metal nanoparticles, and function-
alization with electrically conductive polymers. These modi-
cations result in composites with improved conductivity,
making them highly suitable for enhancing electron transfer
processes in electrochemical reactions.6,15,30–33 By incorporating
lignocellulosic biomass and their composites into sensor
design, it is possible to create sustainable, cost-effective, and
highly sensitive electrode materials for a wide range of
applications.15,17,30,32

The development of new sensors has primarily focused on
novel materials for electrode modication.34–38 Traditionally,
materials used for supporting surfaces or electrodes exhibit
inert characteristics, meaning they lack electroactive species
while maintaining conductivity across a broad potential
range.11,27,39 Carbon-based materials have emerged as key
components for enhancing the electroanalytical performance of
sensors, particularly in terms of sensitivity and selectivity.
Lignocellulosic biomass, primarily composed of carbon-rich
biopolymers, has gained increasing attention as a surface
modier to improve the sensitivity and selectivity of
sensors.14,15,40–42 These bio-based materials offer numerous
advantageous properties, including high surface area, porosity,
hierarchical structure, permselective coating capabilities, and
suitability for use as immobilization matrices and diffusion-
limiting membranes.43,44 As a major constituent of plant cell
walls, LCB is abundantly available in nature and serves as the
primary source of the most prevalent biopolymer worldwide,
namely cellulose. Consequently, LCB is regarded as a promising
renewable resource, characterized by high availability and non-
toxicity, for the development of sustainable materials and
technologies. Its constituent biopolymers exhibit diverse
chemical functionalities, including aliphatic and aromatic
hydroxyl groups, carboxyl, acetal, hemiacetal, amine, and amide
groups, enabling self-assembly, chemical or physical binding of
various molecules and biological entities, and even the forma-
tion of chelates with metal ions.45,46 The interesting mechanical,
24186 | J. Mater. Chem. A, 2025, 13, 24185–24253
thermal, and physicochemical properties of LCB, coupled with
its eco-friendly attributes including renewability, biocompati-
bility, and biodegradability position its major components
(cellulose, hemicellulose, and lignin) as key candidates for
replacing conventional materials in sensing and biosensing
technologies.16,47,48 The signicant annual production of
biomass waste, estimated at approximately 140 Gtons globally,
presents a major management challenge due to its potential
environmental impact.49 Biomass waste is oen incinerated by
local populations for heating purposes, leading to CO2 emis-
sions and contributing to global warming. However, numerous
pathways for biomass and by-product valorization have been
reported across various elds, including renewable energy
production, construction, furniture manufacturing, biofuel
synthesis, and the chemical industry.49,50 Concurrently, an
increasing number of research efforts are focused on the valo-
rization of these bio-based polymers in sensor and biosensor
technologies.6,51–54

Lignocellulosic biomass undergoes a biorenery process to
yield value-added products with numerous applications in (bio)
sensing. Cellulose, lignin, and hemicellulose serve as versatile
byproducts, yielding sugars, ethanol, and various chemicals.55,56

Despite the abundance and low cost of LCB, the primary chal-
lenge lies in achieving high selectivity and yield in the produc-
tion of value-added chemicals at an economically viable scale.57

This review focuses on recent advances in the utilization of LCB
in sensor applications. It presents recent research showcasing
the use of LCB and its major biopolymeric constituents in
sensing technologies. The review is structured into different
sections. First, a comprehensive description of the intricate and
complex macromolecular structure of LCB is provided, along
with insights into their sources, properties, and biodiversity.
Next, the fractionation process is examined, detailing various
pretreatment methods used to isolate its three primary
biopolymers: cellulose, hemicellulose, and lignin. This section
includes an in-depth discussion of the properties and charac-
teristics of each byproduct obtained through fractionation,
highlighting their potential applications in (bio)sensor tech-
nologies. Finally, recent research studies highlighting the
applications of LCB, cellulose, hemicellulose, and lignin in
sensing technologies are reviewed and discussed. The chal-
lenges associated with these biomaterials in sensing applica-
tions are also addressed, along with their potential to contribute
to the future development of high-performance (bio)sensing
devices.

2. From the hierarchical structure of
lignocellulosic biomass to its
application in the development of (bio)
sensor technologies
2.1. Lignocellulosic biomass and its potential as bio-based
materials

Lignocellulosic biomass can be collected from various plant
sources, including agricultural residues such as rice straw, rice
husk, coconut shells, wheat straw, and sugarcane bagasse.56,58–61
This journal is © The Royal Society of Chemistry 2025
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Additionally, woody waste residues like wood chips, branches,
and sawdust from sawmills and paper mills contribute to this
biomass pool. These materials are oen considered low-value
byproducts of industrial sectors, including forestry. Further-
more, energy crops such as miscanthus, energycane, and
grasses are cultivated specically for their high yield of LCB,
which serves as a crucial raw material for the production of
second-generation biofuels.62,63 The structure and composition
of LCB vary depending on factors such as plant species, soil
composition, and climate. However, there are common aspects
across these materials.64 Lignocellulosic biomass typically
comprises approximately 90% organic macromolecules (cellu-
lose, hemicellulose, and lignin) which form the structural
backbone of plant cell walls. In addition to these macromole-
cules, LCB contains 2–10% low molecular weight compounds
referred to as extractives, along with mineral components.57,65

Isikgora and Remzi Becer57 reported on various types of
biomass, emphasizing the diversity in cellulose, hemicellulose,
and lignin content across different plants. Lignocellulosic
biomass can show diverse chemical compositions, particularly
in terms of relative contents of cellulose, hemicellulose and
Fig. 1 (A) Scheme of main macromolecular components and their arrang
© 2022 Elsevier. (B) Typical chemical structures of the primary biopoly
copyright © 2022 Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2025
lignin.57 Hardwood species such as poplar, oak, and eucalyptus
have relatively high cellulose levels (40–54%), with oak also
displaying very high hemicellulose content (36%), but lower
lignin percentages compared to sowoods. Sowood varieties
like pine and Douglas r typically exhibit moderate cellulose
(40–50%) and high lignin content (20–28%), reecting their
sturdier structure. Agricultural wastes, including wheat straw,
barley hulls, and rice husks, exhibit more variability in
composition.57 For instance, wheat straw and barley straw have
moderate cellulose content (35–43%), while their hemicellulose
content can be as high as 36%, although lignin remains lower
(6–19%). Rice husks show a wider range of hemicellulose (12–
29%) and lignin (15–20%), indicative of structural differences in
these wastes. Grasses, including switchgrass, generally have
moderate cellulose content (25–40%) and a wide range of
hemicellulose (25–50%) and lignin (10–30%). This variability in
composition among biomass types is key to determining their
suitability for biofuel production and other industrial applica-
tions, with lignin content particularly inuencing biomass
recalcitrance and conversion efficiency.57
ement in the LCB. Reproduced with permission from ref. 81, copyright
mers that compose LCB. Reproduced with permission from ref. 67,

J. Mater. Chem. A, 2025, 13, 24185–24253 | 24187
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Cellulose, hemicellulose and lignin are abundant in the
secondary cell wall of plants. Lignocellulosic biomass is char-
acterized by a complex and brous structure that contributes to
its high porosity, making it an excellent candidate for applica-
tions requiring lightweight and permeable materials.66,67 The
cellulose provides structural strength, hemicellulose acts as
a matrix that binds cellulose bers, and lignin offers rigidity
and resistance to microbial degradation (Fig. 1A and B). The
diverse composition of organic compounds in the plant cell
walls holds promise as a sustainable alternative to traditional
polymer materials derived from fossil fuels.66–68 With growing
concerns over environmental sustainability and the nite
nature of fossil resources, the exploration and utilization of LCB
represent a pivotal avenue in the quest for greener and more
sustainable material solutions.

At the forefront of this exploration is cellulose, a poly-
saccharide polymer consisting of glucose units interconnected
through b-1,4-glycosidic bonds, forming long, unbranched
chains.56,59 These chains aggregate into microbrils, creating
a crystalline structure that imparts high tensile strength and
stability to the LCB. The hydrogen bonding between cellulose
molecules contributes to its rigidity and resistance to degrada-
tion.56 As the most abundant organic compound on Earth,
cellulose serves as the primary structural component in plant
cell walls, providing stiffness, strength, and resilience. The
inherent properties of cellulose, including biodegradability, low
toxicity, and exceptional mechanical strength, render it an
attractive candidate for a wide range of applications.69 Hemi-
cellulose is a key component of LCB, acting as a matrix that
surrounds and binds cellulose bers, thereby contributing to
the overall structural integrity of plant cell walls. Hemicellulose
offers complementary properties that further enhance the
versatility of LCB.70–72 Unlike cellulose, which consists of long
chains of glucose molecules, hemicellulose is made up of
a variety of sugar monomers, including xylose, mannose,
galactose, rhamnose, and arabinose, forming shorter and more
branched structures. This branching allows hemicellulose to act
as a exible matrix that binds tightly to cellulose microbrils,
providing structural support and connecting them to lignin.70,72

This diversity lends hemicellulose its amorphous nature and
water-soluble characteristics, making it suitable for applica-
tions requiring adhesion, lm and/or hydrogel formation.72

Additionally, hemicellulose is involved in maintaining the
porosity and permeability of the cell wall, allowing for the
diffusion of water and nutrients while contributing to the
resistance of the walls to microbial degradation. The role of
hemicellulose in cross-linking cellulose microbrils also facili-
tates the overall mechanical properties of biomass, impacting
its strength and durability.73,74 In terms of biochemical func-
tions, hemicellulose serves as a reservoir of fermentable sugars,
which are valuable in biofuel production processes. It is also
involved in the plant response to environmental stresses,
contributing to its ability to adapt to changes in water avail-
ability and mechanical pressure.70,72,74 Lignin, although oen
regarded as a byproduct of biomass processing, plays a vital role
in providing structural support and hydrophobicity to plant cell
walls.75,76 The hydrophobic nature of lignin helps reduce water
24188 | J. Mater. Chem. A, 2025, 13, 24185–24253
absorption and permeability, contributing to water transport
regulation and protection from excessive moisture loss. It also
enhances the resistance of plants to environmental stress, such
as pathogens, extreme weather, and ultraviolet (UV) radiation.
As a complex polyphenolic compound composed of phenyl-
propanoid units, lignin confers rigidity and impermeability to
plant tissues, contributing to their resistance against microbial
degradation and environmental stresses.67,75–77 The three-
dimensional structure of lignin is composed of various
phenolic compounds, making it highly resistant to microbial
attack and enzymatic degradation, which enhances the dura-
bility and longevity of plant material. This resistance also acts as
a protective barrier against pathogens and environmental
stressors, safeguarding the more easily degradable cellulose
and hemicellulose within the cell walls.75,77–79 Despite its
inherent complexity and challenges associated with its extrac-
tion and processing, lignin exhibits immense potential as
a renewable feedstock for the synthesis of value-added prod-
ucts, including adhesives, thermoplastics, and carbon
bers.76,80 Celluloses and hemicelluloses are carbohydrates
which are tightly linked to the lignin through covalent and
hydrogen bonds, making the structure highly complex and
robust (Fig. 1A and B).57,66,81

The use of LCB extends beyond its traditional applications in
the pulp and paper industry. With progress in biorenery
technologies and interdisciplinary research, novel approaches
have emerged for the valorization of biomass-derived
compounds.82,83 Through processes such as enzymatic hydro-
lysis, fermentation, and thermochemical conversion, lignocel-
lulosic feedstocks can be transformed into biofuels,
biochemicals, and biomaterials, thereby reducing reliance on
fossil resources and mitigating the environmental impacts
associated with conventional manufacturing processes.84,85

Lignocellulosic materials can exhibit tailored properties
through modication and blending, allowing customization to
meet specic application requirements across sectors such as
building, automotive, packaging, and biomedical engineering.85

Furthermore, the abundance and renewability of lignocellulosic
feedstocks provide a reliable and cost-effective source of raw
materials, mitigating supply chain risks and promoting
economic resilience in a rapidly evolving global landscape.86

Despite the considerable progress in harnessing the potential of
LCB, several challenges remain in realizing its full potential
viability. Issues such as feedstock variability, pretreatment
efficiency, and product diversication require continued
research and development efforts to optimize processes and
overcome technical barriers.64,86

The complex and densely intertwined structure of LCB
presents a signicant challenge due to its limited chemical
accessibility, which inhibits the digestibility of biomass and the
extraction of its constituent components.87 To overcome this
challenge, effective enhancement strategies oen involve
pretreatment steps aimed at facilitating the degradation or
release of these components, thereby improving both chemical
and biological accessibility. Pretreatment is crucial for unlock-
ing the full potential of LCB in various applications.87,88

Following pretreatment, LCB undergoes a series of
This journal is © The Royal Society of Chemistry 2025
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transformations, ultimately resulting in the extraction of lignin,
hemicellulose, and cellulose, which leads to the production of
simpler components. This process signicantly enhances the
versatility and applicability of LCB-derived biopolymers across
a wide range of industries and elds.55,87 A wide range of
pretreatment methods is employed for LCB processing,
including physical techniques like milling, grinding, and irra-
diation; mechanical methods such as steam explosion, extru-
sion, and cavitation; chemical treatments like acid hydrolysis,
alkaline hydrolysis, organosolv, oxidative pretreatments, ionic
liquid-mediated processes; biological methods such as enzy-
matic hydrolysis and microbial fermentation; and combina-
tions of these techniques.89,90 Table 1 provides an overview of
pretreatment methods, categorized into physical,91,92

chemical,93–95 physico-chemical,96,97 and biological96,98

approaches. The advantages and limitations of each technique
are discussed, offering insights into their effectiveness and
environmental impact. Physical pretreatment methods typically
rely on mechanical forces or thermal treatments to disrupt the
biomass structure, reducing particle size and increasing the
surface area of the biomass for further enzymatic or chemical
treatments. However, while effective in disrupting biomass,
these methods can be energy-intensive and offer limited spec-
icity.91,92 Chemical methods, including acid or alkali treat-
ments, modify the lignocellulosic structure through chemicals
that break down lignin and hemicellulose, thereby improving
cellulose accessibility. Acid treatments, typically using sulfuric
acid, oen hydrolyze hemicellulose into fermentable sugars,
while alkali treatments, commonly using sodium hydroxide,
disrupt lignin structure and enhance cellulose
accessibility.57,93–95 These chemical methods are highly effective
in improving the yield of biopolymers; however, they can lead to
the formation of toxic by-products and require careful disposal
strategies. The use of strong acids and alkalis also raises envi-
ronmental concerns, as these chemicals can cause signicant
damage to ecosystems if not handled properly. Furthermore,
the post-treatment recovery of these chemicals can be costly and
energy-intensive.93–95 In addition, biological pretreatments have
garnered attention due to their environmentally friendly nature
and high specicity. Using ligninolytic, cellulolytic, or hemi-
cellulolytic microorganisms and enzymes to degrade specic
biomass components allows for selective breakdown, leading to
milder processing conditions.76,96,98–100 The advantage of these
biological treatments lies in their ability to function under mild
conditions, minimizing energy input and avoiding the need for
harsh chemicals, which can be detrimental to the environment.
Additionally, biological pretreatments have shown promise in
reducing the formation of toxic by-products and enhancing the
overall sustainability of biomass conversion.96,99,100However, the
main limitation of biological methods lies in their slower rate of
action and the need for precise control over microbial or enzy-
matic activity. The challenge of scaling up these methods to
industrial levels remains a signicant hurdle, particularly when
considering the relatively long timeframes required for biolog-
ical processes compared to the rapid nature of physical and
chemical methods.101,102 Moreover, the integration of physical
and chemical methods, known as physico-chemical
This journal is © The Royal Society of Chemistry 2025
pretreatments, combines the benets of both approaches,
utilizing the mechanical breakdown of the biomass structure
while chemically altering its composition to enhance
biopolymer extraction.97,103 For example, steam explosion
coupled with acid or alkaline treatment has been shown to
increase cellulose accessibility and improve the overall effi-
ciency of the extraction process. This synergy leads to better
disruption of the lignocellulosic matrix, but the combined
environmental impact and energy consumption must be care-
fully considered, as they may offset the benets of enhanced
efficiency.104–106 Similarly, integrating biological treatments with
physico-chemical approaches can combine the high specicity
and environmental friendliness of biological methods with the
efficiency of physico-chemical treatments.107,108 One promising
approach for the biomass conversion is the use of enzymatic
treatments in conjunction with physical or chemical pretreat-
ments. Cellulolytic enzymes can hydrolyze cellulose into
fermentable sugars, but their action is oen hindered by the
recalcitrance of lignin in the biomass and the crystalline
structure of cellulose.109,110 Physico-chemical pretreatments can
be used to partially break down the lignin and disrupt the
cellulose structure, making it more accessible to the action of
enzymes and microorganisms.111 This process enhances the
efficiency of subsequent enzymatic hydrolysis and microbial
degradation by increasing the surface area and reducing the
protective barrier that lignin poses, thereby improving the
overall conversion of biomass into fermentable sugars and
other valuable products. In this hybrid approach, the physico-
chemical method creates a more favorable structure for enzy-
matic action, while the biological method ensures a more
selective degradation of biomass, without the harsh conditions
that could result in the loss of valuable sugars.111,112 Another
interesting concept is the use of microbial consortia capable of
producing both enzymes and metabolites that assist in
breaking down complex lignocellulosic matrices. These micro-
bial populations can be applied alongside or aer physico-
chemical pretreatments, further improving the overall
process.113,114
2.2. Properties and (bio)sensing applications of
lignocellulosic biomass

The physical properties of lignocellulosic biomass, such as
particle size, density, grindability, moisture sorption, and
thermal properties, play a crucial role in determining its func-
tional attributes.44 Biomass particles typically exhibit irregular
shapes, making it challenging to accurately measure their
length, width, and thickness. Experimental investigations by
Guo et al.159 revealed the anisotropic nature of biomass parti-
cles, meaning their optical, physical, andmechanical properties
show directional dependence. This anisotropy results in
biomass particles having a needle-like shape and a high aspect
ratio.159 Moreover, the aspect ratio of biomass particles varies
signicantly with particle size, with larger particles exhibiting
distinct aspect ratios. The particle size distributions of LCB
show linear dependence on different sizes of biomass particles,
which, in turn, are linked to variations in the mechanisms
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24189

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
1

O
ve

rv
ie
w

o
f
p
re
tr
e
at
m
e
n
t
m
e
th
o
d
s
fo
r
b
io
p
o
ly
m
e
r
e
xt
ra
ct
io
n
fr
o
m

lig
n
o
ce

llu
lo
si
c
b
io
m
as
s:

p
ri
n
ci
p
le
s,
ad

va
n
ta
g
e
s,
an

d
lim

it
at
io
n
s

C
at
eg
or
y

Pr
et
re
at
m
en

t
m
et
h
od

s
W
or
ki
n
g
pr
in
ci
pl
e

A
dv

an
ta
ge
s

Li
m
it
at
io
n
s

R
ef
.

Ph
ys
ic
al

m
et
h
od

s
Py

ro
ly
si
s

T
h
er
m
al

de
co
m
po

si
ti
on

at
h
ig
h

te
m
pe

ra
tu
re
s
(3
00

–9
00

°C
)
in

th
e

ab
se
n
ce

of
ox
yg
en

,l
ea
di
n
g
to

th
e

br
ea
kd

ow
n
of

bi
om

as
s

-
Pr
od

uc
es

bi
oc
h
ar
,b

io
-o
il
,a

n
d
sy
n
ga

s
-
H
ig
h
en

er
gy

co
n
su

m
pt
io
n

92
an

d
11

5
-
R
ed

uc
es

bi
om

as
s
vo
lu
m
e

-
C
om

pl
ex

pr
od

uc
t
se
pa

ra
ti
on

an
d

pr
oc
es
s
co
n
tr
ol

-
C
an

be
us

ed
as

a
pr
el
im

in
ar
y
st
ep

fo
r

po
ly
m
er

ex
tr
ac
ti
on

-
M
ay

le
ad

to
in
co
m
pl
et
e
de

co
m
po

si
ti
on

-
C
an

im
pr
ov
e
en

er
gy

re
co
ve
ry

th
ro
ug

h
sy
n
ga

s
an

d
bi
o-
oi
l

-
R
eq

ui
re
s
fu
rt
h
er

tr
ea
tm

en
t
to

ob
ta
in

de
si
re
d
po

ly
m
er
s

-
Po

te
n
ti
al

fo
rm

at
io
n
of

ta
r
an

d
ch

ar
re
si
du

es
M
il
li
n
g

M
ec
h
an

ic
al

si
ze

re
du

ct
io
n
by

us
in
g
gr
in
di
n
g
m
il
ls

to
br
ea
k

do
w
n
bi
om

as
s
in
to

sm
al
le
r

pa
rt
ic
le
s,

in
cr
ea
si
n
g
th
e
su

rf
ac
e

ar
ea

fo
r
fu
rt
h
er

pr
oc
es
si
n
g

-
B
re
ak

s
do

w
n
bi
om

as
s
in
to

sm
al
le
r

pa
rt
ic
le
s,

in
cr
ea
si
n
g
su

rf
ac
e
ar
ea

fo
r

ea
si
er

en
zy
m
at
ic

or
ch

em
ic
al

pr
oc
es
si
n
g

-C
an

re
qu

ir
es

si
gn

i
ca
n
t
en

er
gy

in
pu

t
to

br
ea
k
do

w
n
bi
om

as
s,

es
pe

ci
al
ly

fo
r
h
ar
d

or
de

n
se

m
at
er
ia
ls

11
6
an

d
11

7

-
Sm

al
le
r
pa

rt
ic
le

si
ze
s
im

pr
ov
e
th
e

re
ac
ti
vi
ty

of
m
at
er
ia
ls

fo
r
fu
rt
h
er

tr
ea
tm

en
t
or

ex
tr
ac
ti
on

-
W
ea
r
an

d
te
ar

of
m
il
li
n
g
eq

ui
pm

en
t

-
D
oe

s
n
ot

re
qu

ir
e
ch

em
ic
al
s

-A
ch

ie
vi
n
g
un

if
or
m

pa
rt
ic
le

si
ze
s
ca
n
be

ch
al
le
n
gi
n
g,

aff
ec
ti
n
g
th
e
co
n
si
st
en

cy
of

th
e
pr
et
re
at
m
en

t
-M

il
li
n
g
is

re
la
ti
ve
ly
st
ra
ig
h
tf
or
w
ar
d
an

d
ea
sy

to
op

er
at
e

G
ri
n
di
n
g

Si
m
il
ar

to
m
il
li
n
g,

it
in
vo
lv
es

m
ec
h
an

ic
al

fo
rc
e
to

re
du

ce
pa

rt
ic
le

si
ze
,b

ut
ty
pi
ca
lly

re
fe
rs

to
m
or
e
ag

gr
es
si
ve

si
ze

re
du

ct
io
n

-
In
cr
ea
se
s
su

rf
ac
e
ar
ea

of
bi
om

as
s,

im
pr
ov
in
g
ac
ce
ss
ib
il
it
y
fo
r
fu
rt
h
er

ch
em

ic
al

or
en

zy
m
at
ic

tr
ea
tm

en
ts

-
G
ri
n
di
n
g
ca
n
be

en
er
gy
-in

te
n
si
ve
,

es
pe

ci
al
ly
fo
r
to
ug

h
er

or
de

n
se
r
m
at
er
ia
ls

11
8
an

d
11

9

-
C
an

be
ap

pl
ie
d
to

va
ri
ou

s
fe
ed

st
oc
ks

su
ch

as
ag

ri
cu

lt
ur
al

re
si
du

es
,w

oo
d,

an
d

ot
h
er

bi
om

as
s

-
M
ay

n
ot

su
ffi
ci
en

tl
y
di
sr
up

t
li
gn

oc
el
lu
lo
se

st
ru
ct
ur
e

-
Si
m
pl
e
an

d
sc
al
ab

le
-
C
an

ca
us

e
ex
ce
ss
iv
e
du

st
ge
n
er
at
io
n

U
lt
ra
so
n
ic
at
io
n

A
pp

li
ca
ti
on

of
h
ig
h
-f
re
qu

en
cy

so
u
n
d
w
av
es

to
cr
ea
te

ca
vi
ta
ti
on

bu
bb

le
s
th
at

di
sr
up

t
th
e
bi
om

as
s

st
ru
ct
ur
e,

fa
ci
li
ta
ti
n
g
po

ly
m
er

ex
tr
ac
ti
on

-H
ig
h
-in

te
n
si
ty

so
un

d
w
av
es

br
ea
k
do

w
n

bi
om

as
s,

im
pr
ov
in
g
th
e
ac
ce
ss
ib
il
it
y
of

ce
llu

lo
se
,h

em
ic
el
lu
lo
se
,a

n
d
ot
h
er

co
m
po

n
en

ts

-
Li
m
it
ed

to
sm

al
l-s

ca
le

ap
pl
ic
at
io
n
s

12
0–

12
3

-C
an

be
co
m
bi
n
ed

w
it
h
ot
h
er

tr
ea
tm

en
ts

-
R
eq

ui
re
s
sp

ec
ia
li
ze
d
eq

ui
pm

en
t

-R
ed

uc
es

th
e
n
ee
d
fo
r
ch

em
ic
al
s,
m
ak

in
g

it
an

en
vi
ro
n
m
en

ta
lly

fr
ie
n
dl
y
m
et
h
od

-
U
lt
ra
so
n
ic

de
vi
ce
s
ca
n
be

ex
pe

n
si
ve
,

es
pe

ci
al
ly

fo
r
la
rg
e-
sc
al
e
ap

pl
ic
at
io
n
s

-
T
h
e
pr
oc
es
s
re
qu

ir
es

ca
re
fu
l
co
n
tr
ol

of
pa

ra
m
et
er
s
(e
.g
.,
fr
eq

ue
n
cy
,p

ow
er
,t
im

e)
to

av
oi
d
n
eg
at
iv
e
im

pa
ct
s
on

th
e

fe
ed

st
oc
k

C
h
ip
pi
n
g

C
u
tt
in
g
la
rg
e
bi
om

as
s
in
to

sm
al
l

ch
ip
s,

fa
ci
li
ta
ti
n
g
ea
si
er

h
an

dl
in
g

an
d
in
cr
ea
si
n
g
th
e
su

rf
ac
e
ar
ea

fo
r

su
bs

eq
ue

n
t
tr
ea
tm

en
ts

-
Si
m
pl
e
pr
oc
es
s

-
D
oe

s
n
ot

si
gn

i
ca
n
tl
y
al
te
r
bi
om

as
s

st
ru
ct
ur
e

12
4
an

d
12

5

-
Lo

w
-c
os
t
m
et
h
od

fo
r
re
du

ci
n
g
bi
om

as
s

si
ze

-
Li
m
it
ed

eff
ec
t
on

li
gn

in
di
sr
up

ti
on

-
R
ed

uc
es

bi
om

as
s
si
ze

fo
r
ea
si
er

tr
an

sp
or
t
an

d
h
an

dl
in
g

-
N
ot

eff
ec
ti
ve

al
on

e
fo
r
po

ly
m
er

ex
tr
ac
ti
on

Pe
lle

ti
za
ti
on

C
om

pr
es
si
n
g
bi
om

as
s
in
to

pe
lle

ts
,i
n
cr
ea
si
n
g
it
s
de

n
si
ty
,a

n
d

im
pr
ov
in
g
th
e
h
an

dl
in
g
an

d
st
or
ag
e
e ffi

ci
en

cy

-
Im

pr
ov
es

bi
om

as
s
de

n
si
ty

-P
el
le
ti
zi
n
g
bi
om

as
s
re
qu

ir
es

si
gn

i
ca
n
t

en
er
gy

in
pu

t,
es
pe

ci
al
ly

fo
r
to
ug

h
er

or
de

n
se
r
fe
ed

st
oc
ks

91
an

d
12

6

-
Fa

ci
li
ta
te
s
tr
an

sp
or
t
an

d
st
or
ag

e
-
M
ai
n
ly

us
ef
ul

fo
r
lo
gi
st
ic

pu
rp
os
es

24190 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
1

(C
o
n
td
.)

C
at
eg
or
y

Pr
et
re
at
m
en

t
m
et
h
od

s
W
or
ki
n
g
pr
in
ci
pl
e

A
dv

an
ta
ge
s

Li
m
it
at
io
n
s

R
ef
.

-
Pr
od

uc
es

co
n
si
st
en

t
pe

lle
ts
,w

h
ic
h

en
su

re
s
m
or
e
pr
ed

ic
ta
bl
e
pr
oc
es
si
n
g
in

su
bs

eq
ue

n
t
st
ep

s

-D
oe

s
n
ot

al
te
r
bi
om

as
s
st
ru
ct
ur
e

si
gn

i
ca
n
tl
y,

w
h
ic
h
m
ay

re
qu

ir
e

ad
di
ti
on

al
pr
et
re
at
m
en

t
fo
r
ex
tr
ac
ti
on

-
Pe

lle
ts

h
av
e
be

tt
er


ow

ch
ar
ac
te
ri
st
ic
s,

m
ak

in
g
th
em

ea
si
er

to
fe
ed

in
to

pr
oc
es
si
n
g
sy
st
em

s
T
or
re
fa
ct
io
n

M
il
d
py

ro
ly
si
s
(2
00

–3
00

°C
)
in

th
e

ab
se
n
ce

of
ox
yg
en

,l
ea
di
n
g
to

pa
rt
ia
l
de

co
m
po

si
ti
on

an
d

re
m
ov
al

of
m
oi
st
ur
e
an

d
vo
la
ti
le
s,

m
ak

in
g
th
e
bi
om

as
s
m
or
e
br
it
tl
e

an
d
ea
si
er

to
gr
in
d

-
Lo

w
er
s
th
e
m
oi
st
ur
e
co
n
te
n
t
of

bi
om

as
s,

im
pr
ov
in
g
it
s
h
an

dl
in
g
an

d
st
or
ag

e
ch

ar
ac
te
ri
st
ic
s

-C
an

re
le
as
e
vo
la
ti
le

or
ga

n
ic

co
m
po

un
ds

an
d
ot
h
er

ga
se
s,
po

te
n
ti
al
ly

co
n
tr
ib
ut
in
g

to
ai
r
po

llu
ti
on

if
n
ot

m
an

ag
ed

pr
op

er
ly

12
7–
13

0

-T
or
re

ed

bi
om

as
s
is
ea
si
er

to
gr
in
d
an

d
pr
oc
es
s
co
m
pa

re
d
to

un
tr
ea
te
d
bi
om

as
s,

fa
ci
li
ta
ti
n
g
do

w
n
st
re
am

op
er
at
io
n
s

-R
eq

ui
re
s
si
gn

i
ca
n
t
en

er
gy

to
h
ea
t

bi
om

as
s
to

h
ig
h
te
m
pe

ra
tu
re
s
(2
00

–3
00

°
C
),
w
h
ic
h
in
cr
ea
se
s
op

er
at
io
n
al

co
st
s

-
M
ak

es
bi
om

as
s
m
or
e
re
si
st
an

t
to

w
at
er

ab
so
rp
ti
on

,w
h
ic
h
ca
n
im

pr
ov
e
it
s
lo
n
g-

te
rm

st
or
ag
e
an

d
pr
oc
es
si
n
g

-T
h
e
se
tu
p
fo
r
to
rr
ef
ac
ti
on

in
vo
lv
es

sp
ec
ia
li
ze
d
eq

ui
pm

en
t,
w
h
ic
h
ca
n
be

ex
pe

n
si
ve

to
in
st
al
l
an

d
m
ai
n
ta
in

-
Im

pr
ov
es

th
e
ca
rb
on

co
n
te
n
t,
w
h
ic
h

in
cr
ea
se
s
th
e
ov
er
al
l
ca
lo
ri

c
va
lu
e

M
ic
ro
w
av
e-
as
si
st
ed

pr
et
re
at
m
en

t
A
pp

li
ca
ti
on

of
m
ic
ro
w
av
e

ra
d
ia
ti
on

to
ra
pi
dl
y
h
ea
t
th
e

bi
om

as
s,

ca
us

in
g
th
er
m
al

an
d

ch
em

ic
al

d
is
ru
pt
io
n
of

th
e
ce
ll

w
al
l
st
ru
ct
ur
e

-
M
ic
ro
w
av
es

h
ea
t
bi
om

as
s
qu

ic
kl
y
an

d
un

if
or
m
ly
,r
ed

uc
in
g
pr
et
re
at
m
en

t
ti
m
e

-R
eq

ui
re
s
sp

ec
ia
li
ze
d
eq

ui
pm

en
t

13
1
an

d
13

2

-
In
cr
ea
se
s
th
e
po

ro
si
ty

of
bi
om

as
s,

m
ak

in
g
it
m
or
e
ac
ce
ss
ib
le

fo
r

su
bs

eq
ue

n
t
en

zy
m
at
ic

or
ch

em
ic
al

pr
oc
es
se
s

-U
n
ev
en

h
ea
ti
n
g
ca
n
oc
cu

r

-
O

en

re
qu

ir
es

fe
w
er

or
n
o
ch

em
ic
al
s,

m
ak

in
g
it
a
m
or
e
su

st
ai
n
ab

le
an

d
ec
o-

fr
ie
n
dl
y
m
et
h
od

-I
f
n
ot

ca
re
fu
lly

co
n
tr
ol
le
d,

m
ic
ro
w
av
es

ca
n
ca
us

e
ov
er
h
ea
ti
n
g
or

de
gr
ad

at
io
n
of

se
n
si
ti
ve

co
m
po

un
ds

in
bi
om

as
s,

re
du

ci
n
g
yi
el
d
or

qu
al
it
y

-S
ca
li
n
g
th
e
pr
oc
es
s
fo
r
la
rg
e
bi
om

as
s

vo
lu
m
es

ca
n
be

ch
al
le
n
gi
n
g
an

d
co
st
ly

E
xt
ru
si
on

pr
et
re
at
m
en

t
Fo

rc
in
g
bi
om

as
s
th
ro
ug

h
a
sc
re
w

or
i
ce

at
h
ig
h
te
m
pe

ra
tu
re

an
d

pr
es
su

re
,c

au
si
n
g
sh

ea
r
an

d
fr
ic
ti
on

th
at

br
ea
k
do

w
n
th
e

bi
om

as
s
st
ru
ct
ur
e

-
T
h
e
pr
oc
es
s
is

re
la
ti
ve
ly

fa
st

an
d

co
n
ti
n
uo

us
,m

ak
in
g
it
su

it
ab

le
fo
r
la
rg
e-

sc
al
e
op

er
at
io
n
s

-H
ig
h
en

er
gy

co
n
su

m
pt
io
n

13
3
an

d
13

4

-
In
cr
ea
se
s
th
e
su

rf
ac
e
ar
ea

an
d
di
sr
up

ts
th
e
st
ru
ct
ur
e,

m
ak

in
g
ce
llu

lo
se

an
d

h
em

ic
el
lu
lo
se

m
or
e
ac
ce
ss
ib
le

fo
r

ex
tr
ac
ti
on

-E
qu

ip
m
en

t
w
ea
r
an

d
te
ar

-
R
ed

uc
es

pa
rt
ic
le

si
ze

an
d
di
sr
up

ts
li
gn

oc
el
lu
lo
si
c
st
ru
ct
ur
e

-R
eq

ui
re
s
op

ti
m
iz
at
io
n
of

op
er
at
in
g

co
n
di
ti
on

s
-T

h
e
h
ig
h
te
m
pe

ra
tu
re
s
an

d
pr
es
su

re
s

du
ri
n
g
ex
tr
us

io
n
ca
n
ca
us

e
de

gr
ad

at
io
n

of
h
ea
t-
se
n
si
ti
ve

co
m
po

un
ds

li
ke

su
ga

rs
or

pr
ot
ei
n
s

C
h
em

ic
al

m
et
h
od

s
A
lk
al
i
pr
et
re
at
m
en

t
U
se

of
al
ka

li
n
e
su

bs
ta
n
ce
s
(e
.g
.,

N
aO

H
,K

O
H
)
to

br
ea
k
do

w
n

li
gn

in
,m

ak
in
g
ce
llu

lo
se

m
or
e

ac
ce
ss
ib
le

-
E
ff
ec
ti
ve

li
gn

in
re
m
ov
al

-C
an

re
su

lt
in

ch
em

ic
al

w
as
te

93
,1

35
an

d
13

6
-
Im

pr
ov
es

ce
llu

lo
se

ac
ce
ss
ib
il
it
y

-R
eq

ui
re
s
n
eu

tr
al
iz
at
io
n
po

st
-t
re
at
m
en

t
-
R
el
at
iv
el
y
m
il
d
co
n
di
ti
on

s
-H

ig
h
ch

em
ic
al

co
n
su

m
pt
io
n

-P
ot
en

ti
al

en
vi
ro
n
m
en

ta
l
is
su

es
w
it
h

w
as
te

di
sp

os
al

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24191

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
1

(C
o
n
td
.)

C
at
eg
or
y

Pr
et
re
at
m
en

t
m
et
h
od

s
W
or
ki
n
g
pr
in
ci
pl
e

A
dv

an
ta
ge
s

Li
m
it
at
io
n
s

R
ef
.

-
A
lk
al
i
pr
et
re
at
m
en

t
ge
n
er
al
ly

re
qu

ir
es

lo
w
er

te
m
pe

ra
tu
re
s
co
m
pa

re
d
to

th
er
m
al

m
et
h
od

s
-
It
ca
n
be

ea
si
ly

sc
al
ed

up
fo
r
in
du

st
ri
al

ap
pl
ic
at
io
n
s
w
it
h
re
la
ti
ve
ly

si
m
pl
e

eq
ui
pm

en
t
an

d
op

er
at
io
n
al

pr
oc
es
se
s

-C
an

le
ad

to
ce
llu

lo
se

de
gr
ad

at
io
n
if
n
ot

co
n
tr
ol
le
d

-A
lk
al
i
so
lu
ti
on

s
ar
e
co
rr
os
iv
e,

re
qu

ir
in
g

sp
ec
ia
li
ze
d
eq

ui
pm

en
t
to

h
an

dl
e
an

d
pr
oc
es
s
sa
fe
ly

A
ci
d
pr
et
re
at
m
en

t
U
se

of
di
lu
te

or
co
n
ce
n
tr
at
ed

ac
id
s

(e
4,
H
C
l)
to

br
ea
k
do

w
n

h
em

ic
el
lu
lo
se

an
d
di
sr
up

t
th
e

li
gn

oc
el
lu
lo
si
c
st
ru
ct
ur
e,

m
ak

in
g

ce
llu

lo
se

m
or
e
ac
ce
ss
ib
le

fo
r

en
zy
m
at
ic

h
yd

ro
ly
si
s

-
H
ig
h
ly

eff
ec
ti
ve

at
br
ea
ki
n
g
do

w
n

h
em

ic
el
lu
lo
se

-S
tr
on

g
ac
id
s
ca
n
be

h
ig
h
ly

co
rr
os
iv
e,

re
qu

ir
in
g
sp

ec
ia
li
ze
d
eq

ui
pm

en
t
an

d
sa
fe
ty

pr
ec
au

ti
on

s

13
7–
13

9

-
In
cr
ea
se
s
th
e
di
ge
st
ib
il
it
y
of

li
gn

oc
el
lu
lo
si
c
bi
om

as
s,
en

h
an

ci
n
g
th
e

ex
tr
ac
ti
on

of
ce
llu

lo
se

an
d
h
em

ic
el
lu
lo
se

-A
ci
d
re
co
ve
ry

an
d
n
eu

tr
al
iz
at
io
n
a

er
th
e
pr
oc
es
s
ca
n
be

co
m
pl
ex

an
d
co
st
ly
,

po
si
n
g
en

vi
ro
n
m
en

ta
l
an

d
op

er
at
io
n
al

ch
al
le
n
ge
s

-
In
cr
ea
se
s
th
e
ra
te

of
co
n
ve
rs
io
n
of

bi
om

as
s
in
to

va
lu
ab

le
pr
od

uc
ts

-O
ve
ru
se

or
pr
ol
on

ge
d
ex
po

su
re

to
ac
id

ca
n
de

gr
ad

e
ce
llu

lo
se

an
d
re
du

ce
th
e

yi
el
d
of

va
lu
ab

le
bi
op

ol
ym

er
s

-A
ci
d
h
yd

ro
ly
si
s
pr
od

uc
es

a
h
ig
h
yi
el
d
of

su
ga

rs
(e
.g
.,
gl
uc

os
e,

xy
lo
se
),
w
h
ic
h
ca
n

be
us

ed
in

bi
of
ue

l
pr
od

uc
ti
on

or
fe
rm

en
ta
ti
on

pr
oc
es
se
s

O
rg
an

os
ol
v

pr
et
re
at
m
en

t
U
se

of
or
ga

n
ic

so
lv
en

ts
(e
.g
.,

et
h
an

ol
,m

et
h
an

ol
)
o

en
in

co
m
bi
n
at
io
n
w
it
h
w
at
er

an
d
ac
id

ca
ta
ly
st
s
to

so
lu
bi
li
ze

li
gn

in

-O
rg
an

os
ol
v
tr
ea
tm

en
t
is

h
ig
h
ly
eff

ec
ti
ve

in
br
ea
ki
n
g
do

w
n
an

d
so
lu
bi
li
zi
n
g
li
gn

in
,

en
h
an

ci
n
g
th
e
ac
ce
ss
ib
il
it
y
of

ce
llu

lo
se

an
d
h
em

ic
el
lu
lo
se

-R
eq

ui
re
s
co
m
pl
ex

so
lv
en

t
re
co
ve
ry

sy
st
em

s
14

0–
14

2

-U
se
s
or
ga

n
ic
al
co
h
ol

so
lv
en

ts
,w

h
ic
h
ar
e

m
or
e
en

vi
ro
n
m
en

ta
lly

fr
ie
n
dl
y
co
m
pa

re
d

to
h
ar
sh

ch
em

ic
al
s
li
ke

st
ro
n
g
ac
id
s
or

al
ka

li
s

-T
h
e
eff

ec
ti
ve
n
es
s
of

or
ga

n
os
ol
v

pr
et
re
at
m
en

t
ca
n
va
ry

de
pe

n
di
n
g
on

bi
om

as
s
ty
pe

,s
ol
ve
n
t
co
n
ce
n
tr
at
io
n
,a

n
d

pr
oc
es
s
co
n
di
ti
on

s,
le
ad

in
g
to

in
co
n
si
st
en

t
ou

tc
om

es
-A

lc
oh

ol
so
lv
en

ts
us

ed
in

or
ga

n
os
ol
v
ca
n

be
re
co
ve
re
d
an

d
re
us

ed
-S

ca
li
n
g
up

th
e
or
ga

n
os
ol
v
pr
oc
es
s
fr
om

la
b
to

in
du

st
ri
al

sc
al
e
ca
n
be

ch
al
le
n
gi
n
g

-T
yp

ic
al
ly
op

er
at
es

at
lo
w
er

te
m
pe

ra
tu
re
s

an
d
pr
es
su

re
s
co
m
pa

re
d
to

so
m
e
ot
h
er

m
et
h
od

s,
re
du

ci
n
g
en

er
gy

co
n
su

m
pt
io
n

-T
h
e
ch

oi
ce

of
so
lv
en

t
an

d
it
s

co
n
ce
n
tr
at
io
n
ca
n
va
ry

de
pe

n
di
n
g
on

th
e

fe
ed

st
oc
k,

re
qu

ir
in
g
ca
re
fu
lo

pt
im

iz
at
io
n

to
ac
h
ie
ve

de
si
re
d
re
su

lt
s

Io
n
ic

li
qu

id
s
(I
Ls
)

U
se

of
IL
s
to

br
ea
k
do

w
n
li
gn

in
an

d
di
sr
up

t
th
e
cr
ys
ta
lli
n
e

st
ru
ct
ur
e
of

ce
llu

lo
se
,m

ak
in
g
it

m
or
e
ac
ce
ss
ib
le

fo
r
su

bs
eq

ue
n
t

en
zy
m
at
ic

h
yd

ro
ly
si
s

-
H
ig
h
effi

ci
en

cy
in

li
gn

in
re
m
ov
al

-H
ig
h
co
st

of
IL
s

12
3,

12
5
an

d
14

3–
14

5
-
IL
s
ca
n
op

er
at
e
un

de
r
re
la
ti
ve
ly

m
il
d

te
m
pe

ra
tu
re
s
an

d
pr
es
su

re
s,

re
du

ci
n
g

th
e
n
ee
d
fo
r
h
ig
h
-e
n
er
gy

in
pu

t

-P
ot
en

ti
al

en
vi
ro
n
m
en

ta
l
im

pa
ct

if
n
ot

re
co
ve
re
d

-I
Ls

ca
n
be

ta
il
or
ed

to
se
le
ct
iv
el
y
di
ss
ol
ve

sp
ec
i
c
co
m
po

n
en

ts
of

bi
om

as
s,

-S
om

e
IL
s
m
ay

be
to
xi
c
or

h
ar
m
fu
lt
o
th
e

en
vi
ro
n
m
en

t
if
n
ot

h
an

dl
ed

pr
op

er
ly
,

24192 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
1

(C
o
n
td
.)

C
at
eg
or
y

Pr
et
re
at
m
en

t
m
et
h
od

s
W
or
ki
n
g
pr
in
ci
pl
e

A
dv

an
ta
ge
s

Li
m
it
at
io
n
s

R
ef
.

en
h
an

ci
n
g
th
e
effi

ci
en

cy
of

fu
rt
h
er

ex
tr
ac
ti
on

re
qu

ir
in
g
ca
re
fu
l
di
sp

os
al

an
d

m
an

ag
em

en
t

O
xi
d
at
iv
e
pr
et
re
at
m
en

t
U
se

of
ox
id
at
iv
e
ag

en
ts

(e
.g
.,
H

2
O
2
,

O
3
,C

H
3
C
O
3
H
)
to

br
ea
k
do

w
n

li
gn

in
an

d
ot
h
er

co
m
po

n
en

ts
by

ox
id
at
io
n
,e

n
h
an

ci
n
g
ce
llu

lo
se

ac
ce
ss
ib
il
it
y

-E
ff
ec
ti
ve

li
gn

in
re
m
ov
al

-
Po

te
n
ti
al

fo
rm

at
io
n
of

in
h
ib
it
or
y
by

-
pr
od

uc
ts

14
6
an

d
14

7

-C
an

be
co
m
bi
n
ed

w
it
h
ot
h
er

tr
ea
tm

en
ts

-
R
eq

ui
re
s
sa
fe

h
an

dl
in
g
of

ox
id
an

ts
-B

y
w
ea
ke

n
in
g
th
e
li
gn

oc
el
lu
lo
si
c

st
ru
ct
ur
e,

ox
id
at
iv
e
pr
et
re
at
m
en

t
in
cr
ea
se
s
th
e
di
ge
st
ib
il
it
y
of

bi
om

as
s

-
O
xi
da

ti
ve

pr
et
re
at
m
en

t
m
ay

pr
od

uc
e

co
m
po

un
ds

(l
ik
e
or
ga

n
ic

ac
id
s
or

al
de

h
yd

es
)
th
at

ca
n
in
h
ib
it
su

bs
eq

ue
n
t

fe
rm

en
ta
ti
on

or
en

zy
m
at
ic

pr
oc
es
se
s

-I
t
ty
pi
ca
lly

op
er
at
es

un
de

r
m
od

er
at
e

co
n
di
ti
on

s
(l
ow

to
m
od

er
at
e

te
m
pe

ra
tu
re
s
an

d
pr
es
su

re
s)
,r
ed

uc
in
g

th
e
n
ee
d
fo
r
en

er
gy
–i
n
te
n
si
ve

pr
oc
es
se
s

Ph
ys
ic
o-

ch
em

ic
al

m
et
h
od

s

St
ea
m

ex
pl
os
io
n

R
ap

id
h
ea
ti
n
g
of

bi
om

as
s
w
it
h

h
ig
h
-p
re
ss
ur
e
st
ea
m

fo
llo

w
ed

by
su

dd
en

de
co
m
pr
es
si
on

,c
au

si
n
g

th
e
bi
om

as
s
to

ru
pt
ur
e
an

d
di
sr
up

t
it
s
st
ru
ct
ur
e

-D
is
ru
pt
s
li
gn

in
-c
ar
bo

h
yd

ra
te

co
m
pl
ex

-
T
h
e
h
ig
h
te
m
pe

ra
tu
re
s
an

d
pr
es
su

re
s

ca
n
de

gr
ad

e
h
em

ic
el
lu
lo
se
-d
er
iv
ed

su
ga

rs
,l
ea
di
n
g
to

th
e
fo
rm

at
io
n
of

in
h
ib
it
or
y
co
m
po

un
ds

li
ke

fu
rf
ur
al

an
d

h
yd

ro
xy
m
et
h
yl
fu
rf
ur
al

14
8
an

d
14

9

-E
ff
ec
ti
ve

h
em

ic
el
lu
lo
se

re
m
ov
al

w
h
en

co
m
bi
n
ed

w
it
h
ot
h
er

m
et
h
od

s
-
R
eq

ui
re
s
sp

ec
ia
li
ze
d
h
ig
h
-p
re
ss
ur
e

re
ac
to
rs
,m

ak
in
g
it
ex
pe

n
si
ve

to
se
t
up

-H
ig
h
-p
re
ss
ur
e
st
ea
m

br
ea
ks

do
w
n
th
e

li
gn

oc
el
lu
lo
si
c
st
ru
ct
ur
e,

m
ak

in
g

ce
llu

lo
se

an
d
h
em

ic
el
lu
lo
se

m
or
e

ac
ce
ss
ib
le

fo
r
en

zy
m
at
ic

h
yd

ro
ly
si
s

-
R
eq

ui
re
s
h
ig
h
en

er
gy

fo
r
st
ea
m

ge
n
er
at
io
n

-R
eq

ui
re
s
ca
re
fu
lc
on

tr
ol

of
te
m
pe

ra
tu
re
,

pr
es
su

re
an

d
re
si
de

n
ce

ti
m
e
to

m
ax
im

iz
e

su
ga

r
yi
el
d
w
h
il
e
m
in
im

iz
in
g

de
gr
ad

at
io
n

Su
pe

rc
ri
ti
ca
l
C
O
2

(s
cC

O
2
)
tr
ea
tm

en
t

U
se

of
C
O
2
ab

ov
e
it
s
cr
it
ic
al

po
in
t

(3
1
°C

,7
.4

M
Pa

)
to

pe
n
et
ra
te

an
d

di
sr
up

t
th
e
bi
om

as
s
st
ru
ct
ur
e,

o
en

co
m
bi
n
ed

w
it
h
co
-s
ol
ve
n
ts

fo
r
en

h
an

ce
d
eff

ec
t

-N
on

-t
ox
ic
,r
ec
yc
la
bl
e
so
lv
en

t
-
H
ig
h
-p
re
ss
ur
e
eq

ui
pm

en
t
re
qu

ir
ed

15
0–

15
2

-M
il
d
op

er
at
in
g
co
n
di
ti
on

s
-
Li
m
it
ed

li
gn

in
di
sr
up

ti
on

al
on

e
-C

an
se
le
ct
iv
el
y
ex
tr
ac
t
ce
rt
ai
n

co
m
po

n
en

ts
-
T
h
e
pr
oc
es
s
re
qu

ir
es

en
er
gy
-in

te
n
si
ve

co
m
pr
es
si
on

of
C
O
2
to

su
pe

rc
ri
ti
ca
l

co
n
di
ti
on

s,
w
h
ic
h
ca
n
in
cr
ea
se

op
er
at
io
n
al

co
st
s

-s
cC

O
2
re
qu

ir
es

n
o
h
ar
sh

ch
em

ic
al
s,

w
h
ic
h
lo
w
er
s
en

vi
ro
n
m
en

ta
l
im

pa
ct

an
d

h
an

dl
in
g
co
n
ce
rn
s

-
Sc
al
in
g
th
e
pr
oc
es
s
fo
r
la
rg
e
bi
om

as
s

qu
an

ti
ti
es

is
te
ch

n
ic
al
ly
ch

al
le
n
gi
n
g,

an
d

ac
h
ie
vi
n
g
un

if
or
m

tr
ea
tm

en
t
ca
n
be

di
ffi
cu

lt
-s

cC
O
2
ca
n
se
le
ct
iv
el
y
ex
tr
ac
t
va
lu
ab

le
co
m
po

un
ds

(e
.g
.,
li
pi
ds

,a
ro
m
at
ic

co
m
po

un
ds

)
w
it
h
ou

t
da

m
ag

in
g
th
e

ce
llu

lo
se

st
ru
ct
ur
e

A
m
m
on

ia

be

r
ex
pl
os
io
n
(A
FE

X
)

T
re
at
m
en

t
of

bi
om

as
s
w
it
h
li
qu

id
am

m
on

ia
u
n
de

r
h
ig
h
pr
es
su

re
,

fo
llo

w
ed

by
ra
pi
d
re
le
as
e
of

-T
h
is

pr
oc
es
s
in
cr
ea
se
s
th
e
po

ro
si
ty

an
d

su
rf
ac
e
ar
ea

of
bi
om

as
s,

m
ak

in
g

bi
op

ol
ym

er
m
or
e
ac
ce
ss
ib
le

to
en

zy
m
es

fo
r
h
yd

ro
ly
si
s

-
H
ig
h
co
st

an
d
re
co
ve
ry

of
am

m
on

ia
15

3
an

d
15

4

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24193

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
1

(C
o
n
td
.)

C
at
eg
or
y

Pr
et
re
at
m
en

t
m
et
h
od

s
W
or
ki
n
g
pr
in
ci
pl
e

A
dv

an
ta
ge
s

Li
m
it
at
io
n
s

R
ef
.

pr
es
su

re
,c

au
si
n
g
th
e
bi
om

as
s
to

sw
el
l
an

d
di
sr
up

t
it
s
st
ru
ct
ur
e

-A
FE

X
effi

ci
en

tl
y
br
ea
ks

do
w
n
th
e

ph
ys
ic
al

st
ru
ct
ur
e
of

bi
om

as
s
by

us
in
g

h
ig
h
-p
re
ss
ur
e
am

m
on

ia
,w

h
ic
h
di
sr
up

ts
li
gn

in
-c
ar
bo

h
yd

ra
te

bo
n
ds

-
A
m
m
on

ia
is

a
h
az
ar
do

us
an

d
to
xi
c

ch
em

ic
al

th
at

re
qu

ir
es

st
ri
ct

sa
fe
ty

m
ea
su

re
s
fo
r
h
an

dl
in
g,

st
or
ag

e,
an

d
tr
an

sp
or
t

-A
si
gn

i
ca
n
t
po

rt
io
n
of

th
e
am

m
on

ia
us

ed
in

A
FE

X
ca
n
be

re
co
ve
re
d
an

d
re
cy
cl
ed

-
Le

ak
ag

e
or

ex
po

su
re

ca
n
po

se
h
ea
lt
h

ri
sk
s
to

w
or
ke

rs
an

d
re
qu

ir
es

sp
ec
ia
li
ze
d

co
n
ta
in
m
en

t
sy
st
em

s
-A

FE
X
do

es
n
ot

re
qu

ir
e
ex
tr
em

e
pH

ad
ju
st
m
en

ts
be

fo
re

or
a

er
tr
ea
tm

en
t,

un
li
ke

ac
id

or
al
ka

li
pr
et
re
at
m
en

t,
si
m
pl
if
yi
n
g
do

w
n
st
re
am

pr
oc
es
si
n
g

-
A
FE

X
re
qu

ir
es

h
ig
h
-p
re
ss
ur
e
re
ac
to
rs
,

am
m
on

ia
re
co
ve
ry

un
it
s,
an

d
sp

ec
ia
li
ze
d

st
or
ag

e
ta
n
ks
,i
n
cr
ea
si
n
g
ca
pi
ta
l

in
ve
st
m
en

t
an

d
m
ai
n
te
n
an

ce
co
st
s

-
A
FE

X
is

pa
rt
ic
ul
ar
ly

eff
ec
ti
ve

fo
r

h
er
ba

ce
ou

s
bi
om

as
s,

su
ch

as
gr
as
se
s
or

ag
ri
cu

lt
ur
al

re
si
du

es
,b

ut
le
ss

so
fo
r

w
oo

dy
bi
om

as
s
(e
.g
.,
h
ar
dw

oo
ds

,
so

w
oo

ds
)

B
io
lo
gi
ca
l

m
et
h
od

s
B
ac
te
ri
al

tr
ea
tm

en
t

U
se

of
ba

ct
er
ia

(e
.g
.,
ce
llu

lo
ly
ti
c

ba
ct
er
ia
)
to

de
gr
ad

e
li
gn

in
an

d
h
em

ic
el
lu
lo
se
,l
ea
vi
n
g
ce
llu

lo
se

ac
ce
ss
ib
le

fo
r
po

ly
m
er

ex
tr
ac
ti
on

-U
se
s
n
at
ur
al
ly

oc
cu

rr
in
g
ba

ct
er
ia

to
br
ea
k
do

w
n
li
gn

oc
el
lu
lo
si
c
bi
om

as
s,

m
ak

in
g
it
an

en
vi
ro
n
m
en

ta
lly

fr
ie
n
dl
y

al
te
rn
at
iv
e
to

ch
em

ic
al

or
th
er
m
al

pr
et
re
at
m
en

ts

-
B
ac
te
ri
al

de
gr
ad

at
io
n
is

m
uc

h
sl
ow

er
th
an

ch
em

ic
al

or
th
er
m
al

m
et
h
od

s,
o

en
re
qu

ir
in
g
da

ys
or

w
ee
ks

to
ac
h
ie
ve

si
gn

i
ca
n
t
bi
om

as
s
br
ea
kd

ow
n

10
0
an

d
15

5

-B
ac
te
ri
al

pr
et
re
at
m
en

tc
an

be
co
m
bi
n
ed

w
it
h
ph

ys
ic
al

or
ch

em
ic
al

m
et
h
od

s
to

en
h
an

ce
bi
om

as
s
de

gr
ad

at
io
n
effi

ci
en

cy

-
R
eq

ui
re
s
ca
re
fu
l
op

ti
m
iz
at
io
n
of

ba
ct
er
ia
l
st
ra
in
s,

te
m
pe

ra
tu
re
,p

H
,

ox
yg
en

le
ve
ls
,a

n
d
n
ut
ri
en

t
su

pp
ly

to
en

su
re

effi
ci
en

t
bi
om

as
s
de

gr
ad

at
io
n

-B
ac
te
ri
al
tr
ea
tm

en
to

cc
ur
s
at

am
bi
en

to
r

m
il
d
te
m
pe

ra
tu
re
s,

re
du

ci
n
g
th
e
en

er
gy

in
pu

tc
om

pa
re
d
to

ph
ys
ic
al

an
d
ch

em
ic
al

pr
et
re
at
m
en

t
m
et
h
od

s

-
U
n
w
an

te
d
m
ic
ro
bi
al

gr
ow

th
ca
n

co
m
pe

te
w
it
h
th
e
de

si
re
d
ba

ct
er
ia
,

re
du

ci
n
g
pr
et
re
at
m
en

t
effi

ci
en

cy
an

d
co
m
pl
ic
at
in
g
pr
oc
es
s
co
n
tr
ol

-
La

rg
e-
sc
al
e
ba

ct
er
ia
l
pr
et
re
at
m
en

t
re
qu

ir
es

sp
ec
ia
li
ze
d
bi
or
ea
ct
or
s
an

d
co
n
tr
ol
le
d
co
n
di
ti
on

s,
in
cr
ea
si
n
g
ca
pi
ta
l

co
st
s
an

d
co
m
pl
ex
it
y

E
n
zy
m
at
ic

tr
ea
tm

en
t

U
se

of
sp

ec
i
c
en

zy
m
es

(e
.g
.,

ce
llu

la
se
s,

h
em

ic
el
lu
la
se
s)

to
br
ea
k
do

w
n
ce
llu

lo
se

an
d

h
em

ic
el
lu
lo
se

in
to

fe
rm

en
ta
bl
e

su
ga

rs
fo
r
po

ly
m
er

ex
tr
ac
ti
on

-H
ig
h
sp

ec
i
ci
ty
,e

n
zy
m
es

sp
ec
i
ca
lly

ta
rg
et

ce
llu

lo
se
,h

em
ic
el
lu
lo
se
,o

r
li
gn

in
,

m
in
im

iz
in
g
un

w
an

te
d
de

gr
ad

at
io
n
an

d
pr
es
er
vi
n
g
va
lu
ab

le
su

ga
r
yi
el
ds

-
E
n
zy
m
es

ca
n
be

ex
pe

n
si
ve

to
pr
od

uc
e

an
d
re
qu

ir
e
op

ti
m
iz
at
io
n
fo
r
co
st
-

eff
ec
ti
ve

la
rg
e-
sc
al
e
us

e

10
0,

14
6,

15
6

an
d
15

7

-W
or
ks

un
de

r
re
la
ti
ve
ly

lo
w

te
m
pe

ra
tu
re
s
(3
0–
60

°C
),
re
du

ci
n
g
en

er
gy

co
n
su

m
pt
io
n
co
m
pa

re
d
to

th
er
m
al

or
ch

em
ic
al

m
et
h
od

s

-
E
n
zy
m
e
ac
ti
vi
ty

ca
n
be

aff
ec
te
d
by

te
m
pe

ra
tu
re
,p

H
,a

n
d
th
e
pr
es
en

ce
of

in
h
ib
it
or
s,

re
qu

ir
in
g
st
ri
ct

pr
oc
es
s

co
n
tr
ol

-C
an

be
co
m
bi
n
ed

w
it
h
m
ec
h
an

ic
al
,

ch
em

ic
al
,o

r
m
ic
ro
bi
al

m
et
h
od

s
to

en
h
an

ce
ov
er
al
l
bi
om

as
s
di
ge
st
ib
il
it
y

-
E
n
zy
m
es

m
ay

lo
se

ac
ti
vi
ty

ov
er

ti
m
e
or

in
h
ar
sh

pr
oc
es
s
co
n
di
ti
on

s,
re
qu

ir
in
g

re
gu

la
r
re
pl
en

is
h
m
en

t
-E

n
zy
m
at
ic

h
yd

ro
ly
si
s
ca
n
be

sl
ow

,o

en

re
qu

ir
in
g
ex
te
n
de

d
pe

ri
od

s
(f
ro
m

h
ou

rs
to

da
ys
)
to

br
ea
k
do

w
n
bi
om

as
s

24194 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
1

(C
o
n
td
.)

C
at
eg
or
y

Pr
et
re
at
m
en

t
m
et
h
od

s
W
or
ki
n
g
pr
in
ci
pl
e

A
dv

an
ta
ge
s

Li
m
it
at
io
n
s

R
ef
.

eff
ec
ti
ve
ly
,w

h
ic
h
m
ay

li
m
it
it
s

co
m
m
er
ci
al

sc
al
ab

il
it
y

Fu
n
gi

pr
et
re
at
m
en

t
U
se

of
li
gn

in
ol
yt
ic

fu
n
gi

(e
.g
.,

w
h
it
e-
ro
t
fu
n
gi
)
to

se
le
ct
iv
el
y

de
gr
ad

e
li
gn

in
,e

n
h
an

ci
n
g
th
e

ac
ce
ss
ib
il
it
y
of

ce
llu

lo
se

fo
r

po
ly
m
er

ex
tr
ac
ti
on

-
It
is

an
ec
o-
fr
ie
n
dl
y
pr
oc
es
s

-S
lo
w
pr
oc
es
s

98
an

d
15

8
-
C
an

im
pr
ov
e
th
e
effi

ci
en

cy
of

su
bs

eq
ue

n
t
en

zy
m
at
ic

tr
ea
tm

en
ts

-R
eq

ui
re
s
pr
ec
is
e
en

vi
ro
n
m
en

ta
lc

on
tr
ol

(e
.g
.,
te
m
pe

ra
tu
re
,m

oi
st
ur
e)

-F
un

gi
ar
e
se
le
ct
iv
e
in

th
ei
r
de

gr
ad

at
io
n
,

m
ai
n
ly

br
ea
ki
n
g
do

w
n
li
gn

in
an

d
so
m
e

h
em

ic
el
lu
lo
se
,w

h
il
e
pr
es
er
vi
n
g
th
e

st
ru
ct
ur
e
of

ce
llu

lo
se

-M
ai
n
ta
in
in
g
a
pu

re
fu
n
ga

l
cu

lt
ur
e
in

la
rg
e-
sc
al
e
op

er
at
io
n
s
ca
n
be

ch
al
le
n
gi
n
g,

as
un

w
an

te
d

m
ic
ro
or
ga

n
is
m
s
m
ay

in
te
rf
er
e
w
it
h
th
e

pr
oc
es
s

-S
in
ce

fu
n
ga

lp
re
tr
ea
tm

en
t
do

es
n
ot

re
ly

on
h
ar
sh

ch
em

ic
al
s,

it
m
in
im

iz
es

th
e

fo
rm

at
io
n
of

in
h
ib
it
or
y
co
m
po

un
ds

-G
ro
w
in
g
fu
n
gi

fo
r
pr
et
re
at
m
en

t
ca
n

re
qu

ir
e
ad

di
ti
on

al
re
so
ur
ce
s
(e
.g
.,

n
ut
ri
en

ts
,t
im

e)
an

d
in
fr
as
tr
uc

tu
re

fo
r

m
ai
n
ta
in
in
g
fu
n
ga

l
cu

lt
ur
es
,m

ak
in
g
it

a
re
so
ur
ce
-in

te
n
si
ve

m
et
h
od

co
m
pa

re
d

to
ot
h
er

pr
et
re
at
m
en

t
te
ch

n
ol
og

ie
s

This journal is © The Royal Society of Chemistry 2025

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
governing particle break-up, primarily inuenced by the struc-
tural characteristics of the material.159 According to Gera
et al.,160 the aspect ratio of biomass particles signicantly
impacts heat transfer during their thermal conversion
processes. Similarly, Wang et al.161 demonstrated that an
increase in particle size resulted in a greater weight loss of
biomass particles during torrefaction. Additionally, biomass
particle size plays an important role in biomass conversion yield
and energy consumption, inuencing mass and heat transfer
processes and directly affecting the rate of enzymatic biocon-
version of biomass particles.162 In literature, two types of density
are commonly discussed in relation to LCB particles: bulk
density and particle density (also known as true density). Bulk
density is dened as the mass of a collection of biomass parti-
cles divided by the total volume they occupy, including voids
between particles. In contrast, particle density refers to the
mass per unit volume of the individual particles themselves,
excluding the volume of pore spaces or voids.163 Bulk density is
an important physical property that inuences the design of
logistical systems for biomass handling. Several factors, such as
size, shape, moisture content, individual particle density, and
surface characteristics, affect bulk density.164 Studies conducted
by Rezaei et al.165 have highlighted the signicance of particle
size, shape, and density in biomass transportation, uidization,
drying rates, and thermal decomposition. Pelleting of wood
particles has been shown to increase particle density and reduce
variability in physical properties among biomass particles,
which in turn enhances the bulk density of LCB and improves
energy production.165 Liu et al.166 found that incorporating 40%
pine particles into bamboo pellets increased their bulk density
from 0.54 g cm−3 to 0.60 g cm−3, improving energy production
efficiency. Moreover, signicant interactions were observed
between bulk density, inorganic ash content, net caloric value,
combustion rate, and heat release rate.166

In addition, the physical and mechanical pretreatment of
LCB includes processes such as particle size reduction, which is
closely associated with energy consumption and a key physical
property known as grindability. Grindability, commonly quan-
tied by the Hardgrove Grindability Index (HGI), plays a signif-
icant role in determining both grinding efficiency and
combustion performance.167 Biomass presents challenges
during grinding due to its brous and resilient nature, making
uniform particle size reduction difficult and consequently
reducing combustion efficiency.128 Grinding and torrefaction
processes applied to LCB lead to a reduction in material
toughness and stiffness, mainly due to the breakdown of the
hemicellulose matrix and the depolymerization of cellulose.
This transformation alters the aspect ratio of the resulting
bers. During grinding operations, both the particle size and
length decrease, while the thickness of the material is also
reduced.129,168 Notably, torreed biomass chips have been
observed to consume approximately 90% less energy compared
to non-torreed wood chips during grinding.130 Moreover,
moisture sorption is another important parameter when
assessing the characteristics and properties of biomass. This
parameter can be mathematically estimated at equilibrium by
examining the relationship between water content and
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24195
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equilibrium relative humidity of a material. This relationship is
oen graphically represented by a curve known as a moisture
sorption isotherm, which provides insight into the water
content of biomass at specic temperatures. Various mathe-
matical models have been developed to describe these sorption
isotherms.169 The quality of lignocellulosic feedstock depends
on factors such as moisture content and uptake, which are
directly correlated with intrinsic properties of the biomass,
including porosity, surface area, and surface chemistry. The
sorption or desorption of moisture by LCB is inuenced by the
vapor pressure of water within the material and its surrounding
environment.170

The mechanical properties of LCB, which are crucial for
various applications, are signicantly inuenced by its hierar-
chical structure and chemical composition. Cellulose, the
primary load-bearing component, plays a central role in deter-
mining stiffness and tensile strength. The highly ordered
cellulose brils provide structural integrity, resisting tensile
forces, while the crystalline regions contribute to high tensile
strength, helping to prevent deformation or failure.56,171,172

Hemicellulose, being more amorphous and surrounding the
cellulose brils, adds exibility and toughness to the structure.
It absorbs energy and dampens mechanical stresses, which
enhances the overall toughness of the material.70,72 Despite its
minor weight, lignin signicantly enhances the mechanical
properties of LCB by acting as a binder. Its amorphous, cross-
linked structure reinforces the cellulose-hemicellulose matrix,
improving compression strength and impact resistance. The
presence of lignin reduces the susceptibility of biomass to
deformation under compressive loads and increases its ability
to absorb energy during impact events.98,173,174

The thermal properties of LCB, including thermal conduc-
tivity and specic heat, are critical for understanding biomass
combustion behavior and for modeling large-scale power
generation.170 Mason et al.175 conducted evaluations on various
biomass types, nding that wood pellets exhibited thermal
conductivity values ranging from 0.11 to 0.12 W m−1 K−1, while
miscanthus and willow had slightly lower values, approximately
0.11 and 0.10 W m−1 K−1, respectively. In contrast, wheat straw
and rape straw exhibited signicantly lower thermal conduc-
tivity values, potentially as low as 0.05 W m−1 K−1. Specic heat
refers to the amount of heat required to raise the temperature of
a substance by one degree Celsius per unit mass. It is essential
for understanding heat transport in biomass particles and the
size-related implications for their processing and utilization.115

Regarding the chemical characteristics of LCB, proximate
and ultimate analyses are commonly employed to chemically
characterize the material.176 Proximate analysis provides
a snapshot of biomass composition, focusing on easily
measured parameters. This analysis typically quanties volatile
matter, ash content, moisture content, and xed carbon
content, utilizing standardized methods.127 Volatile matter
refers to the gaseous phase formed during thermal degradation,
consisting of both condensable and non-condensable vapors
released upon heating.127 Ash content is the residue le aer
combustion and generally consists of primary components like
silica, calcium, and iron oxides.177 Moisture content indicates
24196 | J. Mater. Chem. A, 2025, 13, 24185–24253
the water present in the biomass sample and is representative of
the mineralized aqueous solution containing various ions or
species.178 Fixed carbon is the carbon remaining aer the
volatiles have been expelled and is calculated by subtracting the
moisture and ash content from the total mass.179 In contrast,
ultimate (or elemental) analysis provides a breakdown of the
elemental composition of biomass, determining the contents of
carbon, hydrogen, oxygen, nitrogen, and sulfur in the organic
coal substance.180 This analysis is typically conducted using
specialized equipment like carbon, hydrogen, nitrogen, sulfur
(CHNS) analyzers.180 Additionally, the macromolecular content
of biomass can be assessed using biomass parietal composition
analysis, oen performed with the Van Soest protocol. This
method involves sequential partitioning of cell walls and
extracting soluble components with various solvents to evaluate
the parietal polymer content.181 Moreover, LCB and its deriva-
tives possess a wide range of intriguing properties, including
high surface area, diverse chemical functionalities, complex
macromolecular structure, biodegradability, high porosity,
ultrane network structure, favorable mechanical properties,
tunable biocompatibility, and suitability for permselective
coatings and immobilization matrices. These materials also
exhibit high adsorption capacity and contain numerous
surface-active functional groups such as hydroxyl (OH), ether
(C–O–C), carbonyl (C]O), and carboxyl (COOH)
groups.7,60,182–184 Furthermore, LCB exhibit diverse chemical
properties that inuence their reactivity and susceptibility to
degradation. Cellulose, the dominant structural component,
resists chemical attack due to its crystalline structure and
strong intermolecular hydrogen bonding. In contrast, hemi-
cellulose, though also a polysaccharide like cellulose, is more
susceptible to hydrolysis due to its amorphous nature and more
accessible glycosidic bonds.16,56,70 Lignin, a complex aromatic
polymer, presents challenges due to its highly cross-linked
structure and intricate chemical composition. Specialized
processes, such as alkaline delignication or enzymatic break-
down, are necessary to effectively depolymerize and extract
lignin from LCB.77,185

2.2.1 Lignocellulosic biomass for (bio)sensor applications.
Lignocellulosic biomass sourced from plants, derived from
plants and primarily composed of cellulose, hemicellulose, and
lignin, holds signicant potential for (bio)sensing technologies
due to its renewable nature and remarkable properties.7,15 These
materials are not only biocompatible and sustainable but also
highly versatile, making them attractive for a variety of sensing
platforms. One of the key advantages of LCB is its inherent
biocompatibility and non-toxicity, making it ideal for biological
sensing applications with minimal risk of adverse reactions or
contamination.7,186 In addition, renewable and biodegradable
nature of LCB provides a more environmentally sustainable
alternative to traditional sensing materials derived from fossil
fuels or non-renewable sources.52,183 The surface chemistry of
LCB is highly amenable to modication, allowing for chemical
treatments, surface graing, or bioconjugation to introduce
functional groups or biomolecules. This exibility enables the
customization of LCB for a wide range of sensing applications.
LCB also demonstrates useful optical properties, such as
This journal is © The Royal Society of Chemistry 2025
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birefringence and transparency, which can be exploited in the
development of optical sensors that rely on changes in light
transmission or polarization.187,188 In addition, LCB can exhibit
photoluminescence or uorescence properties, opening the
door to uorescence-based sensing techniques for detecting
analytes.189,190 Recent advancements have demonstrated that
LCB can be engineered and combined with conductive mate-
rials to exhibit electrical conductivity or semiconducting
behavior, thereby expanding its potential in electrochemical
Fig. 2 (A) Classification of sensors based on measurand, energy source,
material, specifications, and applications. (B) Schematic representation of
© 2021 MDPI.

This journal is © The Royal Society of Chemistry 2025
sensors and eld-effect transistor-based sensing platforms.6,16,40

These biological materials have shown promise for diverse
applications such as wearable sensors,191 point-of-care diag-
nostics,192 and environmental monitoring.7,28 The versatility of
LCB extends to its ability to be processed into various forms
including lms,16 bers,7,193 membranes194,195 and aerogels.52,191

These forms offer adaptability for diverse sensing applications.
Flexible and lightweight LCB-based sensors can conform to
irregular surfaces or be integrated into wearable devices for
physical contact, signal conversion, output type, comparability, sensor
a typical biosensor. Reproducedwith permission from ref. 11, copyright

J. Mater. Chem. A, 2025, 13, 24185–24253 | 24197
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continuous monitoring. Furthermore, the porous nature of LCB
enhances sensitivity and selectivity by enabling the immobili-
zation of sensing elements.54,196,197

(Bio)sensors are analytical tools that use sensing elements
(such as catalysts) or biologically derived recognition systems,
in combination with a transducer, to measure the concentration
of target analytes. These systems convert biochemical reactions
into quantiable physical signals. Electrochemical methods
and (bio)sensors are highly sought aer due to their simplicity,
high sensitivity, selectivity, rapid response time, and versatility
in detecting a wide range of chemical compounds.9,14,198 The
selectivity and sensitivity of sensors depend largely on the
properties of the receptor elements, where the analyte interacts.
Achieving high sensitivity requires effective analyte recognition
and efficient signal transduction.9,199,200 Sensors can be catego-
rized based on the physical quantity or analyte they measure.
This includes factors like energy source (active/passive), phys-
ical contact (contact/non-contact), comparability (absolute/
relative), analog/digital output, and signal detection (physical,
chemical, thermal, biological) (Fig. 2A).11. (Bio)sensors integrate
biological elements with electronic components, incorporating
Fig. 3 (A) Cyclic voltammograms at equilibrium of [Ru(NH3)6]
3+ at a conc

(c) 2, and (d) 1 on both nude and modified glassy carbon electrodes (GCE)
Gruyter. (B) Cyclic voltammograms at equilibrium of [Fe(CN)6]

3− at a conc
2, and (d) 1 on both nude andmodified GCE electrodes in 0.1 mol per L KC
copyright © 2015 De Gruyter. (C) Cyclic voltammograms of paraquat at
a scan rate of 100 mV s−1 on (a) bare glassy carbon (BGC), (b) the pristin
hydroxide treated sawdust (SSTFE) electrodes. Reproduced with permiss
electron microscopy (FESEM) micrographs of C38 steel: (a) freshly polish
1 M HCl with 100 mg L−1 of alkaloid extract from Rauvolfia macrophylla
immersion in 0.5 M H2SO4 with 100 mg per L AERMS. Reproduced with p

24198 | J. Mater. Chem. A, 2025, 13, 24185–24253
analytes, bioreceptors, transducers, electronics, and displays to
detect physiological changes or biochemical materials. They are
capable of detecting low concentrations of specic pathogens,
toxic chemicals, or pH levels, nding applications in elds such
as medical diagnosis, environmental monitoring, and drug
analysis (Fig. 2B).11

Lignocellulosic materials could signicantly enhance the
selectivity and sensitivity of electrochemical sensors or biosen-
sors when used as chemical surface modiers. This is due to
their high surface area, diverse chemical functionalities,
macromolecular structure, biodegradability, high porosity,
ultrane network structure, renewability, and excellent
mechanical properties, as well as their permselective coating
capabilities.27,44,189 Additionally, LCB could serve as suitable
supports for biological molecules like enzymes54,196 and as
biotemplates/scaffolds for immobilizing guest materials such
as nanoparticles and uorescence-labeled compounds.189,197

They are also used in the fabrication of bio-based organic/
inorganic hybrid nanocomposites, which exhibit exceptional
sensing properties.192,197 Despite these attractive attributes, the
entration of 2× 10−4 mol L−1 recorded at various pH levels (a) 5.5, (b) 3,
in 0.1 mol per L KCl at a scan rate of 50 mV s−1,201 copyright © 2015 De
entration of 10−3 mol L−1 recorded at various pH levels (a) 5.5, (b) 3, (c)
l at a scan rate of 50mV s−1. Reproduced with permission from ref. 201,
a concentration of 5 × 10−5 mol L−1 recorded in 0.1 mol per L NaCl at
e sawdust thin film electrode (PSTFE), and (c) that issued from sodium
ion from ref. 41, copyright © 2012 Elsevier. (D) Field-emission scanning
ed surface, (b) after 3 h immersion in 1 M HCl, (c) after 3 h immersion in
stapf (AERMS), (d) after 3 h immersion in 0.5 M H2SO4, and (e) after 3 h
ermission from ref. 203, copyright © 2019 American Chemical Society.

This journal is © The Royal Society of Chemistry 2025
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complex hybrid microstructure of LCB remains underutilized,
particularly in the development of thin-lm electrode devices.

Recent advancements have highlighted the use of LCB in
electrochemical sensing applications. For instance, Njine-
Bememba et al.201 employed aminated pretreated Ayous
sawdust functionalized with two organosilanes for the electro-
chemical analysis of probes ([Fe(CN)6]

3− and [Ru(NH3)6]
3+) via

cyclic voltammetry (CV). The presence of silanes facilitated the
gradual accumulation of anionic species while repelling
cationic species as the solution was acidied (Fig. 3A and B).201

Kenne et al.41 fabricated thin-lm electrodes using both native
and NaOH-treated Ayous (triplochiton scleroxylon) sawdust,
achieving enhanced selective detection and electroanalysis of
paraquat when compared to bare glassy carbon electrodes
(GCE) (Fig. 3C).41 Following optimization, the detection limits
(based on signal-to-noise (S/N) ratio of 3) for GCE modied by
natural and NaOH-treated Ayous sawdust were found to be 5.49
× 10−9 mol L−1 and 3.02 × 10−9 mol L−1, respectively.41

Furthermore, alkaloid extracts from Rauvola macrophylla
Stapf and Tabernaemontana contorta were investigated for
their corrosion inhibition properties on C38 steel in 1 M HCl
and 0.5 M H2SO4 using electrochemical techniques, including
electrochemical impedance, potentiodynamic polarization, and
mass loss measurements.202,203 Field-emission scanning elec-
tron microscopy (FESEM) images showed a smooth surface
before immersion (Fig. 3D(a)). Aer immersion in 1 M HCl and
0.5 M H2SO4 without inhibitor, severe damage occurred, with
iron clusters and punctures (Fig. 3D(b and c)), due to iron
oxidation. In the presence of alkaloid extract from Rauvola
macrophylla stapf as shown in Fig. 3D(c–e), the steel surface
remained rust-free, indicating effective corrosion prevention.
These ndings demonstrate the corrosion inhibition properties
of the alkaloid extracts, attributed to their spontaneous chem-
ical adsorption on the electrode surface, which forms a stable
layer that enhances the sustainability of C38 steel in acidic
environments.202,203 In addition, two recent studies have
explored coffee husks as lignocellulosic matrices to enhance
sensor sensitivity for electrochemical quantication of organic
substances. Njanja et al.28 developed a lignocellulose-based
amperometric sensor, using coffee husks as modiers to
prepare a composite carbon paste electrode (CPE) for methylene
blue dye electroanalysis. The sensor showed a linear concen-
tration range for methylene blue dye between 1 and 125 mmol
L−1, with a detection limit of 3 mM.28 Mbokou et al.29 evaluated
the electroanalytical performance of a CPE modied with coffee
husks for acetaminophen quantication in commercial phar-
maceutical tablets. The sensor exhibited high sensitivity, with
a linear response from 6.6 mM to 0.5 mM and a detection limit of
0.66 mM (S/N = 3). It successfully determined the acetamino-
phen content in commercialized tablets (Doliprane 500 and
Doliprane 1000), yielding recovery rates ranging from 98% to
103%.29 Additionally, Radotić et al.51 investigated maize cell
walls as modiers of a CPE for heavy metals electroanalysis,
showing good performance under analytical conditions. Kuan
et al.204 developed lignocellulose-based analytical devices for
bioanalysis, focusing on food and water safety and urinalysis.
They used bamboo stirrers as uidic channels to transport
This journal is © The Royal Society of Chemistry 2025
analytes, with a small piece of wood stirrer serving as a reaction
zone. This approach enabled point-of-care diagnostics based on
bamboo, achieving sensitivity and providing rapid, on-site
detection of Escherichia coli (E. coli) in water.204 Furthermore,
Zhang et al.205 doped lignocellulose with nitrogen to prepare
binary composites modied with metal suldes for non-
enzymatic sensing of ascorbic acid, dopamine, and nitrite.
The fabricated electrodes demonstrated excellent electro-
catalytic activity toward these analytes, with good sensitivity,
a wide linear range, and low detection limits of 3.0 mM for
ascorbic acid, 0.25 mM for dopamine, and 0.20 mM for nitrite.205

Kim et al.186 developed a two-step procedure to prepare
biomass-derived carbon for modifying GCE to accurately
quantify acetaminophen. Using cyclic voltammetry and differ-
ential pulse voltammetry, the modied electrode exhibited high
sensitivity, selectivity, and a low detection limit of 0.004 mM for
acetaminophen. Evaluation of these sensors in real samples
conrmed their superior electrochemical performance.186

Similarly, Chen et al.206 synthesized biomass-derived N-doped
porous carbon-based sensors for the simultaneous determina-
tion of dihydroxybenzene isomers, using pig lung as a biomass
precursor. The sensors achieved detection limits of 0.078 mmol
L−1 for catechol, 0.057 mmol L−1 for resorcinol, and 0.371 mmol
L−1 for hydroquinone.206 In addition, Somba et al.15 prepared
alkali-activated carbon from Theobroma cocoa pods as
a sensing platform for the electrochemical determination of
xanthine (Xa) in fresh sh samples. Using differential pulse
voltammetry, the sensors were optimized for various parame-
ters affecting Xa determination, resulting in a calibration curve
ranging from 1.0 to 12.0 mM, with a detection limit of 0.264 mM.
The sensor was evaluated for interference, reproducibility, and
stability, and was successfully applied in fresh sh sample
analysis.15

Furthermore, biomass has also proven to be an effective
material for enzyme immobilization in electrochemical sensors,
offering a sustainable and efficient platform for biosensor
development.14,207 Deffo et al.14 leveraged this potential by
developing a second-generation uric acid biosensor, chemically
immobilizing the enzyme uricase on functionalized multi-
walled carbon nanotubes graed onto lignocellulosic material
derived from palm oil ber, using a ferrocene mediator.14

Differential pulse voltammetry (DPV) results demonstrated
a rapid bioelectrode response toward uric acid (0.185 V), with
high sensitivity (41.14 mA mM−1) and a low detection limit (19
mM) within a linear range of 10–1000 mM. The low Michaelis–
Menten constant (Km = 31.364 mM) indicated a high affinity
between uric acid and the enzyme at the electrode surface.
Furthermore, the biosensor detected uric acid in just 2 s, a fast
response attributed to the advantageous characteristics of the
LCB used.14 Additionally, numerous studies have explored the
calcination of LCB and the successful use of resulting activated
carbons as electrode modiers for sensitive pollutant detection
in various matrices. These activated carbons, characterized by
high surface area and porosity, improved the performance of
modied sensors by increasing sensitivity and selectivity in
detecting pollutants in diverse environments like water, air, and
soil.53,208–211
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24199
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Lignocellulosic biomass is also used as an enzyme source for
electrochemical catalysis of organic molecules using enzymatic
biosensors. Fatibello-Filho et al.212 used chronoamperometry to
determine paracetamol using an avocado tissue (Persea ameri-
cana) biosensor. The dry avocado tissue powder provided poly-
phenol oxidase, which catalyzed the oxidation of paracetamol to
N-acetyl-p-benzoquinoneimine. The resulting current, obtained
at 70 seconds, was proportional to the paracetamol concentra-
tion (1.2 × 10−4 to 5.8 × 10−3 mol L−1) with a detection limit of
8.8 × 10−5 mol L−1.212 Similarly, Cruz et al.213 used sweet potato
tissue peroxidase to determine hydroquinone in cosmetic
creams. The enzyme catalyzed the oxidation of hydroquinone to
quinone, which was reduced electrochemically back to hydro-
quinone at −0.22 V.213 Another biosensor based on stearic acid-
graphite powder and sweet potato (Ipomoea batatas (L.) Lam.)
tissue peroxidase showed high catalytic performance, compat-
ibility with non-aqueous solvents, and long lifetime.214 A
summary of recent bio(sensing) research studies based on LCB
is provided in Table 2. In recent years, studies on LCB for
electrochemical applications have demonstrated their potential
in developing various sensors with notable performance char-
acteristics.15,29,41,201 For example, the pristine sawdust thin lm
electrode (PSTFE) was employed to detect paraquat using
square wave voltammetry (SWV), achieving a linear range of 0.1
to 0.725 mM and a detection limit of 0.005 mM, showcasing its
high sensitivity.41 Meanwhile, sodium hydroxide treated
sawdust thin lm electrode (SSTFE) extended the applications
of LCB by detecting similar analytes with improved perfor-
mance.41 Coffee husk-based carbon paste electrodes (CHs/CPE)
were successfully used to detect methylene blue and acet-
aminophen, with the former being detected in river water
within a linear range of 1 to 125 mM and a detection limit of 3
mM,28 while the latter was detectable in commercial tablets with
a linear range of 6.6 to 500 mM and a detection limit of 0.66
mM.29 Additionally, cellulose-based carbon paste electrodes (C/
CPE) were utilized for lead ion (Pb2+) detection in tap water,
with an impressive detection limit of 0.02 mM within a linear
range of 0.1 to 100 mM.51 On the other hand, the nitrogen-doped
lignocellulose with CoS2–MoS2 composite (N-LC/CoS2–MoS2/
GCE) displayed a broad range for detecting ascorbic acid,
dopamine, and nitrite, underscoring its versatile sensing
capability.205 Moreover, graphene sheet-like porous activated
carbon (GPAC/GCE) showed effective detection of catechin from
green tea leaves, with a detection limit of 0.67 mMwithin a range
of 4 to 368 mM.6 In contrast, carbon nanospheres (CNSs/GCE)
demonstrated superior nitrite detection in lake and sea water
with an exceptionally low detection limit of 0.0146 mM.208 The
advancements in electrode materials, including carbon acti-
vated with ZnCl2 (CA-Zn/GCE) and its iron-composite variant
(CA-ZnFe/GCE), have expanded the range of detectable
substances such as caffeine and other analytes, illustrating their
applicability in diverse matrices.209 The application of various
electrochemical methods, including differential pulse voltam-
metry, square wave voltammetry and chronoamperometry,
highlights the evolution of lignocellulosic-based sensors from
basic to highly sophisticated detection platforms across various
environmental and commercial samples.15,28,29
This journal is © The Royal Society of Chemistry 2025
3. Nanocellulose based sensing
platforms

The extraction methods used signicantly inuenced the
properties of the resulting cellulose, with key factors such as
treatment duration, solvent concentration, and temperature
playing crucial roles in optimizing cellulose yield and quality.
The extracted cellulose exhibited favorable mechanical proper-
ties, making it a promising material for diverse applications.
Table 3 summarizes several studies focused on the isolation and
characterization of cellulose materials with notable properties
derived from various LCB, demonstrating their potential for
various applications.216–219 These studies explore a diverse range
of biomass sources, including agricultural residues such as
sugarcane bagasse217 and coconut bers,217 as well as date palm
biomass,220 jackfruit rind,139 and oil palmmesocarp ber.218 The
extraction methods employed varied widely, incorporating
multiple pre-treatments such as Soxhlet extraction with organic
solvents217 and alkaline/acid treatments.139,220 Following the
initial treatments, the lignocellulosic biomass underwent
a series of additional processing steps, including bleaching,
delignication, and further purication techniques such as
centrifugation and sonication. These varied methodologies
aimed to optimize both processing efficiency and the quality of
the extracted cellulose. Bleaching typically involves the use of
chemicals like sodium chlorite, while delignication is oen
achieved through acid treatment, such as sulfuric acid, to break
down lignin and facilitate cellulose isolation.217–219 The studies
highlighted signicant variability in the pre-treatment condi-
tions, including the concentration of chemicals, duration of
treatment, and temperature, all of which impacted the nal
cellulose quality and yield.139,218,221–223 This variability displays
the need for the development of optimized extraction protocols
tailored to the specic characteristics of different biomass
sources. Achieving an ideal balance between high yield and
desirable material properties remains a considerable challenge.
To address this, further renement of extraction methods is
essential, including the ne-tuning of chemical treatments,
mechanical processes, and reaction conditions, in order to
improve both the efficiency and the performance of the
extracted cellulose for various industrial applications.

Various forms of cellulose have been extracted from a diverse
range of LCB, including microcrystalline cellulose (MCC),217 a-
cellulose,220 cellulose nanobrils (CNFs),224 cellulose nano-
crystals (CNCs).216,224 Each type of extracted cellulose possesses
distinct properties inuenced by the extraction and pre-
treatment processes, as summarized in Table 3. For instance,
cellulose extracted from sugarcane bagasse and corn cob
exhibited high crystallinity, reaching up to 89%, along with
signicant thermal stability, making it particularly suitable for
applications in composite nanoreinforcement.217 This
enhanced crystallinity and thermal resistance were attributed to
the effective removal of non-cellulosic components and opti-
mized extraction conditions.217 Crystallinity index and degra-
dation temperature are key indicators of structural order and
thermal resilience, respectively, both of which directly impact
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24201
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the material performance in advanced applications.139,220 X-ray
diffraction analyses have consistently shown that cellulose
bers extracted from LCB display increased crystallinity, which
contributes to superior mechanical properties and thermal
stability.216,217 For example, CNCs derived from LCB bers
exhibit exceptionally high crystallinity, thermal stability, and
excellent mechanical properties, making them highly advanta-
geous for green technologies and sensing applications.218,219

Cellulose nanocrystals (CNCs) are highly crystalline, rod-like
nanoparticles typically obtained through acid hydrolysis of
cellulose bers, a process that removes the amorphous regions
while preserving the crystalline domains.56,225 CNCs exhibit high
tensile strength, a high surface area, and remarkable reinforc-
ing capabilities in composite materials. Their surface contains
abundant hydroxyl groups, enabling functionalization for
diverse applications.56,224–226 CNCs have proven to be highly
valuable in the development of advanced materials, including
nanocomposites, biofuels, and technologies for environmental
remediation.149,216,221 In addition, CNFs are composed of long,
exible brils with lengths that can extend up to several
micrometers. These nanobers exhibit a high aspect ratio and
crystallinity, which contributes to their remarkable mechanical
properties.227,228 CNFs are characterized by their high strength,
exibility, and large surface area, which impart exceptional
mechanical and thermal properties.56,229 These attributes make
CNFs highly versatile for numerous applications, such as rein-
forcing composite materials, enhancing the mechanical prop-
erties of paper230 and textiles,231 and serving as a bio-based
material for sustainable packaging232 and tissue engi-
neering.171,172,233 Additionally, their high surface area allows for
effective incorporation of functional additives, making it suit-
able for advanced applications in electronics,39,234 sensors,193,230

and medical devices.235,236
3.1. Properties of nanocellulose

Nanocellulose, derived from cellulose bers, has garnered
signicant attention due to its exceptional properties and
diverse applications across various industries. Cellulose-based
nanostructures, including cellulose nanobers (CNFs), cellu-
lose nanocrystals (CNCs), and bacterial nanocellulose (BNC),
display remarkable mechanical strength, stiffness, and light-
weight characteristics.61,226,240 CNFs are exible, elongated bers
typically ranging in diameter from 2 to 50 nm, with lengths
extending from hundreds of nanometers to several microme-
ters. They exhibit a large surface area, high aspect ratios (length-
to-diameter ratios), oen exceeding 1000.56,241,242 CNFs possess
remarkable mechanical properties, making them excellent for
reinforcing composite mechanical properties. The tensile
strength CNFs can vary depending on their source and pro-
cessing methods. Individual CNFs are reported to have tensile
strengths ranging from 2 to 6 GPa.56,243 However, when these
bers are used in composites or nanopapers, the tensile
strength is inuenced by factors like ber bonding and orien-
tation. For example, cellulose nanopapers with random bril
orientation have a theoretical maximum tensile strength of
approximately 200 MPa.243 Moreover, CNCs are rigid, crystalline
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24205
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rod-like particles commonly produced through acid hydrolysis
of cellulose, with diameters ranging from 3 to 20 nm and
lengths between 100 and 500 nm.56,225 With high crystallinity
and surface areas, CNCs are known for their exceptional
mechanical properties, with reported theoretical tensile
strengths ranging from 7.5 to 7.7 GPa, positioning them among
the strongest naturally occurring materials.56,244,245 BNC
synthesized by bacteria such as Gluconacetobacter xylinus, forms
a three-dimensional network with ber diameters ranging from
20 to 100 nm. It is highly water-retentive, containing 90–99%
water, and is known for its high purity, excellent biocompati-
bility, and tensile strengths up to 200 MPa.246,247 As a result,
nanocellulose is widely used as a reinforcement additive in
composite materials, improving mechanical performance while
maintaining a low weight prole.248,249 The high surface area-to-
volume ratio of nanocellulose enables efficient adsorption and
absorption processes, making it highly suitable for applications
such as water purication, drug delivery, and wound heal-
ing.61,236,250 Its biocompatibility, biodegradability, and ease of
modication further expand its utility in biomedical applica-
tions, including tissue engineering and controlled drug
release.56,251,252 Moreover, nanocellulose exhibits interesting
thermal stability, optical transparency, and light-scattering
properties, making it an ideal material for various advanced
applications. These include ame-retardant materials, thermal
insulators, and optically transparent lms for exible elec-
tronics and display technologies.39,232,249 The leading properties
of nanocellulose arise from its high aspect ratio, large surface
area, and abundance of hydroxyl (−OH) groups.61,172,253
Fig. 4 (A) Refined crystal structures depicting cellulose allomorphs Ia, Ib
spheres, respectively. Dashed lines denote hydrogen bonds. Reproduce
alizations of cellulose Ia and Ib' crystal structures along chain axes (to
(middle), and perpendicular to hydrogen-bonded sheets (bottom). Red s
each structure is delineated by thicker lines, with carbons depicted in yell
ref. 271, copyright © 2003 American Chemical Society.

24206 | J. Mater. Chem. A, 2025, 13, 24185–24253
Hydrogen bonding plays an important role in stabilizing its
structure, contributing to exceptional mechanical strength,
thermal stability, and chemical reactivity. Strong intermolecular
hydrogen bonds between cellulose chains enhance tensile
strength and stiffness, making nanocellulose an ideal rein-
forcement material for polymers and composites.254,255 Addi-
tionally, hydrogen bonding inuences nanocellulose
crystallinity, which directly impacts its optical, barrier, and
rheological properties.256,257 The exposed hydroxyl groups facil-
itate interactions with water molecules and other polar or
charged species, making nanocellulose highly effective in
applications such as water treatment and biosensing. Further-
more, chemical modication enables tailored functionalities,
expanding its potential for diverse applications.227,258,259

Nanocellulose exhibits interesting properties due to its
allomorphic variations, including cellulose I, II, III, and IV
(Fig. 4A).260,261 These allomorphs signicantly inuence
mechanical, chemical, and thermal properties of cellulose,
determining their suitability for biomedical applications and
the development of high performance nanocomposites.56,261,262

Cellulose Ia, the predominant allomorph in natural cellulose,
features a well-organized crystalline structure with parallel
cellulose chains in an anti-parallel arrangement, reinforcing
intermolecular hydrogen bonding. These properties make it
ideal for high-durability applications such as papermaking,
textiles, and biomedical scaffolds.254,260,263 Meanwhile, cellulose
Ib differs in hydrogen bonding conguration, affecting its
mechanical strength and enzymatic degradation suscepti-
bility.234,264 Cellulose II, or regenerated cellulose, undergoes
, II, and III1, with C, O, and H atoms represented by gray, red, and white
d with permission from ref. 234, copyright © 2020 Elsevier. (B) Visu-
p), perpendicular to chain axes and within hydrogen-bonded sheets
keletal models represent cellulose chains, while the asymmetric unit of
ow. Unit cells are illustrated in white. Reproduced with permission from

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
structural transformation for increased chemical accessibility,
making it valuable in textiles, exible packaging, and ltration
membranes.248,265 Cellulose III, derived from treated cellulose I,
offers heightened reactivity, making it suitable for drug delivery,
coatings, and composite materials.266,267 Cellulose IV, the
amorphous form, lacks long-range order but retains funda-
mental chemistry of the cellulose, excelling in adhesives, ex-
ible lms, and packaging due to its enhanced bonding,
exibility, and barrier properties.268–270 The crystal structures of
cellulose Ia and Ib are similar along the chain axis but differ
perpendicular to it within hydrogen-bonded sheets. In both, the
second sheet (II) is shied upward by ∼c/4 relative to the rst
(I).271 However, in Ia, the third sheet (III) is also shied upward
by∼c/4 relative to II, while in Ib, it shis downward, resulting in
a ∼c/2 displacement between sheets II and III. The conversion
from Ia to Ib likely occurs through chain slippage without dis-
rupting hydrogen-bonded sheets, involving a ∼c/2 shi at the
II–III interface (Fig. 4B).271

Cellulose, particularly at the micro- and nanoscale, is highly
valued for its mechanical, chemical, optical, and rheological
properties. As a key structural component in plants, cellulose
provides mechanical strength through tight intra- and inter-
molecular bonds, forming microbrils with high tensile
strength.272,273 The mechanical robustness of cellulose is
primarily attributed to its highly crystalline regions. For
instance, a bundle of stretched crystalline cellulose chains
demonstrates an elastic modulus between 110 and 220 GPa,
tensile strength between 7.5 and 7.7 GPa, and a density of
1.6 g cm−3. However, the transversal modulus of crystalline
nanocellulose is signicantly lower, typically ranging from 15 to
30 GPa.274–277 Rheological studies on nanocellulose have
revealed interesting behavior. Dynamic rheology of micro-
brillated cellulose (MFC) suspensions in water has shown gel-
like properties across a concentration range of 0.125% to 5.9%
w/w, with storage moduli varying from 1.5 Pa to 105 Pa.278 CNCs
typically exhibit a lower aspect ratio compared to CNFs, which
have a much higher aspect ratio due to their smaller diameter
and extended length.272,279

Surface chemistry studies have provided insights into the
complex molecular composition of nanocellulose.280–282 Despite
the presence of hydrogen bonding, nanocellulose possesses
a high density of hydroxyl groups, which facilitate interactions
with organic chemicals.272,283 Additionally, its inherent hydro-
philicity and chirality promote surface functionalization
through various chemical reactions, including esterication,
oxidation, graing, hydrophobization, and cationization.53 The
surface area of nanocellulose has been reported to exceed 30 m2

g−1,284,285 with a degree of polymerization (DP) typically greater
than 900 glucose units, depending on its source and extraction
method. In their review, Hallac and Ragauskas286 summarized
the DP of celluloses from various sources, measured aer
nitration using the viscometric method. They found that native
wood celluloses generally had DPs ranging from 3900 to 5500,
with species such as trembling aspen, jack pine, and white birch
showing higher values. In contrast, non-woody celluloses, such
as bagasse and wheat straw, had signicantly lower DPs, around
925 and 1045, respectively.286 Despite its high molecular weight
This journal is © The Royal Society of Chemistry 2025
and crystalline structure, nanocellulose exhibits limited water
absorption. Non-toxic, biodegradable, and biocompatible,
cellulose appears white and can form transparent or white
gels.287 Various techniques have been developed to incorporate
ionic charges onto the surface of nanocellulose, as illustrated in
Fig. 5.

Fig. 5A illustrates several pathways for modifying cellulose
using small molecules, each offering unique advantages and
applications. Esterication involves introducing ester groups
onto cellulose chains, improving its solubility and compatibility
with various solvents and matrices. This modication is
particularly useful in applications that require enhanced solu-
bility and interactions with other materials.288,289 Acylation,
which is the process allowing the attachment of acyl groups to
the hydroxyl groups of cellulose, effectively alters its chemical
properties and opens up new functional applications.290,291

Silanization, which involves attaching silane compounds to
cellulose, enhances its compatibility with different matrices,
making it ideal for composites and coatings where improved
adhesion is required.292 Isocyanate modication creates
urethane linkages on cellulose surfaces, enabling further
chemical modications and enhancing its versatility.293 These
modication pathways provide versatile ways to tailor cellulose
for a wide range of applications.

Fig. 5B illustrates cellulose modication through graing
techniques, which allow for precise tailoring of cellulose prop-
erties. One prominent method, ring-opening polymerization
(ROP), offers ne control over both the length and composition
of polymer chains. This enables the creation of cellulose-
polymer hybrids with specic attributes, such as enhanced
strength and exibility.294 Additionally, techniques like atom
transfer radical polymerization (ATRP) and reversible addition–
fragmentation chain transfer (RAFT) polymerization provide
controlled methods for graing polymers onto cellulose,
signicantly enhancing its properties.295,296 ATRP uses a transi-
tion metal catalyst to mediate the polymerization process,
allowing for the growth of well-dened polymer chains from
cellulose substrates. This method offers control over molecular
weight, polydispersity, and polymer composition, and can
introduce functionalities that alter cellulose properties, such as
increased hydrophilicity or modied mechanical proper-
ties.296,297 On the other hand, RAFT polymerization employs
a chain transfer agent to control the polymerization process,
resulting in polymers with specic architectures and function-
alities.295 RAFT allows scientists to gra polymers onto cellulose
with controlled structures, further enhancing properties like
biodegradability and compatibility with various environmental
conditions.298,299

Fig. 5C illustrates various methods for modifying cellulose
surfaces with macromolecular compounds, each offering
tailored solutions for specic applications. The rst approach
(a) involves attaching polymers with isocyanate groups to
cellulose, creating stable urethane linkages that enhance the
material properties and compatibility.293,298 The second method
(b) entails reacting polymer amines with preoxidized cellulose
aldehyde groups, leading to the formation of imine linkages,
which modify the cellulose surface characteristics.298 The third
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24207
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Fig. 5 (A) Schematic representation illustrating pathways for modifying cellulose using small molecules, including esterification, acylation,
silanization, and modification with isocyanates. (B) Examples showcasing cellulose modification through grafting techniques such as ring-
opening polymerization (ROP), atom transfer radical polymerization (ATRP), and reversible addition–fragmentation chain transfer (RAFT)
polymerization. (C) Various methods explored for modifying the cellulose surface with macromolecular compounds using grafting techniques:
(a) attachment of polymers containing isocyanate groups, (b) interaction of polymer amines with aldehyde groups of preoxidized cellulose, (c and
d) modification of cellulose with epoxy-bearing polymers, and (e) modification via “click” reactions. Reproduced with permission from ref. 298,
copyright © 2022 MDPI.
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and fourth methods (c and d) involve incorporating epoxy-
bearing polymers, resulting in the creation of robust hybrid
materials with improved performance and stability. Finally, the
h method (e) employs “click” chemistry, where polymers
functionalized with azide or alkyne groups react with cellulose
aldehyde groups to form covalent bonds. This approach further
diversies the potential applications of modied cellulose.298

Click chemistry offers a robust and efficient strategy for the
graing of presynthesized polymers onto various substrates,
particularly in the context of cellulose-based materials. A
notable example is provided by Krouit et al.,300 who function-
alized cellulose bers via esterication with 10-undecynoic acid,
thereby introducing terminal alkyne groups suitable for
subsequent copper(I)-catalyzed azide–alkyne cycloaddition
(CuAAC). This heterogenous click reaction, performed in tetra-
hydrofuran (THF) at room temperature over 48 hours, enabled
the graing of azide-functionalized polycaprolactone (azide-
24208 | J. Mater. Chem. A, 2025, 13, 24185–24253
PCL) onto the modied cellulose surface. The successful azi-
dation of PCL was conrmed through a combination of Fourier-
transform infrared spectroscopy, X-ray photoelectron spectros-
copy, and nuclear magnetic resonance, and achieved a high
reaction yield exceeding 90%.300 Expanding on this approach,
Mincheva et al.301 demonstrated a similar CuAAC reaction
involving azidized cellulose nanocrystals (CNCs) and a prop-
argyl-terminated poly(L-lactide) (PLLA) in THF at 50 °C. The
resulting graing yielded a polymer-functionalized CNC surface
with a PLLA content of approximately 12 wt%, thereby high-
lighting the versatility of click chemistry in the development of
tailored polymer–cellulose hybrid materials.301 These studies
highlighted the potential of click chemistry not only for efficient
surface modication but also for achieving precise control over
graing density and polymer architecture in cellulose-based
composite systems.300,301
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
4

O
ve

rv
ie
w

o
f
re
ce

n
t
st
u
d
ie
s
fo
cu

se
d
o
n
ce

llu
lo
se
-b

as
e
d
e
le
ct
ro
d
e
m
at
e
ri
al
s
fo
r
(b
io
)s
e
n
si
n
g
o
f
d
iv
e
rs
e
an

al
yt
e
s

E
le
ct
ro
de

m
at
er
ia
ls

A
n
al
yt
es

Li
n
ea
r
ra
n
ge

D
et
ec
ti
on

li
m
it

M
ai
n
re
su

lt
s
ac
h
ie
ve
d

R
ef
.

C
el
lu
lo
se

n
an

o
be

rs
/F
e 3
O
4

co
m
po

si
te

m
od

i
ed

gl
as
sy

ca
rb
on

el
ec
tr
od

e
(G

C
E
)

H
yd

ra
zi
n
e

0.
00

1–
14

0
M

0.
5
n
M

E
n
h
an

ce
d
de

te
ct
io
n
of

h
yd

ra
zi
n
e
w
it
h
a
2.
3×

in
cr
ea
se

in
ox
id
at
io
n
cu

rr
en

ta
n
d
a
60

m
V
re
du

ct
io
n

in
ox
id
at
io
n
po

te
n
ti
al

co
m
pa

re
d
to

un
m
od

i
ed

G
C
E
.R

ec
ov
er
y
ra
n
ge
:9

7.
6–
10

4.
9%

19
3

Fe
3O

4
in
co
rp
or
at
ed

ce
llu

lo
se

n
an

o
be

r
co
m
po

si
te

(F
e 3
O
4
/C
N
F)

as
pa

rt
of

a
m
od

i
ed

ca
rb
on

pa
st
e
el
ec
tr
od

e
(C
PE

)

4-
C
h
lo
ro
ph

en
ol

(4
-C
P)

1.
0
n
M
–1
70

m
M

0.
5
n
M

-F
e 3
O
4
/C
N
F/
C
PE

de
m
on

st
ra
te
d
en

h
an

ce
d

se
n
si
ti
vi
ty

fo
r
de

te
ct
in
g
4-
C
P
co
m
pa

re
d
to

a
ba

re
C
PE

30
4

-T
h
e
ox
id
at
io
n
cu

rr
en

t
of

4-
C
P
in
cr
ea
se
d
by

ov
er

1.
67

ti
m
es

an
d
th
e
ox
id
at
io
n
po

te
n
ti
al

de
cr
ea
se
d
by

ap
pr
ox
im

at
el
y
12

0
m
V
at

op
ti
m
al

co
n
di
ti
on

s
-T

h
e
se
n
so
r
pe

rf
or
m
an

ce
w
as

va
li
da

te
d
w
it
h

a
re
co
ve
ry

ra
n
ge

of
98

.5
2–

10
3.
66

%
in

dr
in
ki
n
g

w
at
er

an
d
w
as
te
w
at
er

sa
m
pl
es

C
el
lu
lo
se

n
an

o
be

rs
(C
N
F)
,

gr
ap

h
en

e
ox
id
e
(G

O
),

ch
it
os
an

-g
ra
ph

en
e
ox
id
e

co
m
po

si
te
,

ac
et
yl
ch

ol
in
es
te
ra
se

(A
C
h
E
)

C
h
lo
rp
yr
if
os

(o
rg
an

op
h
os
ph

at
e

pe
st
ic
id
e)

25
–1
00

0
n
M

2.
2
n
M

-T
h
e
bi
os
en

so
r
ex
h
ib
it
ed

h
ig
h
se
n
si
ti
vi
ty

fo
r

de
te
ct
in
g
ch

lo
rp
yr
if
os

w
it
h
go

od
pe

rf
or
m
an

ce
ac
ro
ss

th
e
li
n
ea
r
ra
n
ge

of
25

–1
00

0
n
M

30

-T
h
e
de

te
ct
io
n
an

d
qu

an
ti

ca
ti
on

li
m
it
s
w
er
e
2.
2

n
M

an
d
73

n
M
,r
es
pe

ct
iv
el
y

-T
h
e
us

e
of

C
N
F
an

d
G
O

im
pr
ov
ed

th
e
se
n
so
r

se
n
si
ti
vi
ty
,m

ak
in
g
it
a
pr
ec
is
e,

qu
ic
k,

an
d
ec
o-

fr
ie
n
dl
y
m
et
h
od

fo
r
m
on

it
or
in
g
ch

lo
rp
yr
if
os

co
n
ta
m
in
at
io
n
in

w
at
er

an
d
ju
ic
e
sa
m
pl
es

C
el
lo
ZI
FP

ap
er
_i
n
si
tu

an
d

C
el
lo
ZI
FP

ap
er
_e
x
si
tu

(Z
IF
-

8
in
te
gr
at
ed

in
to

ce
llu

lo
se

pu
lp

or
T
E
M
PO

-o
xi
d
iz
ed

ce
llu

lo
se

n
an

o
br
il
s)

T
ox
ic

h
ea
vy

m
et
al
s,
su

ch
as

le
ad

io
n
s
(P
b2

+
)

—
8
m
M

fo
r
le
ad

io
n
s
(P
b2

+
)

-T
h
e
st
ud

y
de

m
on

st
ra
te
d
th
at

po
ro
us

ze
ol
it
ic

im
id
az
ol
at
e
fr
am

ew
or
ks

(Z
IF
-8
)
in
te
gr
at
ed

in
to

ce
llu

lo
se
-b
as
ed

pa
pe

rs
co
ul
d
be

us
ed

eff
ec
ti
ve
ly

as
ad

so
rb
en

ts
fo
r
h
ea
vy

m
et
al

re
m
ov
al

fr
om

w
at
er
,

w
it
h
ca
pa

ci
ti
es

ra
n
gi
n
g
fr
om

66
.2

to
35

4.
0
m
g
g−

1

30
9

-T
h
es
e
m
at
er
ia
ls

se
rv
ed

as
w
or
ki
n
g
el
ec
tr
od

es
fo
r

se
le
ct
iv
e
el
ec
tr
oc
h
em

ic
al

se
n
si
n
g
of

to
xi
c
m
et
al
s,

ad
va
n
ci
n
g
La

b-
on

-C
el
lo
ZI
FP

ap
er

te
ch

n
ol
og

ie
s
fo
r

la
be

l-f
re
e
h
ea
vy

m
et
al

de
te
ct
io
n

T
E
M
PO

-o
xi
di
ze
d
ce
llu

lo
se

n
an

o
be

rs
(T
O
C
)
lo
ad

ed
w
it
h
si
lv
er

n
an

op
ar
ti
cl
es

(A
gN

Ps
)
an

d/
or

gr
ap

h
it
e

(G
r)
,c

ro
ss
li
n
ke

d
by

ta
n
n
ic

ac
id

D
op

am
in
e
(D

A
)

0.
00

5–
25

0
m
M

0.
00

05
m
M

(S
/N

=
3)

-T
O
C
/A
gN

Ps
/G
r
co
m
po

si
te
-m

od
i
ed

el
ec
tr
od

e
ex
h
ib
it
ed

en
h
an

ce
d
el
ec
tr
oc
h
em

ic
al

pe
rf
or
m
an

ce
fo
r
do

pa
m
in
e
de

te
ct
io
n

30
5

-I
td

em
on

st
ra
te
d
a
w
id
e
li
n
ea
r
ra
n
ge
,l
ow

de
te
ct
io
n

li
m
it
,h

ig
h
se
n
si
ti
vi
ty
,a

n
d
ex
ce
lle

n
t
an

ti
-

in
te
rf
er
en

ce
ch

ar
ac
te
ri
st
ic
s

-S
en

so
rs

al
so

m
et

cl
in
ic
al

cr
it
er
ia

fo
r

re
pr
od

uc
ib
il
it
y,

se
le
ct
iv
it
y,

st
ab

il
it
y
an

d
re
co
ve
ry
,

off
er
in
g
a
pr
om

is
in
g
ap

pr
oa

ch
fo
r
do

pa
m
in
e

qu
an

ti

ca
ti
on

C
el
lu
lo
se

n
an

oc
ry
st
al
s

(C
N
C
)/
po

ly
an

il
in
e
(P
A
N
I)

co
m
po

si
te


lm

s

H
um

id
it
y,

pH
,o

rg
an

ic
so
lv
en

ts
—

—
-T

h
e
st
ud

y
de

ve
lo
pe

d
C
N
C
-P
A
N
I
an

d
C
N
C
-g
lu
co
se
-

PA
N
I

lm

s
w
it
h
br
ig
h
t
st
ru
ct
ur
al

co
lo
r
th
ro
ug

h
op

ti
m
iz
ed

se
lf
-a
ss
em

bl
y

30
3

-T
h
es
e

lm

s
sh

ow
ed

re
sp

on
si
ve
n
es
s
to

h
um

id
it
y,

pH
,a
n
d
or
ga

n
ic
so
lv
en

ts
,w

it
h
ch

an
ge
s
in

co
lo
r
an

d
co
n
du

ct
iv
it
y

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24209

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
4

(C
o
n
td
.)

E
le
ct
ro
d
e
m
at
er
ia
ls

A
n
al
yt
es

Li
n
ea
r
ra
n
ge

D
et
ec
ti
on

li
m
it

M
ai
n
re
su

lt
s
ac
h
ie
ve
d

R
ef
.

-A
tw

o-
la
ye
r
C
N
C
-P
A
N
I

lm

w
as

in
co
rp
or
at
ed

in
to

a
ci
rc
ui
t,
di
sp

la
yi
n
g
co
lo
r
ch

an
ge
s
an

d
in
cr
ea
se
d

co
n
du

ct
iv
it
y
in

re
sp

on
se

to
st
im

ul
i

-A
dd

it
io
n
al
ly
,a

PA
N
I
el
ec
tr
oc
h
ro
m
ic

de
vi
ce

w
it
h

C
N
C

lm

s
de

m
on

st
ra
te
d
ra
pi
d
co
lo
r
ch

an
ge

fr
om

gr
ee
n
to

bl
ue

up
on

ap
pl
yi
n
g
up

to
1.
5
V
,w

it
h
go

od
cy
cl
ab

il
it
y
an

d
po

te
n
ti
al

ap
pl
ic
at
io
n
s
in

in
fo
rm

at
io
n
en

cr
yp

ti
on

an
d
an

ti
-c
ou

n
te
rf
ei
ti
n
g

us
in
g
th
e
ch

ir
al

n
em

at
ic

C
N
C
pa

tt
er
n

Po
ly
an

il
in
e/
m
ul
ti
w
al
le
d

ca
rb
on

n
an

ot
ub

es
/

ca
rb
ox
ym

et
h
yl

ce
llu

lo
se

(P
A
N
I/
M
W
C
N
T
s/
C
M
C
)

A
sc
or
bi
c
ac
id

0.
05

–5
m
M

0.
01

m
M

-P
A
N
I/
M
W
C
N
T
s/
C
M
C
co
m
po

si
te

w
as

su
cc
es
sf
ul
ly

sy
n
th
es
iz
ed

an
d
ch

ar
ac
te
ri
ze
d,

ex
h
ib
it
in
g

en
h
an

ce
d
el
ec
tr
ic
al

an
d
el
ec
tr
oc
at
al
yt
ic

pr
op

er
ti
es

du
e
to

th
e
sy
n
er
gi
st
ic

eff
ec
ts

of
it
s
co
m
po

n
en

ts

31
0

-T
h
e
co
m
po

si
te

de
m
on

st
ra
te
d
a
la
rg
e
su

rf
ac
e
ar
ea
,

h
ig
h
po

re
vo
lu
m
e,

an
d
go

od
di
sp

er
si
on

in
aq

ue
ou

s
so
lu
ti
on

s
-A

s
an

el
ec
tr
oc
h
em

ic
al

se
n
so
r,
it
sh

ow
ed

a
li
n
ea
r

de
te
ct
io
n
ra
n
ge

fo
r
as
co
rb
ic

ac
id

an
d
a
h
ig
h

se
n
si
ti
vi
ty

of
10

0.
63

m
A
m
M

−1
cm

−2

M
n
O
2
/c
el
lu
lo
se

n
an

ow
h
is
ke

rs
h
yb

ri
d

m
at
er
ia
ls

H
yd

ro
ge
n
pe

ro
xi
de

0.
2–
40

0
m
M

0.
04

m
M

(S
/N

=
3)

-T
h
e
M
n
O
2/
ce
llu

lo
se

h
yb

ri
d
se
n
so
r
de

m
on

st
ra
te
d

h
ig
h
se
n
si
ti
vi
ty

(0
.7
0
m
A
m
M

−1
)
an

d
fa
st

el
ec
tr
oc
h
em

ic
al

re
sp

on
se

31
1

-T
h
e
se
n
so
r
sh

ow
ed

ex
ce
lle

n
t
pe

rf
or
m
an

ce
w
it
h

a
h
ig
h
re
co
ve
ry

ra
te

(9
3–
11

0%
)
in

re
al

sa
m
pl
e

de
te
ct
io
n

-C
h
ar
ac
te
ri
za
ti
on

te
ch

n
iq
ue

s
co
n

rm

ed
th
e

fo
rm

at
io
n
an

d
un

if
or
m

di
st
ri
bu

ti
on

of
M
n
O
2

n
an

op
ar
ti
cl
es

on
ce
llu

lo
se

n
an

ow
h
is
ke

rs
,

en
h
an

ci
n
g
el
ec
tr
oc
at
al
yt
ic
pr
op

er
ti
es

an
d
m
ak

in
g
it

su
it
ab

le
fo
r
se
n
so
r
ap

pl
ic
at
io
n
s

2,
2,
6,
6-

T
et
ra
m
et
h
yl
pi
pe

ri
di
n
e-
1-

ox
yl

(T
E
M
PO

)-
ox
id
iz
ed

ce
llu

lo
se

n
an

oc
ry
st
al
s

(T
O
C
N
C
s)

an
d

L-
cy
st
in
es

(L
-C
ys
)
m
od

i
ed

go
ld

(A
u
)

el
ec
tr
od

e
(T
O
C
N
C
/L
-C
ys
/

A
u
)

E
n
an

ti
om

er
s
of

ph
en

yl
al
an

in
e
(P
h
e)
,

le
u
ci
n
e
(L
eu

),
an

d
va
li
n
e

(V
al
)

—
—

-T
O
C
N
C
/ L
-C
ys
/A
u
el
ec
tr
od

e
di
sc
ri
m
in
at
ed

be
tw

ee
n

en
an

ti
om

er
s
of

th
e
am

in
o
ac
id
s
Ph

e,
Le

u,
an

d
V
al
,

w
h
ic
h
ar
e
re
le
va
n
t
to

m
et
ab

ol
ic

di
se
as
es

31
2

-T
h
e
se
n
so
r
sh

ow
ed

si
gn

i
ca
n
t
di
ff
er
en

ce
s
in

pe
ak

cu
rr
en

ts
fo
r
di
ff
er
en

t
am

in
o
ac
id

en
an

ti
om

er
s,

co
n

rm

ed
by

cy
cl
ic

vo
lt
am

m
et
ry

(C
V
)
an

d
di
ff
er
en

ti
al

pu
ls
e
vo
lt
am

m
et
ry

(D
PV

)
-T

h
e
el
ec
tr
od

e
de

m
on

st
ra
te
d
eff

ec
ti
ve
n
es
s
in

di
st
in
gu

is
h
in
g
d-

an
d

L-
Ph

e
an

d
sh

ow
ed

po
te
n
ti
al

fo
r
ch

ir
al

se
n
si
n
g
an

d
m
et
ab

ol
ic

di
se
as
e
di
ag

n
os
is

G
ra
ph

en
e
ox
id
e/
ce
llu

lo
se

n
an

o
br
il
co
m
po

si
te

(G
O
/C
N
F)

m
od

i
ed

ca
rb
on

pa
st
e
el
ec
tr
od

e
(G

O
/C
N
F/
C
PE

)

p-
N
it
ro
ph

en
ol

3.
0
n
M
–2
10

m
M

0.
8
n
M

-T
h
e
G
O
/C
N
F/
C
PE

de
m
on

st
ra
te
d
h
ig
h
se
n
si
ti
vi
ty
,

se
le
ct
iv
it
y,
an

d
ac
cu

ra
cy

fo
r
de

te
ct
in
g
p-
n
it
ro
ph

en
ol

in
w
at
er

sa
m
pl
es

31
3

-T
h
e
se
n
so
r
sh

ow
ed

a
w
id
e
li
n
ea
r
ra
n
ge

an
d
a
lo
w

de
te
ct
io
n
li
m
it
,m

ak
in
g
it
eff

ec
ti
ve

fo
r

en
vi
ro
n
m
en

ta
l
m
on

it
or
in
g
an

d
an

al
ys
is

24210 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
4

(C
o
n
td
.)

E
le
ct
ro
d
e
m
at
er
ia
ls

A
n
al
yt
es

Li
n
ea
r
ra
n
ge

D
et
ec
ti
on

li
m
it

M
ai
n
re
su

lt
s
ac
h
ie
ve
d

R
ef
.

G
ra
ph

it
e/
ce
llu

lo
se

n
an

o
be

rs
-s
il
ve
r

n
an

op
ar
ti
cl
es

(G
r/
C
N
F-
A
gN

Ps
)

A
sc
or
bi
c
ac
id

(A
A
),

do
pa

m
in
e
(D

A
),

pa
ra
ce
ta
m
ol

(P
A
)

W
id
e
ra
n
ge

fo
r
al
l

an
al
yt
es

0.
02

9
m
m
ol

L−
1
fo
r
A
A
,

0.
03

4
m
m
ol

L−
1
fo
r
D
A
,

0.
01

9
m
m
ol

L−
1
fo
r
PA

-T
h
e
st
ud

y
de

ve
lo
pe

d
a
vo
lt
am

m
et
ri
c
bi
os
en

so
r

us
in
g
a
co
m
po

si
te

of
ce
llu

lo
se

n
an

o
be

rs
(C
N
Fs
)

ex
tr
ac
te
d
fr
om

su
ga

r
ca
n
e
ba

ga
ss
e
an

d
in

si
tu

sy
n
th
es
iz
ed

si
lv
er

n
an

op
ar
ti
cl
es

(A
gN

Ps
)

31
4

-T
h
e
A
gN

Ps
-C
N
Fs

n
an

oc
om

po
si
te

el
ec
tr
od

e
ex
h
ib
it
ed

a
la
rg
e
su

rf
ac
e
ar
ea
,h

ig
h
se
le
ct
iv
it
y,

an
d

lo
w
de

te
ct
io
n
li
m
it
s
fo
r
A
A
,D

A
,a

n
d
PA

-I
t
de

m
on

st
ra
te
d
ex
ce
lle

n
t
an

ti
-in

te
rf
er
en

ce
pr
op

er
ti
es

an
d
w
as

us
ed

to
an

al
yz
e
th
es
e
an

al
yt
es

in
h
um

an
ur
in
e
an

d
bl
oo

d
se
ru
m

PA
N
I/
D
-C
M
C
/Z
n
O

(p
ol
ya
n
il
in
e/
di
al
de

h
yd

e
ca
rb
ox
ym

et
h
yl

ce
llu

lo
se
/

Zn
O

n
an

op
ar
ti
cl
es
)

H
yd

ro
ge
n
pe

ro
xi
de

(H
2O

2
)

0.
50

to
5
m
M

an
d
10

to
50

m
M

0.
45

m
M

-T
h
e
st
ud

y
de

ve
lo
pe

d
a
h
ig
h
ly

se
n
si
ti
ve

vo
lt
am

m
et
ri
c
se
n
so
r
fo
r
H

2
O
2
us

in
g
a
h
yb

ri
d
PA

N
I/

D
-C
M
C
/Z
n
O

m
at
er
ia
l

30
6

-T
h
e
se
n
so
r
de

m
on

st
ra
te
d
h
ig
h
co
n
du

ct
iv
it
y
an

d
a
go

od
pe

rf
or
m
an

ce
w
it
h
a
li
n
ea
r
ra
n
ge

an
d
lo
w

de
te
ct
io
n
li
m
it
of

0.
45

m
M

fo
r
H

2O
2
un

de
r
op

ti
m
al

co
n
di
ti
on

s
(p
H

5.
7)

-T
h
e
se
n
so
r
eff

ec
ti
ve
ly

m
ea
su

re
d
H

2
O
2
in

re
al

sa
m
pl
es
,s

uc
h
as

m
il
k

PA
N
I/
ce
llu

lo
se
/W

O
3

co
m
po

si
te

A
ce
to
n
e

0
to

10
0
pp

m
v

10
pp

m
-A

n
el
ec
tr
oc
h
em

ic
al

se
n
so
r
w
as

de
ve
lo
pe

d
us

in
g

a
co
m
po

si
te

of
po

ly
an

il
in
e
(P
A
N
I)
an

d
tu
n
gs
te
n

tr
io
xi
de

(W
O
3
)
do

pe
d
w
it
h
ce
llu

lo
se

4

-T
h
e
se
n
so
r
op

er
at
es

eff
ec
ti
ve
ly

at
ro
om

te
m
pe

ra
tu
re
,d

et
ec
ti
n
g
ac
et
on

e
w
it
h
a
h
ig
h

se
n
si
ti
vi
ty

an
d
ac
cu

ra
cy

-I
td

em
on

st
ra
te
d
a
li
n
ea
r
re
sp

on
se

w
it
h
an

R
2
va
lu
e

of
0.
99

41
5
an

d
a
re
la
ti
ve

st
an

da
rd

de
vi
at
io
n
(R
SD

)
of

5%
-T

h
e
se
n
so
r
ac
h
ie
ve
d
a
de

te
ct
io
n
li
m
it
of

10
pp

m
,

ov
er
co
m
in
g
th
e
ch

al
le
n
ge

of
h
ig
h
op

er
at
in
g

te
m
pe

ra
tu
re
s
ty
pi
ca
lly

as
so
ci
at
ed

w
it
h
ac
et
on

e
se
n
si
n
g

Fe
3O

4
@
ce
llu

lo
se

n
an

oc
ry
st
al
s/
C
u

n
an

oc
om

po
si
te

(F
e 3
O
4
@
C
N
C
/C
u)

on
a
gr
ap

h
it
e
sc
re
en

-p
ri
n
te
d

el
ec
tr
od

e

V
en

la
fa
xi
n
e

0.
05

–6
00

.0
m
M

0.
01

m
M

-T
h
e
Fe

3
O
4
@
C
N
C
/C
u
n
an

oc
om

po
si
te

w
as

su
cc
es
sf
ul
ly

sy
n
th
es
iz
ed

us
in
g
a
pl
an

t
ex
tr
ac
t
as

a
gr
ee
n
re
du

ci
n
g
ag

en
t

30
8

-T
h
is
n
an

oc
om

po
si
te

w
as

us
ed

to
m
od

if
y
a
gr
ap

h
it
e

sc
re
en

-p
ri
n
te
d
el
ec
tr
od

e,
en

ab
li
n
g
se
n
si
ti
ve

de
te
ct
io
n
of

ve
n
la
fa
xi
n
e

-T
h
e
se
n
so
r
de

m
on

st
ra
te
d
a
w
id
e
li
n
ea
r
ra
n
ge

an
d

a
lo
w
de

te
ct
io
n
li
m
it
fo
r
ve
n
la
fa
xi
n
e

-I
t
pr
ov
ed

to
be

se
le
ct
iv
e
an

d
pr
ec
is
e
fo
r
de

te
ct
in
g

ve
n
la
fa
xi
n
e
in

ur
in
e,

w
at
er
,a

n
d
ph

ar
m
ac
eu

ti
ca
l

sa
m
pl
es

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24211

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
4

(C
o
n
td
.)

E
le
ct
ro
d
e
m
at
er
ia
ls

A
n
al
yt
es

Li
n
ea
r
ra
n
ge

D
et
ec
ti
on

li
m
it

M
ai
n
re
su

lt
s
ac
h
ie
ve
d

R
ef
.

Q
ua

te
rn
iz
ed

ce
llu

lo
se

n
an

op
ar
ti
cl
es

(Q
C
s)
/

ac
et
yl
en

e
bl
ac
k
(A
B
)/

en
zy
m
es

co
m
po

si
te

el
ec
tr
od

es

H
yd

ro
ge
n
pe

ro
xi
de

(H
2O

2
),

gl
uc

os
e

—
—

-T
h
e
Q
C
s-
A
B
co
m
po

si
te

el
ec
tr
od

es
de

m
on

st
ra
te
d

ex
ce
lle

n
t
el
ec
tr
oc
at
al
yt
ic

pe
rf
or
m
an

ce
w
it
h
fa
st

re
sp

on
se
,h

ig
h
se
n
si
ti
vi
ty
,a

n
d
go

od
st
ab

il
it
y
fo
r

de
te
ct
in
g
H

2
O
2
an

d
gl
uc

os
e

20
7

-T
h
e
co
m
po

si
te

m
at
er
ia
lf
ac
il
it
at
ed

eff
ec
ti
ve

di
re
ct

el
ec
tr
on

tr
an

sf
er

fo
r
gl
uc

os
e
ox
id
as
e
(G

O
D
)
an

d
h
em

og
lo
bi
n
(H

b)
im

m
ob

il
iz
ed

on
th
e
el
ec
tr
od

e
-T

h
is

ap
pr
oa

ch
off

er
s
a
pr
om

is
in
g
pl
at
fo
rm

fo
r
th
e

de
ve
lo
pm

en
t
of

un
m
ed

ia
te
d
en

zy
m
e
bi
os
en

so
rs

C
el
lu
lo
se

m
ic
ro

be

rs
su

pp
or
te
d
re
du

ce
d

gr
ap

h
en

e
ox
id
e
(r
G
O
)

co
m
po

si
te

Fe
n
it
ro
th
io
n

U
p
to

1.
13

4
m
M

8
n
M

-T
h
e
ce
llu

lo
se

m
ic
ro

be

rs
su

pp
or
te
d
rG

O
co
m
po

si
te

el
ec
tr
od

e
de

m
on

st
ra
te
d
su

pe
ri
or

el
ec
tr
o-

re
du

ct
io
n
ab

il
it
y
an

d
lo
w
er

re
du

ct
io
n
po

te
n
ti
al

fo
r

fe
n
it
ro
th
io
n
co
m
pa

re
d
to

ot
h
er

m
od

i
ed

el
ec
tr
od

es

31
5

-I
ts
h
ow

ed
a
re
du

ct
io
n
po

te
n
ti
al

14
1
m
V
lo
w
er

th
an

a
ch

em
ic
al
ly

re
du

ce
d
rG

O
-c
el
lu
lo
se

m
ic
ro

be

rs
co
m
po

si
te

-T
h
e
el
ec
tr
od

e
ac
h
ie
ve
d
a
w
id
e
li
n
ea
r
re
sp

on
se

ra
n
ge

an
d
a
lo
w
de

te
ct
io
n
li
m
it
,a

n
d
it
w
as

su
cc
es
sf
ul
ly

us
ed

fo
r
de

te
ct
in
g
fe
n
it
ro
th
io
n
in

va
ri
ou

s
w
at
er

sa
m
pl
es

C
om

po
si
te

se
n
so
r
of

ce
llu

lo
se

n
an

oc
ry
st
al
s

(C
N
C
s)

an
d
m
ul
ti
w
al
l

ca
rb
on

n
an

ot
ub

es
(M

W
C
N
T
s)

T
ry
pt
op

h
an

(T
rp
)

en
an

ti
om

er
s

( L
-T
rp

an
d

D
-T
rp
)

—
—

-T
h
e
ch

ir
al

se
n
so
r
de

m
on

st
ra
te
d
ra
pi
d,

h
ig
h
-

se
n
si
ti
vi
ty
,a

n
d
st
ab

le
di
sc
ri
m
in
at
io
n
of

T
rp

en
an

ti
om

er
s,

w
it
h
a
3.
5-
fo
ld

h
ig
h
er

pe
ak

cu
rr
en

t
ra
ti
o
fo
r
L-
T
rp

co
m
pa

re
d
to

D
-T
rp

un
de

r
op

ti
m
al

co
n
di
ti
on

s
(p
H

7.
0,

25
°C

)

31
6

-T
h
e
se
n
so
r
pe

rf
or
m
an

ce
va
ri
ed

w
it
h
C
N
C
ty
pe

(s
-

C
N
C
s
fr
om

H
2
SO

4
-h
yd

ro
ly
si
s
vs
.h

-C
N
C
s
fr
om

H
C
l-

h
yd

ro
ly
si
s)
,h

ig
h
li
gh

ti
n
g
di
ff
er
en

t
affi

n
it
ie
s
an

d
ch

ir
al

re
co
gn

it
io
n
eff

ec
ts

-T
h
e
co
m
bi
n
at
io
n
of

C
N
C
ch

ir
al

re
co
gn

it
io
n
an

d
M
W
C
N
T
s
si
gn

al
am

pl
i
ca
ti
on

pr
ov
id
ed

an
eff

ec
ti
ve

m
et
h
od

fo
r
di
st
in
gu

is
h
in
g
T
rp

en
an

ti
om

er
s

N
an

op
or
ou

s
go

ld
el
ec
tr
od

e
ar
ra
ys

on
ce
llu

lo
se

m
em

br
an

es

O
xy
ge
n
(O

2
)

0.
05

4
to

0.
17

7
v/
v
%

0.
00

75
%

-A
n
ov
el
,c

os
t-
eff

ec
ti
ve
,a

n
d

ex
ib
le

pa
pe

r-
ba

se
d

el
ec
tr
oc
h
em

ic
al

O
2
se
n
so
r
w
as

de
ve
lo
pe

d
us

in
g

n
an

op
or
ou

s
go

ld
el
ec
tr
od

e
ar
ra
ys

on
ce
llu

lo
se

m
em

br
an

es
an

d
an

io
n
ic

li
qu

id
el
ec
tr
ol
yt
e

(B
M
IM

PF
6)

19
5

-T
h
e
se
n
so
r
de

m
on

st
ra
te
d
h
ig
h
se
n
si
ti
vi
ty
,a

lo
w

de
te
ct
io
n
li
m
it
,a

n
d
a
ra
pi
d
re
sp

on
se

ti
m
e
of

le
ss

th
an

10
s,

m
ak

in
g
it
h
ig
h
ly

pr
om

is
in
g
fo
r

en
vi
ro
n
m
en

ta
l
m
on

it
or
in
g
an

d
ga

s
se
n
si
n
g

ap
pl
ic
at
io
n
s

24212 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
4

(C
o
n
td
.)

E
le
ct
ro
d
e
m
at
er
ia
ls

A
n
al
yt
es

Li
n
ea
r
ra
n
ge

D
et
ec
ti
on

li
m
it

M
ai
n
re
su

lt
s
ac
h
ie
ve
d

R
ef
.

A
ss
em

bl
y
of

ce
llu

lo
se

gr
a

ed
w
it
h
h
yd

ro
xy
pr
op

yl
-

b
-c
yc
lo
de

xt
ri
n
s
(C
M
C
-C
D
),

m
ul
ti
-w
al
le
d
ca
rb
on

n
an

ot
ub

es
(M

W
C
N
T
s)

an
d

co
pp

er
io
n
s
on

th
e
su

rf
ac
e

of
a
G
C
E

T
ry
pt
op

h
an

(T
rp
)

en
an

ti
om

er
s
( L
-T
rp

an
d

D
-T
rp
)

—
—

-T
h
e
de

ve
lo
pe

d
se
n
so
r
ex
h
ib
it
ed

si
gn

i
ca
n
t
ch

ir
al

re
co
gn

it
io
n
ca
pa

bi
li
ty

fo
r
T
rp

en
an

ti
om

er
s,

w
it
h

a
d
iff
er
en

ti
al

pu
ls
e
vo
lt
am

m
et
ry

(D
PV

)
ox
id
at
io
n

pe
ak

cu
rr
en

t
ra
ti
o
(I
L/
ID

)
of

2.
2

30
7

-T
h
e
se
n
so
r
sh

ow
ed

a
st
ro
n
ge
r
el
ec
tr
oc
h
em

ic
al

si
gn

al
fo
r
L-
T
rp

co
m
pa

re
d
to

D
-T
rp
,i
n
di
ca
ti
n
g

a
h
ig
h
er

affi
n
it
y
fo
r
L-
T
rp
.T

h
e
se
n
so
r
w
as

su
cc
es
sf
ul
ly

ap
pl
ie
d
to

qu
an

ti
fy

D
-T
rp

in
a
ra
ce
m
ic

m
ix
tu
re

This journal is © The Royal Society of Chemistry 2025

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.2. Nanocellulose in (bio)sensor applications

Nanocellulose, encompassing various forms, stands out as
a class of environmentally friendly materials with remarkable
properties, making them increasingly prominent in modern
technology.56,61,302 In the context of biosensor materials derived
from cellulose, the signicance of cellulose and its derivatives
including cellulose-based composites has been extensively
explored. Nanocelluloses, in particular, have proven highly
valuable in a wide array of biosensing applications, enabling the
detection of diverse analytes across multiple elds.193–195,302 The
research summarized in Table 4 underscores the growing trend
of using cellulose-based materials to enhance the sensitivity,
selectivity and performance of electrochemical sensors. These
cellulose-based materials, oen integrated with additional
functional components, have proven to be highly effective in
improving sensor capabilities for detecting a wide range of
analytes.193,195,230,302 Various cellulose-based composites, ach-
ieved by incorporating in cellulosic matrices, additive materials
such as metal oxides,193 graphene,30 or polyaniline,303 have been
integrated into electrodes to detect a range of analytes,
including hydrazine,193 4-chlorophenol,304 dopamine,305

hydrogen peroxide,306 and tryptophan enantiomers.307 These
composite materials, when used as electrodes, exhibit improved
sensor performance, marked by lower detection limits, broader
linear ranges, and enhanced signal responses compared to
unmodied electrodes.30,305–307 These advancements are attrib-
uted to the interesting physicochemical properties of cellulose,
which when combined with conductive materials like carbon
nanotubes or metal nanoparticles, result in superior electro-
chemical activity.30,306,308 Additionally, the incorporation of
cellulose derivatives in composite lms has enabled the devel-
opment of multifunctional sensors that are responsive not only
to chemical analytes but also to environmental factors such as
humidity and pH.303 By functionalizing cellulose with specic
groups or embedding it with conductive nanoparticles, these
composite lms can detect a wide range of environmental
changes. For instance, cellulose-based sensors can undergo
physical transformations, such as swelling or shrinking in
response to variations in humidity or pH, leading to changes in
conductivity or optical properties that are easily measurable.
This makes them ideal for real-time monitoring applications in
diverse elds where both chemical and environmental param-
eters should be continuously assessed.303 The research
described in Table 4 highlights recent advancements in the
development of cellulose-based electrode materials for the (bio)
sensing of a broad range of analytes.

3.2.1 Enhancing gas sensor performance with
nanocellulose-based composites. Nanocellulose has found
extensive applications, particularly in the development of gas
sensors. Gas sensors, also known as gas detectors, play a vital
role in detecting and identifying various gases for safety and
environmental monitoring purposes. They are widely used to
detect toxic or explosive gases and measure gas concentra-
tions.317 Emerging technologies in hazardous gas sensing
require easy-to-use, cost-effective solutions for widespread
adoption.21,22 In this regard, nanocellulose, with its renewable
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24213
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nature, low cost, abundance, high porosity, mechanical
strength, and exibility, offers promising properties for modi-
fying gas sensor materials. Traditionally, gas sensors have been
fabricated using inorganic semiconductor metal oxides such as
TiO2, Fe2O3 and ZnO.318–320 However, these materials oen
suffer from instability due to the ionic conduction charge on
their surfaces. In contrast, organic conducting polymers
possess free electrons along their polymer chains, which
enhance their conductivity. Additionally, semiconductor metal
oxides typically require high operating temperatures, while
organic conducting polymers like polyaniline (PANI) or poly-
pyrrole (PPy), offer cost-effective synthesis and faster response
times at moderate temperatures.317,321 Combining semi-
conductor metal oxides or organic conducting polymers with
nanocellulose can signicantly enhance electrical conductivity,
sensitivity and performance of resulting modied
sensors.21,313,314,322 Several studies have focused on incorporating
nanocelluloses into electrically conductive matrices to enhance
the electrical properties of the resulting composites, as well as
the performance of sensors modied with these electrically
conductive cellulose-based composites.308,323 For example,
composite nanobers of cellulose/TiO2/PANI prepared a room
temperature showed improved ammonia sensing performance
at room temperature (Fig. 6A), attributed to enhanced surface
area and specic surface characteristics of composites due to
PANI presence in the electrode materials (Fig. 6B).324 The
ammonia sensing performance was assessed using a custom
test system at room temperature (Fig. 6C). TiO2 contributed to
Fig. 6 (A) Scheme depicting the formation of cellulose/TiO2/PANI com
(SEM) images showcasing cellulose (a), cellulose/TiO2 (b), cellulose/PAN
representation of the homemade gas sensing test system. (D) Respons
ammonia (b), and selectivity (c) of cellulose/TiO2/PANI composite nano
Elsevier.

24214 | J. Mater. Chem. A, 2025, 13, 24185–24253
enhanced response values and sensitivity of developed sensors.
Selectivity tests revealed the sensor high specicity to ammonia
over acetone, ethanol, and methanol at 250 ppm concentration,
showcasing its practical applicability (Fig. 6D).324 Similarly, Hu
et al.194 successfully fabricated a novel formaldehyde sensor
using nanobrous polyethyleneimine (PEI)/BNC membranes
coated on quartz crystal microbalance. This sensor exhibited
good selectivity towards formaldehyde and demonstrated
excellent reversibility, reproducibility, and linearity with
increasing formaldehyde concentrations.194 In addition, Rah-
man et al.325 fabricated electrospun nanobers and solution-
casting nanolms from environmentally friendly cellulose
acetate blended with glycerol, mixed with PPy, and doped with
tungsten oxide (WO3) nanoparticles. They developed sensing
membranes for the detection of H2S gas at room temperature.325

The sensors operated at 20 °C and detected H2S concentrations
as low as 1 ppm. They demonstrated rapid response times of
22.8 and 31.7 s for the nanober and nanolm sensors,
respectively, with excellent reproducibility, stability, and low
humidity dependence.325 In a recent work, cellulose was used as
an eco-friendly support for a exible gas sensor, which was
developed using spray-coated oxidized single-walled carbon
nanotube (Oxy-SWCNT) bundles.326 The oxygen functionaliza-
tion of the outer SWCNTs enhanced solution processability and
gas selectivity, while the inner SWCNTs provided efficient
charge transport. The cellulose-supported sensor outperformed
silicon-based sensors, showing an improved NO2 response and
cross-sensitivity to other gases due to polar glycosidic linkages.
posite from cellulose acetate (CA). (B) Scanning Electron Microscopy
I (c), and cellulose/TiO2/PANI composite nanofibers (d). (C) Schematic
e to varying concentrations of ammonia (a), repeatability to 250 ppm
fibers. Reproduced with permission from ref. 324, copyright © 2016

This journal is © The Royal Society of Chemistry 2025
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Surface roughness engineering with halloysite nanotubes
further enhanced the NO2 response, achieving an ultralow
detection limit of 0.43 ppb.326

Bacterial nanocellulose, renowned for its abundant hydroxyl
(–OH) groups and enhanced mechanical properties, has been
combined with metal oxides to design composite materials for
gas sensors. These sensors showed promising responses to
a range of chemical compounds, including nitrogen dioxide,
acetone, and ethanol, at ambient temperatures.22 Additionally,
leveraging the electrical conductivity and stability of aniline
with cellulose nanopaper cross-linked with amino graphene has
Fig. 7 (A) Illustration of the integrated polymer concentrator/single-
concentrating layer absorbed and concentrated analytes, delivering them
with 9 sensors deposited on interdigitated microelectrode array (IDA). SE
on IDA. (C) (a) Normalized conductance changes [−DG/G0 (%)] of F5Ph-C
conductance changes when exposed to benzene, toluene, and m-xyle
responses were consistent, as shown by grey curves representing the
copyright © 2016MDPI. (D) Sensing performance plot of PF2L/sc-SWCNT
NH3 vapor (a and b) and NO2 (c and d) using the PF2L/sc-SWCNTs sensor

This journal is © The Royal Society of Chemistry 2025
led to the development of CO2 gas sensors with heightened
sensitivity and rapid response characteristics across the range
of CO2 concentrations tested.21 In industrial applications,
carbon-derived materials interacting with cellulose –OH groups
can form a network widely used for chemical gas sensing.20,327

For instance, the integration of conductive carbon-based
materials in cellulose matrix highlighted the potential of
composite materials for precise chemical gas sensing applica-
tions. Im et al.328 developed an integrated cellulose polymer
concentrator/single-walled carbon nanotube (SWCNT) sensing
system for detecting benzene, toluene, and xylenes (BTX)
walled carbon nanotubes (SWCNT) sensing system. The cellulose
rapidly to the SWCNT sensing layer. (B) (a) Images of the array device

M images of (b) bare IDA, (c) SWCNTs on IDA, and (d) F5Ph-CA/SWCNT
A/SWCNT system when exposed to 529 ppm benzene, (b) normalized
ne vapors compared to pristine SWCNT sensor (c). Duplicate sensor
second sensor response. Reproduced with permission from ref. 328,
s sensors for detecting NH3 vapor and NO2. (E) LED-based detection of
. Reproduced with permission from ref. 329, copyright © 2024 Elsevier.
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vapors, as shown in Fig. 7A. SEM images (Fig. 7B) of the
developd composite materials revealed a reduced SWCNT
network aer coating with cellulose acetate.328 The system
exhibited high sensitivity, with limits of detection for benzene,
toluene, and m-xylene vapors recorded at 55 ppm, 19 ppm, and
14 ppm, respectively. Furthermore, the sensor demonstrated
excellent selectivity and fast response times, reaching equilib-
rium in less than 10 seconds (Fig. 7C).328 Zhang et al.329

synthesized a polymer with two Schiff base side chains (PF2L)
via the Suzuki coupling reaction, improving polymer solubility.
They used PF2L to selectively sort semiconductor single-walled
carbon nanotubes (sc-SWCNTs) from commercial SWCNTs,
forming PF2L/sc-SWCNTs composites. The incorporation of
side chains enhanced p–p interactions within the polymer and
between the polymer and sc-SWCNTs, promoting better
dispersion of the nanotubes.329 The resulting PF2L/sc-SWCNTs-
based gas sensors were fabricated using a drop-coating method
and tested for gases with different properties, such as NH3 and
NO2 (Fig. 7D). The sensors exhibited responses of 2.415% for
NH3 and 14.85% for NO2 at 1 ppm. The response and recovery
times for NH3 were 50 s and 220 s, respectively, and for NO2, 59 s
and 733 s. They also developed an LED-based detection device
for selective NH3 and NO2 discrimination as displayed in
Fig. 7E, showcasing the potential of this device for dual gas
sensing.329

3.2.2 Versatile nanocellulose-based chemical sensor plat-
forms. Studies have explored the integration of nanocellulose
into chemical sensing, demonstrating its potential across
various platforms. Different nanocellulose-based sensing
systems have been developed, showcasing their versatility in
different dimensional forms. One-dimensional (1D) systems
enhance sensitivity and specicity. In 1D systems, nano-
cellulose is oen used in the form of bers to construct highly
sensitive and specic sensors. These bers exhibit remarkable
responsiveness due to their structural alignment and high
aspect ratio, which enhances their interaction with targeted
analytes.330 Two-dimensional (2D) platforms, such as papers
and lms, offer increased surface area and porosity for
improved detection. These 2D structures are particularly effec-
tive at enhancing sensor performance by providing a large
number of reactive sites for analyte interaction, which in turn
increases the detection sensitivity. The high porosity of 2D
nanocellulose materials facilitates the rapid diffusion of target
molecules, allowing for quicker and more efficient sensing
responses. Additionally, the ability to produce nanocellulose
lms and papers at low cost and large scale has spurred their
use in a variety of applications.325,327 Three-dimensional (3D)
matrices, like aerogels and hydrogels, provide precise control
over sensors and facilitate better analyte interactions. 3D
nanocellulose systems can be engineered to have specic
structural characteristics, such as pore size and mechanical
strength, which can be optimized for particular sensing appli-
cations.331,332 Aerogels, for instance, are highly porous, light-
weight materials characterized by low density and high surface
area, making them ideal for applications requiring rapid ana-
lyte diffusion and high adsorption capacity.331,333 When func-
tionalized with conductive materials or nanoparticles, these 3D
24216 | J. Mater. Chem. A, 2025, 13, 24185–24253
aerogels can be used as electrodes in electrochemical sensors or
as platforms for the detection of gases, biomolecules, and
environmental pollutants.331,333,334 Hydrogels, on the other
hand, are water-absorbing materials that undergo signicant
swelling and contraction in response to environmental changes,
such as pH, temperature, or ionic strength. These properties
allow hydrogels to be used in sensors that detect changes in
biological environments or chemical processes.335–337

3.2.2.1 1D ber-based sensors. These sensors offer numerous
advantages, such as exibility and excellent mechanical prop-
erties, making them ideal for a variety of applications. The
orientation of nanobers within a single ber is a crucial factor
inuencing their performance.338 Nawaz et al.330 developed
a highly selective and sensitive uorescent sensor, Phen-MDI-
CA, for detecting Fe2+. This sensor was synthesized by chemi-
cally bonding 1,10-phenanthroline-5-amine (Phen) to cellulose
acetate (CA) bers, using 4,40-methylene diphenyl diisocyanate
(MDI) as a crosslinker.330 The synthesized Phen-MDI-CA dis-
solved easily in DMSO and dimethylformamide, enabling the
creation of versatile materials such as uorescent inks, exible
lms, coatings, and microspheres, all emitting bright blue
uorescence (Fig. 8A). The process involved homogeneous
reaction conditions, which ensured a robust sensor structure,
as depicted in Fig. 8B.330 This work demonstrates the potential
of 1D ber-based sensors for high-performance analyte detec-
tion. Fluorescence-based detection showed a linear correlation
between emission intensity and Fe2+ concentration, with
a detection limit of 2.6 ppb. Selectivity tests conrmed the high
specicity of the sensor for detecting Fe2+ ions. In comparison,
UV-visible absorption also displayed selectivity but with
a higher detection limit of 4.0 ppb (Fig. 8C).330

In another study conducted by Yao et al.,339 a novel multi-
color (green, yellow, and orange) macrober-based biosensor
was developed using moderately oriented bacterial cellulose
nanobers (BCNs) through a wet spinning process.339 This
biosensor assembled CdTe-loaded BCNs onto a 1D structure,
enabling pH and glucose sensing functionalities. The resulting
macrobers exhibited sigmoidal pH dependence and high
sensitivity to glucose concentrations, promising signicant
advancements in biosensing by providing a versatile platform
for precise and efficient analyte detection.339 Moreover, Teodoro
et al.340 synthesized a hybrid material comprising cellulose
nanowinkers and silver nanoparticles (AgNPs) for colorimetric
detection of H2O2. The hybrid sensor demonstrated high
sensitivity and selectivity, achieving impressive limits of detec-
tion (0.014 mM for concentrations ranging from 0.01–30 mM and
112 mM for concentrations from 60–600 mM).340 Orelma et al.341

developed an optical cellulose ber specically designed for
water sensing applications. They observed a reversible attenu-
ation of over 30 dB upon immersion in water. This innovative
approach highlights the potential of cellulose-based materials
in advancing sensor technologies, particularly in the area of
water quality monitoring.341 Furthermore, Kumari et al.342

combined cellulose extracted from pine needles with lysine
Schiff base to fabricate a sensor-adsorbent for mercury ions.
They achieved using this developd sensor a maximum adsorp-
tion capacity of 258.75 mg g−1.342 Fu et al.343 introduced a simple
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (A) Photos of Phen-MDI-CA in differentmaterial forms under visible and 365 nmUV light: (a) fluorescent printing on filter paper, (b) flexible
fluorescent film, and (c) coatings on glass and steel. (B) Fe2+ ion detection in multimode. Detection mode 1: fluorescence quenching upon
adding Fe2+ aqueous solution (50 ppb) into Phen-MDI-CA (7.23 × 10−6 M in DMSO). Detection mode 2: visual color change upon adding Phen-
MDI-CA into a metal-ion aqueous solution. Detection mode 3: visual color change of test papers by adding metal ions (1 ppm). (C) (a) Fluo-
rescence spectra of Phen-MDI-CA with different Fe2+ ion concentrations. Inset: photos of Phen-MDI-CA/DMSO solutions before and after Fe2+

ion addition under UV light. (b) Emission intensity vs. Fe2+ concentration. (c) Effect of Fe2+ concentration on emission intensity change. (d)
Fluorescent response of Phen-MDI-CA with various metal aqueous solutions (0.045 mM) using 365 nm excitation wavelength for all
measurements. Reproduced with permission from ref. 330, copyright © 2018 American Chemical Society.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24217
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method for synthesizing and immobilizing polyaniline nano-
rods onto carboxymethyl cellulose (CMC)-modied cellulose
nanobers, specically designed for biosensing applications.
This resulted in a biosensor with a detection limit of 0.374 M
and a linear response range from 0.497 M to 2.27 mM.343

Moreover, Davis and co-workers344 developed a novel method to
encapsulate ionic uorescent dendrimers (AFD) into cellulose
acetate (CA) nanobers, enabling the detection of metal-
loproteins through a quenching mechanism. Fig. 9A shows the
schematic of the electrospinning setup, dendrimer encapsula-
tion, and the deacetylation process used in this study. High-
resolution UV confocal microscopy was employed to visualize
protein detection.344 Fig. 9B presents uorescence images of
AFD-doped cellulose nanobers before and aer incubation
with a 10 mM cyt c solution, illustrating a signicant quenching
effect. This method demonstrated potential for the sensitive
and selective detection of metalloproteins, with distinct
responses for each protein interacting with the uorescent
bers, showcasing its promising application in biosensing
technologies (Fig. 9C).344

Chauhan et al.345 developed a simple, low-cost, eco-friendly,
and disposable conducting paper substrate (RCP) decorated
with electrospun cellulose acetate bers (CAEFs) for biosensor
applications. The CAEFs were electrospun at 16 kV, with a ow
rate of 0.2 mL h−1 and a 15 cm tip-to-collector distance, yielding
bers with a diameter of 330 ± 3.50 nm and a hydrophilic
Fig. 9 (A) Schematic representation of the electrospinning setup, enc
employed in this study. Five water-soluble fluorescent dendritic compo
nylene-ethynylene repeating units are depicted. (B) Confocal fluoresc
incubation in a 10 mM cyt c solution for 15 min. (C) Fluorescence emis
concentrations of cyt c, Hgb, and BSA (lEx/lEm = 370/475 nm). Reproduce
Society.

24218 | J. Mater. Chem. A, 2025, 13, 24185–24253
nature (contact angle of 38.07± 5.10°). The CAEF/RCP electrode
was functionalized with antibodies for detecting 25-OH vitamin
D3 (AB-25OHD3), conrmed through various characterization
techniques (Fig. 10A).345 The electrochemical behavior of the
BSA/AB-25OHD3/CAEF/RCP immunoelectrode was studied
using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) in PBS solution (pH 7). The optimal
concentration of AB-25OHD3 was determined to be 50 mg mL−1.
CV analysis revealed a decrease in peak current as the electrode
surface was modied, with the peak current dropping from 87
mA for RCP to 2.26 mA aer BSA/AB-25OHD3/CAEF/RCP modi-
cation. EIS analysis showed an increase in charge-transfer
resistance (Rct) from 1.08 kU for RCP to 4.24 kU for BSA/AB-
25OHD3/CAEF/RCP, conrming the electrode modications
(Fig. 10B). The electrochemical response of the BSA/AB-
25OHD3/CAEF/RCP immunoelectrode was further studied
using chronoamperometry in PBS for 25-OHD3 concentrations
ranging from 10 to 100 ng mL−1 with a ve-minute incubation
time. The chronoamperometry was performed at −0.15 V with
pulses every 0.1 s for 160 s. The current increased with higher
concentrations of 25-OHD3, reaching a plateau aer 80 ng
mL−1, indicating a saturated antibody–antigen interaction.345

This current variation was attributed to electrode surface rear-
rangement and enhanced charge transfer via [Fe(CN)6]

3−/4−,
potentially inuenced by changes in the isoelectric point (IEP).
A calibration curve for 25-OHD3 concentrations was derived
apsulation of the fluorescent dendrimer, and deacetylation process
unds (AFD-1, AFD-2, AFD-3, AFD-4, and AFD-5) composed of phe-

ence images of electrospun nanofibers before (left) and after (right)
sion spectra of AFD-functionalized nanofibers in response to various
d with permission from ref. 344, copyright © 2010 American Chemical

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (A) Production process of the cellulose acetate-based immunosensor. (B) Electrochemical characterization including cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) of different electrodes: (i) RCP, (ii) CAEF/RCP, (iii) AB-25OHD3/CAEF/RCP, and (iv) BSA/
AB-25OHD3/CAEF/RCP immunoelectrode. (C) Evaluation of the BSA/AB-25OHD3/CAEF/RCP immunoelectrode response in phosphate-buff-
ered saline containing [Fe(CN)6]

3−/4− via chronoamperometry, along with the calibration curve relating peak current to 25-OHD3 concentra-
tions. (D) Assessment of immunoelectrode selectivity, reproducibility, and repeatability in PBS containing [Fe(CN)6]

3−/4−. Reproduced with
permission from ref. 345, copyright © 2019 American Chemical Society.
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(Fig. 10C). The selectivity, reproducibility, and repeatability of
the BSA/AB-25OHD3/CAEF/RCP immunoelectrode were evalu-
ated and found to be satisfactory. The relative standard devia-
tion (RSD) was below 5%, indicating good reproducibility. Tests
with interfering compounds like cholesterol, glucose, urea,
oxalic acid, and uric acid showed no signicant change in
current values. The immunoelectrode demonstrated good
reproducibility (RSD = 7.78%) and repeatability (RSD = 4.08%)
during successive measurements of 25-OHD3 at a concentration
of 10 ng mL−1 (Fig. 10D).345

3.2.2.2 2D nanocellulose-based substrates. They offer inter-
esting advantages due to their transparency, low thermal
expansion, high strength and stiffness, exibility, and remark-
able mechanical properties. These characteristics make them
highly suitable substrates for exible electronics applications,
particularly in sensors and actuators development.39 Ren et al.47

fabricated an amperometric glucose biosensor using
a composite lm comprising gold nanorods and cellulose
acetate. Glucose oxidase enzyme was incorporated into the
composite lm by mixing with gold nanorods and cross-linking
with cellulose acetate medium using glutaraldehyde.47 The
optimized biosensor showed high sensitivity (8.4 A cm−2

mM−1), a low detection limit (2 × 10−5 M), a wide linear range
(from 3 × 10−5 to 2.2 × 10−3 M), good storage stability,
This journal is © The Royal Society of Chemistry 2025
reproducibility, and a strong affinity for glucose.47 Esmaeili
et al.346 explored polypyrrole–cellulose nanocrystal (PPy/CNC)
composites combined with glucose oxidase (GOx) for biosens-
ing of glucose (Fig. 11A). In Fig. 11B(a), eld emission scanning
electron microscopy (FESEM) revealed a globular, dense PPy
structure, while PPy/CNC displayed an open, porous struc-
ture.346 No phase separation was observed, indicating homoge-
neous polymerization on the CNC surface. The PPy/CNC
nanostructure exhibited uniform, brous morphology, as
previously observed. Aggregates on the screen-printed electrode
(SPE) surface were evenly distributed (Fig. 11B(b)). CV on SPE/
PPy/CNC and SPE/PPy electrodes demonstrated stable redox
peaks with CNC enhancing surface area, enzyme immobiliza-
tion, and electron transfer.346 SPE/PPy/CNC electrode exhibited
well-dened redox peaks, with a formal potential estimated at
0.265 V (Fig. 11C). The biosensor showed high sensitivity
(approximately 0.73 mA mM−1) over a dynamic response range
from 1.0 to 20 mM glucose, with a low limit of detection (LOD)
of (50 ± 10) mM, indicating potential for sensitive glucose
detection in various applications (Fig. 11D).346

Koga et al.230 introduced a novel approach by combining
oxide nanowires, cellulose nanobers, and pencil-drawn elec-
trodes to fabricate a paper-based disposable molecular sensor.
This composite structure exhibited mechanical robustness
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24219

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


Fig. 11 (A) Schematic representation of an electrochemical glucose biosensor using PPy/CNC membrane. (B) Microstructures of (a) PPy and (b)
porous PPy/CNC nanocomposite on SPE surface. (C) Cyclic voltammetry graphs: unmodified bare SPE (a); modified PPy/GOx electrode (b); and
PPy/CNC/GOx electrodes with CNC concentrations of 0.3 (c), 0.5 (d), and 0.9 wt% (e). (D) Differential pulse voltammetry (DPV) graph (a0) with
glucose concentrations of 1 (a), 5 (b), 10 (c), 15 (d), and 20 mM (e); and analytical curve (b0) of PPy/CNC/GOx glucose biosensor in 50 mM buffer
solution (pH = 7) at 0.5 V s−1 scan rate versus Ag/AgCl electrode. Reproduced with permission from ref. 346, copyright © 2015 MDPI.

Fig. 12 (A) The design of a disposable molecular sensor made with ZnO metal oxides, cellulose nanofibers, and pencil-drawn electrodes.
Reproduced with permission from ref. 230, copyright © 2019 American Chemical Society. (B) (a) A humidity sensor on cellulose paper, (b) flexible
and customizable CNT networks, (c) SEM image of cellulose paper, and (d) magnified cross-linked CNTs. Reproduced with permission from ref.
17, copyright © 2012 American Chemistry Society. (C) A developed paper-based chemical sensor, and (D) its electrical response to specific
chemicals. Reproduced with permission from ref. 327, copyright © 2010 Elsevier.

24220 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025
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while serving as an efficient bridging network for the nanowire
sensor. It facilitated effective access to target molecules while
ensuring reliable electrical contact with the electrodes.230 The
sensor design and functionality are illustrated in Fig. 12A. This
integrated sensor offers a cost-effective, portable, and dispos-
able solution for molecular sensing in environmental moni-
toring, healthcare diagnostics, and food safety.230 Moreover,
numerous studies have explored the integration of carbon-
based materials such as multi-walled carbon nanotubes
(MWCNTs), carbon nanotubes (CNTs), and graphene, to
enhance the mechanical and piezoelectric properties of nano-
cellulose composites.17,48,347 For instance, Wan et al.48 developed
a biocompatible cellulose-CNT composite for cell sensing
applications. This composite effectively immobilized leukemia
K562 cells on a gold electrode, forming an impedance-based cell
sensor with a detection limit of 2.6 × 103 cells per mL, high-
lighting its potential in biomedical applications.48 Additionally,
Qi et al.347 introduced a novel humidity sensor using a cellulose-
CNT composite for water trapping applications. These lms
demonstrated rapid response times and high sensitivity, with
a relative electrical resistance change ranging from 5500% to
500%.347 In another study, Han et al.17 designed a similar
Fig. 13 (A) Illustration of the assembly process from raw material to thin-
348, copyright © 2017 Springer Nature. (B) (a) Resistivity changes of 22
humidity (RH). (b) Sensitivity of GN/BCN sensors to different %RH levels.
Experimental setup for evaluating GN/BCN sensor response to alcohol or
ethanol and water. Reproduced with permission from ref. 348, copyright
nanopaper-based composites. Reproduced with permission from ref. 35
as a preconcentration platform: (a) Colorimetric profile and images of
(nitroC). (b) UV-vis/photoluminescent spectra of 4 mL of [AuNP] = 1.84 mM
were excited at 480 nm. Reproduced with permission from ref. 350, co

This journal is © The Royal Society of Chemistry 2025
humidity sensor using cellulose paper embedded with CNTs.
The developd sensor exhibited a linear response up to a relative
humidity of 75%. Both sensors displayed high reproducibility
and long-term stability.17,347 The conductance shi of the
nanotube network entangled within the cellulose matrix served
as the basis for humidity sensing. The sensor exhibited a linear
response behavior up to a relative humidity of 75%, with
excellent repeatability and minimal hysteresis.17 Fig. 12B
depicts the conguration of the developed humidity sensor,
showcasing its design and functionality.17 These innovative
approaches highlight the potential of carbon nanotube-
cellulose composites in the development of highly sensitive
and reliable humidity sensing devices.17,347 Beyond humidity
sensing, Yun et al.327 prepared a chemical vapor sensor using
a composite of MWCNTs and cellulose paper (Fig. 12C). This
sensor effectively detected vaporized analyte molecules such as
methanol, ethanol, 1-butanol, and 1-propanol, exhibiting
reversible and rapid relative resistance responses based on
analyte concentration (Fig. 12D).327

Xu et al.348 developed highly sensitive thin-lm sensors using
cellulose-graphene composites for alcohol recognition. Fig. 13A
illustrates the structure of these thin-lm sensors, highlighting
film sensor device (from a to g). Reproduced with permission from ref.
5 nm-thick and 833 nm-thick GN/BCN sensors under varying relative
(c) Electrical configuration models in thick and thin GN/BCN films. (d)
water vapors. (e) Sensitivity of GN/BCN sensors detecting liquid-phase
© 2017 Springer Nature. (C) Various steps (from a to d) in the creation of
0, copyright © 2015 American Chemical Society. (D) Use of nanopaper
AuNP deposited on bacterial cellulose nanopaper and nitrocellulose
and 4 mL of [QDs] = 100 nM on BC and microwells, respectively. QDs

pyright © 2015 American Chemical Society.
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their enhanced sensitivity for alcohol detection.348 By assem-
bling graphene nanosheets (GNs) with BCNs, they created
a thin-lm alcohol-sensing device that exhibited signicantly
higher sensitivity to vapor-phase ethanol compared to sensors
made from pure graphene nanosheets.348 The GN/BCN sensor
demonstrated rapid response and recovery times and was
capable of detecting alcohol concentrations ranging from 10%
to 100% (Fig. 13B).348 Furthermore, Veeralingam et al.349 devel-
oped a one-step process to fabricate cellulose paper by directly
growing NiSe2, resulting in a low-cost, exible, wearable
multifunctional sensing platform that integrated with smart-
phones.349 This platform demonstrated remarkable potential
for various healthcare applications, including non-invasive
periodontal diagnosis through human saliva analysis for oral
health monitoring.349 Additionally, it functioned as a breath
analyzer for detecting breath-related diseases and as a gesture
sensor to facilitate communication for individuals with hearing
impairments. This multifunctional sensing platform represents
a signicant advancement in personalized healthcare moni-
toring, offering an accessible and seamless solution for diverse
Fig. 14 (A) Illustration of the sensor and electrochemical response to che
2016 Elsevier. (B) Analytical applications of different fluorescent nanoc
immobilization and toward diverse target analytes. Reproduced with per

24222 | J. Mater. Chem. A, 2025, 13, 24185–24253
medical needs.349 In another study, Morales-Narváez et al.350

developed a nanopaper-based optical sensing platform for
detecting biologically relevant analytes (Fig. 13C). They
demonstrated the superiority of bacterial cellulose (BC) as
a preconcentration platform, enabling the analysis of small
volumes (∼4 mL) of optically active materials.350 To construct the
sensing platform, they printed sensor spots on bacterial cellu-
lose plates, incorporating cuvettes to develop a colorimetric-
based detection system. The sensor comprised nanopaper
embedded with silver and gold nanoparticles (AuNPs) to
enhance detection sensitivity. As shown in Fig. 13D(a), the
colorimetric proles of bare BC and nitrocellulose spots, drop-
casted with AuNPs, revealed a 2.4-fold signal enhancement with
BC, conrming its superior preconcentration ability. BC also
improved measurements of small volumes of optically active
nanomaterials like AuNPs and quantum dots (QDs), as shown
in Fig. 13D(b).350

3.2.2.3 3D nanocellulose substrates based (bio)sensors. In the
realm of (bio)sensors, 3D nanocellulose substrates have
garnered signicant attention due to their interesting
micals tested. Reproduced with permission from ref. 352, copyright ©
ellulose based hydrogels with remarkable performances for enzyme
mission from ref. 353, copyright © 2017 Elsevier.
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properties and versatility. Oen utilized in the form of hydro-
gels, these substrates are characterized by their high water-
swelling capacity and are typically formed through chemical
or physical crosslinking processes. Hydrogels, as polymer gels,
consist of 3D networks capable of absorbing large amounts of
water, making them an ideal matrix for supporting various
biomolecules.350,351 Ruiz-Palomero et al.352 fabricated a nano-
structured conductive hydrogel-based sensor using cellulose
nanocrystals. This sensor incorporated photosensitive ruthe-
nium bipyridine moieties to detect silver nanoparticles in real
samples, as illustrated in Fig. 14A. The researchers engineered
exible luminescent gels based on carboxylated nanocellulose
platforms, achieving excellent sensing performance with
a broad response range of 1.85 × 10−5 to 1.48 × 10−4 mol L−1

and a detection limit (LOD) of 1.11 × 10−5 mol L−1.352 Similarly,
Wang et al.331 explored nanobrillated cellulose aerogels
modied with carbon nanotubes to achieve mechanoresponsive
conductivity and pressure-sensing capabilities. By integrating
nanocellulosic materials with carbon nanotubes, they devel-
oped a highly responsive electroactive platform with potential
applications in pressure sensing and functional materials for
large-scale implementation.331 Furthermore, Ruiz-Palomero
et al.353 provided a comprehensive summary of nanocellulose-
based sensing materials for detecting various target analytes,
as depicted in Fig. 14B. Their ndings highlight the signicant
role of cellulose-based substrates in advanced sensing tech-
nologies, with applications spanning environmental moni-
toring, biomedical diagnostics, and beyond.353
4. Hemicellulose and sensor
technology

Hemicellulose plays a crucial role in maintaining the structural
integrity and biochemical properties of plants.71 Unlike cellu-
lose, which is a homopolymer composed of linear glucose
Fig. 15 Typical hexoses and pentoses found in hemicellulose. Reprodu
Chemistry. Chemical structure of hemicellulose. Reproduced with perm

This journal is © The Royal Society of Chemistry 2025
chains, hemicellulose is a heterogeneous polysaccharide made
up of various monosaccharides, including xylose, arabinose,
mannose, galactose, and glucose (Fig. 15).71,72 Additionally,
hemicellulose molecules are branched polysaccharides, with
structural variations depending on plant species and tissue
type, contributing to the diversity of LCB.354,355 In hardwoods,
hemicellulose consists primarily of glucuronoxylan, whereas in
sowoods, it mainly comprises glucomannan, with smaller
amounts of glucuronoxylan. Unlike cellulose, which forms
highly ordered crystalline structures, hemicellulose is an
amorphous polymer that surrounds cellulose microbrils
within the plant cell wall. This structure provides exibility and
resilience, allowing plants to withstand mechanical stress and
environmental uctuations.71,356 The branched lateral chains of
hemicellulose establish a network through hydrogen bonding
with cellulosemicrobrils and covalent interactions with lignin,
thereby enhancing the rigidity and stability of the cellulose–
hemicellulose–lignin matrix.71,357 Hemicellulose primarily
consists of pentoses, hexoses, and carboxylic acids, forming
branched polymers with a relatively low molecular weight and
a degree of polymerization ranging between 150 and 200.358,359
4.1. Hemicellulose properties

One of the dening characteristics of hemicellulose is its
heterogeneity. The composition and structure of hemicellulose
vary signicantly depending on plant species, tissue type, and
growth conditions.361,362 Additionally, hemicellulose exhibits
interesting rheological properties, inuencing the texture of
both plant cell walls and food products. Its role in the cell wall is
to strengthen the structure by interacting with cellulose and
lignin, providing high stability to plant cell walls necessary for
industrial uses.363 The hydrophilic nature and low molecular
weight of hemicellulose enable hydrothermal extraction and
hydrolysis, while their chemical modication enhances their
potential in various applications.364 The amorphous nature and
ced with permission from ref. 143, copyright © 2013 Royal Society of
ission from ref. 360, copyright © 2017 Elsevier.
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branched architecture of hemicelluloses make them more
susceptible to solubilization under specic conditions. A key
characteristic of hemicelluloses is their ability to dissolve in
water at elevated temperatures, typically between 180 and 230 °
C, under pressures ranging from 1 to 3 MPa.361,365,366 These
conditions promote the hydrolysis of glycosidic bonds within
the hemicellulose matrix, leading to the degradation of complex
polysaccharides into simpler sugars. This solubilization process
is essential for various industrial applications, particularly in
biomass pretreatment for biofuel production. Under hydro-
thermal conditions, hemicelluloses can be effectively extracted
from LCB, improving the accessibility of cellulose and lignin for
subsequent enzymatic or chemical processing. Additionally,
this property facilitates the production of value-added sugars,
such as xylose and arabinose, which serve as precursors for bio-
based chemicals and materials.361,365–367 While cellulose modi-
cation is widely studied, chemical modication of hemi-
cellulose is less frequently reported due to its structural
heterogeneity, which complicates precise modication
strategies.368
4.2. Hemicellulose in (bio)sensing applications

Despite its renewability, biocompatibility, and low cost, hemi-
cellulose faces several challenges as an electrode material
modier for sensing applications. One primary limitation is its
structural heterogeneity and complexity, which can result in
inconsistent sensor performance and difficulties in achieving
uniform modication of electrode surfaces.369,370 Moreover, the
inherently low electrical conductivity of hemicellulose poses
a limitation, as efficient signal transduction is essential for
sensor performance.371,372 Its mechanical stability is also
a concern, as hemicellulose-based materials can be prone to
swelling and degradation in aqueous environments, potentially
compromising the durability and reliability of the sensors.373 To
address these limitations, hemicelluloses are oen combined
with other materials to fabricate electroactive hemicellulose-
based composites. By blending hemicelluloses with electri-
cally conductive polymers and nanoparticles, researchers can
signicantly enhance their electrochemical properties,
mechanical strength, and chemical stability.370,371 This
approach helps overcome the inherent low conductivity of
hemicelluloses and addresses issues related to moisture sensi-
tivity and thermal degradation.370,371 However, while chemical
modications or composite formation with conductive mate-
rials can improve conductivity, these modications may
compromise the functional properties of the material.374

Furthermore, the stability and reproducibility of hemicellulose-
based electrodes under varying environmental conditions (e.g.,
pH, temperature) remain signicant challenges. Exposure to
extreme or uctuating conditions can lead to the degradation or
leaching of hemicellulose components, compromising the
structural integrity of the electrodes, which in turn affects
sensor performance, reducing accuracy and reliability.375,376 The
lack of standardized fabrication methods for hemicellulose-
based electrodes also limits their scalability and integration
into practical biosensing devices. Nonetheless, hemicellulose-
24224 | J. Mater. Chem. A, 2025, 13, 24185–24253
based materials are gaining increasing attention for biosens-
ing applications due to their natural abundance, biodegrad-
ability, and functional groups (hydroxyl, carbonyl, and carboxyl)
that facilitate interactions with biomolecules.16,371,377,378 These
materials, primarily composed of polysaccharides, offer
a promising platform for sustainable biosensor development.
The diverse chemical functionalities in hemicelluloses are
crucial for the effective functionalization of electrode surfaces,
enhancing the performance of biosensing applications by
facilitating interactions with other materials to fabricate high-
performance composites.371,378 Moreover, their porous struc-
ture increases surface area and promotes faster electron trans-
fer, which is essential for high-sensitivity detection.378

The research studies summarized in Table 5 highlight a wide
range of progress in sensor technologies using hemicellulose-
based materials, each showcasing interesting features and
promising applications. A key area of progress is the develop-
ment of durable and multifunctional hydrogels. For example,
nano-polydopamine-reinforced hemicellulose-based hydrogels
demonstrated excellent mechanical properties, stable electro-
chemical performance, and strong self-adhesive capabilities,
making them effective for use in motion sensors and trans-
dermal drug delivery systems.371 A multifunctional hybrid
hydrogel combining hemicellulose-decorated polypyrrole,
polyvinyl alcohol, tannic acid, and polyacrylamide exhibited
exceptional transparency, conductivity and stretchability,
making it suitable for wearable sensors in human motion
monitoring.379 Additionally, hemicellulose/polypyrrole
composite hydrogels were developed to be stretchable, water-
retentive, and anti-freezing, with enhanced conductivity and
mechanical properties, showcasing their potential in wearable
devices and sports monitoring.370 In another study, ionic PAA-
TA@HC-Al3+ hydrogels were successfully fabricated and they
demonstrated remarkable stretchability, toughness, and self-
recovery. Additionally, they showed strong self-adhesion and
protective properties, making them highly effective for detect-
ing various movements.19 Hemicellulose-derived ratiometric
uorescent aerogels showcased ultra-trace detection capabil-
ities for arsenite ions and ciprooxacin, with high adsorption
capacities, indicating their potential for environmental moni-
toring and contamination remediation.380 Moreover, xylan
hemicellulose-based conductive hydrogels, with MXene incor-
porated, displayed high tensile strength and extreme stretch-
ability, highlighting their potential for use in stretchable and
durable conductive materials.381 Moreover, the development of
hemicellulose-based sensors marks signicant progress in
bacterial and fungal detection, leveraging the natural biocom-
patibility, biodegradability, and versatility of hemicellulose.377

By incorporating carbon-based nanoparticles such as nitrogen-
doped carbon dots, into the hemicellulose matrix and using the
resulting composites as uorescent biosensors, these sensors
exhibit enhanced stability, rigidity, and improved antibacterial
and antifungal properties. This makes them highly effective
against a broad range of pathogens, including both Gram-
negative and Gram-positive bacteria, as well as fungi. Addi-
tionally, the ability of the hydrogel to selectively interact with
This journal is © The Royal Society of Chemistry 2025
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microbial cell walls further enhances its potential for sensitive
and targeted microbial detection.377

Several studies have explored hemicellulose-derived biomass
composites for (bio)sensing applications, with promising
results.370,379,382

4.2.1 Wearable sensors. In wearable sensor applications,
smart functional llers, such as plant-derived hemicellulose,
can signicantly enhance the mechanical properties of ionic
hydrogels. Tannic acid-modied hemicellulose nanoparticles
(TA@HC) and Fe3+ were incorporated into PAA hydrogels,
accelerating gelation within 30 s at room temperature.372 The TA
and Fe3+ system activated sodium persulfate (SPS), generating
hydroxyl radicals that facilitated rapid gelation. The resulting
PAA/TA@HC/Fe3+ hydrogel exhibited exceptional mechanical
strength (up to 5600% strain), adhesiveness, rapid self-healing,
and reproducible adhesion to various substrates.372 By selec-
tively coating Fe3+ on the upper surface, an asymmetric adhesive
hydrogel was created, allowing for comfortable skin contact
while repelling pollutants, making it an effective pressure
sensor.372 Zhao et al.374 developed hemicellulose-based
conductive hydrogels reinforced with MXene to address chal-
lenges in exible sensing applications, such as low sensitivity
and poor interface matching. These hydrogels exhibited
exceptional self-adhesion (3.12 kPa on skin), high stretchability
(>1700%), and reliable electrical conductivity (0.045 S m−1),
enabling their use as adaptable strain sensors. The synthesis
involved crosslinking polyacrylamide (PAM) with hemicellulose
and MXene, forming a porous, hydrogen-bond-rich structure
(Fig. 16A). The hydrogels demonstrated excellent adhesion on
substrates like wood, glass, and skin, with optimal hemi-
cellulose content enhancing performance (Fig. 16B).374 Their
strain sensors reliably detected mechanical deformations with
a gauge factor of 2.1 up to 400% strain and retained stability
over repetitive cycles (Fig. 16C). Additionally, the hydrogels
effectively monitored human motion, capturing signals from
nger bends andmovements of joints such as elbows and knees
(Fig. 16D). The dynamic physical interactions and structural
integrity of the material ensured high sensitivity, repeatability,
and long-term durability, making it suitable for wearable
sensing technologies. This study highlighted the synergistic
potential of hemicellulose and MXene in creating multifunc-
tional hydrogels with signicant advancements in adhesion,
conductivity, and exibility, opening pathways for innovative
applications in bioelectronics and human motion detection.374

4.2.2 Chemical and environmental sensing. Jiang et al.383

synthesized a hybrid material composed of hemicellulose,
a nitrogen-rich deep eutectic solvent, and carbon QDs for the
ultrasensitive detection of silver ions and L-cysteine using an
‘off–on’ sensing mechanism.383 This probe exhibited high
selectivity towards silver ions, achieving a low detection limit of
21 nM. The same composite lm was successfully applied for
detecting L-cysteine within a dynamic range of 0–100 mM,
achieving a detection limit of 242 nM.383 Furthermore, Yang
et al.384 employed a microwave-assisted synthesis method to
produce xylan-derived carbon QDs for tetracycline sensing.
Under optimized conditions, a novel sensing platform capable
of detecting tetracycline in a linear range of 0.05–20 mM was
This journal is © The Royal Society of Chemistry 2025
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Fig. 16 (A) (a) Schematic representation of hemicellulose-based conductive hydrogels. (b) FT-IR spectra of PAM hydrogels, HC-PAM hydrogels,
and MXene-HC-PAM hydrogels. (c) Surface morphology and elemental distribution analyzed using SEM and EDS. (B) (a) Photographs
demonstrating MXene-HC-PAM hydrogel adhesion on various substrates. (b) Shear bond strength of hydrogels with different hemicellulose
concentrations on various substrates. (c) Adhesion durability of MXene-HC-PAM hydrogel over 10 cyclic tests on different substrates. (d)
Schematic of the adhesion mechanism on human skin. (C) (a) Relative resistance changes of MXene-HC-PAM hydrogel under varying strain
levels. (b) Reproducibility of relative resistance changes tested across three cycles at different strains. (c) Impact of tensile speed on relative
resistance changes at 50% strain. (d) Gauge factor (GF) of MXene-HC-PAM hydrogel. (e) Stability of relative resistance during a 3000 s cyclic test
at 150% strain. (D) (a and b) Relative resistance variations during finger bending at different angles with the hydrogel applied. (c–g) Monitoring
relative resistance changes when the hydrogel adhered to the elbow, wrist, knee, ankle, and neck. (h) Relative resistance changes under
compression. (i) Cyclic stretching-induced relative resistance changes over 60 seconds. Reproduced with permission from ref. 374, copyright ©
2024 Elsevier.
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established, with a detection limit of 6.49 nM.384 Similarly,
polyamine-functionalized carbon dots derived from xylan were
investigated for the detection of tannic acid.385 This research
established an acid detection platform using hybrid materials
in both water and ethanol solutions. The dynamic range for
tannic acid detection ranged from 0.1 to 5 mM, with detection
limits of 36.8 nM and 44.9 nM determined for water and ethanol
solutions, respectively.385 Furthermore, Dammak et al.386

combined cellulose nanocrystals and xylans to develop multi-
layer thin lms for detecting xylanase activity. These lms
exhibited sensitivity to xylanase action, with their performance
evaluated against a conventional colorimetric method, which
detects reducing sugars released through enzymatic hydro-
lysis.386 In addition, hemicellulose-based sensors also hold
promise for environmental applications. Helim et al.382 devel-
oped a sensor using hemicellulose extracted from Opuntia Ficus
Indica cactus and agarose, creating a sensitive layer on a gold
electrode (Fig. 17A). CV was employed to evaluate the electro-
chemical behavior and electron transfer kinetics of the sensor
using [Fe(CN)6]

3−/4− (Fig. 17B). The functionalized gold elec-
trodes (modied with agarose or agarose/hemicellulose)
exhibited decreased current and shied potential. Kinetic
characterization of modied electrodes using CV technique
This journal is © The Royal Society of Chemistry 2025
indicated diffusion-controlled redox processes.382 EIS
conrmed increased charge transfer resistance post-
modication as shown in Fig. 17C, aligning with CV results.
Detection of lead ions (Pb2+) showed a decrease in charge
transfer resistance, as positively charged ions facilitated redox
marker transfer.382 In this study, the functional groups of
hemicellulose to form complexes with metal ions and leveraged
agarose gelling properties for membrane stability. It demon-
strated a high affinity for Pb2+ due to the chemical structure of
hemicellulose, outperforming detection for Hg2+, Ni2+, and
Cu2+. Square wave voltammetry revealed a detection limit of 1.3
fM for Pb2+. Application of the sensor in river and sea water
using the standard addition method conrmed its efficacy in
lead detection (Fig. 17D).382

4.2.3 Medical sensing. In the medical sector,
hemicellulose-based hydrogels have been successfully devel-
oped for sensing applications. A recent study introduced nano-
polydopamine-reinforced hemicellulose-based hydrogels with
multistage pore structures (Fig. 18A), which maintained stable
mechanical properties even aer 1000 cyclic compressions. The
hydrogel exhibited an ultimate tensile strain of 101%,
surpassing that of native skin.371 With a shear adhesion
strength of 7.52 kPa to skin tissue, the hydrogel outperformed
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24227
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Fig. 17 (A) Schematic of gold sensor modified with biocopolymers AG-HEM for lead ion detection (Au: gold, AG: agarose, HEM: hemicellulose).
(B) (a) Cyclic voltammograms of bare electrode (solid line), Au modified with AG (dashed line), and Au-AG-HEM (dotted line) in 5 mM
[Fe(CN)6]

3−/4− at 80 mV s−1 scan rate; (b) Cyclic voltammograms of Au-AG-HEM at different scan rates in the same solution. (C) Nyquist plots
post gold electrode modifications with AG and AG/HEM (a) and after lead ion detection at 1 mM concentration (a). Measurements conducted in
[Fe(CN)6]

3−/4− solution, frequency range 0.1 Hz to 100 kHz, DC potential 10 mV, and applied potential 0.2 V. (D) (a) Square wave voltammetry
(SWV) for Pb2+ determination in river water after successive Pb2+ additions; (b) Corresponding calibration curve. Reproduced with permission
from ref. 382, copyright © 2023 Elsevier.

Fig. 18 (A) Schematic representation of the conductive, self-adhesive, and compressive hydrogel with internal cross-linking. (B) Real-time
monitoring of various human movements with sensors attached to different body parts: (a) finger, (b) wrist, (c and d) elbow, (e) knee joint, and (f)
throat. (C) Schematic diagram illustrating the self-powered transdermal drug delivery (TDD) closed-loop therapy system, along with charac-
terization of triboelectric nanogenerator (TENG) and cross-sectional histological images of skin after rhodamine 6G (R6G) delivery from a patch
for 6 hours: (a) TENG and TDD closed-loop therapy system illustration, (b) experimental setup mimicking human motion-driven TDD using
a linear motor, (c–e) open-circuit voltage (VOC), short-circuit current (ISC), and transferred charge (QSC) of the TENG, (f) placement of drug-
loaded hydrogel patch on the positive electrode, (g) skin under natural conditions (without TENG connection). Scale bar: 100 mm. Reproduced
with permission from ref. 371, copyright © 2023 American Chemical Society.

24228 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025
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brin glue (Greenplast). The addition of nano-polydopamine
enhanced electrical conductivity and reduced impedance. The
nanocomposite hydrogel demonstrated exceptional mechanical
strength, stable electrical conductivity, and self-adhesive char-
acteristics. It also exhibited motion-sensing capabilities, with
a gauge factor (GF) of approximately 1.04 and a response time of
150 ms.371 The hydrogel-based sensor accurately monitored
various movements, such as nger, wrist, and elbow bending,
with distinct resistance variations (Fig. 18B). It showed
frequency-independent behavior and dynamic stability during
knee bending, indicating its potential for limb control and
healthcare applications, including monitoring swallowing
disorders (Fig. 18C). This multifunctional hydrogel acts as
a real-time motion sensor, cationic drug carrier and electrically
stimulated drug patch, offering promising implications for
next-generation exible materials in health monitoring and
self-administration.371
5. Lignin and its (bio)sensor
applications

Lignin is a complex aromatic polymer and a fundamental
structural component in the support tissues of vascular plants
and certain algae. It provides rigidity and resistance to decay,
particularly in woody plants. The structural composition of
lignin is illustrated in Fig. 19. Chemically, lignin consists of
cross-linked phenolic polymers and is one of the most abun-
dant renewable biopolymers on Earth, accounting for approxi-
mately 40% of total biomass.75,387 Structurally, lignin is a three-
dimensional polymer composed of phenylpropane units,
primarily localized in the plant cell walls. Its building blocks are
derived from three aromatic alcohol precursors: p-coumaryl,
coniferyl, and sinapyl alcohols, which form phenolic subunits
known as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
Fig. 19 Overview of lignin structure. Highlighted are sinapyl alcohol and
with C–O or C–C bonds. A hypothetical lignin structure depicts these b
yield. Reproduced with permission from ref. 391, copyright © 2019 Sprin

This journal is © The Royal Society of Chemistry 2025
moieties (Fig. 19).388 Gymnosperms primarily contain G units,
dicotyledonous angiosperms have a mix of G and S units, and
monocotyledonous plants contain all three moieties.389 The
structure of lignin includes various bond types, such as b-O-4, b-
5, b–b, and 5-5 linkages, which contribute to its rigidity and
resistance to degradation (Fig. 19). Its high degree of aroma-
ticity makes it resistant to chemical and biological breakdown.
Additionally, lignin serves as a natural defense mechanism for
plants, aiding in structural support, water and nutrient trans-
port, and protection against parasitic attacks and environ-
mental stressors.390 The properties of lignin vary depending on
its botanical origin, extraction method, and processing condi-
tions, with hardwood lignin typically having a higher syringyl (S)
to guaiacyl (G) ratio compared to sowood lignin.

Lignin extraction from LCB is a crucial step in biomass
valorization for biofuel production, chemical synthesis, and
advanced materials science.389 Efficient extraction methods
must be employed to isolate lignin while preserving its native
chemical structure, ensuring its suitability for diverse down-
stream applications. Various extraction techniques, including
organosolv, alkaline, and acid hydrolysis methods, have been
developed, each offering distinct advantages and limitations
regarding lignin purity, yield, and structural integrity (Table
6).140,392–394 The choice of extraction method signicantly inu-
ences the physicochemical properties of the recovered lignin,
directly impacting its performance in specic applications.
Following extraction, lignin typically undergoes purication
steps using techniques such as solvent fractionation, precipi-
tation, ultraltration, or chromatography to remove residual
impurities and enhance its functionality.140,395,396 Additionally,
chemical modications including oxidation, sulfonation,
esterication, and hydrogenation are commonly employed to
tailor physicochemical properties of lignin, improving its solu-
bility, reactivity, and compatibility for targeted
coniferyl alcohol, the primary monomers, indicating reacting carbons
onds, along with calculated S/G ratio, b-O-4 content, and monomer
ger Nature.

J. Mater. Chem. A, 2025, 13, 24185–24253 | 24229

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
6

Su
m
m
ar
y
o
f
st
u
d
ie
s
o
n
is
o
la
ti
o
n
o
f
lig

n
in

fr
o
m

d
iv
e
rs
e
LC

B
fo
r
d
iv
e
rs
e
ap

p
lic

at
io
n
sa

B
io
m
as
s
us

ed
E
xt
ra
ct
io
n
m
et
h
od

s
in
vo
lv
ed

Pr
op

er
ti
es

of
ex
tr
ac
te
d
li
gn

in
R
ef
.

N
on

-w
oo

d
ce
llu

lo
si
c
bi
om

as
s
so
ur
ce
s,

in
cl
ud

in
g
w
h
ea
t
st
ra
w
,p

in
e
st
ra
w
,

al
fa
lf
a,

ke
n
af
,a

n
d

ax


be

r.
A
lf
al
fa

yi
el
de

d
th
e
m
os
t
li
gn

in
(3
4%

),
fo
llo

w
ed

by
pi
n
e
st
ra
w
(2
2.
65

%
),
w
h
ea
t
st
ra
w

(2
0.
40

%
),
an

d

ax


be

r
(1
4.
88

%
)

-L
ig
n
in

w
as

ex
tr
ac
te
d
fr
om

n
on

w
oo

d
bi
om

as
se
s
us

in
g

a
m
ul
ti
-s
te
p
pr
oc
es
s

-T
G
A
re
ve
al
ed

th
at

li
gn

in
fr
om

w
h
ea
t
st
ra
w
h
ad

th
e
h
ig
h
es
t
th
er
m
al

st
ab

il
it
y
w
it
h
a
ch

ar
yi
el
d
of

40
.4
1%

,f
ol
lo
w
ed

by

ax


be

r
(3
9.
22

%
),

al
fa
lf
a
(3
5.
04

%
),
an

d
pi
n
e
st
ra
w
(2
9.
45

%
)

39
6

-
B
io
m
as
s
w
as


rs
t
pu

lp
ed

w
it
h
an

85
%

or
ga

n
ic

ac
id

m
ix
tu
re

fo
r
2
h

-
FT

IR
an

al
ys
is

re
ve
al
ed

co
m
m
on

fe
at
ur
es

in
li
gn

in
ch

em
ic
al

st
ru
ct
ur
e,

in
cl
ud

in
g
fo
rm

at
e
es
te
r
an

d
ar
om

at
ic

co
m
po

un
ds

-F
u
rt
h
er

de
li
gn

i
ca
ti
on

us
ed

PF
A
/P
A
A
at

80
°C

fo
r
2
h

-
D
SC

sh
ow

ed
h
ig
h
er

en
th
al
py

m
ea
su

re
m
en

ts
fo
r
li
gn

in
fr
om


ax


be

r
(1
90

.5
7
J
g−

1
)
an

d
al
fa
lf
a
(1
60

.9
0
J
g−

1
),
in
di
ca
ti
n
g
be

tt
er

th
er
m
al

st
ab

il
it
y

-
D
el
ig
n
i
ed


be

rs
w
er
e
bl
ea
ch

ed
,a

n
d
li
gn

in
w
as

pr
ec
ip
it
at
ed

an
d
va
cu

um
dr
ie
d

T
yp

h
a
ca
pe

n
si
s
(T
C
),
a
h
ig
h
ly

ac
et
yl
at
ed

gr
as
s

-
M
il
li
n
g
(M

W
L)
:l
ig
n
in

w
as

ex
tr
ac
te
d
fr
om

T
C
us

in
g

a
m
od

i
ed

B
jo
rk
m
an

m
et
h
od

an
d
an

al
yz
ed

-
T
C
an

d
M
W
L
h
ad

h
ig
h
ac
et
yl

co
n
te
n
t,
11

w
t%

an
d
8
w
t%

,
re
sp

ec
ti
ve
ly

14
0

-
Io
n
ic

Li
qu

id
(I
LL

):
T
C
w
as

tr
ea
te
d
w
it
h
[E
M
Im

][O
A
c]
,

an
d
li
gn

in
w
as

se
pa

ra
te
d,

pu
ri

ed

,a
n
d
an

al
yz
ed

-
IL
L
an

d
E
O
L
lo
st

ab
ou

t
80

%
of

th
ei
r
or
ig
in
al

ac
et
yl

gr
ou

ps

-
E
th
an

ol
O
rg
an

os
ol
v
(E
O
L)
:T

C
un

de
rw

en
t

au
to
h
yd

ro
ly
si
s,

et
h
an

ol
/w
at
er
,a

n
d
su

lf
ur
ic

ac
id

tr
ea
tm

en
t
be

fo
re

li
gn

in
se
pa

ra
ti
on

an
d
an

al
ys
is

-N
M
R
sp

ec
tr
a
sh

ow
ed

M
W
L
h
ad

th
e
m
os
t
ac
et
yl
co
n
te
n
t,
w
h
il
e
E
O
L

h
ad

th
e
le
as
t

-E
O
L
ex
pe

ri
en

ce
d
si
gn

i
ca
n
tp

ol
ys
ac
ch

ar
id
e
h
yd

ro
ly
si
s,
an

d
IL
L
m
ay

h
av
e
ac
et
yl
at
io
n
sh

i
s
fr
om

li
gn

in
to

ce
llu

lo
se

Eu
ca
ly
pt
us

ur
op

hy
ll
a

-
Li
gn

in
w
as

ex
tr
ac
te
d
us

in
g
an

io
n
ic

li
qu

id
-b
as
ed

m
ic
ro
w
av
e-
as
si
st
ed

ex
tr
ac
ti
on

(I
Ls
-M

A
E
)
pr
oc
es
s,

sp
ec
i
ca
lly

ut
il
iz
in
g
[C
2C

1
im

][O
A
c]

an
d
[C
4C

1
im

]C
l

io
n
ic

li
qu

id
s,

w
it
h
va
ry
in
g
m
ic
ro
w
av
e
po

w
er

an
d

re
ac
ti
on

ti
m
es

to
as
se
ss

ex
tr
ac
ti
on

effi
ci
en

cy
an

d
li
gn

in
yi
el
d

-
U
p
to

45
.8
%

li
gn

in
w
as

ex
tr
ac
te
d
us

in
g
[C
2C

1
im

][O
A
c]

at
14

0
°C

an
d
40

0
W

13
2

-E
xt
ra
ct
ed

li
gn

in
h
ad

m
ol
ec
ul
ar

w
ei
gh

ts
ra
n
gi
n
g
fr
om

73
0
to

38
70

g
m
ol

−1
,s

h
ow

in
g
va
ry
in
g
de

po
ly
m
er
iz
at
io
n

-
2D

H
SQ

C
N
M
R
an

al
ys
is

sh
ow

ed
si
gn

i
ca
n
t
de

gr
ad

at
io
n
of

b
-O
-4

0

li
n
ka

ge
s
an

d
S/
G
ra
ti
o
ch

an
ge
s

-
T
h
er
m
al

st
ab

il
it
y
an

d
su

ga
r
co
n
te
n
t
va
ri
ed

,r
e

ec
ti
n
g
ex
tr
ac
ti
on

pa
ra
m
et
er

eff
ec
ti
ve
n
es
s

E
m
pt
y
fr
u
it
bu

n
ch

es
(E
FB

),
pa

lm
m
es
oc
ar
p

be

r
(P
M
F)
,a

n
d
pa

lm
ke

rn
el

sh
el
ls

(P
K
S)

fr
om

oi
l
pa

lm
bi
om

as
s

-L
ig
n
in

w
as

ex
tr
ac
te
d
w
it
h
py

ri
di
n
iu
m

fo
rm

at
e
(P
yF
or
)

un
de

r
m
il
d
co
n
di
ti
on

s
-
M
ax
im

um
li
gn

in
ex
tr
ac
ti
on

effi
ci
en

ci
es

w
er
e
92

.0
1%

fo
r
E
FB

,
91

.2
3%

fo
r
PM

F,
an

d
90

.7
0%

fo
r
PK

S
39

5

-
Pa

ra
m
et
er
s
su

ch
as

pa
rt
ic
le

si
ze
,t
em

pe
ra
tu
re
,a

n
d

ti
m
e
w
er
e
op

ti
m
iz
ed

-T
h
e
ex
tr
ac
ti
on

pr
oc
es
s
sh

ow
ed

ac
ti
va
ti
on

en
er
gi
es

of
12

kJ
m
ol

−1
fo
r

E
FB

,2
3
kJ

m
ol

−1
fo
r
PM

F,
an

d
28

kJ
m
ol

−1
fo
r
PK

S
-
T
h
e
pr
oc
es
s
w
as

op
ti
m
iz
ed

us
in
g
re
sp

on
se

su
rf
ac
e

m
et
h
od

ol
og

y
-
T
h
e
ex
tr
ac
te
d
li
gn

in
s
w
er
e
ch

ar
ac
te
ri
ze
d
us

in
g
FT

IR
an

d
1
H

N
M
R
,

an
d
th
e
su

st
ai
n
ab

il
it
y
of

th
e
Py

Fo
r
so
lv
en

t
w
as

co
n

rm

ed
-
R
eg
en

er
at
ed

li
gn

in
w
as


lt
er
ed

an
d
dr
ie
d

Su
ga

rc
an

e
ba

ga
ss
e

-
A
lk
al
in
e
ex
tr
ac
ti
on

us
ed

15
%

N
aO

H
at

10
0
°C

fo
r
90

m
in
ut
es
,p

ro
du

ci
n
g
al
ka

li
n
e
li
gn

in
(A
L)

-A
lk
al
in
e
li
gn

in
(A
L)

h
ad

57
.8
5%

ca
rb
on

,a
m
ol
ec
ul
ar

w
ei
gh

to
f2

17
0

g
m
ol

−1
,a

n
d
n
ot
ab

le
gr
ou

ps
40

1

-E
th
an

os
ol
v
ex
tr
ac
ti
on

ap
pl
ie
d
et
h
an

ol
–w

at
er

m
ix
tu
re
s

at
20

0
°C

fo
r
90

m
in
ut
es
,r
es
ul
ti
n
g
in

et
h
an

os
ol
v
li
gn

in
(E
L)

-
E
th
an

os
ol
v
li
gn

in
(E
L)

h
ad

61
.3
3%

ca
rb
on

,a
h
ig
h
er

m
ol
ec
ul
ar

w
ei
gh

t
of

36
40

g
m
ol

−1
,a

n
d
th
e
h
ig
h
es
t
H
H
V

-
H
yd

ro
tr
op

ic
ex
tr
ac
ti
on

in
vo
lv
ed

va
ri
ou

s
so
lu
ti
on

s
at

90
°C

fo
r
6
h
ou

rs
,y
ie
ld
in
g
h
yd

ro
tr
op

ic
ex
tr
ac
te
d
li
gn

in
(H

E
L)

-
H
yd

ro
tr
op

ic
ex
tr
ac
te
d
li
gn

in
(H

E
L)

al
so

h
ad

57
.8
5%

ca
rb
on

,
a
m
ol
ec
ul
ar

w
ei
gh

t
of

38
02

g
m
ol

−1
,a

n
d
si
m
il
ar

H
H
V
to

A
L

-
Li
gn

in
w
as

pr
ec
ip
it
at
ed

by
ac
id
i
ca
ti
on

or
di
lu
ti
on

w
it
h
w
at
er

in
ea
ch

ex
tr
ac
ti
on

m
et
h
od

-F
T
IR

sp
ec
tr
um

of
H
E
L
sh

ow
ed

m
or
e
ar
om

at
ic
an

d
ph

en
ol
ic
gr
ou

ps
,

w
it
h
a
m
ax
im

um
yi
el
d
at

1.
43

M
so
di
um

xy
le
n
e
su

lf
on

at
e

E
te
k
li
gn

in
,a

by
pr
od

uc
t
fr
om

th
e
ac
id
ic

pr
oc
es
si
n
g
of

w
oo

d
to

pr
od

uc
e

fe
rm

en
ta
bl
e
su

ga
rs

-
E
te
k
li
gn

in
un

de
rw

en
t
fa
st

py
ro
ly
si
s
at

50
0
°C

in
a

ui
di
ze
d
be

d
re
ac
to
r
w
it
h
sh

or
t
re
si
de

n
ce

ti
m
e

-P
yr
ol
yt
ic
li
gn

in
s
h
ad

va
ri
ed

ca
rb
on

,h
yd

ro
ge
n
,a
n
d
ox
yg
en

co
n
te
n
ts
;

h
ea
ti
n
g
va
lu
es

ra
n
ge
d
fr
om

22
.7

to
27

.2
M
J
kg

−1
40

2

24230 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
6

(C
o
n
td
.)

B
io
m
as
s
u
se
d

E
xt
ra
ct
io
n
m
et
h
od

s
in
vo
lv
ed

Pr
op

er
ti
es

of
ex
tr
ac
te
d
li
gn

in
R
ef
.

-
Py

ro
ly
si
s
va
po

rs
w
er
e
co
n
de

n
se
d,

an
d
ae
ro
so
ls

w
er
e

co
lle

ct
ed

us
in
g
el
ec
tr
os
ta
ti
c
pr
ec
ip
it
at
or
s

-
M
et
h
an

ol
-in

so
lu
bl
e
fr
ac
ti
on

h
ad

a
lo
w
er

h
ea
ti
n
g
va
lu
e
of

9.
7
M
J

kg
−1

-
Py

ro
ly
si
s
oi
l
w
as

m
ix
ed

w
it
h
sa
n
d
an

d
ex
tr
ac
te
d

th
ro
ug

h
So

xh
le
t
ex
tr
ac
ti
on

w
it
h
h
ex
an

e
an

d
m
et
h
an

ol
-
FT

IR
an

d
31

P
N
M
R
an

al
ys
es

sh
ow

ed
in
cr
ea
se
d
h
yd

ro
xy
l
an

d
ca
rb
on

yl
gr
ou

ps
,w

it
h
va
ri
ed

m
ol
ec
ul
ar

w
ei
gh

ts
-
R
es
ul
ti
n
g
fr
ac
ti
on

s
w
er
e
se
pa

ra
te
d
in
to

so
lu
bl
e
an

d
in
so
lu
bl
e
ty
pe

s,
th
en

fr
ee
ze
-d
ri
ed

to
ob

ta
in

po
w
de

rs
-
Py

ro
ly
ti
c
li
gn

in
s
h
ad

lo
w
er

m
ol
ec
ul
ar

w
ei
gh

ts
th
an

or
ig
in
al

E
te
k

li
gn

in
;D

I
(d
ic
h
lo
ro
m
et
h
an

e
in
so
lu
bl
e)

li
gn

in
fr
ac
ti
on

h
ad

th
e

h
ig
h
es
t

-
T
G
A
re
ve
al
ed

py
ro
ly
ti
c
li
gn

in
s
de

co
m
po

se
d
at

11
0–
12

0
°C

;D
I
an

d
W
I
(w

at
er

im
m
er
se
d)

fr
ac
ti
on

s
h
ad

gr
ea
te
r
st
ab

il
it
y

T
h
e
effi

ca
cy

of
th
re
e
d
iff
er
en

t
de

ep
eu

te
ct
ic

so
lv
en

ts
(D

E
S)

w
as

in
ve
st
ig
at
ed

fo
r
ex
tr
ac
ti
n
g
li
gn

in
fr
om

fo
u
r
ty
pe

s
of

fo
od

pr
oc
es
si
n
g
re
si
du

es
:r
ic
e
h
u
sk
s,

su
ga

rc
an

e
ba

ga
ss
e,
co
ff
ee

ch
aff

,a
n
d
co
rn

st
ov
er

-B
io
m
as
s
w
as

gr
ou

n
d,

si
ev
ed

to
#
18

0
m
m
,a

n
d
tr
ea
te
d

w
it
h
D
E
S
in

an
oi
l
ba

th
-
T
h
e
ex
tr
ac
te
d
li
gn

in
s
sh

ow
ed

va
ri
ed

m
ol
ec
ul
ar

w
ei
gh

t
an

d
po

ly
di
sp

er
si
ty

in
di
ce
s
(P
D
I)
ba

se
d
on

th
e
D
E
S
us

ed
40

3

-T
h
e
m
ix
tu
re

w
as

va
cu

um

lt
er
ed

,r
in
se
d
w
it
h
et
h
an

ol
,

an
d
pr
ec
ip
it
at
ed

w
it
h
de

io
n
iz
ed

w
at
er

-
D
E
S
ac
et
ic

ac
id
:c

h
ol
in
e
ch

lo
ri
de

(A
A
C
C
)
pr
od

uc
ed

li
gn

in
s
w
it
h

re
du

ce
d
m
ol
ec
ul
ar

w
ei
gh

ta
n
d
h
ig
h
PD

If
or

ri
ce

h
us

ks
an

d
su

ga
rc
an

e
ba

ga
ss
e,
w
h
il
e
la
ct
ic
ac
id
:c
h
ol
in
e
ch

lo
ri
de

(L
A
C
C
)w

as
m
os
te

ff
ec
ti
ve

fo
r
co
ff
ee

ch
aff

an
d
fo
rm

ic
ac
id
:c

h
ol
in
e
ch

lo
ri
de

(F
A
C
C
)
fo
r
co
rn

st
ov
er

-
T
h
e
pr
ec
ip
it
at
e
w
as

dr
ie
d
to

ob
ta
in

li
gn

in
-
H
ig
h
er

h
ea
ti
n
g
va
lu
es

(H
H
V
)
of

th
e
li
gn

in
s
ex
tr
ac
te
d
w
it
h
A
A
C
C

w
er
e
n
ot
ab

ly
h
ig
h
er

th
an

th
e
co
n
tr
ol

bl
ac
k
li
qu

or
-d
er
iv
ed

li
gn

in
-
Li
gn

in
w
as

ac
et
yl
at
ed

w
it
h
ac
et
ic

an
h
yd

ri
de

an
d

py
ri
di
n
e
fo
r
G
PC

an
al
ys
is

E
xt
ra
ct
in
g
li
gn

in
fr
om

ba
m
bo

o
bi
om

as
s

u
si
n
g
n
it
ri
le
-b
as
ed

io
n
ic

li
qu

id
s
(I
Ls
)
as

pr
e-
tr
ea
tm

en
t
so
lv
en

ts

-T
h
e
ex
tr
ac
ti
on

pr
oc
es
s
in
vo
lv
ed

th
e
us

e
of

sy
n
th
es
iz
ed

n
it
ri
le
-b
as
ed

io
n
ic
li
qu

id
s,
sp

ec
i
ca
lly

1-
pr
op

yr
on

it
ri
le
-

3-
bu

ty
li
m
id
az
ol
iu
m

ch
lo
ri
de

([
C
2C

N
B
im

]C
l)
,1

-
pr
op

yr
on

it
ri
le
-3
-a
lly

li
m
id
az
ol
iu
m

ch
lo
ri
de

([
C
2C

N
A
im

]
C
l)
,1

-p
ro
py

ro
n
it
ri
le
-3
-(
2-
h
yd

ro
xy
et
h
yl
)i
m
id
az
ol
iu
m

ch
lo
ri
de

([
C
2C

N
H
E
im

]C
l)
,a

n
d
1-
pr
op

yr
on

it
ri
le
-3
-

be
n
zy
li
m
id
az
ol
iu
m

ch
lo
ri
de

([
C
2C

N
B
zi
m
]C
l)

-
T
h
e
li
gn

in
w
as

ch
ar
ac
te
ri
ze
d
by

FT
IR
,N

M
R
,T

G
A
,a

n
d
el
em

en
ta
l

an
al
ys
is

40
4

-T
h
e
ba

m
bo

o
bi
om

as
s
w
as

tr
ea
te
d
w
it
h
th
es
e
IL
s
un

de
r

co
n
tr
ol
le
d
co
n
di
ti
on

s
(t
em

pe
ra
tu
re
,t
im

e,
an

d
pa

rt
ic
le

si
ze
)
to

ex
tr
ac
t
li
gn

in

-
[C
2C

N
B
zi
m
]C
l
w
as

th
e
be

st
IL
,e

xt
ra
ct
in
g
up

to
53

%
of

li
gn

in
effi

ci
en

tl
y

-C
el
lu
lo
se

cr
ys
ta
lli
n
it
y
st
ay
ed

th
e
sa
m
e,

an
d
li
gn

in
sh

ow
ed

ex
pe

ct
ed

fu
n
ct
io
n
al

gr
ou

ps
a

er
ex
tr
ac
ti
on

-T
h
e
IL
s
w
er
e
h
ig
h
ly
re
cy
cl
ab

le
,m

ai
n
ta
in
in
g
effi

ci
en

cy
ac
ro
ss

se
ve
ra
l

cy
cl
es

-S
uc

ce
ss
fu
ll
ig
n
in

is
ol
at
io
n
w
as

co
n

rm

ed
th
ro
ug

h
fu
n
ct
io
n
al

gr
ou

p
an

al
ys
is

an
d
ex
tr
ac
ti
on

effi
ci
en

cy
E
xt
ra
ct
io
n
of

li
gn

in
fr
om

tw
o
ty
pe

s
of

bi
om

as
s:

so

w
oo

d
an

d
br
ew

er
's
sp

en
t

gr
ai
n
s
(B
SG

)

-
Li
gn

in
w
as

ex
tr
ac
te
d
us

in
g
de

ep
eu

te
ct
ic

so
lv
en

ts
(D

E
S)

co
m
po

se
d
of

ch
ol
in
e
ch

lo
ri
de

(C
h
C
l)
co
m
bi
n
ed

w
it
h
tw

o
di
ff
er
en

th
yd

ro
ge
n
bo

n
d
do

n
or
s
(H

B
D
s)
:l
ac
ti
c

ac
id

(L
A
)
an

d
gl
yc
er
ol

(G
ly
)

-
Li
gn

in
fe
at
ur
es

va
ri
ed

ba
se
d
on

th
e
D
E
S
an

d
te
m
pe

ra
tu
re

us
ed

in
ex
tr
ac
ti
on

40
7

-
T
h
e
pr
et
re
at
m
en

t
w
as

co
n
du

ct
ed

at
te
m
pe

ra
tu
re
s
of

60
°C

an
d
80

°C
.T

h
e
pr
oc
es
s
in
vo
lv
ed

m
ix
in
g
th
e

bi
om

as
s
w
it
h
D
E
S,

fo
llo

w
ed

by

lt
ra
ti
on

,e
th
an

ol
w
as
h
in
g,

an
d
pr
ec
ip
it
at
io
n
of

li
gn

in
us

in
g
et
h
an

ol
/

w
at
er

m
ix
tu
re

as
an

an
ti
so
lv
en

t.
T
h
e
re
su

lt
in
g
li
gn

in
pr
ec
ip
it
at
e
w
as

th
en

dr
ie
d

-
C
h
C
l
yi
el
de

d
h
ig
h
er

b
-O
-4

li
n
ka

ge
s
an

d
n
ar
ro
w
m
ol
ec
ul
ar

w
ei
gh

t
di
st
ri
bu

ti
on

s,
es
pe

ci
al
ly

at
80

°C

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24231

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
6

(C
o
n
td
.)

B
io
m
as
s
u
se
d

E
xt
ra
ct
io
n
m
et
h
od

s
in
vo
lv
ed

Pr
op

er
ti
es

of
ex
tr
ac
te
d
li
gn

in
R
ef
.

-C
h
C
lr
es
ul
te
d
in

lo
w
er

yi
el
ds

an
d
le
ss

b
-O
-4

pr
es
er
va
ti
on

co
m
pa

re
d

to
ot
h
er

m
et
h
od

s
-N

M
R
sh

ow
ed

C
h
C
lp

re
se
rv
ed

G
su

bu
n
it
s
an

d
b
-O
-4

bo
n
ds

be
tt
er

in
so

w
oo

d
li
gn

in
T
h
re
e
ty
pe

s
of

po
pl
ar

sp
ec
ie
s
w
er
e
us

ed
:

w
il
d
-t
yp

e
po

pl
ar

(P
.
ni
gr
a
×

P.
m
ax

im
ow

ic
zi
i)
,a

n
d
tw

o
ge
n
et
ic
al
ly

m
od

i
ed

va
ri
an

ts
w
it
h
h
ig
h
-S

(F
5H

-6
4)

an
d
lo
w
-S

(1
03

5-
41

)
li
gn

in
co
n
te
n
t

-
Li
gn

in
w
as

ex
tr
ac
te
d
us

in
g
ac
et
ic

ac
id
/f
or
m
ic

ac
id
/

w
at
er
,a

ce
to
n
e/
w
at
er
,a

n
d
m
et
h
an

ol
/w
at
er

as
so
lv
en

t
m
ix
tu
re
s

-
Li
gn

in
pr
op

er
ti
es

va
ri
ed

ba
se
d
on

th
e
so
lv
en

t
us

ed
fo
r
ex
tr
ac
ti
on

40
5

-
B
io
m
as
s
w
as

h
ea
te
d
w
it
h
so
lv
en

ts
,t
h
en


lt
er
ed

,
co
n
ce
n
tr
at
ed

,a
n
d
pr
ec
ip
it
at
ed

to
is
ol
at
e
li
gn

in
-
M
et
h
an

ol
yi
el
de

d
m
or
e
m
on

om
er
ic

ph
en

ol
ic

pr
od

uc
ts
,a

ch
ie
vi
n
g

ov
er

60
%

pr
od

uc
t
yi
el
d

-
M
et
h
an

ol
tr
ea
tm

en
t
yi
el
de

d
58

–6
9%

li
gn

in
,h

ig
h
er

th
an

47
–5
4%

fr
om

ac
et
ic

ac
id
/f
or
m
ic

ac
id

-M
et
h
an

ol
pr
es
er
ve
d
li
gn

in
st
ru
ct
ur
e
by

m
in
im

iz
in
g
ca
rb
on

–c
ar
bo

n
bo

n
d
fo
rm

at
io
n

-
A
ce
to
n
e
ex
tr
ac
ti
on

re
su

lt
ed

in
62

–6
7%

li
gn

in
yi
el
d,

le
ss

eff
ec
ti
ve

th
an

m
et
h
an

ol
-S

E
M

an
d
N
M
R
an

al
ys
es

sh
ow

ed
m
et
h
an

ol
pr
od

uc
ed

la
rg
er
,r
eg
ul
ar

pa
rt
ic
le
s
w
it
h
un

iq
ue

su
bs

ti
tu
ti
on

pa
tt
er
n
s

W
h
ea
t
st
ra
w
an

d
ri
ce

h
us

k
as

LC
B

so
ur
ce
s

-
Li
gn

in
w
as

ex
tr
ac
te
d
us

in
g
pr
ot
ic

io
n
ic

li
qu

id
s

co
n
si
st
in
g
of

py
ri
di
n
iu
m

ca
ti
on

s
an

d
di
h
yd

ro
ge
n

ph
os
ph

at
e
an

io
n
s
(H

2
PO

4
− )

-T
h
e
ex
tr
ac
te
d
li
gn

in
yi
el
ds

w
er
e
op

ti
m
al

at
73

%
fo
r
w
h
ea
ts

tr
aw

an
d

72
%

fo
r
ri
ce

h
us

k
un

de
r
th
e
be

st
co
n
di
ti
on

s
(1
00

°C
fo
r
2
h
ou

rs
)

14
4

-
T
h
e
IL
s
w
er
e
sy
n
th
es
iz
ed

by
tr
ea
ti
n
g
py

ri
di
n
e
w
it
h

va
ry
in
g
m
ol
es

of
85

%
ph

os
ph

or
ic

ac
id

(H
3
PO

4
)

-
T
h
e
li
gn

in
sh

ow
ed

re
du

ce
d
in
te
n
si
ty

in
FT

-I
R
pe

ak
s
re
la
te
d
to

ar
om

at
ic

ri
n
gs

an
d
ph

en
ol
ic

O
H

gr
ou

ps
,i
n
di
ca
ti
n
g
su

cc
es
sf
ul

de
li
gn

i
ca
ti
on

-
B
io
m
as
s
sa
m
pl
es

w
er
e
pr
et
re
at
ed

in
th
es
e
io
n
ic

li
qu

id
s
at

te
m
pe

ra
tu
re
s
ra
n
gi
n
g
fr
om

70
°C

to
10

0
°C

fo
r
30

to
12

0
m
in
ut
es

-
H
SQ

C
N
M
R
an

al
ys
is

re
ve
al
ed

th
at

th
e
li
gn

in
st
ru
ct
ur
e
re
ta
in
ed

gu
ai
ac
yl

an
d
sy
ri
n
gy
l
fr
ag

m
en

ts
,w

it
h
so
m
e
co
n
de

n
sa
ti
on

ob
se
rv
ed

,
re

ec
ti
n
g
th
e
eff

ec
ti
ve
n
es
s
an

d
m
il
dn

es
s
of

th
e
ex
tr
ac
ti
on

pr
oc
es
s

-
Po

st
-t
re
at
m
en

t,
li
gn

in
w
as

se
pa

ra
te
d
us

in
g
ac
et
on

e-
w
at
er

an
ti
-s
ol
ve
n
t
m
ix
tu
re
,

lt
er
ed

,a
n
d
th
en

pu
ri

ed

by
ce
n
tr
if
u
ga

ti
on

an
d
fr
ee
ze
-d
ry
in
g

V
ar
io
us

ty
pe

s
of

bi
om

as
s,

in
cl
ud

in
g

w
h
ea
t
st
ra
w
,e

u
ca
ly
pt
us

,a
n
d
pi
n
e

-
T
h
e
ex
tr
ac
ti
on

em
pl
oy
ed

a
co
m
bi
n
at
io
n
of

1,
4-

bu
ta
n
ed

io
l
(B
D
O
)
an

d
p-
to
lu
en

es
ul
fo
n
ic

ac
id

(p
T
sO

H
)

in
an

aq
ue

ou
s
so
lu
ti
on

-
T
h
e
ex
tr
ac
te
d
li
gn

in
re
ta
in
ed

h
ig
h
le
ve
ls

of
b
-O
-4

li
n
ka

ge
s,

w
it
h

pr
es
er
va
ti
on

ra
te
s
re
ac
h
in
g
up

to
95

%
39

3

-
M
ol
ec
ul
ar

dy
n
am

ic
s
si
m
ul
at
io
n
s
re
ve
al
ed

h
ow

li
gn

in
di
ss
ol
ve
d
at

th
e
m
ol
ec
ul
ar

le
ve
l

-
T
h
e
li
gn

in
sh

ow
ed

h
ig
h
yi
el
ds

(o
ve
r
80

%
fr
om

eu
ca
ly
pt
us

an
d

ar
ou

n
d
50

%
fr
om

re
si
st
an

t
co
n
if
er

w
oo

d)
an

d
w
as

fo
un

d
to

h
av
e

a
lo
w
co
n
de

n
sa
ti
on

le
ve
l,
m
ak

in
g
it
su

it
ab

le
fo
r
h
ig
h
-v
al
ue

ap
pl
ic
at
io
n
s

-T
h
e
co
n
di
ti
on

s
in
cl
ud

ed
a
70

%
B
D
O
aq

ue
ou

s
so
lu
ti
on

m
ix
ed

w
it
h
10

%
pT

sO
H

at
te
m
pe

ra
tu
re
s
ra
n
gi
n
g
fr
om

90
°C

to
15

0
°C

-
T
h
e
ex
tr
ac
te
d
li
gn

in
al
so

de
m
on

st
ra
te
d
po

te
n
ti
al

as
an

eff
ec
ti
ve

in
gr
ed

ie
n
t
in

ch
em

ic
al

su
n
sc
re
en

s,
si
gn

i
ca
n
tl
y
en

h
an

ci
n
g
th
e
su

n
pr
ot
ec
ti
on

fa
ct
or

(S
PF

)
co
m
pa

re
d
to

un
tr
ea
te
d
sa
m
pl
es

-
T
h
is

ap
pr
oa

ch
w
as

op
ti
m
iz
ed

to
m
ai
n
ta
in

li
gn

in
n
at
iv
e
st
ru
ct
ur
e
w
h
il
e
av
oi
di
n
g
ex
ce
ss
iv
e
co
n
de

n
sa
ti
on

K
en

af

be

r
bi
om

as
s
so
ur
ce
d
fr
om

C
h
up

in
g
pl
an

ta
ti
on

si
te

in
M
al
ay
si
a

-
T
h
e
li
gn

in
ex
tr
ac
ti
on

in
vo
lv
ed

a
tw

o-
st
ep

pr
oc
es
s

-
T
h
e
li
gn

in
ex
tr
ac
te
d
us

in
g
N
A
D
E
S
sh

ow
ed

a
sl
ig
h
t
in
cr
ea
se

in
ca
rb
on

an
d
n
it
ro
ge
n
pe

rc
en

ta
ge
s
co
m
pa

re
d
to

co
m
m
er
ci
al

li
gn

in
40

6

-
K
en

af

be

rs
w
er
e
pr
et
re
at
ed

w
it
h
a
n
at
ur
al

de
ep

eu
te
ct
ic

so
lv
en

t
(N

A
D
E
S)

co
n
si
st
in
g
of

la
ct
ic

ac
id

an
d

ch
ol
in
e
ch

lo
ri
de

at
m
ol
ar

ra
ti
os

of
1
:1
2
an

d
1
:1
5

-
N
A
D
E
S-
ex
tr
ac
te
d
li
gn

in
ex
h
ib
it
ed

a
sm

oo
th
er

an
d
w
av
ie
r
su

rf
ac
e

co
m
pa

re
d
to

th
e
ir
re
gu

la
r
te
xt
ur
e
of

co
m
m
er
ci
al

li
gn

in

-
Fi
be

rs
w
er
e
th
en

su
bj
ec
te
d
to

ac
id

h
yd

ro
ly
si
s
us

in
g

72
%

su
lf
ur
ic

ac
id

to
re
m
ov
e
ca
rb
oh

yd
ra
te
s,

th
en

th
e

li
gn

in
w
as

ex
tr
ac
te
d,


lt
er
ed

,a
n
d
dr
ie
d

-
FT

IR
sp

ec
tr
a
in
di
ca
te
d
si
m
il
ar

fu
n
ct
io
n
al

gr
ou

ps
bu

t
w
it
h
sl
ig
h
t

va
ri
at
io
n
s
in

in
te
n
si
ty

an
d
po

si
ti
on

-X
R
D
an

al
ys
is

re
ve
al
ed

a
sl
ig
h
t
de

cr
ea
se

in
cr
ys
ta
lli
n
it
y
a

er
N
A
D
E
S

pr
et
re
at
m
en

t

24232 | J. Mater. Chem. A, 2025, 13, 24185–24253 This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


T
ab

le
6

(C
o
n
td
.)

B
io
m
as
s
u
se
d

E
xt
ra
ct
io
n
m
et
h
od

s
in
vo
lv
ed

Pr
op

er
ti
es

of
ex
tr
ac
te
d
li
gn

in
R
ef
.

-
T
G
A
an

d
D
SC

an
al
ys
is

sh
ow

ed
th
at

N
A
D
E
S-
ex
tr
ac
te
d
li
gn

in
h
ad

a
di
ff
er
en

t
th
er
m
al

de
gr
ad

at
io
n
pr
o

le
co
m
pa

re
d
to

co
m
m
er
ci
al

li
gn

in
,w

it
h
va
ry
in
g
de

co
m
po

si
ti
on

te
m
pe

ra
tu
re
s
an

d
en

th
al
py

va
lu
es

R
es
id
ua

l
LC

B
fr
om

O
co
te

pi
n
e
(P
in
u
s

m
on

te
zu

m
ae

La
m
b.
)
in
cl
ud

in
g
sa
w
du

st
an

d
ba

rk
so
ur
ce
d
fr
om

th
e
fo
re
st

el
ds

of
R
an

ch
o
Pe

ñ
it
as

an
d
G
uz

m
án

in
Sa

n
Jo
aq

úı
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applications.397,398 These modications enable lignin to serve as
a valuable bio-based polymer or a precursor for carbon mate-
rials, expanding its industrial utility.173,399,400 Optimizing the
extraction method is essential to balance lignin recovery effi-
ciency with structural preservation, ensuring its functional
adaptability for biofuel production, biopolymer development,
and high-value chemical synthesis.

The studies summarized in Table 6 present a variety of
methods for isolating lignin from different LCB with a focus on
optimizing extraction efficiency, characterizing properties, and
assessing the potential applications of the extracted lignins.
Different solvents and extraction techniques were employed,
yielding lignins with diverse chemical structures and proper-
ties. For example, non-wood biomass sources like wheat straw,
pine straw, and alfalfa yielded lignin with varying thermal
stability, with wheat straw lignin exhibiting the highest thermal
stability and ax ber showing the highest enthalpy values.396

Studies on Typha capensis demonstrated that various treat-
ments, including milling, ionic liquids, and ethanol organosolv
methods, resulted in lignin with different acetyl content and
molecular structure.140 Extraction from Eucalyptus urophylla
using ionic liquids exhibited a range of lignin molecular
weights and thermal stability, with signicant changes in b-O-40

linkages.132 Additionally, studies on palm biomass such as
empty fruit bunches and palm kernel shells used pyridinium
formate, achieving over 90% extraction efficiency,395 while
sugarcane bagasse lignins were extracted through alkaline,
ethanosolv, and hydrotropic methods, revealing differences in
carbon content and higher heating values.401 Etek lignin, ob-
tained from acidic wood processing byproducts, demonstrated
varied pyrolytic properties with a wide range of heating values
and stability, showing potential as biofuel feedstock.402

Furthermore, lignins extracted using deep eutectic solvents
from food processing residues showed differing molecular
weights and higher heating values, indicating the potential for
tailored applications based on residue type.403 Extraction of
lignin from bamboo using nitrile-based ionic liquids (ILs)
highlighted the effectiveness of ILs for efficient lignin recovery,
with ILs such as [C2CNBzim]Cl achieving high yields and
maintaining recycling efficiency.404 Various studies also exam-
ined lignin extraction from sowoods and genetically modied
poplars, with methanol treatment yielding high monomeric
phenolic products,405 while kenaf ber biomass treated with
a natural deep eutectic solvent showed alterations in crystal-
linity and distinct thermal degradation proles.406
5.1. Lignin properties

Lignin plays a crucial role in regulating liquid transport within
plants, enabling them to grow tall and compete for sunlight.
Unlike cellulose, which forms crystalline structures, the amor-
phous nature of lignin results in a three-dimensional polymer
network. This structure enhances its exibility and allows it to
ll spaces within the cell wall matrix, thereby strengthening
plant tissues mechanically. Lignin composition varies depend-
ing on its source.185 In sowoods such as pine and spruce,
lignin primarily consists of coniferyl alcohol units, with some p-
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24233
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coumaryl units and minimal sinapyl alcohol content. In
contrast, hardwoods like beech, birch, and oak contain higher
concentrations of sinapyl alcohol units.409 Native lignin is
insoluble in water, and during the cooking process, its solubi-
lization is essential for separating it from the ber fraction.76

Structurally, lignin is a complex organic polymer that contains
both polar groups and nonpolar hydrocarbon and benzene
rings. It includes various functional groups like hydroxyl,
aromatic sites, alcohols, methoxyl, carboxyl, and carbonyl
functionalities. These diverse chemical groups enable lignin to
interact and react with a wide range of organic compounds. This
reactivity makes lignin a highly valuable and versatile precursor
for the synthesis of a variety of synthetic polymers, including
resins, polyurethanes, and polyesters, which are extensively
used in numerous industrial applications.410 These functional-
ities facilitate key chemical transformations, including esteri-
cation, alkylation, etherication, hydroxypropylation with
epoxides, and urethanization via isocyanate or non-isocyanate
routes.411 Fig. 20 illustrates these chemical modications,
which diversify functional potential of lignin. Lignin also
exhibits high strength, resistance, and rigidity against ultravi-
olet light, making it well-suited for heat and sound insu-
lation.412 Its molecular weight and chemical composition are
inuenced not only by plant species but also by the specic
plant part, leading to variations even within the same plant. For
example, lignin–carbohydrate complexes extracted from hard-
woods and sowoods exhibit molecular weight ranges of 9800–
17 600 g mol−1 and 10 000–13 000 g mol−1, respectively.78,413

The aromatic nature of lignin grants it unique physico-
chemical properties, including UV-absorbing capabilities that
protect plants from harmful solar radiation. Additionally, high
resistance of lignin to biodegradation contributes to the
longevity of plant-derived materials in natural
Fig. 20 Overview of chemical transformations for enhancing lignin func
MDPI.

24234 | J. Mater. Chem. A, 2025, 13, 24185–24253
environments.414,415 However, this resistance poses challenges
for lignin valorization and recycling, as traditional chemical
and biological degradation processes are oen inefficient and
costly. Moreover, the thermal stability of lignin is inuenced by
several factors, including interunit structures, functional
groups, degree of condensation, and molecular weight.392 It
demonstrates moderate stability at elevated temperatures, with
decomposition occurring between 200 and 600 °C, peaking
around 400 °C. During this process, phenylpropane side chains
degrade, releasing compounds such as formic acid, formalde-
hyde, carbon dioxide, and water.416 At higher temperatures
(500–700 °C), degradation of the lignin backbone intensies,
leading to the release of volatile products like carbonmonoxide,
carbon dioxide, and hydrogen.398 Lignin is also recognized for
its potential as a renewable carbon source in carbon ber
production. Through pyrolysis at high temperatures, lignin can
be converted into carbon bers suitable for aerospace, auto-
motive, and other high-performance applications.402,417

Lignin-based materials exhibit both antioxidant and anti-
microbial properties.418 Studies have shown that syringic acid,
a lignin-derived compound, can modulate MMP expression and
regulate MMP-1 production via the AP-1 mechanism. This
process enhances the survival rate of UVB-damaged HaCaT
cells, suggesting potential applications in cosmetics.419 Addi-
tionally, silver-infused lignin-based nanoparticles have
demonstrated strong antimicrobial properties, effectively
neutralizing common pathogens and underscoring lignin
potential as an antimicrobial agent.420 Beyond its bioactive
properties, lignin has been explored as a reinforcement mate-
rial due to its interesting mechanical strength. Özparpucu
et al.421 observed that lignin signicantly inuenced the axial
elastic modulus of poplar wood, attributing this enhancement
to its aromatic and heterocyclic structure, which strengthened
tionalities. Reproduced with permission from ref. 411 copyright © 2019

This journal is © The Royal Society of Chemistry 2025
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wood biomass. Furthermore, Cousins422 conducted experiments
to measure the elastic modulus of two types of lignins (peri-
odate and Klason lignins) at various moisture contents. They
found that the Young's modulus of periodate lignin ranged
from 3.1 × 109 to 6.7 × 109 Pa, and the shear modulus ranged
from 1.2 × 109 to 2.1 × 109 Pa as moisture content decreased.
Klason lignin exhibited similar behavior, though its moduli
were consistently lower.422 From a mechanical perspective,
lignin plays an important role in reinforcing plant tissues,
providing rigidity and structural integrity essential for main-
taining upright growth.423 Its mechanical properties, including
Young's modulus, tensile strength, and toughness, vary based
on factors such as molecular weight, chemical composition,
and degree of polymerization. These properties can be tailored
through various processing techniques, including chemical
modications, polymer blending, and controlled extraction
methods that alter its molecular structure.173,174,424 To leverage
mechanical benets of lignin, researchers have developed
lignin-based composites by incorporating it into polymeric
matrices. These composites exhibited enhanced mechanical
properties while offering a more sustainable alternative to
traditional petroleum-based materials, contributing to reduced
environmental impact.425,426
5.2. Lignin (bio)sensing applications

Recent research has increasingly focused on lignin-based
composites for advanced (bio)sensing applications, high-
lighting the potential of this abundant and renewable
biopolymer.427–429 The chemical versatility and structural prop-
erties of lignin contribute to enhanced sensitivity, selectivity,
and stability in sensing materials.32,428,429 Studies have demon-
strated that integrating lignin into nanostructured materials
and hydrogels results in highly effective sensors for detecting
environmental pollutants, biological molecules, and hazardous
substances.31,429 These composites benet from inherent ability
of lignin to undergo functionalization, allowing for the incor-
poration of additional sensing moieties or conductive materials
to improve detection limits and response times. Notable
advancements include lignin-based electrochemical sensors
with enhanced electroactive properties, enabling the detection
of trace analytes,32 as well as lignin-derived photonic sensors
that exploit its optical characteristics for highly sensitive bio-
sensing applications.430,431 The use of lignin in sensor develop-
ment not only supports the design of sustainable and eco-
friendly technologies but also addresses key challenges such
as cost-effectiveness and material availability.32,427,431

The studies summarized in Table 7 highlight signicant
advancements in sensor technologies utilizing lignin-based
materials, each offering valuable insights into material perfor-
mance and applications. Lignin-scribed graphene (LSG)
combined with nitrogen-doped graphene QDs (N-GQDs) and
silver nanoparticles (Ag NPs) demonstrated exceptional sensi-
tivity (1 fM) for detecting Troponin I, emphasizing the potential
of hybrid nanocomposites in medical diagnostics.32 Similarly,
carbon-based conductive inks derived from lignin proved
effective in detecting uric acid and catechol, showcasing their
This journal is © The Royal Society of Chemistry 2025
potential for cost-effective electroanalytical biosensors.427 In the
realm of gas sensing, carbon foams incorporating graphene
oxide (GO) and reduced graphene oxide (rGO) exhibited
enhanced electrochemical performance for ammonia detection,
demonstrating the importance of optimizing additive concen-
trations and processing methods.428 For wearable sensor
applications, electrospun carbon bers from Eucalyptus glob-
ulus lignin responded distinctively to various human motions,
suggesting their potential for personalized sensor develop-
ment.432 Additionally, lignin-based polyurethane copolymers
doped with multiwall carbon nanotubes (MWCNTs) achieved
high conductivity with a low percolation threshold, proving
valuable for potentiometric chemical sensors.400 Further
advancements include lignin-derived graphene composites
integrated with MoS2 and Ag NPs, achieving remarkable sensi-
tivity for Troponin I detection with a limit as low as 100 atto-
molar, making them highly promising for biomarker
detection.433 Meanwhile, carbonized lignin screen-printed
electrodes with immobilized algae cells demonstrated high
sensitivity for atrazine detection, offering a sustainable solution
for agricultural monitoring.429 Lastly, lignin-based phenolic–
resin-derived carbon catalysts incorporating CoNi/biochar ach-
ieved a low detection limit for 2-nitrophenol, highlighting the
effectiveness of combining lignin-derived carbonmaterials with
metal catalysts for electrochemical applications.434

Lignin-based materials are emerging as promising candi-
dates for a broad range of applications, including sensing and
biosensing. The inherent aromatic structure of lignin provides
rigidity to polymeric systems, ensuring excellent thermal and
mechanical properties in the resulting materials. Furthermore,
the phenolic and aliphatic hydroxyl groups present in lignin
offer versatile chemical functionalities, making them suitable
for various applications, such as enhancing material properties,
enabling functionalization, and improving sensor
performance.174,436

5.2.1 Environmental sensors. Faria et al.400 modied euca-
lyptus kra lignin-based polyurethane by incorporating multi-
wall carbon nanotubes (MWCNTs) to create a conductive
copolymer for use in ion-selective membranes for potentio-
metric chemical sensor applications. This hybrid material
exhibited high stability in aqueous solutions, maintaining
a reproducibility of 2% in a 0.1 mmol L−1 chromate solution
over a three-month period.400 Similarly, Chokkareddy and
coworkers437 developed an innovative nanocomposite made of
multiwalled carbon nanotubes, copper oxide nanoparticles and
lignin polymer. This composite was used to modify glassy
carbon electrodes for the sensitive detection of chlorogenic acid
in both articial and coffee samples via differential pulse vol-
tammetry.437 Under optimized conditions, the nanocomposite-
modied electrode demonstrated high sensitivity and low
detection limits. When applied to real coffee samples, the
hybrid electrode achieved a recovery rate ranging from 97% to
106%.437 Stergiou et al.438 introduced lignin-modied glassy
carbon electrodes as transducers for ozone detection. Impedi-
metric and cyclic voltammetric studies conrmed the feasibility
of using a polymer degradation-based impedimetric sensor for
ozone monitoring, which shows potential for applications in
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24235
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industrial and technical settings.438 Wang et al.432 developed
carbon bers derived from Eucalyptus globulus lignin and
sugarcane bagasse kra lignin to detect specic human body
motions. These lignin-based piezoresistive sensors exhibited
promising potential for use in wearable electronics
applications.432

5.2.2 Bioimaging and biomedical applications. Lignin,
a polyphenolic compound with intrinsic electron–transfer
properties, serves as a high-performance material for bio-
electronic interfaces, particularly in biosensing applications. Its
redox-active moieties, such as phenolic and methoxyl groups,
enable efficient electron transfer, making it suitable for fabri-
cating sensors that detect biomolecules. A key application
involves lignin-based electrochemical biosensors, where its
conductive properties are utilized in conjunction with enzy-
matic activity to facilitate redox reactions.439,440 For example,
Jędrzak et al.439 developed a biosensor incorporating a multi-
component material of magnetite, lignin, polydopamine,
glucose oxidase, and ferrocene, integrated into a carbon paste
electrode (CPE/Fe2O4/Lig/PDA/GOx/Fc). The biosensor was
characterized using FTIR, TEM, AFM, and zeta potential
measurements, and glucose oxidase immobilization was
assessed with a Bradford assay. The performance of the
biosensor was evaluated alongside photometric methods and
three commercial glucometers. Results from testing glucose-
based commercial products demonstrated repeatability and
highlighted the biosensor potential for accurate glucose detec-
tion in real-world applications.439 In addition, Beaucamp et al.440

developed a third-generation glucose biosensor using glucose
oxidase (GOx) immobilized on mesoporous carbon nano-
structures, which were derived from a 50% alcell lignin and 50%
polylactic acid (PLA) precursor blend. Methylene diphenyl dii-
socyanate was added to prevent fusion during thermal stabili-
zation.440 The PLA acted as a sacricial material, enabling the
formation of mesopores (2–4 nm) within larger pores, creating
a hierarchical structure ideal for GOx immobilization. The
resulting biosensor demonstrated a high surface coverage of 3.0
× 10−10 mol cm−2 and fast direct electron transfer of 1.3 s−1. It
exhibited strong, selective glucose activity, with a low Michae-
lis–Menten constant (Km = 0.600 mM), linear response from
0.15 to 2.7 mM, and high sensitivity (50 mA mM−1 cm−2), with
a limit of detection of 89 mmol L−1.440 Tortolini et al.441 designed
novel nanoarchitectures based on lignin nanoparticles (LNPs)
for eco-friendly electrochemical biosensing. They utilized two
types of LNPs namely organosolv (OLNPs) and kra lignin
(KLNPs), synthesized from sulfur-free and sulfur-containing
lignin respectively, to modify a gold electrode. Electro-
chemical analysis using CV and EIS revealed a decrease in
faradaic current and an increase in DEp, indicating that the
LNPs layer inhibited electron transfer.441 When the modied
electrodes were assembled with concanavalin A (ConA) and
glucose oxidase (GOx), they demonstrated glucose sensitivity of
(4.53 ± 0.467) mA mM−1 cm2 for OLNPs and (13.74 ± 1.84) mA
mM−1 cm2 for KLNPs. The best analytical performance was
achieved with a three-layered Au(KLNPs/ConA/GOx)3 elec-
trode.441 Moreover, the polyphenolic structure of lignin
enhances its ability to chelate metals, making it highly valuable
This journal is © The Royal Society of Chemistry 2025
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in biosensing applications. The phenolic hydroxyl groups in
lignin can bind with metal ions, forming stable complexes that
enable the detection and quantication of specic metals in
biological samples. This metal-binding capacity allows lignin to
be utilized in the development of sensitive, selective biosensors
for environmental monitoring, medical diagnostics, and food
safety, offering an eco-friendly alternative to synthetic chelating
agents.431,442,443 Xu et al.442 developed lignin–sulfonate/graphene
QDs core/shell hybrids for label-free, sensitive, and selective
detection of Fe3+. The resulting sensor demonstrated excellent
sensitivity and selectivity towards Fe3+ in both articial and lake
water samples, achieving a detection limit as low as 0.5 nM.442

Moreover, lignin-based sensors have also demonstrated signif-
icant potential in disease diagnosis, particularly due to their
ability to interact with biological markers and metals in
complex biological systems. These sensors can be engineered to
detect specic disease-related biomarkers, offering a promising
tool for early detection and monitoring.444 Rai et al.444 synthe-
sized water-soluble reduced uorescent carbon dots using
lignosulfonate lignin as a carbon source, aimed at curcumin
nano-carrier and bioimaging applications. This research high-
lights signicant potential of lignin-based materials for cancer
diagnosis and treatment.444 Furthermore, interesting properties
of lignin make it an excellent candidate for the development of
uorescent nanocolorants, which can be used in live cell
imaging. These lignin-based nanocolorants offer non-toxic,
biodegradable alternatives to traditional uorescent dyes,
enabling real-time tracking of cellular processes with minimal
impact on cell viability, thus advancing research in diagnostics
and cellular biology.445 Pillai et al.445 performed a green
synthesis of lignin-based uorescent nanocolorants for live cell
imaging. These non-toxic and efficient materials exhibited high
uorescent intensity, proving effective for live cell uorescent
imaging, particularly with L929 cells.445

5.2.3 Stress/strain and wearable sensors. Nguyen et al.446

synthesized lignin-based renewable shape-memory materials
for switchable electrical conductivity in stress/strain-sensing
applications, achieving excellent results in devices for detect-
ing human motion and monitoring stress history.446 Moreover,
Yang et al.447 developed a lignin-based hydrogel with enhanced
exibility, tensile strain ($350%), compressive strain (z95%),
and fatigue resistance (up to 10 000 cycles under 50% strain,
and 200–800 cycles under 95% compressive strain). The
improved properties of lignin-based hydrogel were achieved by
incorporating glycerol and lithium chloride, which facilitated
dynamic hydrogen and lithium ion bonds and reduced covalent
cross-linking between lignin and other monomers.447 These
modications also enhanced moisture retention and freeze
resistance, enabling effective sensing performance at −40 ± 1 °
C. The hydrogel was used to 3D print wearable tensile strain
sensors and ripple-shaped 3 × 3 matrix hydrogel pressure
sensors, demonstrating uniform stress distribution and supe-
rior performance in controlling bionic hand movements. These
advancements highlight the potential of lignin-based hydrogels
for applications in human–machine interfaces.447 Lignin, when
combined with other plant-derived biopolymers such as cellu-
lose, can signicantly enhance its mechanical and functional
This journal is © The Royal Society of Chemistry 2025
properties, making it an interesting material for strain sensor
applications. The synergistic effects of lignin and cellulose can
improve the overall strength, exibility, and durability of the
composite materials, enabling them to respond sensitively to
changes in strain or deformation. These reinforced materials
exhibit excellent mechanical properties like high tensile
strength, elasticity, and stretchability, which are essential for
real-time monitoring of movements.332,448 Huang et al.332 devel-
oped a hydrogel by incorporating lignin, trivalent iron ions, and
nanocellulose into the precursor uid, enabling gelation
without the need for external heating or UV radiation. The study
found that the gelation time was positively correlated with the
lignin content, with rapid gel formation occurring in 63 s when
the lignin content was 8 wt%.332 The combination of lignosul-
fonate and nanocellulose introduced both non-covalent and
covalent bonds, enhancing the hydrogel tensile strength (227
kPa) and elongation at break (515%). This hydrogel was also
used as a strain sensor, capable of monitoring human joint
movements, highlighting its potential for practical applications
in sensing technologies.332 Similarly, Zhou et al.448 successfully
developed a multifunctional ion-conductive hydrogel with
remarkable mechanical properties and ionic conductivity,
addressing the challenge of combining high mechanical
strength with efficient electrical conductivity 448 The hydrogel,
designed by integrating lignin-containing cellulose nanobers,
polyvinyl alcohol chains, ethylene glycol, and aluminum chlo-
ride, exhibited high mechanical performance, including tensile
strength of 1.28 MPa, strain capacity of 794.94%, toughness of
6.32 MJ m−3, and fatigue resistance. It also exhibited excellent
sensing stability (300 cycles at 80% strain), high ionic conduc-
tivity (0.82 S m−1), quick response (300 ms), freeze tolerance
(−24 °C), and long-term solvent retention (180 days), making it
ideal for wearable sensors.448

5.2.4 Humidity and chemical sensors. Rich in phenolic
and aliphatic hydroxyl groups, lignin exhibits strong hydrogen
bonding and moisture absorption capabilities. Its amorphous
structure and natural hydrophilicity allow it to swell or change
conductivity in response to humidity variations. Additionally,
lignin can be processed into thin lms or composites with
conductive materials, enhancing sensitivity and stability.449

Chen et al.449 developed an environmental humidity sensor by
combining lignosulfonate derived from biomass with graphene
oxide. The sensor exhibited a maximum response of 298% at
97% relative humidity when using a 3 wt% thin lm. This
approach addresses the growing demand for low-cost, sustain-
able, and easily producible electrodes for portable point-of-care
testing devices.449 Moreover, incorporating biopolymers of
varying size and molecular weight into lignin matrices signi-
cantly affects composite properties. Gigli et al.450 demonstrated
that combining chitosan with lignin notably improved the
electrochemical responsiveness, structural organization, and
molecular interactions of composite nanoparticles, enhancing
their suitability for sensing applications. The molecular weight
of chitosan played a crucial role: low- and medium-molecular-
weight chitosan integrated efficiently within kra lignin (KL)
nanoparticles, forming compact aggregates with reduced
energy gaps between the highest occupied molecular orbital
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24239
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Fig. 21 (A) Schematic representation of the synthesis of LNPs/CS using twomethods: pathway A illustrates the nanoprecipitation method, while
Pathway B depicts the layer-by-layer (LbL) assembly method. (B) Cyclic voltammograms (CVs) of various KLNP platforms: KLNPs/GCE (black),
KLNPs/CS1/GCE (red), KLNPs/CS2/GCE (blue), and KLNPs/CS3/GCE (green). Redox probe: 5 mM [Fe(CN)6]

3−/4− in 0.1 M KCl solution, scan rate:
50mV s−1. (C) (a) CVs of OLNP platforms synthesized by the nanoprecipitationmethod: OLNPs/GCE (black), OLNPs/CS1/GCE (red), OLNPs/CS2/
GCE (blue), and OLNPs/CS3/GCE (green). (b) CVs of EHLNP platforms synthesized by the nanoprecipitation method: EHLNPs/GCE (black),
EHLNPs/CS1/GCE (red), EHLNPs/CS2/GCE (blue), and EHLNPs/CS3/GCE (green). Redox probe: 5 mM [Fe(CN)6]

3−/4− in 0.1 M KCl solution, scan
rate: 50 mV s−1. (D) Nyquist plots comparing Np-KLNPs/CS2/GCE (red) and Np-OLNPs/CS3/GCE (blue), measured in 5 mM [Fe(CN)6]

3−/4− in
0.1 M KCl solution. The inset shows the equivalent circuit used for fitting the experimental data. Reproduced with permission from ref. 450,
copyright © 2022 American Chemical Society.
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(HOMO) and the lowest unoccupied molecular orbital (LUMO),
which facilitated improved electron transfer and enhanced
electrochemical reversibility.450 In contrast, high-molecular-
weight chitosan caused steric hindrance, disrupting aggregate
formation and reducing performance. The type of lignin also
inuenced results; KL, rich in guaiacyl units, synergized well
with chitosan to form stable, electroactive nanostructures,
while lignins with higher p-hydroxyphenyl content (like enzy-
matic hydrolysis lignin, EHL) formed weaker interactions,
lowering sensing efficiency. Additionally, nanoprecipitation
promoted better aggregation and molecular interactions than
layer-by-layer assembly, yielding composites with superior
electrochemical properties. Overall, tailoring chitosan molec-
ular weight and lignin type produced eco-friendly, highly
responsive composites optimized for advanced electrochemical
sensing.450 In this study, Gigli et al.,450 investigated lignin–chi-
tosan nanoparticles (LNPs/CS) synthesized through layer-by-
layer and nanoprecipitation methods (Fig. 21A). The electro-
chemical responsiveness of the LNPs/CS was evaluated using CV
(Fig. 21B and C) and EIS (Fig. 21D). The electrochemical
reversibility was inuenced by the preparation method, chito-
san molecular weight, and lignin type. Nanoprecipitation with
Kra lignin produced the most responsive nanodevice, sug-
gesting effective interactions between the biopolymers.450 The
steric hindrance of chitosan was found to affect reversibility,
with low-to-medium molecular weight chitosan yielding the
24240 | J. Mater. Chem. A, 2025, 13, 24185–24253
best results. Field emission scanning electron microscopy and
X-ray analyses revealed the distribution of chitosan within the
nanoparticles, inuencing their aggregation.450 The interaction
between lignin and chitosan varied, with Kra lignin showing
positive effects and enzymatic hydrolysis lignin demonstrating
a detrimental impact, likely due to differences in their interac-
tion networks. The LNPs/CS, prepared sustainably and easily,
exhibited superior electrochemical efficiency, indicating the
potential of this eco-friendly platform design for further appli-
cations.450 In addition, lignin-based materials have gained
attention as effective components for ber-optic humidity
sensors by using lignin-based hydrogels or thin lms integrated
with optical bers. These sensors take advantage of lig natural
hygroscopic properties, which allow it to reversibly absorb and
release water molecules, leading to physical and optical
changes, primarily swelling and changes in refractive index
within the lignin matrix.451 Such changes affect light propaga-
tion in the ber, including variations in intensity, phase, or
wavelength, thereby converting humidity uctuations into
measurable optical signals. Upon moisture exposure, the lignin
layer swells and alters its refractive index, impacting evanescent
eld interactions or light coupling in ber congurations like
Bragg gratings or tapered bers, producing detectable shis in
transmitted or reected light. This reversible hydration process
ensures consistent, repeatable sensor performance across
multiple humidity cycles, enabling precise, real-time
This journal is © The Royal Society of Chemistry 2025
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Fig. 22 (A) A sustainable approach converting lignin into graphene-based disposable electrodes for electrochemical biosensors. (B) Electro-
chemical kinetics evaluation: (a) cyclic voltammograms of LIG, P-LIG, and P-rLIG electrodes in [Fe(CN)6]

3−/4−; (b) EIS of LIG, P-LIG, and P-rLIG
electrodes in [Fe(CN)6]

3−/4−. (C) Performance of electrochemical lactate biosensors: (a) cyclic voltammograms of PB/P-rLIG electrode in H2O2;
(b) amperometric response to H2O2; (c) calibration curve for H2O2; (d) amperometric response to lactate; (e) calibration curve for lactate; (f)
interference study; (g) shelf-life study; (h) correlation with standard assay for real sweat sample analysis. Reproduced with permission from ref.
453, copyright © 2022 Elsevier. (D) Schematic representation of the direct-write laser scribing process for N-LSG: (1) preparation of lignin/PVA/
urea film on a substrate using the doctor blading method, (2) laser scribing to create N-LSG from the film, (3) patterned N-LSG electrodes, (4)
modification of the electrodes with Ti3C2Tx/PB via spray coating, (5) water lift-off to remove uncarbonized film, and (6) enzyme functionalization
of N-LSG electrodes. (E) Cyclic voltammetry (CV) profiles of LSG4.8 and N-LSG4.8 electrodes: (a) 5 × 10−3 M [Fe(CN)6]

4− and (c) 5 × 10−3 M
[Ru(NH3)6]

3+ at a scan rate of 10 mV s−1. (b and d) CVs of N-LSG4.8 at varying scan rates, with insets showing peak current (Ip) vs. n
1/2 (upper left)

and Nicholson's kinetic parameterJ vs. Cn−1/2 (lower right). (F) Chronoamperometry plots for (a) glucose sensor (0–5.3 mM glucose in artificial
sweat), (b) lactate sensor (0–20 mM lactate in artificial sweat), and (c) alcohol sensor (0–50 mM alcohol in artificial sweat), with insets showing
calibration curves at 40 seconds post-bias application. (d–f) Reproducibility verification for glucose, lactate, and alcohol sensors in artificial sweat
containing 350 mM glucose, 10 mM lactate, and 20 mM alcohol. Reproduced with permission from ref. 454, copyright © 2020 American
Chemical Society.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24185–24253 | 24241
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monitoring.451 Fu et al.451 employed a combination of recyclable
acid hydrotrope (p-toluenesulfonic acid) and ultrasonic treat-
ment to extract lignin-containing bers from poplar wood.
These bers were used to produce reinforced polyvinyl alcohol
hydrogels through a dissolution-regeneration process in
LiBr$3H2O solution.451 The resulting hydrogel, coated onto the
end face of a single-mode ber, was used to construct a ber-
optic relative humidity sensor. This sensor demonstrated high
sensitivity (4.7 dB) and excellent repeatability (R2 = 0.98) within
the 45% to 80% humidity range.451

5.2.5 Biochemical sensing. Jędrzak et al.452 developed an
enzymatic biosensor by immobilizing glucose oxidase on
a silica–lignin system-based carbon paste electrode to study
glucose oxidation electrochemically. This biosensor exhibited
high sensitivity and selectivity, with a linear response range and
a low detection limit for glucose. Additionally, it was employed
in immunosensing applications to detect HIV p17 peptide with
notable sensitivity and selectivity.452 Meng et al.453 introduced
an eco-friendly approach for creating graphene electrodes for
electrochemical lactate biosensors, utilizing biomass lignin
conversion, laser lithography, water li-off, and NaBH4 treat-
ment (Fig. 22A). Laser lithography effectively transformed lignin
into porous laser-induced graphene (LIG), which was optimized
for conductivity and substrate attachment. Water-based
patterning enabled the creation of porous LIG (P-LIG), which
was further reduced to P-rLIG with NaBH4. Electrochemical
analyses via CV and EIS showed varying peak currents and
separations.453 The P-LIG electrode exhibited enhanced elec-
trochemical kinetics due to the removal of insulating salts and
the exposure of pores. The P-rLIG electrodes displayed the
highest current density and lowest peak separation, indicating
improved conductivity and electron transfer, making them ideal
for biosensors (Fig. 22B). These electrodes allowed the fabrica-
tion of disposable lactate biosensors with excellent analytical
performance, making them promising candidates for sustain-
able biosensor manufacturing (Fig. 22C).453 Lei et al.454 devel-
oped a novel approach for creating nitrogen-doped laser-scribed
graphene (N-LSG) electrodes from a lignin-based precursor, as
illustrated in Fig. 22D, using a CO2 laser scribing process to
produce highly conductive, porous electrodes. These N-LSG
electrodes exhibited enhanced electrochemical activity, with
a conductivity of 2.8 U per square and improved electron
transfer rates, as demonstrated through CV with redox media-
tors [Fe(CN)6]

4− and [Ru(NH3)6]
3+ (Fig. 22E).454 Further func-

tionalization with MXene/Prussian blue (Ti3C2Tx/PB)
composites enabled the fabrication of biosensors for detecting
glucose, lactate, and alcohol. The glucose sensor showed
a sensitivity of 49.2 mA mM−1 cm−2 and a detection limit of 0.3
mM, while the lactate sensor had a sensitivity of 21.6 mA mM−1

cm−2 and a detection limit of 0.5 mM. The alcohol sensor
exhibited a sensitivity of 5.78 mA mM−1 cm−2 (Fig. 22F). The
sensors displayed high reproducibility, with relative standard
deviations (RSDs) of 3.4%, 5.7%, and 5.4% for glucose, lactate,
and alcohol, respectively (Fig. 22F). These ndings underscore
the potential of lignin-based sensors for low-cost, high-
performance, and exible biosensing applications.454
24242 | J. Mater. Chem. A, 2025, 13, 24185–24253
Compared to synthetic polymers traditionally used in sensor
design, such as PANI, PPy, and poly(ethylene glycol) (PEG),
lignin offers a more sustainable, cost-effective alternative,
although its performance can vary depending on the specic
sensor application and architecture.443,449,455,456 Synthetic mate-
rials are known for their consistent mechanical properties,
superior conductivity, and batch-to-batch reproducibility. For
instance, conducting polymers like PANI and PPy, for instance,
are prized for their tunable electrical conductivity and proc-
essability, allowing for precise control over sensor performance
and enabling highly sensitive detection, oen at the nanomolar
level. However, these synthetic platforms require complex and
oen expensive synthesis processes, involve toxic reagents, and
present challenges related to environmental disposal.457,458 In
contrast, lignin, a byproduct of the pulp and paper industry, is
widely available, inexpensive, and contributes to the circular
bioeconomy. Despite its heterogeneous structure, which can
introduce variability in biosensor performance, advances in
lignin purication and fractionation have considerably
improved its consistency and reliability.406,408,418,451 Moreover,
the natural compatibility of lignin with a variety of nano-
materials, including carbon nanotubes, graphene oxide, and
metal oxides, has facilitated the development of hybrid sensor
interfaces that can compete with or even outperform synthetic
materials in certain applications, especially where biocompati-
bility, environmental sustainability, and cost-effectiveness are
key priorities.400,439,454
6. Challenges and future avenues for
the use of lignocellulosic biomass and
its main biopolymers for the
development of high-performance
sensors

Sensors have garnered signicant attention for their ability to
detect a wide spectrum of analytes with remarkable sensitivity
and selectivity. Their applicability spans wide range of areas
such as environmental monitoring, biomedical diagnostics,
and industrial processes, where rapid, on-site detection of
pollutants, pathogens, and biomarkers is indispensable. LCB,
composed of cellulose, hemicellulose, and lignin, is an eco-
friendly and sustainable material for electrode modication,
offering compelling prospects for enhancing electrochemical
sensor performance. Despite its potential, the practical utiliza-
tion of LCB in electrochemical sensing is hindered by technical
and environmental challenges that require innovative solutions
to unlock its full capabilities. Cellulose, the most abundant
constituent of LCB, is a structurally robust polysaccharide
characterized by its highly crystalline brous architecture. This
structure provides a high surface area and excellent mechanical
performance for analyte adsorption, an essential attribute for
improving sensor sensitivity. Additionally, cellulose ability to
form stable lms and scaffolds makes it an appealing material
for electrochemical applications. However, its inherent elec-
trical insulation requires integration with electrically
This journal is © The Royal Society of Chemistry 2025
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conductive materials, such as carbon-based materials (e.g.,
carbon nanotubes, graphene), metal nanoparticles (e.g., silver
and gold nanoparticles), and conductive polymers (e.g., poly-
pyrrole, poly(3,4-ethylenedioxythiophene), and polyaniline) to
facilitate electron transfer and enhance electrochemical
responsiveness. Moreover, achieving uniform dispersion of
these conductive nanomaterials within the cellulose matrix is
crucial for maintaining consistent sensor performance and
preventing aggregation, which could compromise the electro-
chemical performance of the sensor. Hemicellulose, another
major component of LCB, is a heterogeneous group of poly-
saccharides that enhance the mechanical exibility of plant cell
walls. Its functional groups provide interactive sites for analy-
tes, which augments its potential for improving electrochemical
sensor performance. However, like cellulose, hemicellulose
suffers from poor intrinsic electrical conductivity, meaning that
chemical modications such as graing or blending with
conductive materials are oen necessary to improve its elec-
trochemical properties. Additionally, hemicellulose stability
under harsh environmental conditions remains a challenge, as
it is prone to hydrolysis and degradation, limiting the opera-
tional lifespan of hemicellulose-based sensors. Lignin,
a complex aromatic polymer within LCB, provides structural
integrity and hydrophobicity to plant cell walls. Its chemically
rich composition, including phenolic and methoxy groups,
imparts a high degree of reactivity that can be used to detect
analytes such as heavy metals and organic pollutants through
oxidation and reduction reactions. Despite its potential, the
poor solubility and hydrophobic nature of lignin complicate its
integration into electrochemical sensors, requiring chemical
modications, such as functionalization, to enhance its
dispersion and electrochemical properties. These modica-
tions, however, oen increase processing complexity. Further-
more, the susceptibility of lignin to microbial degradation
presents a challenge to its long-term stability in sensor
applications.

Stability and reproducibility in the fabrication of sensors
based on LCB or their main biopolymers are signicant chal-
lenges, particularly when scaling up for industrial or large-scale
applications. These sensors, which rely on the varying proper-
ties of the biomaterials composing LCB, must maintain
consistent performance over time and across production
batches. Variations in biomass composition, environmental
conditions, and fabricationmethods can result in discrepancies
in sensor reliability, affecting their efficiency and long-term
viability. Furthermore, the hydrophilic nature of these mate-
rials makes them susceptible to moisture absorption, which can
adversely impact sensor performance, especially in humid or
uctuating environments. Additionally, the biodegradability of
several LCB components, under microbial activity or exposure
to aggressive chemicals, presents challenges to their long-term
durability in sensor applications. Strategies such as cross-
linking, surface functionalization, and the application of
protective coatings have been explored to address these limi-
tations, but these solutions oen add complexity and increase
production costs, creating barriers to commercial scalability.
This journal is © The Royal Society of Chemistry 2025
For biopolymer-based electrochemical sensors to be effec-
tively used in practical applications, such as monitoring trace
pollutants in environmental systems or detecting biomarkers in
clinical diagnostics, their design and performance must meet
several critical criteria. One of the primary goals is achieving low
detection limits, ensuring that the sensor can identify even the
smallest concentrations of target analytes. Additionally, rapid
response times are important for real-time monitoring, as they
enable immediate analysis and facilitate quick decision-
making. However, these performance metrics alone are not
sufficient. High selectivity is another key requirement, particu-
larly when sensors are deployed in complex matrices, such as
environmental samples (e.g., water or air) or biological uids
(e.g., blood or urine), which may contain interfering substances.
To meet these demanding performance standards, optimizing
the functionalization of LCB-based electrochemical sensors is
essential. Functionalizing these biomaterials by introducing
specic chemical groups or incorporating nanoparticles can
enhance their electrical conductivity, stability, and sensitivity,
making them better suited to detect target analytes even in the
presence of other substances. By ne-tuning this functionali-
zation, it is possible to improve sensor selectivity and minimize
false positives or negatives, which is especially important when
dealing with complex samplematrices that contain a wide range
of chemicals. Moreover, for these sensors to be practically
viable, particularly in real-world applications, miniaturization
and portability are necessary. Compact devices that can be
easily transported and deployed in various settings, such as
eld monitoring of air quality or on-site diagnostics in health-
care, are in high demand. Miniaturization allows these sensors
to be integrated into handheld or wearable devices, enhancing
their practicality and convenience for users. The portability of
these sensors also ensures they can be used for continuous,
long-term monitoring without requiring extensive infrastruc-
ture, making them ideal for applications in remote areas or
dynamic environments. However, the design of these portable
sensors must not compromise their sensitivity, selectivity, or
response time; these aspects should remain consistent even as
the device becomes more compact. The integration of advanced
sensitive materials and conductive polymers with lignocellu-
losic substrates has shown promise in achieving these objec-
tives. These materials can enhance the performance of LCB-
based electrochemical sensors by improving electron transfer
rates, enabling faster and more reliable interactions with target
analytes.

7. Conclusion

Lignocellulosic biomass (LCB) is a next-generation, versatile,
and renewable material with signicant potential for (bio)
sensing and energy-related applications. This review provides
an overview of LCB, discussing its macromolecular structure,
types, and sources, along with the characteristics and physico-
chemical properties of its major macromolecular components
(cellulose, hemicellulose, and lignin). It also highlights the
pretreatment methods commonly used to enhance biomass
fractionation and extract its biopolymers. Despite its
J. Mater. Chem. A, 2025, 13, 24185–24253 | 24243

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02900g


Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:3

3:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
remarkable properties, the potential of LCB as electrode
modiers for (bio)sensing applications remains underutilized.
While some studies have explored the use of hemicellulose in
sensor technology and energy-related applications, cellulose
and lignin have attracted more attention, with numerous efforts
focused on fabricating sensors and supercapacitors based on
these components. Cellulose and lignin-based materials offer
a versatile platform for developing analytical devices, demon-
strating great promise in areas such as health diagnostics,
environmental monitoring, food quality control, forensic anal-
ysis and physical sensing. Numerous studies have explored the
potential of LCB and its structural biopolymers for developing
electrochemical sensors. These studies successfully demon-
strated how LCB-derived materials can enhance the electro-
chemical properties of sensors, improving their sensitivity,
selectivity, and stability in various detection applications.
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N. Jović-Jovičić and Z. Mojović, J. Electroanal. Chem., 2020,
862, 114010.

52 T. Sha, X. Li, J. Liu, M. Sun, N. Wang, X. Bo, Y. Guo, Z. Hu
and M. Zhou, Sens. Actuators, B, 2018, 277, 195–204.

53 X. Li, H. Li, T. Liu, Y. Hei, M. Hassan, S. Zhang, J. Lin,
T. Wang, X. Bo, H.-L. Wang, H. Li and M. Zhou, Sens.
Actuators, B, 2018, 255, 3248–3256.

54 F. Yang, W. Fu, J. Liu, W. Ding and W. Sun, Int. J.
Electrochem. Sci., 2023, 18, 100364.

55 A. Demirbas, in Bioreneries Green Energy and Technology,
Springer, London, 2010, pp. 115–133.

56 A. K. Tamo, J. Mater. Chem. B, 2024, 12, 7692–7759.
57 F. H. Isikgor and C. R. Becer, Polym. Chem., 2015, 6, 4497–

4559.
58 M. Mujtaba, L. Fernandes Fraceto, M. Fazeli, S. Mukherjee,

S. M. Savassa, G. Araujo De Medeiros, A. Do Esṕırito Santo
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