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Fabrication, Properties, and
Biomedical Applications of
Calcium-Containing Cellulose-Based
Composites
Ru-Jie Shi1*, Jia-Qi Lang1, Tian Wang1, Nong Zhou1 and Ming-Guo Ma1,2*

1Chongqing Engineering Laboratory of Green Planting and Deep Processing of Famous-region Drug in the Three Gorges
Reservoir Region, College of Biology and Food Engineering, Chongqing Three Gorges University, Chongqing, China, 2Research
Center of Biomass Clean Utilization, Engineering Research Center of Forestry Biomass Materials and Bioenergy, Beijing Key
Laboratory of Lignocellulosic Chemistry, College of Materials Science and Technology, Beijing Forestry University, Beijing, China

Calcium-containing cellulose-based composites possess the advantages of high
mechanical strength, excellent osteoconductivity, biocompatibility, biodegradation, and
bioactivity, which represent a promising application system in the biomedical field.
Calcium-containing cellulose-based composites have become the hotspot of study of
various biomedical fields. In this mini-review article, the synthesis of calcium-containing
cellulose-based composites is summarized via a variety of methods such as the
biomimetic mineralization method, microwave method, co-precipitation method,
hydrothermal method, freeze-drying method, mechanochemical reaction method, and
ultrasound method. The development on the fabrication, properties, and applications of
calcium-containing cellulose-based composites is highlighted. The as-existed problems
and future developments of cellulose-based composites are provided. It is expected that
calcium-containing cellulose-based composites are the ideal candidate for biomedical
application.

Keywords: cellulose, composites, hydroxyapatite, calcium carbonate, biomedical application

1 INTRODUCTION

Cellulose received considerable attention due to its properties of mechanical strength,
biocompatibility, and biodegradation and its wide applications in clothing, paper, biofuel, and
biomedical fields (Eichhorn et al., 2010; Moon et al., 2011; Huang et al., 2020,2022; Wang et al., 2021;
Kang et al., 2022). There are more than 30,000 studies that used “cellulose” as the “title” on the Web
of Science over the last 10 years, indicating that cellulose has become a hot research topic. Calcium-
containing inorganic functional materials mainly included hydroxyapatite (Ca10(PO4)6(OH)2, HA),
CaCO3, calcium silicate, and CaSO4 (Tran and Webster, 2009). HA is used in the fields including
drug delivery, toothpaste additive, and dental implants because of its biocompatibility, bioactivity,
and biological properties (Suchanek and Yoshimura, 1998; Chu et al., 2002; Ma et al., 2006; Ma and
Zhu, 2009; Ma, 2012). Moreover, carbonated hydroxyapatite (CHA), containing carbonate ions of
6~8 mass%, shows high bioactivity in comparison to that of HA (Gibson and Bonfield, 2002; Landi
et al., 2003; Morales-Nieto et al., 2013). CaCO3 is abundant in organisms (Politi et al., 2004). The
calcium-containing cellulose-based composites combined the characteristics of cellulose and
calcium-containing inorganic materials, producing new properties by synergistic effect
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(Hokkanen et al., 2016). Therefore, it is expected that calcium-
containing cellulose-based composites meet the requirements of
applications. As early as 2010, the progress in the fabrication of
calcium-based inorganic biodegradable nanomaterials was
reviewed by Ma and Zhu (2010). Qi et al. (2018) reviewed the
synthesis and properties of calcium-based biomaterials for
diagnosis, treatment, and theranostics. In the previous review
study, we summarized the recent development of multifunctional
cellulose and cellulose-based nanocomposites adsorbents (Shi
et al., 2022).

In recent years, there are rapid demands for biomedical
materials (Habraken et al., 2016; Hu et al., 2018; Fu et al.,
2019c; Yi et al., 2020; Yuan et al., 2021). For example, the
disabled and bone injury patients need a lot of bone repair
materials, the patients with cardiovascular disease need
artificial heart valves, and the patients with renal failure need
kidney dialyzers. It was reported that the composites, consisting
of inorganic materials such as HA, CaCO3, calcium silicate, SiO2,
and polymer including collagen, chitosan, chitin, hyaluronic acid,
cellulose, poly lactic acid (PLA), poly glutamic acid (PGA), and
poly caprolactone (PCL), were the new generation biomedical
materials in the 1990s, which had the features of bioactivity and
biodegradability to meet the clinical needs (Kaur et al., 2015; Liu
et al., 2020). Chan et al. (2002) reported the synthesis of
polypropylene/calcium carbonate nanocomposites. In fact, it is
believed that cellulose is an organic biomedical material,
meanwhile, calcium-containing inorganic functional
composites are inorganic biomedical materials. The calcium-
containing cellulose-based composites are promising
biomedical materials to meet the requirements of applications
(Oprea and Voicu, 2020).

This current mini-review study gives an overview of the
synthesis, properties, and applications of calcium-containing
cellulose-based composites. In section two, various methods
including the biomimetic method, the microwave method, the
co-precipitation method, the hydrothermal method, the freeze-
drying method, the mechanochemical reaction method, and the
ultrasound method were summarized for the synthesis of
calcium-containing cellulose-based composites. In section
three, the properties of calcium-containing cellulose-based
composites such as mechanical properties, degradation,
bioactivity, biocompatibility, feasibility, viability,
cytocompatibility, cell-guiding property, antibacterial
properties, and ion-exchangeability were also reviewed. In
addition, the applications of these composites were described
in the tissue engineering scaffolds, histological, drug delivery, and
wastewater treatment. Finally, the future developments of
calcium-containing cellulose-based composites were suggested.

1.1 Synthesis of Calcium-Containing
Cellulose-Based Composites
1.1.1 Biomimetic Mineralization Method
Biomineralization refers to the generation process of inorganic
minerals by the biological macromolecules of the organism
(Addadi, Raz, and Weiner, 2003). In comparison to general
mineralization, the process of biomineralization involved the

biological macromolecules, cells, and organic matrix (Gower,
2008). Based on the biomineralization mechanism, the
biomimetic synthesis method is an important route for
creating biomedical materials by imitating the synthetic
process of natural reaction and structure (Dorozhkin, 2011).
The biomimetic synthesis method was developed to fabricate
biomedical materials (Tas, 2000). Addadi, Raz, and Weiner
(2003) reviewed the amorphous calcium carbonate by the
biomineralization method.

Fang et al. (2009) prepared bacterial cellulose (BC)/HA
nanocomposite scaffolds in vitro biocompatibility by the
biomimetic technique. As for the fabrication of cellulose/HA
composites via the biomimetic method, Wan and coworkers had
done system work. In 2006, they developed the biomimetic
precipitation of CHA with low crystallite size and crystallinity
on BC from simulated body fluid (SBF) (Hong et al., 2006). Then,
the biomimetic method was reported to synthesize CHA/BC
composites by soaking phosphorylated and CaCl2-treated BC
fibers in the SBF (Wan et al., 2006). After that, they applied the
biomimetic method to fabricate CHA/BC nanocomposites with a
three-dimensional (3D) network and crystallinities below 1%
(Wan et al., 2007). It found the formation of HA on BC in
the existence of phosphorylation. Furthermore, HA/BC
nanocomposites were also carried out via the biomimetic route
(Zhang et al., 2009). It carried out the growth of calcium
phosphate via phosphorylation reaction.

Generally, HA has a ratio of 1.67 for Ca/P. However, calcium-
deficient HA is always obtained with a ratio of Ca/P below 1.67 in
nature. Hutchens et al. (2006) first synthesized calcium-deficient
HA in the BC hydrogel. BC was used as a template for the
biomimetic fabrication of apatite. Shi et al. (2009) synthesized
calcium-deficient HA/BC nanocomposites with improved
mineralization efficiency by combining the alkaline treatment
and biomimetic mineralization process. Zimmermann and
coworkers (Zimmermann et al., 2011) designed calcium-
deficient HA/BC nanocomposites using the biomimetic
approach in dynamic SBF for bone healing applications.
Hammonds et al. (2012) prepared calcium-deficient HA/BC
composites.

It reports that SBF is a very important media for the formation
of HA during the process of biomimetic mineralization. The
synthesis of cellulose fabrics with hydroxy carbonated apatite
using the biomimetic method in SBF was reported by Hofmann
et al (2006). Cromme et al. (2007). In Cromme’s study (2007),
regenerated cellulose (RC) films were obtained with hydrochloric
acid vapors, in which the calcium phosphate was formed in SBF.
Yin et al. (2011) prepared HA/BC nanocomposites by the
biomimetic mineralization method. It found that CHA
nanorods were grown in vitro along with the network of BC
via the dynamic SBF treatment. Rodriguez, Renneckar, and
Gatenholm (2011) used the electrospinning method to
produce cellulose acetate (CA) scaffolds. Li et al. (2012)
synthesized electrospun cellulose nanofiber (CNF)/HA
composites with micro-, meso-, and macro-pores in SBF. It
achieved the growth of HA along the fibers in the composites.
Petrauskaite et al. (2013) developed biomimetic mineralization
using the cellulose porous matrix in the SBF solution. It achieved
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the improved cell adhesion and growth rate on the porous
cellulose matrix. Garai and Sinha (2014) reported the
biomimetic synthesis of 3D micro/macro CMC/HA
nanocomposites. 3D nanocomposite structures were due to the
ionic/polar or electrostatic interactions of HA impregnated CMC
matrix. It obtained compressive strength of 1.74–12 MPa and a
compressive modulus of 157–330 MPa.

Lukasheva and Tolmachev (2016) presented biomimetic
synthesis and molecular dynamics simulation of HA/BC
nanocomposites. The CP crystals nucleate initially in solution,
and then adsorbed on the surfaces of BC nanofibrils (Figure 1).
Yang et al. (2016) applied the biomimetic process to prepare
oxidized BC/HA/gelatin nanocomposites with the 3D network
for a potential bone scaffold material. The nanocomposites have a
tensile strength of 0.3 MPa and a complete degradation time of
approximately 90 days in SBF. Kim et al. (2018) fabricated 3D
pore-structure biomimetic cellulose/calcium-deficient HA
composite scaffolds for bone tissue engineering. It found bone
mineralization in the composite scaffold via cellular responses
using preosteoblasts (MC3T3-E1). Liu et al. (2019) used BC
hydrogel to synthesize biomimetic multilevel HA. It observed
the weak coordination between the hydroxyl groups of BC
molecule with Ca2+. Okuda et al. (2022) applied the
biomimetic approach to preparing the CMC/HA composites
with a stable interface. It achieved the flexural strength of
113 ± 2 MPa and the elastic modulus of 7.7 ± 0.3 GPa. It
found an ionic interaction between Ca2+ and COO-.

Li and Wu (2009) reported the monodisperse rosette-like calcite
mesocrystals in CMC by the biomimetic gas-diffusion method. Xiao
et al. (2011) prepare calcium carbonate on RC fibers in ethanol-
water mixed solvents by the mineralization method. It found that
twin-sphere-based vaterite, zonary, and rod-like calcite were
embedded in fibers. Liu et al. (2011) used electrospun CA fibers
modified by poly acrylic acid (PAA) as scaffolds for the
mineralization of CaCO3. It showed the calcite film coatings with
needle-like shapes on the surfaces of CA fibers. The carboxylic
groups of acidic PAA molecules interacted with the OH moieties of
CA, then bent with Ca2+ ions on the surfaces of CA fibers. Rauch

et al. (2012) synthesized calcite with minor fractions of aragonite on
and in RC gel membranes by a diffusion-driven mineralization
approach. The experimental result indicated that the calcium
carbonates were assembled from building blocks. Liu et al. (2013)
fabricated BC/lamellar CaCO3 hybrid induced by eggwhite in situ by
the biomimetic mineralization method. The hybrid had a rough
surface and an elaborate 3D structure with controllable porosity.
Vyroubal et al. (2013) fabricated CaCO3 in BC by the biomimetic
method. Paulraj et al. (2017) used CaCO3 as a template to fabricate
microcapsules with controllable permeability properties by the layer-
by-layer method in plant polysaccharides of pectin, cellulose
nanofibers, and xyloglucan. It obtained the spherical CaCO3 with
16 ± 4 μm (Figure 2A), the CaCO3 (AP/CNF)5AP/XyG
microparticles with a thickness of ~60 nm (Figures 2B, C), and
hollow microcapsule structures after complete core removal
(Figure 2D).

The biomimetic mineralization method was widely used to
synthesize biomaterials, induce bioactive materials, and
investigate the synthetic mechanism. However, it needs long
reaction times, complex reaction procedures, and precise
control conditions. Recently, Qi et al. (2019) used the
biomolecule-assisted green method for the synthesis of
nanostructured calcium phosphates and investigated their
biomedical applications.

1.1.2 Microwave-Assisted Method
The microwave-assisted method is a greener technology due to its
characteristics of reduced energy consumption, short reaction time,
and high yield (Zhu and Chen, 2014). Over the past years, the
microwave-assisted method was used to fabricate metals, metal
oxides, and metal sulfides (Ma et al., 2014; Meng et al., 2016). In
the several review articles, one can find the applications of the
microwave-assisted method (Tsuji et al., 2005; Polshettiwar et al.,
2009; Baghbanzadeh et al., 2011). For example, Tsuji et al. (2005)
reviewed the development of the microwave-assisted synthesis of
metallic nanostructures in solution. Polshettiwar et al. (2009)
described the applications of the rapid and sustainable
microwave-assisted route to synthesize organics and nanomaterials.

FIGURE 1 |Distributions of ions in the modeling cell: (A) in the initial state, (B) in 12 ns, and (C) at the end (100 ns) of simulation. Red balls-O atoms, cyan balls-Ca2+

ions, yellow balls-P atoms, white balls-H atoms, green balls-cellulose atoms (Lukasheva and Tolmachev, 2016).
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In the earlier studies, the cellulose/HA nanocomposites
were fabricated by the microwave-assisted method (Ma
et al., 2010). It found the homogeneous dispersion of HA
nanoparticles with a narrow size distribution in the cellulose
matrix. The cellulose/CHA nanocomposites were also
obtained via the microwave-assisted method in the NaOH/
urea solution (Jia et al., 2010b). The cellulose/CHA
nanocomposites with a rough surface and aggregated CHA
nanorods were also carried out in ionic liquid (IL) by the
microwave-assisted method (Ma et al., 2011). It noted that
F-substituted HA could enhance the acid resistance and
stability of HA. The cellulose/F-substituted HA
nanocomposites were also obtained in ILs via the
microwave-assisted method (Jia et al., 2012a). It found the
increased number of F-substituted HA with increasing heating
time. The lignocellulose/HA nanocomposites were also carried
out via the microwave-assisted rapid synthesis method (Fu
et al., 2015). Both the morphologies and sizes of HA in the
nanocomposites were adjusted via heating time. Fu et al.
(2016) developed the microwave-assisted hydrothermal
method for the synthesis of cellulose/HA nanocomposites
using sodium dihydrogen phosphate dihydrate or adenosine
5-triphosphate disodium salt, creatine phosphate disodium
salt tetrahydrate, or D-fructose 1,6-bisphosphate trisodium
salt octahydrate. All the phases, sizes, and morphologies of the
nanocomposites were affected by phosphate sources. It
obtained various HA morphologies of nanorods, pseudo-
cubic, pseudo-spherical, and nano-spherical particles.

The preparation of calcium sulfate nanowires was reported by
thermal transformation of calcium dodecyl sulfate in the ethylene
glycol and N,N-dimethylformamide mixed solvents (Li et al.,
2008). The synthesis of cellulose/calcite composites was group
explored using alkali extraction cellulose and MCC using the
microwave-assisted method (Ma et al., 2012a). It achieved
composites with better crystallinity using MCC than that of
alkali extraction cellulose. Moreover, it found cellulose fibers
and CaCO3 particles using alkali extraction cellulose, and
irregular cellulose and CaCO3 microspheres using MCC. The
cellulose/CaCO3 nanocomposites were formed in the alkali
extraction of cellulose by the microwave-assisted IL method
(Ma et al., 2013). IL acted as the solvent for absorbing
microwave, dissolving cellulose, and synthesizing cellulose/
CaCO3 nanocomposites, and it was found that the change
morphologies of CaCO3 from polyhedral to cube to particle
occurred with increasing cellulose concentration. Cytotoxicity
experiments demonstrated the cellulose/CaCO3 nanocomposites
with good biocompatibility. Cheng et al. (2016) used the
microwave method to fabricate cellulose/CaCO3 composites in
an IL/ethylene glycol mixed solution within 10 min. It was found
that ILs favored the synthesis of composites. The microwave IL
method was reported for the fabrication of cellulose/calcium
silicate nanocomposites in ethylene glycol (Jia et al., 2011a).
ILs had an effect on the composite of cellulose and calcium
silicate. After that, the cellulose/calcium silicate nanocomposites
were obtained by the microwave method in ILs and recycled ILs
(Jia et al., 2011b). Both the size and microstructure of cellulose/

FIGURE 2 | The SEM images of (A) spherical CaCO3 microparticles. The inset: details of the CaCO3 surface. (B) Cross-section of CaCO3 (AP/CNF)5AP/XyG
microparticles, and (C) is a higher magnification of (B). The red arrow points to the surface morphology of CaCO3 microparticles. The white arrows point to the AP/CNF
multilayer. (D) The SEM image of (AP/CNF)5AP/XyG microcapsules after core removal (Paulraj et al., 2017).
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calcium silicate nanocomposites were influenced by starting ILs
and recycled ILs.

In general, the microwave method is green, rapid, and
environmentally friendly for the synthesis of cellulose-based
nanocomposites. In particular, considerable study should be
carried out on the fabrication, structure, and property of
cellulose/HA nanocomposites by the microwave-assisted
method. This rapid microwave-assisted method is completely
different from the aforementioned biomimetic synthesis method,
but it could significantly shorten the reaction time and improve
the reaction selectively and the yield, and be suitable for the large-
scale synthesis in modern industrial production.

1.2 Co-Precipitation Method
As a traditional synthesis method, the co-precipitation method is
an important strategy to obtain homogeneous composites with
small size and narrow size distribution (Doerner and Hoskins,
1925; Park et al., 2003). The co-precipitation method is similar to
the precipitation method, which is cumbersome and time-
consuming. As early as 1925, the co-precipitation method was
applied for the preparation of radium and barium sulfates by
Doerner and Hoskins (1925).

Zakharov et al. (2005) obtained HA/CMC composites with a
pore structure via the co-precipitation method for biomedical
applications. Grande et al. (2009) synthesized the CHA/BC
nanocomposite via a wet chemical precipitation method. In
Kumar’s study (Kumar et al., 2010), the co-precipitation
method was developed for the preparation of biomimetic
CMC/HA nanocomposites. Nunez et al. (2020) used in situ
wet chemical precipitation technique to synthesize BC/HA
nanocomposite adsorbent. It carried out a removal capacity of
192 mg g−1 in batch experiments and 188 mg g−1 in packed-bed
column systems for Pb(II). Tabaght et al. (2021) developed a
dissolving and precipitation technique for the synthesis of
biocompatible HA/cellulose composite for bone substitute.
Sivasankari et al. (2021) reported a chemical precipitation
technique to prepare HA incorporated CA/polyetherimide
membrane with biocompatibility for adsorption and
biomedical applications. The co-precipitation method is an
important route for the preparation of HA/cellulose
nanocomposites. It is known that the synthesis of HA is a
double decomposition reaction with rapid nucleation and
growth rate. So it is not easy to obtain homogeneous cellulose/
HA composites by the co-precipitation method.

Ciobanu et al. (2010) reported the cellulose fibers with CaCO3

by the in situ precipitation method. CaCO3 was precipitated into
the lumen and wall pores of fibers by the in situ precipitation
method. The cellulose/calcium silicate nanocomposites were
carried out by the precipitation method (Li et al., 2010).
Stroescu et al. (2012) deposed CaCO3 on BC membranes
using sodium dodecyl sulfate (SDS) and cetyl
trimethylammonium bromide (CTAB) by a precipitation
reaction. It obtained the calcium carbonate with rhombohedral
and flower-like by adjusting the surfactant type and
concentration. Zhu et al. (2020) prepared RC/calcium
carbonate biocomposite films with flexibility, optical
properties, mechanical strength, and thermal stability by in

situ precipitation. It found a tensile strength of 84.7 ± 1.5 MPa
for biocomposite.

1.3 Hydrothermal Method
The hydrothermal method refers to the synthesis of functional
materials with water as the solvent in the vessel sealing at high
temperature and high-pressure conditions. In the mid-19th
century, geologists simulated the mineralization in nature and
found the hydrothermal method. After 1900, the theory of
hydrothermal synthesis was constructed. Then, the
hydrothermal method was developed to synthesize the
functional materials (Byrappa and Adschiri, 2007). It reported
the hydrothermal synthesis of 0D, 1D, and 2D materials and
composites (Feng and Xu, 2001).

The hydrothermal method of lignocelluloses had an effect on
cellulose, hemicellulose, and lignin (Garrote et al., 1999). Jiang
and Zhang (2009) prepared HA nanorods with well-controlled
particle size and porosity through the hydrothermal method
using phosphate ester as the structure-directing agent and
sodium salt CMC as the template. The hydrothermal method
was applied to prepare cellulose/CHA nanocomposites with CHA
nanostructures dispersed in the cellulose matrix in a NaOH-urea
aqueous solution (Jia et al., 2010a). In comparison with the
biomineralization method, the hydrothermal method needs
high temperature and high-pressure conditions, which restrain
the wide application in the synthesis of biomedical composites.
Moreover, Palaveniene et al. (2019) reported the hydrothermal
synthesis of an osteoconductive 3D porous RC/HA composite
scaffold with a porosity of 85% for bone tissue regeneration. The
MG-63 cells proliferated well on scaffolds via in vitro cell culture.
Pieper et al. (2020) prepared cellulose/HA biofilm with good
thermal stability using a microwave-assisted hydrothermal
synthesis at 140°C for 5 min.

The hydrothermal method was developed to obtain cellulose/
CaCO3 bio-nanocomposites with good biocompatibility in the
NaOH/urea solution (Jia et al., 2012b). The urea was also used as
the CO3

2− source for the preparation of CaCO3. Furthermore, the
fabrication of wood powder/CaCO3 composites was investigated
by the hydrothermal method (Ma et al., 2012b). This work
utilized all the main components of lignocelluloses, compared
with cellulose-based composites.

1.3.1 Other Synthesis Methods
The freeze-drying method might be more suitable for the
synthesis of biomedical composites, which spray the solution
to the organic liquid, then freeze instantaneous, sublimate,
dehydrate, and decomposed to produce the comparatively
loose products. The freeze-drying method was applied to
synthesize cellulose/HA composites by Jiang group (Jiang L.
et al., 2008). They incorporated CMC into HA/chitosan to
obtain HA/chitosan/CMC composite as 3D scaffold by the
freeze-drying method. Then, they applied the freeze-drying
method for the preparation of the HA/chitosan/CMC porous
composite scaffolds with different weight ratios (Jiang L.-Y. et al.,
2008). After that, HA/chitosan and CMC composite scaffolds
with good cell biocompatibility and tissue biocompatibility were
also carried out by the freeze-drying method (Jiang et al., 2009a).
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Generally, the freeze-drying method has characteristics of
eliminating 95–99% water, obtaining the loose and porous
materials, maintaining the original structure and volume, and
restraining microbial growth and enzyme function, which is
widely used in the pharmaceutical industry, food industry, and
biomedical fields. It noted that these are still some problems
requiring improvement for this method. Moreover the
requirement of expensive equipment, this method is just a
means of posttreatment measure. Of course, this method
always needs to combine with other synthetic methods. Chong
et al. (2015) reported the preparation of calcite CaCO3-loaded
cellulose aerogel for removal of Congo Red (CR) from aqueous
solution by freeze-drying. The aerogel had significantly enhanced
adsorption capacity toward CR. It obtained the maximum
adsorption capacity of 75.81 mg g−1 for the CaCO3-cellulose
aerogel. Narwade et al. (2019) used the one-directional freeze-
drying technique to obtain flexible and lightweight HA/CNFs
nanocomposite films. It observed the detection limit of ammonia
at a concentration as low as 5 ppm, sensitivity up to 575%, and
response/recovery (210/30s) for nanocomposite films.

The mechanochemical reaction method was also called the
high-energy ball milling method. As an energy-saving and
efficient technology for the preparation of materials, it
significantly reduces the reaction activation energy, refines the
grain, and enhances the bonding interface. Yoshida and
coworkers (Yoshida et al., 2005) prepared the cellulose/B-type
CHA composites through mechanochemical reaction. Then, they
applied this method to synthesize cellulose/CHA composites with
a bending streng of 10–13 thMPa and Young’s modulus of
1.5–2.2 GPa (Yoshida et al., 2006). In general, the
mechanochemical reaction method has the disadvantages of
low efficiency and energy consumption, as a supplementary
method.

The sonochemical method is a green methodology, which has
characteristics of intense local heating, high pressures, and
extremely rapid cooling rates (Gedanken, 2004; Bang and
Suslick, 2010; Cravotto and Cintas, 2010; Chemat et al., 2011).
The ultrasound had wide applications in organic and inorganic
synthesis. Stoica-Guzun et al. (2012) investigated the CaCO3

deposition on BC membranes by ultrasonic irradiation. It
obtained the calcite in the presence of ultrasonic irradiation
and vaterite in the absence of ultrasonic irradiation. Moreover,
it found cubes of calcite to spherical and flower-like vaterite
particles in the presence of ultrasonic irradiation. Fu et al. did a
system study about calcium-containing cellulose-based
composites by the ultrasound method. For example, the
influences of synthesis strategies of the microwave method and
ultrasound method were investigated on the CaCO3 in the
cellulose matrix (Fu et al., 2013a). It obtained the vaterite
spheres with a diameter of about 320–600 nm by the
ultrasound method. The CaCO3 crystals with good
biocompatibility on the cellulose substrate had biomedical
applications. The growth mechanism of vaterite was explored
on the cellulose matrix via the sonochemistry process (Fu et al.,
2013b). It achieved the vaterite polymorph using Na2CO3 as a
reactant in ethylene glycol in the cellulose by the sonochemistry
method. Moreover, cellulose/HA nanocomposites with good

cytocompatibility were obtained via the sonochemical synthetic
method for application in protein adsorption (Fu LH. et al., 2019).
It achieved a relatively high protein adsorption ability. Fu et al.
(2019a) used the sonochemical method to obtain cellulose/
vaterite nanospheres with a diameter of 206–246 nm. It found
cytocompatibility and a relatively high protein adsorption ability
for cellulose/vaterite nanocomposites. Nicoara et al. (2020) used
the co-precipitation method and ultrasound exposure to in situ
and ex situ design HA/BC/Ag composite with excellent
biocompatibility, bioactivity, and antibacterial properties for
tissue engineering. It carried out a homogenous porous
structure and high water absorption capacity for the composites.

1.4 Properties and Applications of
Calcium-Containing Cellulose-Based
Composites
1.4.1 Properties and Applications of Cellulose/
Hydroxyapatite Composites
It has been accepted that cellulose/HA composites are
promising bone substitutes. Therefore, it is very important
for cellulose/HA composites to have mechanical properties
analogous to natural bone. Yoshida et al. (2006) synthesized
cellulose/CHA composites with good mechanical properties
and bioactivity through mechanochemical reactions. Pure
CHA had a density of 1.26 g cm−3, bending strengths of 5.4
MPa, and Young’s modulus of 1.58 GPa. However, the
cellulose/CHA composites displayed a density of
1.59 g cm−3, bending strengths of 13.0 MPa, and Young’s
modulus of 2.18 GPa. By immersing in SBF for some time,
HA with low crystallinity was carried out at the surface of
cellulose/CHA composites, displaying good bioactivity.
Undoubtedly, all the mechanical properties, bioactivity, and
high chemical durability are very important for cellulose/CHA
composites to use as bioactive bone substitutes.

As for HA/chitosan/CMC composites, Jiang and coworkers
did system research on the mechanical property, swelling
behavior, degradation, and bioactivity. Jiang L. Y. et al. (2008)
prepared HA/chitosan/CMC composites by the freeze-drying
method. It was found that the HA/chitosan/CMC composites
with 30 wt% CMC had a pore size of 100–500 μm and porosity of
77.8%, the compressive strength of 3.54 MPa, and bioactivity
in vitro in the SBF soaking. Then, the HA/chitosan/CMC
composites with high bioactivity and adjustable biodegradation
rate were carried out by the cosolution method (Jiang et al.,
2009b). It achieved the value compressive strength of 85.03
74.91 MPa in the HA/chitosan/CMC composites for weight
ratios of 70/15/15, compared with that of HA/chitosan
(61.26 MPa). After that, they also prepared HA/chitosan/CMC
composite membrane with the highest tensile strength of 40 MPa
by self-assembly of static electricity. By soaking in 1.5 SBF, it
observed the increased number of apatite particles on the surface
of the HA/chitosan/CMC composite membrane. Generally, it is
agreed that the HA/chitosan/CMC composites with mechanical
properties, swelling behavior, adjustable degradation, and high
bioactivity had applications in bone tissue regeneration.
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1.4.2 Biological Properties as Tissue Engineering
Scaffolds
Grande et al. (2009) prepared BC/calcium-deficient HA
nanocomposites with biocompatibility and cell viability by a
precipitation method. It found the cell viability of 97.2% for
HEK cells in the BC/calcium-deficient HA nanocomposites,
more than that of BC (86.8%). They suggested that all pore
sizes, fiber diameter, and chemical bond of HA in
nanocomposites influenced the cell viability of HEK cells.
Saska et al. (2011) prepared biocompatible BC/HA
nanocomposite membranes with biological properties for
bone regeneration by in vivo tests. At 4 weeks, BC/HA
composites displayed newly formed bone with several
osteocytes, blood vessels, and bone matrix filled in bone
defects. It found HA of low crystallinity with a Ca/P molar
rate (1.5) similar to that of physiological bone.

Tazi et al. (2012) used BC scaffold to support osteoblast
growth and bone formation and used BC/HA membranes to
evaluate osteoblast growth. It observed the significantly increased
cell growth and spreading on the surface of BC/HA membranes,
compared with that of BC. They demonstrated that BC could
sustain osteoblast adhesion and the HA enhanced osteoblast
adhesion and spreading. Hammonds et al. (2012) investigated
the feasibility of generating calcium-deficient HA from BC/
calcium-deficient HA composites by thermal and enzymatic
methods. The degradation method produced calcium-deficient
HA, providing an example for the composites as a bone filler.

Tommila et al. (2009) found that cellulose sponges coated with
HA attracted circulating hemopoietic and mesenchymal
progenitor cells efficiently and contained calcium-sensing
receptors-positive cells. It probably suggested that the stem
cells were responsible for the richly vascularized granulation
tissue formed in HA-coated sponges. Liu et al. (2010) used
HA/polyurethane composite scaffold to generate an antibiotic
drug delivery system with good cytocompatibility and
antibacterial properties. It found a sustained release of the
model drug for up to 60 days Wang et al. (2013) prepared a
porous BC membrane with gelatin and CHA with low crystallite
size and crystallinity via the laser patterning technique. It showed
that the C5.18 cells survived after being cultured in the 3D BC
scaffolds for 7 days. The chondrogenic rat cell could keep viability
on scaffolds, which indicated the scaffolds with good
cytocompatibility. It is known that chitosan possessed innate
antimicrobial properties toward both Gram-positive and Gram-
negative organisms, which could be used in the wound dressings
without antimicrobial infections during the implants produce.
Mututuvari et al. (2013) synthesized cellulose/chitosan/HA
composite with good antimicrobial activity.

Yan et al. (2019) prepared biocompatible dialdehyde cellulose/
CaCO3 microspheres about 2–3.5 μm and a high specific surface
area of similar to 363 m2 g−1 for tunable pH-responsive drug
delivery (Figure 3A). It observed a small and uniform template
(Figure 3B) and a porous structure (Figure 3C). It obtained
uniformmicrospheres by hollow cellulose (Figure 3D) formed by
the aggregation nanoparticles (Figure 3E). A strong Ca signal was

FIGURE 3 | (A) Schematic illustration for the preparation of CaCO3 microspheres and drug loading and release procedures, (B) The scanning electron microscopy
(SEM) image of the hollow cellulose-based NPs (DACws after aging for 10 days at 60 °C) and the corresponding magnification diagram (inset), (C) the transmission
electron microscopy (TEM) image of the hollow cellulose-based NPs, (D) the SEM image of CaCO3 microspheres with hollow cellulose-based NPs as the template, (E)
the corresponding enlarged image of the CaCO3microspheres, (F) the corresponding energy-dispersive X-ray spectroscopy (EDS) pattern of the particles, and (G)
the corresponding N2 adsorption-desorption isotherm and pore size distribution (inset) of CaCO3 microspheres (Yan et al., 2019).
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observed (Figure 3F). It carried out a surface area of ~363.1 m2/g
and a diameter of 10 nm for CaCO3 microspheres (Figure 3G). It
found encapsulation efficiency, pH responsiveness, and
biocompatibility for the porous microspheres. Chen et al.
(2021) reported the mineralization of biomimetic HA/
nanocellulose nanocomposites with a higher Young modulus.
It found the easier capture of Ca2+ by the abundant hydroxyl
groups on the glucan chain before the formation of hydrogen
bonding for the subsequent growth of HA crystals (Figure 4).
Gao J. et al. (2022) developed flexible and superhydrophilic
ultralong HA nanowire-based biopaper with tensile strength
(2.57 MPa), porosity (77%), and specific surface area
(36.84 m2 g−1) for a wound dressing. It found the proliferation,
migration, and in vitro angiogenesis of HUVECs for the biopaper.

Nasrallah and Ibrahim (2022) reported physico-chemical,
dielectric, and antimicrobial properties of the PVA/CMC
blend films by silver doped HA nanoparticles using the casting
technique. The films had antimicrobial properties for

antibacterial activity against Bacillus subtilis, Escherichia coli,
and Candida albicans. Nanocomposites had improved electrical
conductivity and antimicrobial efficiency by doping silver/HA
nanoparticles. Gao F. et al. (2022) prepared deacetylate 3D porous
CA/HA/polydopamine microspheres coating with excellent
attachment, adhesion, and proliferation as the scaffold for
bone tissue regeneration. The microspheres coating was
capable of differentiating osteogenically via in vitro
mineralization.

2 FUTURE PERSPECTIVES

It is widely known that there are increasing demands in the
biomedical fields. The calcium-containing cellulose-based
composites included cellulose/HA, cellulose/calcium carbonate,
and cellulose/calcium silicate composites in this review study.
Obviously, the calcium-containing cellulose-based composites

FIGURE 4 | In the experimental design of this study, hydroxyl-rich cellulose molecule chains capture free Ca2+ to initiate the nucleation of HAp. (A) Schematic
diagram of the formation of HAp accompanying the production of cellulose by (A) x. (B) The representative SEM image of cellulose nanofibers secreted by bacterial cells.
(C) The representative TEM image of cellulose nanofibers secreted by bacterial cells. (D) The representative TEM image of the BC@HAp composite was obtained under
biological metabolism conditions. (Chen et al., 2021).
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had the characteristics of cellulose and HA/CaCO3/CaSiO3 and
induced some new properties. As aforementioned, the cellulose/
HA composites possessed high mechanical properties, good
swelling behavior, adjustable biodegradation, high bioactivity,
high chemical durability, good cytocompatibility, and excellent
ion-exchangeability. Therefore, it is believed that these materials
are promising candidates for the applications in the biomedical
fields such as bone regeneration, bone tissue engineering, drug
delivery, etc. In order to realize the realistic applications, based on
the as-reported works in the literature, the following issues need
to be explored in the near future.

First, the interaction mechanism between cellulose and
inorganic calcium is still unknown and needs to be
explored. There are a few reports on the interaction
mechanism between cellulose and CaCO3. As
aforementioned, obviously, there exists a strong interaction
between these two apartments. Halab-Kessira and Ricard
(1996a), and Halab-Kessira and Ricard (1996b) investigated
the interaction of CaCO3 particles with cellulose grafted poly
acrylate of trimethylaminoethyl chloride (PCMA) copolymers.
Experimental results indicated that the retention of calcium
carbonate particles was strongly dependent on the cationic
content of the copolymer and electro-interactions make the
adsorption easier. It obtained the maximum cover of about
750 mg g−1 for grafted fiber, and 280 mg g−1 for ungrafted
fiber. As we all know, it is very important for the
composites to display the applications by understanding the
surface and interface properties. More importantly, as
aforementioned, it showed that apatite particles grow on the
surface of the cellulose/HA composites. The surface and
interface properties are directly related to biomedical
applications. Although some groups suggested the
combination between cellulose and HA through hydrogen
bonding, obviously, there is still a lack of experimental
evidence and theoretical explanation. It assumed that the
interaction is the hydrogen bond. The intramolecular
hydrogen bonding or intermolecular hydrogen bonding, the
strength of the hydrogen bonding, the hydrogen bonding be
quantitative or semi-quantitative analysis should be
investigated. We would like to know how the hydrogen
bonding formed between cellulose and HA and whether the
stability of cellulose is enhanced or weakened by hydrogen
bonding. In addition to the hydrogen bonding, there exist
other interactions such as electrostatic force, van der Waals,
etc. Moreover, it is easy to observe the HA crystals dispersed on
the surface of cellulose. The formation mechanism should be
solved. Therefore, the intrinsic and detailed interaction
mechanism between cellulose and HA needs to be further
investigated. In fact, the research of mechanism is of great
importance for the applications of both the cellulose/HA
composites and other composites.

Second, the calcium-containing cellulose-based composites,
especially cellulose/HA composites, should be explored for the
industrialization application. Although calcium-containing
cellulose-based composites are promising biomedical materials,
there is a long road ahead for the industrialization application.
Undoubtedly, it is a long process for the industrialization process

of biomaterials. Obviously, the research on calcium-containing
cellulose-based composites is at the initial stage. There are many
problems that need to be solved. In comparison with other
biomedical materials, the advantages of calcium-containing
cellulose-based composites should be highlighted. For example,
at present, there is a lack of comparative study of cellulose/HA
composites and other biomedical materials. We should pay
attention to the comparative study in the next stage. In
addition, more biomedical properties including protein
adsorption, gene carrier, adsorption/release, the performance
of bone repair, and vascular properties should be explored.

Third, cellulose itself is certainly worthy of more attention. It
reports that cellulose is extracted from sources including wood,
plant, tunicate, algae, bacterial, etc. There are four polymorphs of
crystalline cellulose (I, II, III, IV), which consist of crystalline and
amorphous regions. Each polymorph has a different crystalline
structure. The cellulose was extracted from cellulose sources via
the mechanical treatment, acid hydrolysis, and enzymatic
hydrolysis method by the complete or partial removal of
matrixes (hemicellulose, lignin, etc.). In addition, it reports
that there are nine particle types of cellulose. Each particle
type has a characteristic size, morphology, crystallinity, and
properties. Therefore, choosing an appropriate type of
cellulose is important for the formation and applications of
calcium-containing cellulose-based composites. For example,
the existence of hemicellulose and lignin on the properties of
composites should be researched.

As aforementioned, there are many methods for the
synthesis of calcium-containing cellulose-based composites.
Much attention has been paid to the biomineralization
method. Indeed, HA is close to the natural bone in the
cellulose/HA composites by the biomineralization method.
This is a good method to investigate the mechanism of
biomineralization. However, this method has the
disadvantages of being time-consuming, low-productivity,
and poor reproducibility. Obviously, it is not the best
choice for the industrialization process of biomaterials.
Moreover, the synthesis method should meet the principles
of environment friendliness, economic friendliness, low cost,
and high yield.

Finally, the calcium-containing cellulose-based composites
itself is certainly worthy of more attention. As described in the
literature, it is believed that the composites with specific porous
structures could produce bone activity and osteoblast cells could
have good adhesion and proliferation at the surface of composites
(Yuan et al., 2010). It is reported that the histological evidence on
the special micro or nanostructure induces bone regeneration
(Zhu et al., 2009). It is well known that both cellulose and
inorganic calcium have various morphologies and structures.
Therefore, more attention should be paid to the pore and
microstructure of calcium-containing cellulose-based
composites. For example, cellulose/HA composites with 3D
patterning should be fabricated by the electrospinning method
and could be processed into film or bio-ceramic. Moreover, it is
found that ions could promote cell proliferation and activate the
gene expression (Lin et al., 2011). Nature HA also includes the
chemical compositions of Na, Mg, Sr, Si, K, F, Cl, and CO3

2-,
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which favored the improved biological properties of HA. The
cellulose/HA composites with other chemical compositions
should also be prepared.

3 CONCLUSION

In this mini-review article, we described the recent advances in the
synthesis, properties, and biomedical applications of calcium-
containing cellulose-based composites including cellulose/HA,
cellulose/calcium carbonate, and cellulose/calcium silicate
composites. The future developments and applications of
calcium-containing cellulose-based composites were given. It
expects that more attention is paid to the research of calcium-
containing cellulose-based composites.
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Biodegradation of Gramineous
Lignocellulose by Locusta migratoria
manilensis (Orthoptera: Acridoidea)
Hongsen Zhang1,2, Zhenya Li3, Hongfei Zhang1, Yan Li1, Fengqin Wang1,2, Hui Xie1,2,
Lijuan Su1* and Andong Song1,2*

1College of Life Science, Henan Agricultural University, Zhengzhou, China, 2Key Laboratory of Enzyme Engineering of Agricultural
Microbiology, Ministry of Agriculture, Zhengzhou, China, 3College of Plant Protection, Henan Agricultural University, Zhengzhou,
China

Exploring an efficient and green pretreatment method is an important prerequisite for the
development of biorefinery. It is well known that locusts can degrade gramineous
lignocellulose efficiently. Locusts can be used as a potential resource for studying plant
cell wall degradation, but there are few relative studies about locusts so far. Herein, some new
discoveries were revealed about elucidating the process of biodegradation of gramineous
lignocellulose in Locusta migratoria manilensis. The enzyme activity related to lignocellulose
degradation and the content of cellulose, hemicellulose, and lignin in the different gut segments
of locusts fed corn leaves were measured in this study. A series of characterization analyses
were conducted on corn leaves and locust feces, which included field emission scanning
electron microscopy (FE-SEM), Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction pattern (XRD), and thermogravimetric (TG) analysis. These results showed that
the highest activities of carboxymethyl cellulase (CMCase), filter paper cellulase (FPA), and
xylanase were obtained in the foregut of locusts, which strongly indicated that the foregut was
the main lignocellulose degradation segment in locusts; furthermore, the majority of nutritional
components were absorbed in the midgut of locusts. The activity of CMCase was significantly
higher than that of xylanase, and manganese peroxidase (MnPase) activity was lowest, which
might be due to the basic nutrition of locusts being cellulose and hemicellulose and not lignin
based on the results of FE-SEM, FTIR, XRD, and TG analysis. Overall, these results provided a
valuable insight into lignocellulosic degradation mechanisms for understanding gramineous
plant cell wall deconstruction and recalcitrance in locusts, which could be useful in the
development of new enzymatic pretreatment processes mimicking the locust digestive
system for the biochemical conversion of lignocellulosic biomass to fuels and chemicals.

Keywords: locust (Locusta migratoria manilensis), gramineous lignocellulose, biodegradation, lignocellulolytic
enzyme activity, digestive system, characterization analysis

INTRODUCTION

The most abundant biopolymer on Earth is lignocellulose, which is recognized as a major sustainable
resource for biofuels and biomaterial production (Bhatia et al., 2021). The heterogeneous and
irregular arrangement of cellulose, hemicellulose, and lignin construction in the cell walls of
gramineous plants and woody plants results in resistance to saccharification, which provides
protection against enzymatic attack in lignocellulosic materials (Chandel et al., 2018). The
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degradation of cellulose to fermentable sugars (saccharification)
is the most important limiting step in the biorefinery process,
which relies on low-activity cellulases from bacteria and/or fungi
under biorefinery conditions and are easily inhibited at present
(Jiang et al., 2019). Nonetheless, several species of insects in the
orders Orthoptera, Coleoptera, and Dictyoptera have now been
shown to produce endogenous cellulases in the midgut or salivary
glands for extracting sugars from plant cell walls and for recycling
the lignocellulosic biomass in nature (Su et al., 2013; Scharf,
2020). With adequate understanding of the biological systems,
especially the catalytic properties of insect enzymes, biological
systems will bring more hopes for improved utilization of
renewable lignocellulosic biomass.

It is well known that locusts (Orthoptera: Acridoidea) have
mouthparts for chewing and always feed on gramineous grasses
with cellulose contents as much as 30–50%. Studies indicated that
the cellulose degradation efficiency of the locust is similar to that
of the termite and beetle by comparing the cellulase activity of
different insects (Oppert et al., 2010; Su et al., 2013; Su et al.,
2014). A 45-kDa homolog cellulase in Dissosteira carolina was
isolated and purified from the salivary glands and the anterior
foregut (Willis et al., 2010). Endoglucanase belonging to GHF9
was cloned from a whole-body cDNA library of Teleogryllus
emma, providing the first endoglucanase clone from an
orthopteran species (Kim et al., 2008). The gene fusion of
endoglucanase from T. emma and xylanase from Thermomyces
lanuginosus were constructed into a fusion enzyme (EG-M-Xyn),
which showed great potential in improving the enzymatic
hydrolysis of lignocellulose to produce fermentable sugars
(Chen et al., 2018). Some species in the Acrididae family were
notorious plant feeders; therefore, research on locusts had rarely
focused on specific cellulolytic systems in these species but mainly
on prevention and control, biological characteristics, and species
classification (Zhang et al., 2019). Elucidation of the mode of
lignocellulosic digestion by the locust might provide essential
information toward efficient lignocellulose degradation that
would be potentially useful for the production of high-value
lignocellulosic-derived products and cellulosic biofuel.
Therefore, the mechanism of the gramineous plant digestion
process and the related enzyme systems for lignocellulose
degradation in locusts are worth studying. In addition, the
degradation of gramineous plants by the locust, which has not
yet been documented, could be important for establishing
alternate systems to degrade the gramineous plants.

In our preliminary work, the lignocellulolytic activities in the
gut fluids of about 54 insect species that belong to seven different
taxonomic orders were determined, and the highest
carboxymethyl cellulase (CMCase) activity in the gut fluids
were found in Coleoptera and Orthoptera (Su et al., 2013; Su
et al., 2014). Therefore, the purposes of this study are as follows:
1) to estimate enzyme activity assays related to lignocellulosic
degradation in the gut fluids of Locusta migratoria manilensis; 2)
to measure the content of cellulose, hemicelluloses, and lignin in
corn leaves in the different gut segments of the locust; and 3) to
analyze the physical–chemical properties of locust feces using
field emission scanning electron microscopy (FE-SEM), Fourier
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD)

pattern, and thermogravimetric (TG) analysis/differential
thermogravimetry (DTG). Overall, the results provide insight
into lignocellulose degradation mechanisms for understanding
plant cell wall deconstruction, which could be useful in the
development of new biological pretreatment processes.

MATERIALS AND METHODS

Sample Collection and Preparation of Crude
Enzyme Liquid
Locust (L. migratoria manilensis) samples were provided by
Insect Cultivation Co., Ltd., of Xingyang City in China.
Locusts were supplied with ad libitum fresh corn leaf blades in
the covering with voile (0.5 × 0.5 × 0.5 m) at room temperature
after 1 week. Once they reached adulthood, they were divided into
three groups (about 100 locusts per group) for three biological
replicate samples. The feces and orts of adult locusts were
collected every day and stored at −20°C until being freeze-
dried to a constant weight. The feces and orts were separated
and weighed.

The salivary glands, foregut, midgut, and hindgut of the
locusts (Figure 1) were dissected on ice using a dissecting
needle and ophthalmic forceps. The salivary glands and
intestinal contents (foregut, midgut, and hindgut) from 20
adult individuals were taken out, and one part of intestinal
contents was soaked in phosphate-buffered saline (PBS)
solution (8-g NaCl, 0.2-g KCl, 1.44-g Na2HPO4, and 0.24-g

FIGURE 1 | Salivary gland (A) and dissection of adult locust digestive
tract with labeled regions (B).
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KH2PO4, with 1-L deionized water, pH 7.4) and was used to
determine the enzymatic activity. The other parts of intestinal
contents, feces, orts, and the fresh corn leaves control were ball-
milled individually under nitrogen to a fine powder with a Fritsch
Planetary Mill (Pulverisette, Germany) using agate bowls and
balls for the preservation of the lignin primary structure.
Afterward, the fine powders were subjected to further analysis
(lignocellulosic content, FE-SEM, FTIR spectroscopy, XRD, and
TG analysis/DTG).

Activity Assays of Carboxymethyl Cellulase,
Filter Paper Cellulose, Xylanase, and
Manganese Peroxidase
Intestinal contents and salivary glands were fully minced using
Micro-Tip Scissors in PBS buffer solution, underwent ultrasonic
treatment (ultrasonic intensity 300 W, every ultrasonic time 3 s
and interval 4 s, 90 times), and centrifuged at 250 g for 30 min.
The supernatant was stored at −80°C as coarse enzyme liquid.
CMCase, filter paper cellulase (FPA), and xylanase activities were
evaluated by measuring the amount of reducing sugars released
from the substrate with a modified 3,5-dinitrosalicylic acid assay
(Su et al., 2013). The different substrates were carboxymethyl
cellulose (CMC) sodium salt, FP (2 × 3 cm), and xylose separately.
One unit of enzymatic activity was defined as the amount of
enzyme released from 1 μmol of reducing sugar (glucose or xylose
equivalents) per minute (U/mg). Manganese peroxidase
(MnPase) activity was determined spectrophotometrically at
470 nm using a Pharma-Spec UV-1700 spectrophotometer
(Shimadzu, Japan) from samples taken from the enzyme
solution. For the determination of MnPase activity, 2,6-DMP
was used as a substrate together withMnSO4 and H2O2 according
to a previous report (Wariishi et al., 1992). The amount of
enzyme that catalyzes 1-μmol substrate in 1 min was referred
to as an enzyme activity unit (U/mg). In this study, all the
experiments were conducted in triplicate, and the statistical
analysis of the results was performed using Origin 2018 software.

Cellulose, Hemicellulose, and Lignin
Content Analysis
To determine the cellulose, hemicellulose, and lignin content of the
dry matter of intestinal contents and feces in locusts, a concentrated
sulfuric acid hydrolysis method was used according to a previous
report (Sluiter et al., 2012) with minor modifications as described
below. The samples were successively extracted in a Soxhlet
apparatus using ethanol (200 ml/g) to remove resin and pigment;
afterward, a two-step hydrolysis with 72% concentrated sulfuric acid
and 4% dilute sulfuric acid to hydrolyze cellulose and hemicellulose
into glucose and xylose, respectively, was carried out. Then, the
concentrations of glucose and xylose were measured using high-
performance liquid chromatography (LC-20 AD, refractive index
detector RID-10A, Shimadzu, Kyoto, Japan) with the Aminex HPX-
87H column (Bio-rad, Hercules, United States) at 65°C using the
mobile phase of 5mMH2SO4 at a flow rate of 0.6ml/min. The lignin
content of extractive-free samples was estimated following the
method described previously.

Analysis of Physical and Chemical Structure
in Locust Feces
FE-SEM analysis: The surface ultrastructure of samples was
observed by using a JSM-7001F field emission scanning
electron microscope (JEOL, Japan) after conductive treatment.
The corn leaves and locust feces were cut into fragments of
approximately 4 mm2. The fragments were immersed in a fixative
solution (5% formaldehyde, 90% ethanol, and 5% acetic acid) for
24 h at room temperature and then were dehydrated with an
increasing series of ethanol (70%, 80%, 90%, and 100%). The
samples were glued on “stubs” with the adaxial and abaxial
surfaces facing up and covered with carbon. The locust feces
and fresh corn leaves were analyzed by FE-SEM to correlate
directly with the modification resulting from the digestion
process of the locusts.

FTIR spectroscopy assays: FTIR provided information on the
lignocellulosic structural changes of corn leaves involving the
functional groups after going through the gut of the locust.
After the samples were ground into powder in a mortar and
with KBr tablet treatment, the transmissivity was determined
using a Nicolet 5700 FTIR spectroscope (TMAG, United States)
using 2 mg of each sample and scanning ranges from 400 to
4,000 cm−1. Baseline and attenuated total reflection corrections for
penetration depth and frequency variations were applied using the
Shimadzu IR solution 1.30 software supplied with the equipment.

XRD: The crystallinity of corn leaves and locust feces was
compared using the XRD profiles. The D8-ADVANCE X-ray
diffractometer (Bruker, Germany) was used with the following
settings: the X-ray source was copper target, 1.5406 Åwavelength,
40 Kv pipe pressure, DS slit 1, RS 0.2 mm slit, SS 0.2 mm slit with
a scanning rate of 4°, and sampling over 0.04 interval time. The
relative crystallinity of treatment materials was obtained using the
Segal formula (Inoue et al., 2008).

TG analysis: TG analysis is based on the precise study of
weight loss during programmed exposure to temperature, to
determine digesting-induced changes in the general
characteristics of lignocellulose decomposition and activation
energies for bond cleavage under pyrolysis and combustion.
The determination conditions of a DSC-60 differential
scanning calorimeter (TA, United States) were that
approximately 5-mg samples were loaded individually in an
aluminum pan and vaporized under a nitrogen atmosphere
with a flow rate of 20 ml/min and the heating rate was 10°C/
min. The TG curve of samples could be measured accurately.

RESULTS AND DISCUSSIONS

Lignocellulolytic Enzyme Activity of Locust
In order to understand the spatial expression of lignocellulolytic
enzyme in the different segments of the digestive tract in locusts,
the lignocellulolytic enzyme of the locust gut contents within
salivary glands and the foregut, midgut, and hindgut segments
(Figure 1) was evaluated using FP, CMC, xylose, and 2,6-DMP as
substrates.

The activities of FPA, CMCase, xylanase, and MnPase
showed similar tendency: foregut > salivary glands > midgut
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> hindgut (Figure 2A). The highest lignocellulolytic enzyme
activities were localized in the foregut segment (FPA 0.68 U/mg,
CMCase 4.21 U/mg, xylanase 2.66 U/mg, and MnPase 0.15 U/
mg, separately), while they were significantly reduced in the
midgut and hindgut regions (p ≤ 0.01). The activities of FPA,
CMCase, xylanase, and MnPase in the foregut were 2.3, 1.9, 1.7,
and 7.7 times the relative activities in the hindgut separately.
The activities of FPA, xylanase, and MnPase were revealed to be
higher in the foregut than in salivary glands, while the CMCase
activity was similar in the foregut and salivary glands, which
verified that both of them have a stronger secretory ability of
CMCase. No significant differences were detected when
comparing the activities of FPA, CMCase, and MnPase in the
midgut and hindgut, expect for xylanase. It could be speculated
from these results that the major segment of lignocellulose
degradation in locusts was the foregut, followed by the
midgut and hindgut.

The average activity of CMCase (3.18 U/mg) in the gut was
significantly higher than that of xylanase (1.86 U/mg), and
MnPase activity (0.05 U/mg) was lowest (p ≤ 0.01). These
results showed that the basic nutritional components of
locusts from corn leaves were cellulose and hemicellulose, not
lignin.

Lignocellulosic Degradation of Locust
To further explain the special characteristic of degradation in
the digestive tract, the content of cellulose, hemicellulose, and
lignin in the different segments of the gut and feces after the
locusts were fed corn leaves for 1 week was analyzed
(Figure 2B). The content of the three lignocellulosic
components (cellulose, hemicellulose, and lignin) was
mostly in corn leaves, and then in the feces, foregut,
hindgut, and midgut. The lignocellulosic content descended
gradually from corn leaves to the foregut, with the lowest

FIGURE 2 | The lignocellulosic degradation of locust. (A)Quantitative determination of filter paper cellulase (FPA), carboxymethyl cellulase (CMCase), xylanase, and
Mn peroxidase (MnPase) activities in the gut regions of the adult locust. (B) The content of cellulose, hemicellulose, and lignin in the different parts of the digestive system
in the locust. (C) The average consumption of lignocellulose per locust in 1 day.
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content in the midgut, and then a gradual increasing trend was
seen from the midgut to the hindgut and feces. The content of
cellulose, hemicellulose, and lignin in the midgut was the
lowest, being 2.41%, 1.50%, and 8.64%, respectively, and
they reduced to 31.97%, 19.87%, and 9.62%, respectively,
lower than those of corn leaves (cellulose 34.38%,
hemicellulose 21.37%, and lignin 18.26%). In the hindgut,
the content of cellulose and hemicellulose suddenly
increased accumulation compared with that in the midgut
(being 7.47 and 5.36 times, respectively), while there was no
significant difference in lignin. The content of lignin decreased
gradually from the foregut, to the midgut, and to the hindgut
compared with that of corn leaves, and then suddenly it
increased accumulation in feces (approximately 2.6 times).

From the consumption of each locust in a day (Figure 2C),
cellulose was the major component digested and absorbed in

locusts (42.4 mg), followed by hemicellulose (27.0 mg) and lignin
(4.1 mg), with a significant difference (p ≤ 0.01).

The Analysis of the Field Emission Scanning
Electron Microscopy of Corn Leaves and
Locust Feces
The surface structure of corn leaves (Figure 3A) and undigested residue
of corn leaves in feces (Figures 3B–F) were analyzed by FE-SEM. After
chewing and digesting by the locusts, the surface structure of corn leaves
was subjected todifferent degrees of destruction, and this decomposition
got more and more thorough, as shown in Figures 3B–F. Compare
with control (Figure 3A), the edge of the corn leaves was laniated, as
shown in Figure 3B (indicated by the black arrows), and epidermal hair
near the leaf vein had fallen out by mixing or grinding in the digestive
tract. Silicrete in the cell surface had fallen out by enzymatic hydrolysis in

FIGURE 3 | The field emission scanning electron microscopy (FE-SEM) charts of corn leaves (A) and undigested corn leaves residue in locust feces (B–F). Note:
icon size 10 μm; accelerating voltage 10.0 kV; A–D working distance 10.0 mm, E and F 9.8 mm; amplification of A × 200, B × 500, C and D × 1,000, and E and F × 500.
The arrows indicate the edge of the corn leaf being laniated in (B). The arrows indicate silicrete in the cell surface had fallen out using enzymatic hydrolysis in the digestive
tract in (C).
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the digestive tract (indicated by the black arrows in Figure 3C), but the
stomatal apparatus and cell wall were kept perfectly (Figure 3C). The
stratum corneum of the cell surface had decomposed completely and
the cell boundary was out of sight, as shown in Figure 3D. The corn
leaves had been decomposed more completely in Figures 3E,F.
Mesophyll tissue had been digested and assimilated, and the phloem
and thickened part of the xylem in the tube wall of the vascular bundle
with high lignin content could be observed clearly. Moreover, the un-
thickened part of cellulose and hemicellulose had been broken down.

Fourier Transform Infrared Spectroscopy
Analysis of Corn Leaves and Locust Feces
FTIR spectra comparison of corn leaves and locust feces are
shown in Figure 4, and the assignments of the functional groups
in the two samples are shown in Table 1. From the functional
groups related to cellulose and hemicellulose (Song et al., 2005; Ke
et al., 2011), the FTIR transmittance of feces significantly
increased intensity in peaks 1, 2, 3, 10, 21, 22, and 25. This
could be attributed to the metabolism of N–H and –OH on
associating with hydroxybenzene and alcohol, the absorption

band of methyl, of C–O–C on esters in peaks 1, 2, and 3.
Greater intensities of both symmetric bending of aliphatic
C–H and C–O stretching in alcohols in peaks 12 and 19
suggested the existence of polysaccharides in the locust feces.

From the functional groups related to lignin, the FTIR
transmittance of feces significantly increased intensity in peaks
4–8, 11, 13–18, and 20, which was absorption, deforming, or
stretching vibrations of aromatic rings, phenolic hydroxyl,
guaiacyl rings, or benzene rings, and so on (Song et al., 2005;
Ke et al., 2011). The increasing intensity of peaks 8 and 13 of the
feces sample can be attributed to the metabolism of the –CH3 and
–CH2 groups. The most obvious change was observed in the
range of 1,655 cm−1, indicating the greater exposure of the
stretching of C=O conjugated to aromatic rings (peak 12).

X-Ray Diffraction Analysis and Kinetic
Thermogravimetric Analysis of Corn Leaves
and Locust Feces
XRD was applied to analyze the changes in the crystalline and
amorphous regions of cellulose, which showed that the

FIGURE 4 | Selected Fourier transform infrared (FTIR) spectroscopy spectra, 400–4,000 cm−1 region, for functional group changes by the digestion.
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characteristic peak of cellulose I at 2θ = 22.3o was observed in
both corn leaves and locust feces, and the spectra are presented
in Figure 5. The relative crystallinity of corn leaves and locust
feces were 30.95% and 37.99%, respectively, which was

obtained using the Segal formula. Relative crystallinity in
locust feces was increased by 23.4% compared with that in
corn leaves, indicating that the corn leaves were damaged after
digestion.

TABLE 1 | Main assignments of cellulose, hemicellulose, lignin, polysaccharide, and protein in FTIR spectrum band.

No. Wave numbers (cm−1) Assignments

Cellulose/hemicellulose
1 3,409 Symmetric vibrations of N–H
2 3,000–3,400 Vibrations of –OH on associated with hydroxybenzene and alcohol
3 2,842–2,940 Absorption band of methyl, methylene, and methine
10 1,448–1,461 Deforming vibrations of C–H on methyl and methylene
21 1,040 Stretching vibrations of C–O–C on esters
22 917–921 Deforming vibrations of –CH2 at the end of methylene
25 615–637 Deforming vibrations of C–O–H

Lignin
4 1714–1725 Stretching of C=O unconjugated to aromatic rings (oxidized sidechains)
5 1,655 Stretching of C=O conjugated to aromatic rings
6 1,594–1,609 Aromatic ring vibrations and C=O stretching
7 1,502–1,536 Aromatic ring absorption band
8 1,462–1,464 Asymmetric C–H bending (in CH3 and –CH2–)
11 1,421–1,424 Aromatic ring vibrations
13 1,365 Symmetric deformation of C–H in methyl groups
14 1,360 Phenolic hydroxyl vibrations
15 1,270 Vibrations of guaiacyl rings and stretching vibrations of C–O bonds
16 1,221–1,240 Aromatic ring absorption band
17 1,216–1,225 C–C, C–O, and C=O stretching (G condensed > G etherified)
18 1,160 Deformation vibrations of C–H bonds on benzene rings
20 1,075–1,090 Deformation vibrations of C–O bonds in secondary alcohols and aliphatic ethers
24 830 Deformation vibrations of C–H bonds on aromatic rings

Polysaccharide
12 1,370 Symmetric bending of aliphatic C–H
19 1,030–1,170 C–O stretching in alcohols
23 890 β-Glycosidic linkages in pyranose units

Protein
9 1,516 C=O stretching in amides

FIGURE 5 | The analysis of the X-ray diffraction (XRD) pattern of corn
leaves and locust feces. XRD diffraction conditions: copper target, 1.5406 Å
wavelength, 40 Kv pipe pressure, DS slit 1°, RS 0.2-mm slit, SS 0.2-mm slit
with a scanning rate of 4°, and sampling over 0.04 interval time.

FIGURE 6 | Thermogravimetric (TG) analysis spectra of corn leaves and
locust feces. TG analysis kinetics parameters: the heating rate was 10°C/min,
and the flow rate of N2 was 20 ml/min.
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TG analysis was put into effect to investigate the thermal
degradation kinetics of both digested (locust feces) and
undigested corn leaves samples. In this work, the major
chemical components of corn leaves (cellulose, hemicelluloses,
and lignin) were degraded at different temperatures. The TG
curves of corn leaves and locust feces are shown in Figure 6. TG
analysis measured the weight loss as a function of temperature.
According to TG analysis, there were two obvious differences in
pyrolysis characteristics of corn leaves and locust feces: 1) the
volatile content in feces was higher than that of corn leaves, and 2)
the temperature interval of locust feces was volatile and tended to
be on the high-temperature side compared with that of corn
leaves. The volatile content of locust feces reached 76.5%, which
was 8.97% higher than that of corn leaves. These results showed
that the content of fixed carbon was decreased after digestion and
absorption of the locust gut. Because the biggest contributor to
fixed carbon content was lignin in lignocellulose fractions, it
could be inferred that the lignin content of locust feces was lower
than that of corn leaves. The temperature of begin and end to
separate out in volatile of locust feces were 289°C and 363°C,
which were 22°C and 15°C higher than that of corn leaves
respectively. The above results clearly indicate that corn leaves
were decomposed or used after the intestinal digestion of locusts.

DISCUSSIONS

In nature, different lignocellulose degradation processes exist that rely
on the combined action of many lignocellulolytic enzymes present in
the digestive tract of phytophagous and xylophagous organisms
(Godon et al., 2013; Gales et al., 2018). To date, most studies
focused on phytophagous and xylophagous insects, which have
been well known as the most effective lignocellulose digesters (Rizzi
et al., 2013; Jang and Kikuchi, 2020). However, only few studies have
focused on the mechanism of lignocellulose deconstruction in the gut
system of herbivorous locusts in recent years. In this study, we
examined the enzyme activity related to the degradation of
lignocellulose and the content of cellulose, hemicelluloses, and lignin
in the different gut segments of L. migratoria manilensis after being fed
with corn leaves. Meanwhile, a series of characterization analyses were
conducted on corn leaves and locust feces. These results provided
evidence of lignocellulose structural alterations during such digestion
process of gramineous lignocellulose.

As previously observed for alternative insect samples, the
lignocellulolytic enzymes were localized mainly in the foregut or
midgut regions, while greatly reduced activity was detected in the
hindgut region. For example, the lignocellulolytic enzymes were
localized to the midgut regions of the D. carolina digestive tract, and
then database searches indicated high similarity with the endo-β-1,4-
glucanases from invertebrates, bacteria, and plants (Willis et al.,
2010). The relative expression levels of 12 digestive enzyme genes in
the midgut were significantly higher than those in the other tissues
for Eucryptorrhynchus scrobiculatus (Gao et al., 2020). High endo-β-
1,4-glucanase activity was detected in the midgut of the Eurycantha
calcarata (Shelomi et al., 2014). In this study, locusts were fed corn
leaves for 1 week, and the majority of lignocellulolytic enzyme
activities were localized to the salivary glands and foregut regions,

while they significantly reduced in the midgut and hindgut regions,
which indicated that the main spatial part of lignocellulose
degradation was in the foregut of locusts. This conclusion
indicated that the location of lignocellulolytic enzyme enrichment
in locusts was a little different from the above-mentioned insects.
The activities of FPA, CMCase, and xylanase in the foregut were
higher than those in the midgut and hindgut (Figure 2A), which is
probably due to the salivary glands of locusts including many
released digestive enzymes that would flow into the foregut and
catalyze the hydrolysis of the cellulose and hemicellulose in the
foregut region. In this study, the highest activity of CMCase was in
the salivary glands and foregut but not in the midgut, which was
somewhat different from previous studies.

From the content of cellulose, hemicellulose, and lignin in the
different parts of the gut and feces, it was speculated that the locusts
had strong lignocellulosic degradation ability in this study. The
lower content of cellulose, hemicellulose, and lignin in the midgut
than in the foregut indicated that the main region of absorption
should be the midgut, while the rest of the unabsorbed ingredients
in the midgut would be concentrated in the hindgut, leading to the
content of corn leaves in the hindgut and feces being increased
significantly. Quantitative and qualitative assays of cellulase
identified the foregut as the region with the highest levels of
cellulase activity in both Thermobia domestica and Ctenolepisma
longicaudata (Pothula et al., 2019). The midgut had also been
identified as the main biological treatment region; alkaline
conditions of the midgut could enhance the dissolution of
lignin and deesterification of intermolecular ester bonds (Gales
et al., 2018), which could further increase the surface area and
porosity and decrease the crystallinity of the biomass (Kim et al.,
2016; Ozbayram et al., 2020). Hence, combining the data on the
enzyme activity and content of lignocellulose, it could be
reasonable to infer that the major decomposition of
lignocellulose was accomplished in the foregut and midgut and
the majority of nutritional components were absorbed in the
midgut of locusts. According to the nutrient consumption of
each locust in a day, the major component digested and
absorbed by the locusts was cellulose, followed by hemicellulose.
Meanwhile, only 4.1-mg lignin (1/10th of cellulose) was consumed.
If lignin was degraded largely by locusts, many inhibitors would
accumulate, which would not be conducive to the degradation of
cellulose (Huang et al., 2022). However, there are some interesting
results that need to be explored further. One is that even if the
hemicellulose component were degraded into sugarmonomers, the
locusts could not utilize pentoses, such as xylose and arabinose
(Dadd, 1960), which constituted the majority of hemicellulose
polysaccharides in gramineous plants (Wilkie, 1979). These
pentoses might be utilized by microorganisms in the locust guts.

According to the results of FE-SEM, the surface structure of
corn leaves was subjected to different degrees of destruction after
mastication and digestion. It showed that the lignocellulose of
corn leaves could be digested, assimilated, and utilized by the
locusts, especially cellulose and hemicellulose. The cell wall
degrading enzymes (such as CMCase) could increase the pore
size of the pit membrane, and separate adjacent xylem vessels
(Pérez-Donoso et al., 2010). Nevertheless, the xylem in the tube
wall of the vascular bundle resists lignocellulose degradation in
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locusts; as shown by some experimental evidence, the bundle
sheath cells appear to pass through the digestive system intact
(Caswell and Reed, 1976). Therefore, for orthopteran herbivores,
the lignin contents might be considered a barrier that locusts
must mechanically rupture to assimilate nutrients and may be
more important than was previously thought. It would be
contributing as a diluent of the more easily digested cell
contents (Clissold et al., 2004). In Figure 3, the surface
structure of locust feces became rough. A similar phenomenon
occurred with bamboo after conventional acid pretreatment (Lin
et al., 2021), which suggested that the biodegradation of the locust
gut could also achieve the effect of traditional acid pretreatment.

FTIR spectra comparison of corn leaves and locust feces could
analyze the changes in the functional groups during the
degradation of corn leaves. In this study, the FTIR
transmittance of feces increased significantly, and intensity in
the functional groups represented cellulose and hemicellulose,
which was because the content of cellulose and hemicellulose in
feces decreased significantly. It indicated that the cellulose and
hemicellulose had been degraded to glucose and xylose, absorbed,
and utilized by the locust gut. In addition, according to the
functional groups related to lignin, the most obvious change
was observed in the range of 1,655 cm−1. It indicated that a
greater exposure emerged by the stretching of C=O conjugated
to aromatic rings (peak 12). It could be speculated that the removal
of C=O conjugated to the aromatic ring groupwill help alleviate the
steric hindrance effect of lignin to enzymes and may help the
downstream hydrolysis of cellulose and hemicellulose (Ke et al.,
2012). These results indicated that the lignin side-chain structure of
corn leaves was modified after digestion and absorption of locusts.
In short, the FTIR results of locust feces showed that the intestinal
tract of locusts could degrade the corn leaves in two ways: 1) the
functional groups of cellulose and hemicellulose (such as N–H,
–OH, C–H, C–O–C, and –CH2) had been degraded, absorbed, and
utilized by the locust gut and 2) the functional groups of lignin
(such as C=O and C–H aromatic rings, phenolic hydroxyl, guaiacyl
rings, C–C, and C–O) had been dissociated and performed a side-
chain modification of lignin as well as rearrangement of the
modified lignin fragments by the locust gut. Furthermore, the
majority of the lignin modifications occurred on G lignin sites;
meanwhile, G lignin sites had scarcely any modifications in the
lignin polymeric framework during the digestion by the locust gut.

After XRD, the relative crystallinity of cellulose in locust feces
was significantly increased compared with that in corn leaves.
The reason may be that the surface areas of amorphous and
crystalline regions overflowed in corn leaves and the crystalline
region was exposed outside after digestion and absorption of
locusts. Some researchers found that the relative crystallinity of
cellulose in sorghum straw increased from 48.7% to 65.5% after
weak acid pretreatment (Dai et al., 2022). These results indicated
that the biodegradation of locusts also had a similar effect
compared with the conventional pretreatment.

The TG method was a technique to measure the relationship
between mass and temperature under programmed temperature
control. In this study, the major chemical components of corn
leaves (cellulose, hemicelluloses, and lignin) degraded at different
temperatures. The highly crystalline cellulose was thermally

stable (Sharypov et al., 2002), and the amorphous
hemicelluloses and lignin started decomposition before
cellulose did (Hill, 2006), with hemicelluloses being the least
thermally stable components on account of the acetyl groups (Ke
et al., 2011), at approximately 300°C. Furthermore, lignin starts to
degrade at relatively low temperatures, over a wide temperature
range, at approximately 230°C. In this study, the data of TG
analysis were consistent with the results of other previous
characterization analyses, which ensured the accuracy of the
results.

CONCLUSION

In this study, the locust was chosen as the research object and was
fed fresh corn leaves for 1 week. In this process, the
lignocellulolytic enzyme activities and the lignocellulosic
contents in the different parts of the digestive tract were
analyzed first. Then, the characterizations of lignocellulosic
degradation after digestion in the digestive tract of the locusts
were represented comprehensively using FE-SEM, XRD, FTIR,
and TG analysis. The data proved conclusively the presence of
lignocellulolytic enzyme activity and the efficient lignocellulose
degradation ability in the digestive system of the locusts. The
major decomposition of lignocellulose was accomplished in the
foregut and the minor decomposition in the midgut.
Nevertheless, the majority of nutritional components were
absorbed in the midgut. According to the nutrient
consumption of each locust in a day, the major component
digested and absorbed by the locusts was cellulose, followed by
hemicellulose, while the lignin component was barely digested by
the locusts. The unique gramineous lignocellulose biodegradation
system of insects could contribute to the development of new
biorefinery pathways.
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Cinnamon essential oil (CEO) is themain ingredient in the renewable biomass of

cinnamon, which contains natural cinnamaldehyde. To valorize the value of

cinnamaldehyde, two simple and useful compounds (1 and 2) from CEO were

synthesized using a Schiff-base reaction and characterized by infrared spectra

(IR), nuclear magnetic resonance (NMR), and high-resolution mass

spectrometry (HRMS). Compound 1 was used to confirm the presence of

Fe3+ and ClO− in solution, as well as compound 2. Using fluorescence

enhancement phenomena, it offered practicable linear relationship of 1’s

fluorescence intensity and Fe3+ concentrations: (0–8.0 × 10−5 mol/L), y =

36.232x + 45.054, R2 = 0.9947, with a limit of detection (LOD) of 0.323 μM,

as well as compound 2. With increasing fluorescence, F404/F426 of 1 and the

ClO− concentration (0–1.0 × 10−4 mol/L) also had a linear relationship: y =

0.0392x + 0.5545, R2 = 0.9931, LOD = 0.165 μM. However, the fluorescence

intensity of 2 (596 nm) was quenched by a reduced concentration of ClO−,

resulting in a linear. In addition, compounds 1 and 2were used to image human

astrocytoma MG (U-251), brain neuroblastoma (LN-229) cells, and bamboo

tissue by adding Fe3+ or ClO−, with clear intracellular fluorescence. Thus, the

two compounds based on CEO could be used to dye cells and bamboo tissues

by fluorescence technology.

KEYWORDS

natural cinnamaldehyde, cinnamaldehyde derivatives, synthesis, determination, bio-
application
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Introduction

The main aromatic compound in cinnamon essential oil (CEO)

is cinnamaldehyde, with a content of 80%–94.8%, and which can be

directly extracted from cinnamon (Liu et al., 2021). This renewable

biomass of cinnamaldehyde hasmany useful functions, such as anti-

Leishmania activity (Brustolin et al., 2022), antifungal activity (Niu

et al., 2022), antibacterial activity (Wang et al., 2021), antimicrobial

activity (Thirapanmethee et al., 2021), and improvement of wood

decay resistance (Fang et al., 2021). Furthermore, it is easy to

synthesize derivatives with biological activity using

cinnamaldehyde, such as cinnamaldehyde-based aspirin

derivatives (Lu et al., 2018) and chitosan-cinnamaldehyde cross-

linked nanoparticles (Gadkari et al., 2019). The Schiff-base

fluorescence compounds derived from natural cinnamaldehyde

have already been used to sense ClO− and Cu2+, and to image

U-251 andHu-7 cells (Yang et al., 2021a). In order to further add the

value of natural cinnamaldehyde in the field of fluorescence, the

continued synthesis of useful fluorescent compounds from

cinnamaldehyde is highly desirable.

As an important microelement in the human body, ferric ion

(Fe3+) is a vital part of ferrithionein and heme, playing a crucial

role in the physiological activities of oxygen delivery,

transcription regulation, enzyme catalysis, and metabolism

(Huang et al., 2019a; Li S. et al., 2020; Lin et al., 2022). In the

human body, levels of endogenous Fe3+ that are too high or low

can result in heart failure, anemia, and Parkinson’s disease

(Wang et al., 2019; Li Y. et al., 2020). In recent years, many

novel organic fluorescents used to detect Fe3+ have been reported

(Song et al., 2019; Rani and John, 2020; Perumal et al., 2021). A

fluorescence sensor (AH2) was developed to sense Fe3+ in

aqueous media (Petdum et al., 2021), and a fluorescence

chemosensor with a microscale multi-functional metal-organic

framework was also used to sense Fe3+, as well as Al3+ and 2-

hydroxy-1-naphthaldehyde (Kang et al., 2016). Interestingly,

porous tetraphenylethylene-based organic polymer (PTOP)

could response Fe3+ (turn-off) with high selectivity and

sensitivity (Zheng et al., 2020), and a “turn-on” fluorescence

sensor (polymer) based on imidazole-functionalized

polydiacetylene has also been used to sense Fe3+ (Shin et al.,

2022). Thus, the synthesis of new, simple, and efficient

fluorescence compounds for the determination of Fe3+ is of

great significance.

As a reactive oxygen species (ROS), hypochlorite anion (ClO−)

can be obtained by the oxidative reaction of H2O2 and Cl− (Dong

et al., 2020; Pei et al., 2020; Elmas, 2022; Pei et al., 2022), which is

widely used in the field of sterilization agents, bleaching agents, and

deodorants (Wang et al., 2015; Huang et al., 2016; Dong et al., 2017;

Sitanurak et al., 2018;Mahdizadeh et al., 2020). Nevertheless, there is

much evidence that excessive generation of ClO− can cause diseases,

such as cancer, atherosclerosis, neuron degeneration, cardiovascular

disease, lung injuries, and kidney disease (Huang et al., 2016; Zhang

et al., 2017; Feng et al., 2018; Song et al., 2018; Ma et al., 2020; Zhang

et al., 2020). To date, many good organic fluorescence probes for

ClO− have been synthesized, including benzothiazole-based

fluorescence and colorimetric chemosensors (Suh et al., 2022),

phenanthroimidazole-based fluorescence (Yang et al., 2022), and

thiophene-cyanostilbene Schiff-base sensor (Guo et al., 2021).

Therefore, it is imperative to design simple sensors for

monitoring ClO−.

We report two simple Schiff-base derivatives (1 and 2) based

on cinnamaldehyde, with both compounds 1 and 2 sensitive to

the presence of Fe3+ and ClO−. The optical properties and

application potential in bio-imaging of 1 and 2 are

systematically investigated for a further study.

Materials and methods

Materials and instruments

All reagents (without further purification) were purchased from

commercial suppliers. All experiments involving all compounds (1

and 2) were conducted in a PBS buffer solution (pH = 7.4, 10 mM,

50% (v/v) C2H5OH). Fluorescence spectra were obtained using a

PerkinElmer LS 55 fluorescence spectrophotometer. UV-vis

absorption spectra were measured on a UV-2550

spectrophotometer (SHIMADZU). 1H and 13C-NMR spectra

were determined using a Bruker FT-NMR spectrometer

(600 MHz). Infrared spectra were recorded on an FT-IR infrared

spectrometer (Nicolet 380). Fluorescence bio-imaging were finished

using confocal laser scanning microscopy.

SCHEME 1
Synthesis of cinnamaldehyde Schiff-base derivatives.
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Synthesis

Synthesis of 2-amino-3-(3-phenyl-allylideneamino)-but-2-

enedinitrile (1). Cinnamaldehyde (10 mmol), diaminomaleonitrile

(10mmol), and ethanol (50ml) were added to a 250ml dried

flask with three necks. The contents were then stirred with

refluxing for 3.5 h to offer reactant. Using ethanol to recrystallize,

a deep-yellow flaked material was produced (57.5%, yield). FT-IR

(KBr) ν (cm−1): 3,447, 3,287, 3,133, 2,231, 2,205, 1,615, 1,602, 1,584,

1,450, 1,372, 1,308, 1,146, 992, 951, 751; 1H NMR (DMSO-d6,

600MHz): 7.00-7.04 (m, 1H), 7.35-7.38 (t, 4H), 7.40-7.59 (m, 2H),

7.75 (s, 2H), 8.08-8.09 (d, 1H); 13C NMR (DMSO-d6, 150MHz), δ
(ppm): 104.15, 114.18, 114.95, 126.72, 127.66, 128.07, 129.47, 130.21,

135.94, 144.46, 157.54; HRMS (m/z): [M + Na]+ calcd for

C13H10N4+Na
+, 245.0798; found, 245.0717.

Synthesis of 2-amino-3-[3-(4-dimethylamino-phenyl)-

allylideneamino]-but-2-enedinitrile (2). 4-(Dimethylamino)

cinnamaldehyde (10 mmol), diaminomaleonitrile (10 mmol),

and ethanol (80 ml) were separately added to a 250 ml dried

flask (three necks). Then, the contents were stirred with refluxing

for 6.5 h to gain reactant. The solution was recrystallized using

ethanol, producing a crimson crystal (61.3%, yield). FT-IR (KBr)

ν (cm−1): 3,450, 3,296, 3,175, 2,909, 2,224, 2,205, 1,661, 1,650,

1,604, 1,583, 1,550, 1,440, 1,367, 1,226, 1,186, 1,145, 992, 812; 1H

NMR (DMSO-d6, 600 MHz): 2.98 (s, 6H), 6.73-6.75 (t, 2H), 7.28-

7.31 (d, 1H), 7.43-7.49 (m, 4H), 7.55-7.57 (m, 1H), 8.02-8.04 (d,

1H); 13C NMR (DMSO-d6, 150 MHz), δ (ppm): 104.91, 112.19,

112.44, 122.43, 123.50, 123.74, 125.05, 129.81, 131.11, 145.98,

158.56; HRMS (m/z): [M + H]+ calcd for C15H15N5+H
+,

266.1400; found, 266.1392.

FIGURE 1
Fluorescence spectra of compound 1 (A) and compound 2 (B)with equal positive ions or anions or ROS in a PBS buffer solution: 1: λex = 375 nm,
Em. Slit = 5.0 nm, Ex. Slit = 7.0 nm; 2: λex = 430 nm, Em. Slit = 5.0 nm, Ex. Slit = 11.0 nm.

FIGURE 2
(A) Fluorescence intensity (424 nm) of compound 1, 1+ Fe3+, and 1+ Fe3+when adding another ion to the PBS buffer solution: λex = 375 nm, Em.
Slit = 5.0 nm, Ex. Slit = 6.0 nm; (B) Fluorescence intensity (487 nm) of compound 2, 2 + Fe3+, and 2 + Fe3+ when adding another ion to the PBS buffer
solution: λex = 430 nm, Em. Slit = 5.0 nm, Ex. Slit = 9.0 nm.
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Cellular imaging

Compounds 1 and 2 were used to image human astrocytoma

MG cells (U-251 cells) and human brain neuroblastoma cells

(LN-229 cells) using the method of Yang J. et al., 2020.

Bamboo imaging

The leafless part of fresh bamboo poles with leaves was

immersed in a solution (1 or 2: 1 × 10−3 mol/L) for 1.5 h.

After that, it was cut into slices to observe their

microstructure with or without adding a drop of Fe3+ (or

ClO−) solution (1 × 10−3 mol/L) using an LSM710 confocal

fluorescent microscope.

Results and discussion

Synthesis

The two derivatives, 1 and 2, were synthesized using

cinnamaldehyde (Scheme 1) (Robertson and Vaughan, 1958)

and characterized using IR, NMR, and HRMS. Compounds 1 and

2 were confirmed to be 2-amino-3-(3-phenyl-allylideneamino)-

but-2-enedinitrile and 2-amino-3-[3-(4-dimethylamino-

phenyl)-allylideneamino]-but-2-enedinitrile.

Fluorescence spectral response

To examine the response of 1 and 2 to the cations Fe3+, Ca2+,

Cd2+, Co2+, Cr3+, Fe2+, K+, Mn2+, Na+, Hg2+, Pb2+, Cu2+, Zn2+,

Mg2+, Al3+, B3+, Li+, and Ni2+, and to the anions Ac−, Br−, Cl−, F−,

H2PO4
−, HSO4

−, OH−, I−, ROS of ClO−, H2O2, NO, ONOO
−,

•O2
−, and ROO•, the fluorescence selectivity of compounds 1

and 2 in PBS buffer solution (pH = 7.4, 10 mM, 50% (v/v)

C2H5OH) was studied using fluorescence spectra

(concentrations: 1 × 10−5 mol/L) (Figure 1).

Figure 1A shows peak fluorescence intensities (400–450 nm,

compound 1) with adding equal Fe3+ or ClO− had a significant

enhance, after adding other substance in compound 1’s system,

the intensity changed little except •O2
− (weak fluorescence

enhancement). Therefore Fe3+ and ClO− could response with

compound 1, with a fluorescence enhancement in solution. In

contrast with compound 1’s chemical structure, that of

FIGURE 3
Fluorescence spectra of probe 1 in a PBS buffer solutionwith various concentrations of Fe3+ (A) and ClO− (C). (B) Linear relationship between the
fluorescence intensity of probe 1 and Fe3+ concentration. (D) Linear relationship between the F404/F426 of probe 1 and ClO− concentration (λex =
375 nm): Fe3+: Em. Slit = 5.0 nm, Ex. Slit = 2.5 nm; ClO−: Em. Slit = 5.0 nm, Ex. Slit = 5.0 nm.
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compound 2 has a p-N(CH3)2 in benzene ring; the remainder of

the structure is exactly the same as that of compound 1. Thus, the

32 positive ions, anions, and ROS were separately used in

response with compound 2 [Figure 1B]. The addition of Fe3+

or ClO− (450–550 nm) also enhanced the fluorescence of

compound 2 in the PBS buffer solution. That is, compound 2

also responded to Fe3+ and ClO−, which is consistent with the

results for compound 1. However, the intensity (550–650 nm)

was quenched after adding ClO− in 2’s solution. The reason for

this might be connected with the functional group of p-N(CH3)2.

Finally, both compounds 1 and 2 had the potential to detect Fe3+

and ClO− in solution.

FIGURE 4
Fluorescence spectra of probe 2 in a PBS buffer solution with various concentrations of Fe3+ (A) and ClO− (C). Linear relationship between
fluorescence intensity of probe 2 and concentration of Fe3+ (B) and ClO− (D) (λex = 430 nm): Fe3+: Em. Slit = 5.0 nm, Ex. Slit = 5.0 nm; ClO−: Em. Slit =
5.0 nm, Ex. Slit = 18.0 nm.

FIGURE 5
UV-vis absorption spectra of 1, 1 + Fe3+, 1+ClO− (A) and 2, 2 + Fe3+, 2+ClO− (B) in PBS buffer solution.
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The anti-interference performance of compounds 1 and 2

(1 × 10−5 mol/L) to Fe3+ (1 × 10−5 mol/L) in the same PBS buffer

solution was also investigated [Figure 2A (compound 1) and

Figure 2B (compound 2)]. Figure 2A shows that, compared with

those of compound 1, the other fluorescence intensities increase

significantly. Compared with the intensity of 1+Fe3+, after adding

another substance to the 1+Fe3+ system, only the solution of

1+Fe3++ClO− enhanced fluorescence weakly; this might be

related to the fluorescence enhancement of ClO− for

compound 1. The 1 + Fe3+ combination resulted in good

interference capacities with other substances. As shown in

Figure 2B, compared with the results of Figure 2A, the 2 +

Fe3+ also had an anti-interference performance for other ions. In

contrast, the addition of ClO− in 2+Fe3+ did not enhance the

fluorescence, possibly because of the p-N(CH3)2 group in

compound 2. Both compounds 1 and 2, therefore, have the

potential to be used as fluorescence probes for Fe3+.

The anti-interference tests of 1+ClO− (or 2+ClO−) with the

oxidizing agents H2O2, NO, •O2
−, ONOO−, and ROO• are

detailed in Supplementary Figures S1A–C. The light-emitting

systems of 1+ClO− and 2+ClO− differed in terms of the anti-

interference performance of other ROS. The addition of another

ROS in the solution of 1+ClO− could not significantly change the

fluorescence intensity (424 nm), as well as the 2+ClO− at 487 nm.

However, to add other ROS in the 2+ClO− system could quench

fluorescence at 596 nm.

Linearity

Linearity is very important for fluorescence probes, so the

linear relationships between probe 1 or probe 2 and Fe3+ and

ClO− concentration were investigated in a PBS buffer solution

[pH = 7.4, 10 mM, 50% (v/v) C2H5OH]; the concentration of

probe 1 and probe 2 was 1 × 10−5 mol/L, and the results are

shown in Figure 3 (compound 1) and Figure 4 (compound 2).

Figure 3 shows compound 1’s fluorescence spectra for

different concentrations of Fe3+ and ClO−. Figure 3A shows

that the fluorescence intensity (400–450 nm) gradually

increases with increasing Fe3+ concentration. The peak

fluorescence intensity of probe 1 vs. Fe3+ concentration is

shown in Supplementary Figure S2A. The linear relationship

between 1’s peak intensity and the Fe3+ concentration is shown in

Figure 3B: y = 36.232x+45.054, R2 = 0.9947 (Fe3+: 0–8.0 ×

10−5 mol/L). Using the IUPAC definition of the limit of

detection (LOD), an LOD of 0.323 μM was calculated using

Eq. 3 σbi/m, which was lower than the 9 μM of a PDA-Im

sensor (Shin et al., 2022). Fluorescence enhancement might be

ascribed to a complexation of 1’s N atom with Fe3+ (Zhou et al.,

2017). With the same trend of fluorescence enhancement (1 +

Fe3+), the fluorescence intensity was enhanced with increasing

ClO− concentration (Figure 3C; Supplementary Figure S2B), with

a linear relationship between F404/F426 and ClO− concentration

(Figure 3D). It also showed a good result: y = 0.0392x+0.5545,

R2 = 0.9931 (ClO−: 0–1.0 × 10−4 mol/L), with an LOD of

0.165 μM. This LOD value is lower than the 0.238 μM of a

coumarin-based fluorescence chemosensor (Elmas, 2022). The

reason for 1monitoring ClO− might be connected with the C=N

unit, which reacts with ClO− (Yang Q. et al., 2020).

With a fluorescence enhancement result, compound 2 can be

used to sense Fe3+. The fluorescence spectra of the 2 + Fe3+

solutions are shown in Figure 4A. With the addition of Fe3+ from

0 mol/L to 2.8 × 10−4 mol/L, the peak fluorescence intensity

continuously added (Supplementary Figure S3A). That is,

FIGURE 6
Fluorescence bio-images of the U-251 cells of probe 1, 1 + Fe3+, and 1+ClO− and probe 2, 2 + Fe3+, and 2+ClO−.
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probe 2might have the same function as probe 1when helping to

determine Fe3+ concentration. At the same time, two good linear

relationships were obtained, as shown in Figure 4B: 487 nm: y =

47.72x+107.27, R2 = 0.9947, LOD = 0.373μM; 529 nm: y =

19.813x+62.209, R2 = 0.9906, LOD = 0.451 μM.

Figure 4C shows that the peak intensity at 550–650 nm

decreases gradually when ClO− concentration increases from

0 to 6.0 × 10−5 mol/L. At higher ClO− concentration, the

intensity almost remains constant (Supplementary Figure

S3B). The results of adding ClO− to probe 2’s solution were

different from those of adding it to probe 1’s solution. It might be

affected by the p-N(CH3)2 group in probe 2. Finally, the linear

relationship was determined, as shown in Figure 4D. With the

concentration range of 0–4.0 × 10−5 mol/L (ClO−), the peak

intensity of 2’s light-emitting system had a good linear

relationship with ClO− concentration: y = -141.47x+746.66,

R2 = 0.9954, LOD = 0.434 μM.

UV-vis absorption spectra

To further verify the reaction of 1 (or 2) and Fe3+ or ClO−

in PBS buffer solution (pH = 7.4, 10 mM, 50% (v/v) C2H5OH),

UV-vis absorption spectra were recorded. The concentration

was 5.0 × 10−5 mol/L, as shown in Figure 5. Figure 5A shows a

maximum absorption peak (compound 1) at 376 nm, with A =

1.958. After adding equal amounts of Fe3+ ions, the value of A

increased to 2.119. Meanwhile, the A value of 1+ClO−

decreased to A = 1.649. This reveals that a chemical

reaction had taken place among compound 1 and Fe3+ or

ClO− in the solution, agreeing with the results shown

Figure 1A. In compared with compound 1, as shown in

Figure 5B, the maximum absorption peak of compound 2

red-shifts from 376 to 428 nm, with a decrease in A of 1.126. It

might be affected by the p-N(CH3)2 group of 2. The addition

of Fe3+ (or ClO−) also changed the peak of probe 2, which had

the same trend as probe 1. The peak of 2 + Fe3+ had a weak

blue-shift (428–425 nm), and A decreased slightly

(1.126–1.098). The reason might also be related to the

p-N(CH3)2 group. The results showed that Fe3+ and ClO−

could response with compounds 1 and 2, which led to a

change in fluorescence intensity in the solution.

Bio-imaging in live cells

To achieve the value of bio-imaging in live cells (Huang et al.,

2019b), probes 1 and 2 (1.0 × 10−4 mol/L) were used to dye live

U-251 and LN-229 cells (Fe3+ or ClO−: 1.0 × 10−3 mol/L). After

dying, confocal fluorescent microscopic images of the cells were

taken (ZEISS LSM510) (Figure 6; Supplementary Figure S4).

Figure 6 shows that there is almost no fluorescence for cells

dyed only with probe 1 (U-251 cells). However, the U-251 cells

produced clear blue fluorescence after adding a drop of Fe3+

solution to response with compound 1. In addition, the 1+ClO−

system had the same function as the 1 + Fe3+ system in dying U-

251 cells. Therefore, the fluorescence enhancement probe 1 for

Fe3+ or ClO− could be used in bio-imaging of live U-251 cells.

Figure 6 also shows the results for the fluorescence imaging of U-

251 cells using compound 2 with the same condition as

compound 1. Probe 2 could sense Fe3+ or ClO− in U-251

cells. In order to find the results of imaging in other cells,

FIGURE 7
Fluorescence images of bamboo structure using compound 1, 1 + Fe3+, and 1+ClO− and compound 2, 2 + Fe3+, and 2+ClO−.
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LN-229 cells were chosen to conduct an experiment—the results

are provided in Supplementary Figure S4. Probe 2 led to exactly

the same result as probe 1, in keeping with what is shown in

Figure 6. The 1 + Fe3+ and 2 + Fe3+ permeated the LN-229 cells

well and provided bright intracellular fluorescence, as well as the

1+ClO− and 2+ClO−. The addition of ClO− quenched the

intensity of 2’s fluorescence (550–650 nm) (Figure 4C);

however, the 2+ClO− could also be used to image cells, which

might have been connected with the fluorescence at 450–550 nm.

Consequently, probes 1 and 2 for Fe3+ and ClO− could be used in

the bio-imaging of U-251 and LN-229 cells.

Bio-imaging in bamboo

Various fluorescence probes can be used to dye plants when

required, and bamboo is an important renewable and abundant

biomass which can provide wood and shoots (Yang et al., 2021b;

Lin et al., 2021; Zheng et al., 2021). In order to investigate the

microstructure of bamboo, probes 1 and 2 were used in

conjunction with fresh bamboo poles with leaves, the imaging

results for 1, 1 + Fe3+, and 1+ClO− and 2, 2 + Fe3+, and 2+ClO−

are in Figure 7.

It had very weak fluorescence when the bamboo was dyed

with 1 or 2. After adding a drop of the same concentration of Fe3+

solution in the bamboo with 1 or 2, significant blue fluorescence

occurred, and the microstructure of the biological tissues was

clearly observed. It also told that these fluorescence tissues

transferred 1 or 2. Furthermore, the images of 1+ClO− and

2+ClO− were worse than those of 1 + Fe3+ and 2 + Fe3+, in

keeping with Figure 1. Finally, the 1 + Fe3+ and 1+ClO− and 2 +

Fe3+ and 2+ClO− could not only dye cells, but could also image

the bamboo microstructure.

Conclusion

Two simple and practical derivatives (1 and 2) were

synthesized using a chemical reaction of Schiff-base

originating from natural cinnamaldehyde and developed for

monitoring Fe3+ or ClO−. Compound 1 could sense Fe3+ or

ClO− selectively, leading to fluorescence enhancement in a

PBS solution, and providing the linear relationship between

the fluorescence intensity and the ion concentration.

Meanwhile, in compared with compound 1, probe 2 could

also detect Fe3+ with increased fluorescence intensity in

solution. Nevertheless, the addition of ClO− quenched the

fluorescence of 2 at 596 nm. As a result, probe 2 for Fe3+ or

ClO− also had a favorable linear relation. Finally, compounds 1

and 2 were used in a fluorescence imaging experiment with U-

251 cells, LN-229 cells, and bamboo tissues, offering clear

intracellular fluorescence with good results. Thus, these two

Schiff-base derivatives based on cinnamaldehyde could be

used in future fluorescence detection and bio-imaging, adding

to the scientific value of the natural biomass of cinnamaldehyde.
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Feasibility of membrane
ultrafiltration as a single-step
clarification and fractionation of
microalgal protein hydrolysates

Laura Soto-Sierra1,2* and Zivko L. Nikolov2*
1Molecular Templates, Inc. (MTEM), Austin, TX, United States, 2Texas A&M University, College Station,
TX, United States

Protein hydrolysates are one of themost valuable products that can be obtained

from lipid-extracted microalgae (LEA). The advantages of protein hydrolysates

over other protein products encompass enhanced solubility, digestibility, and

potential bioactivity. The development of an economically feasible process to

produce protein hydrolysates depends on maximizing the recovery of

hydrolyzed native protein from the lipid-extracted algal biomass and

subsequent fractionation of hydrolyzed protein slurry. Previously, we

reported a method for fractionation of enzymatically generated protein

hydrolysates by acidic precipitation of algal cell debris and unhydrolyzed

protein, precipitate wash, centrifugation, and depth filtration. The present

study evaluates tangential flow ultrafiltration as a single-step alternative to

centrifugation, precipitate wash, and depth filtration. The results

demonstrate that the tangential flow ultrafiltration process has a potential

that deserves further investigation. First, the membrane diafiltration process

uses a single and easily scalable unit operation (tangential flow filtration) to

separate and “wash out” hydrolyzed protein from the algal residue. Second, the

protein recovery yield achieved with the tangential flow process was >70%
compared to 64% previously achieved by centrifugation and depth filtration

methods. Finally, protein hydrolysates obtained by membrane ultrafiltration

exhibited slightly better heat and pH stability.

KEYWORDS

microalgae, biorefinery, protein, membrane ultrafiltration, depth filtration

Introduction

Enzymatic hydrolysis of protein-rich feedstocks has emerged as a versatile method for

enhancing protein extractability of complex proteins and increasing the value of protein

products. The available data from aqueous extraction of protein-rich meals (soy, rapeseed,

and microalgae) indicate that enzyme-assisted protein extraction could significantly

improve protein extractability and generate a variety of partially hydrolyzed products

(Morris et al., 2008; Safi et al., 2017; Soto-Sierra et al., 2018; López-Pedrouso et al., 2020).

Among potential protein products that could be generated from protein-rich feedstocks,

OPEN ACCESS

EDITED BY

Xin Zhou,
Nanjing Forestry University, China

REVIEWED BY

Abhiram Arunkumar,
Sanofi Genzyme Framingham,
United States
Kankan Jiang,
Hangzhou Medical College, China

*CORRESPONDENCE

Laura Soto-Sierra,
laura.sotosierra@mtem.com
Zivko L. Nikolov,
znikolov@tamu.edu

SPECIALTY SECTION

This article was submitted to Bioprocess
Engineering,
a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 30 May 2022
ACCEPTED 01 August 2022
PUBLISHED 30 August 2022

CITATION

Soto-Sierra L and Nikolov ZL (2022),
Feasibility of membrane ultrafiltration as
a single-step clarification and
fractionation of microalgal
protein hydrolysates.
Front. Bioeng. Biotechnol. 10:957268.
doi: 10.3389/fbioe.2022.957268

COPYRIGHT

© 2022 Soto-Sierra and Nikolov. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 30 August 2022
DOI 10.3389/fbioe.2022.957268

39

https://www.frontiersin.org/articles/10.3389/fbioe.2022.957268/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.957268/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.957268/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.957268/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.957268&domain=pdf&date_stamp=2022-08-30
mailto:laura.sotosierra@mtem.com
mailto:znikolov@tamu.edu
https://doi.org/10.3389/fbioe.2022.957268
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.957268


including microalgae, protein hydrolysates are of a particular

interest as their thermal and acidic pH stability makes them

better suited as protein supplements in sports and nutritional

drinks than protein isolates (Olsen and Adler-Nissen, 1979;

Adler-Nissen, 1986). Lipid-extracted microalgae (LEA) is a

particularly attractive feedstock for protein products because

the solvent extraction of high-value lipids such as omega fatty

acids (FA) and lutein (Kulkarni and Nikolov, 2017; Soto-Sierra

et al., 2020) increases the protein content in extracted biomass

residue (% dw) and reduces protein-rich biomass cost ($/kg) as

much as an order of magnitude (Soto-Sierra et al., 2020).

Recent studies revealed that 1) the microalgal cell wall was a

barrier to protein (enzyme) hydrolysis and 2) cell wall

disruption/lysis improves enzyme-assisted protein extraction

yields by as much as 50% (Safi et al., 2017; Akaberi et al.,

2019; Soto-Sierra et al., 2021). Maximizing protein hydrolysis

and release of the hydrolyzed protein in the aqueous extract

slurry is the first step in the production of hydrolysates followed

by recovery and purification of the hydrolyzed protein slurry. To

ensure required product purity and stability for specialty food

and drink applications, lysed algal residue and nonprotein

impurities (chlorophyll pigments and starch) must be

efficiently removed from the protein hydrolysates (Soto-Sierra

et al., 2021). The removal of undesirable algal residue and soluble

impurities can be achieved by a combination of downstream

processing methods such as precipitation (Morris et al., 2008; Safi

et al., 2017), centrifugation (Schwenzfeier et al., 2011), dead-end

filtration (depth filtration), and tangential flow filtration (TFF)

(Safi et al., 2014; Kulkarni and Nikolov, 2017; Safi et al., 2017).

The selection and sequence of process unit operations depend on

target protein molecular weight (MW) and solubility, particle

size of lysed lipid-extracted biomass, and product yield and

purity.

We recently compared several bench-scale options for

preparation of protein hydrolysates from intact (unbroken)

LEA, lysed LEA, and algal protein concentrates (Soto-Sierra

et al., 2021). Based on the rate for enzymatic hydrolysis,

protein yield, and production cost, direct proteolysis of

lysed LEA emerged as the best starting material for the

preparation of protein hydrolysates. The direct hydrolysis

process of lysed LEA consisted of acidic precipitation of

insoluble impurities (cell debris and unhydrolyzed protein

complex including pigments) followed by centrifugation and

depth filtration (Soto-Sierra et al., 2021). To maximize the

yield of hydrolyzed proteins, the precipitated material was

centrifuged, washed with water to release trapped peptides,

and then again centrifuged. Combined supernatants were

clarified by depth filtration to yield a hydrolysate that was

free of chlorophyll pigments. The hydrolysate contained 63%

protein, and protein recovery was about 64%. We determined

that the protein content of hydrolysates could be increased to

73% by including an ion-exchange demineralization

step. Although the latter step slightly reduced the protein

hydrolysate yield, we believe that ion-exchange

demineralization would add a significant toll to the product

cost. The aforementioned process uses off-the-shelf

equipment and reduces the presence of chlorophyll

pigments in the final product but delivers an

underperforming process yield of 64%. The need for a

precipitate wash and extra centrifugation step to release

trapped protein hydrolysate molecules led us to consider

TFF as a process alternative in place of centrifugation,

washing, and depth filtration steps.

In this study, we compare the yield and quality of protein

hydrolysates produced on a bench scale by TFF ultrafiltration

and the process described previously (centrifugation, wash, and

depth-filtration) without the ion-exchange demineralization

step. The criteria for evaluating the quality of hydrolysates

obtained by each process consisted of heat and pH stability of

aqueous hydrolysate samples and discoloration of freeze-dried

hydrolysates upon heating.

Methods

Preparation of protein hydrolysate

Lipid extraction
Lipid-extracted algae (LEA) was generated by a previously

developed protocol (Soto-Sierra et al., 2021). Frozen

Nannochloropsis sp biomass (donated by Qualitas Inc.) was

first thawed at room temperature and then extracted in 50 ml

EtOH/g-DW biomass in two steps at 60°C. Biomass extraction

and re-extraction were performed under the same conditions

with an incubation time of 45 min/step. An extraction

temperature of 60°C was selected to maximize solubility and

extractability of carotenoids, chlorophyll, and lipids in EtOH. At

the end of the process, the dry base composition of LEA was

approximately 40% protein, 19% ash, 10% lipids, and 16%

carbohydrates.

LEA disruption and proteolysis

LEA slurry (10% solids) was milled at pH 11 using a 0.4 L

High Energy Planetary Ball Mill System from MSE Supplies

(Tucson, AZ, United States). The ball mill chamber was filled

with 0.5 mm diameter zirconia beads (50% by volume) as per the

manufacturer’s recommendation. To maximize cell disruption,

ball milling time was set to 120 min.

The pH of the lysed LEA slurry was brought to pH 9.5 with

1 M HCl and heated to 50°C under continuous mixing to

maximize enzyme activity. The protein hydrolysis reaction

was started by adding Alcalase liquid preparation with a

specific activity of <0.75 Anson units/ml (Calbiochem®) three

doses at preselected concentrations of 0.9, 1.8, and 3.5% v/
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w-protein. During the hydrolysis reaction (3 h), the pH was

maintained at 9.5 by the addition of 1 M NaOH. At the end

of the reaction, the LEA hydrolysate slurry was acidified with 1 M

HCl to pH 4.5 and then incubated at 95°C for 5 min to inactivate

the enzyme. The hydrolyzed and acidified LEA slurry was cooled

down to room temperature and then clarified by the twomethods

described in the following sections to obtain clarified (solid-free)

protein hydrolysates.

Process for the production of protein
hydrolysates by centrifugation and depth
filtration (DpF-hydrolysate)

A modified protocol for clarification of protein

hydrolyates developed by Soto-Sierra et al. (2021) was used

(Figure 1A). After hydrolysis and deactivation, the slurry was

centrifuged at 9,000 × g for 9 min, and the supernatant (S1)

was collected. The pellet solids were resuspended in water at

pH 4.3 and mixed thoroughly to release hydrolyzed protein

trapped in the pellet. The resuspended pellet was centrifuged

again under same conditions, and the supernatant S2 was

collected. Supernatants S1 and S2 were combined and clarified

using a Supracap 50 Pall® Depth filtration capsule

(SC050PDD1). The Supracap 50 Pall depth filter with a

retention rating of 0.2–3.5 µm allowed the removal of

residual debris and insoluble protein aggregates.

Protein hydrolysates by ultrafiltration and
diafiltration (UF-hydrolysate)

TFF and DF were performed using the Spectrum KrosFlo

KR2i system with 1 mm inner diameter (ID) hollow fibers

(Repligen) (Figure 1B). For all the experiments conducted,

the shear rate was maintained at 2,000−1 or a cross-flow flow-

rate of 19 L/min/m2. The membrane filtration process was

operated at constant TMP (7 psi) until the system pressure

was dictated by the viscosity of the fluid, which organically

increased the feed pressure. At that point, the concentration

(ultrafiltration) was stopped when a TMP of 10 was reached.

The flux, TMP, and weight of permeate were tracked over

time using KrosFlo real-time data collection software by

Repligen.

Based on previous results (Morris et al., 2008; Soto-Sierra

et al., 2021) and the anticipated MW distribution of the

hydrolysates, 50 kDa (D02-E050-10-N) and 100 kDa (D02-

E100-10-N) Spectrum® hollow fiber filters were selected to

clarify and purify protein hydrolysates from hydrolyzed and

acidified LEA slurry. After hydrolysis and enzyme

deactivation steps, the LEA hydrolysate slurry was

concentrated by ultrafiltration until the solids’

concentration in the retentate reached ~200 g-DW/L, or the

feed pressure exceeded 10 psi. Following the concentration of

the slurry, the Spectrum® hollow fiber system was operated

under the continuous diafiltration mode for two diafiltration

FIGURE 1
Processing routes to protein hydrolysates: (A) protein hydrolysates by centrifugation and depth filtration (DpF-hydrolysate) vs. (B) protein
hydrolysates by ultrafiltration and diafiltration (UF-hydrolysate).
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volumes (DVs). To determine protein recovery in the

permeate, samples were taken before and after each

diafiltration step (DV1 and DV2), and the protein yield

was calculated at each point.

Characterization of protein hydrolysates

The protein hydrolysate yield was estimated using a protocol

for quantification of soluble peptides previously developed and

modified by Olsen and Adler-Nissen, (1979) and Soto-Sierra

et al. (2021). Each sample was digested in 6N HCl for 24 h until

hydrolysis. Total amino nitrogen was determined using the

nitrogen O-phthaldialdehyde (NOPA) procedure (Cuchiaro

and Laurens, 2019), and the protein content in the samples by

applying an amino-nitrogen-to-protein conversion factor of 6.25

(Soto-Sierra et al., 2021).

Size exclusion chromatography

MW distribution of the hydrolyzed protein in

hydrolysates was performed on an AKTA-purifier system

using a TOSOH TSK gel G2000SWxl (30 cm × 7.8 mm)

size exclusion analytical column with a TOSOH SWXL

guard precolumn. All samples were filtered through a 0.2-

µm filter before injection. Protein samples (100 µl) were run at

a 0.7 ml/min flow rate using 0.1 M NaCl in RO water as the

mobile phase. The protein in the effluent was detected using a

UV detector at 280 nm. The retention volumes of a standard

protein mixture (Bio-Rad) were used to assign MW to protein

hydrolysate peaks.

Analysis of pH stability of hydrolysates at
an elevated temperature

Hydrolysate samples (10 mg/ml) prepared by either

fractionation methods were adjusted to pH 4, 6, and 8. Only a

half of the pH-adjusted samples were subjected to thermal

treatment at 95°C for 10 min. A volume of 1 mL of each

sample (heated and non-heated) was analyzed by dynamic

light scattering (DLS) for particle size measurements in the

Zetasizer Nano ZS at 25°C and 173° scattering angle. The DLS

data were automatically converted to intensity and volume

distribution by particle size.

Data analysis

Statistical analysis of process variables was performed using

JMP software. Significant differences between treatments, where

applicable, were found using αFAM = 0.05.

Results and discussion

Protein hydrolysate yield using the UF/DF
process

To determine conditions for the separation of protein

hydrolysate from the rest of the components in the lysate

slurry, four key process variables were evaluated: enzyme

dosage (0.9, 1.8, and 3.5% w/v), pH (4.5, 5.5, and 7.0),

enzyme deactivation temperature (45 and 60°C), and

membrane pore size (50 and 100 kDa). The objective of the

screening was to determine the optimal extent of hydrolysis and

ultrafiltration conditions that allowed maximal passage of

hydrolyzed protein while retaining insoluble protein

aggregates, chloroplast remnants, and cell debris. From the

statistical analysis, we found that enzyme dosage, membrane

pore size (MWCO), and their interaction were the only

significant factors affecting protein recovery and flux. The

effect of these factors was evaluated by testing protein

recovery and flux at the conditions shown in Figure 2.

Hydrolysates produced with 0.9% and 1.8% (v/w) enzyme

dosages and processed via a 50 kDa hollow fiber membrane

delivered lower fluxes and cumulative protein yield than those

produced by the other three tested combinations (Table 1). The

combination of 0.9% dosage and 50-kDa membrane had the

lowest flux (16 LMH) and protein yields during UF

concentration (33%) and subsequent two diafiltration steps

(48% and 56%, respectively).

The increase of Alcalase dosage from 0.9 to 1.8 or 3.5% (v/w)

resulted in higher permeate fluxes of 20 and 32 LMH,

respectively, when processing the hydrolyzed slurry using a

50-kDa membrane. Similarly, the same dosage increase from

0.9 to 1.8% and 3.5% positively affected the UF permeate protein

FIGURE 2
Flow diagram of the process for the production of UF-
hydrolysates.

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Soto-Sierra and Nikolov 10.3389/fbioe.2022.957268

42

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957268


yield (41 and 46%, respectively) and the cumulative yield after the

second diafiltration (second DV) step (66% and 70%,

respectively) (Table 1).

Interestingly, 100 kDa ultrafiltration and diafiltration

(UFDF) of protein hydrolysates that were generated with

either 1.8% or 3.5% enzyme dosage did not result in

significantly different fluxes or protein yields. The UFDF

process of the hydrolyzed slurry at 3.5% Alcalase had a higher

permeate flux when processed by 50-kDa rather than 100-kDa

hollow fiber membrane, but the protein yield was not

substantially different.

To examine further flux and protein yield data, we then

investigated the size-exclusion chromatography (SEC) profiles of

protein hydrolysates produced with two different enzyme

dosages and membrane pore sizes (Figure 3). The hydrolysate

MW profiles in Figure 3 were obtained using UF permeates

rather than diafiltrates to obtain a stronger UV (280 nm) detector

response and detect low concentration protein species. The

comparison of the protein elution profiles of hydrolysates

produced with 1.8% and 3.5% Alcalase dosages shows that

higher enzyme dosage reduces the amount of higher MW

protein fragments that elute between 7 and 10 ml elution

volumes. The decrease of larger MW fragments is reflected by

an increase in lower MW peaks that elute between 11 and 13 ml.

Based on the protein standard curve, protein elution volumes of

7–10 ml translate to approximately 158–17 kDa MW range and

11–13 ml to 5–2 kDa. Therefore, one would expect the higher

enzyme dosage (3.5%) to impact the performance more of the

tighter 50-kDa membrane than the 100-kDa one (Table 1). The

data in Table 1 show that the UF permeate flux with the 50-kDa

MWCO hollow-fiber membrane increased from 20 to 32 LMH,

but the flux through the 100-kDa membrane did not change with

the enzyme dosage (25 LMH). Similarly, UF permeate yields were

notably affected by the enzyme dosage when processing

hydrolysates through the 50-kDa membrane (an increase from

41 to 46%) than 100-kDa membrane (similar ~50% yield).

To increase hydrolysate product yield in the permeate

fraction, we implemented a diafiltration step for the recovery

of additional hydrolyzed protein that had remained in the

retentate at the end of the UF concentration step.

Diafiltration was performed in two stages each with one

diafiltration volume exchange. Each diafiltration volume

exchange protein yield was calculated, added to the previous

step (UF or first DV), and reported as the cumulative protein

yield (Table 1). The diafiltration results summarized in Table 1

show cumulative protein yields as a function of membrane pore

size and enzyme dosage. The data indicate that diafiltration of UF

or first DV retentate increases protein yield by about 10% and

that after two DV exchanges one could achieve a cumulative

protein yield greater than 70% with a 100-kDa MWCO hollow

fiber membrane. The largest jump in protein recovery was

observed with the 50-kDa membrane. After the first DV step

(first DV), the protein yield was 15% higher followed by

additional 10% after the second diafiltration step (second

DV), irrespective of the enzyme dosage. As pointed out

previously, the separation efficiency of the 50-kDa membrane

TABLE 1 Impact of the MWCO membrane and enzyme dosage on flux and protein recovery in the permeate and after one and two diafiltration
volume (DV).

Cumulative permeate protein yield

Alcalase dosage
(%v/w)

MWCO membrane
(kDa)

Average flux
(LMH)

UF (%w/w) DV1 (%w/w) DV2 (%w/w)

3.5 100 25 ± 2 50 ± 5 63 ± 4 73 ± 2

1.8 100 25 ± 1 53 ± 5 65 ± 4 73 ± 3

3.5 50 32 ± 6 46 ± 4 61 ± 4 70 ± 3

1.8 50 20 ± 0 41 ± 5 57 ± 2 66 ± 2

0.9 50 16 ± 3 33 ± 7 48 ± 6 56 ± 6

FIGURE 3
MW distribution of UF permeates obtained using 50-kDa
(solid line) and 100-kDa (dotted line) hollow fiber membranes and
1.8% v/w and 3.5% v/w enzyme dosages. The chromatograms of
UF permeate samples were generated on a TSK gel
G2000swxl column (30 × 0.7 cm) at a flow rate of 0.7 ml/min. Bio-
Rad protein standard mix ranging from 1.3 to 670 kDa was used to
assign the estimated MW of hydrolysate peaks (see table inset).
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was affected by the enzyme dosage and the cumulative protein

yield after the second DV could reach 70% only for hydrolysates

produced using 3.5% (v/w) Alcalase.

In summary, hydrolysates produced with 3.5% provide greater

processing flexibility and, if the enzyme cost does not contribute

significantly to the final product cost, one should consider using

3.5% (v/w) irrespective of the MWCO membrane (i.e., 50 or

100 kDa). Otherwise, the use of 1.8% (v/w) dosage would limit

LEA hydrolysate processing (UFDF) to a 100-kDa hollow-fiber

membrane. Because the lower enzyme dosage of 1.8% (v/w) and

100-kDa MWCO were an effective combination for enhancing the

ultrafiltration flux and cumulative protein recovery yield, we selected

the latter combination to produce membrane-processed

hydrolysates (UF-hydrolysates). From this point forward, we aim

to characterize and compare UF-hydrolysates alongside

hydrolysates processed by centrifugation and depth filtration

(DpF-hydrolyzates), following a process developed in one of our

previous studies (Soto-Sierra et al., 2021). The main objective was to

understand the advantages and disadvantages of single-step UFDF

vs. centrifugation followed by depth filtration in terms of quality of

the final hydrolysates. The exact process steps and key process

parameters for production UF- and DpF-hydrolyses are depicted in

Figure 1.

Temperature (T) and pH stability of depth-
filtered (DpF) and ultrafiltered (UF)
hydrolysates

The temperature (T) and pH stability of hydrolysates are

important quality attributes as these two parameters can

contribute to product discoloration and reduced solubility due

to protein aggregation (Lan et al., 2018; Edwards and Jameson,

2020; He et al., 2022). Because the stability of protein

hydrolysates is known to be affected by the protein MW and

composition (Adler-Nissen et al., 1978; Olsen and Adler-Nissen,

1979), we first determined SEC elution profiles of UF-

hydrolysates and DpF-hydrolysates (Figure 4)

The MW distribution and peak intensities of the two

hydrolysates were similar except for the eluting protein in

5–7 ml and absorption intensity of protein peaks at 12 and 15 ml.

The molecular weight profiles in Figure 4 show that the DpF-

hydrolysate (blue elution profile in Figure 4) contained a fraction of

high-MWprotein (>670 kDa) that eluted in ~6ml. The latter protein

fraction was not present in the UF-processed samples because 100-

kDa MWCO membranes are intended to reject most protein

molecules greater than 300 kDa size. The data indicate that

centrifugation followed by a depth filtration process produces

DpF-hydrolysates with a broader MW range than the UF process.

This observation is consistent with limited fractionation power of

acidic precipitation, which is governed by protein physicochemical

properties such as solubility, hydrophobicity, and net charge at the

precipitation pH (Bramaud et al., 1997) rather than their MW size as

it is the case with membrane separations.

The 100-kDa membrane-processed hydrolysates (black line)

shown in Figure 4 consist mostly of protein fractions ranging from

44 to 1.3 kDa that have eluted between 9 and 15 ml elution volumes.

Protein peaks at about 15 ml in both samples correspond to an

estimated MW of less than 1 kDa and consist of dipeptides,

FIGURE 4
Size-exclusion chromatograms of DpF-hydrolysates (blue
line) and UF-hydrolysates (black line) using 1.8% enzyme dosage.
The chromatograms were generated on a TSK gel G2000swxl
column (30 × 0.7 cm) at a flow rate of 0.7 ml/min. Bio-Rad
protein standard mix was used to assign the estimated MW of
hydrolysate peaks (table inset).

FIGURE 5
Molecular size distribution of (A) non-heated DpF-
hydrolysates; (B) heated DpF-hydrolysates; (C) non-heated UF-
hydrolysates; (D) heated UF-hydrolysates at pH 4, 6, and 8.
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tripeptides, and free amino acids. The question that remains is

whether the slight difference in protein composition would result in

detectable stability differences. Specifically, would the absence of the

largest MW protein fraction (5–7 ml elution volume) in the UF-

processed LEA hydrolysates increase pH and heat stability of the

UF-hydrolysates compared to DpF-hydrolysates?

To address this question, the molecular (particle) size

distribution of heated and non-heated DpF- and UF-hydrolysate

samples was compared at three different pHs (4, 6, and 8) using

dynamic light scattering (DLS). The molecular weight size

distribution of heated and non-heated DpF- and UF-hydrolysate

samples as a function of pH at 95°C is summarized in Figure 5.

The results in Figure 5 show that the size distribution of UF and

DpF protein hydrolysates was different for both heated and non-

heated samples. A significant size distribution shift in DpF-

hydrolysates was observed upon pH adjustment and heating

(Figures 5A,B). The DLS graphs of heated and non-heated

samples at pH 4.0 (blue line) and 6.0 (red line) show peaks

between 100 and 1000 nm, which are an indication of aggregation

(Filipe et al., 2010). At pH 8.0 (black solid line), the size distribution

changed slightly upon heating but remained between 0.1 and 10 nm.

The UF-hydrolysates (Figures 5C,D), on the other hand, were

more stable at the three pHs before and after heating as evidenced

by the comparable size distribution profiles. The volumetric

fraction diameter of UF-processed LEA-hydrolysates ranged

from 0.2 to 10 nm in all the treatments but in the non-heated

samples at pH 4.0. The non-heated samples at pH 4.0 (blue solid

line) resulted in two peaks with volumetric fraction diameters

around 1000 nm.We hypothesize that pH 4.0, which is very close

to the average pI of algae proteins (pH 4.0–5.5) (Ursu et al.,

2014), induced the association of protein fragments in the

hydrolysate that led to the observed shift of the volumetric

faction diameter (Goudarzi et al., 2015). The absence of later

peaks upon heating of the same samples suggests that thermal

energy (95°C) might have reduced/disrupted molecular

interactions causing the presumed protein association

(Goudarzi et al., 2015). Based on DLS data and SEC profiles,

physicochemical properties of UF-hydrolysates would be more

predictable and probably a better choice for the development of

food and drink formulations.

To further evaluate the impact of heating on the hydrolyzed

samples, we compared the browning reaction of freeze-dried

DpF-hydrolysates and UF-hydrolysates to a soy protein

concentrate control (Figure 6). When the soy protein

concentrate did not show any signs of browning, we observed

some darkening of the UF-hydrolysate sample, and a

significantly greater browning of the DpF sample due to

Maillard reactions and potential degradation (Yu et al., 2018;

Fu et al., 2020). The results of the browning reaction of the freeze-

dried hydrolysates support the aforementioned conclusion that

UF-hydrolysates are of superior quality. The higher quality of

UF-hydrolysates compared to that of DpF-hydrolysates could be

explained by the latter containing larger MW peptides (>10 kDa

peptides), which are known to be more propense to degradation

(Lan et al., 2010; Yu et al., 2018). The results suggest that the UF-

hydrolysates would be a better candidate than DpF-hydrolysates

in applications where pH and temperature stability matter.

Conclusion

In this study, we evaluated a clarification process option for

the production of algal protein hydrolysates using single-step

ultrafiltration and diafiltration production of UF-hydrolysates.

The results showed that the yields andMWdistribution profile of

protein hydrolysates were a function of the enzyme dosage

during hydrolysis and the membrane (pore size) MWCO. The

combination of higher dosage (3.5%) and 50-kDa MWCO

membrane produced hydrolyzates with an overall lower

molecular weight range, while lower enzyme dosage (0.9 and

1.8%) and 100-kDa MWCO resulted in hydrolysates with a

higher number of proteins over 100 kDa. Protein hydrolysates

that were generated with either 1.8% or 3.5% enzyme dosage and

processed through a 100-kDa MWCO hollow fiber membrane

had higher protein yields.

DpF-hydrolysates had a broader MW range and overall higher

MWthan theUF-hydrolysates. The presented data indicate thatUF-

hydrolysates would be more stable in pH and temperature and less

susceptible to Maillard reactions, thereby probably being a better

choice for the development of food and drink formulations.

In summary, this study suggests that the tangential flow

ultrafiltration process is a viable process option to the traditional

protein fractionmethod. Potential advantages of TFF include single-

step clarification of algal hydrolysates, greater protein recovery yield

(70 % vs. 64%), and apparently better pH and heat stability.

FIGURE 6
Effect of heating (95°C for 10 min) on depth-filtered (DpF-
hydrolysates) and ultra-filtered (UF-hydrolysates) hydrolysates.
–Non-heated samples are shown in the top row and heated ones
on the bottom.
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Revisiting alkaline cupric oxide
oxidation method for lignin
structural analysis

Guangxu Yang†, Zhenggang Gong†, Xiaolin Luo* and Li Shuai*

College of Materials Engineering, Fujian Agriculture and Forestry University, Fuzhou, China

Lignin structural analysis is important for the comprehensive utilization of lignin

as well as delignification and bleaching during pulping while it is difficult to

completely elucidate lignin structure due to its structural complexity and

heterogeneity. Depolymerization of lignin into simple monomers via alkaline

cupric oxide oxidation (OxCuO) followed by chromatographic analysis of the

monomers is an effectivemethod for lignin structural analysis. Here we revisited

the OxCuO of lignin model compounds (monomers and dimers) and three

representative lignocelluloses (i.e., Eucalyptus, Masson pine, and corn stover)

to understand the effects of reaction conditions and lignin sub-structures on

oxidation product yields and distributions. The improved OxCuO was found to be

effective in oxidatively breaking the robust interunit C-C bonds in the β-β′ and
β-5′ moieties of lignin other than β-O-4′ linkages at an elevated temperature

(210°C). Further degradation of the monomeric oxidation products could also

occur to reduce the monomer yields under a severe condition (i.e., high

temperature and long reaction time). In addition, O2 inputs could reduce the

monomer yields via nonselective overoxidation, thus having negative effects on

accurate structural analysis of lignin. The O2 removal via ultrasonication

combined with N2 flushing prior to the oxidation reaction could improve the

monomer yield about 1.2 times (compared to that without O2 removal) at a low

biomass loading of 5 wt%. By using the improved method of OxCuO, a monomer

yield of 71.9% could be achieved from Eucalyptus (hardwood) lignin, which was

much higher than conventional nitrobenzene oxidation (59.8%) and reductive

depolymerization (51.9%). Considering the low cost, high availability, and low

toxicity of CuO, the improved OxCuO could be a convenient and economic

method for more accurate lignin structural analysis.

KEYWORDS

lignin, depolymerization, oxidation, cupric oxide, model compounds

Introduction

Lignin is synthesized by oxidative radical polymerization of syringyl (S), guaiacyl (G),

and p-hydroxyphenyl (H) subunits, and the monomeric units are connected by several

types of C-O and C-C linkages (Figure 1) (Deussa and Barta., 2016; Zhang and Wang.,

2020). As one of the main component of lignocellulosic biomass (Schutyser et al., 2018),

structural analysis of lignin is of great importance for its comprehensive utilization as well
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as delignification and bleaching during pulping. However,

comprehensive analysis of lignin structure is challenging due

to its complex and heterogeneous structure. To obtain lignin

structural information, depolymerization (or degradation) of

lignin into simple lignin monomers followed by

chromatographic analysis is the most convenient and effective

method. Many methods such as acidolysis (Voitl and Rohr.,

2008; Partenheimer, 2009; Werhan et al., 2011), thioacetolysis

(Nimz, 1974), and reductive depolymerization (Lu and Ralph.,

1997; Bosch et al., 2015; Shuai et al., 2016; Liao et al., 2020) have

been developed to evaluate the content and structure of lignin in

lignocellulosic materials. However, these methods have certain

drawbacks such as inability to break the C-C bonds, long analysis

time, and/or costly catalysts or reagents. For example, oxidative

depolymerization of lignin using an oxidant (e.g., nitrobenzene)

in an alkaline solution (OxNB) is effective in cleavage of both C-O

and C-C bonds to give a higher lignin monomers yield (Chan

et al., 1995; Hirayam et al., 2019), while nitrobenzene is a toxic

compound and produces many by-products that can interfere

with the analysis of lignin monomers (Lapierre, 2010). In

contrast, cupric oxide (CuO) as a common oxidant is more

competitive than nitrobenzene due to its low cost, high

availability, and low toxicity. Furthermore, CuO and its

reduction products (Cu or Cu2O) have very little interference

with the analysis of lignin monomers. CuO as a heterogeneous

catalyst has poor solubility in NaOH aqueous solution, thus

facilitating the isolation of the catalyst and liquid products via

simple centrifugation (Chen, 1992; Lapierre, 2010).

Previously, a reported method of alkaline cupric oxide

oxidation (OxCuO) for lignin structural analysis could achieve

a phenolic monomer yield of around 50.7 mol% from native

hardwood lignin and the monomers were believed to be resultant

from the selective cleavage of C-O interunit linkages such as β-O-
4 linkage (Chen, 1992). Since the structure of the aromatic nuclei

(i.e., guaiacyl, syringyl, and 4-hydroxyphenyl structures) on

lignin are preserved after OxCuO, OxCuO can give an indication

of the composition of lignin units under investigation, and the

yields of the oxidation products can provide information on the

composition of lignin interunit linkages (Hedges and Ertel., 1982;

Goi et al., 1993). For example, hardwoods such as Eucalyptus or

birch gave both guaiacyl and syringyl products while softwood

only gave guaiacyl products. 4-hydroxyphenyl products are

generally observed in the oxidation of grass together with

guaiacyl and syringyl products (Schutyser et al., 2018). As for

lignin with highly condensed structures, little monomeric

oxidation products can be produced (Billa et al., 1996; Villar

et al., 1997). Based on the differences of the monomeric oxidation

products, OxCuO can be used to identify biomass species

(hardwood, softwood, or grass) and analyze unknown biomass

samples.

Recently, we revisited the method of OxCuO and found that

three improved aspects would facilitate more accurate and

efficient analysis of lignin structures. First, an elevated

temperature and a prolonged reaction time facilitated the

cleavage of C-C bonds (e.g., β-β′ and β-5′) in lignin during

OxCuO of lignin while it could also lead to increased degradation

of the oxidation products. To obtain high-yield lignin monomers,

an optimized reaction condition should be explored to enable the

cleavage of C-C bonds meanwhile minimizing the degradation of

the desired products. Second, the operation of O2 removal before

oxidative depolymerization was necessary to avoid the

overoxidation of the monomeric oxidation products, which

FIGURE 1
The representative structure of native lignin and the dimeric lignin model compounds used in this study.
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could improve the monomer yields especially at a low biomass

loading. Choosing a simpler method (such as ultrasonication

combined with N2 flushing) to effectively remove O2 could

shorten the analysis time compared to the thermal or

chemical oxygen removal. Third, for analysis of the lignin

monomers in alkaline aqueous solution after oxidative

depolymerization, the classical procedures involved

acidification of the hydrolysate, followed by the extraction of

phenolic products for HPLC or GC analysis (Chen, 1992;

Lapierre, 2010; Tamai et al., 2015; Schutyser et al., 2018). The

possibility of the incomplete extraction could result in an

underrated yield of lignin monomers and poor reproducibility.

Therefore, an improved product analysis method should be

developed to determine all lignin monomers in the

hydrolysate. These thoughts motivate us to develop an

improved method of alkaline cupric oxide oxidation for more

accurate and readily lignin structural analysis.

Materials and methods

Materials

Chemicals including methylguaiacol (2-methoxy-4-

Methylphenol, >98%), ethylguaiacol (2-methoxy-4-ethylphenol,

99%), propylguaiacol (2-methoxy-4-propylphenol, 98%),

p-methylphenol (99%), methylsyringol (2,6-dimethoxy-4-

methylphenol, >97%), vanillin (4-hydroxy-3-methoxybenzaldehyde,

99%), acetovanillone (4′-hydroxy-3′-methoxyacetophenone, 98%),

vanillic acid (4-hydroxy-3-methoxybenzoic acid, 98%),

syringaldehyde (4-hydroxy-3,5-dimethoxybenzaldehyde, 98%),

acetosyringone (4′-hydroxy-3′,5′-dimethoxyacetophenone, 98%),

syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid, 98%),

nitrobenzene (≥99%), CuO (40 nm particle size, 99.5%), benzoic

acid (≥99.9%), anhydrous pyridine (≥99%), Ru/C catalysts (5%

metal loadings), and NaOH (≥98%) were purchased from

Aladdin® Biochemical Technology Co., Ltd. (Shanghai, China).

BSTFA (N, O-bis(trimethylsilyl)trifluoroacetamide, >99%) and

hydrochloric acid (37%) were purchased from Sigma Aldrich

(Shanghai, China). Guaiacylglycerol-β-guaiacyl ether [1-(4-

hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-

diol, 97%] and pinoresinol [4-[(3S,3aR,6S,6aR)-6-(4-hydroxy-3-

methoxyphenyl)-1,3,3a,4,6,6a-hexahydrofuro [3,4-c]furan-3-yl]-2-

methoxyphenol, 98%] were purchased from TCI Chemicals

(Shanghai, China). Dehydrodiisoeugenol (4-(2,3-dihydro-7-

methoxy-3-methyl-5-propenyl-2-benzofuranyl)-2-methoxyphenol,

98%) were purchased from Yuanye Bio-Technology Co., Ltd.

(Shanghai, China). All commercial chemicals were analytical

reagents and were used as received. Water was purified using a

Millipore Milli-Q I water purification system to a resistivity higher

than 18MΩ cm.

Corn stover was provided by the State Key Laboratory of

BiobasedMaterials and Green Papermaking at Qilu University of

Technology, China. Masson pine and Eucalyptus wood chips

were provided by Fujian Qingshan Paper Co., Ltd. (Sanming,

China). Wood chips and corn stover were air-dried, carefully

milled to pass through a screen of 40 mesh for experiments.

Reductive depolymerization

In the typical reductive depolymerization experiments,

500 mg of air-dried wood particles (>40 mesh) (or 50 mg of

dimeric ligninmodel compounds), 100 mg of Ru/C (5 wt% Ru on

Carbon) and 10 ml of methanol were loaded into a 25-ml

pressure-resistant reactor. The reactor was closed, purged

three times with H2 and pressurized with 4 MPa H2. The

mixture was stirred with a magnetic bar at 800 rpm, heated

with a heating jacket controlled by a PID temperature controller

to 220°C and then held at the temperature for 10 h. After the

reaction, the reactor was cooled with tap water. One milliliter of

internal standard solution (30 mg/ml benzoic acid in dioxane)

was directly added into the reactor and mixed with the slurry.

One milliliter of the clear solution was sampled and centrifuged.

The resultant supernatant was used for GC or GC-MS analysis.

Alkaline nitrobenzene oxidation

Nitrobenzene oxidation of lignins and dimeric lignin model

compounds were performed in a 25-ml pressure-resistant

reactor. Specifically, 7 ml of 2 mol/L NaOH aqueous solution,

200 mg of air-dried wood particles (>40 mesh) (or 50 mg of

dimeric lignin model compounds) and 0.4 ml of nitrobenzene

were added to the reactor. The reactor was pressurized with N2 to

0.2 MPa. Then the reactor was heated to 170°C and held at the

temperature for 2.5 h. After cooling, the reaction mixture in the

reactor was transferred to a 100-ml separating funnel and

extracted by 25 ml of chloroform three times to remove the

residual nitrobenzene and its derivatives. The aqueous phase was

acidified by concentrated hydrochloric acid to pH < 3. The

acidified liquid was extracted with fresh chloroform (3 ×

25 ml) and the chloroform phases were combined. One

milliliter of internal standard solution (30 mg/ml benzoic acid

in dioxane) was mixed with the chloroform phases. The resultant

liquid was used for GC and GC-MS analyses.

Alkaline copper oxide oxidation

For the alkaline copper oxide oxidation experiments, 1 g of

air-dried wood particles (>40 mesh) (or 50 mg of dimeric lignin

model compounds) and 1.5 g of CuO (40 nm) were mixed with

10 ml of NaOH aqueous solution (2.5 mol/L) in a 25-ml

pressure-resistant reactor. The mixture was ultrasonically

treated for 10 min and the reactor was sealed, flushed with N2
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three times, and then pressurized with N2 to 0.2 MPa. The reactor

was heated in a heating jacket to 210°C and maintained at the

temperature for 40 min. The reaction was stirred with a magnetic

bar at 800 rpm. After the reaction, the reactor was quickly cooled

to room temperature with tap water. Due to its good solubility in

both alkaline solution and organic solvent, 1 ml of benzoic acid

standard solution (benzoic acid dissolved in dioxane with a

concentration of 30 mg/ml) was directly added into the

reactor and mixed with the slurry. One milliliter of the clear

solution was sampled and centrifuged. The resultant supernatant

was neutralized and used for GC or GC-MS analysis.

In order to investigate the effect of O2 on lignin monomer

yields, the operation of O2 removal was not required for the

original mixtures. Alternatively, these reactors were either just

pressurized with N2 to 0.2 MPa or directly pressurized with O2 to

the specified pressure. The other experimental procedures were

the same as that mentioned above.

Gas chromatography and gas
chromatography-mass spectrometry
analyses

Lignin monomers resulted from the alkaline copper oxide

oxidation were initially identified by GC-MS and then

quantified by GC. Prior to the GC and GC-MS analysis, the

sample was derived with BSTFA. Specifically, 10 μl of the

sample solution and 5 μl of concentrated HCl (37 wt%) were

mixed with 200 μl of pyridine in a 2-ml GC vial. After

ultrasonic treatment for 30 s, 700 μl of BSTFA was added to

the GC vial which was then kept at 80°C for 1 h. The silylated

products were identified by GC-MS using an Agilent 7890B

series GC equipped with a HP5-MS capillary column (30 m ×

0.45 mm) and an Agilent 5977A series mass spectroscopy

detector. The inlet and detector temperature were 300°C,

and the injection volume was 1 μl. Helium was used as a

carrier gas at a flow rate of 1.5 ml/min. The column was

initially kept at 50°C for 5 min, then was heated at a rate of

10°C/min to 300°C and held for 5 min. Most of the products

were directly identified with authentic standard compounds.

Some of products were directly identified according to the

mass spectra. As for the lignin monomers from reductive

depolymerization and alkaline nitrobenzene oxidation

(chloroform phases), the samples were completely

processed with the method used for alkaline copper oxide

oxidation, except that the concentrated HCl was not required

to add.

The identified products were further quantified by a GC

(Agilent 7890B series, United States) equipped with an

HP5 capillary column and a flame ionization detector (FID).

The yields of the products in the sample solution were calculated

based on the effective carbon number rule for convenience. The

detailed calculation was as follows:

In the equations,

nproduct � nbenzoic acid ×
Aproduct

Abenzoic acid
×
ECNbenzoic acid

ECNproduct
(1)

Yproduct � nproduct
ntheoretical

(2)

nbenzoic acid (mmol): the molar amount of the internal standard

(benzoic acid); nproduct (mmol): the molar amount of the lignin

monomers; Aproduct: the peak area of monomers in the GC-FID

chromatogram; Abenzoic acid: the peak area of benzoic acid in the

GC-FID chromatogram; ECNbenzoic acid: the effective carbon

number of silylated benzoic acid (Shuai et al., 2016);

ECNproduct: the effective carbon number of the lignin

monomers; Yproduct: 1) For the depolymerization of lignin

model compounds (monomers and dimers), the molar yield

of monomers was calculated on the basis of the molar

amount of aromatic rings in the model compounds

(ntheoretical); 2) for the depolymerization of lignin, the molar

yield of monomers was calculated on the basis of the molar

amount of Klason lignin (ntheoretical); an average molecular

weight of 210 g/mol (Chen, 1992) for lignin monomeric units

was used for the calculations.

Results and discussion

Alkaline copper oxide oxidation of lignin
model compounds

Monomeric lignin model compounds
Several monomeric lignin model compounds with different

alkyl side chains (i.e., methylguaiacol, MG; ethylguaiacol, EG;

propylguaiacol, PG) that are typically produced from reductive

depolymerization (RD) were oxidized with CuO in an alkaline

condition. After the reaction, the products were analyzed by gas

chromatography with flame ionization detection or mass

spectrometry (GC-FID and GC-MS) via an improved method

as described in the METHODS. The results in Figure 2 suggested

that alkaline copper oxide oxidation (OxCuO) could even break

the alkyl side chains (or C-C bonds) of lignin monomers to give

oxidation products (e.g., vanillin, vanillic acid, and

acetovanillone) at 200°C for 10 min. In contrast, almost no

monomeric oxidation products were observed after the OxCuO

of MG (<5%) under a conventional condition (170°C, 30 min)

(Chen, 1992), while the yields of the monomeric oxidation

products for MG, EG and PG were all significantly increased

about two times under a severe condition (210°C, 30 min).

Prolongation of the reaction time further improved the yields

of the monomeric oxidation products for MG from 47.8%

(30 min) to 55.6% (40 min) and 63.1% (60 min), respectively.

These results indicated that an elevated temperature and a long

reaction time facilitated the C-C cleavage during OxCuO. Similar

monomeric oxidation products were also observed after the
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OxCuO of p-methylphenol (MH) and methylsyringol (MS) that

had different aromatic nuclei. In addition, an H-type (MH,

25.3%) model gave oxidation products in much lower yield

than G-type (MG, 47.8%) and S-type (MS, 51.7%) models

(Figure 2). It was in line with the result of nitrobenzene

oxidation (Chan et al., 1995), where electron donating groups

(i.e., methoxyl groups) on the aromatic nuclei of lignin

monomers enhanced the rate of oxidation. Therefore, the

structure of the aromatic nucleus could also affect the

reactivity of these lignin monomers to give oxidation products

apart from the reaction temperature and time, which could be

explained by the different ability of the aromatic nuclei to supply

electrons to the benzylic carbon atoms (i.e., syringyl > guaiacyl >
4-hydroxyphenyl) (Shuai and Saha., 2017).

Dimeric lignin model compounds
Considering the good performance of OxCuO on breaking C-C

bonds in lignin monomers, we further examined its ability to

oxidatively break the robust interunit C-C bonds in the β-β′ and β-
5′ moieties of lignin other than β-O-4′ linkages. Three representative

FIGURE 2
Alkaline copper oxide oxidation of monomeric lignin model compounds. MG, EG, PG, MH, and MS represented methylguaiacol, ethylguaiacol,
propylguaiacol, p-methylphenol, and methylsyringol a respectively. The model compound loadings were 50 mg. All reactions were conducted in
10 ml of 2.5 mol/L NaOH with 2 g CuO addition.

FIGURE 3
Alkaline oxidative depolymerization of dimeric lignin model compounds with CuO or nitrobenzene as the oxidant. aThe monomer yields were
based on themolar amount of aromatic rings in themodel compounds. Themodel compound loadings were 50 mg. All CuO oxidation experiments
were conducted in 10 ml of 2.5 mol/L NaOH with 0.5 g CuO addition. All nitrobenzene oxidation experiments were conducted in 7 ml of 2.0 mol/L
NaOH with 0.4 ml nitrobenzene addition.
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dimeric lignin model compounds present in Figure 1 were selected as

substrates for oxidative depolymerization (OxCuO and OxNB).

As showed in Figure 3, the β-O-4′ dimeric compound gave a

higher monomer yield (62.9%) for OxCuO at 170°C for 30 min

than OxNB at 170°C for 2.5 h (53.5%). As the reaction condition

was intensified, the monomer yield for OxCuO of the β-O-4′
dimeric compound increased first and then decreased, and a

theoretical monomer yield was achieved at 200°C for 10 min. The

high monomer yield suggested that no condensation reaction of

the monomeric products occurred in such OxCuO system. The

decreased monomers under a severe condition (210°C for

30 min) could be due to the further degradation of the

monomer products. Nevertheless, such severe condition

facilitated the cleavage of C-C bonds in β-5′ and β-β′ dimeric

compounds. The highest monomer yields of 44.8% and 50.2%

were achieve at 210°C for 30 min via oxidatively breaking β-5′
and β-β′ bonds, respectively. These results suggested that an

elevated temperature (210°C) was necessary for β-5′ and β-β′
cleavage, which was in line with the results of oxidation of alkyl

side chains in lignin monomers discussed above.

Stability tests of monomeric oxidation products
As discussed above, the OxCuO system could not only enable the

oxidative depolymerization of lignin, but also could reduce the

monomer yields via further oxidative degradation of the oxidation

products. To investigate the stability of the oxidation products, we

performed the OxCuO of both G-type and S-type oxidation products

under different conditions. The conversion of the substrates and the

selectivity of the oxidation products were presented in Figure 4. For

example, vanillin could readily be converted to vanillic acid at a

relatively low temperature (170°C), guaiacol was only produced from

vanillin at an elevated temperature (>200°C). Although the formed

vanillic acid showed good stability at 170°C, substantial conversion of

vanillic acid (49.8%) and high guaiacol selectivity (94.4%) could be

achieved at 200°C for 10 min (Figure 4A). These results suggested

that once vanillin was formed in the OxCuO system, it could be readily

oxidized to vanillic acid, followed by the formation of guaiacol via

further decarboxylation at an elevated temperature (>200°C).
Whereas only 13.2% of the acetovanillone was further converted

to other monomer products (i.e., guaiacol, vanillin, and vanillic acid)

with a total selectivity of 62.9% even under a severe condition (210°C

for 30 min), confirming that acetovanillone was relatively stable in

the OxCuO system. As for S-type monomeric oxidation products, a

transformation path similar to G-type monomeric oxidation

products was observed. However, compared to G-type monomers,

S-type monomers showed higher reactivity (or conversion rate) and

weremore easily degraded (Figure 4B), whichwas consistent with the

result that S-type alkylphenols had the highest oxidation reactivity

(Figure 2). The above results proved that the poor stability of the

monomeric oxidation products under a severe oxidation condition

was the main reason for the loss of monomer yields during oxidative

degradation of lignin (or lignin model compounds). Therefore, the

optimal temperatures for the oxidative cleavage of different interunit

linkages should be carefully evaluated for the high-yield monomer

production and more accurate structural analysis.

Alkaline copper oxide oxidation of native
lignin

The effect of oxygen inputs on monomer yields
To examine the performance of OxCuO on lignin

depolymerization, we conducted the reactions with Eucalyptus

wood particles. By following the traditional procedure (Chen,

FIGURE 4
Stability tests of (A) G-type and (B) S-type monomeric oxidation products in the alkaline copper oxide oxidation system. The monomeric
oxidation products loadings were 50 mg. All oxidation experiments were conducted in 10 ml of 2.5 mol/L NaOH with 0.5 g CuO addition.
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1992), a monomer yield of only 54.7% was achieved at a 5 wt%

biomass loading of 5 wt% (Figure 5). However, the previous

model compound studies have shown that the OxCuO enabled the

cleavage of β-O-4′, β-β′, and β-5′, a theoretical monomer yield

(based on the total content of β-O-4′, β-β′, and β-5′ moieties of

hardwood lignin, Figure 1) could be around 70% if all of these

linkages were selectively cleaved. Such difference (54.7% vs. 70%)

motived us to explore the possible factors that caused the lowered

oxidation product yield and to provide a more accurate method

for lignin structural analysis.

Since O2 was known to facilitate both product formation and

degradation during alkaline aerobic lignin oxidation (Mathias

and Rodrigues., 1995; Wu and Heitz., 1995; Schutyser et al.,

2018), we speculated that the dissolved O2 in the reaction liquid

and residual O2 in the reactor might be responsible for the low

monomer yield especially at a low biomass loading. To validate

the speculation, we inspected the lignin monomer yields for

OxCuO of Eucalyptus wood particles with various O2 inputs. As

expected, even a 0.2 MPa O2 input could significantly reduce the

monomer yields from 54.7% to 39.6% at a relatively low biomass

loading of 5 wt% (Figure 5), suggesting that the existence of O2

had negative effect on the OxCuO process. While further

increasing the O2 input to 0.5 MPa had a slight effect on the

monomer yield (36.9%) due to the limited reaction time.

Interestingly, an improved monomer yield to 64.8% was

observed when the biomass loading was increased to 10 wt%.

It was because the high biomass loading mitigated the negative

effect of the side reactions (such as overoxidation) on the

monomer production in the reactor where a fixed volume of

oxygen was present. Under the condition of a limited amount of

O2 input (<0.2 MPa) and a high biomass loading of 10 wt%, a

comparable monomer yield (60.4%) to the condition of no extra

O2 input (64.8%) could be obtained. When the reactor was

pressurized with up to 0.5 MPa O2, the monomer yield was

dramatically reduced to below 50%. Therefore, the existence of

O2 was an obstacle towards accurate analysis of lignin structure.

In order to obtain high yields of monomers, it was preferable to

remove O2 from the reaction liquid and the reactor via

ultrasonication combined with N2 flushing prior to the

oxidation reaction (see METHODS); besides, higher biomass

loading could mitigate the effect of O2 on monomer yields.

Monomer yields of 71.9% and 69.1% could be achieved via

the improved method of OxCuO at a biomass loading of 5 wt%

and 10 wt%, respectively, which were close to the theoretical

monomer yield (around 70%).

Comparison of different methods for lignin
structural analysis

The types and ratios of subunits as well as the amount of

interunit linkages in lignin vary with the types and sources of plants

(Vanholme et al., 2010;Maeda, 2016; Tolbert et al., 2016). Therefore,

three representative lignocelluloses (i.e., Eucalyptus, Masson pine,

and corn stover) were selected as feedstocks to study the

depolymerization of lignin in hardwood, softwood, and grass,

respectively. The oxidative degradation of lignin was conducted

in NaOH aqueous solution with CuO or nitrobenzene as an oxidant.

Classical reductive depolymerization of lignin was conducted in

methanol with Ru/C as a catalyst.

As shown in Figure 6A, reductive depolymerization (Red) of

lignin enabled monomer yields of 51.9% for Eucalyptus lignin,

FIGURE 5
The effect of oxygen inputs on lignin monomer yields (on lignin basis). All reactions were conducted at 210°C for 40 min with 1.5 g CuO and
10 ml of 2.5 mol/L NaOH addition.
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28.9% for Masson pine lignin, 47.6% for corn stover lignin via the

cleavage of only labile C-O ether linkages (Bosch et al., 2015;

Shuai et al., 2016). In contrast, higher yields of lignin monomers

could be obtained via oxidative depolymerization due to the

additional cleavage of C-C bonds. The total monomer yield of

71.9% for OxCuO of Eucalyptus was much higher than that of

59.8% for OxNB and 51.9% for Red, demonstrating that the

improved OxCuO had better performance (shorter reaction

time and higher monomer yields) on lignin depolymerization

than conventional Red and OxNB. Although the similar products

could be obtained from the three lignocelluloses (Figure 6B), the

least monomers yield were provided by Masson pine using the

same oxidant (CuO or nitrobenzene) (Figure 6A). Furthermore,

the contents of condensed structures such as biphenyl structures

(5–5′ linkages) in softwood lignin (10%–25%, Figure 1) were

higher than those in hardwood lignin (4%–10%). Such 5-5′
bonds were unable to be broke by such oxidation system

(Tamai et al., 2015), limiting the release of monomers.

Therefore, the improved method of OxCuO could increase the

lignin monomer yields of Eucalyptus more obviously than

Masson pine and corn stover.

Conclusion

The results of the lignin model compound experiments coupled

with the chromatographic analysis provide new understanding

towards the alkaline copper oxide oxidation of lignin (OxCuO).

First, we found that other than β-O-4′ moieties of lignin, the β-
β′ and β-5′ moieties of lignin also contributed to the monomeric

oxidation products via the cleavage of C-C interunit linkages even

under the classical OxCuO conditions (170°C, 30 min). Therefore,

compared to the classical OxCuO method which ascribed lignin

monomers to the cleavage of C-O ether linkages, the improved

OxCuO method could be more accurate for characterizing the

structure of native lignins. Second, the direct addition of benzoic

acid as an internal standard in the alkaline solution combined with

the direct silylation of the reaction liquor simplified the product

analysis procedure, which further improved the accuracy of the

improved OxCuO method for analyzing lignin structure. Third, high

temperature and O2 removal were desirable for the high-yield

production of lignin monomers from lignocelluloses via OxCuO.

While the elevated temperature not only increased the degree of

lignin depolymerization but also promoted the degradation of the

monomeric oxidation products. By optimizing the reaction

condition of OxCuO and the procedure for products analysis, an

improved monomer yield of 71.9% could be achieved from

Eucalyptus wood particles. This result was better than the

classical OxCuO (54.7%), the conventional nitrobenzene oxidation

(59.8%) and reductive depolymerization (51.9%). Since all of the

three moieties (β-O-4′, β-β′, and β-5′) of lignin could produce

similar monomeric oxidation products via OxCuO, it was difficult to

distinguish the source of oxidation products. However, the amount

of non-condensed units in lignin could be estimated according to the

lignin monomers yield from the reductive depolymerization of

lignin while the enhanced lignin monomers yield from the

oxidative depolymerization of lignin could be used to estimate

the content of breakable C-C interunit linkages (i.e., β-β′ and β-
5′) in lignin. Therefore, the improved OxCuO could be a more

applicable method for fast and accurate analysis of lignin non-

condensed units and condensed units, estimation of the monomer

FIGURE 6
(A) Comparison of lignocellulose alkaline copper oxide
oxidation with conventional nitrobenzene oxidation and reductive
depolymerization. (B)Gas chromatograms of the ligninmonomers
derived from alkaline copper oxide oxidation of lignin. The
detailed reaction conditions were described in Materials and
Methods.
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yields for lignin depolymerization, and comparison of the

condensation degree of lignin polymers.
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In this work, hydrothermal pretreatment (autohydrolysis) was coupled with

endo-xylanase enzymatic hydrolysis for bamboo shoot shell (BSS) to produce

glucose and valuable xylooligosaccharides (XOS) rich in xylobiose (X2) and

xylotriose (X3). Results showed that the enzymatic hydrolysis efficiency of

pretreated BSS residue reached 88.4% with addition of PEG during the

hydrolysis process. To enrich the portions of X2–X3 in XOS, endo-xylanase

was used to hydrolyze the XOS in the prehydrolysate, which was obtained at the

optimum condition (170°C, 50 min). After enzymatic hydrolysis, the yield of XOS

reached 25.6%, which contained 76.7% of X2–X3. Moreover, the prehydrolysate

contained a low concentration of fermentation inhibitors (formic acid 0.7 g/L,

acetic acid 2.6 g/L, furfural 0.7 g/L). Based on mass balance, 32.1 g of glucose

and 6.6 g of XOS (containing 5.1 g of X2-X3) could be produced from 100.0 g of

BSS by the coupled technology. These results indicate that BSS could be an

economical feedstock for the production of glucose and XOS.

KEYWORDS

bamboo shoot shell, enzymatic hydrolysis, hydrothermal pretreatment, glucose,
xylooligosaccharides

Introduction

The world needs to focus on sustainable energy development due to the nonrenewable

nature of traditional fossil energy. It is urgent to find renewable energy to meet the current

energy demand. At the same time, the utilization and development of renewable resources

need to become the center of energy policies in many countries. Lignocellulosic resources

have the potential to serve as sources of sustainable energy and bio-based materials that

can be utilized by biorefineries to alleviate the pressure created by the current energy

demand (Huang et al., 2022a; Pei et al., 2022). The main concerns in the biorefinery

process are to extract the maximum value from the materials and reduce production costs

(Rezania et al., 2020; Huang et al., 2022b). Previous research on biorefineries has mainly

focused on agricultural waste (Ma et al., 2021a), while less research has reported the use of

food processing waste. For example, bamboo shoot shell (BSS) consists of leaves of
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bamboo shoots, and the annual output in China exceeds

30 million tons (Ye et al., 2014). In the past, BSS was

incinerated and sent to landfill sites rather than being used

effectively, resulting in a considerable waste of resources. BSS

has a great cost advantage over other lignocellulosic resources

used as energy sources (Ma et al., 2022; Yu et al., 2022). As a type

of food processing waste, BSS is inexpensive to acquire.

Furthermore, direct purchases from factories reduce the high

cost of recycling. In addition, the abundant cellulose and

hemicellulose in BBS can greatly enhance the commercial

value of the biological refinement of BSS. The partial

development and application of hemicellulose will create

additional value that helps compensate for the economically

inefficient production of ethanol from cellulose (Tang et al.,

2019). It should be noted that production costs need to be

considered when selecting the pretreatment method for BSS,

and the economic value of cellulose and hemicellulose after

pretreatment should be maintained as much as possible (Ma

et al., 2021b).

The idea of coproducing glucose and XOS builds on previous

investigations into high-value fractions developed from

lignocellulose (Zhang et al., 2022). The idea is that the extra

value of XOS obtained from the coproduction process can

increase economic efficiency and reduce the cost during

ethanol production (Tang et al., 2019). There are increasing

numbers of investigations into the coproduction of XOS and

glucose, where the efficiency depends on the selection of

pretreatment methods (Ma et al., 2021c). Autohydrolysis

stands out among many methods as it is inexpensive, simple,

and environmentally friendly. Fang et al. (2022) obtained XOS

and glucose from birch via autohydrolysis (170°C, 70 min). The

efficiency of enzymatic hydrolysis (enzyme dosage 25 FPU/g)

reached 89.4% after adding the surfactant Tween 80, and the

yield of XOS with a degree of polymerization (DP) 2-6 also

reached 46.1%. Zhang X. et al. (2020) obtained glucose and XOS

(DP 2-5) from bagasse via autohydrolysis with seawater at 175°C

for 30 min. After pretreatment, an enzymatic hydrolysis

efficiency of 94.7% could be obtained for the pretreated

bagasse, with an enzyme dosage of 30 FPU/g and Tween 80.

In addition, the XOS (DP 2-5) yield reached 67.1%. The results

showed that autohydrolysis could effectively coproduce glucose

and XOS. Inhibitors of fermentation are usually generated during

autohydrolysis. Furfural and 5-HMF inhibit the growth of

fermenting strains (Zaldivar et al., 2015). Dupont and Suarez

(2006) reported that when the concentrations of furfural and

hydroxymethyl furfural in the pretreatment liquid exceeded 1 g/

L, microbial fermentation could be inhibited. Therefore, the

application value of the coproduction of glucose and XOS

should be reappraised after taking into consideration the

existence of fermentation inhibitors (Dai et al., 2021, 2022).

Autohydrolysis is a suitable method to coproduce glucose and

XOS. It is a reaction that occurs in the temperature range of

160°C–240°C with an aqueous medium and does not require

additional chemical reagents (Zhuang et al., 2016). Under high-

temperature and high-pressure conditions, acetyl groups and some

glucuronic acid groups are removed from the hemicellulose units in

lignocellulose and then combine with watermolecules to form acetic

acid and glucuronic acid, respectively. The resultant hydrogen ions

from the water molecules can form a weakly acidic reaction

environment. After autohydrolysis, a small amount of cellulose

and most of the xylan in lignocellulose are degraded to form

glucooligosaccharides, XOS, glucose, and xylose. In addition, the

degraded components can improve the accessibility of cellulose to

cellulase. As the autohydrolysis reaction system is a weakly acidic

environment, the number of produced fermentation inhibitors is

relatively small (Kim et al., 2009; Kumar et al., 2009). Under high-

intensity autohydrolysis conditions, the processing of xylan by acetic

acid results in shedding of xylan in fragments of different lengths,

includingXOS and xylose (Zhang et al., 2018; Yu et al., 2022). XOS is

sensitive to the intensity of the reaction conditions, and high-

intensity conditions result in a decrease of DP for XOS.

Therefore, the optimization of time and temperature should be

considered for production of XOS during autohydrolysis.

XOS can be considered single-chain sugars containing

2–20 xyloses, which are linked by the β-1, 4-glycosidic bonds

that are formed from loss of water. XOS is a proven prebiotic

that can be easily absorbed by intestinal flora. The improvement of

intestinal flora activity will have positive effects on human health, for

which Bifidobacterium makes a great contribution compared to

other intestinal flora (Ghosh et al., 2021). As reported,

Bifidobacterium is one of the important genera among the

microbes in the human gut (Ai et al., 2018; Kim et al., 2020). In

addition, X2–X3 are preferentially absorbed by Bifidobacterium.

Hence, the hydrolysis of the prehydrolysate with endo-xylanase to

prepare XOS including more X2–X3 has been proven to be a

successful method of enhancing the physiological activity of XOS.

Su et al. (2021) used endo-xylanase to improve the component ratio

of X2–X3 to XOS, and a greater proportion of X2–X3 was observed

in the resultant XOS. After enzymatic hydrolysis by endo-xylanase,

the yield of XOS in the prehydrolysate decreased from 30.9 to 25.6%,

but the X2–X3 proportion increased from 19.7 to 76.7%.

Considering the positive effects of X2 and X3 in XOS on human

health, the X2–X3 proportion can be used as one of the evaluation

indices for XOS. High-value XOS, which contains more X2 and X3,

makes the coproduction of glucose and XOS a competitive option.

In this study, a combination of autohydrolysis and enzymatic

hydrolysis was used to prepare glucose and XOS (rich in X2–X3)

from BSS. Specifically, the effects of autohydrolysis on enzymatic

hydrolysis and the XOS yield of BSS were systematically studied.

The cellulase accessibility and the removal rate of xylan were

correlated with the enzymatic digestibility of BSS. In addition, the

effect of surfactants on enzymatic performance in the hydrolysis

of the BSS residue was further investigated. Endo-xylanase

hydrolysis was used to increase the proportion of X2–X3 in

XOS. It is hoped that this work will provide advanced insights

into the coproducing of glucose and high-value XOS from BSS.
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Materials and methods

Materials

The used BSS was purchased from the Bamboo Processing

Factory, which is located in Guilin, Guangxi Province, China.

The chemical composition of the BSS was analyzed according to

the protocol of the National Renewable Energy Laboratory

(Sluiter et al., 2011). The used enzyme of Cellic

CTec2 cellulase was supplied by Novozymes NA, Franklinton,

United States. The endo-β-1,4-xylanase was supplied by Jiangsu

Kangwei Biotechnology Co., Ltd., Yancheng, Jiangsu, China.

Autohydrolysis of BSS

For autohydrolysis of BSS, 10.0 g of dry BSS (20–60mesh) and

100 ml distilled water were mixed in the reactor (150 ml). The

pretreatment was carried out at 150–190°C for 20–80 min in an oil

bath. After pretreatment, the reactor was moved immediately from

the oil bath and soaked in a cold-water bath for 4 h. Next, the

prehydrolysate in the reaction mixture was separated by filtration.

The obtained solid (pretreated BSS) was washed with distilled

water until neutralized. Finally, the washed BSS solid and

prehydrolysate were stored at 4°C for further analysis.

Enzymatic hydrolysis of pretreated BSS

The substrate (2%, w/v) was adjusted to pH 4.8 with a citric

acid buffer (0.05 M) during enzymatic hydrolysis with a cellulase

dosage of 20 FPU/glucan. The enzymatic hydrolysis was

performed for 72 h at 150 rpm and 50°C. After enzymatic

hydrolysis, the solid and liquid parts were separated using a

centrifuge at 8,000 rpm for 5 min. The sugar content in the

enzymatic hydrolysate was analyzed using high-performance

liquid chromatography (HPLC).

To further improve the enzymatic digestibility of the

pretreated BSS, the surfactants of Tween 80 and PEG were

used to reduce the negative effect of lignin (Chen et al., 2016;

Lai et al., 2018). Specifically, the surfactant (0.075 g/glucan)

was incubated in the mixture at 50°C for 30 min before the

addition of cellulase.

Analysis of the accessibility of
pretreated BSS

The cellulose accessibility was determined according to

work of Inglesby and Zeronia (2002). Specifically, a mixture

containing the BSS residue (1%, w/v) and Congo red staining (0,

0.05, 0.1, 0.5, 1.0, 2.0, 3.0, and 4.0 g/L) was shaken at 60°C and

150 rpm for 24 h. Then, cellulase accessibility was calculated by

the different absorbance values of the supernate of the mixture

at 498 nm. The Langmuir function was used to calculate the

accessibility.

Enzymatic hydrolysis of the
prehydrolysate by endo-xylanase

The endo-xylanase activity was determined according to the

method established by Bailey et al. (1992). The prehydrolysate

obtained at optimum pretreatment conditions (170°C, 50 min)

was hydrolyzed by endo-xylanase (3 IU/ml) at 50°C and 150 rpm

for 48 h. Aliquots were withdrawn at 4, 8, 12, 24, 36, and 48 h to

analyze the content of X2–X3. Once an aliquot was removed, the

enzyme reaction was stopped by boiling for 5 min, and the

aliquot was kept at 4°C.

Analysis methods

The HPLC (1260, USA) system containing an Aminex

Bop-Rad HPX-87 column was used to analyze the

concentration of monosaccharides and inhibitors. H2SO4

(5 mM) was used as the eluent (0.6 ml/min) during

analysis. High-performance anion-exchange

chromatography (HPAEC, Dionex 3000) containing a

CarboPacPA-200 anion-exchange column was used to

analyze the concentration of xylobiose (X2), xylotriose

(X3), xylotetraose (X4), xylopentaose (X5), and xylohexaose

(X6). NaOH (100 mM) and NaAc (500 mM) containing

NaOH (100 mM) were used as eluents at 0.3 ml/min.

The content of XOS was determined according to the xylose

difference between the hydrolyzed prehydrolysate [using 8%

sulfuric acid (121°C, 60 min)] and the unhydrolyzed

prehydrolysate. The enzymatic hydrolysis efficiency, XOS

yield, and removal yield of xylan/lignin were calculated

according to the following equations:

Enzymatic hydrolysis efficiency � Glucose in enzymatic hydrolysate (g)
Glucan in BSS residue (g) × 1.11

× 100%.

(1)
XOS yield

� Xylose (sulfuric acid hydrolyzed) − Xylose (unhydrolyzed)
Xylan in raw BSS (g) × 0.88 × 100%. (2)

Removal yield of xylan/lignin � 1 − Xylan/lignin in pretreated BSS (g)
Xylan/lignin in raw BSS (g) × 100%.

(3)

Recovery of solid/glucan

� Solid/glucan in pretreated BSS (g)
Solid/glucan in raw BSS (g) × 100%. (4)
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Results and discussion

Composition analysis of the BSS residue

For the hydrothermal pretreatment at high temperature

and pressure, a weakly acidic environment can be formed to

degrade the xylan in BSS into XOS and xylose (Kim et al.,

2009; Kumar et al., 2009). Hence, the compositions of the

pretreated BSS were determined and shown in Table 1. It can

be seen that the reaction temperature and time significantly

affected the composition of the pretreated BSS. For example,

the solid yield of recovery decreased from 76.3 to 58.2%, and

the removal yield of xylan sharply increased from 34.5 to

92.9% with the temperature increased from 150 to 190°C. In

contrast, the recovery yield of glucan slightly decreased from

87.3 to 84.0%, and the removal yield of lignin increased from

18.8 to 23.2% under the same pretreatment conditions. The

dramatic decrease of xylan recovery indicates that

autohydrolysis has a promising ability to remove xylan.

However, autohydrolysis showed a limited contribution in

removing lignin. Under the high-energy environment, the

electrons of water molecules will be able to escape from the

system of water molecules, which will cause the water

molecules to be ionized, and this trend of ionization will

become stronger with the increase of the pretreatment

intensity (Yue et al., 2021). Xylan is selectively ionized by

ionization of water during autohydrolysis (Lu et al., 2016).

With an increase in temperature, the degree of ionization of

water can be increased, which is beneficial for removal of

xylan. Meanwhile, the high recovery yield of glucan indicates

that autohydrolysis has the potential to produce cellulose from

BSS for further bioconversion (Lian et al., 2022).

To further optimize pretreatment conditions for BSS, the

pretreatment time was increased from 20 min to 80 min. The

changes in the compositions of BSS are shown in Table 1. It

can be seen that the recovery yield of the solid residue

decreased from 73.8 to 63.3%, and the xylan removal yield

increased from 48.9 to 83.4%. It seems, therefore, that glucan

degradation is not sensitive to a prolonged reaction time. The

recovery yield of glucan decreased only slightly from 87.3 to

85.2%, and the removal of lignin increased from 15.8 to 21.7%

when the pretreatment time was increased from 20 to 80 min.

These results indicate that the pretreatment duration should

also be considered one of the factors affecting the removal of

xylan and lignin. Hence, prolonging the pretreatment time

also improves the removal of xylan and lignin from BSS during

autohydrolysis.

Based on the aforementioned results, it can be seen that

autohydrolysis at 170°C for 50 min showed best performance

for removing xylan and lignin from BSS. The removal yield of

xylan reached 68.8%, which may be of great significance for

improving the enzymatic hydrolysis of cellulose into glucose

(Huang et al., 2018). The removal of lignin reached 20.4%,

which can also be considered a positive factor for improving

enzymatic efficiency (Ma et al., 2020; Paz-Cedeno et al., 2021).

However, the non-production adsorption interaction between

residual lignin and cellulase will reduce the efficiency of

enzymatic hydrolysis (Yu et al., 2022). Hence, an approach

to intervene in the interaction should be carried out to

improve the enzymatic efficiency (Li et al., 2022).

TABLE 1 Compositions of the BSS residue after autohydrolysis.

Temperature (°C) Time (min) Composition (%) Removal yield (%) Recovery yield (%) Γmax/DR28

Glucan Xylan Lignin Solid Glucan Xylan Lignin (mg/g)

BSS \ 38.2 ± 1.0 25.7 ± 0.1 25.6 ± 0.2 \ \ \ \ 264.2

150 60 42.1 ± 0.1 21.4 ± 0.2 26.3 ± 0.2 76.3 ± 0.1 87.3 ± 0.1 34.5 ± 0.0 18.4 ± 0.3 401.9

160 44.5 ± 0.2 19.7 ± 0.5 27.8 ± 0.0 74.6 ± 0.1 86.9 ± 0.1 43.2 ± 0.0 18.8 ± 0.2 439.7

170 49.3 ± 0.2 9.6 ± 0.5 30.3 ± 0.0 66.9 ± 0.0 86.1 ± 0.0 75.2 ± 0.1 20.7 ± 0.0 457.8

180 53.5 ± 0.7 5.59 ± 0.6 32.7 ± 0.4 60.8 ± 0.2 85.1 ± 0.0 87.1 ± 0.2 22.1 ± 0.3 405.2

190 55.2 ± 0.9 3.2 ± 0.5 33.2 ± 0.0 58.2 ± 0.0 84.0 ± 0.1 92.9 ± 0.1 23.2 ± 0.5 361.8

170 20 45.3 ± 0.5 17.9 ± 0.8 27.6 ± 1.2 73.8 ± 0.1 87.3 ± 0.4 48.9 ± 0.0 15.8 ± 0.2 425.4

30 46.1 ± 0.0 16.6 ± 0.7 28.7 ± 0.8 72.4 ± 0.0 87.2 ± 0.2 53.7 ± 0.1 16.2 ± 0.2 403.4

40 47.8 ± 0.3 14.2 ± 0.4 29.8 ± 0.3 69.5 ± 0.5 87.0 ± 0.0 61.9 ± 0.0 18.3 ± 0.0 450.3

50 49.0 ± 0.7 12.0 ± 0.4 30.6 ± 0.1 67.2 ± 0.7 86.5 ± 0.1 68.8 ± 0.3 20.4 ± 0.4 509.9

60 49.3 ± 0.2 9.6 ± 0.5 30.3 ± 0.0 66.9 ± 0.0 86.1 ± 0.2 75.2 ± 1.1 20.7 ± 0.1 457.8

70 51.2 ± 0.2 6.9 ± 0.2 32.0 ± 0.1 63.8 ± 0.1 85.5 ± 0.1 83.0 ± 0.2 21.3 ± 0.2 442.7

80 51.5 ± 0.3 6.8 ± 0.1 32.5 ± 0.2 63.3 ± 0.1 85.2 ± 0.1 83.4 ± 0.0 21.7 ± 0.1 441.0
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Composition analysis of the BSS
prehydrolysate

Autohydrolysis results in degradation of the xylan from

the lignocellulose into prehydrolysate, including subfractions

of glucan and lignin. During the autohydrolysis process, xylan

can be broken down into XOS and xylose. In addition,

fermentation inhibitors formed from the monomer sugar

subsequently undergo a series of reactions (Sipos et al.,

2009). Hence, the analysis of the components in the

prehydrolysate was performed to understand the amount of

dissolved degradation products from BSS during the

autohydrolysis process.

Based on the aforementioned results in the “Composition

analysis of BSS residue” section, it can be seen that the

pretreatment temperature and time affected the removal yield

of xylan. The ionization of water results in the degradation of

xylan into the liquid phase as XOS. Table 2 shows that the

quantity of XOS increased from 4.1 g/100 to 8.2 g/100 g

(150–170°C, 60 min), but it decreased from 8.2 g/100 to 4.9 g/

100 g when the temperature continued to increase (170–190°C,

60 min). Thhis phenomenon can be explained by the fact that β-

1, 4 glycosidic bonds in XOS were broken by the increased acidic

environment owing to the increased pretreatment temperature.

Wang et al. (2019) also found that the content of XOS began to

decline at temperatures over 170°C during autohydrolysis for

eucalyptus. To obtain a higher yield of XOS, it was necessary to

optimize the reaction time. In Table 2, it can also be seen that the

content of XOS increased with the increase in the pretreatment

time from 20 to 80 min at 170°C. Fang et al. (2022) also found

that prolonging the reaction time of autohydrolysis promoted the

production of XOS from birch.

Fermentation inhibitors are also common byproducts during

autohydrolysis. As shown in Table 2, both an increase in

temperature and prolongation of reaction time resulted in an

improvement of the content of formic acid and acetic acid, while

it was notable that 5-HMF only appeared at 190°C. The

concentration of XOS in the prehydrolysate should be

considered when the aim is the coproduction of XOS and

glucose. Based on the entire process, it can be seen that

autohydrolysis at 170°C for 40 min was the optimum

condition to produce XOS with lower furfural and 5-HMF

from BSS.

Enzymatic hydrolysis of the BSS residue

Enzymatic hydrolysis efficiency is an extremely important

evaluation criterion for the utilization of cellulose in wood (Li

et al., 2018). Figures 1A,B display the enzymatic hydrolysis yields

of pretreated BSS with cellulase (20 FPU/g glucan) for 72 h. It can

be seen that the hydrolysis efficiency of the pretreated BSS was

significantly greater than that of raw BSS. The change in the

efficiency may be explained by the fact that the hemicellulose was

removed to form more pores, which resulted in more active sites

for enzyme binding from residual cellulose (Yu et al., 2022).

Zhang et al. (2013) also that found increasing the accessibility of

cellulose during pretreatment was due to xylan removal. Hence, it

can be speculated that autohydrolysis can substantially improve

the enzymatic digestibility of BSS.

Figure 1C shows the enzymatic hydrolysis efficiency at 72 h.

The optimized hydrolysis results of pretreated BSS can be clearly

seen with a small error for parallel samples, indicating the

accuracy of enzymatic hydrolysis efficiency. In Figure 1C (Y2),

TABLE 2 Sugars and byproducts in prehydrolysates of BSS after autohydrolysis.

Temperature
(°C)

Time
(min)

Fermentation inhibitor (g/L) Sugar in prehydrolysate (g/100 g)

Formic
acid

Acetic
acid

5-
HMF

Furfural Glucose Gluco-
oligosaccharide

Xylose XOS

150 60 0.5 ± 0.0 1.6 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.8 ± 0.0 0.2 ± 0.0 4.1 ± 0.0

160 0.5 ± 0.1 2.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.9 ± 0.0 0.3 ± 0.0 6.5 ± 0.1

170 0.7 ± 0.0 2.9 ± 0.0 0.0 ± 0.0 1.0 ± 0.1 0.5 ± 0.1 0.9 ± 0.1 1.4 ± 0.3 8.2 ± 0.3

180 0.9 ± 0.0 4.5 ± 0.0 0.0 ± 0.0 3.6 ± 0.2 0.6 ± 0.0 1.1 ± 0.0 3.1 ± 0.4 6.3 ± 0.0

190 0.9 ± 0.0 5.3 ± 0.0 0.2 ± 0.0 5.3 ± 0.1 1.4 ± 0.3 0.6 ± 0.0 3.2 ± 0.2 4.9 ± 0.2

170 20 0.4 ± 0.0 1.5 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.6 ± 0.1 0.4 ± 0.1 4.6 ± 0.4

30 0.5 ± 0.0 2.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.7 ± 0.0 0.5 ± 0.0 6.0 ± 0.2

40 0.6 ± 0.0 2.5 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 7.9 ± 0.0

50 0.7 ± 0.0 2.6 ± 0.1 0.0 ± 0.0 0.7 ± 0.1 0.5 ± 0.1 0.9 ± 0.0 1.1 ± 0.2 8.0 ± 0.1

60 0.7 ± 0.0 2.9 ± 0.0 0.0 ± 0.0 1.0 ± 0.0 0.5 ± 0.1 0.9 ± 0.1 1.4 ± 0.0 8.2 ± 0.1

70 0.9 ± 0.0 3.2 ± 0.0 0.0 ± 0.0 1.2 ± 0.0 0.6 ± 0.0 0.9 ± 0.1 1.8 ± 0.1 8.4 ± 0.1

80 0.9 ± 0.1 3.5 ± 0.0 0.0 ± 0.0 1.5 ± 0.3 0.6 ± 0.1 1.0 ± 0.0 2.1 ± 0.2 8.8 ± 0.2
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the efficiency of enzymatic hydrolysis increased from 50.2 to

63.4% when the pretreatment increased from 150°C to 170°C at

60 min. In addition, the enzymatic hydrolysis efficiency of

pretreated BSS (170°C, 60 min) was 63.4%, which was clearly

higher than that of raw BSS (22.5%). The increased enzymatic

hydrolysis efficiency can be attributed to the increased removal of

hemicellulose, while the efficiency decreased rapidly from 63.4 to

41.6% when pretreatment increased from 170°C to 190°C at

60 min. This could be because the increasingly ineffective

adsorption of the enzyme by the lignin prevented the enzyme

from fully binding to the substrate, thereby decreasing the

enzymatic hydrolysis efficiency. Tang et al. (2021) found that

the removal of hemicellulose increased the ineffective adsorption

capacity of lignin for enzymes. A natural surfactant (humic acid,

HA) was successfully used to prevent the ineffective adsorption

of enzymes, and this improved the enzymatic hydrolysis

efficiency. The trend in enzymatic hydrolysis efficiency reflects

the fact that the performance of the enzymatic hydrolysis of

pretreated BSS has a strong relationship with temperature. It can

be clearly seen that the use of a temperature of 170°C conferred a

significant advantage by improving the performance of the

enzymatic hydrolysis of BSS after autohydrolysis. As shown in

Figure 1C (Y1), the optimum reaction time can be found at

170°C. It was found that the substrate (170°C, 50 min) achieved

the best enzymatic hydrolysis efficiency (74.8%). Figure 1C

showed that the hydrolysis efficiency of the BSS residue

(170°C, 50 min) was significantly higher than that of raw BSS,

which was 74.8%.

To make a further improvement to the enzymatic

hydrolysis efficiency, nonionic surfactants (PEG, Tween 80)

were added to the reaction mixture to reduce the ineffective

adsorption of lignin on cellulase (Figure 1D). The results

revealed that the enzymatic hydrolysis efficiency increased

significantly after the addition of PEG/Tween 80 to the

enzymatic system of pretreated BSS (170°C, 50 min), which

could achieve a yield of 86.6% (Tween 80) and 88.4% (PEG). It

has been reported that the addition of surfactants could reduce

the adsorption ability of lignin for enzymes, resulting in freer

cellulase in the system for hydrolysis of the cellulose substrate

(Huang et al., 2022c). Overall, the enzymatic hydrolysis

efficiency of BSS improved substantially after

autohydrolysis, and the optimization of temperature and

duration further improved it. The addition of surfactants

can also improve its enzymatic digestibility efficiency.

FIGURE 1
Effects of pretreatment temperature (A); duration (B); and surfactant (D) on enzymatic hydrolysis; enzymatic hydrolysis efficiency of 72 h (C),
(Y1) pretreatment time, (Y2) pretreatment temperature.
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The relationships between the removal of
xylan, cellulose accessibility, and the
efficiency of the enzymatic hydrolysis of
pretreated BSS

The results of enzymatic hydrolysis had a close

connection to the degree of xylan removal (Kruyeniski

et al., 2019). As shown in Figure 2, the enzymatic

efficiency of pretreated BSS increased with increasing

xylan removal. There was a correlation between the

performance of the enzymatic hydrolysis and the removal

of xylan (R2 = 0.74). Huang et al. (2018) also found a similar

relationship between the amount of xylan removed and the

performance of the enzymatic hydrolysis of pretreated

bamboo residues. This was due to the fact that the surface

area of the residual solid cellulose increased, caused by the

removal of xylan, which provided more active sites for

cellulase. In addition, both Hu et al. (2012) and Zhang

et al. (2013) found that the removal of xylan will

contribute to increasing the accessibility of cellulose to

cellulases. Autohydrolysis displays beneficial effects on the

removal of xylan and thereby improves the performance of

enzymatic hydrolysis.

The accessibility of cellulose reflects the degree of cellulase

and substrate adsorption (Lai et al., 2018). The cellulase

accessibility was determined by Congo red and is shown in

Table 1. It was found that untreated BSS yielded 264.2 mg/g of

an accessible substrate. As expected, the accessibility was

greatly enhanced after autohydrolysis, reaching a maximum

of 509.9 mg/g (170°C, 50 min). The accessibility of cellulose

increased from 401.9 mg/g to 457.8 mg/g (150–170°C, 60 min)

and then declined from 457.8 mg/g to 361.8 mg/g (170–190°C,

60 min). After the optimal pretreatment time (170°C,

20–80 min), the accessibility also initially showed an

increase and then it decreased, with the best result of

509.9 mg/g (170°C, 50 min). The pattern of change in

accessibility is very similar to that of the change in the

efficiency of enzymatic hydrolysis. The relationship (R2 =

0.87) between accessibility and enzymatic hydrolysis

efficiency is linear, which is consistent with the work of

Huang et al. (2019). Autohydrolysis breaks the

lignocellulosic structural bonds, leading to hemicellulose

being removed and lignin redistribution, improving

cellulose accessibility resulting from increasing the surface

area. As a result, the performance of enzymatic hydrolysis is

increased (Kellock et al., 2019; Zhang Q. et al., 2020; Li et al.,

2020). Generally, the increased accessibility of cellulase has a

positive effect on the efficiency of the enzymatic hydrolysis of

BSS with autohydrolysis.

Enzymatic hydrolysis of the
prehydrolysate for X2–X3 production

Compared to XOS with a high average DP, it has been

suggested that X2–X3 are better at making use of

Bifidobacterium (Chen et al., 2016). XOS with a higher

quantity of X2–X3 will increase the proliferative activity of

Bifidobacterium. Ai et al. (2018) found that the XOS group

with a high X2–X3 proportion was more selective for

beneficial bacteria than the higher XOS group (DP > 3). To

improve the activity of XOS, it is recommended to increase the

X2–X3 proportion of XOS. In this work, the endo-xylanase was

used to hydrolyze the prehydrolysate of BSS to increase the

proportion of X2–X3 (Su et al., 2021).

The results of endo-xylanase hydrolysis are displayed in

Figure 3. Figures 3A–C display the quantity of X2–X6 in the

prehydrolysate after enzymatic hydrolysis with the endo-

xylanase dosage of 5–15% (v/v). It can be seen that

X2–X3 content could be clearly increased after enzymatic

hydrolysis for an extended time. In Figure 3A, the amounts

of X4–X6 were decreased during the enzymatic hydrolysis

time, with a degradation rate of X6 > X5 > X4. It has been

confirmed that XOS with high DP has more enzyme binding

sites for enzymatic hydrolysis in a higher priority at a similar

initial content (Su et al., 2021). Meanwhile, the content of

X2–X3 showed a slight increasing trend during 0–12 h. This

can be attributed to the degradation of X4–X6 into X2–X3 by

endo-xylanase. Based on the results, it can be seen that the

accumulation of X2–X3 was originated from the degradation

of XOS (DP > 3) and that a higher dosage of the enzyme will

enhance the efficiency of degradation (Figure 3C). Therefore,

the yield of XOS should be taken into consideration when the

maximum ratio of X2–X3 is selected. The change of the

X2–X3 ratio to XOS and the XOS yield under different

FIGURE 2
Relationships between the structural properties and the
efficiency of the enzymatic hydrolysis of pretreated residues.
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enzyme dosages is shown in Figure 3D. It can be seen that XOS

with a 15% enzyme dosage decreased faster than enzyme

dosages of 5 and 10%, in which high DP will be hydrolyzed

preferentially. Although the X2–X3 ratio of XOS is much

higher with prolonged time, the total yield of XOS

decreases. Hence, it can be speculated that the conditions

of 15% enzyme dosage and 12 h reaction time are beneficial for

producing the high-value XOS. Compared to the yield of XOS

with 30.9% for the prehydrolysate, a yield of XOS with 25.6%

was obtained after it was hydrolyzed by the enzyme, while the

FIGURE 3
Distribution of X2–X6 during enzymatic hydrolysis with different enzyme dosages: 5% (A); 10% (B); 15% (C); concentration of X2–X3 and
X2–X3 proportion of XOS (D).

FIGURE 4
Mass balance of BSS during the established process.
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X2–X3 proportion in XOS increased to 76.7%, achieving an

improvement of 46.9% compared to that in initial XOS. In

addition, the XOS satisfies the commercial product standard

of 70% purity for autohydrolysis coupled with endo-xylanase

hydrolysis (Vázquez et al., 2000).

Mass balance

This work demonstrates an efficient and profitable means

of coproducing glucose and valuable XOS using a combination

of autohydrolysis and enzymatic hydrolysis. As shown in

Figure 4, 67.2 g of the residue could be recovered after the

autohydrolysis of 100.0 g of BSS, which contained 33.0 g of

glucan, 8.1 g of xylan, and 20.5 g of lignin. A total of 32.1 g of

glucose was obtained from 67.2 g of pretreated BSS by

cellulase hydrolysis. In addition, 1.1 g of xylose and 8.0 g of

XOS dissolved in the prehydrolysate, which were degradation

products of xylan. The prehydrolysate hydrolyzed by endo-

xylanase could produce 1.6 g of xylose and 6.6 g of XOS, which

contains a high proportion (76.7%) of X2–X3.

Analysis of competitive advantages in the
coproduction of glucose and XOS
from BSS

Autohydrolysis is pretreatment technology that is less

corrosive to the equipment, which can improve the service

life of the equipment and increase the safety of the

production environment (Scapini et al., 2021; Huang

et al., 2022d). Compared to other pretreatments, the

obtained hydrolyzate possesses fewer fermentation

inhibitors by using autohydrolysis. For example, 5 g/L

furfural and 3.1 g/L furfural were found in the

prehydrolysate from seawater pretreatment (Zhang X.

et al., 2020) and synergistic hydrothermal-deep eutectic

solvent (DES) pretreatment (Ma et al., 2021b),

respectively. It has been reported that 1 g/L furfural can

significantly affect the growth of microorganisms and that

5 g/L furfural seriously damages the growth of

microorganisms (Zaldivar et al., 2015). In this study, only

0.7 g/L furfural was detected in the XOS. Therefore, the cost

of separating the furfural from the XOS was reduced. In

addition, the X2–X3 proportion in XOS was 76.7% after

enzymatic hydrolysis with endo-xylanase. X2–X3 were the

main valuable prebiotics in the XOS (Ai et al., 2018; Kim

et al., 2020). Hence, applying this low-intensity method to

coproduce glucose and high-value XOS provides a new

possibility for the biorefinery of BSS.

Conclusion

A green and efficient method of coproducing glucose and

value-added XOS from BSS has been proposed. The enzymatic

efficiency reached 88.4% with the addition of PEG (170°C,

50 min). Under these conditions, the yield of XOS reached a

maximum of 25.6%, and the X2–X3 proportion reached 76.7%

after endo-xylanase hydrolyzed the prehydrolysate. In

addition, the concentration of furfural in the

prehydrolysate was only 0.7 g/L. Overall, autohydrolysis

coupled with enzymatic hydrolysis can be used to

coproduce high-value XOS and glucose from BSS as a

suitable raw material for biorefinery.
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With the emerging of the problems of environmental pollution and energy crisis,

the development of high-efficiency energy storage technology and green

renewable energy is imminent. Supercapacitors have drawn great attention

in wearable electronics because of their good performance and portability.

Electrodes are the key to fabricate high-performance supercapacitors with

good electrochemical properties and flexibility. As a biomass based derived

material, nanocellulose has potential application prospects in supercapacitor

electrodematerials due to its biodegradability, highmechanical strength, strong

chemical reactivity, and good mechanical flexibility. In this review, the research

progress of nanocellulose/two dimensional nanomaterials composites is

summarized for supercapacitors in recent years. First, nanocellulose/MXene

composites for supercapacitors are reviewed. Then, nanocellulose/graphene

composites for supercapacitors are comprehensively elaborated. Finally, we

also introduce the current challenges and development potential of

nanocellulose/two dimensional nanomaterials composites in supercapacitors.

KEYWORDS

supercapacitor, nanocellulose, MXene, graphene, electrode

1 Introduction

The emission of greenhouse gases and the depletion of fossil fuels have led to an

increasing global demand for renewable energy, which has promoted human beings to

invest more and more funds in the development, utilization, and storage of new energy

(Gross et al., 2003; Lund, 2007; Si et al., 2009a; Si et al., 2013a; Du et al., 2016; Dai et al.,

2019; Yang et al., 2019a; Yang et al., 2020; Liu et al., 2021a; Xiong et al., 2021a; Huang et al.,
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2021; Liu et al., 2022a; Xu et al., 2022). As an advanced energy

storage technology, supercapacitors have been widely used in

portable electronic products, memory backup, electric vehicles,

and military equipment, due to their environmental friendliness,

high power density, maintenance-free, and long-life properties

(Si et al., 2008; Si et al., 2009b; Si et al., 2013b; Dubal et al., 2015;

Salunkhe et al., 2016a; Salunkhe et al., 2016b; Salunkhe et al.,

2017; Xu et al., 2021a; Liu et al., 2021b; Xiong et al., 2021b; Liu

et al., 2021c; Liu et al., 2021d; Ma et al., 2021). Hybrid capacitors,

pseudocapacitors, and Electric double-layer capacitors (EDLCs)

can be distinguished depending on the storage mechanism or cell

configuration. The key characteristic of EDLCs is the double-

layer capacitance, for example, it generates at the interface

between the liquid electrolyte and the adjacent conductive

electrode. At this boundary, two layers of charges of opposite

polarity are formed, one in the electrolyte and the other on the

electrode surface (Zhang and Zhao, 2009; Zhai et al., 2011; Qiang

et al., 2021; Zhang et al., 2021). Figure 1A shows the working

mechanism of EDLCs during the charging and discharging

process. When charging, the positive and negative electrodes

generate a stable electric field. The cathode attracts the anions in

the electrolyte, and the anode attracts the cations in the

electrolyte to generate an electric double layer; when

discharging, the anions and cations in the electrolyte return to

the electrolyte to form an electrically neutral solution. As shown

in Figure 1B, pseudocapacitors store charges through redox

reactions, electrosorption, or intercalation mechanisms

(Conway et al., 1997; Zhao et al., 2011; Augustyn et al., 2014).

These electrochemical reactions allow pseudocapacitors to

achieve higher specific capacitance than EDLCs. Hybrid

capacitors have two different electrodes, one electrode mainly

exhibits electrostatic capacitance and the other electrode mostly

exhibits electrochemical capacitance (Figure 1C) (Ma et al.,

2007).

Cellulose, as the most abundant natural polymer on Earth,

consists of hundreds of strands β (1→ 4) linked D-glucose units

(Updegraff, 1969; Crawford, 1981; Hu, et al., 2019; Liu et al.,

2021e; Liu et al., 2022b). Nanocellulose has been extensively

studied as the rapid development of nanotechnology.

Nanocellulose is a kind of polymer that reduces the size of

FIGURE 1
The working mechanism of supercapacitors. (A) Working principle of EDLC during charging and discharging, (B) pseudocapacitor, and (C)
hybrid capacitor.
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cellulose in a certain dimension to the nanometer level through

chemical, physical and biological methods (Figure 2) (O’sullivan,

1997; Lu et al., 2019; Du et al., 2019; Du et al., 2021a Du et al.,

2021b; Du et al., 2022; Liu et al., 2020a; Xu et al., 2020a; Xu et al.,

2021b; Xu et al., 2020b; Xu et al., 2020c). In addition to the

characteristics of cellulose, nanocellulose also demonstrates large

aspect ratio, and specific surface area, excellent mechanical

strength, and good chemical reactivity (Dai et al., 2017; An

et al., 2019; Li et al., 2019; Li et al., 2020a; An et al., 2020;

Wang et al., 2020a; Dai et al., 2020; Si and Xu, 2020; Liu et al.,

2021e; Wang et al., 2021; Wang et al., 2022). According to the

morphological structure, nanocellulose can be divided into three

classes: bacterial cellulose (BC), cellulose nanofibers (CNFs), and

cellulose nanocrystals (CNCs) (Ostadhossein et al., 2015; Tayeb

et al., 2018; Xie et al., 2018; Xie et al., 2019; Chen et al., 2020a;

Chen et al., 2020b; Lu et al., 2020; Li et al., 2022a). Nanocellulose

could be mixed with other conductive materials as electrode

materials for supercapacitors (Kang et al., 2012; Li et al., 2018;

Nie et al., 2018; Zhang et al., 2018; Li et al., 2020b; Liu et al.,

2020b; Li et al., 2022b).

Conductive materials are essential in the preparation of

energy storage equipments and are considered objects that

permit the flow of electrical current. Both MXene and

graphene are emerging two-dimensional materials that have

been successfully used for supercapacitors as electrode

materials. However, the high cost of preparing graphene and

easy aggregation affects the surface wettability and dispersibility

of graphene in the electrolyte, which reduces the electrical

conductivity and thus reduces the effective specific surface

area. In the same way, the large van der Waals forces

between layers of MXene cause the expansion of inactive

pores, limiting the transfer of electrolyte ions, resulting in

the decreasing of the electrical conductivity. The

introduction of nanocellulose can avoid graphene

aggregation and enlarge the active pores between the MXene

sheets. At the same time, due to its good properties, including

surface wettability, flexibility, high mechanical strength,

thermal stability, and hydrophilicity, biomass raw materials

can be converted into value-added products, which could

promote the economic cycle. Therefore, the composite of

nanocellulose with graphene and MXene is the promising

electrode materials for supercapacitors (Gao et al., 2013a; Li

et al., 2014; Yan et al., 2014). Figures 3, 4 show the recent

development of composites (MXene/CNF and graphene/CNF)

as electrodes for supercapacitors, respectively.

2 Nanocellulose/two dimensional
nanomaterials composites

2.1 Nanocellulose/MXene composites for
supercapacitors

2.1.1 MXene and composite strategy
MXene, comprising of transition metal nitrides, carbides, or

carbonitrides, is a class of two-dimensional inorganic

compounds. It was first reported in 2011 that MXene

materials possess metallic conductivity of transition metal

carbides due to hydroxyl groups or terminal oxygens on its

surface (Naguib et al., 2011; Naguib et al., 2014). Generally,

MXene is prepared by selectively etching the A layer from the

MAX phases, and the etching solution contains fluoride ions,

such as hydrofluoric acid (HF) (Naguib et al., 2014), ammonium

bifluoride (NH4HF2) (Halim et al., 2014) or hydrochloric acid

(HCl), and lithium fluoride (LiF) (Ghidiu et al., 2014). Because of

the strong interlayer van der Waals interaction, MXene is easy to

stack, which hinders the effective utilization of surfactant sites

and the rapid transport of ions (Yang et al., 2019b). To solve the

above problems, the “spacer” is needed to increase the space

between the MXene sheets, thereby increasing the surfactant sites

to achieve effective ion migration.

Nanocellulose is one-dimensional fibrous structure, that

can act as a “spacer” and improves ion transport across the

electrode/electrolyte interface. For example, Tian et al.

FIGURE 2
Schematic diagram of the classification of nanocellulose.
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FIGURE 3
Brief timeline of nanocellulose/MXene composites for supercapacitors. Reproduced from: Tian et al. (2019), Wiley-VCH; Jiao et al. (2019),
Wiley-VCH; Wang et al. (2019), Wiley-VCH; Song et al. (2020), Springer Nature; Chen et al. (2021a), Elsevier; Chang et al.(2021), Royal Society of
Chemistry. Zhou et al. (2022), Wiley-VCH; Tang et al. (2022), Wiley-VCH; Chen et al. (2022), Elsevier.

FIGURE 4
Brief timeline of nanocellulose/graphene composites for supercapacitors. Reproduced from: Gao et al. (2013b), Elsevier. Hamedi et al. (2013),
Wiley-VCH; Chen et al. (2014), Wiley-VCH; Zheng et al. (2015), American Chemical Society; Liu et al. (2015), Royal Society of Chemistry. Ma et al.
(2016a), Elsevier. Zhao et al. (2017), American Chemical Society; Luo et al. (2018), Elsevier. Hou et al. (2019), Elsevier. Wang et al. (2020b), Springer;
Chen et al. (2021b), Elsevier; Liu et al. (2022c), Springer.
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(2019) prepared a two-dimensional film composite of

nanocellulose and MXene for supercapacitor electrodes

with high electronic conductivity (2.95 × 104 S/m). This is

because the small width of the CNFs (around 3.5 nm) makes

it possible to have better conductivity between two-

dimensional sheets. Simultaneously, since the addition of

CNFs did not limit the ability of ion transport and

pseudocapacitance storage, its gravimetric capacitance was

as high as 298 F/g. As shown in Figure 5A, Wang et al. (2019)

reported 3D porous BC/MXene self-supporting film using a

simple and time-saving method. The prepared BC/MXene

film has a good hierarchical porous structure, excellent

mechanical properties, and high flexibility and showed

ultra-high capacitance of 416 F/g. In addition, the

assembled asymmetric supercapacitor with negative

electrode of BC/MXene film and positive electrode of BC/

polyaniline (PANI) had a high energy density (252 μWh/

cm). This work developed a simple method to assemble high

FIGURE 5
The preparation process of the (A) porous MXene architecture, (B) PPy@BC/MXene composite paper, and (C) Ti3C2Tx/CNF/PC hybrid film.
Reproduced from: (A) Wang et al. (2019), Wiley. (B) Song et al. (2020), Springer. (C) Chen et al. (2021a), Elsevier.
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performance 3D porous films electrodes of advanced energy

storage devices with 2D MXene materials.

2.1.2 Nanocellulose/MXene-based
supercapacitors

So far, investigation on nanocellulose-MXene based

electrodes for supercapacitors with basic compositions and

electrochemical performance have been carried out, as showed

in Table 1 in literatures. It can be seen that the future study of

nanocellulose and MXene composite materials as electrodes for

supercapacitors can be divided into two directions.

One is to pursue higher performance supercapacitors, and

the other is to develop multifunctional supercapacitors. Because

of the potential synergistic effect, the composite hybrid materials

of different compositions are expected to be an effective strategy.

For example, Song et al. (2020) prepared an enhanced

electrochemical performance freestanding electrode of

polypyrrole (PPy)@BC/MXene composite film (Figure 5B).

The BC as a template used for depositing PPy nanoparticles

uniformly, and PPy@BC nanofibers can also be embedded in the

MXene layer to effectively prevent the re-accumulation ofMXene

and expand its interlayer space, which provided a wide range of

accessible electrochemical active sites. The prepared PPy@BC/

MXene electrode showed good specific capacitance of 550 F/g

and long cycle life (83.5% capacitance retention after

10,000 cycles). The assembled symmetric supercapacitor by

PPy@BC/MXene electrodes exhibited a high energy density of

33.1 Wh/kg. As shown in Figure 5C, Chen et al. (2021a) prepared

a porous flexible MXene/CNFs/porous carbon (PC) hybrid film

through a simple method of vacuum filtration. Abundant

micropores were provided by three-dimensional PC for charge

storage and amount of meso/macropores were provided by three-

dimensional PC for the rapid diffusion of ions. One dimensional

CNFs enables the hybrid film to have high mechanical properties

by combining adjacent MXene sheets and PC. Supercapacitors

assembled with MXene/CNFs/PC films as electrodes showed

high capacitance of 143 mF/cm2 and high energy density of

2.4 μWh/cm2.

More rational dimensional structure design should be

explored. For example, to combine with MXene nanoflakes,

Cheng et al. (2021) constructed one-dimensional conductive

BC@PPy nanofibers with core-shell structure. The obtained

MXene/BC@PPy film electrodes displayed high capacitance of

388 mF/cm2. Based on a two-dimensional film composite with

nanocellulose and MXene, Cai et al. (2021) added SnS2 to

assemble into a nacre-like structure material. The prepared

composite material exhibited excellent mechanical strength

(78.3 MPa) without sacrificing toughness. The supercapacitor

electrodes based on this material maintained 91.5% capacitance,

provided 6.7 μWh/cm2 energy density after 4000 cycles, and

exhibited excellent flexibility (over 90% capacitance retention

after 500 folding/unfolding cycles). Similarly, Chang et al. (2021)

synthesized a nacre-like composite film obtained from MXene,

CNFs, and lignosulfonate by a hydrothermal process

(Figures 6A–C). The composite film exhibited good

mechanical strength (114 MPa) compared with the CNFs film

(95 MPa). The supercapacitor assembled by the composite films

exhibited an excellent specific capacitance (748.96 F/cm3).

2.2 Nanocellulose/graphene composites
for supercapacitors

2.2.1 Graphene and composite strategy
Graphene has a hexagonal honeycomb lattice structure and is

a two-dimensional nanomaterial composed of carbon atoms with

sp2 hybrid orbitals. It has high electron mobility, high specific

surface area, excellent mechanical properties, and stable chemical

properties. It shows great potential for applications in

photothermal conversion, electrochemical energy storage,

TABLE 1 Electrochemical performance of the nanocellulose/MXene-based supercapacitors.

Materials Electrolyte Current
density

Specific
capacitance

Energy
density

Power
density

Cycle
life-capacitance
retention

References

CNFs/MXene H2SO4 0.57 mA/cm2 25.3 mF/cm2 0.08 μWh/cm2 145.00 μWh/
cm2

10000-86.8% Tian et al. (2019)

BC/MXene H2SO4 3.00 mA/cm2 87.0 F/g 252.00 μWh/
cm2

2.12 mV/cm2 10000-96.5% Wang et al.
(2019)

PPy@BC/MXene H2SO4 1.00 mA/cm2 294.0 F/g 33.10 Wh/kg 243.00 w/kg 10000-83.5% Song et al.
(2020)

CNFs/PC/MXene film KOH 0.10 mA/cm2 143.0 mF/cm2 2.40 μWh/cm2 17.50 μW/cm2 10000-90.0% Chen et al.
(2021a)

CNFs@sodium
lignosulfonate/MXene

PVA-H2SO4 0.5 A/g 248.0 F/g 16.20 Wh/L 633.10 W/L 10000-86.5% Chang et al.
(2021)

CNFs/MXene@SnS2 PVA-H2SO4 1.00 mA/cm2 205.0 mF/cm2 6.70 μWh/cm2 1206.00 μW/
cm2

5000-87.4% Cai et al. (2021)
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electronic screens, and industrial catalysis (Novoselov et al., 2012;

Ferrari et al., 2015). However, due to the easy accumulation of

graphene, the dispersibility and surface wettability of graphene in

the electrolyte are affected, and the electrical conductivity is

greatly affected. In the composite process of nanocellulose and

graphene, nanocellulose acts as a nano-spacer layer, providing a

continuous conductive path between different graphene nano-

sheet layers and effectively preventing graphene aggregation.

This change solves the problem of ion diffusion difficulty in

graphene-based materials in electrolytes (Gao et al., 2013a).

Table 2 shows the performance of composite materials based

on nanocellulose and graphene as electrodes for supercapacitors

in recent years. Recent research on supercapacitors mainly

focuses on improving electrochemical performance.

Nanocellulose-graphene based materials are suitable for

selecting electrode materials for high-energy and high-power

density supercapacitors. Sheng et al. (2019) constructed a flexible,

high-performance fiber-based supercapacitor with synthesized

FIGURE 6
The preparation process of the nacre-inspired MXene/HCNF@Lig composite films. Reproduced from: Chang et al. (2021), Royal Society of
Chemistry.

TABLE 2 Electrochemical performance of the nanocellulose/graphene-based supercapacitors.

Electrodes
(electrolyte)

Voltage
(V)

Specific
capacitance
(F g−1)

Energy
density
(mWh g−1)

Power
density
(mW g−1)

Cycle life-
capacitance
retention

References

BC/GO (1 M H2SO4) 1.2 160.0 — — 2000-90.3% Liu et al. (2015)

PPy/BC/RGO (1 M H2SO4) 1.0 271.0 5.75 587.5 8000-73.5% Ma et al. (2016b)

PANI/BC/Graphene (1 M
H2SO4)

0.8 477.0 4.25 930.0 8000-56.3% Liu et al. (2016)

Ni(OH)2/RGO/BC (2 M KOH) 0.5 877.1 — — 15000-93.6% Ma et al. (2016a)

CNFs/CNTs/RGO (PVA/H2SO4) 1.0 252 7.10 2375.0 1000-99.5% Zheng et al. (2015)

HRGO/BC (PVA/H3PO4) 0.4 65.9 9.20 112.9 5000-88% Guan et al. (2019)

TOCN/RGO (1 M H2SO4) 0.5 398.5 — — 10000-99.77% Yang et al. (2019c)

PPy/Graphene/Cellulose (1 M
H2SO4)

1.0 630 — — — Aphale et al.
(2015)

PPy/TOBC/RGO 0.5 391 4.10 429.3 5000-79% Sheng et al. (2019)
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PPy, 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-oxidized

BC (TOBC), and graphene oxide (GO) into a fiber by wet

spinning (Figure 7A). The assembled supercapacitor showed

excellent electrochemical performance because TOBC can

prevent the aggregation of graphene nanosheets. Carboxylic

acid groups and pyrrole monomers penetrated the fiber’s

interior, resulting in the generation of PPy inside the fiber,

and this unique layered structure provided excellent

electrochemical stability. The fiber-based supercapacitor

exhibited a high energy density (8.8 mWh/cm3).

2.2.2 Nanocellulose/graphene-based
supercapacitors

Nanocellulose-based two-dimensional paper or film have

attracted more and more attention in the field of flexible

electrodes for supercapacitors. Vacuum filtration is one of the

most common methods to prepare nanopaper or composite film.

For instance, Ma et al. (2016a) coated graphene-wrapped

Ni(OH)2 on BC to prepare a flexible film using the

hydrothermal method and filtration technology (Figure 7B).

This method provided an effective pore volume for high-

quality loading and provided a fast channel for ion and

electron transport. The prepared film electrode achieved a

significant area capacitance of 10.44 F/cm2 under a load of

11.9 mg/cm2 and had a capacitance retention rate of 93.6%

after 15000 cycles. Later, they used simple in-situ

polymerization and filtration methods to prepare a

freestanding conductive film from PPy/BC composite

nanofibers combined with graphene (Ma et al., 2016b). The

introduction of graphene effectively solves the problem of

poor conductivity of PPy/BC to ensure high electron and ion

transfer. The prepared flexible electrode showed good flexibility

and could be bent to a large extent.

The symmetric supercapacitor made of two PPy/BC/RGO

paper electrodes exhibited a large area capacitance (1.67 F/

cm2) and a high energy density of 0.23 mWh/cm at a power

density of 23.5 mW/cm2. The excellent electrochemical

performance made it a promising candidate for flexible

energy storage devices. Similarly, Liu et al. (2016) prepared

a flexible film electrode using PANI, BC and graphene by a

simple in-situ chemical polymerization and vacuum filtration

method, as shown in Figure 7C. The prepared film electrode

possessed a regular interconnected pore channel network,

which not only contributed to electron transport and ion

dispersion in the whole interconnected network, but also

overcame the aggregation of graphene and PANI/BC in

three-dimensional conductive paper. The symmetric

supercapacitor assembled by the film electrodes can provide

high area capacitance (1.93 F/cm2) and energy density

(0.17 mWh/cm2).

FIGURE 7
The preparation process of the (A) PPy@TOBC/rGO macrofibers, (B) Ni(OH)2/RGO/BC electrode, (C) PANI/BC/GN freestanding paper
electrodes, and (D) CNF/RGO/CNT electrode. Reproduced from: (A) Sheng et al. (2019), Elsevier. (B) Ma et al. (2016a), Elsevier. (C) Liu et al. (2016),
Royal Society of Chemistry. (D) Zheng et al. (2015), American Chemical Society.
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Liu et al. (2015) constructed BC/GO nanopaper by covalently

intercalating GO and BC fiber through one-step esterification.

The tensile strength of the prepared reinforced BC/GO

composite increased by 12.2 times and the elongation at break

increased by 20.9% compared with the original GO. The

prepared composite showed excellent conductivity (171 S/m)

and high specific capacitance (160 F/g) and had an

outstanding capacitance retention of 90.3% after 2,000 cycles.

Compared with the original graphene, porous graphene has a

multi-layered pore structure on the graphene base surface, which

can not only promote the storage and diffusion of electrolyte

ions, but also enhance the electrochemical performance of

graphene-based electrode materials. Guan et al. (2019)

prepared holey GO (HRGO)/BC composite film materials

with porous structure, good wettability, and excellent

mechanical flexibility through biological assembly method.

HRGO/BC composite film has good foldability and can

produce high tensile strength of 204 MPa and elongation of

13.8%. The symmetric supercapacitor assembled by HRGO/

BC composite film electrode showed a specific capacity

(65.9 F/g) and an energy density (9.2 Wh/kg).

Electrode materials with three-dimensional network structure

and high conductivity are the keys to developing high-

performance supercapacitors. Therefore, three-dimensional

aerogel with porous structure has gradually become a popular

candidate for supercapacitor electrode materials. Zheng et al.

(2015) used CNFs, RGO, and carbon nanotubes (CNTs) to

synthesize aerogels as electrodes (Figure 7D). The assembled

supercapacitors exhibited suitable areal capacitance, areal power

density, and energy density of 216 mF/cm2, 9.5 mW/cm2, and

28.4 μWh/cm2, respectively. Yang et al. (2019c) used TEMPO-

oxidized CNFs (TOCN) and GO as precursors to prepare carbon

aerogel (TOCN/RGO) by ion exchange, freeze drying and high-

temperature carbonization. The obtained carbon aerogel electrode

showed a high specific capacitance (398.5 F/g). At the same time,

the carbon aerogel electrode also had excellent capacitance

retention of 99.77% after 10,000 charge and discharge cycles. In

addition, Gao et al. (2013a) used CNFs/RGO hybrid hydrogel as

rawmaterial to prepare hybrid aerogel by supercritical CO2 drying,

and used it as electrode material for all-solid-state flexible

supercapacitor. CNFs were used as nano spacers and electrolyte

nano reservoirs of hybrid aerogel. The results showed that the

supercapacitor had excellent surface capacitance (207 F/g) and

energy density (20 mWh/cm2).

3 Conclusion

Most research on nanocellulose-based supercapacitors mainly

concentrated on nanocellulose as a spacer or substrate in

composites. As mentioned above, the electrodes of

supercapacitors can be a composite of nanocellulose and other

conductive materials. Currently, it is still a challenge to produce

supercapacitors with high energy density and high capacitance.

Therefore, to further improve the electrochemical performance of

electrode materials, researchers need to add other materials (such as

polypyrrole, sodium lignin thiosulfonate, etc.) to nanocellulose/

MXene and nanocellulose/graphene composites. In addition, the

composite structure can be changed to obtain different properties.

For graphene/MXene and nanocellulose composites, improving the

synergy between composites by changing the structure,morphology,

distribution, and number of components is the focus of future

research (Klemmet al., 2005; Panwar et al., 2011; Liu et al., 2021f; Liu

et al., 2022d; Liu et al., 2022e; Liu et al., 2022f; Liu et al., 2022g).

Author contributions

QL, YW, YX, YY, and QZ; investigation and writing—original

draft. TX, XS, S-EC, and CS: supervision. QL, TX, S-HH, M-SK,

Y-HJ, and SY: writing—review and editing. All authors

contributed to the article and approved the submitted version.

Funding

This work was financially supported by the Opening Project of

State Key Laboratory of Tree Genetics and Breeding (K2022104), the

China Postdoctoral Science Foundation (2021M702456), the

Foundation (2021KF32, 2021KF02) of Guangxi Key Laboratory

of Clean Pulp & Papermaking and Pollution Control, College of

Light Industry and Food Engineering, Guangxi University, and

Tianjin Excellent Special Commissioner for Agricultural Science

& Technology Project (22ZYCGSN00350, 22YDTPJC00930). This

research was also supported by the R&D program for Forest Science

Technology (2019151D10-2223-0301) provided by the Korea Forest

Service (Korea Forestry Promotion Institute) and partially supported

by nurturing open-lab universities connected with regional

industries in 2022 to S-EC.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Liang et al. 10.3389/fbioe.2022.1024453

77

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1024453


References

An, L., Si, C., Wang, G., Sui, W., and Tao, Z. (2019). Enhancing the solubility and
antioxidant activity of high-molecular-weight lignin by moderate depolymerization
via in situ ethanol/acid catalysis. Ind. Crops Prod. 128, 177–185. doi:10.1016/j.
indcrop.2018.11.009

An, L., Si, C., Bae, J. H., Jeong, H., and Kim, Y. S. (2020). One-step silanization and
amination of lignin and its adsorption of Congo red and Cu(II) ions in aqueous
solution. Int. J. Biol. Macromol. 159, 222–230. doi:10.1016/j.ijbiomac.2020.05.072

Aphale, A., Chattopadhyay, A., Mahakalakar, K., and Patra, P. (2015). Synthesis
and electrochemical analysis of algae cellulose-polypyrrole-graphene
nanocomposite for supercapacitor electrode. J. Nanosci. Nanotechnol. 15 (8),
6225–6229. doi:10.1166/jnn.2015.10280

Augustyn, V., Simon, P., and Dunn, B. (2014). Pseudocapacitive oxide materials
for high-rate electrochemical energy storage. Energy Environ. Sci. 7 (5), 1597–1614.
doi:10.1039/C3EE44164D

Cai, C., Zhou, W., and Fu, Y. (2021). Bioinspired MXene nacre with mechanical
robustness for highly flexible all-solid-state photothermo-supercapacitor. Chem.
Eng. J. 418, 129275. doi:10.1016/j.cej.2021.129275

Chang, L., Peng, Z., Zhang, T., Yu, C., and Zhong, W. (2021). Nacre-inspired
composite films with high mechanical strength constructed from MXenes and
wood-inspired hydrothermal cellulose-based nanofibers for high performance
flexible supercapacitors. Nanoscale 13 (5), 3079–3091. doi:10.1039/D0NR08090J

Chen, L. F., Huang, Z. H., Liang, H. W., Gao, H. L., and Yu, S. H. (2014). Three-
dimensional heteroatom-doped carbon nanofiber networks derived from bacterial
cellulose for supercapacitors. Adv. Funct. Mat. 24 (32), 5104–5111. doi:10.1002/
adfm.201400590

Chen, S., Wang, G., Sui, W., Parvez, A. M., Dai, L., and Si, C. (2020a). Novel
lignin-based phenolic nanosphere supported palladium nanoparticles with highly
efficient catalytic performance and good reusability. Ind. Crops Prod. 145, 112164.
doi:10.1016/j.indcrop.2020.112164

Chen, S., Wang, G., Sui, W., Parvez, A. M., and Si, C. (2020b). Synthesis of lignin-
functionalized phenolic nanosphere supported Ag nanoparticles with excellent
dispersion stability and catalytic performance. Green Chem. 22 (9), 2879–2888.
doi:10.1039/C9GC04311J

Chen, R., Li, X., Huang, Q., Ling, H., Yang, Y., and Wang, X. (2021a). Self-
assembled porous biomass carbon/RGO/nanocellulose hybrid aerogels for self-
supporting supercapacitor electrodes. Chem. Eng. J. 412, 128755. doi:10.1016/j.cej.
2021.128755

Chen, W., Zhang, D., Yang, K., Luo, M., Yang, P., and Zhou, X. (2021b). Mxene
(Ti3C2Tx)/cellulose nanofiber/porous carbon film as free-standing electrode for
ultrathin and flexible supercapacitors. Chem. Eng. J. 413, 127524. doi:10.1016/j.cej.
2020.127524

Chen, J., Chen, H., Chen, M., Zhou, W., Tian, Q., andWong, C. P. (2022). Nacre-
inspired surface-engineered MXene/nanocellulose composite film for high-
performance supercapacitors and zinc-ion capacitors. Chem. Eng. J. 428,
131380. doi:10.1016/j.cej.2021.131380

Cheng, W., Fu, J., Hu, H., and Ho, D. (2021). Interlayer structure engineering of
MXene-based capacitor-type electrode for hybrid micro-supercapacitor toward
battery-level energy density. Adv. Sci. 8 (16), 2100775. doi:10.1002/advs.202100775

Conway, B. E., Birss, V., and Wojtowicz, J. (1997). The role and utilization of
pseudocapacitance for energy storage by supercapacitors. J. Power Sources 66 (1-2),
1–14. doi:10.1016/S0378-7753(96)02474-3

Crawford, R. L. (1981). Lignin biodegradation and transformation. John Wiley &
Sons.

Dai, L., Liu, R., Hu, L.-Q., Zou, Z.-F., and Si, C.-L. (2017). Lignin nanoparticle as a
novel green carrier for the efficient delivery of resveratrol. ACS Sustain. Chem. Eng.
5 (9), 8241–8249. doi:10.1021/acssuschemeng.7b01903

Dai, L., Cao, Q., Wang, K., Han, S., Si, C., Liu, D., et al. (2020). High efficient
recovery of L-lactide with lignin-based filler by thermal degradation. Ind. Crops
Prod. 143, 111954. doi:10.1016/j.indcrop.2019.111954

Dai, L., Zhu, W., Lu, J., Kong, F., Si, C., and Ni, Y. (2019). A lignin-containing
cellulose hydrogel for lignin fractionation. Green. Chem. 21, 5222–5230. doi:10.
1039/c9gc01975h

Du, H., Liu, C., Mu, X., Gong, W., Lv, D., Hong, Y., et al. (2016). Preparation and
characterization of thermally stable cellulose nanocrystals via a sustainable
approach of FeCl3-catalyzed formic acid hydrolysis. Cellulose. 23 (4),
2389–2470. doi:10.1007/s10570-016-0963-5

Du, H., Liu, W., Zhang, M., Si, C., Zhang, X., and Li, B. (2019). Cellulose
nanocrystals and cellulose nanofibrils based hydrogels for biomedical applications.
Carbohydr. Polym. 209, 130–144. doi:10.1016/j.carbpol.2019.01.020

Du, H., Parit, M., Liu, K., Zhang, M., Jiang, Z., Huang, T.-S., et al. (2021a).
Engineering cellulose nanopaper with water resistant, antibacterial, and improved
barrier properties by impregnation of chitosan and the followed halogenation.
Carbohydr. Polym. 270, 118372. doi:10.1016/j.carbpol.2021.118372

Du, H., Parit, M., Liu, K., Zhang, M., Jiang, Z., Huang, T.-S., et al. (2021b).
Multifunctional cellulose nanopaper with superior water-resistant, conductive, and
antibacterial properties functionalized with chitosan and polypyrrole. ACS Appl.
Mat. Interfaces 13 (27), 32115–32125. doi:10.1021/acsami.1c06647

Du, H., Zhang, M., Liu, K., Parit, M., Jiang, Z., Zhang, X., et al. (2022). Conductive
PEDOT:PSS/cellulose nanofibril paper electrodes for flexible supercapacitors with
superior areal capacitance and cycling stability. Chem. Eng. J. 428, 131994. doi:10.
1016/j.cej.2021.131994

Dubal, D. P., Ayyad, O., Ruiz, V., and Gomez-Romero, P. (2015). Hybrid energy
storage: The merging of battery and supercapacitor chemistries. Chem. Soc. Rev. 44
(7), 1777–1790. doi:10.1039/C4CS00266K

Ferrari, A. C., Bonaccorso, F., Fal’Ko, V., Novoselov, K. S., Roche, S., Bøggild, P.,
et al. (2015). Science and technology roadmap for graphene, related two-
dimensional crystals, and hybrid systems. Nanoscale 7 (11), 4598–4810. doi:10.
1039/C4NR01600A

Gao, K., Shao, Z., Li, J., Wang, X., Peng, X., Wang, W., et al. (2013a). Cellulose
nanofiber–graphene all solid-state flexible supercapacitors. J. Mat. Chem. A 1 (1),
63–67. doi:10.1039/C2TA00386D

Gao, K., Shao, Z., Wu, X., Wang, X., Li, J., Zhang, Y., et al. (2013b). Cellulose
nanofibers/reduced graphene oxide flexible transparent conductive paper.
Carbohydr. Polym. 97 (1), 243–251. doi:10.1016/j.carbpol.2013.03.067

Ghidiu, M., Lukatskaya, M. R., Zhao, M. Q., Gogotsi, Y., and Barsoum, M. W.
(2014). Conductive two-dimensional titanium carbide ‘clay’with high volumetric
capacitance. Nature 516 (7529), 78–81. doi:10.1038/nature13970

Gross, R., Leach, M., and Bauen, A. (2003). Progress in renewable energy.
Environ. Int. 29 (1), 105–122. doi:10.1016/S0160-4120(02)00130-7

Guan, F., Chen, S., Sheng, N., Chen, Y., Yao, J., Pei, Q., et al. (2019).
Mechanically robust reduced graphene oxide/bacterial cellulose film
obtained via biosynthesis for flexible supercapacitor. Chem. Eng. J. 360,
829–837. doi:10.1016/j.cej.2018.11.202

Halim, J., Lukatskaya, M. R., Cook, K. M., Lu, J., Smith, C. R., Na€slund, L. Å., et al.
(2014). Transparent conductive two-dimensional titanium carbide epitaxial thin
films. Chem. Mat. 26 (7), 2374–2381. doi:10.1021/cm500641a

Hamedi, M., Karabulut, E., Marais, A., Herland, A., Nyström, G., andWågberg, L.
(2013). Nanocellulose aerogels functionalized by rapid layer-by-layer assembly for
high charge storage and beyond. Angew. Chem. Int. Ed. Engl. 125 (46),
12038–12042. doi:10.1002/anie.201305137

Hou, M., Xu, M., Hu, Y., and Li, B. (2019). Nanocellulose incorporated graphene/
polypyrrole film with a sandwich-like architecture for preparing flexible
supercapacitor electrodes. Electrochimica Acta 313, 245–254. doi:10.1016/j.
electacta.2019.05.037

Hu, L., Du, H., Liu, C., Zhang, Y., Yu, G., Zhang, X., et al. (2019). Comparative
evaluation of the efficient conversion of corn husk filament and corn husk powder
to valuable materials via a sustainable and clean biorefinery process. ACS Sustain.
Chem. Eng. 7, 1327–1336. doi:10.1021/acssuschemeng.8b05017

Huang, L.-Z., Ma, M.-G., Ji, X.-X., Choi, S.-E., and Si, C. (2021). Recent
developments and applications of hemicellulose from wheat straw: A review.
Front. Bioeng. Biotechnol. 9, 690773. doi:10.3389/fbioe.2021.690773

Jiao, S., Zhou, A., Wu, M., and Hu, H. (2019). Kirigami patterning of MXene/
bacterial cellulose composite paper for all-solid-state stretchable micro-
supercapacitor arrays. Adv. Sci. (Weinh). 6 (12), 1900529. doi:10.1002/advs.
201900529

Kang, Y. J., Chun, S. J., Lee, S. S., Kim, B. Y., Kim, J. H., Chung, H., et al. (2012).
All-solid-state flexible supercapacitors fabricated with bacterial nanocellulose
papers, carbon nanotubes, and triblock-copolymer ion gels. ACS Nano 6 (7),
6400–6406. doi:10.1021/nn301971r

Klemm, D., Heublein, B., Fink, H. P., and Bohn, A. (2005). Cellulose: Fascinating
biopolymer and sustainable raw material. Angew. Chem. Int. Ed. 44 (22),
3358–3393. doi:10.1002/anie.200460587

Li, S., Huang, D., Yang, J., Zhang, B., Zhang, X., Yang, G., et al. (2014).
Freestanding bacterial cellulose–polypyrrole nanofibres paper electrodes for
advanced energy storage devices. Nano Energy 9, 309–317. doi:10.1016/j.nanoen.
2014.08.004

Li, W., Yang, Y., Sha, J., Zhou, J., Qin, C., and Wang, S. (2018). The influence of
mechanical refining treatments on the rheosedimentation properties of bleached

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Liang et al. 10.3389/fbioe.2022.1024453

78

https://doi.org/10.1016/j.indcrop.2018.11.009
https://doi.org/10.1016/j.indcrop.2018.11.009
https://doi.org/10.1016/j.ijbiomac.2020.05.072
https://doi.org/10.1166/jnn.2015.10280
https://doi.org/10.1039/C3EE44164D
https://doi.org/10.1016/j.cej.2021.129275
https://doi.org/10.1039/D0NR08090J
https://doi.org/10.1002/adfm.201400590
https://doi.org/10.1002/adfm.201400590
https://doi.org/10.1016/j.indcrop.2020.112164
https://doi.org/10.1039/C9GC04311J
https://doi.org/10.1016/j.cej.2021.128755
https://doi.org/10.1016/j.cej.2021.128755
https://doi.org/10.1016/j.cej.2020.127524
https://doi.org/10.1016/j.cej.2020.127524
https://doi.org/10.1016/j.cej.2021.131380
https://doi.org/10.1002/advs.202100775
https://doi.org/10.1016/S0378-7753(96)02474-3
https://doi.org/10.1021/acssuschemeng.7b01903
https://doi.org/10.1016/j.indcrop.2019.111954
https://doi.org/10.1039/c9gc01975h
https://doi.org/10.1039/c9gc01975h
https://doi.org/10.1007/s10570-016-0963-5
https://doi.org/10.1016/j.carbpol.2019.01.020
https://doi.org/10.1016/j.carbpol.2021.118372
https://doi.org/10.1021/acsami.1c06647
https://doi.org/10.1016/j.cej.2021.131994
https://doi.org/10.1016/j.cej.2021.131994
https://doi.org/10.1039/C4CS00266K
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C2TA00386D
https://doi.org/10.1016/j.carbpol.2013.03.067
https://doi.org/10.1038/nature13970
https://doi.org/10.1016/S0160-4120(02)00130-7
https://doi.org/10.1016/j.cej.2018.11.202
https://doi.org/10.1021/cm500641a
https://doi.org/10.1002/anie.201305137
https://doi.org/10.1016/j.electacta.2019.05.037
https://doi.org/10.1016/j.electacta.2019.05.037
https://doi.org/10.1021/acssuschemeng.8b05017
https://doi.org/10.3389/fbioe.2021.690773
https://doi.org/10.1002/advs.201900529
https://doi.org/10.1002/advs.201900529
https://doi.org/10.1021/nn301971r
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1016/j.nanoen.2014.08.004
https://doi.org/10.1016/j.nanoen.2014.08.004
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1024453


softwood pulp suspensions. Cellulose 25 (6), 3609–3618. doi:10.1007/s10570-018-
1808-1

Li, X., Xu, R., Yang, J., Nie, S., Liu, D., Liu, Y., et al. (2019). Production of 5-
hydroxymethylfurfural and levulinic acid from lignocellulosic biomass and catalytic
upgradation. Ind. Crops Prod. 130, 184–197. doi:10.1016/j.indcrop.2018.12.082

Li, X., Lu, X., Liang, M., Xu, R., Yu, Z., Duan, B., et al. (2020a). Conversion of
waste lignocellulose to furfural using sulfonated carbon microspheres as catalyst.
Waste Manag. 108, 119–126. doi:10.1016/j.wasman.2020.04.039

Li, X., Lu, X., Nie, S., Liang, M., Yu, Z., Duan, B., et al. (2020b). Efficient catalytic
production of biomass-derived levulinic acid over phosphotungstic acid in deep
eutectic solvent. Ind. Crops Prod. 145, 112154. doi:10.1016/j.indcrop.2020.112154

Li, W., Wang, G., Sui, W., Xu, T., Li, Z., Parvez, A. M., et al. (2022a). Facile and
scalable preparation of cage-like mesoporous carbon from lignin-based phenolic
resin and its application in supercapacitor electrodes. Carbon 196, 819–827. doi:10.
1016/j.carbon.2022.05.053

Li, X., Lu, X., Hu, W., Xu, H., Chen, J., Xiong, J., et al. (2022b). Phosphotungstic
acid functionalized biochar for furfural production from corncob. Fuel Process.
Technol. 229, 107178. doi:10.1016/j.fuproc.2022.107178

Liu, Y., Zhou, J., Zhu, E., Tang, J., Liu, X., and Tang, W. (2015). Facile synthesis of
bacterial cellulose fibres covalently intercalated with graphene oxide by one-step
cross-linking for robust supercapacitors. J. Mat. Chem. C Mat. 3 (5), 1011–1017.
doi:10.1039/C4TC01822B

Liu, R., Ma, L., Huang, S., Mei, J., Xu, J., and Yuan, G. (2016). Large areal mass,
flexible and freestanding polyaniline/bacterial cellulose/graphene film for high-
performance supercapacitors. RSC Adv. 6 (109), 107426–107432. doi:10.1039/
C6RA21920A

Liu, W., Du, H., Liu, H., Xie, H., Xu, T., Zhao, X., et al. (2020a). Highly efficient
and sustainable preparation of carboxylic and thermostable cellulose nanocrystals
via FeCl3-catalyzed innocuous citric acid hydrolysis. ACS Sustain. Chem. Eng. 8
(44), 16691–16700. doi:10.1021/acssuschemeng.0c06561

Liu, W., Du, H., Zhang, M., Liu, K., Liu, H., Xie, H., et al. (2020b). Bacterial
cellulose-based composite scaffolds for biomedical applications: A review. ACS
Sustain. Chem. Eng. 8 (20), 7536–7562. doi:10.1021/acssuschemeng.0c00125

Liu, H., Du, H., Zheng, T., Liu, K., Ji, X., Xu, T., et al. (2021a). Cellulose based
composite foams and aerogels for advanced energy storage devices. Chem. Eng. J.
426, 130817. doi:10.1016/j.cej.2021.130817

Liu, H., Xu, T., Liu, K., Zhang, M., Liu, W., Li, H., et al. (2021b). Lignin-based
electrodes for energy storage application. Ind. Crops Prod. 165, 113425. doi:10.1016/
j.indcrop.2021.113425

Liu, K., Du, H., Zheng, T., Liu, H., Zhang, M., Zhang, R., et al. (2021c). Recent
advances in cellulose and its derivatives for oilfield applications. Carbohydr. Polym.
259, 117740. doi:10.1016/j.carbpol.2021.117740

Liu, K., Du, H., Zheng, T., Liu, W., Zhang, M., Liu, H., et al. (2021d). Lignin-
containing cellulose nanomaterials: Preparation and applications. Green Chem. 23
(24), 9723–9746. doi:10.1039/D1GC02841C

Liu, S., Du, H., Liu, K., Ma, M.-G., Kwon, Y.-E., Si, C., et al. (2021e). Flexible
and porous Co3O4-carbon nanofibers as binder-free electrodes for
supercapacitors. Adv. Compos. Hybrid. Mat. 4 (4), 1367–1383. doi:10.1007/
s42114-021-00344-8

Liu, W., Du, H., Liu, K., Liu, H., Xie, H., Si, C., et al. (2021f). Sustainable
preparation of cellulose nanofibrils via choline chloride-citric acid deep eutectic
solvent pretreatment combined with high-pressure homogenization. Carbohydr.
Polym. 267, 118220. doi:10.1016/j.carbpol.2021.118220

Liu, H., Xu, T., Liang, Q., Zhao, Q., Zhao, D., and Si, C. (2022a). Compressible
cellulose nanofibrils/reduced graphene oxide composite carbon aerogel for solid-
state supercapacitor. Adv. Compos. Hybrid. Mat. 5, 1168–1179. doi:10.1007/s42114-
022-00427-0

Liu, H., Xu, T., Cai, C., Liu, K., Liu, W., Zhang, M., et al. (2022b). Multifunctional
superelastic, superhydrophilic, and ultralight nanocellulose-based composite
carbon aerogels for compressive supercapacitor and strain sensor. Adv. Funct.
Mat. 32 (26), 2113082. doi:10.1002/adfm.202113082

Liu, K., Du, H., Liu, W., Liu, H., Zhang, M., Xu, T., et al. (2022c). Cellulose
nanomaterials for oil exploration applications. Polym. Rev. 62 (3), 585–625. doi:10.
1080/15583724.2021.2007121

Liu, K., Du, H., Liu, W., Zhang, M., Wang, Y., Liu, H., et al. (2022d). Strong,
flexible, and highly conductive cellulose nanofibril/PEDOT:PSS/MXene
nanocomposite films for efficient electromagnetic interference shielding.
Nanoscale, Advance Article. doi:10.1039/D2NR00468B

Liu, K., Liu, W., Li, W., Duan, Y., Zhou, K., Zhang, S., et al. (2022e). Strong and
highly conductive cellulose nanofibril/silver nanowires nanopaper for high
performance electromagnetic interference shielding. Adv. Compos. Hybrid. Mat.
5, 1078–1089. doi:10.1007/s42114-022-00425-2

Liu, W., Liu, K., Du, H., Zheng, T., Zhang, N., Xu, T., et al. (2022f). Cellulose
nanopaper: Fabrication, functionalization, and applications. Nano-Micro Lett. 14
(1), 104–127. doi:10.1007/s40820-022-00849-x

Liu, W., Liu, K., Wang, Y., Lin, Q., Liu, J., Du, H., et al. (2022g). Sustainable
production of cellulose nanofibrils from Kraft pulp for the stabilization of oil-in-
water Pickering emulsions. Ind. Crops Prod. 185, 115123. doi:10.1016/j.indcrop.
2022.115123

Lu, J., Zhu, W., Dai, L., Si, C., and Ni, Y. (2019). Fabrication of thermo-and pH-
sensitive cellulose nanofibrils-reinforced hydrogel with biomass nanoparticles.
Carbohydr. Polym. 215, 289–295. doi:10.1016/j.carbpol.2019.03.100

Lu, J., Han, X., Dai, L., Li, C., Wang, J., Zhong, Y., et al. (2020). Conductive
cellulose nanofibrils-reinforced hydrogels with synergetic strength, toughness, self-
adhesion, flexibility and adjustable strain responsiveness. Carbohydr. Polym. 250,
117010. doi:10.1016/j.carbpol.2020.117010

Lund, H. (2007). Renewable energy strategies for sustainable development. Energy
32 (6), 912–919. doi:10.1016/j.energy.2006.10.017

Luo, H., Dong, J., Zhang, Y., Li, G., Guo, R., Zuo, G., et al. (2018). Constructing 3D
bacterial cellulose/graphene/polyaniline nanocomposites by novel layer-by-layer in
situ culture toward mechanically robust and highly flexible freestanding electrodes
for supercapacitors. Chem. Eng. J. 334, 1148–1158. doi:10.1016/j.cej.2017.11.065

Ma, S. B., Nam, K. W., Yoon, W. S., Yang, X. Q., Ahn, K. Y., Oh, K. H., et al.
(2007). A novel concept of hybrid capacitor based on manganese oxide materials.
Electrochem. Commun. 9 (12), 2807–2811. doi:10.1016/j.elecom.2007.09.015

Ma, L., Liu, R., Liu, L., Wang, F., Niu, H., and Huang, Y. (2016a). Facile synthesis
of Ni(OH) 2/graphene/bacterial cellulose paper for large areal mass, mechanically
tough and flexible supercapacitor electrodes. J. Power Sources 335, 76–83. doi:10.
1016/j.jpowsour.2016.10.006

Ma, L., Liu, R., Niu, H., Wang, F., Liu, L., and Huang, Y. (2016b). Freestanding
conductive film based on polypyrrole/bacterial cellulose/graphene paper for flexible
supercapacitor: Large areal mass exhibits excellent areal capacitance. Electrochimica
Acta 222, 429–437. doi:10.1016/j.electacta.2016.10.195

Ma, C., Ma, M.-G., Si, C., Ji, X.-X., and Wan, P. (2021). Flexible MXene-based
composites for wearable devices. Adv. Funct. Mat. 31 (22), 2009524. doi:10.1002/
adfm.202009524

Naguib, M., Kurtoglu, M., Presser, V., Lu, J., Niu, J., Heon, M., et al. (2011). Two-
dimensional nanocrystals produced by exfoliation of Ti3AlC2. Adv. Mat. 23 (37),
4248–4253. doi:10.1002/adma.201102306

Naguib, M., Mochalin, V. N., Barsoum, M. W., and Gogotsi, Y. (2014). 25th
anniversary article: MXenes: A new family of two-dimensional materials. Adv. Mat.
26 (7), 992–1005. doi:10.1002/adma.201304138

Nie, S., Zhang, K., Lin, X., Zhang, C., Yan, D., Liang, H., et al. (2018). Enzymatic
pretreatment for the improvement of dispersion and film properties of cellulose
nanofibrils. Carbohydr. Polym. 181, 1136–1142. doi:10.1016/j.carbpol.2017.11.020

Novoselov, K. S., Colombo, L., Gellert, P. R., Schwab, M. G., and Kim, K. (2012). A
roadmap for graphene. nature 490 (7419), 192–200. doi:10.1038/nature11458

O’sullivan, A. C. (1997). Cellulose: The structure slowly unravels. Cellul. (Lond). 4
(3), 173–207. doi:10.1023/A:1018431705579

Ostadhossein, F., Mahmoudi, N., Morales-Cid, G., Tamjid, E., Navas-Martos, F.
J., Soriano-Cuadrado, B., et al. (2015). Development of chitosan/bacterial cellulose
composite films containing nanodiamonds as a potential flexible platform for
wound dressing. Materials 8 (9), 6401–6418. doi:10.3390/ma8095309

Panwar, N. L., Kaushik, S. C., and Kothari, S. (2011). Role of renewable energy
sources in environmental protection: A review. Renew. Sustain. energy Rev. 15 (3),
1513–1524. doi:10.1016/j.rser.2010.11.037

Qiang, Y., Liao, Y., Liu, J., Tian, C., Xu, H., and Wu, Y. (2021). Research progress
of wood-drived energy storage materials. J. For. Eng. 6 (5), 1–13. doi:10.13360/j.issn.
2096-1359.202012046

Salunkhe, R. R., Tang, J., Kobayashi, N., Kim, J., Ide, Y., Tominaka, S., et al.
(2016a). Ultrahigh performance supercapacitors utilizing core–shell
nanoarchitectures from a metal–organic framework-derived nanoporous carbon
and a conducting polymer. Chem. Sci. 7 (9), 5704–5713. doi:10.1039/C6SC01429A

Salunkhe, R. R., Young, C., Tang, J., Takei, T., Ide, Y., Kobayashi, N., et al.
(2016b). A high-performance supercapacitor cell based on ZIF-8-derived
nanoporous carbon using an organic electrolyte. Chem. Commun. 52 (26),
4764–4767. doi:10.1039/C6CC00413J

Salunkhe, R. R., Kaneti, Y. V., and Yamauchi, Y. (2017). Metal–organic
framework-derived nanoporous metal oxides toward supercapacitor
applications: Progress and prospects. ACS Nano 11 (6), 5293–5308. doi:10.1021/
acsnano.7b02796

Sheng, N., Chen, S., Yao, J., Guan, F., Zhang, M., Wang, B., et al. (2019).
Polypyrrole@TEMPO-oxidized bacterial cellulose/reduced graphene oxide

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Liang et al. 10.3389/fbioe.2022.1024453

79

https://doi.org/10.1007/s10570-018-1808-1
https://doi.org/10.1007/s10570-018-1808-1
https://doi.org/10.1016/j.indcrop.2018.12.082
https://doi.org/10.1016/j.wasman.2020.04.039
https://doi.org/10.1016/j.indcrop.2020.112154
https://doi.org/10.1016/j.carbon.2022.05.053
https://doi.org/10.1016/j.carbon.2022.05.053
https://doi.org/10.1016/j.fuproc.2022.107178
https://doi.org/10.1039/C4TC01822B
https://doi.org/10.1039/C6RA21920A
https://doi.org/10.1039/C6RA21920A
https://doi.org/10.1021/acssuschemeng.0c06561
https://doi.org/10.1021/acssuschemeng.0c00125
https://doi.org/10.1016/j.cej.2021.130817
https://doi.org/10.1016/j.indcrop.2021.113425
https://doi.org/10.1016/j.indcrop.2021.113425
https://doi.org/10.1016/j.carbpol.2021.117740
https://doi.org/10.1039/D1GC02841C
https://doi.org/10.1007/s42114-021-00344-8
https://doi.org/10.1007/s42114-021-00344-8
https://doi.org/10.1016/j.carbpol.2021.118220
https://doi.org/10.1007/s42114-022-00427-0
https://doi.org/10.1007/s42114-022-00427-0
https://doi.org/10.1002/adfm.202113082
https://doi.org/10.1080/15583724.2021.2007121
https://doi.org/10.1080/15583724.2021.2007121
https://doi.org/10.1039/D2NR00468B
https://doi.org/10.1007/s42114-022-00425-2
https://doi.org/10.1007/s40820-022-00849-x
https://doi.org/10.1016/j.indcrop.2022.115123
https://doi.org/10.1016/j.indcrop.2022.115123
https://doi.org/10.1016/j.carbpol.2019.03.100
https://doi.org/10.1016/j.carbpol.2020.117010
https://doi.org/10.1016/j.energy.2006.10.017
https://doi.org/10.1016/j.cej.2017.11.065
https://doi.org/10.1016/j.elecom.2007.09.015
https://doi.org/10.1016/j.jpowsour.2016.10.006
https://doi.org/10.1016/j.jpowsour.2016.10.006
https://doi.org/10.1016/j.electacta.2016.10.195
https://doi.org/10.1002/adfm.202009524
https://doi.org/10.1002/adfm.202009524
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1016/j.carbpol.2017.11.020
https://doi.org/10.1038/nature11458
https://doi.org/10.1023/A:1018431705579
https://doi.org/10.3390/ma8095309
https://doi.org/10.1016/j.rser.2010.11.037
https://doi.org/10.13360/j.issn.2096-1359.202012046
https://doi.org/10.13360/j.issn.2096-1359.202012046
https://doi.org/10.1039/C6SC01429A
https://doi.org/10.1039/C6CC00413J
https://doi.org/10.1021/acsnano.7b02796
https://doi.org/10.1021/acsnano.7b02796
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1024453


macrofibers for flexible all-solid-state supercapacitors. Chem. Eng. J. 368,
1022–1032. doi:10.1016/j.cej.2019.02.173

Si, C.-L., Liu, Z., Kim, J.-K., and Bae, Y.-S. (2008). Structure elucidation of
phenylethanoid glycosides from Paulownia tomentosa Steud. var. tomentosa wood.
Holzforschung 62, 197–200. doi:10.1515/HF.2008.047

Si, C.-L., Kim, J.-K., Bae, Y.-S., and Li, S.-M. (2009a). Phenolic compounds in the
leaves of Populus ussuriensis and their antioxidant activities. Planta Med. 75,
1165–1167. doi:10.1055/s-0029-1185476

Si, C.-L., Wu, L., Zhu, Z.-Y., Kim, J.-K., Kwon, D.-J., and Bae, Y.-S. (2009b).
Apigenin derivatives from Paulownia tomentosa Steud. var. tomentosa stem barks.
Holzforschung 63 (4), 440–442. doi:10.1515/HF.2009.063

Si, C.-L., Jiang, J.-Z., Liu, S.-C., Hu, H.-Y., Ren, X.-D., Yu, G.-J., et al. (2013a). A
new lignan glycoside and phenolics from the branch wood of Pinus banksiana
Lambert. Holzforschung 67, 357–363. doi:10.1515/hf-2012-0137

Si, C.-L., Shen, T., Jiang, Y.-Y., Wu, L., Yu, G.-J., Ren, X.-D., et al. (2013b).
Antioxidant properties and neuroprotective effects of isocampneoside II on
hydrogen peroxide-induced oxidative injury in PC12 cells. Food Chem. Toxicol.
59, 145–152. doi:10.1016/j.fct.2013.05.051

Si, C., and Xu, J. (2020). Recent advances in bio-medicinal and pharmaceutical
applications of bio-based materials. Curr. Med. Chem. 27 (28), 4581–4583. doi:10.
2174/092986732728200621210700

Song, Q., Zhan, Z., Chen, B., Zhou, Z., and Lu, C. (2020). Biotemplate synthesis of
polypyrrole@ bacterial cellulose/MXene nanocomposites with synergistically
enhanced electrochemical performance. Cellulose 27 (13), 7475–7488. doi:10.
1007/s10570-020-03310-7

Tang, H., Chen, R., Huang, Q., Ge, W., Zhang, X., Yang, Y., et al. (2022). Scalable
manufacturing of leaf-like MXene/Ag NWs/cellulose composite paper electrode for
all-solid-state supercapacitor. EcoMat, e12247. doi:10.1002/eom2.12247

Tayeb, A. H., Amini, E., Ghasemi, S., and Tajvidi, M. (2018). Cellulose
nanomaterials—binding properties and applications: A review. Molecules 23
(10), 2684. doi:10.3390/molecules23102684

Tian, W., VahidMohammadi, A., Reid, M. S., Wang, Z., Ouyang, L., Erlandsson,
J., et al. (2019). Multifunctional nanocomposites with high strength and capacitance
using 2D MXene and 1D nanocellulose. Adv. Mat. 31 (41), 1902977. doi:10.1002/
adma.201902977

Updegraff, D. M. (1969). Semimicro determination of cellulose inbiological
materials. Anal. Biochem. 32 (3), 420–424. doi:10.1016/s0003-2697(69)
80009-6

Wang, Y., Wang, X., Li, X., Bai, Y., Xiao, H., Liu, Y., et al. (2019).
Engineering 3D ion transport channels for flexible MXene films with
superior capacitive performance. Adv. Funct. Mat. 29 (14), 1900326.
doi:10.1002/adfm.201900326

Wang, H., Xie, H., Du, H., Wang, X., Liu, W., Duan, Y., et al. (2020a). Highly
efficient preparation of functional and thermostable cellulose nanocrystals via
H2SO4 intensified acetic acid hydrolysis. Carbohydr. Polym. 239, 116233. doi:10.
1016/j.carbpol.2020.116233

Wang, Y. Y., Fu, Q. J., Bai, Y. Y., Ning, X., and Yao, C. L. (2020b). Construction
and application of nanocellulose/graphene/MnO2 three-dimensional composites as
potential electrode materials for supercapacitors. J. Mat. Sci. Mat. Electron. 31 (2),
1236–1246. doi:10.1007/s10854-019-02635-9

Wang, H., Du, H., Liu, K., Liu, H., Xu, T., Zhang, S., et al. (2021). Sustainable
preparation of bifunctional cellulose nanocrystals via mixed H2SO4/formic acid
hydrolysis. Carbohydr. Polym. 266, 118107. doi:10.1016/j.carbpol.2021.118107

Wang, H., Zhang, M., Hu, J., Du, H., Xu, T., and Si, C. (2022). Sustainable preparation
of surface functionalized cellulose nanocrystals and their application for Pickering
emulsions. Carbohydr. Polym. 297, 120062. doi:10.1016/j.carbpol.2022.120062

Xie, H., Du, H., Yang, X., and Si, C. (2018). Recent strategies in preparation of
cellulose nanocrystals and cellulose nanofibrils derived from raw cellulose materials.
Int. J. Polym. Sci. 2018, 1–25. doi:10.1155/2018/7923068

Xie, H., Zou, Z., Du, H., Zhang, X., Wang, X., Yang, X., et al. (2019). Preparation
of thermally stable and surface-functionalized cellulose nanocrystals via mixed
H2SO4/Oxalic acid hydrolysis. Carbohydr. Polym. 223, 115116. doi:10.1016/j.
carbpol.2019.115116

Xiong, R., Hua, D., Hoeck, J. V., Berdecka, D., Léger, M., Munter, S. D., et al.
(2021a). Photothermal nanofibres enable safe engineering of therapeutic cells. Nat.
Nanotechnol. 16, 1281–1291. doi:10.1038/s41565-021-00976-3

Xiong, R., Xu, R. X., Huang, C., De Smedt, S., and Braeckmans, K. (2021b).
Stimuli-responsive nanobubbles for biomedical applications. Chem. Soc. Rev. 50,
5746–5776. doi:10.1039/C9CS00839J

Xu, J., Li, C., Dai, L., Xu, C., Zhong, Y., Yu, F., et al. (2020a). Biomass fractionation
and lignin fractionation towards lignin valorization. Chemsuschem 13 (17),
4284–4295. doi:10.1002/cssc.202001491

Xu, R., Liu, K., Du, H., Liu, H., Cao, X., Zhao, X., et al. (2020b). Falling leaves
return to their roots: A review on the preparation of gamma-valerolactone from
lignocellulose and its application in the conversion of lignocellulose. Chemsuschem
13 (24), 6461–6476. doi:10.1002/cssc.202002008

Xu, R., Si, C., Kong, F., and Li, X. (2020c). Synthesis of γ-valerolactone and its
application in biomass conversion. J. For. Eng. 5 (2), 20–28. doi:10.13360/j.issn.
2096-1359.201904004

Xu, R., Du, H., Liu, C., Liu, H., Wu, M., Zhang, X., et al. (2021a). An efficient and
magnetic adsorbent prepared in a dry process with enzymatic hydrolysis residues
for wastewater treatment. J. Clean. Prod. 313, 127834. doi:10.1016/j.jclepro.2021.
127834

Xu, T., Du, H., Liu, H., Liu, W., Zhang, X., Si, C., et al. (2021b). Advanced
nanocellulose-based composites for flexible functional energy storage devices. Adv.
Mat. 33 (48), 2101368. doi:10.1002/adma.202101368

Xu, T., Liu, K., Sheng, N., Zhang, M., Liu, W., Liu, H., et al. (2022). Biopolymer-
based hydrogel electrolytes for advanced energy storage/conversion devices:
Properties, applications, and perspectives. Energy Storage Mater. 48, 244–262.
doi:10.1016/j.ensm.2022.03.013

Yan, C., Wang, J., Kang, W., Cui, M., Wang, X., Foo, C. Y., et al. (2014). Highly
stretchable piezoresistive graphene–nanocellulose nanopaper for strain sensors.
Adv. Mat. 26 (13), 2022–2027. doi:10.1002/adma.201304742

Yang, J., Bao, W., Jaumaux, P., Zhang, S., Wang, C., and Wang, G. (2019a).
MXene-based composites: Synthesis and applications in rechargeable batteries and
supercapacitors. Adv. Mat. Interfaces 6 (8), 1802004. doi:10.1002/admi.201802004

Yang, Q., Yang, J., Gao, Z., Li, B., and Xiong, C. (2019b). Carbonized cellulose
nanofibril/graphene oxide composite aerogels for high-performance supercapacitors.
ACS Appl. Energy Mat. 3 (1), 1145–1151. doi:10.1021/acsaem.9b02195

Yang, X., Xie, H., Du, H., Zhang, X., Zou, Z., Zou, Y., et al. (2019c). Facile
extraction of thermally stable and dispersible cellulose nanocrystals with high yield
via a green and recyclable FeCl3-catalyzed deep eutectic solvent system. ACS
Sustain. Chem. Eng. 7 (7), 7200–7208. doi:10.1021/acssuschemeng.9b00209

Yang, J., Si, C., Liu, K., Liu, H., Li, X., and Liang, M. (2020). Production of levulinic
acid from lignocellulosic biomass and application. J. For. Eng. 5 (2), 21–27. doi:10.
13360/j.issn.2096-1359.201905013

Zhai, Y., Dou, Y., Zhao, D., Fulvio, P. F., Mayes, R. T., and Dai, S. (2011). Carbon
materials for chemical capacitive energy storage. Adv. Mat. 23 (42), 4828–4850.
doi:10.1002/adma.201100984

Zhang, L. L., and Zhao, X. S. (2009). Carbon-based materials as supercapacitor
electrodes. Chem. Soc. Rev. 38 (9), 2520–2531. doi:10.1039/B813846J

Zhang, K., Zhang, Y., Yan, D., Zhang, C., and Nie, S. (2018). Enzyme-assisted
mechanical production of cellulose nanofibrils: Thermal stability. Cellulose 25 (9),
5049–5061. doi:10.1007/s10570-018-1928-7

Zhang, M., Du, H., Liu, K., Nie, S., Xu, T., Zhang, X., et al. (2021). Fabrication and
applications of cellulose-based nanogenerators. Adv. Compos. Hybrid. Mat. 4,
865–884. doi:10.1007/s42114-021-00312-2

Zhao, X., Sánchez, B. M., Dobson, P. J., and Grant, P. S. (2011). The role of
nanomaterials in redox-based supercapacitors for next generation energy storage
devices. Nanoscale 3 (3), 839–855. doi:10.1039/C0NR00594K

Zhao, D., Zhang, Q., Chen, W., Yi, X., Liu, S., Wang, Q., et al. (2017). Highly
flexible and conductive cellulose-mediated PEDOT: PSS/MWCNT composite films
for supercapacitor electrodes. ACS Appl. Mat. Interfaces 9 (15), 13213–13222.
doi:10.1021/acsami.7b01852

Zheng, Q., Cai, Z., Ma, Z., and Gong, S. (2015). Cellulose nanofibril/reduced
graphene oxide/carbon nanotube hybrid aerogels for highly flexible and all-solid-
state supercapacitors. ACS Appl. Mat. Interfaces 7 (5), 3263–3271. doi:10.1021/
am507999s

Zhou, G., Li, M. C., Liu, C., Wu, Q., and Mei, C. (2022). 3D printed Ti3C2Tx

MXene/cellulose nanofiber architectures for solid-state supercapacitors: Ink
rheology, 3D printability, and electrochemical performance. Adv. Funct. Mat. 32
(14), 2109593. doi:10.1002/adfm.202109593

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Liang et al. 10.3389/fbioe.2022.1024453

80

https://doi.org/10.1016/j.cej.2019.02.173
https://doi.org/10.1515/HF.2008.047
https://doi.org/10.1055/s-0029-1185476
https://doi.org/10.1515/HF.2009.063
https://doi.org/10.1515/hf-2012-0137
https://doi.org/10.1016/j.fct.2013.05.051
https://doi.org/10.2174/092986732728200621210700
https://doi.org/10.2174/092986732728200621210700
https://doi.org/10.1007/s10570-020-03310-7
https://doi.org/10.1007/s10570-020-03310-7
https://doi.org/10.1002/eom2.12247
https://doi.org/10.3390/molecules23102684
https://doi.org/10.1002/adma.201902977
https://doi.org/10.1002/adma.201902977
https://doi.org/10.1016/s0003-2697(69)80009-6
https://doi.org/10.1016/s0003-2697(69)80009-6
https://doi.org/10.1002/adfm.201900326
https://doi.org/10.1016/j.carbpol.2020.116233
https://doi.org/10.1016/j.carbpol.2020.116233
https://doi.org/10.1007/s10854-019-02635-9
https://doi.org/10.1016/j.carbpol.2021.118107
https://doi.org/10.1016/j.carbpol.2022.120062
https://doi.org/10.1155/2018/7923068
https://doi.org/10.1016/j.carbpol.2019.115116
https://doi.org/10.1016/j.carbpol.2019.115116
https://doi.org/10.1038/s41565-021-00976-3
https://doi.org/10.1039/C9CS00839J
https://doi.org/10.1002/cssc.202001491
https://doi.org/10.1002/cssc.202002008
https://doi.org/10.13360/j.issn.2096-1359.201904004
https://doi.org/10.13360/j.issn.2096-1359.201904004
https://doi.org/10.1016/j.jclepro.2021.127834
https://doi.org/10.1016/j.jclepro.2021.127834
https://doi.org/10.1002/adma.202101368
https://doi.org/10.1016/j.ensm.2022.03.013
https://doi.org/10.1002/adma.201304742
https://doi.org/10.1002/admi.201802004
https://doi.org/10.1021/acsaem.9b02195
https://doi.org/10.1021/acssuschemeng.9b00209
https://doi.org/10.13360/j.issn.2096-1359.201905013
https://doi.org/10.13360/j.issn.2096-1359.201905013
https://doi.org/10.1002/adma.201100984
https://doi.org/10.1039/B813846J
https://doi.org/10.1007/s10570-018-1928-7
https://doi.org/10.1007/s42114-021-00312-2
https://doi.org/10.1039/C0NR00594K
https://doi.org/10.1021/acsami.7b01852
https://doi.org/10.1021/am507999s
https://doi.org/10.1021/am507999s
https://doi.org/10.1002/adfm.202109593
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1024453


Regulatory network of
ginsenoside biosynthesis under
Ro stress in the hairy roots of
Panax ginseng revealed by RNA
sequencing

Xiangru Meng, Tao Zhang*, Changbao Chen*, Qiong Li and
Jingwan Liu

Key Laboratory of Chinese Medicine Planting and Development, Changchun University of Chinese
Medicine, Changchun, Jilin, China

P. ginseng C.A. Meyer is a valuable Chinese herbal medicine that belongs to the

Araliaceae family. Major obstacles to the continuous cropping of ginseng have

severely restricted the sustainable development of the ginseng industry. The

allelopathic effects of triterpenoid saponins play an important role in disorders

related to continuous cropping; however, the mechanisms underlying the

allelopathic autotoxicity of triterpenoid ginsenosides remain unknown. In this

study, we performed mRNA and miRNA sequencing analyses to identify

candidate genes and miRNAs that respond differentially to ginsenoside Ro

stress in ginseng and their targets. The growth of the ginseng hairy roots was

significantly inhibited under Ro stress (0.5 mg/L, Ro-0.5). The inhibition of root

growth and injury to root-tip cells promoted the accumulation of the

endogenous hormones indole-3-acetic acid and salicylic acid and inhibited

the accumulation of abscisic acid and jasmonate acid. The accumulation of

ginsenosides, except Rg3, was significantly inhibited under Ro-0.5 stress. An

mRNA analysis of the Ro-0.5 and control groups showed that differentially

expressed genes weremostly concentrated in the hormone signal transduction

pathway. ARF7 and EFM were upregulated, whereas XTH23 and ZOX1 were

downregulated. These genes represent important potential candidates for

hormone-responsive continuous cropping diseases. In total, 74 differentially

expressed miRNAs were identified based on the miRNA sequencing analysis, of

which 22 were upregulated and 52 were downregulated. The target genes of

ptc-miR156k_L + 1, mtr-miR156b-5p, gma-miR156a_R + 1, and mtr-miR156e

all belonged to TRINITY_DN14567_c0_g4, which is a gene in the plant

hormone signal transduction pathway. These four miRNAs were all

negatively correlated with mRNA, indicating their likely involvement in the

response of ginseng to continuous cropping disorders and the regulation of
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ginsenoside synthesis. Our findings provide useful insights for removing the

barriers to continuous ginseng cropping and have important implications in the

genetic engineering of plant stress responses.

KEYWORDS

P. ginseng, Ro stress, physiological characteristic, ginsenoside, miRNA

Introduction

P. ginseng C.A. Meyer is a perennial herb and valuable

traditional Chinese medicinal ingredient with a long history of

use. Ginsenosides, which are the major active compounds in

ginseng, have numerous medicinal benefits such as immune

regulation, anti-stress, anti-fatigue, anti-oxidation, anti-

inflammatory, anti-tumor, hypoglycemic, and liver-protective

properties (China Pharmacopoeia Commission, 2020; Fan

et al., 2019; Riaz M. et al., 2019). Approximately 200 types of

ginsenoside monomers have been isolated from ginseng (Lee

et al., 2012; Shi et al., 2013). Ginsenosides are critical biomarkers

of ginseng quality. The 2020 edition of the Chinese

Pharmacopoeia has defined the appropriate amounts of root

ginsenosides for therapeutic use. For example, the amount of Rg1

(C42H72O14) and Re (C48H82O18) should not be lower than

0.30%, and that of Rb1 (C54H92O23) should not be lower than

0.20% (China Pharmacopoeia Commission, 2020; Sun et al.,

2011). The different aglycones of ginsenosides may be divided

into oleanane-type pentacyclic triterpene saponins,

protopanaxadiol-type saponins (PPD), and protopanaxatriol-

type saponins (PPT), where PPD- and PPT-type saponins are

dammarane-type tetracyclic triterpenoids (Zhang et al., 2019).

Ginseng has the highest output value of all Chinese herbal

medicines and is an important resource with unique

characteristics within the Chinese medicine and general health

industries. However, the cultivation period of ginseng is long, and

obstacles to the continuous cropping of ginseng have long acted

as a major technical bottleneck restricting its sustainable

development. Soils in which ginseng has previously been

planted cannot be used for ginseng production for the next

30 years because of continuous cropping issues such as

burning beard, red skin, and rotten roots, which can lead to a

reduced yield or no harvest of the crop. Therefore, to ensure

continuous planting, China has cut down forests to plant new

ginseng crops. This has resulted in serious problems such as

ecological imbalance, soil erosion, and the depletion of rare forest

species (Li et al., 2022). Rhizosphere allelopathy is one of the

main factors inhibiting the continuous cropping of ginseng

medicinal plants as it induces rhizosphere soil acidification,

rhizosphere microbial community structure imbalance, and

plant diseases. Moreover, the obstacles to continuous cropping

have intensified over time (Li et al., 2022). Allelopathy refers to

the phenomenon in which plants or microorganisms release

chemical substances, or allelochemicals, into the surrounding

environment, which then affect the growth and development of

surrounding plants. These allelochemicals can exert positive or

negative effects on plants, such as autotoxicity, partiality, and

self-promotion. Allelopathy mainly occurs in the soil through

root exudation, residue decomposition, and rainwater leaching,

and directly or indirectly affects the formation of soil structure

and plant growth. The secondary metabolites of ginseng

biosynthesis are allelopathic substances and are mainly

produced by the acetate or shikimate pathways or a

combination of both. Allelochemicals mainly originate from

root exudation and residue decomposition in the soil during

plant growth. Since these components are insoluble in water, they

accumulate gradually and may eventually reach a concentration

at which they can seriously inhibit plant growth and

development. Allelochemicals have significant inhibitory

effects on P. ginseng and affect seed germination, seedling

growth, and root vigor. A study by Chen found that the soil

extract of old ginseng could inhibit ginseng seed germination and

root elongation (Chen et al., 2006). Moreover, the degree of the

inhibition of ginseng seed germination and root elongation

increased with increasing extract concentrations. Plant

hormones play an important role in the adaptation of ginseng

to external environmental stress. The allelochemical ginsenoside

Rg1 influences the low promotion and high inhibition of the

endogenous hormone levels of ginseng seedlings; that is, low

concentrations of Rg1 promote auxin [indole-3-acetic acid

(IAA)] and gibberellin contents, whereas high concentrations

of Rg1 reduce IAA and gibberellin contents. Furthermore,

different concentrations of Rg1 may increase the amount of

abscisic acid (Qiong, 2020).

mRNA and miRNA sequencing are key modern

biotechnologies and important methods for exploring and

mining the key genes in plants that respond to external

environmental stimuli. Wu et al. (2012) constructed a miRNA

transcriptome database of ginseng roots, stems, leaves, and

flowers using high-throughput sequencing technology and

obtained a large number of miRNAs related to environmental

stress. Gao et al. (2016) used RNA sequencing to study ginseng

transcriptome products treated with rust fungus at different

timepoints and found that 3,839 of the 73,335 single genes

that had been produced were upregulated. Chen et al. (2020)

further used methyl jasmonate to stress the adventitious roots of

ginseng and reported 136 upregulated PgERF genes and

152 downregulated PgERF genes. Moreover, two POD genes

and one SOD gene were upregulated in ginseng root tissue, one
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SOD gene was upregulated in ginseng leaf tissue, and seven genes

related to ginsenoside synthesis were downregulated.

In this study, we simulated the phenomenon of continuous

cropping obstacles in ginseng and detected morphological

changes in the hairy roots of ginseng by adding ginsenoside

Ro exogenously under relatively controllable experimental

conditions. We measured the degree of damage to tip cells

and the contents of ginsenosides and endogenous hormones

in the hairy roots of ginseng. We further explored the effects of

ginsenoside Ro stress on ginsenoside biosynthesis and observed

ginsenoside-induced allelopathic damage to ginseng endogenous

substance accumulation. By combining mRNA and miRNA

sequencing technologies, we comprehensively analyzed the

toxic mechanisms of ginseng allelopathic interference at the

transcriptional and post-transcriptional levels under

ginsenoside Ro allelopathic stress. This study provides a

theoretical basis for ensuring the continuous and effective

supply of land for ginseng production.

Results

Biomass and morphological changes in
ginseng hairy roots

The general growth cycle of the ginseng hairy roots lasted

30 days, with a slow growth period from days 1–13 and a

logarithmic growth period from days 14–22, during which the

metabolic rate was vigorous and growth rate was the highest. The

ginseng entered a period of relatively stable growth after 22 days, with

no further increases inweight. Thefinal concentrations of saponinRo

in the liquid media of the six treatment groups were 0.002 mg/L (Ro

0.002), 0.01 mg/L (Ro 0.01), 0.05 mg/L (Ro 0.05), 0.25 mg/L (Ro

0.25), 0.50 mg/L (Ro 0.5), and 1.00 mg/L (Ro 1). Distilled water was

used for the control group. The hairy roots of ginseng that exhibited

good growth were subcultured into conical flasks for the different

treatments. The initial weight of each bottle was 3 g, and the samples

were weighed after 30 days. The results are shown in Figure 1A. The

growth of the ginseng roots was significantly inhibited by treatment

with 0.5 mg/L of Ro. The lowest monthly multiplication rate was

10.23 (Ro 0.5), which was lower than that of the CK group (82.41%).

The difference was highly significant. The Ro 0.5 treatment had the

greatest inhibitory effect on the growth of the ginseng hairy roots.

The growth states of the ginseng hairy roots in liquid media

with different Ro concentrations differed as shown in Figure 1B.

The hairy roots in the CK group were in good condition overall,

with a light-yellow color, multiple hairs, multiple branches, rapid

growth, and clumps. Moreover, the hairy roots were longer and

thicker than those in the treatment groups with and had many

fine branches. Compared to those in the CK group, the hairy

roots in the treatment groups were brown in color. The growth of

the hairy roots in the Ro 0.5 group showed an apoptotic trend,

and their color gradually changed from fresh translucent white to

dark yellow before becoming brown and dark brown after

27 days. This indicated that Ro 0.5 had a significant inhibitory

effect on the growth of the ginseng hairy roots.

Root-tip cell viability assay results

According to the measured monthly ginseng hairy-root

growth rate, the Ro 0.5 treatment group exhibited the greatest

inhibitory effect on hairy-root growth; therefore, this group was

selected as the treatment group for further study. Confocal laser

scanning microscopy was used to measure the viability of apical

cells in the hairy roots, observe the ratio of living-to-dead cells,

FIGURE 1
Effects of Ro on the appearance, ginsenoside content, and hormone content of the hairy roots of P. ginseng. Monthly multiplication rate of P.
ginseng hairy roots induced by different concentrations of ginsenoside Ro (A). Effects of different Ro concentrations on the appearance of ginseng
hairy roots (B). Ro-induced root-tip cell viability differences in ginseng hairy-root injury (C). Changes in the content of ginsenosides in the hairy roots
of P. ginseng (D). Absolute quantitative results of 13 hormones in the hairy roots of P. ginseng (E). * indicates a significant correlation (p < 0.05);
** indicates a significant correlation (p < 0.01).
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and complete the localization of apical cells in the hairy roots.

Fluorescein diacetate can rapidly enter living root-tip cells and

show strong fluorescence, whereas propidium iodide can rapidly

enter dead root-tip cells and display strong fluorescence. The

results of the co-staining experiment on the tips of the hairy root

in the CK and treatment groups are shown in Figure 1C. The root

cells in the CK group exhibited strong vitality and were in good

condition. Conversely, the cells at the root tips in the treatment

group were severely damaged. It is possible that a large amount of

propidium iodide entered the dead cells, combined with DNA,

and was repelled by the living cells, thereby resulting in strong red

fluorescence. Therefore, red blood cells were more abundant in

the treatment group than in the CK group. These results also

confirmed the significant inhibitory effect of Ro 0.5 on the

growth of ginseng hairy-root cells. The CK and Ro 0.5 groups

were further selected for an in-depth omics sequencing analysis.

Ginsenoside contents in ginseng hairy
roots

After the exogenous addition of 0.5 mg/L of ginsenoside Ro,

the accumulation of ginsenosides (except for Rg3) was

significantly inhibited compared to that in the CK group. The

results are shown in Figure 1D, which shows that PPD-type

saponins decreased by 1.4560 mg/g to 0.59-times less than that in

the CK group (p < 0.01); PPT-type saponins decreased by

2.2840 mg/g to 0.77-times less than that in the CK group (p <
0.01); and OLE-type saponins decreased by 0.6580 mg/g to 0.77-

times less than that in the CK group (p < 0.01). Moreover, the

sum of all 14 saponins decreased by 4.3980 mg/g to 0.71-times

less than that in the CK group (p < 0.01).

After the Ro 0.5 treatment, the ratio of Rb1, Re, Rg1, PPD-

type, and PPT-type ginsenosides-to-total saponins also changed

(Table 1). The proportion of Rb1, Re, and PPT-type ginsenosides

decreased significantly, whereas the proportion of Rg1 and PPD-

type ginsenosides and that of PPD/PPT increased significantly.

This indicated that the accumulation of PPD-type ginsenosides

was stimulated under the Ro 0.5 treatment, whereas the

biosynthesis of PPT-type ginsenosides was inhibited.

Endogenous hormone contents in
ginseng hairy roots

Changes in the endogenous hormone contents of the ginseng

hairy roots under Ro stress are shown in Figure 1E. Adding

ginsenoside Ro exogenously significantly promoted the

accumulation of the endogenous hormones IAA and salicylic

acid (SA), which increased by 10.0% and 9.6%, respectively,

compared with those in the CK group. The accumulation of

abscisic acid (ABA) and its synthetic pathway intermediates was

inhibited, as was the accumulation of the endogenous hormone

jasmonate acid (JA) and its synthetic pathway intermediates. We

speculate that the hairy roots of ginseng resist external

environmental stimuli by regulating the biosynthesis of

endogenous hormones. IAA, SA, JA, and ABA, in particular,

are important endogenous signaling molecules in hairy ginseng

roots that respond to ginsenoside Ro stress.

Basic information on miRNA sequencing

Statistical and quality controls were performed on the unique

sequences of the six detection samples and the copy number

corresponding to each sequence. The raw sequencing data were

first filtered to remove low-quality bases (<18 nt) at the linker

sequence and 3′ ends of the sequences. An overview of the

sequencing data and sequence alignments of the six samples

(Supplementary Table S1) indicated that the ginseng RNA was of

high quality. We then compared and filtered quality-controlled

raw data with databases such as RFam and Repbase to obtain

valid data. The numbers of valid reads in the six samples were

25,64,382, 35,87,700, 27,58,087, 36,22,380, 36,78,294, and

38,90,141. As shown in Figure 2A, the distribution of the

sequence lengths of the six samples was mainly concentrated

at 20–24 nt, with 21 and 24 nt being the most common lengths,

which was consistent with the typical characteristics of Dicer

enzyme cleavage.

miRNAs are highly evolutionarily conserved across many

species. Therefore, we speculate that miRNAs identified from the

same species may also be evolutionarily conserved. We counted

TABLE 1 Changes in the ratio of ginsenosides in hairy roots after Ro treatment.

Ginsenoside type CK mean ± SD (%) Ro 0.5 mg/L mean ± SD
(%)

Rb1/Total saponins 27.64% ± 2.23% 38.52% ± 2.39%

Re/Total saponins 16.47% ± 1.10% 20.41% ± 1.16%

Rg1/Total saponins 21.05% ± 1.14% 8.67% ± 0.55%

PPD/Total saponins 39.49% ± 2.89% 54.42% ± 3.32%

PPT/Total saponins 46.98% ± 2.71% 35.39% ± 2.11%

PPD/PPT 84.06% ± 6.16% 153.78% ± 9.39%
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the miRNAs that were detected in ginseng and other species

(Figure 2B). Many of the conserved miRNAs in the ginseng were

also highly conserved in the evolutionary process and were

similar to those in soybean (glycine). max (Linn. Merr.),

apples (Malus domestica), poplar (Populus L.), Arabidopsis

thaliana (L. Heynh.), and other species, with high homology.

Regarding the sequence-specificity determinants of plant

miRNAs, the first base at the 5′ end has a U bias. Therefore,

we analyzed the preference of the 5′ first base of miRNAs in

ginseng (Figure 2C). The sequencing results showed that the first

bases of the miRNA sequences with lengths of 18–22 nt in

ginseng were more inclined to U, whereas the miRNAs with

lengths of 23 or 24 nt had a preference for the first base. This was

consistent with previous findings on plant miRNA

characterization, which enhances our confidence in our

identification results (Chen, 2017).

Identification of miRNAs in the hairy roots
of ginseng under Ro stress

Next, we identified the types of knownmiRNAs in ginseng and

their families by aligning the obtained miRNA sequences with

known miRNA sequences from different species (Figure 2D). We

obtained a total of 397 ginseng candidate miRNAs from

44 families. Because the miRNAs detected by the sequencing

analysis of the experimental data were predominantly in the

form of isoform population expression, the expression of many

types of miRNAs in the sequence expression in certain stages and

periods was not necessarily the same as that in the miRBase

database. The reported miRNA sequences were identical.

Among these miRNA families, miR6135 was the largest family

and contained 185 miRNAs, followed by the miR6140 family,

which contained 40 miRNAs, and the miR166 family, which

contained 10 miRNAs. These results were similar to those of

previous studies (Jung et al., 2018).

The miRNA Venn diagram is shown in Figure 2E. Based on

the principle that the expression level of mature miRNAs in the

six samples was not zero, 293 miRNAs were expressed in the

samples from the same group. Moreover, 169 miRNAs were

expressed in all the samples of the group. Among them, seven

miRNAs were specifically expressed in the Ro group and

117 miRNAs were expressed in the CK group.

Differentially expressed miRNAs were analyzed, and the

number of reads obtained by sequencing was normalized to

obtain the miRNA expression levels. Differentially expressed

miRNAs were screened using a threshold of p ≤ 0.05. A total

of 74 differentially expressed miRNAs were detected, of which

22 were upregulated and 52 were downregulated (Figures 3A,B).

The expression levels of peu-MIR2916-p5_1ss5AG in the

upregulated miRNAs and mdm-miR166a_L+2R-2, mtr-

miR166c, and mtr-miR396b-5p_1ss7AG in the downregulated

miRNAs were higher, which may have played an important role

in the plant response to ginsenoside Ro stress.

Target gene prediction and analysis of
differential miRNAs

TargetFinder (Dai et al., 2018) was used to predict the

target genes of the miRNAs with significant differences. The

functions in which the predicted target genes were enriched in

were analyzed using Gene Ontology (GO) and the Kyoto

Encyclopedia of Genes and Genomes (KEGG). The results

FIGURE 2
Changes in miRNAs in the hairy roots of P. ginseng under ginsenoside Ro stress. Length distribution of the total valid reads (A). Statistics on the
frequency of miRNA of P. ginseng in other species (B). miRNA first nucleotide bias of P. ginseng (C). Distribution of the conserved miRNAs of P.
ginseng (D). Venn diagram of the number of common and unique miRNAs in ginseng under ginsenoside Ro stress (E).
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of the GO functional annotation analysis of the miRNA target

genes are shown in Figure 3C. The target genes were mainly

involved in the auxin-activated signaling pathway,

multicellular organism development, cell differentiation,

meristem initiation, and other processes, which indicated

that the miRNAs annotated to the target genes may be

involved in or correspond to cell differentiation, hormone

levels, and other processes. The results of the KEGG

functional annotation analysis of the miRNA target genes

are shown in Figure 3D. The target genes were mainly

involved in plant hormone signal transduction, terpenoid

backbone biosynthesis, and circadian rhythm-plant. In the

following sections of this paper, we focus on the hormone

synthesis pathway. The miRNA sequencing results were

verified by a real-time polymerase chain reaction (RT-PCR)

analysis, and the 23 differentially expressed miRNAs were

subjected to quantitative fluorescence testing. The miRNA

expression patterns were consistent with the sequencing

results (Figure 3E), but the sequencing results were more

accurate.

Transcriptome sequencing of ginseng
hairy roots

The RNA quality results for the ginseng hairy roots are

shown in Supplementary Table S1. The total mass of the six

samples was greater than 2 μg, and the OD 260/280 was between

1.96 and 2.24. The Agilent Bioanalyzer 2100 was used to analyze

the total RNA of the six ginseng hairy root samples. In the

quantitative detection, the RNA integrity numbers (RINs) were

all >7, which indicated that the integrity of the RNA met the

standard and requirements needed for subsequent experiments.

The sequencing data has been uploaded to the NCBI database

and may be found using the following link (https://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE212097) and accession

number GSE212097.

Six cDNA libraries that had been prepared from the ginseng

hairy roots were sequenced using an Illumina HiSeq

4000 platform. In total, 83,77,40,362 raw reads were generated

(Supplementary Table S2). After removing joint, duplicate, and

low-quality reads, the Ro (Ro1, Ro2, and Ro3) and CK (CK1,

FIGURE 3
Results and validation of the differential miRNA analysis. Number of the differentially expressedmiRNAs of P. ginseng hairy roots (A). Heatmap of
the differentially expressedmiRNAs of P. ginseng hairy roots (B). GO functional enrichment analysis ofmiRNA target genes in ginseng under Ro stress
(C). KEGG functional enrichment analysis ofmiRNA target genes in ginseng under Ro stress (D). Verification of the fluorescence and quantitative PCR
results of miRNA (E).
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CK2, and CK3) groups comprised a total of 63,72,41,134 reads.

The clean reads were determined to be those with Q20 values

greater than 98%, Q30 values greater than 93%, and a GC content

between 44.19 and 49.33%.

Because the reference genome of ginseng has many repetitive

sequences, it is difficult to compare and complete its genome

sequence. We therefore used an unparalleled ginseng

transcriptome for the comparative analysis. Trinity software

was used for the de novo assembly of all the clean reads of

the six libraries into contigs. The reads were reflected contigs,

redundancy was removed, and the longest transcript was defined

as the unigene. In total, 65,730 unigenes were obtained with an

N50 length of 1,404 nt. The sequencing and assembly results are

shown in Supplementary Table S3, and the length distributions of

all the unigenes are shown in Figure 4A. Most of the unigenes

were 200–300 nt in length. As the length of the unigenes

increased, their number decreased, except when they were

longer than 2,000 nt.

DIAMOND software was used to obtain functional

annotations, and the non-redundant, GO, KEGG, Pfam,

Swiss-Prot, and eggNOG databases were compared. The

functional annotation results are shown in Table 2. All

65,730 unigenes were annotated to the database, with an

annotation ratio of 100%. Among them, 26,381 unigenes

could be annotated to the GO database and accounted for

53.04%; 13,518 unigenes could be annotated to the KEGG

database and accounted for 27.18%; 22,009 unigenes could be

annotated to the Pfam database and accounted for 44.25%;

21,185 unigenes could be annotated to the Swiss-Prot database

and accounted for 42.29%; 29,451 unigenes could be annotated to

the eggNOG database and accounted for 59.21%; and

30,925 unigenes could be annotated to the non-redundant

database and accounted for 62.17%. The quantitative

comparison analysis revealed that the highest number of

unigenes could be annotated to the non-redundant database,

whereas the lowest number could be annotated to the KEGG

database.

The non-redundant annotation results showed that

35,431 unigenes were annotated to the non-redundant

database (Figure 4B). The most annotated species was carrot

(Daucus carota) with a total of 15,497 unigenes (approximately

43.74%), which represented a source abundance of 38.17%. As

for the other species, the homologous species of kiwifruit

(Actinidia chinensis), grape (Vitis vinifera), coffee seed (Coffea

FIGURE 4
Differential mRNA analysis results and validation. Distribution of unigene lengths in the ginseng callus transcriptome; X, length of the unigene; Y,
number of unigenes (A). Non-redundant homologous species distribution (B). Comparison of the differential genes between the Ro and CK
treatments (C). Hierarchical analysis of the differentially expressed genes (DEGs) (D). GO enrichment analysis of the DEGs (E). KEGG enrichment
analysis of the DEGs (F). Comparison of the RNA-seq and qPCR results (G).
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canephora), and olive (Olea europaea) accounted for 7.67%,

5.37%, 1.77%, and 1.53% of the source abundance,

respectively. Thus, the ginseng hairy-root tissue exhibited the

greatest homology with carrots.

Functional analysis and annotation of
differentially expressed genes

To explore the molecular mechanisms underlying the

response of ginseng hairy roots to ginsenoside Ro stress, a

differential comparison analysis of the genes in the six

transcriptome libraries was performed to obtain the

differentially expressed genes (DEGs). The expression of the

unigenes was calculated by transcripts per kilobase of exon

model per million mapped reads. The Ro group was

compared with the CK group (Ro vs. CK). The resulting

differential genes between the treatment and control groups

were defined as DEGs (p ≤ 0.05), which were analyzed using

GO and KEGG enrichment analyses. As shown in Figures 4C,D

2,837 differentially expressed unigenes were identified in the Ro

vs. CK comparison groups, including 1,380 upregulated and

1,457 downregulated unigenes. This indicated that the Ro

treatment affected the expression of related genes in the

ginseng hairy-root tissue and may be one of the main factors

affecting the growth and development of ginseng hairy roots.

The results of the GO enrichment analysis of the DEGs are

shown in Figure 4E. In the Ro vs. CK comparison groups, the

DEGs were mainly involved in transcription, DNA-templated,

transcriptional regulation, extracellular region, transcription

factor activity, sequence-specific DNA binding activity, DNA

binding transcription factor activity, DNA binding, response to

oxidative stress, response to heat, multicellular organism

development, and other processes. The results of the KEGG

enrichment analysis of the DEGs are shown in Figure 4F. In the

Ro vs. CK comparison groups, the DEGs were mainly involved in

starch and sucrose metabolism, plant hormone signal

transduction, plant–pathogen interaction, phenylpropanoid

biosynthesis, glycerolipid metabolism, flavonoid biosynthesis,

and other processes. The results indicated that phytohormone

signal transduction played a greater role in the Ro treatment

group.

The enrichment analyses of the DEGs revealed that the

ginsenoside Ro treatment significantly affected the differential

expression of the ginsenosides and genes regulating the hormone

synthesis-related signaling pathway. The structures and biosynthesis

of triterpenoid saponins are complex and diverse, and their key

synthesis enzymes are rich; therefore, these compounds have

received much attention in recent studies. Cytochrome P450

(CYP450) is an important enzyme involved in this process. As

shown in Table 3, five genes related to CYP450 oxidase synthesis,

including CYP82C4 and CYP87A3, were upregulated

(TRINITY_DN15708_c0_g5 and TRINITY_DN25396_c0_g), and

three genes were downregulated (TRINITY_DN22257_c0_g1,

TRINITY_DN26346_c1_g1 and TRINITY_DN26346_c1_CK).

The differential expression of the genes of key enzymes was

observed in the plant hormone synthesis pathway, including

three ARF7 and EFM genes (TRINITY_DN15428_c0_g1,

TRINITY_DN15651_c0_g5, and TRINITY_DN22370_c0_g1)

that were upregulated and two XTH23 and ZOX1 genes

(TRINITY_DN13852_c0_g1 and TRINITY_DN15971_c0_g1)

that were downregulated. This indicated that the Ro treatment

regulated the expression of ginsenosides and hormone-related

pathway genes.

To verify the reliability of the transcriptome data, 12 DEGs

were randomly selected for a qPCR analysis to compare the

expression levels between the samples. The results are shown in

Figure 4G. The qPCR results were similar to the RNA-seq data,

and the expression trends were consistent, which verified the

reliability of the RNA-seq results.

Combined mRNA and miRNA analysis

Using the ginseng transcriptome sequencing results as a

reference, the differential miRNAs and predicted target genes

were jointly analyzed, and a network diagram was constructed

(Figure 5). miRNA plays a negative regulatory role. In the process

of target gene prediction, one miRNA was often targeted to

multiple target genes, such as mtr-miR171d and mtr-

TABLE 2 Functional annotation results.

Annotated database Number of notes Note proportion (%)

All 65,730 100.00

GO 29,890 45.47

KEGG 23,835 36.26

Pfam 25,921 39.44

Swiss-Prot 24,274 36.93

eggNOG 33,657 51.20

NR 35,431 53.90
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miR166b_R-1. Some miRNAs may have common target genes,

such as aly-miR172a-3p and stu-miR172a-3p, which not only

shows the diversity and specificity of miRNA target genes, but

also indicates that miRNAs encoding the same target gene are

involved in synergistic effects during plant growth and

development. As shown in Figure 5, two known miRNAs

(aly-miR172a-3p and mdm-miR166a_L+2R-2) had more

predicted target genes, indicating that they play an important

role in ginseng growth and the corresponding phytohormone

signaling process. Through a combined analysis with mRNA, it

was found that the target gene of ptc-miR156k_L+1, mtr-

miR156b-5p, gma-miR156a_R+1, and mtr-miR156e was

TRINITY_DN14567_c0_g4. TRINITY_DN14567_c0_g4 is a

gene in the plant hormone signal transduction pathway. The

mRNA sequencing analysis showed that the expression of the

ZOX1 gene for zeatin synthesis was downregulated, the

accumulation of ABA was inhibited, and the accumulation of

ginsenosides decreased. The ZOX1 gene has an important

relationship with ABA synthesis. Ginseng targets genes in the

plant hormone signal transduction pathway through ptc-

miR156k_L+1, mtr-miR156b-5p, gma-miR156a_R+1, and

mtr-miR156e, thereby inhibiting their expression and reducing

the expression of key enzyme genes in the hormone synthesis

pathway. Their expression reduces the accumulation of

TABLE 3 Differentially expressed genes related to ginsenosides and hormones.

Gene name Gene ID Swiss-Prot
description

Ro TPM CK TPM Regulation

CYP82C4 TRINITY_DN22257_c0_g1 Cytochrome P450 37.32 78.79 Down

TRINITY_DN26346_c1_g1 Cytochrome P450 35.87 88.65 Down

TRINITY_DN15708_c0_g5 Cytochrome P450 30.80 12.26 Up

TRINITY_DN26346_c1_g2 Cytochrome P450 16.17 36.10 Down

CYP87A3 TRINITY_DN25396_c0_g1 Cytochrome P450 19.22 9.48 Up

XTH23 TRINITY_DN13852_c0_g1 Plant hormone signal transduction 67.52 193.00 Down

TRINITY_DN15428_c0_g1 Plant hormone signal transduction 79.97 39.10 Up

ARF7 TRINITY_DN15651_c0_g5 Plant hormone signal transduction 41.51 15.43 Up

EFM TRINITY_DN22370_c0_g1 Plant hormone signal transduction 60.84 27.92 Up

ZOX1 TRINITY_DN15971_c0_g2 Zeatin biosynthesis 14.05 30.77 Down

FIGURE 5
Networks of ginsenoside Ro-responsive miRNAs and their targets in ginseng. Red indicates miRNA; yellow indicates mRNA.
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phytohormones, which in turn affects the biosynthesis of

ginsenosides. All four miRNAs were negatively correlated with

mRNA, indicating that ptc-miR156k_L+1, mtr-miR156b-5p,

gma-miR156a_R+1, and mtr-miR156e were most likely

involved in the response to disorders relating to the

continuous cropping of ginseng and the regulation of

ginsenoside synthesis.

Discussion

Terpenoids have always been important allelopathic

substances and represent the main area of research on

allelopathy. Ladhari identified two new dammarane-type

triterpenoids and found that they inhibited seed germination

and seedling growth in Amphora (Ladhari et al., 2020). The

triterpenoid ginsenoside Rg1 has further been found to

significantly inhibit the growth of Chinese cabbage seedlings

(Hongrui et al., 2019). Furthermore, Yan et al. found that P.

notoginseng releases saponins and other allelopathic substances

into the soil through the decomposition of residues and root

secretions (Yang et al., 2015). Plant roots secrete allelopathic

substances into the soil to create a growth environment for

pathogenic microorganisms and induce the growth of

corresponding pathogenic microorganisms, thereby resulting

in continuous cropping disorders (Adamczyk et al., 2021). P.

notoginseng can release allelopathic substances such as phenolic

acids and saponins into the soil through body decay and root

secretion, which result in the death of root tissues (Yang et al.,

2015). Ginsenoside Rg1 has further been found to significantly

affect ginseng seed germination and seedling growth (Li and

Lianxue, 2020). We found that the exogenous addition of

different concentrations of ginsenoside Ro produced different

degrees of the inhibition of the monthly multiplication rate of

ginseng hairy roots. The Ro 0.5 group also exerted a significant

inhibitory effect on the visual properties and viability of the

ginseng hairy roots. The hairy roots gradually turned from white

to dark yellow and brown and exhibited the worst growth state

out of the treatment groups. All of the root-tip cells were stained

red, which indicated that the cells had been damaged to a greater

extent. Ginsenosides and other substances exert self-toxic effects

on ginseng plants. Ginsenoside allelochemicals can degrade and

shed ginseng fibrous root cells, and when the content of

ginsenosides in ginseng plants decreases, the growth of

ginseng is inhibited. These findings are consistent with those

in this study (Bian et al., 2020; Wu et al., 2016; Zhan and Wang,

2021).

Phytohormones are organic compounds that are produced in

plants that are usually transported from the synthesis site to the

active site where they can regulate their physiological processes in

trace amounts (Cong et al., 2016). Endogenous hormones play an

important role in the regulation of physiological levels and gene

expression when plants face changes in the external environment

during their growth and development (Zhang et al., 2020). In this

study, the amounts of the endogenous hormones IAA and SA in

the hairy roots of ginseng increased significantly under Ro stress

by 10.0% and 9.6%, respectively, compared with those in the CK

group. However, the accumulation of ABA and its synthetic

pathway intermediates was inhibited, as was the accumulation of

the endogenous hormone JA and its synthetic pathway

intermediates. IAA is a physiological response involved in

identifying signals, inducing the expression of response genes,

and regulating the corresponding physiological responses of the

body during the early stages of plant growth and development

(Qu et al., 2021; Zazimalova and Napier, 2003). SA plays an

important role in plant growth and development, fruit ripening,

and the stress response; however, environmental stress can

promote SA accumulation in Arabidopsis and wheat (Cooper

et al., 2018; Kosova et al., 2012). ABA regulates the production of

secondary metabolites through a variety of factors, such as its

synthesis pathway, signal transduction, and the interaction

between hormones, whereas drought stress can induce a

massive accumulation of ABA, thereby leading to stomatal

closure and reduced water loss (Zhang et al., 2010,2013). JA

and its methyl ester-based jasmonates comprise a class of plant

growth regulators that play important roles in improving plant

stress resistance and morphogenesis (Avanci et al., 2010). In this

study, we speculated that ginseng hairy roots resist external

environmental stimuli by regulating the biosynthesis of

endogenous hormones. IAA, SA, JA, and ABA may be

important endogenous signaling molecules in hairy ginseng

roots that are involved in the response to stress induced by

ginsenoside Ro.

In recent years, the application of transcriptomics to study

medicinal plants has increased gradually. Medicinal plants that

have undergone transcriptome sequencing include P. ginseng

(Liu et al., 2016), Panax quiquefolium L. (Wu et al., 2013), Salvia

miltiorrhiza Bunge (Gao et al., 2014), Bupleurum chinense (Sui

et al., 2011), Glycyrrhiza uralensis Fisch. (Li et al., 2010),

Gastrodia elata Bl. (Zeng et al., 2017), and Dendrobium

officinale Kimura et Migo. (Shen et al., 2017). Through

transcriptome sequencing, important progress has been made

in the development of new gene mining, functional predictions,

and metabolic pathways in medicinal plants. CYP450 is an

ancient supergene family in plants. It partakes in a wide range

of catalytic activities and is involved in plant biosynthesis and

biological detoxification. CYP450 can catalyze the synthesis of

compounds affecting plant growth and development, such as

terpenoids, flavonoids, steroid alkaloids, alkaloids, and

phenylpropanoids (Lee et al., 2010; Morikawa et al., 2006).

Loss-of-function mutations in CYP72A69 can convert

triterpenoid saponins from unwanted group A saponins to

beneficial DDMP saponins (Yano et al., 2017). The

CYP82 gene is moderately homologous to plant flavonoid

hydroxylase, which is involved in the plant defense response

and wound repair (Frank et al., 1996). In this study, we found that
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out of five genes (four copies of the CYP82C4 gene and one copy

of the CYP87A3 gene) related to CYP450 oxidase synthesis, two

genes were upregulated, and three were downregulated. The

CYP82C4 and CYP87A3 genes may play an important role in

ginsenoside Ro stress. Phytohormones play key regulatory roles

in plant stress physiology and signal transduction in plant

responses to biotic and abiotic stressors. The XTH23 gene can

improve the resistance of plants to drought by increasing the

amount of proline and superoxide dismutase and reducing the

damage in plant cells under stress (Zhang et al., 2022). ARF and

EFM are important transcription factors in plant hormone

synthesis and play an important role in the plant response to

environmental changes (Wu et al., 2011). In this study, we

excavated the differential expression of four key enzyme genes

in the plant hormone synthesis pathway. Three genes were

upregulated, and one gene was downregulated. The XTH23,

ARF, and EFM genes may further play an important role in

ginsenoside Ro stress.

As the main means of regulation at the post-transcriptional

level, miRNAs have become a popular topic in research on

secondary metabolism in medicinal plants. miRNAs can

regulate plant development and stress responses and have

gradually become the focus of research on plant metabolic

processes (Kidner and Martienssen, 2005; Owusu et al., 2021).

Currently, 29 ginseng miRNAs have been published in the

miRBase database (Wu et al., 2015). miRNA156 is one of the

core members of the plant miRNA family and one of the most

evolutionarily conserved miRNAs, which have been studied

extensively in a variety of plants (Ma et al., 2021). miRNAs

also play an important role in regulating the synthesis of plant

secondary metabolites. The overexpression of miRNA156A can

lead to increased levels of Dihydrofl avonol 4-reductase (DFR),

which promotes anthocyanin biosynthesis (Gao et al., 2018).

miRNA156 plays a role inArabidopsis sesquiterpene biosynthesis

and promotes sesquiterpene biosynthesis in the patchouli plant

(Yu et al., 2015). miR156 targets 1-deoxy-D-xylose-5-phosphate

synthase (1-deoxy-D-xylulose-5-phosphate synthase; DXS),

which is involved in carotenoid synthesis in Lycium barbarum

(Zeng et al., 2015). The mRNA sequencing analysis showed that

the expression of the ZOX1 gene for zeatin synthesis was

downregulated, the accumulation of ABA was inhibited, and

the accumulation of ginsenosides decreased. The ZOX1 gene has

an important relationship with ABA synthesis. The auxin-

responsive factor ARF plays an important role in the response

of plants to changes in the external environment, and JA and

auxin are involved in the regulation of miRNA156 (Jerome et al.,

2020). The upregulation of the ARF gene in ginseng in response

to Ro stress affects the biosynthesis of the phytohormone JA,

which is involved in the regulation of miRNA156. Using the

results of the mRNA sequencing analysis as a reference, a joint

analysis with mRNA was performed and revealed that the target

gene of ptc-miR156k_L+1, mtr-miR156b-5p, gma-miR156a_R+1,

and mtr-miR156e was TRINITY_DN14567_c0_g4, which is a gene

in the plant hormone signal transduction pathway. Ginseng targets

genes in the plant hormone signal transduction pathway through

ptc-miR156k_L+1, mtr-miR156b-5p, gma-miR156a_R+1, and mtr-

miR156e, thereby inhibiting their expression and reducing the

expression of key enzyme genes in the hormone synthesis

pathway. Their expression reduces the accumulation of

phytohormones, which in turn affects the biosynthesis of

ginsenosides.

Conclusion

The results of this study indicate that the growth of ginseng

hairy roots is significantly inhibited by Ro-induced stress

(0.5 mg/L). The Ro stress also induced root-tip cell injury,

which promoted the accumulation of the endogenous

hormones IAA and SA and inhibited the accumulation of

ABA and JA. Moreover, the accumulation of ginsenosides

(except Rg3) was significantly inhibited under Ro stress. The

mRNA analysis of the Ro (0.5 mg/L) and CK groups showed that

the DEGs were mostly concentrated in the hormone signal

transduction pathway. ARF7 and EFM were upregulated,

whereas XTH23 and ZOX1 were downregulated, indicating

that these genes are important candidates for hormone-

responsive continuous cropping disorders. Furthermore,

74 differentially expressed miRNAs were identified from the

miRNA sequencing analysis, of which 22 were upregulated

and 52 were downregulated. The target gene of ptc-

miR156k_L+1, mtr-miR156b-5p, gma-miR156a_R + 1, and

mtr-miR156e was TRINITY_DN14567_c0_g4 in the plant

hormone signal transduction pathway. These miRNAs were

negatively correlated with mRNA, indicating their likely

involvement in the ginseng response to continuous cropping

disorders and the regulation of ginsenoside synthesis. Our

findings provide a useful platform for overcoming the

obstacles to the continuous cropping of ginseng and suggest

new insights into the genetic engineering of plant stress

responses.

Materials and methods

Plant materials and experimental design

Hairy roots have high genetic stability and fast

reproduction rates. The hairy roots of P. ginseng were

induced from the roots of ginseng plants (variety Erma Ya)

that were obtained from the Key Laboratory of Chinese

Medicine Planting and Development at the Changchun

University of Chinese Medicine, Changchun, China. All the

hairy roots were derived from the same ginseng root to ensure

the uniformity of the test materials. The hairy roots of the

ginseng group were selected as the experimental material.
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The hairy roots of ginseng were first inoculated into 1/2 MS

solid medium. After they had grown stably, 1 cm of the tips of the

roots were transferred to liquid media. Six different

concentrations of ginsenoside Ro aqueous solutions were

prepared so that the final concentrations of the saponin Ro

contained in the media were 0.002, 0.001, 0.05, 0.25, 0.5, and

1 mg/L. Distilled water was used for the control group. The

control and treatment groups were set up with three biological

replicates for each concentration dose and cultured continuously

for 30 days. Hairy root samples were collected on day 30. A few of

the samples were immediately frozen in liquid nitrogen and

stored at −80°C for miRNA and transcriptome sequencing, and

another sample was directly ground in a mortar and used for the

extraction and analysis of ginsenosides.

Determination of biomass

The growth of the hairy roots was measured using the

weighing method. First, the liquid medium attached to the

surface of the hairy roots was sucked dry, fresh weight was

measured, and monthly multiplication ratio of the hairy roots

was calculated. The calculation formula was as follows: monthly

multiplication multiple = (harvest amount − inoculum amount)/

inoculum amount × 100%. The morphological characteristics of

the hairy roots were observed continuously for 30 days, and the

shape, color, water content, and other data were recorded.

Determination of cell viability

The hairy roots that had been cultured for 30 days were used

to determine cell viability. The root tips of each treatment group

were rinsed three times with deionized water and placed in a

culture medium mixed with fluorescein diacetate and propidium

iodide staining solution. They were then incubated for 40 min.

The cells were stained in the dark and rinsed with normal saline

for 5 min each to remove excess dye. Slides were mounted with

an anti-fluorescence quenching mounting solution and placed

under a laser confocal microscope for imaging. The excitation

and detection wavelengths were 485 and 530 nm, respectively.

Determination of ginsenoside content

The ginsenoside content in the ginseng hairy roots was

detected using ultra-high-performance liquid chromatography

tandem triple quadrupole mass spectrometry. The sample

preparation method was as follows: A 1.1-g sample of the

ginseng hairy roots was weighed accurately and placed into a

conical flask containing 80 ml of 80% methanol, followed by

ultrasonic oscillation for 0.5 h. This was repeated three times, and

the supernatant was combined after centrifugation. Two

supernatants were combined, concentrated under reduced

pressure on a rotary evaporator to remove the methanol, and

extracted with chloroform three times. The chloroform layer was

then discarded, and the supernatants were again extracted three

times with saturated n-butanol and water. The n-butanol layer

was then collected and combined. Finally, the supernatant was

subjected to a nitrogen blow-dry, diluted to 1 ml with 80%

chromatographic methanol, filtered through a 0.22-μm filter

membrane, and stored at 4°C for later use.

The liquid chromatography separation conditions were as

follows: Thermo C18 column (50 mm × 3 mm, 1.7 μm), mobile

phase with 0.1% formic acid (A)-acetonitrile (B), gradient elution

for 0–5 min, 19% B; 5–29 min, 19%–25% B; 29–72 min, 25%–

40% B; 72–77 min, 40%–90% B; 77–80 min, 90% B; 80–83 min,

90%–19% B; 83–88 min, 19% B; flow rate of 0.2 ml/min, column

temperature of 35°C, sample chamber temperature of 4°C, and

injection volume of 5 μl. The mass spectrometry detection

conditions were as follows: electrospray ionization, negative

ion mode, and multiple reaction monitoring; mass scanning

range m/z 100–1,500; spray voltage: 2,500 V; sheath gas

pressure: 35 arb; auxiliary gas pressure: 10 arb; transfer

capillary temperature: 350°C; nebulizer temperature: 300°C.

Notoginsenoside R1, Rg1, Re, Rf, Rg2, Rh1(S), F3, Rb1, Rc,

Ro, Rb2, Rd, F2, and Rg3 standards were used to establish a

standard curve as shown in Supplementary Table S4. The

extracted ion chromatogram is shown in Supplementary

Figure S1.

Determination of the endogenous
hormone content

The endogenous hormone content in the hairy roots of the

ginseng was determined using liquid chromatography with

tandem mass spectrometry. The hairy root samples were pre-

frozen in an ultra-low-temperature freezer then ground using a

grinder at a speed of 30 Hz for 1 min to form a powder. The

powder (50 mg) was weighed, an appropriate amount of the

internal standard was added, and 1 ml of methanol/water/formic

acid (15:4:1) was used as the extraction solvent. The extract was

concentrated, reconstituted with 100 μl of an 80% methanol/

water solution, passed through a 0.22-μm filter membrane, and

placed in a liquid phase bottle for mass spectrometry. The liquid

chromatography conditions were as follows: Waters ACQUITY

UPLC HSS T3 C18 column (1.8 µm, 100 mm × 2.1 mm). Mobile

phase A: 0.04% acetic acid in water; phase B: acetonitrile (0.04%

acetic acid). Gradient elution program: 0–1.0 min A/B 95:5,

1.0–8.0 min A/B 95:5, 8.0–9.0 min A/B 5:95, 9.0–9.1 min 5:95,

9.1–12.0 min 95:5, 12.0 min 95:5. The flow rate was 0.35 ml/min,

column temperature was 40°C, and injection volume was 2 μl.

The mass spectrometry conditions were as follows: electrospray

ionization temperature of 550°C, mass spectrometry voltages of

5,500 and −4,500 V in positive and negative ion modes,
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respectively, and a curtain gas pressure of 35 psi. In the Q-Trap

6500+, each ion pair was scanned according to the optimized

declustering potential and collision energy. All of the samples

were measured three times, and the average values were

compared.

mRNA library construction and
sequencing

Total RNA was extracted from the ginseng hairy-root tissue

samples according to the manufacturer’s instructions for the

TRIzol reagent (Invitrogen, CA, United States) and purified

using DNase. We used a NanoDrop 2000 nucleic acid UV

spectrophotometer to measure the RNA sample purity at OD

260/280 between 1.8 and 2.2. An Agilent Bioanalyzer 2100 was

used to measure the total RNA amount and purity (25 S:18 S ≥
1.0; total RNA ≥2 μg; RIN value >7.0). Qualified RNA was used

to construct an RNA library. Poly-A-tailed mRNA was enriched

from the total RNA using magnetic beads with oligo (dT). By

adding a fragmentation reagent fragmentation buffer, the

extracted mRNA was randomly fragmented into small

fragments of approximately 200 bp. Using the fragmented

mRNA as a template, one-strand cDNA was synthesized with

six-base random hexamers, followed by the addition of buffer,

dNTPs, RNase H, and DNA polymerase I to synthesize two-

strand cDNA to form a stable double strand. The double-

stranded product was purified using AMPure XP Roads, and

the DNA cohesive end was repaired to blunt ends using T4 DNA

polymerase and Klenow DNA polymerase, followed by the

ligation of base A at the 3′ end to ligate the Y-linker.

Fragment selection was performed using AMPureXP Roads,

and the sorted products were used for PCR amplification and

purification to obtain the final library. After the library had been

qualified, the Illumina HiSeq 4000 system at LC-BIO (Hangzhou,

China) was used for sequencing. The sequencing read length was

2 bp × 150 bp (double-ended) (PE150).

De novo assembly, unigene annotation,
functional classification, and differential
expression analysis

Cutadapt and Perl scripts were used in-house to remove the

reads that contained adaptor contamination, low-quality bases,

and undetermined bases (Martin, 2011). Sequence quality was

assessed using FastQC (http://www.bioinformatics.babraham.ac.

uk/projects/fastqc/) and the Q20, Q30, and GC content of the

clean data. All of the downstream analyses were based on the

high-quality clean data. The de novo assembly of the

transcriptome was performed using Trinity 2.4.0 (Grabherr

et al., 2011), which groups transcripts into clusters based on

the shared sequence content. Such transcript clusters are loosely

referred to as “genes.” The longest transcript in the cluster was

chosen as the “gene” sequence, or unigene. All of the assembled

unigenes were aligned against the non-redundant protein

database (http://www.ncbi.nlm.nih.gov/) and the GO (http://

www.geneontology.org), Swiss-Prot (http://www.expasy.ch/

sprot/), KEGG (http://www.genome.jp/kegg/), and eggnog

(http://eggnogdb.embl.de/) databases using DIAMOND

(Buchfink et al., 2015) with a threshold of Evalue <0.00001.
The gene and unigene expression levels (in transcripts per

kilobase of exon model per million mapped reads) were

quantitatively analyzed using Salmon software. After obtaining

the number of gene sequences, the R package edgeR was used to

analyze the differences in gene expression between the samples

using log2 (fold change) > 1 or log2 (fold change) < −1 as the

screening standard (p < 0.05). The gene expression was analyzed,

and the functions and pathways in which the DEGs were

enriched were assessed using GO and the KEGG (Mortazavi

et al., 2008; Patro et al., 2017; Robinson et al., 2010).

miRNA library construction and
sequencing

The TruSeq Small RNA Sample Prep Kit (Illumina, San Diego,

CA, United States) was used to prepare the miRNA sequencing

library. We obtained small RNA fragments (15–50 nt) and mixed

the total RNA with an equal volume of 2 × loading buffer mix and

incubated the mixture at 65°C for 5 min to eliminate the

interference of secondary structures in the RNA. We then used

15% TBE polyacrylamide gel electrophoresis (TBE PAGE) for

15 min to separate the total RNA bands and perform further

cutting and purification. This allowed us to obtain small RNA

fragments with a length of 15–50 nt. T4 RNA ligase 2 from NEB

Company (United States) was used to connect the 3′-end adapter

to the small RNA fragments. TBE PAGE (15%) was then used for

15 min to separate the RNA bands, which were further cut and

purified to obtain small RNA fragments with a length of 41–76 nt.

T4 RNA ligase 2 from NEB Company was further used to connect

the 5′-end adapter with the small RNA fragments, after which 15%

TBE PAGE was used for 15 min to separate the RNA bands, which

were further cut and purified to obtain small RNA fragments with

a length of 64–99 nt. For the reverse transcription reaction and

PCR amplification, we used the SuperScript II Reverse

Transcriptase system according to the manufacturer’s

instructions with incubation in a preheated thermal cycler at

50°C for 1 h to obtain reverse-transcribed single-stranded

cDNA. DNA polymerase and amplification primers were

cyclically amplified to obtain a cDNA library. To purify the

small RNA library, we performed 6% Novex TBE PAGE for

1 h at 145 V and cut the fragment region to a length of

80–115 bp. After the obtained fragment had been eluted and

purified, the cDNA was further quantified using a NanoDrop

nucleic acid and protein concentration analyzer. The quality of the
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library was checked using Agilent 2100 and qPCR. The Illumina

HiSeq 2500 was used to sequence the qualified library. The

sequencing read length was 1 bp × 50 bp (single-ended).

Analysis of the differentially expressed
miRNAs and target gene prediction

The differential expression of the miRNAs based on

normalized deep-sequencing counts was analyzed selectively

using Fisher’s exact test, the Chi-squared 2 × 2 test, Chi-

squared nXn test, Student’s t-test, or an analysis of variance

based on the experimental design. The significance threshold was

set to 0.01 and 0.05 in each test. To predict the genes targeted by

the miRNAs, computational target prediction algorithms

(PsRobot, v1.2) were used to identify the miRNA binding

sites. The GO terms and KEGG pathways of the most

abundant miRNA targets were also annotated.

Verification by qRT-PCR

To verify the reliability of the obtained transcriptome and

miRNA data, RT-PCR was performed on 13 randomly selected

DEGs in the transcriptome data and 10 differentially expressed

miRNAs with different expression levels. Using the actin gene as

an internal reference, primers were designed with Primer

5.0 software and synthesized by Shanghai Sangon

Bioengineering Co., Ltd. The primer sequences are shown in

Supplementary Tables S5, S6.
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The soil’s rhizosphere is a highly active place where the exchange of substances

and information occurs among plants, soils, and microorganisms. The

microorganisms involved are crucial to the activities of plant growth and

development, metabolism, and reproduction. Fritillaria L. medicinal plants

are unique Chinese medicinal ingredients, but the continuous cropping

obstacles formed in the artificial planting process is severely harmful to the

growth and development of these medicinal plants. In this review, we

summarized the current species and distribution of Fritillaria L. in China, and

analyzed the changes inmicrobial diversity (mainly among bacteria and fungi) in

the rhizosphere of these plants under long-term continuous cropping. The

fungi showed an increasing trend in the soil rhizosphere, resulting in the

transition of the soil from the high-fertility “bacterial type” to the low-fertility

“fungal type” as planting years increased. Furthermore, the interaction between

Fritillaria L. medicinal plants and the rhizospheremicroorganisms was reviewed,

and promising applications for the rhizosphere microbiome in the cultivation of

Fritillaria L. medicinal plants were suggested. It is expected that this review will

facilitate the in-depth understanding of rhizosphere microorganisms in the

growth, accumulation of active ingredients, and disease control of Fritillaria L.

KEYWORDS

Fritillaria L., soil, rhizosphere microbes, microbiome, research progress

Introduction

Fritillaria L., a valued traditional Chinese herbal medicine, contains diterpenoids,

steroids, alkaloids, polysaccharides, which have broad applications in health care

products, food, Chinese herbal formulas, and everyday chemical industries. This plant

has the benefits of reducing phlegm, relieving coughs, reducing heat, moistening the

lungs, improving blood stasis, and dispersing knots (Chen et al., 2020). It is also one of the

main ingredients in cough- and phlegm-relieving Chinese patented medicines. However,

the sources of Fritillaria medicinal plants in the wild are becoming increasingly reduced
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due to its small output, long resource regeneration cycle,

overexploitation, and habitat destruction. In 2021, it was listed

as a secondary protected plant among the national key protected

wild plants (Cunningham et al., 2018). Moreover, the quantity

and quality of Fritillaria medicinal materials on the market are

inconsistent because of the wide variety of Fritillaria medicinal

plants, the wide production area, and the lack of standardized

processing and operation processes in planting and production.

There are problems in concerning the medicinal and edible safety

of Fritillaria medicinal materials, which are restricting the

development of the Fritillaria medicinal plant industry (Chen

et al., 2021). Therefore, developing artificial and standardized

cultivation methods for Fritillaria medicinal plants is the most

effective way to solve the contradiction between the current

market demand for medicinal materials and its resource

protection.

The rhizosphere is a unique ring-shaped zone mainly

characterized by the interaction between the root system and

soil microorganisms. A large number of microorganisms, such as

bacteria, Actinomycetes, fungi, and soil animals, gathered around

the plant root system, which is a part of the soil

microenvironment that presenting special physical, chemical,

and biological properties (Garcia and Kao-Kniffin, 2018;

Mojicevic et al., 2019; Shao et al., 2021). As the most active

component in the soil ecosystem, soil microbes mainly

participate in the cycling of nutrients, such as carbon,

nitrogen, phosphorus, and sulfur in the soil (Hemkemeyer

2021). Rhizosphere microbes improves the utilization rate of

nutrients in the soil, thereby affecting the growth and

development of plants and stress resistance, and promoting

good plant health and soil quality. Therefore, it is of great

significance to perform research on the rhizosphere

microorganisms of medicinal plants (Mendes et al., 2013; Tian

et al., 2018). However, few reports exists on the rhizosphere

microorganisms of Fritillaria medicinal plants (Qiu, 2010; Pan

et al., 2010a,Pan et al., 2010b; Mu et al., 2019a,Mu et al.,

2019b,Mu et al., 2019c; Wu et al., 2021b).

This review article systematically describes the research results

on the rhizosphere microorganisms associated with Fritillaria

medicinal plants in detail. The words “Fritillaria,” “rhizosphere

microorganisms,” and “Microbiome” were used as keywords to

search the literature in the Chinese National Knowledge

Infrastructure (CNKI) and Web of Science. Fifty-seven literature

was searched in CNKI, and 57.9% of which was published from

2016 to 2021, six literature was searched in Web of Science. It is

expected that this review will contribute to further understand the

involvement of rhizosphere microorganisms in the growth of

Fritillaria medicinal plants and the accumulation of alkaloids,

which are the most important active ingredients of Fritillaria.

Classification of medicinal Fritillaria
plants in China

The medicinal quality and market price of Fritillaria L.

from different places of origin have varied in recent years. To

meet the requirements of the market, it is imperative to

cultivate Fritillaria L. medicinal plants artificially. Five

types of Fritillaria L. plants present in the Chinese

Pharmacopoeia (Volume I, 2020 Edition) are collected;

these include Fritillaria ussuriensis Maxim, Fritillaria

pallidiflora Schrenk, Fritillaria thunbergia Miq., Fritillaria

hupehensis Hsiao et K. C. Hsia, and Fritillaria cirrhosa D.

Don. The specific growth environment and distribution of

different Fritillaria medicinal plants are shown in Figure 1.

The various Fritillariamedicinal plants have wide distribution

range and high adaptability. It has been proven that it is

feasible to breed wild Fritillaria medicinal plants (Huang

et al., 2018; Luo M. et al., 2021a; Luo S. et al., 2021b). Five

types of these Fritillaria plants all have the function of

reducing heat, relieving coughs, reducing phlegm, and there

are moistening lung function of F. ussuriensis and F.

pallidiflora, detoxification, dissipating mass and eliminating

carbuncle function of F. thunbergia, dissipating mass function

of Fritillaria hupehensis, moistening lung, dissipating mass

and eliminating carbuncle function of F. cirrhosa (Chinese

Pharmacopoeia Commission, 2020).

Diversity of rhizosphere
microorganisms associated with
medicinal Fritillaria plants

As the most active component of the soil ecosystem,

rhizosphere microorganisms play an important role in plant

growth, nutrient circulation, and improving yields (Mendes

et al., 2013). The diversity and colonization ability of soil

microbial communities in different microhabitats affect the

growth rate of pathogens and also play an important role in

improving plant health (Li et al., 2013). The abundance and

diversity of soil microbial community decreased in the field

evaluation of root rot disease in Fritillaria ussuriensis, while

the population of pathogens in the healthy soil sample was

quite low, indicating that the microbial community structure

affected the health of F. ussuriensis (Song et al., 2016). The

diversity and structure of the microbial community were

closely related to the health level of F. ussuriensis, this can

lay a foundation for the systematic study on the interaction

between microbial genera in the pathological process of F.

ussuriensis (Jiao et al., 2022).
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Diversity of bacteria in rhizosphere soil of
Fritillaria medicinal plants

As the most abundant and widely distributed group of

rhizosphere soil microorganisms, bacteria account for 70–90%

of the total number of rhizosphere microorganisms, which are

sensitive indicators of nutrient changes in rhizosphere soil (Yu

et al., 2019). Researches about the relationship between the

number and diversity of bacteria and Fritillaria medicinal

plants were carried out. Liao (2011) found that the number of

culturable bacteria of rhizosphere soil of F. thunbergii was

decreased with the planting year increaced, which is related

with the monocropping obstacle of F. thunbergii. In

agricultural production, a variety of issues, such as disease

accumulation, impaired growth, and quality decline, appeared

in the third year after planting Fritillaria taipaiensis P. Y. Li

seedlings (Mu et al., 2019a). This seriously affected the yield and

quality of F. taipaiensis. The number of culturable rhizosphere

microorganisms associated with wild and cultivated F. taipaiensis

in different growth years and production areas was measured. It

was found that the rhizosphere microorganisms of F. taipaiensis

were abundant, and the number of bacteria was 2 ×

106 cfu·g−1–3×107 cfu·g−1, when the total number of

microorganisms was 3.8 × 107 cfu·g−1, but which decreaced

alongwith the planting years of cultivated F. taipaiensis and

growth year of wild F. taipaiensi (Mu, 2019b).

Using the high-throughput sequencing technology, from the

phylum level analysis, it can be seen that the bacterial community

within the soil rhizosphere was mainly composed of

Proteobacteria Acidobacteria, Bacteroidetes, Verrucomicrobia,

Firmicutes, Gemmatimonadetes, Actinobacteria,

Planctomycetes, Nitrospirae, and Chloroflexi (Mu, 2019).

Among them, Proteobacteria belonged to the dominant

phylum with the largest relative abundance (54.82%). As

planting years increased, the relative abundances of the genera

Lactobacillus, Gemmatimonas, Bryobacter, and Bacteroides

gradually decreased, whereas the relative abundances of the

genera Methylotera, Sphingobacterium, and Pseudomonas

gradually increased (Mu, 2019). Wu (2021a,Wu 2021b)

reported that the composition of phyla and genera within soil

bacterial communities changed alongwith the growth years of F.

kansuensis. Among them, for the relative abundance,

Actinomycetes (23.58%–32.08%), Proteobacteria (22.00%–

28.80%), Acidobacteria (13.82%–20.86%) and Chloroflexi

(8.43%–15.08%) belonging to the dominant phyla, and the

continuous planting of Fritillaria kansuensis for 5 years would

significantly reduce the diversity of bacterial communities in the

soil rhizosphere. Tang et al. (2021) discovered that the bacterial

FIGURE 1
Common medicinal plants of the genus Fritillaria L. in China.
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diversity in the rhizosphere gradually decreased as the growth of

Fritillaria thunbergii.

The bacteria that presented decreased relative abundance in

rhizosphere soil included potassium-solubilizing bacteria (PSB),

phosphate-solubilizing bacteria, and nitrogen-fixing bacteria,

which may because of the increase in the relative abundance

of saprophytic fungi. Phosphate solubilizing bacteria can convert

insoluble phosphorus into effective phosphorus that can be

absorbed and subsequently used by plants. According to the

different substrates of phosphate-solubilizing bacteria, they could

be divided into organic phosphorus bacteria and inorganic

phosphorus bacteria (Chi et al., 2021), which is a type of

bacteria isolated from soil that can decompose phosphorus-

containing minerals. PSB, also known as potassium bacteria

or silicate bacteria, convert mineral potassium into potassium

that is available for plant absorption and utilization by adhering

to themineral surface and releasing acidic substances. These are a

type of bacteria isolated from the soil that can decompose

potassium-containing minerals (Han et al., 2022).

The isolation and screening of organophosphate-solubilizing

bacteria, inorganic phosphate-solubilizing bacteria, and PSB

from the rhizosphere soil of F. taipaiensis in the previous

report revealed that these varied with different growth years

(Table 1). As the planting years of F. taipaiensis increased, there

TABLE 1 Diversity of potassium solubilizing bacteria and phosphate solubilizing bacteria in the rhizosphere of Fritillaria L. medicinal plants.

Microbial strains Numbering Latin name Similarity (%) Reference strain registration
sequence

Organophosphate solubilizing bacteria YPB1 Pseudomonas putida 99 AY823622.1

YPB2 Pseudomonas lini 100 DQ377769.1

YPB4 Pseudomonas salomonii 99 JX840372.1

YPB5 Pseudomonas veronii 99 JQ317807.1

YPB6 Pseudomonas mandelii 100 DQ377771.1

YPB7 Pseudomonas fluorescens 100 KJ420524.1

YPB8 Pseudomonas fluorescens 100 KC018467.1

YPB9 Pseudomonas fluorescens 100 KJ420524.1

YPB11 Pseudomonas fluorescens 100 KJ420524.1

YPB13 Pseudomonas fluorescens 100 KC018467.1

YPB15 Pseudomonas koreensis 100 KF424274.1

YPB17 Pseudomonas poae 100 JX515573.1

YPB20 Pseudomonas fluorescens 100 KC018467.1

YPB21 Bacillus thuringiensis 100 CP004858.1

YPB22 Pseudomonas grimontii 100 KJ420529.1

YPB24 Pseudomonas migulae 100 DQ377742.1

YPB25 Pseudomonas azotoformans 100 KF040474.1

YPB26 Pseudomonas fluorescens 99 KC018467.1

Phosphorus solubilizing bacteria WP1 Pseudomonas fluorescens 99 KJ756336.1

WP4 Arthrobacter nicotinovorans 100 KR922212.1

WP5 Arthrobacter nicotinovorans 100 KR922212.1

WP10 Phyllobacterium myrsinacearum 100 KJ147062.1

WP11 Arthrobacter ilicis 99 KR088423.1

WP13 Phyllobacterium myrsinacearum 100 KJ147062.1

WP18 Phyllobacterium myrsinacearum 100 KJ147062.1

Potassium solubilizer GB1 Pseudomonas fluorescens 100 HQ606463.1

GB13 Agrobacterium tumefaciens 100 CP011247.1

GB15 Agrobacterium tumefaciens 100 CP011247.1

GB23 Pseudomonas fluorescens 100 HQ606463.1

GB25 Agrobacterium tumefaciens 99 CP011247.1

GB33 Agrobacterium tumefaciens 100 CP011247.1
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was an increase and subsequent decrease in the total number of

organophosphate-solubilizing bacteria, Actinomycetes,

inorganic phosphate-solubilizing bacteria, as well as other

bacteria and microorganisms in the rhizosphere. However,

there was a decrease in the number of PSB. It was found that

fertilization and continuous cropping significantly affected the

community composition and function of rhizosphere

microorganisms associated with F. taipaiensis.

Diversity of fungi in the rhizosphere of
Fritillaria medicinal plants

It was discovered that the symbiosis between F. Taipaiensis

and AM fungi was very common; different AM fungi infected the

root system of F. Taipaiensis to different degrees; and the

inoculation of AM fungi significantly increased the

mycorrhizal infestation rate, and, in turn, the biomass of F.

taipaiensis (Zhang, 2020). AM fungi could increase the content of

inorganic elements in the rhizome and soil of Fritillaria

taipaiensis P. Y. Li.; enhance the enrichment ability of

inorganic elements, thus improving the growth and

development of F. taipaiensis P. Y. Li.; and promote the

accumulation of nutrients in medicinal material (Wei et al.,

2021). Fritillaria thunbergii Miq. is a crop that is continually

cropped; thus, it is necessary to change the land after 1 year of

artificial planting (Yu and Wu, 2017). When the four planting

years increased, there was a linear increase in the number of

cultivable fungi in the soil from the root zone of F. thunbergii

Miq., whereas the total amount of cultivable Actinomycetes,

bacteria decreased linearly (Liao et al., 2011). In general, fungi

prefer acidic environments, Actinomycetes prefer neutral to

alkaline environments, while other bacteria mainly live in

neutral environments. The continuous cropping of F.

thunbergii Miq. reduced the pH value of the soil, resulting in

the soil being slightly acidic. This, being conducive to the

propagation of fungi, results in the transition of the soil from

a high fertility “bacterial type” to a low fertility “fungal type”

(Liao et al., 2011). As the planting years of F. taipaiensis

increased, so did the fungi in the rhizosphere. This indicates

that long-term continuous cropping would lead to a reduction in

the numbers of beneficial microorganisms, and increase the

numbers of pathogenic microorganisms in the rhizosphere of

F. taipaiensis (Mu et al., 2019b; Gu et al., 2020), which is not

conducive to the growth of F. taipaiensis.

Non-culture methods can more accurately reflect the

community structure of rhizosphere microorganisms

compared with traditional culture methods. The results of

high-throughput sequencing of ITS sequence showed that

fungal community in the rhizosphere of F. taipaiensis was

mainly composed of Ascomycota, Zygomycota, Basidiomycota,

Glomeromycota, Neocallistigomycota, and Chytridiomycota.

And Ascomycota fungi were the most dominant population.

With the increase in planting years, the relative abundance of

Pseudogymnomyces in the soil rhizosphere gradually decreased,

along with the relative abundance of populations such as

pathogenic fungi in Fusarium, Gibberella, Rhizopus,

Colletotrichum, and Peziza (Mu, 2019; Zhou et al., 2021).

Interaction between Fritillaria plants
and rhizosphere microorganisms

Effects of root exudates of Fritillaria
medicinal plants on rhizosphere
microorganisms

The richness and diversity of rhizosphere microorganisms

plays a key role in regulating ecological functions, such as organic

matter decomposition, nutrient cycling, and soil carbon

dynamics (Sasse et al., 2018). In nature, plants release and

secrete various compounds into the environment through a

variety of ways, such as via leaf litter, root residues, and root

exudates. This occurrence provides vital carbon sources for the

formation of aggregates, and affects the physical and chemical

properties of community of rhizosphere microorganisms

(Vezzani et al., 2018; Vives-Peris et al., 2020). Conversely, the

biological, physical, and chemical characteristics of rhizosphere

microorganisms affects host plants and their coexisting plants

(Ehrenfeld et al., 2005). Root exudates are important factors in

the formation of rhizosphere microorganisms, because the

various primary metabolites and secondary metabolites

secreted by roots can play the role of shaping, interfering, or

transmitting signals to change the rhizosphere microflora, recruit

and promote beneficial microorganisms, and resist harmful

microorganisms (Venturi and Keel, 2016). Generally, the

rhizosphere microorganism of plant are more abundance,

active and rich in diversity than the no-rhizosphere

microorganism.

Root exudates provided abundant nutrients and energy for

the growth of rhizosphere microorganisms, and also affects the

distribution, species, and quantity of rhizosphere

microorganisms (Wang et al., 2007). The root exudates of

Fritillaria medicinal plants include organic acids, amino acids,

soluble sugars, total phenolic acids, and organic substances (Guo

et al., 2013). Various organic substances, such as ethers, olefins,

acids, aldehydes and ketones, esters, alkanes, ureas, phenols, and

alcohols (Wang et al., 2009) have been found in root exudates.

Among them, are high contents of aldehydes and ketones.

Phenolic acids secreted by roots promote the growth of black

spot fungus and Botrytis cinerea (Guo et al., 2013). Phenol and

1,3,5-triallyl-1,3,5-triazine-2,4,6 (1H, 3h, 5H) trione, being the

main root exudates of Fritillaria, had a significant inhibitory

effect on the growth of its seedlings (Wang, 2010; Wang et al.,

2010a,b). Generally, the secondary metabolites produced by the

roots of medicinal plants? were easily released into the soil,
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thereby promoting the colonization and shaping of the

rhizosphere microorganism community, and driving the

feedback effect of plant soil on defense and growth (Hu et al.,

2018). This results in changes in the population structure of plant

rhizosphere microorganisms. It should be noted that there are

great differences in the species, dominant species and quantity of

rhizosphere microorganisms in different growth stages of the

same plant or in the same growth stage of different plants. This is

due to the variety and quantity of plant root exudates, which vary

with growth stage or plant variety (Brimecombe et al., 2001).

Effects of rhizosphere microorganisms on
the growth and effective components of
Fritillaria medicinal plants

The metabolism of rhizosphere microorganisms either

directly promotes or inhibits the nutrient absorption and

growth of roots, which plays a key role in the secondary

metabolism of plants. Therefore, in recent years, much

attention has been paid to the interpretation of the quality

formation, change, and mechanism of traditional Chinese

medicine from the perspective of microecology, to clarify

the influence of rhizosphere microorganisms on the growth

of medicinal plants and medicinal ingredients. It has been

confirmed that rhizosphere microorganisms improve the yield

and medicinal components of medicinal plants. Zhang et al.

(2020) inoculated four types of arbuscular mycorrhizal fungi

(AMF) including Glomus constrictum (GC), Glomus

versiforme (GV), Glomus mossae (GM), and Glomus

aggregatum (GA). AMF alone could significantly increase

the fresh weight, dry weight, and drying rate of F.

taipaiensis bulbs, and increase the contents of Fritillarin A,

sibelline glycoside, Fritillarin B, Fritillarin, and alkaloids in the

bulb. AM fungi could increase the content of inorganic

elements in the rhizome and soil of F. ussuriensis, and also

enhance the enrichment ability of inorganic elements, thereby

improving the growth and development of F. ussuriensis, and

promoting the accumulation of nutrients in medicinal

materials (Wei et al., 2021). Sun et al. (2022a) found that

medicinal plants had a great diversity of rhizosphere AM

fungi. Fungal colonization improved plant growth

performance and root morphology, and significantly

increased the content of most disaccharides, but either

reduced or did not change the content of most

monosaccharides. AM fungi significantly increased the

concentration of the medicinal components (chrysophanol,

physion, polydatin, and resveratrol) in the root of P.

cuspidatum, and upregulated the expression of related

synthase genes (Sun et al., 2022b). Therefore, AM fungi are

beneficial to the growth and nutrient absorption of medicinal

plants, thereby accelerating the accumulation of medicinal

ingredients.

Pan et al. (2010a) used Bacillus subtilis to spray leaves and

irrigate roots at different growth stages of F. pallidiflora, which

increased the yield by 16.8%. The correlation analysis between

rhizosphere microorganisms and the content of Siberian in the

growth stage of F. pallidiflora showed that the fungi in

rhizosphere soil had a significant positive correlation with the

content of Siberian, while Actinomycetes and bacteria had a

positive correlation with the content of Siberian (Pan et al.,

2010b). These results are similar with those reported by Qiu

(2010), and have the potential to be included in applications to

further develop the resources of beneficial fungi in the

rhizosphere of F. pallidiflora and improve its medicinal

quality. Zhao et al. (2021) isolated 20 endophytic bacteria

from 3-year-old F. przewalskii Maxim. plants, which were

distributed in the three phyla of Proteobacteria, Firmicutes,

and Actinomycetes. Among them, strains related to Bacillus,

Rhizobium, and Pseudomonas were the dominant growth-

promoting bacteria. Foliar spraying of the Firmicutes Bacillus,

Rhizobium, and Pseudomonas compound promoted the growth

of F. przewalskii Maxim. and significantly increased its yield.

Tang et al. (2021) found that with the advancement of the growth

process of F. thunbergii Miq., the content of alkaloids (Fritillarin

A and Fritillarin B) in the bulb first increased and then decreased.

Correlation analysis showed that the Chao1 index and Shannon

index among the bacteria were positively correlated with the

content of monomer alkaloids and total alkaloids, indicating that

the soil bacterial community was closely related to the content of

alkaloids. Furthermore, the secondary metabolites produced by

Fritillaria cirrhosa D. Don displayed high antioxidant activity.

For example, the low polar substances extracted by petroleum

ether had weak ABTS free radical scavenging activity, whereas

the high polar substances extracted by solvents such as n-butanol

and ethyl acetate had high ABTS free radical scavenging activity

(Pan et al., 2017). These results indicated that it was feasible to

use beneficial rhizosphere microorganisms to improve the yield

and quality of F. taipaiensis in artificial cultivation. During the

long-term artificial cultivation of medicinal plants, agricultural

management measures (Tan et al., 2013; Geng et al., 2018), such

as the chemical fertilizer, pesticide spraying, and planting

method caused a change in the rhizosphere microbial biomass

and its community structure, which was mediated by soil

physical and chemical properties. This resulted in varying

degrees of differences in the medicinal value between wild

medicinal materials and cultivated medicinal materials, which

further increased the variation in quality of the same type of

Chinese medicinal materials from different origins (Schmidt

et al., 2019).

Microbial fertilizers are a type of live microbial preparation

widely used in agricultural production. These play an

irreplaceable role in future advancements in agriculture due to

their contributions to environmental protection, soil

improvement, fertility improvement, output increase, and

quality improvement. For example, the exogenous inoculation
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of AMF, phosphorus-dissolving bacteria, potassium-dissolving

bacteria, and other microbial fertilizers increased the alkaloid

content of 3-year-old F. taipaiensis plants (Ma, 2021). Based on

the results of the content of secondary metabolites, and relevant

physical and chemical properties of rhizosphere soil, the quality

of F. taipaiensis had a great relationship with rhizosphere

microorganisms. However, the growth potential of seedlings

co-cultured with a single strain was relatively low, and some

even exhibited yellowing. After mixed inoculation of AMF,

phosphorus-dissolving bacteria, and potassium-dissolving

bacteria, the alkaloid content in bulbs was lower than that in

F. taipaiensis plants that were co-cultured with single strains.

This may be because of the limitation of a single strain, the

unstable interaction between rhizosphere promoters and host

plants (Rainer and Florian, 2018), or it may be due to the effect of

unknown ecological functions (Lebeis et al., 2012). Therefore, the

rhizosphere microorganisms of plants may not exist alone, but

instead play a role in the active ingredients of F. taipaiensis in the

form of a specific flora. In addition, the exogenous application of

microbial agents increased the number of Actinomycetes and

bacteria in the rhizosphere soil of 2-year-old F. taipaiensis plants,

but had no obvious effect on the number of fungi. It has also

significantly improved the activities of soil protease, acid

phosphatase, urease, and sucrase, thereby playing an

important role in the sustainable utilization and stability of

soil nutrients (Dong, 2018). The exogenous application of

different doses of microbial fertilizer significantly increased

the height of the plant, the fresh weight of the plant and bulb,

and the yield of F. pallidiflora. Therefore, microbial fertilizer was

commonly applied in the cultivation of F. pallidiflora. It was

more beneficial to increase the production and efficiency of F.

pallidiflora by opening ditches and applying the microbial

fertilizer during the growth period (Chen et al., 2017).

Therefore, microbial fertilizer can improve the structure and

density of the microbial population in the rhizosphere soil, as

well as the quality.

Hazards of rhizosphere microorganisms
on Fritillaria medicinal plants

Fritillaria Chinese herbal medicines generally take

4–6 years to grown from a germinating seed to flowering

and bearing, and take at least 3 years for commercial

medicinal materials. However, with the increase in the

growth years of Fritillaria Chinese herbal medicines,

conditions that are favorable for outbreaks of harmful

rhizosphere microorganisms have been created in the

process of artificial planting. Coupled with poor field

management, the quality of medicinal materials gradually

decreased. Common soil borne diseases, such as root rot

disease, sclerotium disease, ray mold disease, rust disease,

and yellow rot rust, occurred frequently and caused serious

harm (Wang, 2010). This made it very easy for Fritillaria to

develop bulb rot and lose its medicinal value (Liu et al., 2020;

Wu, 2021a). Using morphological identification method, the

pathogen of sclerotium disease and root rot disease of F.

pallidiflora was identified as Stromatinia rapulum (Supi

et al., 2012) and Fusarium solani var. coeruleum (Supi

et al., 2015), respectively. But Sclerotium denigrans and

Sclerotinia sclerotiorum caused the sclerotium disease of F.

ussuriensis with molecular biology methods (Song et al.,

2016a). The pathogens of root rot disease in F. thunbergia

were Fusarium oxysporum and F. incarnatum, the pathogen of

black spot disease was Alternaria alternata, and Phoma

sp. could cause leaf spot disease (Wang, 2017). But the

pathogens of root rot disease of F. przewalskii were F.

oxysporum, F, tricinctum, Bionectria ochroleuca and

Clonostachys rosea (Wu et al., 2021a). Botrytis cinerea was

identified as the pathogen of ray mold disease of F. thunbergia,

and not the Botrytis ellipticawhich was generally considered as

the pathogen in the past (Li et al., 2022).

Application of rhizosphere
microbiome in the cultivation of
Fritillaria medicinal plants

The plant microbiome, also known as the pan-genome, refers

to the study of the role of the rhizosphere microbial community

in the growth of host plants in a holistic manner. It plays an

irreplaceable role in the ecological environment and agricultural

production (Bulgarelli et al., 2013; Andezej and Philip, 2015),

which is recognized as an important determinant of healthy plant

growth (Berg et al., 2014). Combining the core strategy of “whole

microbiome association analysis,” the microbiome accurately

decoded the expression spectrum, composition spectrum, and

function spectrum of the community/flora, discovered key

organisms and their markers, and then clarified the complex

causal chain and interaction mechanism between the

“microbiome plant soil” (Claire, 2017).

Classification of rhizosphere microbiome

According to the varied distribution of microorganisms on

the root system, the rhizosphere microbiome could be divided

into the three categories of rhizosphere microbiome, root surface

microbiome, and root internal microbiome (Tripathi et al., 2018).

Due to the limitations of research technology, these three aspects

had been involved in previous studies, but they were not

specifically analyzed as a whole to evaluate the importance of

these rhizosphere microbiomes to plant growth. In the study of

plant rhizosphere microbiome, it is necessary to pay attention to

the different sampling methods of different microbiomes. After

the plant roots were taken out of the soil, 1 mm-thick soil was
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collected from around the roots by shaking and washing. In this

way, all the soil on the root surface was placed in a phosphate

buffer solution, and the microorganisms close to the root surface

were separated for rhizosphere microbiome analysis (Edwards

et al., 2015). Because there were few microorganisms on the root

surface and it was difficult to collect them, the cleaned roots were

put into phosphate buffer solution for ultrasonic treatment for

30 s, and the small amount of plant soil residues in the buffer

solution were considered the microbial components on the root

surface. After the cleaned roots were chemically treated with

sodium hypochlorite and ethanol, or all the microorganisms on

the root surface were removed by continuous sonication

performed twice, the roots were then crushed by adding glass

beads, which was considered the microbial components in the

roots (Lundberg et al., 2012; Reinhold-Hurek et al., 2015).

Study on rhizosphere microbiome in the
cultivation of Fritillaria medicinal plants

A large number of studies have indicated that the rhizosphere

microbiome played an important role in promoting the growth

and tolerance of host plants. These are mainly divided into two

methods of negative interaction such as rhizosphere

microorganisms infecting the host to cause diseases or

competing with the host for nutrition, and positive interaction

such as rhizosphere microorganisms promoting growth, stress

resistance, and disease resistance (Bais et al., 2006). This

interaction process exerts a strong selection pressure on both

the rhizosphere microbiome and host plants, thus forming the

mode and rate of rhizosphere microbial evolution and affecting

the formation of the rhizosphere microbiome (Cosetta and

Wolfe, 2019). An in-depth exploration of the selection

mechanism of plants for the rhizosphere microbiome could

guide the recombination and improvement of the rhizosphere

microbiome in practical applications (Sun et al., 2021). It also

improved the understanding of plant microbe interaction in

theory, which is of great significance for future agricultural

production. For example, using Indica rice and Japonica rice

as experimental materials, Zhang et al. (2019) found that Indica

rice often showed higher nitrogen utilization efficiency than that

of Japonica rice. Furthermore, the diversity of the rhizosphere

microbiome of Indica rice was significantly higher than that of

Japonica rice, which directly confirmed the relationship between

the rhizosphere microbiome and the nitrogen utilization

efficiency of plants. Utilizing beneficial members of the

rhizosphere microbiome and making microbial fertilizer is a

very promising application within fertilizer preparation (Hu

et al., 2016). Unfortunately, the current research on the

development of the rhizosphere microbiome into microbial

fertilizer is still at the experimental stage. Nevertheless,

microbial fertilizers have potential use in the natural

agricultural environment.

Yuan et al. (2018) found that when plants were infected by

pathogenic bacteria, they could recruit and enrich certain

beneficial microorganisms by sending specific signals. This

phenomenon was the famous “cry for help hypothesis.” These

beneficial recruited microorganisms in the rhizosphere

improved the disease resistance of plants in four ways:

competition, parasitism, antibiosis, and the induction of

systemic resistance (Mendes et al., 2013). For example, the

antibacterial metabolite 2,4-diacetyl-phloroglucinol secreted

by Pseudomonas fluorescens in rhizosphere microorganisms

inhibited Sclerotium rolfsii by more than 75% (Asadhi et al.,

2013). P. fluorescens (WCS417r) that colonized the

Arabidopsis rhizosphere could upregulate the expression

level of defense-related genes of the host plant pathogen

(Pseudomonas syringae pv tomato) (Wees et al., 1999). In

addition, AMF established a good symbiotic system with most

terrestrial plants, promoted its external hyphal network to

accelerate the absorption of nutrients and water, and enhanced

the resistance of host plants (Li et al., 2019). It could be seen

that no matter how the rhizosphere microorganisms interact

with plants, the successful colonization of microorganisms in

the rhizosphere was of great importance to plants. This is

because the different secretions secreted by plant roots

were signals recognized by rhizosphere microorganisms,

and also vectors for mutual communication between

rhizosphere microorganisms. Therefore, these signals could,

in-turn, be used for the colonization of rhizosphere

microorganisms. Consequently, root exudates are

considered to be important mediators in the

communication between rhizosphere microorganisms and

host plants, due to the diversity and complexity of their

components. Currently, there is little research on the

rhizosphere microbiome of Fritillaria plants; thus, the

research on the rhizosphere microbiome will facilitate the

recruitment of beneficial bacteria, and facilitate the

development of Fritillaria resources.

Conclusion and future perspectives

In this review article, rhizosphere microorganisms were

found to be closely related to the propagation, metabolism,

and growth of Fritillaria medicinal plants. Therefore, the

rhizosphere microorganisms of Fritillaria plants have

received much attention, which not only helps to solve the

practical problems of disease prevention among Fritillaria

medicinal plants, but also improves the yield and quality of

these plants. It also helps to clarify the interaction mechanism

between Fritillaria medicinal plants and beneficial or harmful

microorganisms in the rhizosphere. Based on the authors’

knowledge, future research on rhizosphere microorganisms of

Fritillaria medicinal plants should focus on the following

aspects.
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Optimizing research methods for
rhizosphere microbial diversity among
Fritillaria medicinal plants

Presently, the traditional method used on rhizosphere

microorganisms is the pure culture method. With the

development of molecular biology technology, the free culture

method is widely used in the research of rhizosphere

microorganisms of medicinal plants. However, the free culture

method cannot obtain live strains, nor provide strains for the

research of growth-promoting bacteria in the rhizosphere.

Therefore, in the research of rhizosphere microbial diversity

of Fritillaria, it is suggested to combine the pure culture

method and free culture method. Moreover, there are few

reports on the diversity of the rhizosphere microbial

population of Fritillaria medicinal plants. Because most of the

reports are only at the pure culture stage, in the future more

attention should be carried out to explore the impact of different

Fritillariamedicinal plant varieties, growth years, environmental

conditions, and climate factors on the rhizosphere microbial

diversity of these plants. The relationship between the

rhizosphere microorganisms of Fritillaria medicinal plants and

their growth should be understood in detail.

Improving the understanding of the
relationship between medicinal plants of
Fritillaria and rhizosphere microorganisms

The mechanism of interaction between Fritillaria medicinal

plants and rhizosphere microorganisms is not clearly understood.

In the future, more attention should be paid to the growth-

promoting mechanism and the mechanism of the continuous

cropping obstacle of Fritillaria medicinal plants. Moreover, the

development of biocontrol agents should be strengthened. The

perennial Fritillaria medicinal plants have suffered from

widespread and serious underground diseases and insect pests,

resulting in a decline in the quality of Fritillaria Chinese medicinal

materials. Therefore, microbial agents that are safe, efficient, and

pollution-free should be developed, which can improve the soil

environment, and the output and quality of Fritillaria medicinal

plants (Dong, 2018).

Revealing the relationship between
diseases of Fritillaria medicinal plants and
rhizosphere microorganisms

At present, pathogens of main diseases of Fritillarymedicinal

plants have been reported (Supi et al., 2012; Supi et al., 2015; Song

et al., 2016a; Wang, 2017; Wu et al., 2021; Li et al., 2022), but

some pathogens are only identified by morphological

identification method, and need to be further identified by

molecular biology method. The pathogen of a certain plant of

Fritillaria may be speculated from the incidence of other

Fritillaria plants, but the pathogen of the same disease in

different Fritillaria plants are not exactly the same. Therefore,

it is necessary to strengthen the research on the pathogenic

microorganisms of diseases and insect pests of Fritillaria.

Moreover, it is necessary to strengthen the research on

rhizosphere microorganisms of diseased plants and healthy

plants, explore which changes of rhizosphere microorganisms

are related to the occurrence of medicinal plant diseases of

Fritillaria, and screen biocontrol strains from rhizosphere

microorganisms. Moreover, it is necessary to strengthen the

research on rhizosphere microorganisms of diseased plants

and healthy plants, explore which changes of rhizosphere

microorganisms are related to the occurrence of medicinal

plant diseases of Fritillaria, and screen biocontrol strains from

rhizosphere microorganisms.

Currently, it would be more meaningful to developmore field

applications for rhizospheric microbes rather than potted plants.

The research methods on the rhizosphere microorganisms of

Fritillaria medicinal plants are relatively isolated, thus it is

necessary to learn from the research methods between other

medicinal plants and rhizosphere microorganisms to understand

the interaction mechanism between Fritillaria medicinal plants

and rhizosphere microorganisms. In summary, it is expected that

this review article will facilitate the development of Fritillaria

medicinal plants.
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A previous study found that the capacitive behavior of nanoparticles fed to the

silkworm can be delivered to carbonized silk fibers, which can be used to

fabricate electrodes for the construction of flexible supercapacitors. However,

the tendency of nanoparticles to aggregate decreases the quantity of

nanoparticles that enter the silk and therefore reduces the capacitance

performance of the prepared carbonized silk. Here, we sprayed ammonium

molybdate tetrahydrate (AMT) on the surface of mulberry leaves used for

feeding silkworms and investigated the effect of feeding AMT on the growth

of silkworms and the properties of spun silk. The precursor incorporated into

the silk was converted into scattered MoO2 NPs, which were embedded within

the carbonized silk fiber (CSF) via carbothermal reduction. The specific

capacitance of CSF obtained from silkworms fed with an aqueous solution

of AMT-treated mulberry leaves reached up to 298 F/g at 0.2 g/A, which is

much higher than that of the control group (102 F/g). Since AMT is highly water-

soluble, and its concentration can be easily modulated, we believe that the

proposed strategy is feasible for the large-scale fabrication of CSF with

enhanced capacitive performance.

KEYWORDS

silkworms, modified mulberry leaves, carbonized silk, molybdenum dioxide,
supercapacitors

1 Introduction

In recent years, the huge demand for wearable devices has promoted the rapid growth

of flexible electronic components such as supercapacitors, which can serve as energy-

storage devices in self-powered wearable systems (Wang et al., 2021). It is noteworthy that

N doping can effectively enhance the capacitive performance of carbon-electrode

supercapacitors (Wei et al., 2022). The carbonization of N-containing biomaterials is
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an effective strategy for the production of N-doped carbon (Feng

et al., 2021), and much research has focused on the fabrication of

N-doped carbon electrodes from the graphitization of natural silk

(Yang et al., 2021; Zhou et al., 2022).

Such carbonized silk has been shown to exhibit high electrical

conductivity and flexibility (Hou C. et al., 2021); therefore, it is a

suitable candidate for use as an electrode material in flexible

supercapacitors. Multiple strategies to improve the capacitance of

carbonized silk have been reported (Li et al., 2019; Pan et al., 2020). A

common strategy involves the incorporation of electrochemically

active substances after preparing the carbonized silk (Li et al., 2019;

Xia et al., 2021). Such a post functionalization method is likely to

suffer from the detachment of the active material from the silk-

derived carbon support, resulting in capacity-fading behavior during

the charge and discharge cycles.

Feeding silkworms with electrochemically active nanomaterials

is an alternative strategy for generating carbonized silk with an

enhanced supercapacitive performance. In this process, the

nanoparticles are incorporated into silk and retained in the

encapsulated form after pyrolysis. Although this approach is

sufficient to prevent detachment of these active particles from the

carbonized silk, previous studies (Liang et al., 2020) have indicated

that the aggregation of nanoparticles during feeding appears to

compromise the nanoparticle characteristics crucial for their

application in supercapacitors. In addition, aggregation results in

a loss of uniformity in the active-substance distribution in the silk

product because the nanoparticles cannot pass across the epithelial

tissue of the silk gland when they aggregate into large clusters.

Zhuang et al. (2014) reported that molybdenum dioxide

(MoO2) particles can be prepared in situ by the carbothermal

reduction of ammonium molybdate tetrahydrate (AMT). Owing

to its metal-like conductivity and environmental friendliness,

MoO2 is a promising pseudocapacitive candidate and has been

used extensively in supercapacitor-related devices (Zhang et al.,

2020). We assume that AMT will uniformly disperse in silk

because it can be evenly distributed over the mulberry leaf owing

to its good solubility. Furthermore, because silkworm silk is

constructed from oriented nanofibrils (Wang et al., 2020), the

AMT incorporated within the silk can be converted into MoO2

nanoparticles after pyrolysis owing to its limited diffusion within

the void spaces of the nanosized filaments.

In this study, the mechanically enhanced silk were obtained

by feeding silkworm AMT-solution-sprayed mulberry leaves. In

addition, a strategy for the in situ preparation of MoO2 NPs

embedded in silk-derived carbon was explored. The composites

exhibited enhanced capacitance. In comparison with feeding

nanoparticles to silkworms, the proposed strategy effectively

avoids the aggregation of nanoparticles. Therefore, the

precursor amount can be modulated, allowing the

electrochemically active substance to be more efficiently

incorporate into the CSF. Additionally, metallic salts are less

expensive than metallic nanoparticles, making them more

practical for the large-scale fabrication and application of CSF.

2 Materials and methods

2.1 Materials and reagents

The silkworm strain used in the experiment was Bombyx

mori (871 × 872), sourced from the Chongqing Sericulture

Science and Technology Research Institute (Chongqing,

China). Ammonium molybdate tetrahydrate (AMT) was

purchased from Shanghai Darui Fine Chemical Co., Ltd.

(Shanghai, China); sodium chloride was purchased from

Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,

China); nitric and perchloric acids were purchased from Beijing

Institute of Chemical Reagents (Beijing, China); sodium

carbonate and ethanol were purchased from Chongqing

Chuandong Chemical Co., Ltd. (Chongqing, China);

potassium bromide was purchased from Sangon Biotech Co.,

Ltd. (Shanghai, China); hematoxylin and eosin (H&E) staining

kits were purchased from Nanchang Yulu Experimental

Equipment Co., Ltd. (Nanchang, China); dimethylbenzene and

poly (tetrafluoroethylene) were purchased from Shanghai

Macklin Biochemical Co., Ltd. (Shanghai, China); Super P was

purchased from Canrd New Energy Technology Co., Ltd.

(Guangzhou, China); and foam Ni was purchased from

Taiyuan Lizhiyuan Co., Ltd. (Shanxi, China). All chemicals

were of analytical grade and used without further purification.

The deionized (DI) water used in this work was produced using a

Milli-Q Direct-8 purification system (resistivity >18 MΩ cm,

Millipore Inc., France) onsite.

2.2 Rearing of silkworms

The AMT was weighed and dissolved in DI water to obtain

Mo dosages of 0.05, 0.1, 0.5, 1, 5, and 10 g/L in the prepared

solutions. Fresh mulberry leaves were rinsed with DI water and

air-dried at room temperature until the surface was free of

residual water. Then, 200 g of mulberry leaves were weighed,

and 30 ml of AMT solution containing various dosages of Mo

was sprayed evenly on each side of the mulberry leaves.

Subsequently, the moisture on the mulberry leaves were dried

at room temperature, and the leaves were preserved in a

refrigerator at 4°C for later use.

Silkworms were reared with mulberry leaves at 25°C from the

first to the fourth instar, three times per day. On the first day of

the fifth instar, silkworm larvae were divided into seven groups of

50 larvae each, as listed in Supplementary Table S1.

2.3 Effects of AMT on the growth of the
silkworm larvae and their cocooning

From the first day of the fifth instar, the weight of ten

silkworms selected randomly from each group was measured.
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The appearance of the silkworms on the eighth day of the fifth

instar was recorded using a camera (D3400, Nikon, Japan). After

harvesting the cocoons, the cocooning rate of each group was

calculated. In addition, the length and width of each cocoon were

measured using calipers. The cocooning rates and cocoon-shell

ratios were determined using the following equations:

Cocooning rate � n1
n2

× 100% (1)

Cocoon shell ratio � m1

m2
× 100% (2)

where n1 is the number of cocoons harvested; n2 is 45, the

number of silkworms reared from the five silkworms selected for

dissection; m1 is the mass of the cocoon shell (g); and m2 is the

mass of the whole cocoon (g).

2.4 Effects of AMT on the morphology and
histology of silk glands

On the eighth day of the fifth instar, five silkworms were

randomly selected from each group immediately before

cocooning. The silk glands were dissected and rinsed three

times with physiological saline before imaging with a camera.

Subsequently, the posterior silk glands were removed and

immersed in formaldehyde solution (4%, v/v) for fixation. The

posterior silk glands were then embedded in paraffin and sliced

(5 μm thick) using a microtome (RM2235; Leica Microsystems

Co., Ltd., Germany). For histopathology, the posterior silk glands

were stained with H&E and observed under an optical

microscope (DM3000, Leica Microsystems Co., Ltd., Germany).

2.5 Preparation and characterization of
degummed silk

Silk cocoons were degummed by boiling a solution of Na2CO3,

according to a previously published method (Liang et al., 2020). The

resultant degummed silk fibers were observed using scanning

electron microscopy (SEM; TM4000Plus, HITACHI, Japan) and

transmission electron microscopy (TEM; Talos F200X, Thermo

Scientific, United States). Prior to the SEM observation, the

specimens were sputter-coated with gold to achieve high

conductivity. For TEM observation, the degummed silk fibers

were cut into fine pieces and sonicated in ethanol for 10 min. A

drop of the dispersion was subsequently placed on a carbon-coated

copper grid and dried in an oven at 60°C.

Samples were prepared for FTIR analysis following the KBr

pellet method (Liang et al., 2020). Each sample was scanned

32 times, from 400 cm−1 to 4,000 cm−1, with a resolution of

4 cm−1. Quantitative analysis of the protein secondary structure

was performed for the amide I band from 1,600 cm−1 to 1,720 cm−1

using a Fourier-transform infrared (FTIR) spectrometer (Nicolet

iN10, Thermo Scientific, United States). The baseline of the amide I

band was first corrected, and the peak was fitted with a Gaussian

function using Origin 9.1 Pro software (Origin Lab, United States).

2.6 Molybdenum content determination

Both the degummed silk fibers and cocoons were cut into

small pieces, rinsed with DI water three times, and then dried in

an oven at 60°C. Based on a previously reported method (Liang

et al., 2021), the molybdenum (Mo) contents of both the

degummed silk fiber and cocoon were analyzed using

inductively coupled plasma optical-emission spectrometry

(ICP-OES; Agilent 730, Agilent Technologies, United States).

2.7 Silk reeling and mechanical property
evaluation

Six cocoons from each group were selected randomly, and

each cocoon was placed in boiling water, untangled, and

processed using a cocoon-reeling apparatus (YG731,

Changzhou First Textile Equipment Co., Ltd., China). For

each cocoon, 100 silk strands were reeled and combined to

form a single thread. One meter of initially reeled silk thread

was cut into three segments. For each segment, the widths of the

front, middle, and rear parts were measured at six different

positions using optical microscopy. The average width of each

thread was calculated from 18 measurements.

Prior to testing, the reeled silk threads were maintained in an

artificial climate chamber (HQH-250, Shanghai Yuejin Medical

Instrument, China) at 20°C and 65% relative humidity for 24 h.

The stress–strain curve of each silk thread was then measured using

an electronic tensile-strength measuring machine (YG020,

Changzhou First Textile Equipment Co., Ltd., China) according

to the China National Standard GB/T 1798-2008 (Standardization

Administration of China, 2009). The fracture strength and

elongation at break were calculated using Eqs 3, 4. The area

under the stress-strain curve was integrated using Origin

software to obtain the toughness modulus of each silk thread.

The fracture strength was calculated using the following

equation:

σ � F

C
× 100% (3)

where σ is the fracture strength (MPa), F is the force applied

parallel to its length (N), and C is the cross-sectional area of the

silk fiber (cm2).

The elongation at break was calculated using the following

equation:

ε � L − L0

L0
× 100% (4)
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where ε is the elongation at break (%), L0 is the original length of

the silk fibers (cm), and L is the length of the silk fiber at

break (cm).

2.8 Preparation and characterization of
carbonized silk fibers

The carbonized silk fibers (CSF) were prepared based on a

previously reported heating protocol (Liang et al., 2020). The

micromorphology and structure of the CSF were observed using

SEM and TEM following the procedure described in Section 2.5.

It should be noted that sputtering the CSF is unnecessary owing

to their inherent electroconductivity.

Subsequently, the Raman spectra of each group were

obtained using a Raman spectrometer (inVia, Renishaw,

United Kingdom). The analysis was performed at an

excitation wavelength of 532 nm, scanning range of

100–3,500 cm−1, and spectral resolution of 2 cm−1. All data

were processed using Origin software. Following a previously

reported method (Sadezky et al., 2005; Khatibi et al., 2019), a

mixed Gaussian–Lorentzian peak morphology was used to

deconvolve the experimental Raman spectrum into a

Gaussian-shaped D3 band (1,500 cm−1), Lorentzian-shaped D

(1,350 cm−1), D2 (1,620 cm−1), D4 (1,200 cm−1), and G bands. As

the G band spans from 1,585 cm−1 to 1,600 cm−1, 1,585 cm−1 was

chosen to best fit the Lorentzian-shaped band. The relative

intensity (peak area) ratio of the D and G bands was calculated.

2.9 Electrical conductivity test

The CSF was cut into fine pieces for electrical conductivity

measurements following the method reported by Liang et al.

(Liang et al., 2020). A Keithley source meter (2,400, Tektronix,

United States) and homemade apparatus (Supplementary Figure

S1) were used for the test. The electrical conductivity was

calculated using the following equation:

ρ � R

L
× S (5)

σ � 1
ρ

(6)

where ρ is the resistivity (Ω·m), R is themeasured resistance (Ω), S is
the cross-sectional area of the container containing the packed

sample (m2), L is the length of the sample packed within the

container (m), and σ is the electrical conductivity (S/m).

2.10 Electrochemical measurements

The preparation of a nickel-foam-supported carbonized silk

anode is described in the third section of the Supplementary

Materials. Cyclic voltammetry (CV), galvanostatic

charge–discharge (GCD), and electrochemical impedance

spectroscopy (EIS) measurements were performed using an

electrochemical workstation (CS350H, Wuhan Corrtest

Instruments, China). All these analyses were performed in a

FIGURE 1
Effect of AMT feeding on the appearance of the silkworm larvae: (A) control group, (B)Mo-0.05 g/L group, (C)Mo-0.1 g/L group, (D)Mo-0.5 g/
L group, (E) Mo-1 g/L group, (F) Mo-5 g/L group, and (G) Mo-10 g/L group.
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6 M KOH aqueous electrolyte using a three-electrode system

composed of a nickel-foam composite as the working electrode,

Hg/HgO as the reference electrode, and Pt wire as the counter

electrode. CV measurements were performed in a potential

window from −1 V to −0.2 V at scan rates of 5, 10, 20, 40, 60,

and 80 mV/s. The GCD curves were recorded within a potential

window from −1 V to −0.2 V at various current densities,

including 0.2, 0.4, 0.6, 0.8, 1, and 2 A/g. The specific

capacitance of each sample was calculated using the following

equation:

Cm � I ×Δt
M ×ΔV

(7)

where Cm (F/g) is the mass specific capacitance, I (A) is the

discharge current, Δt (min) is the discharge time, M (g) is the

mass of the CSF loaded on the nickel foam, and ΔV (V) is the

potential window.

3. Results and discussion

3.1 Investigation of AMT-fed silkworm
growth and cocooning

The effect of AMT on the growth of silkworm larvae was

investigated. As shown in Figure 1, the body lengths of the

silkworms from the Mo-5 g/L and Mo-10 g/L groups were much

shorter than those of the other groups. Combining the

experimental data for silkworm growth (Supplementary Figure

S3), it can be concluded that the AMT-solution-sprayed

mulberry leaves fed to both Mo-5 g/L and Mo-10 g/L groups

exerted a strong toxic effect on the silkworm.

It was found that only a few silkworms in the Mo-5 g/L

and Mo-10 g/L groups could survive through cocooning and

began to pupate, resulting in a low cocooning rate

(Supplementary Figure S4). In addition, it is noteworthy

that the cocoons spun by the surviving silkworm in both

the Mo-5 g/L and Mo-10 g/L groups were unreelable owing to

their very thin cocoon shells (Supplementary Figure S5),

thereby exhibiting a poor economic value. Therefore, the

Mo-5 g/L and Mo-10 g/L groups were not included in the

subsequent experiments. Fortunately, the silkworm in the

control, Mo-0.05 g/L, Mo-0.1 g/L, Mo-0.5 g/L, and Mo-1 g/L

groups displayed acceptable cocooning rates (Supplementary

Figure S4).

A further investigation of the cocoons of the silkworms from

the control, Mo-0.05 g/L, Mo-0.1 g/L, Mo-0.5 g/L, and Mo-1 g/L

groups, as shown in Figure 2, revealed that the width and length

of the cocoon, as well as the cocoon shell ratio, declined with an

increase in AMT dosage fed to the silkworm (Figure 3). This

finding suggests that AMT had a negative effect on silkworm

cocooning.

3.2 Morphology and histology of the silk
gland

The posterior silk gland (PSG) is the only organ that

synthesizes and secretes silk fibroin (Hou et al., 2007). Here,

H&E-stained PSG histopathological images were used to

FIGURE 2
Effect of AMT feeding on the appearance of silkworm cocoons: (A) control group, (B)Mo-0.05 g/L group, (C)Mo-0.1 g/L group, (D)Mo-0.5 g/L
group, and (E) Mo-1 g/L group.
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understand the impact of AMT on PSG development. Silkworm

silk-gland tissue includes the outer epithelial membrane, gland

cells, and inner epithelial membrane (Akai, 1983). Among these,

gland cells are involved in the secretion of silk proteins. The

number of gland cells is positively correlated with the silk

production quantity (Wu et al., 1961). Therefore, the

sparseness of silk gland cells reflects the degree of silk gland

injury (Cheng et al., 2018). As shown in Figure 4, the gland cell

population decreased with increasing AMT feeding dosage, and

the H&E-stained section of the Mo-1 g/L group demonstrated

the most severe vacuolation. Such damage may be responsible for

the decreased cocoon shell ratio and cocoon size as the AMT

feeding amount increased.

In addition to PSG, adverse effects caused by feeding

silkworms high dosages of AMT were apparent in the anterior

and middle silk glands, as shown in Supplementary Figure S6.

The results indicate that feeding silkworms with a high dosage of

AMT suppressed silk gland development.

FIGURE 3
Effect of AMT feeding on the cocoon (A) length, (B) width, and (C) shell ratios. (n = 5, *p < 0.05, **p < 0.01).

FIGURE 4
Histophysiological image of posterior silk gland from (A) control group, (B) Mo-0.05 g/L group, (C) Mo-0.1 g/L group, (D) Mo-0.5 g/L group,
and (E) Mo-1 g/L group. The dark arrows point to the areas of vacuolation.
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3.3 Mo content determination

Degummed silk is commonly used in the textiles industry.

ICP-OES was employed to determine the elemental Mo content

remaining in the degummed silk. As shown in Supplementary

Table S2, compared with theMo content in the control group, the

Mo content in the degummed silk continued to increase as the

AMT feeding dose increased. The Mo content in the cocoons of

each group exhibited a similar trend (Supplementary Table S3),

indicating that Mo was distributed in both silk sericin (SS) and

silk fibroin (SF). These results show that feeding silkworms AMT

can effectively enrich the Mo content of silk.

3.4 Microstructural study of degummed
silk

Raw silk consists of two components, SF and SS, where the

former endows silk with goodmechanical properties and stability

(Kim et al., 2005). Figure 5 presents a SEM image showing the

micromorphology of degummed silk. It is clear that the

morphologies of the degummed silk from each group are

similar, but their widths vary. The average width of the

degummed silk decreased with increasing AMT dosage

(Supplementary Figure S7). We assume this is due to the

reduced silk production caused by vacuolation of the silk

gland, as discussed in Section 3.2.

3.5 Transmission electron microscopy
investigation

Transmission electron microscopy was used to evaluate the

interior structure of degummed silk. As shown in Figure 6,

neither particles nor crystal structures were observed within

the degummed silk of any group. Whereas EDS analysis

confirmed the uniform distribution of Mo along the

degummed silk fiber (Supplementary Figure S8, S9).

Therefore, we believe that AMT fed to the silkworm entered

silk as a precursor.

3.6 FTIR spectroscopy characterization of
degummed silk

The mechanical behavior of silk fiber is expected to be highly

dependent on its secondary structure (Wang et al., 2017). Here,

FTIR spectroscopy was used to determine the distribution of the

secondary structure in the degummed silk to explore the effect of

feeding AMT to each group and to provide detailed information

on the mechanical properties of the silk. As shown in Figure 7A,

each group shares a similar protein molecular structure profile

containing three different amide groups: amide I

(1,600–1720 cm−1), amide II (1,500–1,600 cm−1), and amide III

(1,200–1,350 cm−1) (Cheng et al., 2018; Chen et al., 2019).

Deconvolution of the amide I band of each group

(Supplementary Figure S10) revealed variations in the

percentages of β-sheets, random coils/α-helixes, and β-turns

(Figure 7B). The composition of the secondary structure

(Supplementary Table S4) revealed that the percentages of

both β-sheets and β-turns increased once AMT was fed to the

silkworm and was maximal when the Mo feeding dosage reached

0.1 g/L. This value then decreased when the Mo feeding dosage

was greater than 0.1 g/L. By contrast, the percentages of random

coils/α-helixes exhibited the opposite trend, declining initially,

subsequently increasing, and then reaching its minimum value

when the Mo feeding dosage was 0.1 g/L.

Metal ions can coordinate with silk fibroin, promoting its

conformational transition (Xu and Zhang, 2008; Liu et al., 2019).

We believe that a low concentration of molybdate can induce the

formation of β-sheets and β-turns through coordination and

chelation with SF, thereby helping to align and orient SF

molecular chains. In addition, the formation of intermolecular

hydrogen bonds among the SF molecules facilitates the

transformation of the SF secondary structure (Viles et al.,

1999). Thus, when the Mo feeding dosage ranged from 0.05 g/

L to 0.1 g/L, we observed a rise in the percentage distributions of

both β-sheets and β-turns, while the percentage of random coils/

α-helixes declined. It is reasonable to infer that the repulsive force

arising from the excess molybdate coordinated with SF would

inhibit the interactions among SF molecular chains, thus

inhibiting its conformational transition. Such an inference can

explain the decrease in the percentage distributions of both β-

sheets and β-turns and increase in the percentage of random

coils/α-helixes when the AMT feeding dosage ranged from 0.5 g/

L to 1 g/L. A schematic representation of this process is shown in

Supplementary Figure S11.

3.7 Determination of silk-thread
mechanical properties

Before the mechanical tests were carried out, the silk threads

were observed using an optical microscope and their widths were

measured, as presented in Supplementary Figure S12. According

to the analysis (Supplementary Figure S13), the width of the silk

thread from each group decreased continuously as the AMT

feeding dosage increased. This trend is consistent with the

variation of the degummed silk width with AMT feeding

dosage (Supplementary Figure S7).

Subsequently, the mechanical properties of silk threads from

each group were evaluated by performing tensile tests, with

results from all testing summarized in Supplementary Table

S5–S9. The stress–strain curves are shown in Figure 8. It can

be observed that both the fracture strength and elongation at

break initially increased as the AMT feeding dosage increased,
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and both reached a maximum when the Mo feeding dosage

reached 0.1 g/L. Subsequently, both the fracture strength and

elongation at break decreased when the Mo feeding dosage was

greater than 0.1 g/L.

The effect of AMT on the mechanical properties of silk can be

attributed to the secondary structure of silk fibroin. As described

in Section 3.6, feeding silkworms ≤0.1 g/L of Mo can promote the

formation of β-sheets and β-turns (Xu and Zhang, 2008). It is

known that the β-sheet structure imparts stiffness and toughness

to silk (Porter and Volrath., 2010; Mandal et al., 2012); therefore,

the enhanced percentage distribution of the β-sheet structure

would lead to a higher fracture strength of the silk thread. On the

other hand, folding the β-sheet structure back onto itself is a

function of the β-turn structure, which can facilitate the

formation of crystalline β-sheet stacks stabilized by hydrogen

bonds and Van der Waals interactions between sheets (Nelson

FIGURE 6
Representative TEM images of the degummed silk fiber from the (A) control group, (B)Mo-0.05 g/L group, (C)Mo-0.1 g/L group, (D)Mo-0.5 g/
L group, and (E) Mo-1 g/L group.

FIGURE 5
Representative SEM images of the degummed silk fiber from the (A) control group, (B)Mo-0.05 g/L group, (C)Mo-0.1 g/L group, (D)Mo-0.5 g/
L group, and (E) Mo-1 g/L group.
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and Cox., 2005). Such weak interactions are responsible for the

flexibility and softness of silk, thereby increasing its elongation at

break. When the Mo feeding dosage exceeded 0.1 g/L, the

repulsion from the protein-bound molybdate inhibited the

secondary structural transition of silk from random coil/α-

helix to β-sheet and β-turn structures, as well as the

interactions among all peptides, resulting in a decline in

fracture strength and elongation at break.

With the molybdate concentration is further increased,

electrostatic repulsion among molybdate–silk fibroin

complexes can be expected, hindering the aggregation of

molybdate-bound silk fibroin and ultimately inhibiting the

transformations of α-helixes/random coils into β-sheet

structures. The decrease in β-sheet content caused the silk

fibers to break easily. Moreover, electrostatic repulsion may

affect the supramolecular interactions of the α-helix/random

coil itself, such as hydrogen bonds and Van der Waals forces,

unfolding the amorphous chains and ultimately affecting the

flexibility of the silk fibers (Pérez-Rigueiro et al., 2000).

Themodulus of toughness can be calculated from the integral

area under the stress–strain curve and represents the total energy

absorbed by the silk thread before it fractures (Vollrath and

Porter 2006). As shown in Table 1, the modulus of toughness for

the silk thread from each group followed a similar trend to those

of both fracture strength and elongation at break, reaching its

maximum value when the Mo feeding dosage was 0.1 g/L.

3.8 SEM and TEM analyses of carbonized
silk fibers

SEM was used to observe the morphology of the CSF

derived from each group. As shown in Figure 9, the

degummed silk remained fibrous after carbonization. In

addition, the width of the CSF is smaller than that of the

degummed silk, which can be attributed to the pyrolysis

process (Fisher et al., 2002). It should be noted that the

SEM images were acquired without coating the sample with

gold owing to the good conductivity of CSF.

TEM was used to characterize the structure and composition

of CSF. As shown in Figure 10, nanoscale opacities or “dark

spots” are visible within the CSF of each AMT feeding group. In

addition, the number of dark spots associated with each group

gradually increased with an increase in AMT feeding dosage. By

contrast, no dark spots were observed within the CSF of the

control group.

High-resolution TEM (HRTEM) was used to elucidate the

crystallographic orientation of the inclusions, which appear as

dark spots in the images shown in Figure 10. Figure 11 displays

the magnified HRTEM images of the particles delineated by the

white dotted boxes in Figure 10. The lattice-resolved HRTEM

FIGURE 8
Strain–stress curves of the obtained silk threads.

FIGURE 7
Effect of AMT feeding on the secondary structures of silk fibroin. (A) FTIR spectra of silk fibroin from each group, and (B) the percentage contents
of secondary structures in the amide I band of silk fibroin from each group.
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images of the particles embedded in the CSF display interplanar

spacings of 0.152, 0.231, and 0.275 nm, corresponding to the

(011), (021), and (102) planes, respectively, of MoO2 (JCPDS 73-

1249). Amorphous carbon derived from SF can also be observed,

as indicated by the solid red boxes in each image. Furthermore,

the insets show the fast Fourier transforms (FTT) of the areas

within the white solid boxes in each image; the (011), (021), and

(102) lattice planes of MoO2 can be identified. Additionally, the

EDS analysis confirmed that the dark spots embedded in the CSF

contained Mo (Supplementary Figure S14).

Since silk fiber consists of a bundle of nanofibrils with a

geometric width ranging from 90 to 170 nm (Putthanarat et al.,

2000), we believe that this architecture limits the growth and

aggregation of MoO2 particles, resulting in the uniform

dispersion of MoO2 NPs in the silk, as shown in Figures 10, 11.

3.9 Raman characterization of carbonized
silk fibers

To investigate the effect of MoO2 NPs generated via pyrolysis

on the graphitization degree of CSFs, the Raman spectra of the

CSFs from each group were deconvoluted (Supplementary Figure

S15) and analyzed. As shown in Figure 12A, the Raman spectra of

each group display two characteristic peaks at 1,350 cm−1 (D

band) and 1,585 cm−1 (G band). The D band represents the

defects and disorder in the carbon lattice, while the G band

represents the in-plane stretching vibration of sp2-hybridized

carbon atoms in the graphite layers (Yang et al., 2020). The

graphitization degree can be determined by the relative intensity

ratio of the D and G bands, ID/IG, where a lower ID/IG value

indicates a higher graphitization degree (Dong et al., 2014).

TABLE 1 Mechanical properties of the obtained silk threads.

Properties

Sample Fracture strength [MPa] Elongation
at break [%]

Modulus
of toughness [GJ/m3]

Control 418.88 ± 37.04 42.06 ± 4.36 11.80 ± 1.54

Mo-0.05 g/L 468.29 ± 33.32 44.03 ± 3.97 14.20 ± 2.44

Mo-0.1 g/L 508.46 ± 37.66 46.22 ± 4.32 16.02 ± 1.83

Mo-0.5 g/L 459.30 ± 28.16 41.26 ± 3.63 12.57 ± 0.94

Mo-1 g/L 399.69 ± 33.48 37.22 ± 3.55 9.95 ± 1.18

FIGURE 9
Representative SEM images of CSF derived from the (A) control group, (B)Mo-0.05 g/L group, (C)Mo-0.1 g/L group, (D)Mo-0.5 g/L group, and
(E) Mo-1 g/L group.
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As shown in Figure 12B, the ID/IG value of the CSFs gradually

decreased as the AMT feeding dosage increased, and the CSF

derived from the Mo-1 g/L group possessed the highest

graphitization degree among all the samples. Based on the fact

that MoO2 NPs can induce the phase transformation of

amorphous carbon into graphite (Liu et al., 2014), we believe

that the growing number of MoO2 NPs generated during

carbonization progressively improved the graphitization

degree of the CSFs.

The conductivity of the CSF derived from each group

generally supports the variation in graphitization degree

indicated by the Raman spectra, as it has been reported that

carbonaceous materials with higher graphitization degrees tend

to have higher electrical conductivities (Hou Y. et al., 2021). It

can be seen from Supplementary Table S10 that the conductivity

of the CSF started to rise when the Mo feeding dosage was 0.1 g/

L, reaching its maximum at a dosage of 1 g/L. The difference in

conductivities of CSF derived from the control, Mo-0.05 g/L, and

Mo-0.1 g/L groups were insignificant, which might be attributed

to the relatively small difference in graphitization degree among

those samples.

3.10 Electrochemical test

The CSFs derived from the control group (CSF) and Mo-1 g/

L group (CSF-MoO2) were evaluated as electrode materials for

supercapacitors. Figures 13A,B show the CV curves of the

electrodes prepared from CSF and CSF-MoO2. The curves

exhibit a quasi-rectangular shape, indicating that the

mechanism of charge storage can be attributed to the electric

double-layer capacitance (EDLC) and pseudo-capacitance. This

pseudo-capacitance behavior is due to the doping of CSF with

nitrogen sourced from the SF protein (Sahu et al., 2015; Li et al.,

2016). In addition, it can be seen from Figures 13A,B that with an

increase in the scan rate, the response current for both electrodes

increases owing to fast ion- and electron-migration rates (An

et al., 2019). Furthermore, the area enclosed by the CV curves of

the CSF-MoO2 electrode is greater than that of the CSF electrode

at each scan rate, indicating that the CSF-MoO2 electrode has a

much better specific capacitance than the CSF electrode (Sun

et al., 2021).

The galvanostatic charge–discharge (GCD) curves at

different current densities from 0.2 A/g to 2.0 A/g were

acquired for the CSF and CSF-MoO2 electrodes, and the

results are presented in Figures 13C,D. The GCD curves of

the CSF electrode deviate from the ideal triangular shape

(Figure 13C), which confirms the existence of both EDLC and

pseudocapacitive behavior (Vijeth et al., 2018; Potphode et al.,

2020). In addition, the significant voltage drop at a current

density of 2.0 A/g indicates that the CSF electrode has a lower

charge and discharge efficiency, with a relatively high internal

resistance (Mo et al., 2018).

By contrast, the GCD curves of the CSF-MoO2 electrode

generated using different applied current densities all show a

nearly symmetrical triangular shape (Figure 13D), indicating

FIGURE 10
Representative TEM images of CSF derived from (A) control group, (B)Mo-0.05 g/L group, (C)Mo-0.1 g/L group, (D)Mo-0.5 g/L group, and (E)
Mo-1 g/L group. The white arrows point to nanoparticles.
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excellent capacitive performance with a high degree of

electrochemical reversibility (Song et al., 2019). Furthermore,

the discharge time of the CSF-MoO2 electrode was much longer

than that of the CSF electrode, revealing a significant

improvement in the specific capacitance and energy storage of

the electrode (Maher et al., 2021). This enhancement was also

FIGURE 11
Representative HRTEM images of nanoparticles from (A) Mo-0.05 g/L group, (B) Mo-0.1 g/L group, (C) Mo-0.5 g/L group, and (D) Mo-1 g/L
group. The insets show the corresponding FFT images of the areas framed by the white boxes (scale bar = 5 nm).

FIGURE 12
Effect ofMoO2NP incorporation on the graphitization degree of CSFs: (A) Raman spectra and (B) ID/IG value of CSFs from each group (n = 3, *p <
0.05, **p < 0.01).
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supported by the calculated specific capacitance of both

electrodes shown in Figure 13E, indicating that the CSF-

MoO2 electrodes have higher specific capacitances at various

current densities compared with those of the CSF electrodes. The

CSF-MoO2 electrode exhibited a maximum capacitance of 298 F/

g at a current density of 0.2 g/A. We believe that the CSF-MoO2

electrodes achieve better energy storage capability than the CSF

electrodes owing to the generation of MoO2 at the nanoscale,

which is an essential feature of pseudocapacitive behavior

(Hercule et al., 2013; Zhou et al., 2016), as well as the high

graphitization degree induced by this nanoscale MoO2.

The GCD curves and specific capacitance of the CSF

electrodes prepared from groups Mo-0.05 g/L, Mo-0.1 g/L, and

Mo-0.5 g/L were measured and demonstrated in Supplementary

Figure S16 and Supplementary Table S10, respectively. It can be

concluded that the capacitance of the CSF electrodes prepared

from various groups increased as the AMT feeding dosage

increased.

Maintaining good cycling stability is important for the

practical application of supercapacitors (Sharma et al., 2021).

Therefore, the cycle retention was determined by performing a

GCD test at a current density of 2 A/g for 5,000 cycles. The

gradual increase in capacitance of the CSF-MoO2 electrode

during charging and discharging can be attributed to the

penetration of the electrolyte and its contact with MoO2 NPs

embedded within the CSF. In addition, the high Coulombic

FIGURE 13
Capacitance characterization of electrode prepared from the carbonized silk. CV curves of (A) CSF and (B) CSF-MoO2 electrodes at different
scan rates. GCD curves generated at current densities of 0.2–2 A/g for (C) CSF and (D) CSF-MoO2 electrodes. (E) Specific capacitances of CSF and
CSF-MoO2 electrodes at different current densities. (F) Cycling stability of CSF and CSF-MoO2 electrodes at a current density of 2 A/g.
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efficiency of the CSF-MoO2 electrode also demonstrates its long-

term cycle-life performance (Supplementary Figure S17).

The Nyquist plot, representing the impedance characteristic as a

function of frequency, was applied to evaluate the kinetics and

interfacial resistance of both the CSF electrode and CSF-MoO2

electrode (Mo et al., 2018). As shown in Figure 14, the Nyquist plot

contains a semicircle in the high-frequency region, followed by a

straight line in the low-frequency region. The initial semicircle

intercept in the high-frequency region of the real impedance axis

provides the internal resistance (Rs), which includes the resistance of

the electrolyte, the intrinsic resistance of the active material, and the

electrode/electrolyte interfacial contact resistance. As shown in

Figure 14A, the Rs of the CSF-MoO2 electrode is lower than that

of the CSF electrode, indicating that the CSF-MoO2 electrode tested

in the KOH electrolyte possesses a lower internal resistance.

In addition, the diameter of the semicircle represents the

charge-transfer resistance (Rct), which can be used to determine

the rates of charge and discharge of the supercapacitor and can be

considered a very important factor in determining the power

densities of the supercapacitor (Mo et al., 2018). Figure 14B

reveals that the CSF-MoO2 electrode has a smaller diameter than

that of the CSF electrode, indicating a smaller Rct. Furthermore,

the EIS curve of the CSF-MoO2 electrode was steeper in the low-

frequency region, demonstrating a better capacity for ion

transmission in the KOH electrolyte (Sun et al., 2021).

4 Conclusion

In summary, AMT-solution-sprayed mulberry leaves were fed

to silkworms to introduce the precursor of an electrochemically

active substance into silk. It was found that feeding AMT-solution-

sprayed mulberry leaves to silkworms had some negative effects on

the growth, silk spinning, and cocooning of the silkworms but

positively impacted the mechanical strength of the silk fiber when

the Mo feeding dosage was less than 0.5 g/L. We confirmed the in

situ growth of MoO2 NPs during the pyrolysis process.

Electrochemical experiments revealed that the pseudocapacitor

electrodes prepared from silk spun by silkworms in the Mo-1 g/L

group had a specific capacitance of 298 F/g, which was higher than

that of the control group (102 F/g). This specific capacitance was also

higher than the value (245 F/g) obtained by feeding silkworms

mulberry leaves sprayed with an aqueous solution of 5 g/L of

MoO2 NPs, as reported in our previous work (Liang et al., 2020).

Remarkably, the cycling stability of the electrode was exceptional,

with the specific capacitance remained unchanged after 5000 GCD

cycles.

In comparison with feeding nanoparticles to the silkworms,

the presented strategy avoids the aggregation of nanoparticles

effectively. Especially, the strategy is able to modulate the amount

of precursor of the electrochemically active substance that is

incorporated within silk fiber, therefore is beneficial for the

design of functionalized CSF programmatically. Furthermore,

the metallic salt is generally less expensive than its corresponding

metallic nanoparticles, and can make a homogenous solution

more conveniently, which is promising for the fabrication of

carbonized silk with desired property in large-scale.
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1,5-Pentanediamine hydrochloride (PDAH) was an important raw material for the
preparation of bio-based pentamethylene diisocyanate (PDI). PDI has shown
excellent properties in the application of adhesives and thermosetting
polyurethane. In this study, PDAH was recovered from 1,5-pentanediamine (PDA)
fermentation broth using a cation exchange resin and purified by crystallization.
D152 was selected as the most suitable resin for purifying PDAH. The effects of
solution pH, initial temperature, concentration of PDA, and adsorption time were
studied by the static adsorption method. The equilibrium adsorption data were well
fitted to Langmiur, Freundlich, and Temkin-Pyzhev adsorption isotherms. The
adsorption free energy, enthalpy, and entropy were calculated. The experimental
data were well described by the pseudo first-order kinetics model. The dynamic
experiment in the fixed bed column showed that under optimal conditions, the
adsorption capacity reached 96.45 mg g−1, and the recovery proportion of the
effective section reached 80.16%. In addition, the crystallization of the PDAH
solution obtained by elution proved that the crystal product quality of resin
eluting solution was highest. Thus, our research will contribute to the industrial
scale-up of the separation of PDAH.

KEYWORDS

1,5-pentanediamine hydrochloride, resin, purification, crystallization, separation

1 Introduction

Bio-based polyurethane (PU) coatings have been widely used in recent decades and are
gradually replacing petrochemical coatings because of their advantages of low environmental
impact, easy access, low cost, and good biodegradability (Noreen et al., 2016; Paraskar et al.,
2021; Ma et al., 2022). Bio-based pentamethylene diisocyanate (PDI) has shown excellent
properties in the application of adhesives and thermosetting polyurethane, in which
approximately 71% of the carbon content was bio-based. In theory, it is possible to replace
petrochemical-based hexamethylene diisocyanate (HDI) (Zeng et al., 2022). At present, the
industrial preparation of PDI is mainly liquid-phase phosgenation (Li W et al., 2021). The raw
material for PDI is 1,5-pentanediamine (PDA), which needs to be obtained from biomass such
as feed corn starch through biological fermentation engineering (Wang et al., 2021). In the two-
step reaction, PDA initially reacts with a cold phosgene solution to produce 1,5-pentanediamine
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hydrochloride (PDAH) and carbamate. Phosgene is then further
introduced and gradually heated to produce PDI. There are
inevitably some problems in this process, such as the production of
tar compounds and chloride by-products, and it is difficult to control
the particle size and rate in the salt forming process, all of which result
in many impurities and reduced yield (Liu et al., 2020; Li et al., 2020).
Therefore, the high-quality PDAH can reduce the occurrence of side
reactions by the phosgenation reaction, and this can improve the yield
and purity of the final PDI (Takahashi et al., 2019).

A variety of technologies have been used to separate and purify
products from fermentation broth, including precipitation, solvent
extraction, adsorption, distillation, and membrane separation (Chen
et al., 2007; Jeon et al., 2014; Szczygiełda and Prochaska., 2020; Hu
et al., 2022; Lee and Lee., 2022). However, there are still a large number
of bacteria, proteins, residual sugars and inorganic salts in the
fermentation broth. Therefore, it is very important to choose an
efficient, low pollution and low-cost technology to improve the
yield. The advantages of using macroporous resin are strong
adsorption capacity, high selectivity, low material cost, high
regeneration possibility, and less pollutants (Li C et al., 2021).
Commonly used resins are adsorption and ion exchange resins,
which utilize a non-specific physical adsorption mechanism and an
ion-exchange mechanism, respectively (Xiong et al., 2019).
Macroporous adsorption resins are often used for the separation
and purification of natural products, such as flavonoids (Dong
et al., 2015), phenolic compounds (Park and Lee., 2021), alkaloids
(Zhang et al., 2012), anthocyanin (Yang et al., 2022), and antioxidants
(Zou et al., 2017). Macroporous ion exchange resins are commonly
used to separate amino acids (Dong et al., 2015; Chen et al., 2016;
Zhang et al., 2018), lactic acid (Ahmad et al., 2021), nutrients (Ke et al.,
2021), succinic acid (Alexandri et al., 2019), and decolorization (Shi
et al., 2017) from fermentation broth. However, there are few reports
on the separation and purification of bio-based PDAH from pretreated
fermentation broth by macroporous ion exchange resin.

Crystallization is an ancient separation process that is usually the
last step in the purification process, and its control is crucial.
Crystallization is a common and necessary unit operation in the
chemical industry, and it is widely used in various industries, from
the production of basic materials to complex pharmaceuticals (Ms
et al., 2020; Weng et al., 2020). Compared with other purification
processes, crystallization has the advantages of high recovery rate,
good quality of recovered solid-liquid products, high yield, low energy
consumption, good operability, and good stability (Sparenberg et al.,
2021). At present, there are many products obtained by separation and
purification using macroporous resin from fermentation broth and
crystallization, such as bio-based carboxylic acids (Karp et al., 2018),
antibiotics (Zheng et al., 2013), and hormones (Xu et al., 2018). In this
study, higher purity and more uniform particle size of PDAH were
obtained through crystallization, which provided a basis for the
industrial production of PDI.

In order to master the separation performance of the resin and
understand the basic principle of PDAH separation, this paper studied
the influence of ion exchange resin on the static adsorption of PDA,
the related adsorption thermodynamic kinetics, the optimization of
the separation process, and the penetration and desorption curves of
the fixed bed chromatographic column. The cooling crystallization
products of the resin desorption solution and other two raw materials
were compared. The results indicate that we were able to separate and

purity high-quality PDAH through separation and purification, which
can be used in the production of PDI.

2 Experiment section

2.1 Chemicals and reagents

D113, D150, D152, and D155 resins used in experiment are weakly
acidic cation exchange resins, which were purchased from Yuan Ye
Biotechnology Co., Ltd. (Shanghai, China). The chemical reagents
used in the experiment, ethanol, hydrochloric, acetonitrile and
trifluoroacetic acid were purchased from Aladdin (Shanghai,
China). The PDA fermentation broth and deionized water were
provided by our laboratory.

2.2 HPLC conditions

A YMC Carotenoid column (250 mm × 4.6 mm, s-5 μm, Grace,
Columbia, MD, United States) was used for these experiments with the
following conditions: the mobile phase consisted of a mixture of 5%
acetonitrile and 0.5% trifluoroacetic acid at a flow rate of 0.8 ml min−1.
The injection volume was 10 μl. The column temperature was 35°C,
and the differential detector (1,290, Agilent Technologies, Santa Clara,
CA, United States) temperature was 35°C (Wang et al., 2021).

2.3 Static adsorption and desorption
experiments

Before use, four cation exchange resins were soaked in three times
the volume of ethanol overnight, then washed with three times the
volume of 1.0 M hydrochloric acid, 1.0 M sodium hydroxide, and
1.0 M hydrochloric acid. The resin was then washed with deionized
water until the washing solution was neutral. The resin was used after
filtration.

Static equilibrium adsorption experiments were carried out in a
20°C constant temperature oscillator. Wet resin (10 ± 0.1 g) was added
to 30 ml of 100 g L−1 PDA fermentation broth in a 100 ml conical flask.
The speed of the thermostatic oscillator was set to 200 r min−1 and the
reaction time was set to 2.0 h; under these conditions, the PDA
fermentation liquid reached adsorption equilibrium. After
adsorption, the adsorption solution was filtered and the
concentration of filtrate was determined by HPLC. The resin was
then washed with deionized water three times, and 20 ml 1.0 M
hydrochloric acid solution was added for desorption. The flask was
held in a 20°C constant temperature oscillator and shaken for 2.0 h.
The desorption solution was analyzed by HPLC (Figueira et al., 2022).
The resin was screened according to the equilibrium adsorption
capacity, desorption capacity, and desorption rate, and these
parameters were calculated according to the following formulas:

qe � C0 − Ce( )Vi

W
(1)

qd � CdVd

W
(2)

D � qd
qe

× 100% (3)
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where qe was the equilibrium adsorption capacity, mg g−1;C0 was the
initial concentration of adsorption solution, mg L−1; Ce was the
equilibrium concentration of adsorption solution, mg L−1; Vi was
the total volume of adsorbed solution, L; W was the mass of the
wet resin, g. qdwas the equilibrium desorption amount, mg g−1; Cdwas
the desorption solution concentration, mg L−1; Vd was the volume of
desorption solution, L; D was desorption rate, %.

2.4 Thermodynamic experiments

The static equilibrium adsorption experiment was carried out at
20°C in a constant temperature oscillator. Wet resin (10 ± 0.1 g) was
added to 30 ml PDA fermentation liquid of different concentrations
(50–200 g L−1) in a 100 ml conical flask. The speed of the thermostatic
oscillator was set to 200 r min−1 and the reaction time was set to 2.0 h;
under these conditions, the PDA fermentation liquid reached
adsorption equilibrium. The adsorption solution was then filtered,
and the concentration of filtrate after adsorption was determined by
HPLC at different initial concentrations.

2.5 Kinetic experiments

Kinetic adsorption experiments were carried out at different
temperatures (20–40°C) with a thermostatic oscillator. Wet resin
(10 ± 0.1 g) was added to 30 ml 100 g L−1 PDA fermentation broth
in a 100 ml conical flask. The speed of the thermostatic oscillator was
set at 200 r min−1, and 200 μl was taken from the flask periodically for

HPLC. The instantaneous concentration was analyzed until
adsorption equilibrium was reached, and was calculated according to:

qt � C0 − Ct( )Vi

W
(4)

where qtwas the instantaneous adsorption capacity, mg g−1; C0was the
initial concentration of adsorption solution, mg L−1; Ct was the
concentration of adsorption solution at time t, mg L−1; Vi was the
total volume of adsorbed solution, L; W was the mass of the wet
resin, g.

2.6 Dynamic adsorption and desorption
experiment

A certain amount of wet resin was added to the glass adsorption
column by the wet method. The inner diameter of the adsorption
column was 2.0 cm and the heights were 10.0, 14.0, 20.0, and 30.0 cm.
A peristaltic pump was used to control the flow rate of the liquid at the
outlet of the column, and a distributed collector was used to collect the
sample outflow quantitatively. When the concentration of PDA at the
column outlet was equal to the initial concentration of PDA solution,
the adsorption experiment was completed. The effluent concentration
of different volume sections was determined by HPLC. The
penetration curve of PDA on the resin column was drawn with the
effluent volume V (ml) as the abscissa and the effluent concentration
of PDA as the ordinate. The effects of PDA concentration, flow rate,
and the H/D on the dynamic penetration curve of PDA were
investigated. In dynamic adsorption experiments, the adsorption
capacity of the resin unit was determined by integrating the area
above the penetration curve (Figueira et al., 2022), and was calculated
according to:

ma � ∫
Vt

0
C1 − Cta( )dV (5)

Qa � ma

ms
(6)

where C1 was the initial concentration of dynamic adsorption, g L−1;
Cta was the concentration of PDA effluent at a certain time, g L−1; Vt

was the outflow volume corresponding to Cta time, ml; ma was the
mass of total PDA adsorbed by resin column, mg; ms was the amount
of resin used, g; Qa was the adsorption capacity of PDA per unit of
resin, mg g−1.

Hydrochloric acid was used as the desorbing agent, a collector was
used to collect the desorbing effluent at the outlet of the
chromatographic column, measure the pigment OD value of the
effluent, and draw the pigment curve with the effluent product V
(ml) as the abscissa and the effluent pigment OD value as the ordinate
and the concentration of PDA in the desorbing effluent was detected

FIGURE 1
Adsorption and desorption capacity of different cation exchange
resins.

TABLE 1 Different cation exchange resin parameters.

Resins Matrix Particle size (mm) Exchange capacity (mmol g−1) Moisture content (%) Active functional group

D113 Acrylic 0.30–1.2S95% 10.8 45–52 carboxyl

D150 Acrylic 0.315–1.25S90% 10 42–50 carboxyl

D152 Acrylic 0.315–1.25S95% 11.2 50–60 carboxyl

D155 Acrylic 0.45–1.25S95% 9.5 42–50 carboxyl
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by HPLC. The desorption curve of PDA on the resin column was
drawn with the effluent volume Vm (ml) as the abscissa and the
concentration of PDA effluent as the ordinate. The effects of
hydrochloric acid concentration, flow rate, and H/D on the
pigment curve and the dynamic desorption curve of PDA were
investigated. In order to obtain the eluent with high concentration,
we selected the material solution of the section that reached more than
80% of the peak value of the eluent, and calculated these
concentrations according to the following equations:

mb � ∫
Vm

0
CtddV (7)

mc � 0.8Cmax∫
V2

V1

dV (8)

F � mb

mc
× 100% (9)

where Vm was the volume of eluent required for complete desorption
of PDA, ml; Ctd was the concentration of PDA desorption solution at
time t, g L−1; mb was the mass of total PDA eluted by resin column, g;
Cmax was the peak concentration of desorption solution, g L−1; V1 was
the volume of eluent when the absorption reached 0.8Cmax for the first
time, ml; V2 was the volume of eluent when the absorption reached
0.8Cmax for the second time, ml;mcwas the mass of total PDA 0.8Cmax

twice by the resin column, g; F was the proportion of the mass of total
PDA in the section with the concentration above the peak of 80% in
the mass of total PDA eluted by resin column,%.

2.7 Crystallization of PDAH

The PDAH solution after fermentation (PHF), the PDAH solution
decolorization by activated carbon after fermentation (PHDF), and the
PDAH solution after elution of resin (PHER) were dissolved into the
jacket beaker, preheated to 60°C, then cooled to 20°C–10°C; the crystals
were observed 1.0 h after the introduction of crystal precipitates. After
the crystallization was complete, the product was extracted by
filtration, washed, and dried. The experiment was repeated three
times under the same operating conditions to determine the
average purity and yield of the product (Sparenberg et al., 2021). A
small number of samples were placed on a slide, covered with a cover
slide, and observed with an optical microscope and photographed. The
purity and yield were calculated according to the following equations:

Purity � m1

M1
× 100% (10)

Yield � m1

M2
× 100% (11)

where m1 was the mass of PDAH actually measured in the final
product, g;M1was the total mass of the final product to be tested, g;M2

was the mass of PDAH in the initial solution, g.
The product structure was analyzed by Nicolet Summit FTIR

(Thermo Fisher Technology Co., Ltd. United States). The sample clip
was placed in the sample window for infrared scanning determination.

A D8Advance powder X-ray diffractometer (Brock Technology
Co., LTD. Germany) was used to detect CuKα rays (1.54056 A) under

FIGURE 2
(A) Effect of pH on equilibrium adsorption capacity. (B) Effect of temperature on equilibrium adsorption capacity. (C) Effect of initial concentration of PDA
on equilibrium adsorption capacity. (D) Effect of adsorption time on equilibrium adsorption capacity.
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the following conditions: emission slit 1o; room temperature
measuring; working voltage 40 kV; scanning Angle 5–60o; scanning
step size 0.05o; scanning speed 1 step/second.

3 Results and discussions

3.1 Resin selection

The adsorption and desorption capacities of cation exchange
resins D113, D150, D152 and D155 are shown in Figure 1. Among
the four resins, the unit adsorption capacity of D113 reached the
highest of 156.51 mg g−1. However, the highest desorption capacity
and desorption rate was observed with D152 (83.48 mg g−1 and
62.53%, respectively). As can be seen from Table 1, the particle size
of D113 was smaller than the other three resins, which increased the
contact area between D113 and PDA fermentation broth, and made
the adsorption capacity of D113 higher than the other three resins.
However, the exchange capacity of D152 was the best among the four
resins, which was also the reason why its desorption capacity and
desorption rate were higher than the other three resins (Du et al.,

2012). Therefore, D152 was selected to further study the adsorption
process of PDA fermentation broth.

3.2 Effects of pH and temperature on the
adsorption process

The equilibrium adsorption capacity of static adsorption under
different pH values (7.0–13.0) is shown in Figure 2A. With the
increase of pH, the adsorption capacity of D152 for PDA reached
133.80 mg g−1 when the pH reached 9.0. There were three main forms
of PDA in aqueous solution: C5H14N2, C5H15N2

+ and C5H16N2
2+,

which can be interconverted by adjusting the pH. When the pH was 9,
PDA existed in ionic form, with more C5H15N2

+ and less C5H16N2
2+.

Under these conditions, it was more conducive to ion adsorption (Lee
et al., 2019). When the pH value reached 11, the unit adsorption
capacity of PDA decreased significantly. When the pH value was high,
the PDAmostly existed in the solution in molecular form. At this time,
the adsorption was mostly through non-ionic interactions, which were
difficult to exchange through with the ionic resin. The adsorption
capacity of D152 to PDA decreased with increasing pH.

The equilibrium adsorption capacity of static adsorption under
different temperatures (20–60°C) is shown in Figure 2B. It can be seen
that when the temperature increased, the equilibrium adsorption
capacity showed a negative correlation trend. The increase of
temperature caused the adsorption reaction to move in the
opposite direction, since the adsorption process was an exothermic
event (Zhuang et al., 2020).

The equilibrium adsorption capacity of static adsorption under
different initial PDA concentrations (50–400 g L−1) is shown in
Figure 2C. At low concentration, the total number of adsorption
sites was limited for fixed resin dosage, resulting in decreased
adsorption efficiency with increasing of concentration. Before
reaching the saturation adsorption capacity, the adsorption capacity
increased with increaseing initial concentration (Ren et al., 2020). The
saturated adsorption capacity of unit resin was 181.06 mg g−1.

The equilibrium adsorption capacity of static adsorption for
different adsorption times (0–2.0 h) is shown in Figure 2D. As
expected, increasing the contact time between D152 and PDA

FIGURE 3
(A) Langmiur, Freundlich, and Temkin-Pyzhev adsorption isothermal curves of D152 cation exchange resin for PDA. (B) Linear fit of the Clapeyron-
Clausius equation.

TABLE 2 Relevant parameters of the Langmiur, Freundlich and Temkin-Pyzhev
adsorption isothermal models.

Model Parameters D152

Langmiur KL (L mg−1) 4.5 × 10–5

qm 181.49

R2 0.993

Freundlich KF [(mg g−1)·(mg L−1)1/n] 4.671

n 3.335

R2 0.989

Temkin-Pyzhev aT (L mg−1) 1.13 × 10−3

bT (J mol−1) 78.702

R2 0.985
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fermentation broth increased the adsorption capacity to a constant
level. In the experimental device, when the adsorption time reached
1 h, the equilibrium adsorption capacity did not increase further;
there were a large number of surface adsorption sites on the resin,
which were able to accommodate the ion mass transfer in the
fermentation broth, thus promoting rapid adsorption. With the
saturation of the surface adsorption sites, the influence of time on
the adsorption rate decreased until it reached equilibrium (Moghimi
et al., 2020).

3.3 Adsorption isotherm model

The adsorption performance of D152 for PDA was further tested
by the adsorption isotherm model. Finding the best correlation for

equilibrium curve was for optimizing the adsorption system. The
Langmuir model is based on the following assumptions:① the
adsorbate is adsorbed on the surface of the adsorbent as a
monolayer; ② Adsorption is dynamic, and the adsorbed molecules
will return to the original solution under the influence of thermal
motion; ③ There is no interaction between the adsorbate molecules
adsorbed on the surface of the adsorbent (Vinco et al., 2022). The
following formula was used to calculate the equilibrium absorption
capcity:

qe � qmKLce
1 +KLce

(12)

where qe was the equilibrium adsorption capacity, mg g−1; qm was the
maximum adsorption capacity, mg g−1; KL was adsorption equilibrium
constant, L mg−1; Cewas the equilibrium adsorption concentration, mg L−1.

TABLE 3 Relevant parameters of pseudo first-order and pseudo second-order models at different temperatures.

T (°C) qe,exp (mg g−1) Pseudo-1st-order Pseudo-2nd-order

qe,cal (mg g−1) K1 (min−1) R2 qe,cal (mg g−1) K2 [g·(mg min)−1] R2

20 133.78 131.77 0.1438 0.994 144.27 0.2241 0.994

30 128.37 127.02 0.1277 0.999 141.17 0.1832 0.986

40 124.41 120.70 0.1182 0.987 135.11 0.16 0.968

FIGURE 4
(A) Pseudo first-order kinetic curves at different temperatures. (B) Pseudo second-order and pseudo first-order dynamic curves at different
temperatures. (C) Linear fitting diagram of particle diffusion at different temperatures.
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The Freundlich model is an empirical adsorption model with non-
uniform surface (Ahmad et al., 2021), and can be expressed by the
following equation:

qe � KFC
1/n
e (13)

where qe was the equilibrium adsorption capacity, mg g−1; Ce was the
equilibrium adsorption concentration, mg L−1; KF was the adsorption
capacity, (mg g−1)·(mg L−1)1/n; nwas the characteristic parameter of the
equation.

The Temkin-Pyzhev model assumes a linear, rather than logarithmic,
decrease in the heat of adsorption for surface molecules of adsorbents (Foo
and Hameed., 2010), and can be described as:

qe � RT

bT
ln aTCe( ) (14)

where qe was the equilibrium adsorption capacity, mg g−1; Ce was the
equilibrium adsorption concentration, mg L−1; aT was the
thermodynamic constant, L mg−1; bT was the thermodynamic
constant, J mol−1.

The fitting of different adsorption isotherm models is shown in
Figure 3A. With the increase of PDA equilibrium concentration,
the distribution coefficient between the solid phase and liquid
phase gradually decreased, and the saturation of resin phase
gradually increased. With the increase of the equilibrium
concentration, the slope of the equilibrium curve gradually
decreased, indicating that the affinity between the exchange ion
and the resin decreased with the increase of the solution
equilibrium concentration (Hou et al., 2022). The second
derivative of the adsorption isotherm (second derivative of f”
(Ce) < 0) showed that the ion exchange equilibrium of PDA on
D152 cation exchange resin was favorable.

The basic characteristics of the Langmuir isotherm can be
expressed by a dimensionless constant RL (Zhou et al., 2019):

RL � 1
1 + RLC0

(15)

where RL > 1 indicates that the adsorption was unfavorable, RL =
1 indicates that the adsorption was linear, and RL < 1 indicates that the
adsorption was favorable. The RL values under different PDA
concentrations were <1, indicating that D152 cation exchange resin
had a good adsorption effect on PDA.

In the Freundlich model, when 1/n was in the range of 0.1–0.5, the
adsorbent was easily adsorbed by the resin, and when 1/n was greater
than 2.0, the adsorption was inhibited. The results are shown in
Table 2. n value was 3.335 and 1/n value was 0.30, which ranged from
0.1 to 0.5, indicating that the adsorption process of PDA on
D152 cation exchange resin was easy to carry out.

The Temkin-Pyzhev adsorption isothermmodel was used to fit the
adsorption isotherm data of PDA on D152 resin. As shown in
Figure 3A, it can be seen that the fitting effect was good, and the
uniform distribution of molecular binding energy of the adsorption
layer was deduced (Foo and Hameed, 2010).

It can be seen from Table 2 that the correlation coefficients
obtained by fitting the three isothermal models are all good (R2 >
0.98), but the correlation coefficient (R2 = 0.993) fitted by the
Langmuir isothermal model is better than the Freundlich (R2 =
0.989) and Temkin-Pyzhev (R2 = 0.985) models, and the theoretical
maximum adsorption capacity of the Langmuir isothermal model was
181.49 mg g−1, which was closer to the experimental maximum
adsorption capacity of 181.06 mg g−1. Therefore, the adsorption
data of D152 for PDA was closer to the Langmuir isothermal
model. It is concluded that PDA is adsorbed on the surface of
D152 resin as a monolayer, and the adsorption process is dynamic.
There is no interaction force between PDA molecules adsorbed on the
resin surface.

3.4 Adsorption thermodynamic parameters

In order to understand the thermodynamic characteristics of PDA
adsorption onD152, the thermodynamic parameters of the adsorption
process at 20°C were studied. Due to the good correlation of the
Freundlich model, the calculation formulas of Gibbs free energy
change (Δ G), enthalpy change (ΔH), and entropy change (ΔS)
parameters were defined as (Chen and Zhang, 2014; Wang et al.,
2019):

ln Ce � ΔH
RT

+ CK (16)
ΔG � −nRT (17)

ΔS � ΔH − ΔG
T

(18)

where CK was a constant; R was the general gas constant,
8.314 J·(mol·K)−1; T was the thermodynamic temperature, K; n is
the coefficient of Freundlich equation.

According to the Clapeyron-Clausius Eq. 16, the linear fitting is
shown in Figure 3B, and the fitting correlation coefficient was R2 =
0.965. Finally, the enthalpy change was calculated as
ΔH = −1.412 kJ mol−1, indicating an exothermic reaction; Δ
G = −10.474 kJ mol−1, indicating that the adsorption reaction
described as spontaneous; ΔS = 29.89 J·(mol·K)−1, indicating that
the disorder degree of solid-liquid interface increased (Chen and
Zhang, 2014; Guo et al., 2014), and the arrangement of PDA
adsorbed on the resin surface was more disordered after adsorption.

TABLE 4 Relevant parameters of particle diffusion model at different temperatures.

T(°C) First stage Second stage

kp1 (mg g−1·min0.5) C R2 kp2 (mg g−1·min0.5) C R2

20 25.18 14.02 0.972 1.01 124.37 0.998

30 26.57 0.25 0.990 1.64 113.31 0.974

40 26.65 −9.25 0.970 3.32 92.25 0.990
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3.5 Adsorption kinetic model

The pseudo first-order kinetics and pseudo second-order kinetics
models, which are widely used in kinetics research, are used to fit
kinetic data. The pseudo first-order equation model can be
described as:

qt � qe 1 − e−K1t( ) (19)

where qt was the resin adsorption capacity at t time, mg g−1; qe was the
equilibrium resin adsorption capacity, mg g−1; t was the adsorption
instantaneous time, min; K1 was the pseudo first-order rate constant,
min−1.

The pseudo-second order equation model can be described as:

qt � K2q2e t

1 +K2qet
(20)

FIGURE 5
(A) Effect of H/D on dynamic adsorption. (B) Effect of H/D = 5:1 on dynamic desorption. (C) Effect of H/D= 7:1 on dynamic desorption. (D) Effect of H/D =
10:1 on dynamic desorption. (E) Effect of H/D = 15:1 on dynamic desorption.
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where qt was the resin adsorption capacity at t time, mg g−1; qe was the
equilibrium resin adsorption capacity, mg g−1; t was the adsorption
instantaneous time, min; K2 was a quasi-second-order rate constant,
g·(mg min)−1.

According to the fitting parameters in Table 3 and the model
fitting diagram in Figures 4A, B, the pseudo first-order kinetics model
can better fit the adsorption kinetic data of PDA than the pseudo
second-order kinetic model, and the correlation coefficient (R2) of the
pseudo first-order kinetics model was higher than the pseudo second-
order kinetics model at different temperatures. The equilibrium
adsorption calculated by the pseudo first-order kinetics model was
closer to the experimental data, indicating that adsorption may be
dominated by ion exchange and other processes and more unit point
adsorption. According to the rate constants K1 and K2 obtained by
model fitting, the adsorption rate decreased with the increase of
temperature, which may be because the adsorption process is an
exothermic process (Hou et al., 2022). In this case, the increase of
temperature led to the reverse reaction direction of adsorption
equilibrium, and reduced the adsorption rate.

In order to further analyze the adsorption rate limiting steps on the
resin, we also used the particle diffusion model to fit the adsorption
kinetic data. The particle diffusion model is as follows:

qt � kpt
1/2 + C (21)

where qt was the resin adsorption capacity at t time, mg g−1; t was the
adsorption instantaneous time, min; kp was the particle diffusion
constant, (mg·g−1·min1/2); C was the parameter related to boundary
layer thickness.

The diffusion mechanism of PDA on D152 was characterized by a
particle diffusion model. The curves of qt and t1/2 at different
temperatures and initial concentrations are shown in Figure 4C. It
is clear that these curves show multi-linear graphs, indicating that
intra - particle diffusion is not the only rate-limiting step (Zhuang
et al., 2020). It can be speculated that the initial stage (0–20 min) was
the film diffusion stage, while the later stage (20–90 min) was due to an
intra - particle diffusion effect.

The boundary layer thickness related parameter C is directly
proportional to the range of boundary layer thickness; the
greater the value of C, the greater the boundary layer effect. If
the value of C is negative, this indicates that the thickness of the
boundary layer delays the diffusion in the particles, while a positive
value of C indicates that the adsorption is fast (Deng et al., 2020). It
can be seen from Table 4 that no matter whether in the film
diffusion stage (0 min–20 min) or in the particle diffusion stage
(20 min–90 min), the C value decreased significantly with the
increase of temperature, indicating that the increase of
temperature was not conducive to adsorption.

FIGURE 6
(A) Effect of flow rate on dynamic adsorption. (B) Effect of 1.0 ml min−1 on dynamic desorption. (C) Effect of 1.5 ml min−1 on dynamic desorption. (D)
Effect of 2.0 ml min−1 on dynamic desorption.
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3.6 Dynamic adsorption and desorption
results

The dynamic adsorption process of PDA on D152 was
investigated under the conditions of single factor variation,
different PDA concentration, different flow rate and different
height-diameter ratio (H/D), and the penetration curve was used to
describe these parameters. The dynamic desorption process of PDA on
D152 was investigated under different hydrochloric acid
concentrations, flow rates and height-diameter ratios, and
desorption curve and pigment curve were used to describe the
changes in these parameters and the impact on desorption.

Under the condition of a constant flow rate of 1.0 ml min−1 and
initial concentration of PDA fermentation liquid at 100 g L−1, the
dynamic adsorption process of PDA on D152 under H/D was
investigated, as shown in Figure 5A. When the aspect ratio was 5:
1–10:1, the unit adsorption capacity of the resin also increased with
the increase of the H/D. The unit adsorption capacity of resin was
87.39, 92.78, 99.68, and 100.26 mg g−1, respectively, because the H/D
of the column theoretical plate number was larger, and the
separation efficiency was improved (Xiong et al., 2019). However,
when the H/D reached 10:1, the unit adsorption capacity did not
increase significantly. Under the condition of a constant flow rate of
1.0 ml min−1 and an initial concentration of desorption solution of
1.5 M HCl, the desorption situation in the elution process was
considered. By comparing the F value of the eluted feed solution
under different aspect ratios, as shown in Figures 5B–E, the H/D was

5:1–15:1 and it reached 66.85, 75.48, 81.45, and 81.47%, respectively.
It can be seen that the F value increased as the H/D increased, but
when it reached 10:1, the F value did not change significantly. At the
same time, it can be seen that when the section corresponded to the
desorption curve was selected, when the H/D was 5:1, 7:1, and 10:1,
the OD value was stable at 3.5–3.52, while when the H/D reached 15:
1, the OD value exceeded 3.52, and the ability to remove pigment was
weaker than the other H/D. Therefore, considering the situation of
adsorption and desorption comprehensively, when the H/D was too
large, industrial scale up will lead to high operating pressure and
higher equipment cost. Therefore, the H/D of 10:1 was selected as the
best ratio.

When the aspect ratio was fixed at 10:1 and the initial
concentration of PDA fermentation liquid was 100 g L−1, the
dynamic adsorption process of PDA on D152 resin under
different flow rates was investigated. As shown in Figure 6A,
with the increase of flow velocity, component adsorption was
quickly initiated, but when adsorption was complete, the
required volume was significantly increased. The adsorption
capacity of 1.0 ml min−1 at low flow rate was 96.48 mg g−1, while
at flow rates of 1.5 ml min−1 and 2.0 ml min−1, the adsorption
capacity was diminished to 88.71 and 77.64 mg g−1, respectively.
It was inferred that when the flow rate increased, the contact
residence time between fermentation liquid and resin decreased,
resulting in inadequate adsorption and decreased adsorption
capacity (Zhuang et al., 2020). When considering desorption in
the elution process when the H/D was fixed at 10:1 and the initial

FIGURE 7
(A) Effect of initial PDA concentration on dynamic adsorption. (B) Effect of initial 0.5 M HCl on dynamic desorption. (C) Effect of initial 1.0 M HCl on
dynamic desorption. (D) Effect of initial 1.5 M HCl on dynamic desorption.
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concentration of desorption solution HCl was 1.0 M, as shown in
Figures 6B–D, the desorption flow rate increased and the amount of
desorption agent required for complete desorption increased, and
the elution peak had a certain trailing phenomenon. When the flow
rate was 1.0 and 1.5 ml min−1, the F value did not differ much,
reaching 81.49 and 82.01%, respectively. However, when the flow
rate rose to 2.0 ml min−1, the F value decreased significantly to
66.43%. This observation may be due to the excessive flow rate,
resulting in too fast discharge in the desorption process. After Cmax

was reached, the concentration of feed liquid decreased rapidly.
With the increase of the flow rate from 1.0 to 2.0 ml min−1, the
overall OD value of the corresponding section of the pigment curve
was also increased, indicated that 1.0 ml min−1 was the best flow

rate to removed pigment. Therefore, 1.0 ml min−1 was selected as
the best flow rate in combination with adsorption.

When the initial PDA fermentation liquid concentration was
optimized with a fixed H/D of 10:1 and a constant flow rate of
1.0 ml min−1, as shown in Figure 7A, it was found that as the initial
PDA fermentation liquid concentration increased from 50 g L−1 to
100 g L−1, the penetration volume decreased. This may be due to the
slow mass transfer process and that the breakthrough time of the
low concentration was delayed. This observation was reinforced by
the accompanied leftward deviation of the penetration curve, and
an increase in the slope of the curve as PDA concentration
increased, leading to the reduction of the mass transfer interface
(Show et al., 2022). The final adsorption capacity was 76.54, 94.85,

FIGURE 8
(A) Crystallization yield and purity of PHF (B) Microscope image of PHF (C) Crystallization yield and purity of PHDF (D) Microscope image of PHDF (E)
Crystallization yield, purity of PHER (F) Microscope image of PHER.
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and 96.45 g L−1 with the initial PDA fermentation liquid
concentration was 50, 75, and 100 g L−1, respectively. There was
little difference between the initial concentration of 75 g L−1 and
the equilibrium adsorption capacity of 100 g L−1, but the required
amount of 100 g L−1 was lower and the time required for complete
penetration was shorter. Therefore, 100 g L−1 was selected as the
best fermentation liquid concentration.

The concentration of hydrochloric acid was optimized, as
shown in Figures 7B–D; it was found that when the
concentration of hydrochloric acid was 0.5, 1.0, and 1.5 M, the F
value of the eluted liquid was 80.78, 80.16, and 81.49%,
respectively, which were relatively close. However, when the
concentration of hydrochloric acid was 1.0 M, the maximum
concentration value of the eluent reached 127.82 g L−1, the
overall peak pattern was good. With the concentration of
hydrochloric acid increasing from 0.5 M to 1.0 M, the overall
OD value of the corresponded section of the pigment curve was
stable at 3.48–3.50, while when the concentration of hydrochloric
acid reached 1.5 M, the overall OD value of the section was
3.50–3.52, increased significantly. Therefore, the 1.0 M
hydrochloric acid was selected as the best elution concentration.

3.7 PDAH crystallization

The cooling crystallization experiment was carried out under the
same conditions of three different raw materials, and the results are
shown in Figures 8A, C, E. When the temperature was reduced to 0°C,
the purity of the PHF, PHDF and PHER was the highest with 85.55,
92.75, and 97.23% respectively. This result may be because when the
temperature was lower than 0°C, although the yield was improved,
more impurities precipitated, and it was more difficult to separate in
the suction filtration process. It can be seen from Figure 8B that there
were many impurities in the PHF. Figure 8D shows that the crystal
form of PHDF was more complex, while it can be seen from Figure 8F
that the crystal form of PHER was long rod type. Therefore, PHER was
used for crystallization. The water content of PDAH obtained by Karl
Fischer was 0.8%, and the molar ratio of PDA to HCl was 1:1.81 in the
obtained PADH crystals which was determined by element analysis.

The cooling crystallization products of three different raw
materials were characterized by infrared spectroscopy. As shown in
Figure 9A, when the amine was salted, the stretching vibration
absorption peak of the N-H group shifted significantly to a lower
frequency, overlapped with the stretching vibration absorption peak of
the C-H bond, and formed a wide and strong spectral band in the
range of 3,200–2,200 cm−1. Due to the deformation and vibration of
the N-H group, the band has a strong absorption peak at
1,600–1,510 cm−1. The C-H group had an absorption peak near
1,475 cm−1 due to a deformation vibration. The C-N group had a
stretching vibration peak at 1,230–1,050 cm−1. Through infrared
spectrum analysis, it can be confirmed that the main groups of the
material structure are basically the same as PDAH. In addition, in the
three raw materials, the impurity peak of PHER was less, indicating
that its purity was higher.

The products obtained by cooling and crystallization of different
raw materials were characterized by PXRD, as shown in Figure 9B.
The main peaks of X-ray powder diffraction 2θ = 9.06o, 17.96o, and
25.52o appeared in the same position. These peaks belong to the
same crystal form, and the main peak of PHER was sharper, the
impurity peak was diminished, and the relative crystallinity was
higher (Liu et al., 2020).

4 Conclusion

In this study, the adsorption and desorption properties of
D152 for PDA in fermentation broth were the best. The
Langmiur, Freundlich, and Temkin-Pyzhev equations all fit well
with the adsorption equilibrium data of PDA on D152 at 20°C. The
adsorption free energy, enthalpy, and entropy were calculated. The
results showed that the adsorption of PDA on D152 was a
spontaneous exothermic process. The pseudo-first-order model
best described the adsorption kinetics of PDA on D152. The
dynamic experiment in a fixed bed column showed that the
desorption capacity reached 96.45 mg g−1, and the F value
reached 80.16%. The cooling crystallization of three kinds of
raw materials showed that the resin eluting crystallization
product had higher quality, the purity reached 97.23%, and the

FIGURE 9
(A) Infrared spectrum characterization of cooling crystallization products from three different raw materials (B) PXRD characterization of cooled
crystalline products from three different raw materials 1. Crystallization of PHF 2. Crystallization of PHDF 3. Crystallization of PHER.
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yield was 42.32%. This study provides a low-cost and efficient
method for the separation and purification of PDAH from PDA
fermentation broth, and contributes to the industrial scale-up of
the separation of PDAH.
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Hemicellulose-based hydrogels are three-dimensional networked hydrophilic
polymer with high water retention, good biocompatibility, and mechanical
properties, which have attracted much attention in the field of soft materials.
Herein, recent advances and developments in hemicellulose-based hydrogels
were reviewed. The preparation method, formation mechanism and properties of
hemicellulose-based hydrogels were introduced from the aspects of chemical
cross-linking and physical cross-linking. The differences of different initiation
systems such as light, enzymes, microwave radiation, and glow discharge
electrolytic plasma were summarized. The advanced applications and
developments of hemicellulose-based hydrogels in the fields of controlled drug
release, wound dressings, high-efficiency adsorption, and sensors were summarized.
Finally, the challenges faced in the field of hemicellulose-based hydrogels were
summarized and prospected.

KEYWORDS

hemicellulose, hydrogel, biomedical material, adsorption, sensor

1 Introduction

Hydrogels are polymer materials with three-dimensional spatial network structure, which
are usually formed by physical or chemical crosslinking of long chain hydrophilic polymers.
Physical cross-linking method refers to the formation of cross-linking structure between
polymer chains through winding or various weak interactions such as hydrogen bonds or
ionic bonds, without the formation of new chemical bonds. The chemical cross-linking method
refers to the formation of new covalent bonds, the formation of structural units through
copolymerization or condensation reaction of hydrogel, its structure is irreversible, heating will
not change its structure (Hoffman, 2012). Compared with the physical cross-linking method,
the chemical cross-linking hydrogel has better stability, and the cross-linking density is also
controllable, so the physical properties of the hydrogel can be adjusted freely (Mondal et al.,
2020). The high cross-linking degree of hydrogels enables them to have good water absorption
and retention capacity, and will not dissolve after absorbing a large amount of water (Warren
et al., 2017). Due to the differences in raw materials and preparation methods, hydrogels can be
endowed with different physical and chemical properties and have been widely used in
industrial adsorption (Baghbadorani et al., 2019), medical treatment (Hassan et al., 2018;
Liu et al., 2020a; Wang H. et al., 2021; Deng et al., 2022), agriculture (Cheng et al., 2018; Wei
et al., 2019), sensor (Lu et al., 2020; Suneetha et al., 2021) and other fields.

Hydrogels can be divided into natural polymer-based hydrogels and synthetic polymer-
based hydrogels according to the source of the polymer. Although natural polymer including
polysaccharides, gelatin, proteins and nucleic acid hydrogels have good biocompatibility, they
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are unstable and easy to be degraded (Shi et al., 2016). The
composition, structure, and strength of synthetic polymer
hydrogels such as polyacrylic acid, polyacrylamide, acrylic acid,
methacrylic acid, N-isopropyl acrylamide, N-vinyl-2-pyrrolidone,
etc. Are stable and controllable, but their biocompatibility is poor
(Martínez-Gómez et al., 2017; Kesharwani et al., 2021). Therefore, the
combination of natural polymers and synthetic polymers to prepare
hydrogels will be a major development trend (Du et al., 2016; Yang
et al., 2021). Hydrogels will have the advantages of both natural
polymers and synthetic polymers, showing higher service life, gel
strength and water absorption capacity, and more importantly, good
biocompatibility.

Lignocellulose is the most abundant natural polymer on the earth,
which has the advantages of extensive sources and renewable (Si et al.,
2008; Si et al., 2013; An et al., 2019; Liu et al., 2021e; Huang et al., 2021;
Qian et al., 2023). It is widely used in energy storage (Liu et al., 2021b;
Xu et al., 2021b; Liu et al., 2021c; Liu et al., 2021f; Liu et al., 2022b; Du
et al., 2022; Li et al., 2022; Xu et al., 2022), electromagnetic shielding
(Liu et al., 2022d; Liu et al., 2022e), biomedicine (Du et al., 2019; Liu
et al., 2020c; Xiong et al., 2021a; Xiong et al., 2021b; Ha et al., 2021),
sensing (Lu et al., 2019; Ma et al., 2021; Liu et al., 2022a), antibacterial
(Du et al., 2021a; Du et al., 2021b) and many other fields (Dai et al.,
2017; Xie et al., 2019; Yang et al., 2019; Chen et al., 2020a; An et al.,
2020; Wang H. et al., 2020a; Chen et al., 2020b; Liu et al., 2020b; Dai
et al., 2020; Xu et al., 2021a; Zhang et al., 2021a; Liu et al., 2021g; Wang
H. et al., 2021; Wang et al., 2022a; Liu et al., 2022c; Liu et al., 2022f; Liu
et al., 2023). At present, there are many physical and chemical
methods to extract lignocellulose from various raw materials, such
as ultrasonic, grinding, enzymatic hydrolysis, acid treatment and alkali
treatment (Chen et al., 2016; Liu et al., 2017a; Hu et al., 2017; Dai et al.,
2018; Xie et al., 2018; Li et al., 2019; Xu et al., 2020a; Xu et al., 2020b; Li
X. et al., 2020; Liu et al., 2021d; Zhang et al., 2021d; Liu et al., 2022g).
Hemicellulose is a kind of heteroglycan, mainly composed of five-
carbon sugars and six-carbon sugars, including xylose, galactose,
arabinose, mannose, etc. (Figure 1). Hemicellulose, together with
cellulose and lignin, constitutes plant cells and is the main
component of lignocellulose, which is characterized by high degree
of branching and low degree of polymerization (Feng et al., 2012).

Hemicellulose has attracted much attention due to its low cost, good
biocompatibility, and wide sources. Hemicellulose is rich in oxygen-
containing groups, such as hydroxyl, acetyl and carboxyl groups and
so on, which can be modified by etherification (Sun et al., 2019),
esterification (Wang et al., 2017), graft copolymerization (Farhat et al.,
2018) and other means. Thus, it can be used to synthesize hydrogels
with excellent properties (Li et al., 2014). With the deepening of the
research on hemicellulose structure, the preparation methods and
application range of hemicellulose hydrogels are also expanding. In
this paper, the preparation methods, and advantages of hemicellulose
hydrogels as well as the advanced application fields and prospects are
summarized, hoping to provide a reference for the research and
development of new hemicellulose hydrogels in the future.

2 Preparation of hemicellulose-based
hydrogels

2.1 Chemically cross-linking hydrogel

Chemical cross-linking refers to the method of forming covalent
bonds between polymeric monomers, whichmakes the polymers bond
more closely and thus have stronger stability and mechanical
properties than physical cross-linking (Table 1).

2.2.1 Radical polymerization
Free radical polymerization refers to the process in which

monomers produce free radicals under the action of light, heat,
radiation or initiator, and form polymer through a series of
copolymerization. Polymers can be cross-linked by adding cross-
linking agents, such as N,N′-methylenebisacrylamide (MBA) or
glutaraldehyde, and so on (Peng et al., 2012). Chen T. et al. (2020)
isolated hemicellulose from eucalyptus alkaline peroxide mechanical
pulping (APMP) waste liquor. Hydrogen atoms on the hydroxyl group
of xylan were captured in the initiator system of anhydrous sodium
sulfite (Na2SO3) and ammonium persulfate (APS) to generate free
radicals. With the addition of acrylic acid (AA), acrylamide (AM) and
the cross-linking agent (MBA), the unsaturated double bond on MBA

FIGURE 1
The monosaccharide composition of hemicellulose reproduced from: Kong et al. (2018), Springer.
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molecule is opened, and the hydroxyl group on the polymer is cross-
linked, and the hydrogel with excellent water absorption and water
retention is prepared by free radical polymerization. Seera et al. (2021)
mixed xylan and gelatin in a certain proportion and used ethylene
glycol diglycidyl ether (EDGE) as cross-linking agent to prepare
hydrogel. The two epoxy rings of EGDE cross-linker were opened
in a high alkaline medium of 1.5 M NaOH solution to form covalent
bonds with the hydroxyl moieties of xylan and the amine moieties of
gelatin. The opening of epoxy rings and the formation of covalent
bonds will happen simultaneously so that the hydrogel can be cross-
linked successfully.

Konjac glucomannan (KGM) has excellent film-forming ability,
good biocompatibility, biodegradability, and gel-forming properties.
However, its poor pH sensitivity behavior and strong water absorption
limit its application (Chen et al., 2018; Wu et al., 2018; Wang et al.,
2019a). The carboxyl modification of KG introduced carboxymethyl
group, which reduced the intermolecular hydrogen bond and water
absorption and could be used to prepare hydrogels (Xiao et al., 2015).
Iron ion can also be used as a crosslinking agent in the preparation of
hemicellulose hydrogels. Therefore, Wang et al. (2020b) prepared a
novel hydrogel based on Dopamine–carboxymethyl konjac
glucomannan (DCKGM) and L-Cysteine–carboxymethyl konjac
glucomannan (CCKGM) with Fe3+ as cross-linker. The stable
construction of the hydrogel is based on covalent coordination
bonds between Fe3+ and catechol, and hydrogen bonding between
DCKGM, CCKGM, and Fe3+. Due to the strong interaction of Fe3+

with DCKGM and CCKGM, the resultant is adherent, injectable,
formable and pH sensitive. Furthermore, the hydrogel shows great
potential in various applications (e.g., active compounds delivery)
because of the ability to load EGCG.

The modification of hemicellulose can endow it with new
functional groups and improve the polymerization degree, water
solubility and thermal stability of hemicellulose. Thus, the
properties of hemicellulose hydrogel can be improved or endowed,
and its application scope can be expanded. Carboxymethyl
hemicelluloses, the derivatives of hemicelluloses, have better
solubility in water than hemicelluloses, and have hydroxyl and
carboxyl functional groups as well (Ren et al., 2008).

Liu et al. (2022h) prepared carboxymethyl xylan (CMX) by mixing
hemicellulose, NaOH and sodium monochloroacetate (SMCA)
through etherification reaction. Then dopamine was grafted onto
carboxymethyl xylan, and the resulting dopamine-grafted
carboxymethyl xylan was denoted as CMX-DA. And AM, initiator
APS and cross-linker MBA were added to prepare xylan-based
hydrogels through free radical polymerization. APS could not only
polymerize AM into PAM, but also capture hydrogen atoms from the
hydroxyl group of CMX-DA to generate free radicals as the active site,
so that PAM could be grafted onto the CMX chain and finally fabricate
hydrogel. In addition, the catechol of dopamine imparted
nanocomposite hydrogels with adhesion properties. Li et al. (2021)
build a plant catechol-metal ion autocatalytic system composed of
sodium lignosulfonate/iron ion (SL/Fe3+), and prepared a transparent
hydrogel with elastic, electrical conductivity and UV blocking
properties by grafting vinyl monomer onto carboxymethyl xylan
(CMX). The introduction of Fe3+ could form coordination bonds
with CMX to form DN structure during cross-linking, giving rise to
improve mechanical performance (extension ratio: 460%, tensile
stress: 23 kPa). Furthermore, the SL/Fe3+ system can activate KPS
to generate a large number of free radicals, and rapidly initiate the graft

copolymerization of AM on the carboxymethyl xylan (CMX)
backbone at room temperature instead of heating, oxygen removal,
or UV treatment for the preparation of multifunctional xylan
hydrogels.

IA is a hydrophilic unsaturated organic acid with good
biocompatibility. It can copolymerize and introduce carboxylic side
groups into polymers that are able to form hydrogen bonds with
corresponding groups. Liu et al. (2017b) prepared the hydrogels by
free radical copolymerization from NIPAAm/IA mixtures as the
monomers in the presence of APS and TEMDA as the initiator
and acylated hemicellulose as the macromolecular cross-linker. The
acylated hemicellulose chain, acting as framework, was grafted by
NIPAAm or IA and was cross-linked with other acylated
hemicellulose chains containing unsaturated double bonds,
resulting in the formation of the hydrogels. PVA was used as an
enhancer to produce the temperature- and pH-sensitive hydrogels and
it also had good biocompatibility.

Photoinduced crosslinking has the advantages of no pollution, fast
curing and low energy consumption in the gelling process. In the
reaction process, photoinitiator is needed to trigger the formation of
free radicals, which is an efficient and environmentally friendly cross-
linking technology. Firstly, hemicellulose was esterified with maleic
anhydride (MA) to prepare hemicellulose derivatives containing vinyl,
which were cross-linked with unsaturated functional groups of
NIPAAm under UV light to form gels (Yang et al., 2011). Gao
et al. (2015) used MBA as cross-linker and 2, 2-
dimethoxyphenylacetophenone as photoinitiator to graft and
copolymerize xylan and glycidyl methacrylate-modified xylan
(GMAX) with N-isopropylacrylamide and acrylamide respectively
via ultraviolet irradiation. The hydrogels were prepared and the
properties of hydrogels of two different materials were compared.
This method has been shown to be a mild and efficient method with
applications in hemicellulose-based hydrogels.

Radiation cross-linking refers to a method in which polymers can
produce free radicals under the induction of high-energy rays such as
γ-rays and electron beams, and thus polymerize to form three-
dimensional networks. It has the advantages of rapid reaction,
good selectivity, safety, non-toxic and mild conditions. It is a
common method in the preparation of hydrogels by free radical
polymerization (Wiesbrock et al., 2004; Fekete et al., 2016). Meena
et al. (2014) mixed kappa-carrageenan (kC) with xylan, added water
soluble sodium persulfate (KPS) as initiator, and then added
polyvinylpyrrolidone (PVP) to get composite hydrogel with
microwave radiation. The introduction of PVP can significantly
improve the physicochemical and rheological properties of kC/
Xylans, and also lead to the formation of semi-IPN structure, thus
improved the gelling properties of the resulting hydrogels. It has been
proven that the combination of KPS initiator and microwave
irradiation can improve the incorporation rate of PVP.

Enzymatic cross-linking has the advantages of mild reaction
conditions, simple operation, and good biocompatibility, which can
not only avoid the toxicity of chemical cross-linking agents, but also
improve mechanical strength. In recent years, its application in
biomedicine has attracted more and more attention (Jafari et al.,
2022; Wang et al., 2023). Kuzmenko et al. (2014) conjugated xylan
from spruce to tyramine, and the conjugated compound was cross-
linked under the initiation system of horseradish peroxidase (HRP)
and hydrogen peroxide. The primary amine group in tyramine is
coupled to the carboxyl group of glucuronic acid unit in xylan. Under
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the HRP/H2O2 initiation system, the two carbons in the ortho position
of xylan-tyramine conjugate form C-C bond, and the C-O bond is
formed between the ortho carbon atom and the oxygen atom of
phenolic hydroxyl group, thus crosslinking into hydrogel in 20 ± 5 s at
room temperature. This study reduced the amount of H2O2 in the
initiation system and made the product have excellent
biocompatibility. Markstedt et al. (2017) prepared hydrogels based
on O-acetyl-galactoglucomannans (GGMs) from spruce functionalized
with tyramine induced GGMs polymerization to form gels through
HRP/H2O2 system. Due to the advantages of low cost, cell friendliness
and adjustable mechanical properties, the hydrogel can be applied to
biomedical materials.

In order to overcome the problems of chemical by-products,
chemical residues and energy consumption, etc., the glow discharge
electrolytic plasma (GDEP) trigger system has been applied in the field
of hemicellulose hydrogels due to its advantages such as mild and
controllable reaction, simple device, low cost and no pollution (Zhang
et al., 2015). Zhang et al. (2015) used hemicellulose as backbone,
hydroxyl radicals which were produced by GDEP as initiators, acrylic
acid (AA) and N-isopropyl acrylamide (NIPAAm) as monomers, N,
N-methylene double acrylamide (MBA) as crosslinking agents to
prepare temperature/pH dual sensitivity reed hemicellulose-based
hydrogel. They prepared reed hemicellulose hydrogel for
adsorption of heavy metal ions in aqueous solution. The results
showed that discharge voltage and discharge time have important
effects on the adsorption of hydrogel (Zhang et al., 2016).

Photoinitiation, radiation crosslinking and enzyme crosslinking
are currently environmentally friendly, mild, and safe methods for
hydrogel synthesis. However, these methods have not been fully
developed due to some limitations. With the progress of science
and technology in the future, the development of non-toxic,
environmentally friendly crosslinking agents and mild, energy-
saving crosslinking methods is an important research direction of
hemicellulose-based hydrogels.

2.2.2 Click chemistry
The concept of “click chemistry” was first proposed by Kolb et al.

(2001) in the early 21st century, which is a method for synthesizing
macromolecules based on carbon-heteroatom bonds. This simple and
rapid reaction can avoid the limitations of traditional modification
methods such as esterification and etherification. And it can provide a
mild and efficient modification way for hemicellulose modification,
endowing it with specific structure, properties and functions
(Mamidyala and Finn, 2010; Meng and Edgar, 2016). Copper-
catalyzed azide-alkyne cycloaddition (CuAAC) and thiol-ene/yne
click reaction are representative reactions of click chemistry, which
can be used for polymer modification (Hoyle and Bowman, 2010;
Enomoto-Rogers and Iwata, 2012; Meng and Edgar, 2016). Compared
with thiol-ene/yne click reaction, there are few reports onmodification
of hemicellulose by CuAAC reaction. There is still a lot of space for the
development of future.

The thiol–ene reaction has gained much attention in chemical
synthesis. The reaction can usually be performed under mild reaction
conditions giving high conversion and selectivity, using water as
solvent. In addition, no toxic metal catalysts are needed, making
the use of thiol-ene chemistry tempting for the modification of
polysaccharides. Thiols and amines are valuable functional groups
having high reactivity. Pahimanolis et al. (2015) designed a simple
method for functionalizing xylan with thiols, amines and amino acids

by combining traditional etherification and thiol-ene reactions. Firstly,
the hydroxyl group on xylan reacts with allyl chloride under alkaline
conditions at 40°C to introduce the allyl group into the backbone of
xylan, and then thiols are introduced into the backbone of xylan by
click chemistry. This method provides a broad possibility for the
development of new polysaccharide-based materials, and through
thiol-thiol oxidative coupling, free thiol groups can be used to form
hydrogels, and the shape of the resulting hydrogels can be well
controlled, thus the fields of application were expanded. Maleki
et al. (2017) designed a fully interpenetrating double network
structure hydrogel from O-acetyl-galactoglucomannan (AcGGM),
which was formed by the click reaction of thiol-ene and free
radical polymerization. Firstly, the single-network hydrogels were
prepared by grafting AA oligomeric chains from the unsaturated
sites of AcGGM-Ma via free radical cross-linking. The cross-
linking of the second network was then mediated through two
separate pathways: thiol-ene IPN cross-linking (the thiol-ene click
reaction between sulfhydryl functionalized AcGGM and polyethylene
glycol diacrylate (PEG-DA)) and free-radical IPN cross-linking. While
both strategies effectively afford IPNs, the route involving making the
second network from thiolated AcGGM and PEG-da clearly affords
IPNs with much higher shear moduli. In addition, the fraction of
renewable material will be significantly higher in this case where both
individual networks are based on AcGGM and from these perspectives
the thiol-ene crosslinking strategy may be more viable and the
resulting IPNs more suitable as membranes, absorbants and
supports serving in more or less pressurized environments.

Wang et al. (2022b) propose an injectable nanocomposite
hydrogel that prepared by light-induced thiol-ene addition between
methacrylate modified O-acetyl-galactoglucomannan (GGMMA) and
thiolated cellulose nanocrystal (CNC-SH). CNC-SH reinforced the
GGMMA hydrogel as both a nanofiller and a crosslinker to GGMMA
resulting in an interpenetrating network via thiol-ene addition. This
light-induced thiol-ene cross-linking method is a mild and fast cross-
linking method, the addition of thiol-ene makes the internal network
of the hydrogel uniform, but also has good mechanical properties.

2.2 Physically cross-linking hydrogel

Physical cross-linking method refers to the formation of hydrogels
using freezing, ultrasound, light and other methods. Hydrogen bonds,
ionic bonds and intermolecular forces play a role in gelation. The
hydrogel is greatly affected by the environment, and the size of holes in
it cannot be adjusted easily (González et al., 2018). Although the
strength and stability of hydrogels formed by physical cross-linking
method are not as good as those formed by chemical cross-linking
method, there is no need to add initiator, cross-linking agent or some
organic solvents in the preparation process, so as to reduce the
chemical toxicity and increase the application scope of hydrogels
(Yan et al., 2010).

2.2.1 Non-covalent forces
Gabrielii et al. (2000) separated xylan from poplar by alkali

extraction combined with ultrafiltration and mixed it with chitosan.
Through the electrostatic interaction between the microcrystalline
domain formed by the combination of chitosan chain and xylan chain
and the acid group of xylan and the amino group in chitosan,
hemicellulose-chitosan hydrogel was prepared for the first time.
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Studies have shown that hydrogels can be formed when the content of
chitosan is 5%–20%, and the swelling degree of hydrogels is positively
correlated with the content of chitosan, and hydrogels dissolve when
the content of chitosan exceeds 20%. Qi et al. (2015) grafted
methylguanidine hydrochloride onto the backbone of xylose to
prepare xylose modified by guanidine ion. Then, ethylene glycol
was used as the crosslinking agent, and the modified xylose was
entangled with the exfoliated layered anionic montmorillonite
(MMT) clay nanosheet under the dispersion of sodium polyacrylate
(PAAS) to form xylose-based hydrogel. The xylan-based hydrogel is
connected by hydrogen bonds and shows intermolecular adsorption
due to its internal sponge like porous structure, which has a rapid self-
healing ability and shows good swelling performance. In addition, due
to the addition of inorganic MMT, this xylan-based hydrogel has good
heat resistance. Gabrielii et al. (2000) added chitosan into the xylan
solution. The microcrystalline structure was formed between xylan
and chitosan and served as a physical cross-linking point. The
microcrystalline was connected to conduct the crystal arrangement
of the polymer, forming a eutectic network structure. When the
content of chitosan reaches 5%–20%, the co-crystalline structure
forms a network structure, and the hemicellulose/chitosan
composite hydrogel is prepared.

2.2.2 Freeze-thaw cycle technique
Freeze-thaw technique is a physical cross-linking method that

promotes the generation of hydrogen bonds in polymers through
repeated freezing and thawing. As a hydrogel formation method,
freeze-thaw method can not only cross-link polymers in solution,
but also avoid the residue of cross-linker that can cause
inflammation in human body (Liu et al., 2009). Zhang et al.
(2021b) simply and efficiently prepared hemicellulose/
polypyrrole (H/PPY) composite hydrogel by freeze-thaw
technique. First, all reactants including H/PPY suspension, PVA,
glycerol, and borax were initially mixed, and the solution was
frozen at 20°C for 12 h to gelatinize and thawed at room
temperature for 4 h. After two freeze–thaw cycles, the resultant
hydrogels were soaked into NaCl solution. Borax was decomposed
into B(OH)3− and B(OH)4- which could further form a variety of
complexation and cross-linking with H/PPY, glycerol, and PVA.
The strong hydrogen bonds among PVA, H/PPY complex, and
glycerol promoted the formation of hydrogels. The hydrogel has
good mechanical strength and can be stretched 250 times at 50%
strain and still have good reproducibility.

Guan Y. et al. (2014) prepared hemicellulose, PVA and chitin
nanowhiskers with compact structure, high strength and thermal
stability hydrogels by freeze-thawing cycle. Because these polymers
are rich in hydroxyl groups, hydrogen bonds are easily formed
between them, and the hydrogen bond network is very stable at
low temperatures. Therefore, during the freeze-thaw cycle, their
molecular chains are closely bound by physical cross-linking and
shows good mechanical properties. The chitin nanowhiskers
embedded homogeneously in PVA/hemicellulose form more
hydrogen bonds, which significantly improves the mechanical
strength and thermal stability of hydrogel. And the hydrogel
structure becomes stronger with the increasing times of freeze/thaw
cycle. Multiple cycles make the polymer network more compact and
reduce the space for water. After three freeze-thaw cycles, the hydrogel
forms a layered structure and the swelling degree is reduced (Guan
et al., 2015).

2.3 Composite hydrogel

As hemicellulose macromolecular structure has many branches
and complex chemical composition, the relative interaction between
molecules in hydrogels prepared from pure hemicellulose is weak,
resulting in unsatisfactory mechanical strength (Liu et al., 2022h).
However, hemicellulose and other kinds of polymers or nanoparticles
can be combined to produce hemicellulose based composite hydrogels
with different functions. For example, the combination of
hemicellulose and chitosan can improve the swelling and
mechanical properties of hydrogels, and can also give hydrogels the
adsorption performance of heavy metal ions (Ayoub et al., 2013). The
composite of nanocellulose and hemicellulose can enhance the
toughness, viscosity and self-recovery properties of hydrogels
(Karaaslan et al., 2011). In hemicellulose hydrogels, the
introduction of chitin nanocrystalline whiskers with average length
of 200 nm and width of 40 nm can improve the mechanical and
thermal properties of hydrogels (Guan Z. et al., 2014).

Polypyrrole (PPY) has emerged as a polymer with the advantages
of easy synthesis, high conductivity, stability and good
biocompatibility, which can be introduced into hydrogels and
applied to wearable strain sensors (Kenry, 2018). Zhang et al.
(2021b) firstly, mixed hemicellulose white poplar and pyrrole
monomer in water to form H/PY composite. FeCl3 was then added
to induce the growth of the PPY chain. Afterwards it is then mixed
with PVA, glycerol and borax and polymerized into hydrogels by
strong hydrogen bonding. Glycerol can form a large number of
hydrogen bonds with water molecules, which can greatly improve
the water retention of hydrogel (71.8%). The introduction of glycerol
and NaCl could inhibit the ice crystals in the hydrogels and reduce the
freezing and thawing temperatures of the hydrogels to −43.1°C
and −22.1°C. The conductivity of the hydrogel increases from 2.1 S/
m to 5.1 S/m when PPY is introduced into the hemicellulose hydrogel.
And the introduction of glycerol can improve the conductive path of
hydrogel network.

Polyaniline (PANI) is a kind of polymer with attractive properties
such as easy synthesis, environmental friendliness, electrical
conductivity, and excellent biocompatibility. However, its
application is limited because it is not degradable and cannot be
dissolved in ordinary non-polar or even weakly polar organic solvents.
To overcome this shortcoming, the use of aniline oligomers has been
proposed instead of polymers, because they have similar electrical
conductivity, in addition to good solubility and clear structure.
Moreover, the degradation byproducts of oligomers can be taken
up by macrophages and can subsequently undergo renal clearance to
exit the body. Wen et al. (2020) prepared conductive hemicellulose
hydrogels (CHHs) with tunable swelling behavior, controllable
conductivity, and stable network structure by introducing carboxyl
terminated aniline pentamer (CTAP) and epichlorohydrin into xylan-
rich hemicellulose network through a facile one-pot approach. The
equilibrium swelling ratio of the hydrogel can be adjusted by changing
the content of CTAP and epichlorohydrin. Due to the hydrophobicity,
thermal stability, and electrical conductivity of CTAP, when the
content of CTAP increases, the water absorption of hydrogel
decreases, the thermal stability increases, and the electrical
conductivity increases to 2.11 × 10–3 S/m.

When hemicellulose is added to other polymer networks, it often
acts as an enhancer (Prakobna et al., 2015) or cross-linker (Karaaslan
et al., 2011). Berglund et al. (2020) investigated the influence of xylans
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and glucomannans in cellulose/hemicellulose composite hydrogel on
the mechanical properties of hydrogel. The study showed that
glucomannans improved the compressive elastic modulus of
composite hydrogel, and xylans increased the elongation at break
of composite hydrogel. Dax et al. (2016) prepared a green cross-linking
agent based on O-acetyl galactoglucomannan. When hemicellulose is
used as a cross-linking agent, the hydrogel has excellent swelling
performance and can quickly absorb water 154 times its weight, but its
mechanical strength is low. Adding NFC to the hydrogel can
effectively improve the mechanical strength without affecting its
adsorption performance. Gong et al. (2022a) modified
hemicellulose nanoparticles (HC) with tannic acid (TA) and the
composite hydrogels were formed by mixing acrylic acid with APS
(initiator) and MBA (cross-linking agent) evenly and adding TA@HC
nanoparticles as nanometer filler. Then the hydrogel was immersed in
AlCl3 solution and Al3+ was introduced to obtain PAA-TA@HC-Al3+

hydrogel. The hydrogels were multi-network structures of covalent
bonds and non-common bonds, which can improve the mechanical
properties of hydrogels. It was also found that the hydrogel had good
electrical conductivity, toughness and antimicrobial properties. The
cross-linking mechanisms of Al3+ in hydrogel structures are Al3+-TA@
HC-carboxylate hybrid coordination and Al3+-TA@HC coordination,
and Al3+-carboxylate coordination. In addition, the hydrogel has
antioxidant and UV resistance properties.

The introduction of inorganic particles into hydrogels has been
shown to improve the strength and toughness of hydrogels (Lei et al.,
2019). Nanomaterials such as calcium phosphate nanoparticles (Nie
et al., 2019), bentonite (Liu et al., 2021a), metal nanoparticles (Arvizo
et al., 2012) or graphene (Mohammadrezaei et al., 2018) can also give
gels a variety of properties, enabling them to have a wide range of
applications in many fields (Han et al., 2020).

Bentonite is a natural non-metallic mineral with montmorillonite
as main component. It has the structure of two-dimensional
nanomaterials and has the characteristics of expandability,
hydrophilicity, stability, non-toxicity, and adsorption (Feng et al.,
2004). Liu et al. (2022h) introduced bentonite into hydrogels
prepared by cross-linking dopamine grafted carboxymethyl xylan
with PAM. The exfoliation of bentonite would improve the
compatibility between inorganic phase and organic phase. The
bentonite formed physical interaction with polymer chain. The
PAM chains could be integrated with the neighboring bentonite
sheets by a mutual combination of polymer chains, and they could
be cross-linked through non-covalent bonding such as hydrogen
bonding and polymer chain entanglement, resulting in a
nanocomposite hydrogel 3D network formation. With the
introduction of bentonite, the Young’s modulus of the hydrogel
increased to 1,449.3 kpa, indicating that the addition of bentonite
could enhance the cross-linking density and improve the mechanical
strength of the hydrogel.

The combination of iron oxide nanoparticles (Fe3O4) and
polysaccharide hydrogels can be used as magnetic field response
hydrogels due to their large magnetic moment, excellent
superparamagnetization and high stability in water medium. Zhang
and Sun (2020) added Fe3O4 nanoparticles to acrylic acid (AAC), then
added hemicellulose and cross-linking agent, and formed semi-
interpenetrating magnetic composite hydrogel by using H2O2-VC
initiated system. The redox initiator system H2O2-Vc generated
oxygen anion radical (O2-) which initiated the polymerization of
acrylic acid, and modified Fe3O4 nanoparticles joined into this

polymerization by covalent bonds through the vinyl group on the
surface. The introduction of Fe3O4 can not only increase the
crosslinking density of the hydrogel, but also give the hydrogel
superparamagnetic property, and the magnetization intensity
increased with an increase in the content of Fe3O4 nanoparticles.
The HC/PAAc semi-IPN magnetic hydrogel showed high adsorption
capacity and smart swelling property in lysozyme adsorption
experiments, which has potential applications in drug delivery and
magnetic separation.

Graphene oxide (GO) and reduced graphene oxide (RGO) have
gained wide attention due to their potential role in enhancing cellular
response and modulating protein adsorption and cell behavior.
Graphene and its derivatives contain reactive oxygen functional
groups, making the surface easy to form covalent, electrostatic and
hydrogen bonds with biomolecules (polypeptides, nucleic acids and
growth factors). Ali et al. (2022) introduced graphene oxide/reduced
graphene oxide (GO/RGO) as nano-filler into hemicellulose/chitosan/
nano-hydroxyapatite (HAp) composite hydrogel scaffold. The fillers
are uniformly distributed in the hydrogel, forming a porous three-
dimensional network with good mechanical properties. The addition
of GO/RGO can improve the mineralization tendency of apatite and
increase the osteogenic capacity of the composite. Further studies
showed that the composite hydrogel has cellular activity and protein
affinity, which is helpful for bone repair and regeneration, and is a
potential material for bone tissue engineering.

Due to the low molecular weight and heterogeneity of
hemicellulose, the mechanical strength of the composite hydrogel is
limited. The introduction of interpenetrating polymeric network
(IPN) or semi-interpenetrating polymeric network (semi-IPN)
structure into the composite hydrogel makes there exist some non-
covalent forces between the polymers, that is, the method of physical
and chemical double cross-linking can effectively improve the
mechanical strength of the hydrogel (Zhao et al., 2016; Zhang
et al., 2019a). It can also make the hydrogel have certain self-
healing property (Ai et al., 2021). Li N. et al. (2020) designed a
hemicellulose hydrogel with high toughness by combining the chain
expansion reaction of xylan with semi-IPN structure. Xylan was
successfully modified to overcome the main limitation of brittleness
through reductive amination reaction. Firstly, a cross-linking agent is
added to construct a chemical cross-linking network of chain extended
xylan (CEX). Then Fe3+ are introduced into it, and a physical cross-
linking network is constructed by metal-ligand interactions. The
hydrogel prepared by this method shows excellent mechanical
properties and good water absorbency. And the water absorption
and electrical conductivity can be adjusted by changing the mole
fraction of metal ions. This method provides a way to prepare xylan
hydrogels with high mechanical properties. Han et al. (2022) mixed
hemicellulose, polyvinyl alcohol (PVA) and non-toxic sodium
trimetaphosphate (STMP) crosslinker, heated and stirred, and
formed a semi-interpenetrating structure by physical and chemical
cross-linking. PVA contains rich hydroxyl groups that react with ring
opened STMP to form a chemical cross-linking network. Xylan
macromolecules do not react with PVA or STMP, but form a
physical network connected by hydrogen bonds with the PVA-
STMP chemical cross-linking system. This is a safe and facile
method, and the hydrogel prepared shows high compressive
strength (84.2 MPa at fracture strain of 90%), excellent compressive
resilience, and thermal stability (showing a degradation temperature
between 350 and 370°C). Moreover, due to its good biocompatibility
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and non-toxicity, it offers a great potential application in the field of
biomedicine.

In the future, the mechanism of composite hydrogels should be
studied comprehensively and deeply, so as to regulate its performance
and expand its application range.

3 The applications of hemicellulose-
based hydrogels

Hemicellulose-based hydrogels can respond to temperature (Liu
et al., 2017a), PH (Zhao et al., 2014a), electricity (Zhao et al., 2014b),
magnetism (Li et al., 2014), light (Cao et al., 2014) and other stimuli,
and have a wide range of applications in drug delivery, bone tissue
engineering, wound dressing, sewage purification, flexible electronic
sensor and other fields (Kong et al., 2018).

3.1 Biomedical material

Hemicellulose has good biological activity, so it has broad
application prospects in the field of biomedicine. It has been
reported that xylan hemicellulose has the effect of inhibiting cell
mutation, and has the function of detoxification and anti-
inflammation, which greatly broadens the application of xylan in
the field of biomedicine (Oliveira et al., 2010; Chang et al., 2021).
Drugs and polymer solutions are mixed and injected into the human
body and gelatinized under certain physiological conditions. Drugs
can be released at a specific time and location through hydrogel
decomposition or other means (Gupta et al., 2002; Yan et al.,
2010). Some functional molecules such as PAA, poly
(N-isopropylacrylamide) (Gao et al., 2016), Fe3O4 (Zhao et al.,
2015) etc. And hemicellulose are used together to prepare
intelligent hydrogels, which can be applied to drug delivery.

Figure 2 shows some effects of hemicellulose based hydrogels on
controlled release of drugs and antibacterial activities. Gao et al. (2016)
prepared xylan-based temperature/pH sensitive hydrogels by the
crosslinking copolymerization of xylan with NIPAm and AA using
MBA as a cross-linker and 2,2-dimethoxy-2-phenylacetophenone as a
photoinitiator via ultraviolet irradiation. Then they tested the
hydrogels for drug encapsulation and release and for its biological
activity on cells. The drug loaded and controlled release behaviors and

the diagram of cell proliferation of the xylan-based P(NIPAm-g-AA)
hydrogels networks were illustrated in Figure 2A. The porous
structure appeared during drug release. And the porosity of
hydrogels permits loading of drugs into the hydrogel matrix and
subsequent drug-controlled release at a rate dependent on the
diffusion coefficient of the small molecule or macromolecule
through the gel network. After the cells were cultivated in
hydrogel, the number of cells increased significantly after 72 h
compared with 24 h. Photodynamic antimicrobial chemotherapy or
PACT has been shown to be a promising antibacterial treatment that
could overcome the challenge of multidrug-resistant bacteria; Elkihel
et al. (2021) report a simple strategy to synthesize a cross-linked
hydrogel from beech xylan as shown in Figure 2B. The 5, 10, 15, 20-
tetrakis (1-methylpyridinium-4-yl)-porphyrin tetraiodide (TMPyP)
was chosen as a model of hydrophilic photosensitizer (PS) and was
encapsulated inside the xylan-based hydrogel. The positively charged
ammonium groups of PS will allow the TMPyP to make ionic bonds
with the carboxyl groups of the hydrogel, which facilitates its
encapsulation. The hydrogel showed good properties of high
swelling ratio, interconnected porous structure, and good
mechanical integrity. TMPyP-loaded hydrogel prolonged release of
PS up to 24 h with a cumulative amount that could reach 100%.
TMPyP-loaded hydrogel showed a photocytotoxic effect against
Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus
strains, and Bacillus cereus, while no cytotoxicity was observed in
the dark and a strong potential for photodynamic antimicrobial
chemotherapy. Ge et al. (2021) prepared hemicellulose-based
composite hydrogels by adding polydopamine (PDA) microsphere
as reinforcing agents (the synthetic route was showed in Figure 2C).
Hemicellulose was extracted from bagasse and mixed with dopamine
microspheres to form hydrogel under the action of crosslinking agent.
The gaps in the network are filled with PDA and increased the density
of the hydrogel. The hemicellulose-based hydrogel has an obvious
drug release effect, and the release behavior of the composite hydrogel
shows more obvious pH responsiveness. The result showed that
complex hydrogels, delivered orally to the stomach as drug carriers,
can reduce swelling of the gels and inhibit drug release under acidic
conditions. As shown in Figure 2D, the xylan/borax/PVA double-
network hydrogels were fabricated by Ai et al. (2021). The first
physically and chemical network formed via numerous hydrogen
bonds from PVA associated xylan and borax−PVA complexation
between hydroxyl groups and borax. Then the hydrogel was

TABLE 1 Fabrication methods and their advantages.

Methods Characteristic References

Physical crosslinking by hydrogen bond, ionic interaction, or hydrophobic
interaction

Hypotoxicity, weak strength and stability Zhang et al. (2021b)

IPN or semi-IPN High strength, self-healing property Li N. et al. (2020)

Chemical cross-linking by cross-linkers Facile and common Liu et al. (2022h)

Photoinitiated Simple and efficient Gao et al. (2015)

Enzymatic Excellent biocompatibility Markstedt et al.
(2017)

Microwave irradiation Rapid response, no hysteresis effect and good selectivity Meena et al. (2014)

Glow discharge plasma Environmentally friendly, easy to operate, low cost, small environmental
pollution

Zhang et al. (2015)
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subjected to a freeze-thaw process to form the second physically cross-
linked network through the generation of the PVA crystal domain.
The complexation between the tetrafunctional borate ion and the
hydroxyl group of PVA is reversible resulting in the self-healing
properties of hydrogels. The network between xylan and PVA and
PVA crystal domain will provide a stable structure to withstand stress.
Therefore, the hydrogels show nice strength, toughness, and stability.
As shown in Figure 2E, the light blue rectangle meant the surface of
different materials. There were several kinds of interaction between
the hydrogel and different surfaces including hydrogen bonding, metal

complexation, electrostatic force, and some kinds of covalent bond.
And as shown in Figure 2F, for PAA hydrogel (control sample), there
was no obvious inhibition zone in the disk. For PAA-xylan hydrogel,
only a small inhibition zone was observed, which might be due to the
antibacterial properties of xylan. In contrast, the xylan-PAA-TA
hydrogels has the larger inhibition zone.

Modifications of hemicelluloses can improve their drug release
and encapsulation properties of the prepared hydrogels. Gao et al.
(2015) compared the acetylsalicylic acid release properties and
biological activities of xylan and glycidyl methacrylate-modified

FIGURE 2
(A) The diagram of drug delivery behaviors and cell proliferation of the xylan-based P(NIPAm-g-AA) hydrogels copolymer networks, (B) The strategy of
formation of hydrogels and photodynamic antimicrobial chemotherapy, (C) The synthetic route of hemicellulose/PDA hydrogel, (D) Schematic illustration of
the preparation process of xylan/PVA/B DN hydrogel and possible reversible diol-borate ester bonds, (E) The adhesion mechanism of xylan-PAA-TA
hydrogels, (F) Photographs of the inhibition zone of the PAA, PAA-xylan hydrogel, xylan-PAA-TA1, xylan-PAA-TA2 and xylan-PAA-TA3 hydrogels, (F)
Photographs of the inhibition zone of the PAA, PAA-xylan hydrogel, xylan-PAA-TA1, xylan-PAA-TA2 and xylan-PAA-TA3 hydrogels. Reproduced from: (A)Gao
et al. (2016), Elsevier; (B) Elkihel et al. (2021), ACS Publications; (C)Ge et al. (2021), MDPI; (D) Ai et al. (2021), Elsevier (E) Chang et al. (2021), Springer; (F) Chang
et al. (2021), Springer.
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xylan (GMAX) based hydrogels. The introduction of GMAX makes
the pore size of hydrogels smaller and the network of hydrogels more
uniform and orderly, so GMAX-Gels have a stronger electrostatic
effect on acetylsalicylic acid, while xylan hydrogels have a low
electrostatic interaction with acetylsalicylic acid due to the irregular
internal structure. Compared with xylan hydrogel, GMAX hydrogel
has higher cumulative drug release (84.2%) and longer release time in
intestinal fluid, and also has higher encapsulation efficiency (95.21%).
Because of their low release rate in gastric fluid and good cell
compatibility, they can alleviate the side effects of long-term use of
acetylsalicylic acid in patients.

Kong et al. (2017) prepared a novel hydrogel with temperature/
pH dual sensitivity good swelling–deswelling properties, and
honeycomb-like architecture through polymerizing maleic
anhydride modified xylan (MAHX) with NIPAm and acrylic acid
under UV light. The degree of substitution MAHX could control the
pore volume, the mechanical properties, and the drug release rate of
the hydrogel. Besides, in the gastrointestinal sustained drug release,
the acetylsalicylic acid release rate was extremely slow at initial 3 h in
the gastric fluid (24.26%), and then the cumulative release rate
reached 90.5% after sustained release for 5 h in the stimulated
intestinal fluid. Importantly, MAHX-based hydrogels had
satisfactory biocompatibility with NIH3T3 cells. Therefore,
MAHX-based hydrogels as drug carriers have potential
application in human drug-delivery fields. Liu et al. (2017b)
synthesized a temperature- and pH-sensitive hydrogel from
NIPAAm, IA, hemicellulose and PVA. IA is rich in hydrophilic
groups (-COOH). The lower critical solution temperature (LCST),
the network dimension and equilibrium swelling rate of hydrogels
can be adjusted by IA content. The LCSTs and equilibrium swelling
ratio of the hydrogels increased with the increase of IA dosage in
hydrogels. The LCST of the hydrogel could be adjusted to around
body temperature by manipulating mass ratio of NIPAAm to IA 96/
4. The carboxyl-carboxyl hydrogen bonding, existing between
carboxyl in IA and carboxyl in salicylic acid, is in favor of the
drug loading capacities of the hydrogels. The controlled release
properties make the hydrogels as possible carriers in terms of
controlled drug release. Gami et al. (2020) synthesized xylan-β-
cyclodextrin hydrogel (XCD) by chemical crosslinking method and
studied the absorption and release properties of the hydrogel on
curcumin and 5-fluorouracil (FU) in vitro. When the hydrogels were
in PBS, the drugs on the surface of the gel can be released
immediately, so the initial release rate is faster. Curcumin could
form inclusion complexes with βCD in the gel to prevent its release.
XCD5 gel has a lower βCD content, so it has a better release effect on
curcumin. The absorption of XCD1 to 5-FU was better because of the
high content of βcd, which can provide more binding sites for 5-FU
and promote the release of XCD1. After 24 h, the release of 5-FU and
curcumin in PBS was 56% and 37%, which showed a favorable
potential in the field of controlled drug release. Wang et al. (2022b)
introduced BaGNP into the GGMMA/CNC-SH-based injectable
hydrogel prepared through light-induced thiol-ene reaction.
BaGNP is a kind of nano-filler with good biocompatibility. When
combined with hydrogel, BaGNP is known to be a nano-filler with
good biocompatibility. Combined with hydrogel, BAGNP can be
used as a delivery system for some therapeutic ions, such as Si, Ca, or/
and Cu ions to be released in the human body. It has been shown that
the GGMMA/CNC-SH/BaGNP hydrogel can achieve sustained
release of Si and Ca ions/species.

In addition, the combination of xylan and chitosan has superior
antioxidant, antibacterial and cell proliferation ability than its parent
polymer, and the hydrogel formed by the combination of
hemicellulose and chitosan has long-term biocompatibility (Ali
et al., 2020). Studies have shown that xylose hydrogels can be
applied to injectable biological materials and contribute to fracture
healing (Bush et al., 2016). Ali et al. (2022) introduced hydroxyapatite
(HAP), whose chemical composition is similar to inorganic
composition of bone, and oxide/reduced graphene oxide (GO/
RGO), which has the advantages of enhancing cell response and
regulating protein adsorption and cell behavior, into hemicellulose
chitosan hydrogel. The pore size of the hydrogel samples containing
GO/RGO came to be between 100 and 200 μm, which is beneficial for
nutrient and gas exchange, angiogenesis and osteoinduction in human
body. Due to the variety of species on GO, the addition of GO can
improve the adsorption efficiency of composite hydrogels for proteins.
The addition of GO also improved the mineralization tendency of
deposited apatite and showed good osteogenic capability. The
synergistic effect of HAP and GO together improves the ALP
activity of the composite hydrogel, making it a potential
application in bone tissue engineering.

The flexibility and biocompatibility of hemicellulose-based
hydrogels make them also useful as nanofibrous scaffolds for the
application of cardiac tissue engineering. Venugopal et al. (2013)
prepared a nanofiber scaffold formed by crosslinking xylan/
polyvinyl alcohol and glutaraldehyde vapor and conducted
experiments in rat neonatal cardiomyocytes. The result shows that
the nanofiber scaffolds can enhance the proliferation of
cardiomyocytes and can be used in cardiac tissue engineering.

Hemicellulose dressings have been shown to be able to treat
various skin lesions or skin diseases and are a safe and effective
wound dressing (Melandri et al., 2006). Liu et al. (2016) composed
polysaccharide composite hydrogels with different types of
hemicellulose and nanocellulose. Then the morphology, mechanical
strength and cell compatibility of the composite hydrogel were
changed by changing the type, amount and way of hemicellulose
incorporation. The performance of the hydrogel scaffold can be
evaluated by observing the proliferation of 3T3 fibroblasts in the
composite hydrogel. Therefore, this polysaccharide composite
hydrogel has the potential to support cell growth and proliferation
and can be used in wound healing. The Xylan-tyramine composite
hydrogel prepared by Kuzmenko et al. (2014) through enzymatic
cross-linking showed good mechanical property and high swelling
property. The hydrogel showed the ability to differentiate into
adipocytes in cell differentiation assays and could be used to
encapsulate mesenchymal stem cells. Markstedt et al. (2017)
prepared ACGGM-based hydrogels in the initiator system of
hydrogen peroxide/horseradish peroxidase. In the cytotoxicity test,
the cell survival rate of hydrogel was 95%, indicating that it had no
cytotoxicity, which may be used in cell encapsulation, cell delivery and
3D cell culture.

Gelatin is a low-cost, non-toxic, and biodegradable natural
collagen polymer, which is able to improve its properties by
chemical cross-linking due to its large number of functional side
groups, thus preparing a variety of stable materials. Synthetic polymers
as crosslinkers inevitably cause a decrease in biocompatibility, but the
combination with xylan solves these problems. Fu et al. (2020) directly
oxidized xylan to dialdehyde xylan and used it as a cross-linking agent
of gelatin to prepare hydrogel. Glycerol (Gly) and nicotinamide
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(NCA) were further introduced into the gel, and the in vitro release,
Antibacterial activity and cytocompatibility test were conducted. NCA
diffused rapidly in the resultant hydrogels, releasing them faster than
most bio-based hydrogels. The resultant hydrogel had obvious
inhibitory effect on the growth of yeast, Bacillus subtilis and
Staphylococcus aureus, and has good viability and cell
cytocompatibility. The results show that the hydrogel has a good
application prospect in skin care.

In conclusion, Hemicelluloses-based hydrogels have been widely
used in the field of medical materials due to their biological activity,
controllable swelling, and mechanical properties. In addition, it can be
combined with some organic or inorganic particles to further expand
its range of applications, including controlled release of drugs, wound
dressings, bone tissue engineering, even cardiac tissue engineering and
facial care. However, most of the research still exists in the laboratory
stage and needs to be scaled up in future studies to really make a
difference.

3.2 Industrial adsorption

Nowadays, environmental pollution has attracted global attention.
The pollution of water resources caused by heavy metal ions released
by industry has become one of the most serious problems. Traditional
methods for removing heavy metal ions from aqueous solutions have
some disadvantages, such as high cost, low efficiency and other wastes
(Ahluwalia and Goyal, 2005). Bioadsorption refers to the adsorption of
heavy metals by organisms and their derivatives on water. It is a
method with high efficiency, repeatability and other advantages, which
is an alternative to traditional adsorption methods (Peng et al., 2012).
The swelling of hydrogel increases its surface area, and some solute
molecules interact with hydroxyl, carboxyl and amine groups in
hydrogels through ionic and covalent bonds, so that hydrogels can
be used as adsorbents (Seera et al., 2021). The chemical composition of
hemicellulose and the network structure of hydrogel are the
fundamental factors affecting the adsorption performance of
hemicellulose hydrogel. Hemicellulose is easily hydrolyzed by acid,
so it cannot be used in highly acidic environment (Xiang et al., 2022).
Studies have shown that hemicellulose-based hydrogels as adsorbents
have good adsorption effects on metal ions such as Pb2+, Cd2+, Cu2+,
and Zn2+.

The addition of acrylamide, acrylic acid and other synthetic
polymers into hemicellulose hydrogels can also improve the
adsorption performance of hydrogels (Peng et al., 2012; Zhong
et al., 2013). AA, an unsaturated carboxylic acid with
pH sensitivity, is a common hydrogel additive that can be used not
only to adsorb heavy metal ions but also polymer dyes. Xylan and AA
graft copolymerized hydrogels showed good repeatability in plenty of
adsorption/desorption cycles (Peng et al., 2012; Xu et al., 2019). In
addition, the introduction of some adsorbable materials, such as
chitosan (Shu-Ping et al., 2017), montmorillonite (MMT) (Zhang
et al., 2014) and Fe3O4 (Sun et al., 2015), can also improve the
adsorption efficiency of hydrogels. Shan et al. (2021) prepared
environment-friendly hydrogels with cellulose, hemicellulose and
lignin extracted from straw. Cellulose fibrils had crosslinked with
lignin and hemicellulose by PAA chains in the presence of MBA. The
resultant hydrogel had higher swelling rate, which was conducive to
the diffusion of metal ions in the hydrogel, so the adsorption
performance was improved. The adsorption behavior of straw

biopolymer-based hydrogel was the result of ion exchange, which
was spontaneous and reversible, and the prepared hydrogel adsorbent
had good performance. The experimental results show that the
hydrogel has good removal rate for heavy metal ions and water
retention performance and has potential applications in water
treatment and soil remediation. Kundu et al. (2019) prepared a
composite hydrogel from xylan and β-cyclodextrin (βCD), capable
of adsorption of Cd2+ and Ni2+, using ethylene glycol glyceride as
cross-linking agent. The hydrogels had better adsorption abilities
toward Cd II) than Ni II). This is a strategy to enhance the
adsorption performance by enriching hydroxyl groups in hydrogels.
Studies have shown that hydroxyl groups have strong affinity for heavy
metal ions, so increasing the content of carboxyl groups in
hemicellulose hydrogels is another strategy to improve the
adsorption performance of hydrogels (Qu et al., 2017).

Figure 3 shows the preparation and adsorption effect of
hemicellulose-based hydrogel with wastewater adsorption. Xylan-
g-/P (AA-co-AM)/Graphene oxide (GO) hydrogels were prepared
by Kong et al. (2019) for the adsorption of metal ions. A large number
of hydroxyl groups in the xylan chain react with ammonium persulfate
(APS) to produce a large number of free radicals, which triggers the
polymerization of acrylic acid (AA), acrylamide (AM) and GO sheets
on the xylan branch chains. The active functional groups of hydroxyl
and carboxyl in GO are polymerized through indirect branches of the
polymer chain to form covalent or hydrogen bonds. Xylan/GO/P (AA-
co-AM) hydrogels formed complex networks under the action of the
crosslinking agent MBA, as shown in Figure 3A. Figure 3B illustrates
the influence of pH on the adsorption property of hydrogels. With the
increase of pH, the adsorption capacity of Pb2+ Cd2+ Zn2+ by hydrogel
increases. When pH is low, protonation of active functional groups in
hydrogel reduces the adsorption binding site of heavy metal ions and
hinders adsorption. With the increase of pH, protonation gradually
weakened, more active groups and metal ions chelate, improve the
adsorption capacity. Sun et al. (2022) prepared composite hydrogel
based on acylated xylan and silanized graphene oxide via free radical
polymerization as a novel adsorbent for the removal of Cu2+ ions from
aqueous solution. The synthetic scheme is described as Figure 3C, the
carbon-carbon double bond was first introduced into xylan and GO,
and then the hydrogel was polymerized with AA under the action of
crosslinking agent. An ideal reusability of the hydrogel was also
obtained and showed good potential in the removal of heavy metal
ions in wastewater.

In the wastewater discharged by leather, textile, printing and other
industries, there are toxic substances such as refractory dyes that
threaten the water quality of the ocean and the living things in it (Ren
et al., 2018). Methylene blue is a common dye in these industries. The
presence of methylene blue in aqueous solution is usually cationic and
electrostatic attraction is the main factor of ionic dye adsorption, so
hemicellulose adsorbent containing anions has a good adsorption
effect on it. Gelatin is composed of protein (90%–92%), mineral salts
and water. Gelatin molecules can be used as adsorbents for toxic
substances because of its large number of multifunctional groups
(Thakur et al., 2017). Seera et al. (2021) synthesized xylan/gelatin
composite hydrogels and studied their adsorption of methylene blue.
Firstly, Xylan and gelatin were mixed in aqueous NaOH solution and
stirred at 65°C (steps 1 and 2 of Figure 3D). The precursor solution was
then transferred to a round-bottled flask and stored in an oil bath of
50°C. The crosslinking agent EGDE was then dropped for 30–40 min
until the gel formation was visually confirmed (step 3). Afterward,
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hydrogels were scrupulously washed with DI water and neutralized
with .1 M HCl to remove the excess number of precursors and NaOH
(steps 4 and 5). The binding sites formed by the crosslinking of gelatin
and xylan have electrostatic interaction with dye molecules. When the
ratio of xylan to gelatin in hydrogel is 87:13 mol%, the adsorption
efficiency of methylene blue is the highest.

Hu et al. (2022) prepared hydrogels based on hemicellulose from
cold caustic extraction wastewater for efficiently adsorbing methylene
blue. The mechanism for the synthesis of the EIHs-g-PAA hydrogels
was shown in Figure 3E. When enough hydroxyl groups in the

hemicellulose chains are activated to form hydroxyl radicals, the
carbon-carbon double bond in Am reacts with hydroxyl radicals
and MBA to form a massive gel material with a network structure
in Na2S2O3/K2S2O8 oxidation–reduction catalysis system. And the
resultant hydrogel has been evaluated at different pH (the result shows
in Figure 3F). It can be seen that for a 250 mg/L MB solution, the
removal rate of MB from the hydrogel increases from 24% to 89% as
the PH increases from 1.0 to 3.0. When PH is higher than 3.0, -COOH,
which has weak binding ability with positive charge MB molecule,
starts to transform into -COO-, which has strong binding ability with

FIGURE 3
(A) The preparation process of xylan-g-/P (AA-co-AM)/GO nanocomposite hydrogels, (B) The influence of pH on the adsorption property of xylan-g-/P
(AA-co-AM)/GO nanocomposite hydrogel, (C) Synthetic scheme of the chemically crosslinked xylan/GO composite hydrogel, (D) Synthesis procedure in the
preparation of xylan and gelatin-based hydrogel, (E) The mechanism for the synthesis of the porous EIHs-g-PAA hydrogels, (F) Adsorption ratio for 250 mg/L
of MB solution with different pH. Reproduced from: (A) Kong et al. (2019), MDPI; (B) Kong et al. (2019). MDPI; (C) Sun et al. (2022), Springer; (D) Seera et al.
(2021), Elsevier; (E) Hu et al. (2022), Taylor & Francis Online; (F) Hu et al. (2022), Taylor & Francis Online.
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MB molecule. Therefore, when pH value at 4.0, the adsorption
capacity of the gel to MB was larger (98%). In addition, the
electrostatic repulsion between -coo-groups enlarges the network
structure of the hydrogel and promotes the diffusion of MB
molecules into the hydrogel for adsorption. Moreover, the negative
charge on the surface of inorganic nanoparticles can provide active
sites to enhance the interaction between cationic dye molecules and
hydrogels, and inorganic particles can also improve their mechanical
properties.

Cheng et al. (2016) prepared composite hydrogels from
hemicellulose in corn stover under mild alkaline conditions and
introduced clay nanosheets. The addition of clay can improve the
mechanical strength of hemicellulose hydrogels, and the
adsorption rate mainly depends on the number of active sites on
the surface of the hydrogel, so the negative charge on the surface of
clay nanoparticles provides more active sites, thus improving the
adsorption capacity of methylene blue on hydrogels. Zhao et al.

(2020) extracted hemicelluloses from corn cob, added acrylic acid
and acrylamide, and introduced Fe3O4 through in situ precipitation
method, successfully prepared hemicelluloses based magnetic
hydrogel. The Fe3O4 can increase the adsorption sites of
methylene blue in the composite hydrogel, so that it shows good
adsorption performance to methylene blue solution, which has
broad application prospects in the field of industrial dye wastewater
treatment.

In general, the hemicellulose hydrogels can adsorb metal ions or
dyes in wastewater either by copolymerizing with other adsorptive
polymers or by introducing other particles. On the one hand, the
bioadsorption capacity of hemicellulose-based hydrogels is attractive
and has potential in the field of industrial wastewater treatment. On
the other hand, compared with other hydrogels, it is still in a relatively
backward stage and cannot be applied on a large scale. The
hemicellulose-based adsorbent hydrogels will provide potential
choice for heavy metal ions and dyes removal.

FIGURE 4
(A) Mechanism and pressure sensor signals recorded of PAA/TA@HC/Fe3+ hydrogels with or without Fe3+ treatment, (B) Schematic illustration of the
preparation process of GM hydrogels and monitor arm bending as a strain sensor, (C) A schematic diagram of the ionic PAA-TA@HC-Al3+ hydrogel synthesis
process andmechanism, (D) PAA-TA@HC-Al3+ hydrogel acts as a self-adhesive sensor, which can EMG signals, (E) Fabrication of the PAA-QAX-TA hydrogels,
(F) PAA-QAX-TA hydrogel-based sensor model and sensing performance test, Reproduced from: (A) Gong et al. (2022b), ACS; (B) Ling et al. (2022),
Elsevier; (C) Gong et al. (2022a), Elsevier; (D) Gong et al. (2022a), Elsevier; (E) Chang et al. (2022), Elsevier; (F) Chang et al. (2022), Elsevier.
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3.3 Sensor

To realize the preparation of green, environmentally friendly,
and non-toxic hydrogel sensor, biomass resources can be used as
the skeleton or additive of hydrogel to control the performance of
the sensor. Recent studies have shown that adding cellulose (Tong
et al., 2019) or lignin (Wang et al., 2019a) as additives to hydrogels
can modify their properties and enable them to be used in flexible
strain sensors. As one of the biomass resource, hemicellulose is also
a good choice in the field of flexible strain sensor.

Figure 4 shows the synthetic mechanism and sensing properties of
some hemicellulose based hydrogels. As Figure 4A, the resistivity of
the PAA-TA@HC-Al3+ hydrogel prepared by Gong et al. (2022a)
decreased as the strain increased, because of the weakening of its
conductive network (Zhang et al., 2021c). This hydrogel sensor can
detect the movement on stretching, finger bending and weak pulse on
the wrist. And the hydrogel sensor can detect throat vibration and it
can also recognize different frequencies of breathing and phrases.
Moreover, the hydrogels can accurately detect the weak ECG and
EMG signals when it was used as ionic hydrogel electrodes.
Additionally, skin tension-induced electrical signals can also be
detected as Figure 4D. They also selectively applied Fe3+ on the
surface of the hydrogel to obtain hydrogels with different adhesive
properties on the upper and lower surfaces (Figure 4A). The strong
adhesive side adhered to the skin, while the low adhesive side was
resistant to external pollutants and could be used as a pressure sensor,
which has great potential in the field of wearable flexible sensors (Gong
et al., 2022b).

Ling et al. (2022) combined polygalactomannose (GM) with folic
acid (FA), introduced hydrogen bond connection, and then added
initiator and crosslinker to polymerize with AM to form a double
network structure, as shown in Figure 4B. Compared with ordinary
hemicellulose hydrogel, the hydrogel exhibited better mechanical
strength and good anti-fatigue properties. The results showed that
FA improved the electrical conductivity of the composite hydrogel,
and the hydrogel showed antibacterial properties with inhibition
against more than 80% of E. coli. In addition, they sticked GM4 on
the knee of a wooden doll. The knee was bending with increasing
angles (0°, 30°, 45°, 60° and 80°), accompanied with stretching of the
hydrogel sample. As detected, the current decreased with stepwise
increased bending angle and can remain stable in each angle stage. The
CMX-PAM hydrogel prepared by Li et al. (2021) has impressive
mechanical properties, UV blocking and electrical conductivity, so
it shows potential for applications in human motion sensors. The
more CMX contents, the hydrogel network structure became tighter
via the ion coordination (−COO− from CMX and Fe3+). This tight
structure may hinder the path of conductive ions and increase the
resistance of the sample. This hydrogel-based sensor can respond to
the movements and detect the micro-bending angles of the neck, the
finger and wrist. These movements can yield distinct response
behaviors, and the resistance signals were fully recoverable and
repeatable.

An underwater adhesive xylan-based hydrogel was prepared by
Chang et al. (2022) through chemical and physical crosslinking.
Firstly, xylan and ETA were mixed under microwave to obtain
QAX. The hydrogel is then synthesized under the initiation of APS.
The mechanism of fabrication is shown in Figure 4E, in which AA
is polymerized into PAA and grafted to QAX through covalent
bond, and hydrogen bond can be formed between TA and PAA or

QAX. Moreover, due to its attractive adhesion ability, the hydrogel
can be directly and tightly attached to the surface without
additional fixation and can be used as a wearable soft strain
sensor for monitoring human movement. The experimental
results are shown in Figure 4F, when the hydrogel sensor is
attached to the finger, elbow and wrist for periodic bending and
stretching motion, it shows significant electrical changes, and also
has the ability to distinguish different bending angles, with good
repeatability.

Introducing conductive materials such as conductive polymers
(Chen et al., 2019) or metal ions (Zhang et al., 2019b) into hydrogels is
a common scheme to improve their sensing performance. PPY has
excellent biocompatibility and conductivity, and as a conductive
polymer, it can be used in wearable strain sensors (Kenry, 2018).
Zhang et al. (2021b) prepared a hemicellulose/polypyrrole antifreeze
conductive hydrogel, which has good strain sensitivity. By converting
deformation into electrical signals, the relative resistance of the
hydrogel rapidly increases with the tensile strain from 0% to 500%.
The hydrogel can be used for flexible wearable sensors to detect the
strain signals of human joints bending and stretching.

In summary, the current research on hemicellulose-based
hydrogel sensors mainly focuses on wearable flexible sensors and
medical signal sensors, and a lot of achievements have been made. In
the future, more types of hemicellulose derivatives or some
nanoparticles that can improve their properties should be
developed to expand their application range and maintain their
biocompatibility.

4 Conclusion and perspectives

Hemicellulose-based hydrogels demonstrate wide application
prospects in medical materials, wastewater adsorption and sensors
due to their renewable, good processability, environmental
friendliness and low cost. Up to now, lots of research have been
reported on raw material selection, crosslinking agent screening,
physical and chemical crosslinking method, etc. However, there are
still many problems to be solved.

(1) To improve the mechanical strength of hemicellulose hydrogels,
toxic chemicals are inevitably used, which greatly limits their
application. In the future, green and low energy consumption
hemicellulose hydrogel polymerization methods need to be
explored.

(2) The intelligent hemicellulose hydrogels with multiple responses
should be widely concerned in order to have different applications
in more fields.

(3) Most of the research on hemicellulose-based hydrogels are still
in the laboratory stage. How to accelerate the large-scale
application of hemicellulose-based hydrogels in sensing,
wastewater treatment, biomedicine and other fields is
another major problem.

It is believed that with the further research on hemicellulose-
based hydrogels, these challenging problems will be solved. In
conclusion, hemicellulose hydrogels have a certain position in
the future, and we believe that through continuous in-depth
research on them, they will become one of the substitutes for
fossil-based materials.
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Bioethanol is believed to be an influential revolutionary gift of biotechnology, owing to
its elevating global demand and massive production. Pakistan is home to a rich
diversity of halophytic flora, convertible into bounteous volumes of bioethanol. On
the other hand, the accessibility to the cellulosic part of biomass is amajor bottleneck
in the successful application of biorefinery processes. The most common pre-
treatment procedures existent include physicochemical and chemical approaches,
which are not environmentally benign. To overcome these problems, biological pre-
treatment has gained importance but the drawback is the low yield of the extracted
monosaccharides. The current research was aimed at exploring the best pre-
treatment method for the bioconversion of halophyte Atriplex crassifolia into
saccharides using three thermostable cellulases. Atriplex crassifolia was subjected
to acid, alkali and microwave pre-treatments, followed by compositional analysis of
the pre-treated substrates. Maximum delignification i.e. 56.6% was observed in the
substrate pre-treated using 3% HCl. Enzymatic saccharification using thermostable
cellulases also validated the results where the highest saccharification yield i.e. 39.5%
was observed for the sample pre-treated using same. Maximum enzymatic hydrolysis
of 52.7% was obtained for 0.40 g of the pre-treated halophyte Atriplex crassifolia
where Endo-1,4-β-glucanase (300U), Exo-1,4-β-glucanase (400U) and β-1,4-
glucosidase (1000U) were simultaneously added and incubated for 6 h at 75°C.
The reducing sugar slurry obtained after optimization of saccharification was
utilized as glucose in submerged fermentation for bioethanol production. The
fermentation medium was inoculated with Saccharomyces cerevisiae, incubated
at 30°C and 180 rpm for 96 h. Ethanol production was estimated using potassium
dichromate method. Maximum production of bioethanol i.e. 16.33% was noted at
72 h. It can be concluded from the study that Atriplex crassifolia owing to its high
cellulosic content after pre-treatment using dilute acid method, yields substantial
amount of reducing sugars and high saccharification rates when subjected to
enzymatic hydrolysis using thermostable cellulases, under optimized reaction
conditions. Hence, the halophyte Atriplex crassifolia is a beneficial substrate that
can be utilized to extract fermentable saccharides for bioethanol production.

KEYWORDS

biorefinery, bioethanol, halophytes, pre-treatment, delignification, enzymatic hydrolysis,
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1 Introduction

Fossil-based fuels are not only non-renewable energy resources
having detrimental impact on the environment, but their limited
availability in depleting reservoirs is not sufficient to fulfill the global
energy needs (Li et al., 2020; Vu et al., 2020). Renewable energy
comes along sustainable development, energy security and economic
growth (Den et al., 2018). Biorefinery is based on the sustainable
conversion and efficient valorization of raw material (lignocellulosic
biomass, waste, etc.) into wide range of bio-based energy products
(Hingsamer and Jungmeier, 2019).

Bioethanol fuel is believed to be an influential revolutionary gift
of biotechnology, owing to its elevating global demand and massive
production. Biofuels, based on their source of biomass have been
categorized into four generations. First-generation biofuels are a
product of edible crops, for instance, wheat and corn (Nanda et al.,
2018). Second-generation biofuels are a product of non-edible crops;
this includes the waste of food crops, agricultural and forest residues,
chips of wood, and waste from cooking oil (Nanda et al., 2018). In
the modern world of today where overpopulation and poverty are
major concerns, employing first generation biofuels is not that
favorable, keeping in view the scarcity of available food, fresh
water, and arable land resources. Whereas, the second-generation
biofuel energy crops can be easily produced on degraded saline lands
using scarce water resources to minimize the competition with food
production (Moioli et al., 2018).

It is true that 70% of the earth is made of water; on the other
hand, a bulk amount of this percentage remains unsuitable for
irrigational purposes and does not support human intake, owing to
high salinity rates. Moreover, the limited availability of arable land is
also subject to increasing salinity, because of continuous irrigation,
(that adds to the existing salts); this remains a major challenge to
enhance agricultural practices (Flowers and Colmer, 2008). Precise
and recent estimates on the global extent of salinity-afflicted land is
unavailable, data is variable according to different information
sources (Shahid et al., 2018). However, a global figure of
952.2 million ha has been reported (Arora et al., 2016).
Evidently, the utilization of this massive chunk of space to grow
and harvest biofuel feedstocks, which can be subjected to irrigation
using seawater, can help eliminate the major barrier linked to
farming for biofuel production (Brown, 2019).

Halophytes, which are capable of growth in salinity-afflicted
soils are inexpensive sources of lignocellulosic biomass (Joshi et al.,
2020). Halophytes produce oilseeds and lignocellulosic biomass;
both the products can be exploited for biofuel production. Among
the topmost promising genera exist Salicornia (glasswort), Suaeda
(sea-blite), Atriplex (saltbush), Distichlis (saltgrass) and Batis
(saltwort) (Abideen et al., 2011). Cultivation of halophytes in
saline-afflicted regions will spare fresh water resources and arable
agricultural soils for food, and provide lignocellulosic feedstock of
desirable quality for conversion into biofuel (Yuan et al., 2011).

The genus Atriplex belongs to the family Amaranthaceae and is
home to approximately 300 saltbush species. Saltbush species are
resistant towards adaptation; majority of them have their habitats in
semi-arid and arid areas globally (Paneque, 2018). Species named
Atriplex crassifolia, a wild, annual halophyte native to semi-arid and
arid areas of Punjab, was the subject of study in this research.

Pre-treatment of lignocellulosic biomass is a basic prerequisite
for effective enzymatic hydrolysis of biomass. Pre-treatment ensures
disruption of the complicated network of lignocellulose and ensures
sustainable production of valuable products by enhancing the
surface area of biomass, so that the cellulases can easily act upon
the cellulosic content (Meng et al., 2020; Padilla-Rascón et al., 2020).
The most common pre-treatment procedures existent include
physicochemical and chemical approaches, which are not
environmentally benign. To overcome these problems, biological
pre-treatment has gained importance but the drawback is the low
yield of the extracted monosaccharides (Rezania et al., 2020).
Furthermore, different green processes have evolved for the pre-
treatment of biomass (Lyu et al., 2019). Although, these techniques
offer promising benefits, their wide-scale applicability at industrial
level demands high capital cost (Bhatia et al., 2020; Shen et al., 2020).
Therefore, extensive research is a requirement to develop the most
applicable technique for pre-treatment that ensures ease of
applicability along with affordability.

Alkaline solutions have been long used for the pre-treatment of
lignocellulosic biomass. The complex structure of lignin composed
of alkyl-aryl linkages are subjected to disruption utilizing alkalis
such as ammonium hydroxide, sodium hydroxide, calcium
hydroxide and lime (Chen et al., 2013). The use of acids for pre-
treatment is another chemical pre-treatment technique used to
degrade the lignocellulosic biomass, as it cleaves the glycosidic
bonds present within the biomass structure (Sahoo et al., 2018).
Nitric acid, phosphoric acid, sulfuric acid and hydrochloric acid are
various examples of the acids that have been analyzed for their
capability to pre-treat lignocellulosic biomass, even at industrial
levels (Solarte-Toro et al., 2019).

Pre-treatment using microwave is another technique to disrupt
the construction of lignocellulosic biomass. Irradiation of the
microwave causes acceleration of chemical reactions within the
biomass. The vibrations created by the heat of microwave,
generate hot spots within the structure of biomass (Hassan et al.,
2018). Microwave irradiation for pre-treatment of biomass is a
favorable method in the domain of biomass biorefinery, owing to
the heat that not affects the surface of biomass but also elevates the
temperature inside the structure of biomass, being more energetic
and effective compared to conventional heating techniques (Pellera
and Gidarakos, 2017).

Saccharification is the process where complex carbohydrates are
broken down into simple sugars. Following the pre-treatment of
lignocellulosic biomass, saccharification is the next significant step
in the bioconversion of cellulosic content into monosaccharides
(Kucharska et al., 2020). Enzymatic saccharification is generally
conducted employing cellulases and hemicellulases (Kumar and
Sharma, 2017). Cellulase is not a term used to define a single
enzyme, infact it is a complex of multiple enzymes (Thapa et al.,
2020). Generally, the term cellulases is used to denote three glycoside
hydrolases i.e., (endocellulases, exocellulases and β-glucosidases),
which play role in the bioconversion of cellulosic content within
biomass to reducing sugars (Champreda et al., 2019). Hydrolysis
efficiency depends upon different physicochemical parameters
which include incubation pH, time, temperature, agitation speed,
particle size, enzyme/substrate ratio, etc. (Chavan and Gaikwad,
2021; Faizal et al., 2021).
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Fermentation is an important step in bioethanol production,
which can be conducted either separately or in combination with
saccharification. In this research, separate hydrolysis and
fermentation (SHF) has been conducted, as it is the most
favorable technique concerning bioethanol production. It
facilitates self-regulating optimization of saccharification for
maximizing sugar extraction and that of fermentation for ethanol
production (Moodley and Kana, 2019).

Pakistan is home to a rich diversity of halophytic flora,
convertible into bounteous volumes of bioethanol. The current
research, utilizing halophytes, aimed to provide promising results
in developing sustainable bioethanol fuel for the citizens, which is
also a foremost need of the country, keeping in view the ever-
increasing hike in petroleum prices, climatic vulnerability,
decreasing arable land, high salinity, scarce fresh water resources,
food insecurity, overpopulation, energy demand and poverty.

2 Materials and methods

2.1 Chemicals

All chemicals used in the present study were of analytical grade
and purchased from authentic suppliers of Sigma, Daejung, Acros
Organics and Merck Ltd.

2.1.1 Thermophilic cellulases
The genetically engineered thermophilic cellulases were

obtained from the project entitled “Production of bioenergy from
plant biomass” at Institute of Industrial Biotechnology, GC
University Lahore, Pakistan.

2.1.2 Substrate
The halophyte Atriplex crassifolia was collected in early January

2021 from the fields of KSK campus, GCU Lahore, Punjab Pakistan.
The biomass was grinded into fine powder and dried in hot air oven
at 105°C for 2 h. The dried biomass was sieved and stored in labelled
zip-lock bags at room temperature for further use.

2.2 Reagent preparation and pre-treatment

2.2.1 Alkali pre-treatment
Alkali pre-treatment of Atriplex crassifolia was out using

different concentrations of NaOH (1%, 2%, 3%, 4% and 5%) as
the pre-treatment reagents. Oven dried substrates were taken in an
amount of 5 g and mixed in 50 mL of NaOH solution with varying
concentrations, using 100 mL air tight reagent bottles. The screw
capped reagent bottles were subjected to a temperature of 121°C for a
time period of 60 min in an autoclave. Pre-treated substrates were
filtered and washed by distilled water twice to eliminate attached
alkali and other components produced during the pre-treatment.
The substrates were air-dried. The dried substrates were put in
sterilized polythene zipper bags for further use (Binod et al., 2011).

2.2.2 Acid pre-treatment
Acid pre-treatment of Atriplex crassifolia was carried out using

different concentrations of HCl (1%, 2%, 3%, 4% and 5%) as the pre-

treatment reagents. Oven dried substrates were taken in an amount
of 5 g and mixed in 50 mL of HCl solution with varying
concentrations, using 100 mL airtight reagent bottles. The screw
capped reagent bottles were subjected to a temperature of 121°C for
60 min in an autoclave. Following pre-treatment, the substrates were
filtered and washed twice using distilled water to remove any acidic
content or other byproducts formed during pre-treatment. The
substrates were allowed to air dry. The dried substrates were
stored in sterilized polythene zipper bags for further use (Binod
et al., 2011).

2.2.3 Microwave pre-treatment
Microwave pre-treatment of Atriplex crassifolia was carried out

by varying residence times. Substrates (1 g) were weighed and placed
in five different airtight reagent bottles of 50 mL capacity, having
10 mL of distilled water each. The respective airtight bottles were
subjected to microwave irradiation for residence time of 1 min,
2 min, 3 min, 4 min and 5 min, respectively. Following pre-
treatment, the substrates were filtered. Air dried substrates were
stored in sterilized zipper bags for further use (Binod et al., 2011).

2.3 Biomass compositional analysis

The untreated and pretreated biomass was analysed for
lignocellulosic content using Technical Association of Pulp and
Paper Industry (TAPPI) standards.

2.4 Enzymatic saccharification of pre-
treated Atriplex crassifolia biomass

The enzymatic saccharification of pre-treated biomass Atriplex
crassifolia was carried out by adding 0.25 g of pre-treated substrate
in a screw-capped reagent bottle. For enzymatic hydrolysis, Endo-
1,4-β-glucanase (200 U) was added to both experimental and control
(without substrate) reagent bottles. Both the reagent bottles were
incubated at 75°C in a shaking water bath with rpm set at 50 for a
period of 2 h. Next, Exo-1,4-β-glucanase (400 U) was added to the
same reagent bottles and after incubating the mixture for another
2 h, β-1,4-glucosidase (1000 U) was added to both the reagent
bottles. The samples (1 mL) were withdrawn after regular
intervals of 1 h to note the release of reducing sugars via DNS
method, using straight line equation obtained from the standard
curve. The percentage saccharification was determined by using
Vallander and Eriksson (1987) proposed equation;

% Saccharif ication � R.S × V × F1
M × F2

× 100

2.5 Optimization of physicochemical
parameters to enhance enzymatic
saccharification

The physicochemical parameters i.e., incubation time,
incubation temperature, substrate concentration, concentration of
endo-1,4-β-glucanase, exo-1,4-β-glucanase and β-glucosidase
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affecting the rate of enzymatic hydrolysis were subjected to
optimization studies. One variable at a time experimental design
was chosen for the optimization of saccharification parameters.

2.5.1 Sequential addition of cellulases
In sequential addition of cellulases, beginning with the addition

of Endo-1,4-β-glucanase (200 U) to the screw-capped reagent bottle
enclosing the pre-treated substrate i.e., halophyte Atriplex crassifolia
(0.25 g), the reaction was carried out in a shaking water bath set at
75°C and 50 rpm. After 2 h of incubation time, Exo-1,4-β-glucanase
(400 U) was added to the same reagent bottle for another 2 h. Next,
the cellulase i.e., β-1,4-glucosidase was added to the same reagent
bottle and incubated for a period of 2 h. In this way, in sequential
addition of cellulases, each cellulase was added one after the other
and each was incubated for a period of 2 h.

2.5.2 Simultaneous addition of cellulases
Whereas, in simultaneous addition of cellulases, all the three

cellulases i.e., Endo-1,4-β-glucanase (200 U), Exo-1,4-
β-glucanase (400 U) and β-1,4-glucosidase (1000 U) were
added altogether to the screw-capped reagent bottle enclosing
the pre-treated substrate i.e., halophyte Atriplex crassifolia
(0.25 g). The saccharification mixture containing cellulases and
the substrate was incubated for a period of 6 h, in a shaking water
bath set at 75°C and 50 rpm.

2.6 Ethanol fermentation

The saccharified slurry was subjected to ethanol fermentation
following the method of Nawaz et al. (2022).

2.7 Statistical analysis

All the experiment were run in triplicates and subjected to
statistical analysis using SPSS version 16.00. Error bars in the

figures of results section depicted standard deviation (± SD)
among the replicates run, varying significantly at p < 0.05.

3 Results and Discussions

3.1 Biomass compositional analysis

The results of compositional analysis of halophyte Atriplex
crassifolia after subjecting it to three different pre-treatment
techniques revealed that the maximum rate of delignification
(56.6%; p < 0.05), the maximum cellulosic content (57.7%; p <
0.05) and the maximum degradation of hemicellulose was shown by
the halophyte pre-treated using 3% hydrochloric acid as the pre-
treatment reagent, as shown in Figure 1. Acids when used as pre-
treatment reagents are quite competent. Although, they work
excellent for the degradation of hemicellulosic content of the
biomass, but also contribute well in the removal of lignin, hence
enhancing the ease of availability of cellulose for the enzymes, in
turn maximizing the release of fermentable saccharides (Sahoo et al.,
2018). Few important considerations regarding the associated
parameters ensure the appropriate applicability of this method;
this includes residence time, pre-treatment temperature, substrate
concentration and acid strength. The use of acids maximize the
cleaving of the bonds within recalcitrant lignocellulosic structure
and ensure effective conversion of the cellulosic material into
reducing sugars (Solarte-Toro et al., 2019).

3.2 Enzymatic saccharification of pre-
treated Atriplex crassifolia biomass

Comparison of the overall saccharification yields of the
halophyte Atriplex crassifolia pre-treated using different
methods revealed that the maximum saccharification rate
(39.5%; p < 0.05) as well as the maximum yield of reducing
sugars was shown by the halophyte pre-treated using 3%

FIGURE 1
Compositional analysis of halophyte Atriplex crassifolia before and after pre-treatment with different methods.
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hydrochloric acid as the pre-treatment reagent, as shown in
Figure 2. The results of enzymatic saccharification were
parallel to the results of compositional analysis. Therefore, the
halophyte Atriplex crassifolia pre-treated using 3% hydrochloric
acid was chosen for further experiments. The results were in line
with those found by Kumar et al. (2020), who worked on varied
pre-treatment methods to efficiently convert Lantana camara
stem into reducing sugars. Of all the pre-treatment methods used,
the substrate subjected to pre-treatment using acid in an
autoclave, was found to give maximum yield of reducing sugar
upon enzymatic hydrolysis. The results were also consistent with
Ansari et al. (2021), who screened different halophytes for
enzymatic hydrolysis. Results of saccharification revealed that
acid pre-treated P. karka yielded maximum monosaccharides.
Selection of the best pre-treatment method is the key to successful
enzymatic hydrolysis, owing to the fact that saccharification of
pre-treated substrate is greatly increased when the accessibility
and ease of cellulases to the cellulosic fibers is ensured (López-
Linares et al., 2015). To carry out pre-treatment of lignocellulosic
feedstock, dilute acid method is most frequently studied and is
believed to be an economical process for industrial scale
production of bioethanol utilizing lignocellulosic biomass
(Ruiz et al., 2013).

3.3 Optimization of physicochemical
parameters affecting saccharification

3.3.1 Effect of cellulases addition method on
saccharification

Saccharification was conducted using both, sequential addition
of cellulases and by simultaneous addition of cellulases, in order to
evaluate the best method of cellulases addition to achieve maximum
rate of enzymatic saccharification. Overall, simultaneously adding

the cellulases resulted in improved hydrolysis (42.4%; p < 0.05) of
the substrate i.e., pre-treated halophyteAtriplex crassifolia compared
to sequential addition of cellulases (39.1%; p < 0.05), as shown in
Figures 3, 4, respectively. This might be due to the increased activity
of cellulases when they act together synergistically, rather than
individually. These results were found consistent with Mcintosh
and Vancov (2011), who also simultaneously added three enzymes
i.e., cellulase, β-glucosidase and xylanase in combination to conduct
saccharification of wheat straw, and found favorable results. The
synergistic action of enzymes by simultaneous addition of cellulases
was found to increase the total sugar release and it was also found to
reduce the enzyme loadings 3-fold, making the process economical.
Hence, the next optimization reactions of saccharification were
conducted using simultaneous method of cellulases addition.

3.3.2 Effect of incubation time on saccharification
Different incubation times of 1, 2, 3, 4, 5, 6, 7 and 8 h were

analyzed for the bioconversion of substrate i.e., halophyte Atriplex
crassifolia into saccharides. Maximum bioconversion of (42.5%; p <
0.05) was detected after 6 h of incubating the reaction mixture that
contained the cellulases and the pre-treated substrate i.e., Atriplex
crassifolia, as depicted in Figure 5. Increasing the time resulted in a
decrease in the yield of saccharification, as evident from Figure 5. It
might be because of the reason that with additional rise in
incubation time, either the process of product inhibition comes
into action due to accretion of glucose and cellobiose, or due to less
availability of free cellulose with the passage of time. Results of this
research are in accordance with those of Aftab et al. (2017) that
highest saccharification of sugarcane bagasse was observed after 6 h
of incubation using thermophilic cellulases. These alike results can
be attributed to the reason that thermophilic cellulases act more
energetically and that when an amalgam of enzymes is employed for
saccharification, the overall reaction time for hydrolysis is lessened
(Shokrkar and Ebrahimi, 2018).

FIGURE 2
Saccharification studies using halophyte Atriplex crassifolia pre-treated with different methods.
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3.3.3 Effect of incubation temperature on
saccharification

Different incubation temperatures i.e. 70, 75, 80, 85°C and 90°C
were analyzed for the bioconversion of substrate i.e., Atriplex
crassifolia into saccharides. Maximum bioconversion of 42.7%
(p < 0.05) was observed at 75°C after 6 h of incubating the
reaction mixture that contained the cellulases and the pre-treated
substrate i.e., Atriplex crassifolia, as shown in Figure 6. Increasing
the temperature began to decrease the yield of saccharification, as
shown in Figure 6. Hence, temperature of 75°C was optimized for the
saccharification of pre-treated halophyte Atriplex crassifolia. Next
saccharification experiments for the optimization of the remaining
physicochemical parameters were conducted at temperature 75°C

for a period of 6 h. This might be because enzymes work best at their
optimum temperature. As the enzymes used in this study were
cloned using thermophilic microorganisms, the maximum activity
was exhibited at a high temperature. Further increase in temperature
resulted in decreased saccharification, which might be due to
enzyme denaturation (Saha et al., 2005). A temperature higher or
lower compared to the optimum results in reduced transport across
cell wall or enzyme denaturation (Dutt and Kumar 2014). Increasing
both, the incubation time as well as temperature increases the
saccharification rates, but upto a certain optimum point after
which, the enzymes tend to lose their stability and activity, and
the saccharification yields tend to decrease (Mondal et al., 2021).
Majority of the hyperthermophilic microorganisms reported in

FIGURE 3
Saccharification of pre-treated halophyte Atriplex crassifolia using sequential addition of cellulases.

FIGURE 4
Saccharification of pre-treated halophyte Atriplex crassifolia using simultaneous addition of cellulases.
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literature do not efficiently cleave crystalline cellulose at
temperatures <75 °C, because of the lack of carbohydrate-binding
modules (Blumer-Schuette et al., 2008; Maki et al., 2009; Graham
et al., 2011).

3.3.4 Effect of substrate concentration on
saccharification

The concentration of substrate i.e., Atriplex crassifolia was
varied i.e. 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.50 g in order to
achieve maximum saccharification. On comparing the
saccharification yields achieved using the abovementioned
concentrations of substrate, the highest saccharification yield
of 48.8% (p < 0.05) was observed using 0.40 g of substrate at

75°C after 6 h of incubating the reaction mixture containing the
cellulases and the pre-treated substrate i.e., Atriplex crassifolia, as
depicted in Figure 7. Increasing the concentration of substrate
while keeping other parameters constant, resulted in no
additional increase in the yield of saccharification, as evident
from Figure 7. Hence, substrate i.e., pre-treated halophyte
Atriplex crassifolia concentration of 0.40 g was found optimum
for maximum saccharification. Next saccharification experiments
for the optimization of the remaining physicochemical
parameters were conducted using 0.40 g of substrate i.e., pre-
treated halophyte Atriplex crassifolia at temperature 75°C for a
period of 6 h. One of the possibilities could be that all the pre-
available enzymes ended up as enzyme-substrate complexes, and

FIGURE 5
Effect of incubation time on saccharification of pre-treated halophyte Atriplex crassifolia.

FIGURE 6
Effect of incubation temperature on saccharification of pre-treated halophyte Atriplex crassifolia.
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no additional free enzymes must be available to bind with the rest
of the substrate, so as a result, exceeding the substrate
concentration brings no change (Levine et al., 2011). Increased
substrate concentration might also result in improper mixture
ratio leading to lower yields because of improper interaction of
enzymes with substrates. Besides that, substrate in a less quantity
may become the limiting factor and prevent the bioconversion of
substrate. The results were observed to be different compared to
Bhagwat et al. (2016), who found 2 g of substrate to give best
results for the bioconversion of Parthenium hysterophorus, by
using a mixture of two enzymes i.e., cellulase and β-glucosidase.
This is due to the reason that the optimum concentration of
substrate differs depending on the substrate type and the enzymes
in use.

3.3.5 Effect of endo-1,4-β-glucanase, exo-1,4-
β-glucanase and β-1,4-glucosidase concentration
on saccharification

The concentration of Endo-1,4-β-glucanase was varied in a
range of 50–400 U with an increment of 50 U in order to
achieve maximum saccharification of the halophyte Atriplex
crassifolia. On comparing the saccharification yields achieved
using the abovementioned concentrations of Endo-1,4-
β-glucanase, the highest saccharification yield of 52.4% (p < 0.05)
was obtained with Endo-1,4-β-glucanase concentration of 300 U,
using 0.40 g of substrate at 75°C after 6 h of incubation, as depicted
in Figure 8. Increasing the concentration of Endo-1,4-β-glucanase
while keeping other parameters constant, resulted in no additional
increase in the yield of saccharification.

FIGURE 7
Effect of substrate i.e., pre-treated halophyte Atriplex crassifolia concentration on saccharification.

FIGURE 8
Effect of Endo-1,4-β-glucanase concentration on saccharification of pre-treated halophyte Atriplex crassifolia.
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The concentration of Exo-1,4-β-glucanase was varied in a
range of 200–500 U with an increment of 50 U in order to achieve
maximum saccharification of the halophyte Atriplex crassifolia.
On comparing the saccharification yields achieved using the
abovementioned concentrations of Exo-1,4-β-glucanase, the
highest saccharification yield i.e. 52.6% (p < 0.05) was
obtained with Exo-1,4-β-glucanase concentration of 400 U,
along with Endo-1,4-β-glucanase concentration of 300 U,
using 0.40 g of substrate at 75°C after 6 h of incubation, as
depicted in Figure 9. Increasing the concentration of Exo-1,4-
β-glucanase while keeping other parameters constant, resulted in
no additional increase in the yield of saccharification, as evident
from Figure 9. Hence, Exo-1,4-β-glucanase concentration of
400 U was found optimum for maximum saccharification of
the halophyte Atriplex crassifolia.

The concentration of β-1,4-glucosidase was varied in a range of
800–1100 U with an increment of 50 U in order to achieve
maximum saccharification of the halophyte Atriplex crassifolia.
The highest saccharification yield of 52.7% (p < 0.05) was
obtained with β-1,4-glucosidase concentration of 1000 U, along
with Endo-1,4-β-glucanase concentration of 300 U, and Exo-1,4-
β-glucanase concentration of 400 U, using 0.40 g of substrate at 75°C
after 6 h of incubation, as depicted in Figure 10. Increasing the
concentration of β-1,4-glucosidase while keeping other parameters
constant, resulted in no additional increase in saccharification yield,
as evident from Figure 10. Hence, Exo-1,4-β-glucanase
concentration of 1000 U was found optimum for maximum
saccharification of the halophyte Atriplex crassifolia.

Maximum saccharification of halophyte Atriplex crassifolia i.e.
52.7% was obtained with Endo-1,4-β-glucanase concentration of

FIGURE 9
Effect of Exo-1,4-β-glucanase concentration on saccharification of pre-treated halophyte Atriplex crassifolia.

FIGURE 10
Effect of β-1,4-glucosidase concentration on saccharification of pre-treated halophyte Atriplex crassifolia.
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300 U (Figure 8), Exo-1,4-β-glucanase concentration of 400 U
(Figure 9) and with β-1,4-glucosidase concentration of 1000 U
(Figure 10), when added simultaneously to conduct enzymatic
hydrolysis, keeping other parameters as optimized above.
Increasing the concentration of enzymes further resulted in
constant saccharification yield, might be due to the onset of
saturation point. As the time passes, the substrate would be
converted into product, using up the enzymes’ active sites (Yang
andWyman, 2004). Hence, an optimum amount of each of the three
enzymes is a pre-requisite to increase percentage saccharification.
Enzyme loading is directly linked to the yield of reducing sugars,
where higher enzyme loading yields greater quantities of reducing
sugars, but upto a certain extent (Mota et al., 2021). Yu and Li (2015)
obtained slightly different results, who utilized 200 U of an enzyme
mixture sourced from Gracilibacillus sp. SK1, exhibiting a collective
activity of endoglucanase, exoglucanase and β-glucosidase, for the
saccharification of lignocellulosic biomas. The difference in the
enzyme concentration might be because the optimum ratio of
enzymes required to carry out hydrolysis may vary with each
substrate and the source of enzymes being used (Chandel et al.,
2010).

3.4 Bioethanol production

The slurry containing reducing sugars obtained after
optimization of physicochemical parameters for
saccharification was utilized in submerged fermentation, in
replacement to glucose, for bioethanol production. The
submerged fermentation for ethanol production was done in
fermentation medium by making use of the reducing sugar
slurry. The fermentation medium was inoculated with 2.5% of
seed inoculum of Saccharomyces cerevisiae, under aseptic
conditions. The inoculated reagent bottles were incubated at
30°C and 180 rpm for 96 h. The samples were harvested after
regular intervals to estimate the ethanol content during
fermentation. Maximum bioethanol production percentage

observed was 16.33% at 72 h, as shown in Figure 11.
Exceeding the incubation time further did not exceed the rate
of bioethanol production, as evident in Figure 11. This might be
because of the unavailability of enough reducing sugar to produce
more bioethanol. Cotana et al. (2015) obtained comparable
results for bioethanol production using Phragmites australis
(common reed) as the feedstock, the highest yield of ethanol
noted was 16.56 g ethanol/100 g of sample.

4 Conclusion and future
recommendations

It can be concluded from the study that the halophyte Atriplex
crassifolia owing to its high cellulosic content after pre-treatment
using dilute acid method, yields substantial amount of reducing
sugars and high saccharification rates when subjected to enzymatic
hydrolysis using thermophilic cellulases, under optimized reaction
conditions. Hence, the halophyte Atriplex crassifolia is a beneficial
substrate that can be utilized to extract fermentable saccharides for
bioethanol production.

As a means to enhance the overall yield and the techno-
economic feasibility of the process, certain aspects must be taken
into consideration:

1. Every component of the halophyte Atriplex crassifolia
encompasses the ability to produce industrially important
products. It will require additional research to discover its full
potential.

2. The plantation of suitable species of halophytes with low lignin
contents will enable easy enzymatic action on the main cellulosic
structure, and result in improved saccharification yields, hence
add to the techno-economic feasibility of the overall
bioconversion process.

3. Research on more competent enzyme cocktails is needed with
more powerful and compatible enzymes to enhance the efficiency
of the bioconversion process.

FIGURE 11
Production of bioethanol using the reducing sugar slurry obtained after optimization of physicochemical parameters for saccharification.
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4. Metabolic engineering can be applied to produce the enzymes
required for pre-treatment, saccharification and fermentation
from a single microorganism. This could reduce the process
time; hence add to the cost-effectiveness of the process and ease
of application.

5. Moreover, the most common pre-treatment procedures existent
are not environmentally benign. Although different green
processes have evolved for the pre-treatment of biomass that
offer promising benefits, however, their wide-scale applicability
at industrial level demands high capital cost. Therefore, extensive
research is a requirement to develop the most applicable
techniques for pre-treatment that ensure ease of applicability
along with affordability.
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Enhanced hybrid hydrogel based
on wheat husk lignin-rich
nanocellulose for effective dye
removal

Rong Huang1, Yong Xu2, Boris N. Kuznetsov3, Meitao Sun1,
Xin Zhou2, Jing Luo2* and Kankan Jiang1*
1School of Basic Medical Sciences and Forensic Medicine, Hangzhou Medical College, Hangzhou, China,
2Jiangsu Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, College of
Chemical Engineering, Nanjing Forestry University, Nanjing, China, 3Institute of Chemistry and Chemical
Technology SB RAS, FRC KSC SB RAS, Siberian Federal University, Krasnoyarsk, Russia

Polyvinyl alcohol (PVA) hydrogels were enhanced mechanically through the
addition of lignin-rich nanocellulose (LCN), soluble ash (SA) and
montmorillonite (MMT) for dye removal. The hybrid hydrogels reinforced with
33.3 wt% of LCN had a 163.0% increase in storage modulus as compared to the
PVA/0LCN-33.3SM hydrogel. LCN can be added to the PVA hydrogel to alter its
rheological properties. Additionally, hybrid hydrogels were highly efficient in
removing methylene blue from wastewater, which was attributed to the
synergistic effects of the PVA matrix supporting embedded LCN, MMT, and SA.
The adsorption time (0–90min) showed that the hydrogels containing MMT and
SA had high removal efficiency, and the adsorption of methylene blue (MB) by
PVA/20LCN-13.3SM was greater than 95.7% at 30°C. It was found that MB
efficiency decreased with a high MMT and SA content. Our study provided a
new method for the fabrication of polymers-based eco-friendly, low-cost and
robust physical hydrogels for the MB removal.

KEYWORDS

dye, adsorption, hybrid hydrogel, lignin-rich nanocellulose, wheat husk

1 Introduction

The uncontrolled releasing of organic dyes into the environment has caused a variety of
hazards to humans (Mohammed et al., 2014; Tang et al., 2020). There are several
technologies developed for the treatment of hazardous organic dyes from wastewater in
order to address this issue (Ge et al., 2022a). The most commonly used technologies are
membrane filtration, chemical precipitation, ion exchange, and electrolysis. However, there
are several disadvantages associated with these technologies, including their expensiveness,
ineffectiveness, and the emission of secondary wastes. Hence, a better approach
(i.e., adsorption) could be a cheaper and more effective way to treat organic dyes (El-
Dib et al., 2020; Obey et al., 2022).

Biosorbents produced from lignocellulosic biomass like wood and agricultural wastes
have recently drawn considerable attention (Freitas et al., 2019). In general, the
lignocellulosic biomass particularly those derived from agricultural wastes, can be used
to yield a wide range of versatile products at low costs and with substantial sustainability
(Han et al., 2015; Chen et al., 2019). Wheat husk (WH), an agricultural by-product abundant
throughout the world that contains high amounts of carbohydrates (25.1% cellulose, 21.4%
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hemicellulose, and 20.5% lignin), could serve as a promising
resource for producing biosorbents for adsorption. Direct
combustion of WH results in significant resource waste due to its
inefficiency (Ge et al., 2021; Ge et al., 2022b; Liu et al., 2022). In order
to maximize the use of lignocellulosic biomass, the hemicellulose of
WH is used to prepare xylose-based products such as
oligosaccharides (XOS). XOS is composed of a low degree of
polymerization of xylan (DP = 2–7) (Otieno and Ahring, 2012).
XOS production involves a variety of methods (chemical, enzymatic
and auto-hydrolysis). Auto-hydrolysis has been reported as an
effective and practical method to produce XOS because of
reduced catalyst costs (Carvalho et al., 2013).

When hemicellulose is removed from the WH residue in the
XOS production process, the cellulose content of the residue is high
(50%–55%). These residues can be used for the preparation of
microcrystalline cellulose and nanocellulose. Nanocellulose is
produced from cellulose. Most of the literature reports purity
cellulose obtained from agricultural residues by chemical
pretreatment. In fact, the aim of these treatments is to remove
lignin, however, consuming large amounts of chemicals (e.g.,
sodium hydroxide and sodium chlorite) (Xiao et al., 2022).
Therefore, it is conjectured that the production of lignin-
containing nanocellulose (LCN) can mitigate environmental
issues and difficulties in alkali recovery. Additionally, a low-cost
and environmentally friendly pretreatment can also be used to
produce LCN directly from WH residues (Bian et al., 2019; Liu
et al., 2021). The lignin found in plant biomass may be useful as a
binder for other biopolymers and may serve as a component in the
production of hydrogels. In addition, since lignin is rich in the active
chemical functional groups thus its presence would enhance the
adsorption ability of the material (Liu et al., 2020; Gao et al., 2021).

Hydrogel is one of the important materials that widely studied in
adsorption research. Hydrogel represents a hydrophilic, highly cross-
linked and three-dimensional structure material that has excellent
chemical properties. As a result of the presence of hydroxyl groups
in each repeating molecular unit of polyvinyl alcohol (PVA), the
polymer can form physically cross-linked hydrogels. Despite its
adsorption and mechanical properties, hydrogels themselves have
poor adsorption and mechanical properties that limit their
application in adsorption (Lu et al., 2017; Luo et al., 2021).
Although the combination of LCN and PVA may be a potential
solution to improve the mechanical properties of PVA hydrogels
(Bian et al., 2018). Unfortunately, the adsorption performance of
this hydrogel is not promising. Hence, a filler is commonly required
to improve the adsorption performance of the hydrogel.

To improve the mechanical properties and adsorption capacity
of a hydrogel, we have constructed a composite hydrogel using
montmorillonite (MMT) and the soluble ash (SA) as fillers followed
by combination with PVA to explore the possibility of such
approach. The SA was obtained by washing WH with water to
potentially improve its adsorption capacity for organic dyes in the
sewage field (Zhou and Wang, 2010; Wu et al., 2019). MMT is
phyllosilicate clay; it has a three-dimensional porous structure and a
large specific surface area, thus has high adsorption performance
(Mao et al., 2022). Moreover, the mechanical properties of the
resulted hydrogels can be enhanced which was attributed to the
high mechanical strength of MMT (Luo et al., 2021). To the best of
our awareness, there are limited literatures on the effects of various

SA and MMT contents on the adsorption performance and physical
strength of PVA/LCN/SA/MMT hydrogels (PLSM). Therefore, our
results would devote to the sum of knowledge in this field while also
revealing a new hydrogel based on wheat husk as a cheaper and eco-
friendly material for dye removal (Zhang et al., 2022).

2 Materials and methods

2.1 Experimental materials

Montmorillonite (MMT) and 99% hydrolyzed polyvinyl alcohol
(PVA) with a molecular weight of 125,000 g/mol were procured from
Sigma-Aldrich.Wheat husk (WH)was supplied by Shandong Province,
China. To remove the insoluble and soluble ash, the raw material was
rigorously cleaned for 30 times using distilledwater. The soluble ashwas
collected by rotary evaporation. ThewashedWHwas treated for 60 min
at 180°C to obtain XOS and theWH residue (WHR). The LCN (1 wt%)
was produced from theWHR through aUH-20 homogenizer at 200 bar
(Union-Biotech, China) (Luo et al., 2020).

2.2 Preparation of PLSM hydrogels

About 1.0 g of SA plus 1.5 g of MMTwere poured into deionized
water (50 mL) under stirring and yielding the 5.0 wt% mixture
(i.e., SM). The composite aerogels were prepared by mixing LCN,
PVA, and SM. The PVA loading was always fixed at 66.7%, while the
LCN loading was 0, 3.0, 10.0, 20.0 and 33.3 wt% with the remaining
amount of SM. The control aerogel was prepared by PVA. The total
content of the mixture was kept at 4 wt% for all hydrogels (Table 1).

2.3 Characterizations of PLSM hydrogels

The structural characteristics of LCN were measured with a
Dimensiona Edge atomic force microscopy (AFM) manufactured by
Bruker in Germany. The AFM images were resulted using a tip with a
curvature radius of 8 nm and 300 kHz tapping mode. A Quanta
200 scanning electron microscope (SEM) manufactured by FEI in
United States was adopted to examine the surface characteristics of
PLSM hydrogel. Before the SEM analysis, the moisture of the samples

TABLE 1 Preparation parameters for PLSM hybrid hydrogels.

Sample PVA:LCN:SM
wt%

Mass ratio of PVA:
LCN:SM

PVA 100 1

PVA/0LCN-33.3SM 66.7/0/33.3 1:0:0.50

PVA/3LCN-30.3SM 66.7/3/30.3 1:0.04:0.45

PVA/10LCN-
23.3SM

66.7/10/23.3 1:0.15:0.35

PVA/20LCN-
13.3SM

66.7/20/13.3 1:0.30:0.20

PVA/33.3LCN-0SM 66.7/33.3/0 1:0.50:0
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was minimized followed by sputter-coated with gold to ensure it
conducted electricity during analysis. A PerkinElmer Fourier
Transform infrared (FTIR) spectrometer operating at wavenumber
of 600–4,000 cm−1 was applied on the hydrogel samples to study the
chemical functional groups. An X-ray diffractometer was utilized to
obtain the diffraction patterns of the hydrogels over the 2θ value up to
35°. Additionally, the CrI, which is commonly known as crystallinity
index, was then quantified using Eq. 1, consistent with the standard
approach (Segal et al., 1959):

CrI � I200 − Iam
I200

× 100 (1)

Where I200 was the maximum peak intensity of approximately
22.4° at a 2θ angle and Iam was the intensity of 18.4° at a 2θ angle.

The hybrid hydrogel was discarded from the 15 × 11 mm sample
holder and moisture content was removed at 105°C for 24 h. The
water content (W) of the hybrid hydrogel was measured with a
decrease in mass according to Eq. 2:

W � m0 −m1

m0
× 100 (2)

The initial mass (g) of the hydrogel was m0, while the mass of the
treated hydrogel was m1.

An RS6000 rheometer (HAAKE, Germany) was used to measure
the rheological behavior of the hydrogel with a cone plate P20 TiL
and Platte P20 TiL. Then, the samples were processed into
cylindrical shape with dimension of 20 mm (diameter) and 1 mm
(thickness) (Liu et al., 2016).

2.4 Adsorption study of methylene blue (MB)
using prepared hydrogels

Adsorption experiments were performed on MB (0.25 mg/mL)
at different temperatures in a water bath at 80 rpm. A 0.5 g of the
adsorbent dosage was gently mixed to the prepared MB solution
(30 mL). Upon completion of the adsorption period, the treated MB
solution was sampled into a 0.5 µm syringe. The concentrations after
adsorption were immediately quantified at a wavelength of 663 nm
using an UV-1800 UV-spectrometer (Japan). Finally, the amount of
MB adsorbed was determined according to Eq. 3. All measurements
were triplicated with common statistics calculated.

Qt � V C0 − Ce( )
M

(3)

C0 (before) and Ce (after) denote the concentration of the MB
solution (mg/L), M (g) represents the adsorbent amount used in
adsorption, and V (mL) represents the solution volume.

3 Results and discussion

3.1 Characterization of the prepared PVA/
LCN/MMT/SA

SA represents a mixture of inorganic and organic contents with
good sorption properties of organic pollutants (Wu et al., 2020). The
yield of SA recovered using distilled water treatment was 5.3%

(calculated based on the washed ash). 5.0 g of the washed WH
was pretreated with 50 mL of distilled water at temperatures (180°C)
for 1 h. The XOS yield quantified based on the initial xylan content
in the washed WH was 22.6%. The yield of lignin-containing
nanocellulose (LCN) obtained from high-pressure homogeneous
dispersion of WH residue (WHR) was 99.2% (Figure 1). The FTIR
spectra of PVA/LCN/MMT/SA are displayed in Figure 2. The major
peaks at 3,614, 1,612, 993 and 910 cm−1 of MMT were attributed to
the stretching vibrations of OH, Si-O-Si and Al-OH, respectively
(Tao et al., 2020). The bands of PVA occurring at 832, 921, 1,085,
1,424 and 3,400 cm−1 corresponded to the C−O stretching, −CH2

bending, −CH rocking, –CH and -OH stretching, respectively. The
FTIR spectra showed some characteristic peaks that were correlated
to the C-OH stretching bonds in the cellulose at 1,033 (secondary
alcohol) and 1,052 cm−1 (primary alcohol) (Lam et al., 2017). The

FIGURE 1
Flow diagram of the preparation of soluble ash (SA) and lignin-
containing nanocellulose (LCN) of wheat husk.

FIGURE 2
FTIR spectra of PVA/LCN/MMT/SA.
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peak of methoxy group can be assigned at 1,470–1,430 cm−1 while
the peak of C=C extension of the aromatic hydrocarbon can be
found at 1,600–1,460 cm−1. Both peaks in these regions represented
the characteristic peaks commonly found in lignin. The carboxyl
stretching group was observed around 1732 cm−1 in the SA. Then,
the Si-O-Si stretching vibration of silicate minerals peak was found
at 1,034 cm−1. For the absorption region below 1,000 cm−1 is mainly
the organic-mineral mixed zone. In this region, the characteristic
peaks of different substances interfere with each other and overlap,
thus there is no practical reference value (Matamala et al., 2019).

The crystallinity of PVA/LCN/MMT/SA was examined via the
XRD pattern of each sample displayed in Figure 3A. Based on the
results, pure PVA had an orthogonal lattice structure, typical of
semi-crystalline PVA, with a diffraction peak at 19.6° (Han et al.,
2014). An XRD spectrum of MMT showed the characteristic peak at

6.37°. The XRD spectra of LCN showed two peaks at 16.1° and 22.5°,
corresponding to the trigonal structure of cellulose I (Figure 3) with
49.9% crystallinity (Jia et al., 2017). The result indicated that
amorphous cellulose was more prone to fracture than crystalline
cellulose. The XRD spectra of SA inferred the presence of metal
elements (K+, Na+, Ca2+, Mg2+) that have a good adsorption effect on
MB (Wu et al., 2019). The AFM image showed nanofibers with small
widths and narrow size distribution. The result displayed that
mechanical treatment was an effective method to prepare LCN
with a higher aspect ratio (Figure 3B).

Figure 4 displayed the viscoelasticity tests of PLSM hydrogel at
25°C. Elasticity and viscosity are attributed to storage modulus (G′)
and loss modulus (G″), respectively. The loss modulus (G″) of the
PLSM hydrogel was lower than the storage modulus (G′),
indicating the prepared hydrogels had regular hydrogel

FIGURE 3
(A) XRD patterns of PVA/LCN/MMT/SA; (B) AFM image (Scale bar = 1 μm) of LCN.

FIGURE 4
Stress scanning of loss modulus (G″) and shear storage modulus (G′) of the hydrogel reinforced by LCN at different loadings.
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characteristics. The hydrogel flow and stress resistance can be
determined by the location and length of the linear viscoelastic
regions. The G′ of PLSM hydrogels was 136.0, 146.5, 156.5,
194.3 and 357.7 Pa when LCN was added at 3%, 10%, 20% and
33.3% (Figure 4), respectively. The G′ increased greatly with the
increase of LCN dosage. This could be due to the LCN fibrils being
long and thin (according to the average height of AFM), which
promotes fibril entanglement. Therefore, adding LCN to PVA
hydrogels could improve their rheological and mechanical

properties (Chang et al., 2008). Comparing pure PVA hydrogels
with those containing SM, Table 2 indicated SM decreased
rheological and mechanical properties. This may be due to the
low molecular weight of SM that reduced the interaction forces
between the polymers. PLSM hydrogels with high levels of LCN
possess excellent mechanical properties and are therefore suitable
for making biomaterials without cross-linking. In addition, the
property of having metallic elements on the hydrogels can greatly
expand their applications.

TABLE 2 Physical, rheological and adsorptive properties of the hydrogels at various LCN loadings.

Samples Moisture
content (wt%)

Maximum G′ with
LVR, G′ max (Pa)

Maximum G″ with
LVR, G″ max (Pa)

Pseudo-first-order
kinetic at 40°C (R2)

Pseudo-second-order
kinetic at 40°C (R2)

PVA 95.4 325.5 14.2 — —

PVA/0LCN-
33.3SM

94.7 136.0 10.4 0.85 0.81

PVA/3LCN-
30.3SM

94.8 146.6 10.6 0.98 0.98

PVA/10LCN-
23.3SM

94.8 156.5 15.3 0.78 0.98

PVA/20LCN-
13.3SM

94.6 194.3 18.4 0.64 0.98

PVA/
33.3LCN-0SM

94.8 357.7 36.1 0.88 0.98

FIGURE 5
The EDX analysis and SEM images of (A) PVA and (B) PVA/0LCN-33.3SM.
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3.2 Characterization of the PLSM hydrogels

The morphological and elemental analyses of the PLSM
hydrogels were shown in Figure 5. A microfibrillar structure was
observed in PLSM hydrogels. There was homogeneity in the PLSM
hydrogel pores, with pore sizes of 40 μm. This porous structure
facilitated the swelling of the hydrogels and the diffusion of MB into
the interior of the hydrogels. In particular, this structure provided a
large specific surface area and abundant active sites, which facilitated
the adsorption of MB (Thakur et al., 2017). As can be seen in
Figure 5, elemental analysis performed by EDX indicated that the
MMT and SA were inserted into the pores of the hydrogel.
Moreover, the increased metallic element content was confirmed
to be SA embedded in the PLSM hydrogels, suggesting that they
were more abundant binding sites in the hydrogels conducive to MB
adsorption.

3.3 Absorbing capacity of the PCAM
hydrogels

The adsorption efficiency of 0.5 g adsorbent on 0.25 g/L
methylene blue (MB) at a contact time of 6 h was investigated.
The removal efficiencies of different PCAM hydrogels for MB were

shown in Figure 6. The results suggested that the PVA/20LCN-
13.3SM sample had the best adsorption capacity and removal
efficiency. This could be due to the synergistic effect of the PVA/
20LCN-13.3SM sample combined with LCN and SM, thus enhanced
adsorption of pollutants by encapsulated LCN and SM was achieved
as a result of this synergistic interaction. The MB removal of all
hydrogels was quite pronounced at the beginning of 1.5 h and then
the slow kinetics persisted until equilibrium. Compared with the
adsorption hydrogel prepared by Luo et al., the adsorption efficiency
of the hydrogels was higher (Luo et al., 2021). This may be due to the
existence of SA which made the crosslinking network of hydrogels
loose, which was conducive to the combination of hydrogels
and MB.

At different temperatures, hybrid hydrogels removed MB
differently as shown in Figures 6A–C. The variation was similar
to the kinetic curve reported previously by other literature (Zhu
et al., 2023). In spite of the increase in temperature, the removal of
MB by hydrogel did not increase significantly. However, the
adsorption time was significantly shortened. This could be
attributed to an increase in mass transfer driving force (Zhang
et al., 2018). The PVA/20LCN-13.3SM sample was adsorbed at 50°C
for approximately 1 h, and the removal of MB reached 97.3%. In
response to an increase in LCN mass ratio, the adsorption
performance decreased. PCAM hydrogel removed only 79.7% of

FIGURE 6
Influence of adsorption time on the removal efficiency (R%) of the hydrogels toward 0.25 g/L of MB at (A) 30°C, (B) 40°C and (C) 50°C.
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MB when the LCN content reached 33.3%. The reason could be that
MB binds less strongly in LCN than SM; therefore, LCN is not
conducive to MB adsorption. It could also be concluded that
removing MB with high SM content of hydrogels under high
temperatures led to a loosening of the cross-linked hydrogel
network, which can rapidly adsorb MB. MMT is the main
component of SM that contributed to its high absorbability. The
sandwich structure of MMT consists of two tetrahedral layers
sandwiched between an edge-bridged octahedral sheet combined
with the 3D porous structure that ensures good adsorption
performance by providing a large specific surface area. Moreover,
the SA fraction contained metal elements (K+, Na+, Ca2+, Mg2+),
promoting good adsorption effect on MB. Hybrid hydrogels could,
however, be mechanically compromised due to the high content of
SM. Hence the durability of the product should be investigated
further in future work.

3.4 Sorption kinetics of the PCAM hydrogels

An analysis of pseudo first- and second-order kinetic equations
of linear form was conducted to study the rate of MB adsorption at
40°C. The kinetic profiles of adsorption were determined during MB
adsorption on the hydrogel samples. It was evident that the system
was related to the model based on the R2 of the data with this
equation.

Equation of Pseudo-first-order was calculated by Eq. 4

ln qe − qt( ) � ln qe −
k1
t

(4)

Equation of Pseudo-second-order was determined by using
Eq. 5

t

q
� 1
k2qe2

+ t

qe
(5)

Where qt denotes the MB adsorbed capacity (mg/g) at time (t) in
hour, k1 and k2 denote the pseudo-first- and the pseudo-second-

order rate constant of adsorption (g/mg h), respectively, while qe
represents the equilibrium sorption amount (mg/g).

The pseudo first- and second-order kinetic equations of linear
form were used to fit this adsorption process as shown in Figure 7.
The coefficient of determination of the pseudo-first-order rate
constant K1 was calculated to be greater than that of the pseudo-
second-order kinetic constant K2, and the opposite was true for
qe. This phenomenon was similar to other literature reports
(Wang et al., 2022). Moreover, the R2 values of the pseudo
second-order kinetic model were higher than those of the
pseudo first-order kinetic model, indicating that the pseudo-
second order model was better suited to describe the kinetics
of MB dye adsorption on hydrogels (Figures 7A, B). Thus, these
findings support that the adsorption rate of MB dye on hydrogels
strongly depends on the concentration of MB and hydrogel as
well as time (Melo et al., 2018; Sadik et al., 2020). As seen in
Figure 7B, the adsorption of MB by PCAM hydrogels at 40°C was
consistent with pseudo-second-order kinetics indicating that this
adsorption process was a composite multilayer adsorption
process. This process was also influenced by the diffusion of
the pore network (Bulut et al., 2007; Hubbe et al., 2019).

4 Conclusion

Without the addition of initiators or chemicals, PVA
hydrogels with excellent mechanical and adsorption properties
were successfully prepared. The mechanical properties of the
hybrid hydrogel were altered upon incorporating LCN and SM
into the PVA water-based system. Hydrogels containing a high
proportion of SM exhibited lower mechanical properties. Due to
the low molecular weight of SA in SM, there was less interaction
between SM and PVA. Nevertheless, excessive SM content
decreased adsorption efficiency. Accordingly, PVA/0LCN-
33.3SM can effectively remove 87.1% of MB in 6 h. Lignin did
not decrease hydrogel adsorption efficiency, however, and may
even increase it. Furthermore, Lagergren’s quasi-two-stage

FIGURE 7
Pseudo-first-order (A) and second-order kinetics (B) of MB by the hydrogels at 40°C.
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adsorption model was found to explain the removal of MB during
the absorption tests, and the results indicated that the adsorption
process had taken place on a non-uniform surface. It has
therefore been demonstrated in the findings of this study that
lignocellulosic materials can be utilized more effectively in wider
applications.
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