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Abstract: The valorization of lignocellulosic biomass by-products holds significant economic and
ecological potential, considering their global overproduction. This paper introduces the fabrication
of a novel wheat-straw-based hydrogel and a new microcellulose-based hydrogel through 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) oxidation. In this study, Fourier transform infrared (FTIR)
analysis was employed for the detection of carboxyl groups, neutralization titration was conducted
using a conductivity meter, viscosity analysis was performed using a rheometer, and transmittance
analysis was carried out using a spectrophotometer. Two novel hydrogels based on TEMPO oxidation
have been developed. Among them, the bio-based hydrogel derived from oxidized wheat straw
exhibited exceptional printability and injectability. We found that the oxidation degree of microcellu-
lose reached 56–69%, and the oxidation degree of wheat straw reached 56–63%. The cross-linking of
4% oxidized wheat straw and calcium chloride was completed in 400 s, and the viscosity exceeded
100,000 Pa·s. In summary, we have successfully created low-cost hydrogels through the modifica-
tion of wheat straw and microcellulose, transforming lignocellulosic biomass by-products into a
sustainable source of polymers. This paper verifies the future applicability of biomass materials in
3D printing.

Keywords: wheat straw; microcellulose; TEMPO oxidation; hydrogel; rheological; printability

1. Introduction

The rapid development of the social economy has improved the quality of human
life, but it has also led to environmental challenges. Approximately 21% of the world’s
food depends on the wheat crop, and global production needs to be increased to meet the
growing demand for human consumption [1]. Wheat straw, as a by-product of food crops,
possesses a high cellulose content (around 50%), and its resource utilization can contribute
to alleviating environmental issues caused by burning. Lignocellulose is biocompatible,
degradable, and readily available, and can be utilized as a biocomposite material in various
applications such as food packaging, tissue engineering, and energy regeneration [2,3].
Nevertheless, challenges exist in the reuse of agricultural by-products, such as the degrada-
tion of the physical properties of wheat straw when incorporated into polylactic acid-based
biocomposites for sustainable food packaging [4]. Hence, wheat straw, as a green biocom-
posite material, faces challenges related to interfacial adhesion and dispersion properties.
Addressing these challenges can involve chemical modification, such as adding hydrophilic
groups, or physical modification, like mechanical crushing, to enhance its suitability as a
composite packaging material [5]. Numerous methods exist for pretreating biomass materi-
als to enhance their application performance. These approaches include the use of various
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compatibilizers such as siliconization, alkali treatment, acylation, isocyanate treatment, etc.,
all of which aim to increase the adhesion and strength of biomass composites [6].

The TEMPO-NaBr-NaOCl system in water at pH 10 quantitatively produces water-
soluble sodium polyglucuronic acid when it reacts with water-insoluble polysaccharides
such as starch, curdlan, chitin, paramylon, and regenerated cellulose samples under suitable
conditions [7]. TEMPO-oxidized polyglucuronic acid prepared from regenerated cellulose
and glycans is biodegradable. All artificial polyglucuronic acids prepared through TEMPO
catalytic oxidation undergo enzymatic degradation and metabolization into CO2 under the
influence of microorganisms in natural environments [8]. The carboxyl-containing cellulose
prepared by TEMPO oxidation is water-soluble, and the repulsion between the negative
charges of the carboxyl groups can create a stable suspension. This property makes it
suitable for applications in various fields such as food, medicine, papermaking, plastics,
and energy [9,10].

Hydrogels find extensive application in tissue engineering owing to their distinctive
environmental responsiveness, flexibility, and biocompatibility [11]. For instance, cer-
tain hydrogels play a transformative role in tissue engineering by serving as biomimetic
scaffolds that replicate the mechanical characteristics of native tissues, thereby enhanc-
ing integration with surrounding tissues and improving cell viability. A diverse array of
hydrogels with tailored properties has been developed to address the specific needs of
tissue engineering applications for cartilage, bone, and blood vessels [12]. Polysaccha-
rides are regarded as ideal materials for hydrogels owing to their natural degradability,
cost-effectiveness, and excellent biocompatibility [13]. They can be obtained through the
fermentation and purification of various sources, including animals, plants, and microorgan-
isms (such as polysaccharides, peptides, and proteins), making them suitable for industrial
production [14]. A substantial body of research suggests that the 2,2,6,6-tetramethyl-1-
piperidine epoxy (TEMPO) radical can effectively catalyze the primary hydroxyl group in
polysaccharides [15]. This catalytic capability has found successful applications in various
cellulose-based products [16].

Cellulose stands out as the predominant biopolymer, characterized by highly stereoreg-
ular, hydrogen-bonded beta-(1,4)-glycoside-linked D-glucose chains [17]. This biopolymer
has been extensively explored for green applications owing to its biocompatibility, sus-
tainability, and economic attributes [18]. The abundance of easily modifiable hydroxyl
groups in cellulose makes it amenable to oxidation reactions, resulting in the formation of
carboxylate groups [19]. This transformation imparts new functionalities, such as cross-
linking with divalent metals to create hydrogels. Consequently, cellulose is regarded
as a promising and versatile modifiable polysaccharide in the field of tissue engineer-
ing [20]. Cellulose can be obtained from plants such as cotton, kenaf, ginger, or straw [21].
However, the separation process often involves the use of harsh chemicals, leading to
environmental pollution. Therefore, while the rapid development of the cellulose industry
has provided affordable and durable products for human use, it has also introduced envi-
ronmental challenges. We aimed to explore renewable, natural polymers as alternatives to
mitigate pollution [22].

Agricultural biomass residues such as wheat straw and rice straw are often discarded
or burned due to their perceived low intrinsic value, contributing to environmental pollu-
tion. However, in reality, these wastes can serve as an abundant and inexpensive source
of renewable lignocellulosic biomass. In recent years, various applications of wheat straw
as an agricultural by-product have been explored, including pulp production [23], food
packaging [4], and nanocellulose products [24]. Among them, the main way is to extract
cellulose from wheat straw. The commercial industry uses raw materials including bagasse
and wheat straw. Unbleached pulp and other agricultural residues for the preparation
of lignocellulosic nanofibers. The conversion techniques include physical (ultrasound,
refining, microfluidization) and chemical methods (acid hydrolysis, enzymatic hydrol-
ysis, pulping, and bleaching reactions) or a combination [25,26]. Nevertheless, existing
methods are cumbersome, reliant on specialized equipment, and often lack environmental
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friendliness. Common pretreatment methods include enzymatic hydrolysis, high-intensity
ultrasonication, mechanical treatment, and various other techniques [27]. In our experi-
ment, we aimed to streamline the process by exploring the direct use of raw materials for
oxidation without any preliminary treatment. The objective was to create a novel type
of hydrogel for future 3D printing applications, simplifying the overall procedure, and
potentially reducing the environmental impact associated with traditional approaches.

The valorization of lignocellulosic biomass wastes holds significant economic and
ecological potential, given their global overproduction. Recycling these wastes enables
circular production strategies in agriculture and forestry [28]. Wheat straw, primarily
composed of cellulose, lignin, and hemicellulose, is particularly noteworthy. Its abundant
hydroxyl functional groups make it valuable for applications such as bioadsorption and
hydrogel production [29]. Cellulose hydrogels stand out as a superior material due to
their high water absorption efficiency, charged groups, and porous structure. While the
preparation of cellulose hydrogels offers an ideal strategy for utilizing straw, it necessitates
pretreatment to remove a significant portion of the lignin and hemicellulose present [30].
TEMPO-mediated oxidation of wood pulp, coupled with slight mechanical disintegration,
results in the production of cellulose nanofibers during the oxidation process [31].

The primary goal of this study was to create natural hydrogels using microcellulose
and wheat straw and assess the impact of TEMPO-mediated oxidation on the physicochem-
ical properties of these hydrogels. The optimal chemical composition of the hydrogels was
determined by considering factors such as viscosity, crosslinking time, injectability, light
transmittance, and printable properties. This comprehensive approach aims to tailor the
hydrogels for various applications in tissue engineering from abundant lignocellulose plant
biomasses/by-products.

2. Materials and Methods
2.1. Materials

In this experiment, the microcellulose was extracted from cotton from Sigma-Aldrich
(St. Quentin Fallavier Cedex, France) and the particle diameter was about 20 microns.
Wheat straw was sourced from GDec Lab in 2023, with a composition including 24.5%
hemicellulose, 38.8% cellulose, and 11.3% lignin.

2.2. TEMPO Oxidation

Microcellulose (6 g) was dissolved in 90 mL of water, the pH was adjusted to 10 with
NaOH (1 M), and then the volume of the solution was made up to 100 mL with water, and
the reaction temperature was kept at room temperature and homogenized for 1 h. TEMPO
(51.96 mg), NaBr (1.152 g), and NaOCl (60 mL at 9.6%) were added to start oxidation. When
TEMPO and NaBr are completely dissolved, start adding NaOCl. The timing starts with
the addition of NaOCl and the reaction time is 3–24 h. NaOCl is added slowly while using
NaOH (10 M) to keep the pH of the solution at 10–11. The reaction was quenched by adding
ethanol (99%, 60 mL) after 3–24 h and neutralized with HCl (5 M) to pH around 7. Transfer
the solution to a centrifuge tube, after centrifugation (10,000× g, 10 min, 4 ◦C), remove the
supernatant, wash the pellet with 50 mL of MilliQ water, then centrifuge at 10,000× g, 4 ◦C
for 10 min, repeat 5 times. The pellet was then vortexed with 50 mL of ethanol (99%) for
15 min, then centrifuged at 10,000× g and 4 ◦C for 10 min. The washed precipitate was put
into the oven, dried at 50 ◦C for 24 h, and then ground into powder and passed through a
125 µm sieve for subsequent experiments [32].

2.3. FTIR Analysis

The raw powdered and oxidized cellulose and wheat straw samples were analyzed
in a Fourier transform infrared spectrophotometer (Thermo Scientific™ Nicolet™ iS™5)
coupled to ATR Accessory (Thermo Scientific™ iD7) with a monolithic diamond crystal.
The spectra were acquired in the 4000–500 cm−1 range, with 4 cm−1 resolution, 32 scans,
and were subjected to background subtraction (atmosphere spectra) [33].
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2.4. Conductivity

The 2% oxidized microcellulose and wheat straw were dispersed in water for 24 h
and sonicated for ten minutes until the full suspension solution was ready. Add 0.5 mL of
0.1 M HCl to 25 mL of a 0.2 wt% suspension to protonate all carboxyl substrates in oxidized
cellulose and wheat straw. Subsequently, titrate the suspension with 0.01 M NaOH. Record
conductivity values using the Sension+ EC7. The surface charge is then calculated in
millimoles per gram (mmol·g−1).

σ = cv ÷ m = c(v1 − v2)÷ m (1)

where c is the NaOH concentration (in M), m is the oxi-cellulose and oxi-wheat straw mass
in the suspension (in g), and v1 and v2 are NaOH volumes (in mL) used from neutralizing
the added HCl and carboxylic acid on the oxi-cellulose or oxi-wheat straw, respectively.
Oxidation degree calculation:

DS = 162σ ÷ (1 − 80σ)× 5
(2)

In the formula, 162 is the mass of the glucose motif, 80 is the mass of CH-COO-Na,
and 5 is the correction factor.

2.5. Cross-Linking Procedure

The powder obtained from 2.2 was used and reconstituted in water as a suspension
of 2%, 4%, and 6%, vortexed for 5 min, dissolved for 24 h, and then sonicated for 5 min
for later use. The 1 M CaCl2 was added to the suspension at 1:9 (v/v) and vortexed
for 5 min to complete cross-linking. The cross-linked hydrogels were tested using the
inverted vial method. The cross-linking time was analyzed using a rheometer (G′ and G′′

curve intersection for gelation point). The transition from liquid to solid was observed
by examining the intersection of the storage modulus and the loss modulus through
frequency oscillation.

2.6. Rheological Analysis

All rheological measurements were conducted using a Rheology TA Instruments AR-
G2 rheometer equipped with a cone plate featuring a 40 mm upper cone with an angle of 4◦

and a smooth 40 mm lower plate. Frequency sweep tests were performed under a 1% strain
across a range of 0.1~100 Hz. The material’s stress was determined through a shear stress
sweep ranging from 1% to 100%. Thixotropy time was gauged by initially applying shear
stress exceeding that of the oxidized polysaccharide system. Subsequently, the applied
stress was reduced below the material’s stress, and the shear rate was monitored over time.

Subject 4% m/m oxidized cellulose and wheat straw to 350 rpm for 24 h in water.
Subsequently, use an Ultrasonic Processor UP50H (Teltow, Germany) for 5 min at 30 kHz.
(The aim is to mix the suspension by ultrasonication and at the same time open its structure,
which is also accompanied by the production of some nanofibers, making it easier to react
with the crosslinker and also increasing its light transmittance). Ensure that all subsequent
solutions are processed following this established procedure.

2.7. Injectable and Printable Analysis

Injectable capacity and printability assessments were conducted using 4% oxidized
microcellulose and oxidized wheat straw. For injectable capacity, the material was initially
added dropwise into a vial using a 19 G (0.1 mm) needle, and its viscosity was demonstrated
through the inverted vial method. Subsequently, a new vial containing 1 M CaCl2 was
prepared, and the material was injected into the CaCl2 using a 0.1 mm needle to compare
its state in the vial with and without CaCl2. To assess printable capability, a straight line
was drawn in an empty Petri dish using a 27 G (0.4 mm) needle, and the stability of the
material and its ability to maintain its shape were observed. Subsequently, another straight
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line was drawn with a 27 G (0.4 mm) needle in a new Petri dish containing 1 M CaCl2 to
compare its printing capabilities with and without CaCl2.

2.8. Transmittance Analysis

The transmittance was used to express transparency. The transmittance of oxidized
polysaccharides in the wavelength range of 200–800 nm was assessed using a spectropho-
tometer. Initially, 4% oxidized microcellulose and wheat straw were analyzed, followed by
a 5-min ultrasonic treatment, after which the tests were repeated.

2.9. Granularity Analysis

The particle size analysis was performed by the Mastersizer 3000 (particle size range
from 0.01 to 3500 µm, France, Malvern Company). As mentioned in 2.2, before the experi-
ment begins, all samples are ground and passed through a 125 µm sieve, and for sonicated
samples, dissolved in water and then sonicated for five minutes (same as above), then
thoroughly dried and then ground then passed through 125 mesh sieve. To conduct the
experiment, begin by pouring 100% ethanol into a preheated 500 mL beaker. Once the
instrument is adequately preheated, add oxidized cellulose and wheat straw particles until
the detected signal reaches within the measurable range and stabilizes gradually. Activate
the laser to measure particle size. Post-measurement, rinse the system thoroughly with
100% ethanol, repeating this process five times until no particle prompts are detected. This
entire procedure should be repeated three times for robust and reliable results.

3. Results
3.1. FTIR Analysis

To confirm the success of the oxidation reaction, we utilized Fourier transform in-
frared spectroscopy (FTIR) to analyze the powders post-reaction. The FTIR spectrum of
oxidized cellulose exhibits a prominent band at approximately 1610 cm−1, indicative of the
incorporation of carboxylic acid groups through TEMPO-mediated oxidation (Figure 1).
Additionally, the decrease in the OH peak around 3400 cm−1 corresponds with the increase
in the COO peak, providing further evidence that the TEMPO-mediated oxidation reaction
involves the conversion of the hydroxyl group at the C6 position to a carboxyl group. In
oxidized wheat straw, it was observed that while some carboxyl groups were initially
present in the non-oxidized wheat straw, oxidation further augmented its carboxyl content.
Notably, the carboxyl content exhibited an increase corresponding to the extension of the
oxidation time.

3.2. Conductimetric Titration

The carboxyl content can be assessed through acid–base titration (Figure 2). In acidic
conditions, carboxylic groups react with hydrogen ions, forming carboxylic acids, and
under alkaline conditions, carboxylic acids react with hydroxide ions, producing water
and a corresponding salt. Through titration of the acid–base solution, the content of
oxidized microcellulose and carboxyl groups in wheat straw can be quantified. The findings
indicated that the oxidized microfiber had carboxylic acid contents of 56% and 69% for 3 h
and 24 h, respectively.

Meanwhile, the oxidized wheat straw exhibited carboxylic acid contents of 56% and
63% for 3 h and 24 h, respectively (Table 1). Hence, the 24-h oxidation will introduce more
carboxyl groups to the material, and subsequent comparisons will be conducted under
this condition.
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Figure 2. Conductivity analysis of oxidized microcellulose and oxidized wheat straw.

Table 1. Oxidized microcellulose and wheat straw oxidation degree.

Sample Name σ Degree of Oxidation

Oxi-cell 3 h 0.000675 56%
Oxi-cell 24 h 0.000825 69%

Oxi-wheat straw 3 h 0.000675 56%
Oxi-wheat straw 24 h 0.00075 63%

3.3. Gelation Analysis

As carboxyl-containing polysaccharides often possess the ability to crosslink with di-
valent metal ions, various concentrations of oxidized cellulose (2%, 4%, and 6%) were tested
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for crosslinking with 1 M calcium chloride (Figure 3A). It was observed that lower con-
centrations of oxidized microcellulose exhibited partial cross-linking (Figure 3B), whereas
higher concentrations resulted in sedimentation. Consequently, it was determined that 4%
oxidized microcellulose represented the optimal concentration for cross-linking. In contrast,
different concentrations of oxidized wheat straw did not exhibit significant variations in
cross-linking (Figure 3C), but for comparison purposes, a concentration of 4% was selected.
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Figure 3. Cross-linking analysis after sonication: (A) 2%, 4%, 6% oxidized microcellulose 450 µL with
1 M calcium chloride 50 µL; (B) 2%, 4%, 6% oxidized microcellulose detail show; (C) 2%, 4%, 6%
oxidized wheat straw 450 µL with 1 M calcium chloride 50 µL.

3.4. Rheological Analysis
3.4.1. Viscosity

Viscosity analysis of 4% oxidized cellulose and oxidized wheat straw revealed a
pseudoplastic curve. Subsequent analysis of the solution post crosslinker addition indicated
an increase in viscosity. We found that the viscosity of oxidized wheat straw was greater
than that of oxidized microcellulose (Figure 4). We also observed a fivefold difference in
viscosity for oxidized microcellulose before (851.2 Pa.s) and after (4862 Pa.s) crosslinking at
a shear rate of 0.015. The addition of the crosslinker significantly enhances the viscosity of
the hydrogel.
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Figure 4. The viscosity analysis after cross-linking. The black line represents 4% oxidized wheat
straw, and the red line represents 4% oxidized microcellulose.

3.4.2. Gelation time using G′ and G′′

Following the addition of a crosslinker, the transformation from liquid to hydrogel
is evident based on the changes in storage modulus and loss modulus, as illustrated
in Figure 5. Both 4% oxidized cellulose and oxidized wheat straw exhibited complete
crosslinking within 7 min. Nevertheless, the cross-linking time of oxidized microcellulose
is shorter, and the cross-linking process can be completed within 5 min (Figure 5).
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Figure 5. The crosslinking time of different materials with calcium chloride. It is 4% oxidized
microcellulose crosslink with 1 M CaCl2 (around 2 min) and 4% oxidized wheat straw crosslink with
1 M CaCl2 (7 min). The arrows in the graph are the cross-linking points (gelation points).
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3.5. Injectability and Printability Analysis

Initially, we evaluated the extrusibility of 4% oxidized cellulose and wheat straw using
a 1 mm diameter needle, finding them to be pliable without a crosslinker (Figure 6A).
For printability analysis, the 4% oxidized polysaccharide was extruded into a Petri dish
containing 1 M CaCl2 using a 27 G (0.4 mm) needle. After five minutes, it was observed
that the material had formed a mechanically stable filament (Figure 6B). The printability
of the solution (4%) was also assessed using a needle tube and a 27 G (0.4 mm) diameter
needle after sonication. The sonicated solution was injected through a 0.4 mm needle
into a 1 M CaCl2 solution at 24 ◦C (Figure 6C). After a five-minute wait, shape-stable
filaments were obtained at the bottom of the solution, showcasing the potential for injectable
hydrogels for potential in vivo applications. To assess injectability, we utilized videos
for demonstration purposes. We have added six videos to the supplemental material
to show the details. Videos S1 and S2 showcase oxidized and sonicated microcellulose
and wheat straw, respectively, being extruded into a Petri dish containing a crosslinker
to assess the stability of their morphology. Our results have initially demonstrated its
printability, and the next step should be an investigation of 3D bioprinting according to
the application. Videos S3 and S4 illustrate the injectable capacity of oxidized cellulose
before and after sonication, respectively. Similarly, Videos S5 and S6 demonstrate the
injectable capability of oxidized wheat straw before and after sonication. The inverted vial
method was employed to showcase changes in viscosity. The viscosity of the vial markedly
increased after ultrasonication.
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Figure 6. Printability and injectability tests after sonication were conducted as follows: (A) 4% oxidized
microcellulose (top) and wheat straw (bottom) underwent a printability test under a 19 G
(1 mm) diameter needle; (B) Printability tests of 4% oxidized microcellulose (left) and wheat straw
(right) were performed in a 1 M calcium chloride solution using a needle diameter of 0.4 mm;
(C) Injectability tests of 4% oxidized microcellulose (left) and wheat straw (right) were carried out in
a 1 M calcium chloride solution using a needle diameter of 34 G (0.1 mm).

3.6. Transmittance Analysis

For bioinks, transparency is a very important feature, and we use transmittance to
express transparency. The impact of ultrasound on the transmittance of polysaccharides
before and after sonication was examined. After 5 min of sonication, the light transmittance
of oxidized microcellulose reached more than 80%, expanding its potential applications
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in tissue engineering. However, oxidized wheat straw did not show an increase in light
transmittance (lower than 5%) following ultrasound treatment (Figure 7). This illustrates
that sonication can not only increase the viscosity of the oxidized polysaccharide solution
but also increase its light transmittance. Additionally, we observed that the light transmit-
tance of the solution remained unchanged even one week after sonication. This indicates
that the nanoparticles generated through ultrasound carry carboxyl groups, ensuring their
stability in water solubility. This observation underscores the robust nature of the produced
nanoparticles and their sustained stability over time.
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Figure 7. (A) Changes in transmittance of 4% oxidized microcellulose and wheat straw before and
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(C) one-week stability observation of oxidized cellulose solutions after sonication (up) and of oxidized
cellulose solutions after sonication and CaCl2 crosslink (down).

3.7. Granularity Analysis

Oxidation and subsequent re-drying lead to the polymerization of nanofibers, caus-
ing an increase in particle size that hinders efficient crosslinking with CaCl2. Therefore,
additional sonication is necessary. The solution underwent drying both before and after
oxidation and sonication, followed by a thorough one-hour grinding process. Subsequently,
the material was sieved through a 125 micron mesh. The particle size of microcellulose
increased from 31.3 µm to 86.2 µm after oxidation, while the particle size of wheat straw
increased from 74.6 µm to 138 µm following the oxidation process. Additionally, we noted
that sonication led to a reduction in the particle size of the materials. After ultrasonication,
the particle size of oxidized cellulose decreased to 44 microns, and for wheat straw, it
reduced to 72.4 microns (Figure 8). Our hypothesis suggests that the observed increase in
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particle size post-oxidation results from re-drying, causing small particles to aggregate and
resist dispersion even after an hour of grinding. Therefore, sonication becomes necessary
after the oxidation process. The observed decrease in granularity after sonication can be
attributed to the disruptive effect of sonication, which breaks down larger particles into
numerous nanoparticles. This process of fragmentation leads to a reduction in overall
particle size, explaining the observed decrease in granularity after ultrasonication.
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Figure 8. Granulometry analysis (particle sizes) of wheat straw and microcellulose samples before
and after oxidation and sonication treatments.

4. Discussion

Wheat straw biomass represents an underutilized raw material that has the potential
to make a substantial contribution to sustainable development. The development of a
new generation of hydrogels based on modified cellulose holds great significance for
resource regeneration and cost reduction. In this study, wheat straw was utilized as a
raw material, and carboxyl groups were introduced through TEMPO oxidation to produce
a novel hydrogel. The properties of this hydrogel were then compared with those of
commercial cellulose sourced from cotton.

In the comparison of FTIR results, it was observed that with the increase in oxidation
time, the corresponding carboxylic acid peak at 1720 cm−1 gradually transformed into
carboxylate groups, manifesting as a peak at 1610 cm−1 [34]. The presence of peaks at
1454 cm−1 (C–H and CH2 bending vibration in lignin) and 1245 cm−1 (C–O stretching
vibration of acetyl in hemicellulose) was simultaneously observed in the peak plot anal-
ysis of wheat straw [35]. Due to the absence of a chromophore in carboxylic acid, UV
absorbance detection is rarely utilized. Ion exchange chromatography detection, offering
high sensitivity, is more commonly employed [36]. In the 3D printing process, bioinks have
distinct requirements before, during, and after extrusion. Prior to extrusion, key character-
istics include viscosity and biocompatibility. During the extrusion stage, the focus is on
minimizing shear stress [37]. Evaluation at this stage includes assessing the physiological
stability and cell viability of the 3D-printed structure. Post-extrusion evaluation primarily
involves examining mechanical support capacity and degradability. The viscosity test
results indicated a typical non-Newtonian fluid behavior with fluidity increasing at high
shear rates. In 3D printing, the structures produced can be immersed in a bath containing
a crosslinker or exposed to physical crosslinking conditions, such as freeze–thaw cycles.
This study indicates that 4% oxidized wheat straw exhibits the potential for printing in
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a solution containing a crosslinker such as CaCl2 [38]. The performance of bioinks was
characterized by measuring the storage modulus and loss modulus of bioinks before and
after cross-linking. It is desirable for the gel to form rapidly after extrusion, ensuring the
stability of its shape and structure [39]. Viscosity serves as a crucial rheological parameter
in assessing the printability of bioinks. Lower viscosity can compromise shape fidelity,
while higher viscosity can hinder extrusionability. In extrusion-based bioprinting, the
stable formation of bioink filaments is vital for printing multilayer structures [40]. In this
experiment, 4% oxidized polysaccharides were successfully cross-linked in less than 100 s,
showcasing the feasibility of 3D printing applications. After only five minutes of sonication,
the light transmittance of the solution was significantly improved, because the ultrasound
reduced the chain length of the polysaccharide, resulting in a greatly reduced scattering of
light, thus improving the light transmittance [41]. Biodegradable polymers are suitable for
developing injectable implants because of their biocompatibility, sterility, and controlled
release properties [42]. The characterization of light transmittance serves as a reflection of
the material’s potential applications. After 5 min of ultrasonication, the light transmittance
of the material exhibited significant improvement, expanding the potential application
range of the hydrogel for the tissue engineering field [43].

5. Conclusions

In this paper, two new hydrogels were successfully modified through TEMPO oxida-
tion, showcasing their future applicability in 3D printing. Various physical and chemical
characterizations, including oxidation degree, gel ability, injectable ability, printable ability,
viscosity, light transmittance, etc., were conducted. This study affirms the potential for
distinct value chains of cellulose, hemicellulose, and lignin, as well as the recycling of
lignocellulosic biomass by-products. It serves as a valuable reference for the development
of green, safe, and cost-effective hydrogels. Next, we will conduct tests on two new hydro-
gels at different concentrations to explore their potential applications in various fields and
acquire a comprehensive understanding of both materials.
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straw-24 h-after sonic.

Author Contributions: Conceptualization, F.W. and A.B. (Aldo Borjas); methodology, A.B.
(Aldrin Bonto), M.D. and J.R.; software, A.V.U.; validation, C.D., A.B. (Aldrin Bonto) and F.W.;
formal analysis, F.W.; resources, A.B. (Aldo Borjas), M.D. and J.R.; data curation, C.D.; writing—
original draft preparation, F.W.; writing—review and editing, F.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the CHINA SCHOLARSHIP COUNCIL, grant number
202208330024.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We thank BIOPI laboratory (Emmanuel Petit and Redouan Elboutachfaiti) for
the gift of bacterial PGU from S. Meliloti M5N1CS.

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

References
1. Ortiz, R.; Sayre, K.D.; Govaerts, B.; Gupta, R.; Subbarao, G.V.; Ban, T.; Hodson, D.; Dixon, J.M.; Ortiz-Monasterio, J.I.; Reynolds,

M. Climate change: Can wheat beat the heat? Agric. Ecosyst. Environ. 2008, 126, 46–58. [CrossRef]
2. Missoum, K.; Martoïa, F.; Balgacem, M.N.; Bras, J. Effect of chemically modified nanofibrillated cellulose addition on the properties

of fiber-based materials. Ind. Crops Prod. 2013, 48, 98–105. [CrossRef]

https://www.mdpi.com/article/10.3390/polym16040530/s1
https://www.mdpi.com/article/10.3390/polym16040530/s1
https://doi.org/10.1016/j.agee.2008.01.019
https://doi.org/10.1016/j.indcrop.2013.04.013


Polymers 2024, 16, 530 13 of 14

3. Zhou, B.; Lin, Z.; Xie, Z.; Fu, X.; Yuan, Z.; Jiao, C.; Qin, X.; Ye, D. Scalable fabrication of regenerated cellulose nanohybrid
membranes integrating opposite charges and aligned nanochannels for continuous osmotic energy harvesting. Nano Energy 2023,
115, 108693. [CrossRef]

4. Yang, S.; Bai, S.; Wang, Q. Sustainable packaging biocomposites from polylactic acid and wheat straw: Enhanced physical
performance by solid state shear milling process. Compos. Sci. Technol. 2018, 158, 34–42. [CrossRef]

5. Martino, L.; Berthet, M.A.; Angellier-Coussy, H.; Gontard, N. Understanding external plasticization of melt extruded PHBV–wheat
straw fibers biodegradable composites for food packaging. J. Appl. Polym. Sci. 2015, 132. [CrossRef]

6. Nyambo, C.; Mohanty, A.K.; Misra, M. Effect of maleated compatibilizer on performance of PLA/wheat straw-based green
composites. Macromol. Mater. Eng. 2011, 296, 710–718. [CrossRef]

7. Tamura, N.; Wada, M.; Isogai, A. TEMPO-mediated oxidation of (1→3)-β-d-glucans. Carbohydr. Polym. 2009, 77,
300–305. [CrossRef]

8. Watanabe, E.; Habu, N.; Isogai, A. Biodegradation of (1→3)-β-polyglucuronate prepared by TEMPO-mediated oxidation.
Carbohydr. Polym. 2013, 96, 314–319. [CrossRef]

9. Miao, X.; Lin, J.; Bian, F. Utilization of discarded crop straw to produce cellulose nanofibrils and their assemblies.
J. Bioresour. Bioprod. 2020, 5, 26–36. [CrossRef]

10. Yuan, Z.; Meng, D.; Wu, Y. Raman imaging-assisted customizable assembly of MOFs on cellulose aerogel. Nano Res. 2022, 15,
2599–2607. [CrossRef]

11. Kuang, X.; Arıcan, M.O.; Zhou, T.; Zhao, X.; Zhang, Y.S. Functional Tough Hydrogels: Design, Processing, and Biomedical
Applications. Acc. Mater. Res. 2022, 4, 101–114. [CrossRef]

12. Foyt, D.A.; Norman, M.D.A.; Yu, T.T.L.; Gentleman, E. Exploiting Advanced Hydrogel Technologies to Address Key Challenges
in Regenerative Medicine. Adv. Healthc. Mater. 2018, 7, 1700939. [CrossRef]

13. Li, G.; Liu, S.; Chen, Y.; Zhao, J.; Xu, H.; Weng, J.; Yu, F.; Xiong, A.; Udduttula, A.; Wang, D.; et al. An injectable liposome-anchored
teriparatide incorporated gallic acid-grafted gelatin hydrogel for osteoarthritis treatment. Nat. Commun. 2023, 14, 3159. [CrossRef]

14. Yang, Q.; Peng, J.; Xiao, H.; Xu, X.; Qian, Z. Polysaccharide hydrogels: Functionalization, construction and served as scaffold for
tissue engineering. Carbohydr. Polym. 2022, 278, 118952. [CrossRef]

15. Bragd, P.L.; van Bekkum, H.; Besemer, A.C. TEMPO-Mediated oxidation of polysaccharides: Survey of methods and applications.
Top. Catal. 2004, 27, 49–66. [CrossRef]

16. Montanari, S.; Roumani, M.; Heux, L.; Vignon, M.R. To pochemistry of carboxylated cellulose nanocrystals resulting from
TEMPO-mediated oxidation. Macromolecules 2005, 38, 1665–1691. [CrossRef]

17. Xie, X.; Liu, L.; Zhang, L.; Lu, A. Strong Cellulose Hydrogel as Underwater Superoleophobic Coating for Efficient Oil/Water
Separation. Carbohydr. Polym. 2020, 229, 115467. [CrossRef]

18. Filippo, M.F.D.; Dolci, L.S.; Liccardo, L.; Bigi, A.; Bonvicini, F.; Gentilomi, G.A.; Passerini, N.; Panzavolta, S.; Albertini, B.
Cellulose Derivatives-Snail Slime Films: New Disposable Eco-Friendly Materials for Food Packaging. Food Hydrocoll. 2021, 111,
106247. [CrossRef]

19. Seelinger, D.; Trosien, S.; Nau, M.; Biesalski, M. Tailored Oxidation of Hydroxypropyl Cellulose under Mild Conditions for the
Generation of Wet Strength Agents for Paper. Carbohydr. Polym. 2021, 254, 117458. [CrossRef]

20. Joseph, B.; Sagarika, V.K.; Sabu, C.; Kalarikkal, N.; Thomas, S. Cellulose Nanocomposites: Fabrication and Biomedical Applica-
tions. J. Bioresour. Bioprod. 2020, 5, 223–237. [CrossRef]

21. Rahmadiawan, D.; Abral, H.; Yesa, W.H.; Handayani, D.; Sandrawati, N.; Sugiarti, E.; Muslimin, A.N.; Sapuan, S.M.; Ilyas, R.A.
White Ginger Nanocellulose as Effective Reinforcement and Antimicrobial Polyvinyl Alcohol/ZnO Hybrid Biocomposite Films
Additive for Food Packaging Applications. J. Compos. Sci. 2022, 6, 316. [CrossRef]

22. Yang, Y.; Huang, Q.; Payne, G.F.; Sun, R.; Wang, X. A highly conductive, pliable and foldable Cu/cellulose paper electrode
enabled by controlled deposition of copper nanoparticles. Nanoscale 2019, 11, 725–732. [CrossRef]

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

24. Oun, A.A.; Rhim, J.-W. Isolation of cellulose nanocrystals from grain straws and their use for the preparation of carboxymethyl
cellulose-based nanocomposite films. Carbohydr. Polym. 2016, 150, 187–200. [CrossRef] [PubMed]

25. Mateo, S.; Peinado, S.; Morillas-Gutiérrez, F.; La Rubia, M.D.; Moya, A.J. Nanocellulose from Agricultural Wastes: Products and
Applications—A Review. Processes 2021, 9, 1594. [CrossRef]

26. Liu, K.; Du, H.; Zheng, T.; Liu, W.; Zhang, M.; Liu, H.; Zhang, X.; Si, C. Lignin-Containing Cellulose Nanomaterials: Preparation
and Applications. Green Chem. 2021, 23, 9723–9746. [CrossRef]

27. Ferrer, A.; Filpponen, I.; Rodríguez, A.; Laine, J.; Rojas, O.J. Valorization of residual empty palm fruit bunch fibers
(EPFBF) by microfluidization: Production of nanofibrillated cellulose and EPFBF nanopaper. Bioresour. Technol. 2012, 125,
249–255. [CrossRef] [PubMed]

28. Daioglou, V.; Stehfest, E.; Wicke, B.; Faaij, A.; van Vuuren, D.P. Projections of the Availability and Cost of Residues from
Agriculture and Forestry. GCB Bioenergy 2016, 8, 456–470. [CrossRef]

29. Huang, F.; Tian, X.; Wei, W.; Xu, X.; Li, J.; Guo, Y.; Zhou, Z. Wheat straw-core hydrogel spheres with polypyrrole nanotubes for
the removal of organic dyes. J. Clean. Prod. 2022, 344, 0959–6526. [CrossRef]

https://doi.org/10.1016/j.nanoen.2023.108693
https://doi.org/10.1016/j.compscitech.2017.12.026
https://doi.org/10.1002/app.41611
https://doi.org/10.1002/mame.201000403
https://doi.org/10.1016/j.carbpol.2008.12.040
https://doi.org/10.1016/j.carbpol.2013.03.081
https://doi.org/10.1016/j.jobab.2020.03.003
https://doi.org/10.1007/s12274-021-3821-1
https://doi.org/10.1021/accountsmr.2c00026
https://doi.org/10.1002/adhm.201700939
https://doi.org/10.1038/s41467-023-38597-0
https://doi.org/10.1016/j.carbpol.2021.118952
https://doi.org/10.1023/B:TOCA.0000013540.69309.46
https://doi.org/10.1021/ma048396c
https://doi.org/10.1016/j.carbpol.2019.115467
https://doi.org/10.1016/j.foodhyd.2020.106247
https://doi.org/10.1016/j.carbpol.2020.117458
https://doi.org/10.1016/j.jobab.2020.10.001
https://doi.org/10.3390/jcs6100316
https://doi.org/10.1039/C8NR07123C
https://doi.org/10.3389/fchem.2020.00392
https://doi.org/10.1016/j.carbpol.2016.05.020
https://www.ncbi.nlm.nih.gov/pubmed/27312629
https://doi.org/10.3390/pr9091594
https://doi.org/10.1039/D1GC02841C
https://doi.org/10.1016/j.biortech.2012.08.108
https://www.ncbi.nlm.nih.gov/pubmed/23026341
https://doi.org/10.1111/gcbb.12285
https://doi.org/10.1016/j.jclepro.2022.131100


Polymers 2024, 16, 530 14 of 14

30. Akubo, K.; Nahil, M.A.; Williams, P.T. Pyrolysis-catalytic steam reforming of agricultural biomass wastes and biomass components
for production of hydrogen/syngas. J. Energy Inst. 2019, 92, 1987–1996. [CrossRef]

31. Isogai, A.; Saito, T.; Fukuzumi, H. TEMPO-oxidized cellulose nanofibers. Nanoscale 2011, 3, 71–85. [CrossRef] [PubMed]
32. Delattre, C.; Rios, L.; Laroche, C.; Le, N.H.T.; Lecerf, D.; Picton, L.; Berthon, J.Y.; Michaud, P. Production and characteriza-

tion of new families of polyglucuronic acids from TEMPO–NaOCl oxidation of curdlan. Int. J. Biol. Macromol. 2009, 45,
458–462. [CrossRef] [PubMed]

33. Yu, J.; Ji, H.; Yang, Z.; Liu, A. Relationship between structural properties and antitumor activity of Astragalus polysaccharides
extracted with different temperatures. Int. J. Biol. Macromol. 2019, 124, 469–477. [CrossRef] [PubMed]

34. Lasseuguette, E. Grafting onto microfibrils of native cellulose. Cellulose 2008, 15, 571–580. [CrossRef]
35. Sinha, E.; Rout, S.K. Influence of fibre-surface treatment on structural, thermal and mechanical properties of jute fibre and its

composite. Bull. Mater. Sci. 2009, 32, 65–76. [CrossRef]
36. Fujiwara, T.; Inoue, R.; Ohtawa, T.; Tsunoda, M. Liquid-Chromatographic Methods for Carboxylic Acids in Biological Samples.

Molecules 2020, 25, 4883. [CrossRef]
37. Holzl, K.; Lin, S.; Tytgat, L.; Vlierberghe, S.V.; Gu, L.; Ovsianikov, A. Bioink properties before, during and after 3D bioprinting.

Biofabrication 2016, 8, 032002. [CrossRef]
38. Ouyang, L.; Highley, C.B.; Sun, W.; Burdick, J.A. A generalizable strategy for the 3D bioprinting of hydrogels from nonviscous

photo-crosslinkable inks. Adv. Mater. 2016, 29, 1604983. [CrossRef]
39. Hazur, J.; Detsch, R.; Karakaya, E.; Kaschta, J.; Teßmar, J.; Schneidereit, D.; Friedrich, O.; Schubert, D.W.; Boccaccini, A.R.

lmproving alginate printabil.oity for biofabrication: Establishment of a universal and homogeneouspre-crosslinking technique.
Biofabrication 2020, 12, 045004. [CrossRef]

40. Ouyang, L.; Yao, R.; Zhao, Y.; Sun, W. Effect of bioink properties on printability and cell viability for 3D bioplotting of embryonic
stem cells. Biofabrication 2016, 8, 035020. [CrossRef]

41. Preston, C.; Xu, Y.L.; Han, X.G.; Munday, J.N.; Hu, L.B. Optical haze of transparent and conductive silver nanowire films.
Nano Res. 2013, 6, 461–468. [CrossRef]

42. Kaur, G.; Singh, D.; Brar, V. Roles of polymer in drug delivery. J. Drug Deliv. Ther. 2014, 4, 32–36. [CrossRef]
43. Zhao, M.; Ansari, F.; Takeuchi, M.; Shimizu, M.; Saito, T.; Berglund, L.A.; Isogai, A. Nematic structuring of transparent and

multifunctional nanocellulose papers. Nanoscale Horiz. 2018, 3, 28–34. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.joei.2018.10.013
https://doi.org/10.1039/C0NR00583E
https://www.ncbi.nlm.nih.gov/pubmed/20957280
https://doi.org/10.1016/j.ijbiomac.2009.08.005
https://www.ncbi.nlm.nih.gov/pubmed/19716845
https://doi.org/10.1016/j.ijbiomac.2018.11.156
https://www.ncbi.nlm.nih.gov/pubmed/30452984
https://doi.org/10.1007/s10570-008-9200-1
https://doi.org/10.1007/s12034-009-0010-3
https://doi.org/10.3390/molecules25214883
https://doi.org/10.1088/1758-5090/8/3/032002
https://doi.org/10.1002/adma.201604983
https://doi.org/10.1088/1758-5090/ab98e5
https://doi.org/10.1088/1758-5090/8/3/035020
https://doi.org/10.1007/s12274-013-0323-9
https://doi.org/10.22270/jddt.v4i3.826
https://doi.org/10.1039/C7NH00104E

	Introduction 
	Materials and Methods 
	Materials 
	TEMPO Oxidation 
	FTIR Analysis 
	Conductivity 
	Cross-Linking Procedure 
	Rheological Analysis 
	Injectable and Printable Analysis 
	Transmittance Analysis 
	Granularity Analysis 

	Results 
	FTIR Analysis 
	Conductimetric Titration 
	Gelation Analysis 
	Rheological Analysis 
	Viscosity 
	Gelation time using G' and G″ 

	Injectability and Printability Analysis 
	Transmittance Analysis 
	Granularity Analysis 

	Discussion 
	Conclusions 
	References

