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ARTICLE INFO ABSTRACT

Keywords: Arabinoxylans (AXs) are complex polysaccharides with varying arabinose substitution patterns that affect their
Sorghum structural properties and self-assembly behaviors. In this study, we selected two sorghum varieties (S2 and S13)
Arabinoxylan from a pool of 18 representative varieties, based on their distinct hemicellulose compositions. Techniques such as
lg}?iri-zll)zztllfizssembl arabinoxylan-directed monoclonal antibodies (mAbs), High-Performance Anion-Exchange Chromatography
Birefringent Y (HPAEC), and 2-D HSQC NMR showed that S13 hemicellulose was of higher Ara/Xyl ratio of 0.22, compared to

0.09 in S2, which should be accounting for relatively high and low branching degrees of xylans. To gain deeper
insights into the influence of arabinose side chains on xylan macromolecules, we measured and compared the
morphology and self-assembly behaviors of nanoparticles from both varieties. Our findings indicate that nano-
particles from S2 were more slender and tended to assemble in a parallel orientation, while those from S13
displayed a vertical or disordered arrangement. By employing confined evaporation-induced self-assembly (C-
EISA), we explored the self-assembly behavior of nanoparticles from each variety, and S13 nanoparticles in
particular exhibited greater branching and distinct helical structures. These findings thus extend our under-
standing of the relationship between hemicellulose structure and its functional applications, offering insight for
developing novel materials for drug delivery, biosensors, and other emerging applications.

1. Introduction

Polysaccharides comprise over 90 % of the carbohydrate mass pre-
sent in nature, making them an invaluable resource for the development
of sustainable materials (Liu et al., 2025; Ma et al., 2024). In the realm of
nanomaterials, extensive exploration over the past few decades has
focused on nanocrystals derived from natural polysaccharides, such as
cellulose, chitin and starch (Si et al., 2021; Zhang, Hu, et al., 2023).
These nanocrystals have been widely applied in various advanced
functional materials, including biomimetic composites, drug carriers,
biological scaffolds, and biosensors (Liao et al., 2023; Ling et al., 2021;
Maingret et al., 2020; Sergeev et al., 2022; Wu et al., 2018; Xue et al.,
2022; Zhang et al., 2021). Hemicellulose, as one of the natural poly-
saccharides, constitutes about 15 % to 38 % of the total weight of
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lignocellulosic biomass (Wang et al., 2016; Wang et al., 2021). It is
generally regarded as amorphous due to the presence of side groups
(Qaseem et al., 2021). Consequently, its proposed applications have
primarily focused on bulk uses, such as films for packaging and coating
(Liao et al., 2024; Liu et al., 2023; Naidu et al., 2018). The challenge of
constructing controlled nanosized crystalline structures, such as rods or
fibrils, from hemicellulose has significantly hindered its utilization in
more complex material applications. Recently, research has begun to
explore hemicellulose from the perspective of nanoparticles (Gericke
et al., 2021; Smith et al., 2022; Zhang, Johnson, et al., 2023), however,
due to its amorphous and complex structure, studies on the controlled
size and morphology of nanocrystals remain limited.

Xylan is the most abundant hemicellulosic polysaccharide in the cell
wall of grasses and features a backbone composed of $-1,4-linked p-
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xylopyranosyl residues (Rennie & Scheller, 2014). Depending on the
source of the raw material, xylan can be classified into three main types:
arabinoxylan (AX), glucuronoxylan (GX), and glucuronoarabinoxylan
(GAX) (Qaseem et al., 2024). Additionally, some xylose units are acet-
ylated, which disrupts the intra- and inter-chain hydrogen bonding
within the xylan macromolecules (Li et al., 2023; Qaseem & Wu, 2020).
This association complicates the preparation of ordered xylan nano-
crystals. Nevertheless, crystalline xylan is often found in the dissolving
pulp of hemicellulose extracted with concentrated alkaline solutions in
industrial viscose fiber mills (Hao et al., 2021). These xylans have a
linear structure, as the concentrated alkaline extraction process removes
nearly all ferulic acid and acetyl groups, with the primarily consists of
xylose and a small amount of arabinose which allows for the formation
of both hydrous and anhydrous crystals (Marchessault et al., 1961;
Rennie & Scheller, 2014; Yilmaz-Turan et al., 2020). Unlike the nano-
crystals of cellulose, chitin, and starch obtained through a top-down
strategy that involves removing amorphous regions via methods such
as acid hydrolysis, oxidation, or mechanical processes (Seidi et al.,
2022), hemicellulose nanocrystals are typically produced using a
bottom-up approach, facilitated by solvents such as DMSO or water to
promote crystallization. Recently, a variety of physical and chemical
methods have been assessed for the preparation of xylan-based nano-
particles and nanocrystals, transitioning from irregular precipitation to
stable, regular suspensions. For instance, Meng et al. described a method
using dimethyl sulfoxide as a solvent to produce xylan nanocrystals
characterized by elongated fibril structures, achieved through a process
of crystallization-induced heating lasting 5 to 10 days (Meng et al.,
2021). The resulting particle structure exhibited a two-fold crystalliza-
tion pattern, which differed from earlier studies on xylan hydrate crys-
tals. Wang et al. successfully produced fine xylan nanoparticles with
uniform sizes using mild ultrasonication (Wang & Xiang, 2021). Zhang
et al. obtained xylan nanoparticles with diameters ranging from 400 nm
to 2.5 pm by recrystallizing them under controlled cooling following
exposure to elevated temperature and pressure (Zhang, Johnson, et al.,
2023). Zhang et al. utilized the evaporation-induced self-assembly
(EISA) method to transform nanocluster hydrocolloids into submicron
spheroids of nanoxylan. This work established a proof-of-concept for
converting amorphous xylan into hierarchical assemblies of crystalline
nanoxylan (CNX) as nanomaterials on multiple scales (Zhang et al.,
2024). These research findings provide methods for forming size-
controlled xylan-based nanoparticles. However, there is still a lack of
research on how the structure of xylan itself, especially the presence of
branches, affects the morphology and functionality of the nanocrystals/
nanoparticles.

The size and morphology of hemicellulose nanoparticles signifi-
cantly impact various macroscopic properties. Compared with platelet-
like nanoparticles, rod-like nanocrystals have a higher aspect ratio,
and thus a higher elastic modulus and a more compact aggregation
morphology (Han et al., 2020; Torlopov et al., 2017). In addition, the
branching of hemicellulose can also affect the morphology and stack
structure of its source nanocrystal units. The crystal structure of gal-
actomannan is influenced by the molar ratio of mannose to galactose. As
the degree of substitution of galactose increases, the diameter of the unit
crystal also increases, while its length remains constant (Song, 1989).
Similar results were found in xyloglucan-based nanoparticles, where a
lower ratio of galactose side chains turned out to be more slender
nanoparticle units that tended to bind and stack closely in parallel,
thereby forming large ribbon-like aggregates (Han et al., 2020). The
crystal structure of the xylan nanocrystals could be controlled by the
degree of substitution, the crystal structure was maintained at low de-
gree of substitution, but was destroyed at high degree of substitution (Lv
etal., 2023; Rao et al., 2023; Wang & Xiang, 2021). To address the issue
of decreasing crystallinity, researchers have concentrated on developing
new technologies for the preparation of hemicellulose nanocrystals.
However, the resulting hemicellulose nanoparticles tend to exhibit
platelet-like shapes, which diminishes the distinctive advantages
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associated with nanocrystal units, particularly in terms of chiral self-
assembly.

Self-assembly of nanomaterials to create spatially ordered structures
presents exciting new opportunities for their applications in electronic
devices, biosensor arrays, and biomedical engineering (Bai et al., 2022;
Liu et al., 2024; Zhu et al., 2020). Researchers have successfully devel-
oped a series of nanocrystal-based functional materials with novel ap-
plications, leveraging the self-assembly characteristics of nanocrystals
derived from cellulose, starch, and chitin (Li et al., 2024; Liu et al., 2021;
Peng et al., 2024). The anisotropic morphology and abundant surface
charges of cellulose nanocrystals (CNCs) confer unique assembly be-
haviors, the most notable of which is their ability to self-assemble into
cholesteric liquid crystals exhibiting left-handed chirality in concen-
trated solutions (Liu et al., 2024). Theoretically, xylan nanocrystals also
exhibit left-handed chirality and can self-assemble into specific patterns
displaying birefringence through suitable methods. However, research
in this area remains limited. One possible reason is that the xylan-based
nanoparticles currently obtained are in a platelet shape rather than a rod
shape, which may adversely affect their self-assembly behavior. Addi-
tionally, the lack of suitable conditions for inducing self-assembly may
further hinder progress in this field. By employing confined evaporation-
induced self-assembly (C-EISA) with a two-plate system, Wu et al. suc-
cessfully modified the self-assembly behavior and mechanisms within
constrained geometries, resulting in the formation of novel labyrinthine
patterns exhibiting birefringence using cellulose nanocrystals that had
been modified with side chains (Wu et al., 2024). This may establish new
avenues for researching the self-assembly of hemicellulose nanocrystals
with side chain modifications.

Sorghum (Sorghum bicolor (L.) Moench) is an important crop that
holds significant value in food, feed, and energy production due to its
high biomass, rapid growth, high sugar content, and strong environ-
mental adaptability (Cheng et al., 2020; Stamenkovic et al., 2020; Zhang
et al., 2023). The lignocellulosic biomass obtained from sorghum can be
produced in greater quantities per unit area and time by certain varieties
compared to trees, making it a promising source for solid fuels such as
bio-pellets and advanced materials, as well as lignocellulosic-derived
chemicals. The abundant xylan in sorghum biomass provides a wide
range of application potential. However, the research and utilization of
sorghum xylan have been somewhat restricted due to a lack of system-
atic studies and structure-dependent bioproduct preparation schemes.

In this study, we conducted a comprehensive analysis of the struc-
tural composition of hemicellulose from 18 natural sorghum accessions,
selecting two representative materials: S13, which has a high degree of
arabinose branching, and S2, which has a moderate degree of branching.
Xylan nanocrystals were prepared using a method involving high-
concentration alkaline extraction, ethanol precipitation, and ultrasonic
homogenization. The self-assembly of these nanocrystals was further
enhanced through confined evaporation-induced self-assembly (C-EISA)
using a two-plate system, resulting in the formation of regular patterns
exhibiting birefringent characteristics. Compared to S2, the nanocrystals
derived from S13 exhibited larger diameters and greater aggregation
angles, ultimately leading to more complex macroscopic self-assembly
patterns. This study provides new insights into the self-assembly
behavior of hemicellulose nanocrystals and lays the foundation for
research on low-cost, high-value biomass applications.

2. Materials and methods
2.1. Materials

18 natural sorghum accessions (Sorghum bicolor) were collected from
the cultivation experimental field of the Shanxi Hou Ji Laboratory in
Shanxi Province. The stems of the sorghum were harvested, dried at
60 °C for 48 h, and then ground into a fine powder, which was subse-
quently sifted through 40-mesh sieves.

Chemical reagents, including potassium hydroxide, ethanol, sodium
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chlorite, trifluoroacetic acid, and dimethyl sulfoxide were purchased
from Sigma-Aldrich. All chemicals were used as received without further
purification.

2.2. Methods

2.2.1. Wall polymers extraction and assay

The extraction and fractionation of cell wall components were car-
ried out following the methods outlined by Peng et al. (2000). Initially,
the biomass powders were thoroughly mixed and ground with potas-
sium phosphate buffer (pH 7.0). This was followed by a sequential
extraction process involving chloroform-methanol (1:1, v/v), DMSO-
water (9:1, v/v), and 0.5 % (v/v) ammonium oxalate to eliminate
lipids, starch, and pectin. The remaining residue was then treated with 4
M KOH containing 1.0 mg/mL sodium borohydride to extract KOH-
soluble hemicelluloses. Subsequently, H2SOs (67 %, v/v) was applied
to completely dissolve cellulose and non-KOH-soluble hemicelluloses.
The cellulose content was determined by measuring the hexoses in the
cellulose fraction using the anthrone/H>S04 method (Fry, 2000). Total
hemicelluloses were quantified by assessing both hexoses and pentoses
through the orcinol/HCl method (Dische et al., 1962). The lignin content
was analyzed utilizing an assay kit (Solarbio Lot. BC4205). All experi-
mental analyses were performed in biological triplicate to ensure ac-
curacy and reproducibility.

The KOH-extractable and non-KOH-extractable fractions, as
described above, were treated with trifluoroacetic acid (TFA) at 120 °C
for 1 h after adjusting the pH to neutral. The monosaccharide compo-
sition of both KOH-extractable and non-KOH-extractable hemicellulose
was analyzed using a high-performance anion-exchange chromatog-
raphy (HPAEC) system (ICS-5000+, Dionex, USA), which featured a
pulsed amperometric detector. Chromatographic separations were
executed on a Carbopac PA-20 ion exchange column (3 x 150 mm).

2.2.2. Preparation of xylan

Holocellulose was prepared by initial lignin removal by sodium
chlorite (Zhang, Hu, et al., 2023). The dry biomass powders were treated
with 8 % (w/v) sodium chlorite (NaClO, dissolved in 1.5 % v/v acetic
acid) for initial lignin removal under dark at room temperature with 2
cycles (24 h per cycle). For each cycle of treatment, the samples were
washed with ultrahigh purity water until pH 7. The remaining biomass
residues, termed as holocellulose samples, were washed twice with pure
methanol, twice with anhydrous acetone, dehydrated in the hood over-
night, and dried in the oven at 50 °C for 2 h. The dried holocellulose
samples were ground through a 40-mesh screen and stored in a dry
container until use.

The xylan of S2 and S13 were respectively obtained by 4 M KOH
extraction with the holocellulose residues. The 4 M KOH fraction was
adjusted to pH 5.5-6.6 with acetic acid, and precipitated with 75 % (v/v)
ethanol. The xylan pellets were collected by centrifugation, washed with
70 % (v/v) ethanol, and freeze-dried until use.

2.2.3. Preparation of xylan nanoparticles

The xylan pellets (obtained as described in section 2.2.2) were
dispersed into deionized water with assistance of 40 min ultrasonication
at 4 °C, 20 kHz, 320 W then left to stand at least 48 h. Sample S2 and S13
represent xylan nanocrystals prepared at about 4 % (w/w).

2.2.4. Self-assembly of xylan nanoparticels in two-plates confined geometry

Glass slides (dimensions: 22 x 40 x 0.15 mm) were first rinsed with
deionized water followed by ethanol, and then dried in an oven at 55 °C.
Next, 10 pL of a xylan nanoparticle suspension was added dropwise to
one side of a glass slide, and a second slide was positioned on top to
spread the suspension between the two. The area where the slides
overlapped measured approximately 22 x 30 mm. The assembled slides
were then left at room temperature (around 25 °C) for 24 h to allow for
complete evaporation of the water.
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2.3. Characterizations

2.3.1. Immunolabeling

The second internode from S2 and S13 plants at the heading stage
was sectioned into 40-um slices using a paraffin slicer (RM2265, Leica).
The sections were analyzed with xylan-specific antibody LM10 and Ara-
sidechain-specific antibody CCRC-M154 to visualize the substitution
pattern of xylan. Briefly, the sections were incubated with a 5-fold
diluted primary antibody for 1.5 h at room temperature, as previously
described by Li et al. (2018). Following this, the sections were incubated
with a 200-fold diluted secondary antibody (Alexa Fluor 488 anti-mouse
IgG, Invitrogen, A1101), which is conjugated to fluorescein isothiocya-
nate (FITC), in PBS for 1.5 h in darkness. For cellulose staining, the
sections were treated with 0.005 % Pontamine Fast Scarlet 4B (S4B)
(Sigma, UK) for 15 min in darkness and then washed three times with
PBS at room temperature.

2.3.2. 2 D NMR HSQC spectroscopy

All NMR spectroscopy measurements were performed using a Bruker
AV600 spectrometer (Bruker, Germany). For sample preparation, either
50 mg of alkaline-extracted hemicellulose was dissolved in 500 pL of
deuterium oxide (D30) with a few drops of NaOD added, and the
mixture was subsequently placed in NMR tubes (Feng et al., 2025). The
Heteronuclear Single Quantum Coherence (HSQC) spectrum was
recorded in the HSQCGE experimental mode after conducting 64 scans.
Data analysis was carried out using MestReNova software.

2.3.3. GPC analysis

The molar mass of the extracted xylan from S2 and S13 was deter-
mined using gel permeation chromatography (GPC) with an Agilent
1100 system, which was equipped with multi-angle light scattering
(MALS) and differential refractive index (dRI) detectors (Wyatt Tech-
nology, United States) (Zhang, Johnson, et al., 2023). For the analysis,
10 mg of xylan was dissolved in 1 mL of a DMSO/LiBr (v/v = 95 %: 5 %)
solution and subsequently filtered through 0.45 pm filters. DMSO served
as the eluent at a flow rate of 0.5 mL/min. A 100 pL aliquot of the xylan
solution (5 mg/mL) was injected into the Agilent 1100 system, which
included a pump, an autosampler, and a series of columns held at a
temperature of 35 °C. The absolute molecular weight was calculated
using data obtained from the multi-angle light scattering detector.

2.3.4. X-ray characterization

The X-ray diffraction (XRD) patterns were acquired using a Bruker
D8-Advance X-ray diffractometer (Bruker Corp, United States) config-
ured in Bragg-Brentano parafocusing geometry. Xylan nanocrystals were
positioned in a glass holder and subjected to scanning under plateau
conditions. The X-ray radiation was produced at 40 kV and 18 mA, and
the scanning was conducted at a rate of 0.0197°/s, covering a range
from 10° to 80°, following the previously established protocol (Hu, Li,
et al., 2023).

2.3.5. AFM analysis

The xylan micro/nanoparticle suspension was adjusted to a con-
centration of 0.1 wt%. A 100 pl aliquot of this suspension was then
deposited onto freshly cleaved mica following 30 min of ultrasonic
treatment at room temperature. Atomic force microscopy (AFM) imag-
ing was conducted using a Pointprobe™ NCHR-20 probe (NanoWorld,
Switzerland), featuring a spring constant of 45 N/m and a tip radius of 8
nm, with a scanning area of 2 pym x 2 pm. The mean thickness of the
xylan micro/nanoparticles was determined from the AFM images
through the use of NanoScope image analysis software (version 1.90). A
minimum of 25 xylan micro/nanoparticles were measured to calculate
the average thickness. Furthermore, Image J version 1.45 was used to
assess the diameter of the xylan micro/nanoparticles, and the aspect
ratio was derived from the measurements of thickness and diameter
obtained from the AFM images.
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2.3.6. SEM and TEM analysis

The xylan micro/nanoparticles were examined by scanning electron
microscopy (ZEISS Sigma 360, Germany). Xylan nanoparticle suspen-
sion was added dropwise to a thin glass slide, and a second slide was
placed on top to spread the suspension between the two. The assembled
slides were then left at room temperature (around 25 °C) for 24 h to
allow for complete evaporation of the water. After removing the top
glass slide, the individual nanoparticles, the macroparticles form by
aggregation of nanoparticles, and the self-assembly wall were observed
using scanning electron microscopy. The crystal diffraction of xylan
nanoparticle was observed using transmission electron microscopy
(TEM, JEOL JEM-F200, Japan), as described in a previous study (Amin
et al., 2013).

3. Results and discussion
3.1. Comprehensive analysis of hemicellulose in sorghum straw

The analysis of the main components of the cell wall in powdered
straw from 18 representative sorghum materials showed that the cel-
lulose levels were varied from 22.30 % to 36.43 % (% dry matter), the
hemicellulose content ranged from 18.50 % to 32.53 %, and the lignin
content ranged from 10.08 % to 17.05 % (Fig. 1A, Table S1). Analysis of
the hemicellulose monosaccharides in the 18 types of sorghum biomass
materials showed that xylose (Xyl) and arabinose (Ara) were the pre-
dominant monosaccharides in the alkali-soluble (KOH-extractable)
hemicellulose (Fig. 1B). In contrast, Xyl, glucose (Glc), and Ara were the
primary monosaccharides in the alkali-insoluble (non-KOH-extractable)
hemicellulose (Fig. 1C). We further calculated the molar ratio of arabi-
nose to xylose (Ara/Xyl), which serves as an indicator of the branching
ratio of arabinoxylan. The Ara/Xyl ratios in the KOH-extractable
hemicellulose ranged from 0.06 to 0.20, with a coefficient of variation
(C.V.) of 29.14. In contrast, the ratios in the non-KOH-extractable
hemicellulose ranged from 0.14 to 0.22, with a C.V. of 11.01 (Fig. 1D,
Table S1).

Sorghum possesses advantages such as high biomass and rapid
growth, and it has a higher hemicellulose content compared to other
species, making it an important raw material for hemicellulose in both
food and industrial applications (Wang et al., 2021). Our findings
indicate that xylan is the predominant component of hemicellulose in 18
sorghum varieties, exhibiting substantial variation in both content and
branching degree (Fig. 1). Furthermore, it was found that the alkali-
insoluble hemicellulose contains xylan with a higher degree of branch-
ing (Fig. 1D), which is consistent with reports from other species and
suggests that it is closely cross-linked with cellulose (Gao et al., 2020;
Wang et al., 2016).

The structural diversity and heterogeneity of AX lead to significant

A B
= 3500 KOH-extractable
o g 40 o 3 450
g T 2E
g € 3p ki \:,/_400
85 5w
§ § % § 'g 300
=5 10 S g
o= = s 50
°8 ° o
© 3 SN D, L QA0 @
T o SSE P
N
\8\6

Carbohydrate Polymers 366 (2025) 123874

differences in its biological properties. Current research on xylan
branching and its biological characteristics focuses on processing con-
ditions and separation methods, using debranching enzymes or various
chemical treatments to obtain xylans with different substitution struc-
tures. However, these methods increase processing complexity and
costs. In our study, we identified a representative material, S13, which
exhibits a significantly higher Ara/Xyl ratio compared to the other
materials and showed consistent results in both alkali-soluble and alkali-
insoluble hemicellulose (Fig. 1D). This characteristic not only facilitates
the acquisition of xylan raw materials with notable structural differences
under minimal processing conditions, but also help to reduces the errors
introduced by the processing methods.

3.2. Structural characterization of xylan from S2 and S13 straw

Based on the comprehensive analysis above, we selected S13 along
with another representative material, S2, which has an Ara/Xyl ratio
closer to the average level, for further investigation. To understand the
distribution of xylan in S2 and S13, we used the xylan-backbone-specific
LM10 antibody and CCRC-M154, which specifically targets the arabi-
nose sidechains of xylan, to visualize xylan in the stem sections of both
materials (Fig. 2A). A relatively weak LM10 signal was observed in the
S13 section compared to S2 (Fig. 2A&B). Furthermore, the intensity of
the CCRC-M154 signal in S13 was significantly stronger than in S2
(Fig. 2A & C). To gain a deeper understanding of the xylan substituted
pattern in the straw of S2 and S13, we employed High-Performance
Anion-Exchange Chromatography (HPAEC) to analyze the mono-
saccharide composition. The results indicated an increase in the peak
area for Ara and a decrease in the peak for Xyl (Fig. 2D-F) in S13. Spe-
cifically, the ratio of the peak area of Ara to Xyl was calculated to be 0.09
for S2 and 0.20 for S13 (Fig. 2G). These findings provide clear evidence
that S13 contains a higher amount of arabinose, with approximately one
arabinose sidechain modification for every 5 to 6 xylose residues.
Furthermore, the weak signals for glucuronic acid (GlcA) in the HPAEC
analysis indicate a predominance of Ara over GlcA sidechains in the
KOH-extractable xylan of sorghum straw (Fig. 2D).

NMR is a powerful analytical tool for the resolution of the detailed
structure of natural polymers when signal assignments have been
assigned from known structures. To better elucidate the xylan structure
in the S2 and S13, alkali-extracted hemicellulose from the holocellulose
was subjected to 2D HSQC NMR analysis (Fig. 3). The assignment of
characteristic peaks to corresponding atoms was carried out according
to previously established methods (Feng et al., 2025; Shen et al., 2021).
The '3C/'H cross peaks at & 101.42/4.36 (Xyl1), 72.50/3.18 (Xyly),
73.38/3.44 (Xyls), 76.14/3.67 (Xyls), 62.65/3.26 (Xyls.ax), and 62.64/
3.99 (Xyls.eq) are assigned to (1 — 4)-p-d-Xylp, which forms the xylan
backbone. The signals for the a-L-Araf are clearly identified at the cross
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Fig. 3. Xylan structure analysis of S2 and S13 by NMR. A-B, HSQC spectra of hemicellulose fractions extracted from the S2 (A) and S13 (B) straw. Xyl: (1, 4) linked
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according to Shen et al. (2021).
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peaks of 6 107.51/5.28 (Ara;), 80.53/4.05 (Aray), 84.46/4.16 (Aray),
59.63/3.55 (Aras). Interestingly, a distinct signal for Aras with 1,3-
a-Araf (83.32/3.98) is clearly identified at S13, while it is only weakly
present in S2. It is speculated that the xylan in S13 contains secondary
arabinose modifications (Fig. 3C) (Shen et al., 2021). In addition, the
NMR 2D HSQC analysis revealed a corresponding cross peak at 82.21/
3.12 (GlcA4), which is associated with glucuronic acid. The relative
content results obtained from peak area calculations indicate that the
glucuronic acid content is relatively low, approximately 1 %, with no
significant differences observed between samples S2 and S3 (Fig. 3A &
B). This finding aligns with the results obtained from the HPAEC method
for measuring acidic sugars mentioned earlier, suggesting that glucur-
onic acid is not a major factor influencing the structure of xylan
extracted from S2 and S13 under high-concentration alkaline
conditions.

The molecular weight of xylan is crucial for evaluating its perfor-
mance in various applications. To gain a deeper understanding of the
industrial properties, we measured the molecular weight of KOH-
extractable xylan derived from the holocellulose of S2 and S13 using
Gel Permeation Chromatography (GPC) (Fig. 4; Table 1). Both S2 and
S13 exhibited similar weight-average molecular weights (Mw) of 90.4
kDa; however, they differed in their number-average molecular weights
(Mn), with values of 59.9 kDa for S2 and 66.8 kDa for S13 (Table 1). The
identical Mw combined with a higher Mn indicates, to some extent, that
the sample possesses a broader molecular weight distribution or features
more complex side chain modifications. Considering the elution time
and molecular weight distribution results (Fig. 4), it indicates that the
xylan derived from S13 has a similar molecular weight distribution size
to that from S2, but features more complex side chain modifications.

3.3. Ara side-chain regulates the morphology of xylan nanoparticles

Xylan-derived nanoparticles are innovative materials that leverage
the unique properties of xylan. Due to their natural origin, xylan-derived
nanoparticles are non-toxic and environmentally friendly, making them
suitable for a wide range of applications. The xylan nanoparticles
derived from alkali-extracted hemicellulose of S2 and S13 were obtained
by resuspending the hemicellulose in ultrapure water, treating it with
ultrasound for 40 min, and allowing it to sit at least 48 h at 4 °C
(Fig. S1A). The resulting homogeneous xylan nanoparticles remained
uniform during long-term storage (over 3 months), demonstrating their
excellent aqueous dispersibility (Fig. S1B). Given that the character-
ization of nanoparticles is vital for a thorough understanding of the
origins of their behavior, we performed comprehensive imaging of the
nanoparticles derived from S2 and S13 samples using AFM (Fig. 5A),
SEM (Fig. 5B), and TEM (Fig. 5C). To improve the comparability of the
nanoparticle properties, the size and shape, which are the most promi-
nent physicochemical properties of nanoparticles, were accurately
characterized, as shown in Fig. 5 D—F. For each sample, at least three
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Table 1
Molecular weight of the hemicellulose extracted by alkaline from S2 and S13.
Mn Mw Mw/Mn
S2 59,926 90,429 1.5
S13 66,824 90,439 1.3

replicates were carried out to ensure reproducibility. The nanoparticles
with a minimum size interval were considered as the smallest measur-
able individuals and were thus identified as primary aggregates (Han
et al., 2020; Hirschle et al., 2016). The detailed measurement methods
for the nanoparticles are shown in Fig. S2, where a, b, and c represent
the height, width, and length of the nanocrystal unit, respectively. Ac-
cording to the observed image and collected data, the nanoparticles
were elliptical in shape, which is different from the elongated rod-like
structures formed in DMSO solvent and the disc-like structures formed
at high temperatures (Meng et al., 2021; Zhang, Johnson, et al., 2023).
These characteristics of elliptic shape and flatness of xylan nanoparticles
were found to be quite in accordance with XNC obtained under ultra-
sonic colloidal dispersion (Wang & Xiang, 2021), however, there are
significant differences in the morphology of nanoparticles prepared
from xylan with distinct branching features. Specifically, as depicted in
the AFM images, the nanoparticles from S13 were rounder compared to
those from S2 (Fig. 5A). Although the primary aggregates of nano-
particles from S13 did not show significant differences in length
(Fig. 5D, Fig. §3), their height and width were notably bigger than those
of the nanoparticles from S2 (Fig. 5E & F, Fig. S3). This is consistent with
the observations made from the SEM scans, although most nanoparticles
sourced from S2 are oriented vertically, it is also evident that the par-
ticles from S13 are generally larger (Fig. 5B). Furthermore, this finding
aligns with the size distribution analysis conducted via dynamic light
scattering (DLS), which revealed that the nanoparticles derived from
S13 are larger than those from S2 (Fig. 5G). Another notable change
observed was the higher length-to-width ratio (c¢/b) in S2 (1.42 + 0.16)
compared to S13 (1.22 + 0.01), indicating that these primary aggregates
have a more slender morphology (Fig. 5A). Interestingly, in this study,
although it is challenging to identify individual nanoparticles using
TEM, these particles exhibit typical characteristics of crystal diffraction
(Fig. 5C). As previous studies have shown that the crystalline properties
of hemicellulose nanoparticles are closely associated with their degree
of branching (Rao et al., 2023), an X-ray diffraction (XRD) study was
conducted to further investigate this phenomenon, with the results
presented in Fig. 5H. The xylan nanoparticles exhibited a typical xylan
hydrate crystal characteristic, with a peak intensity observed at a 2-
Theta value of 19.9° (200) (Zhang et al., 2024). In comparison to the S13
samples, S2 displayed a higher intensity of the diffraction peak (Fig. 5H),
suggesting that the nanoparticles derived S2 have a higher degree of
crystallinity (Crl). This indicates that xylan with lower arabinose content
possesses more ordered structures and higher Crl.
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Fig. 4. GPC trace of extracted xylan. A, The elution time. B, The molecular weight distribution.
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Fig. 5. Characterization of the morphology of xylan nanoparticles. A. AFM height images of xylan nanoparticles, scale bar = 200 nm, 50 nm. B. SEM images, scale
bar = 100 nm, 50 nm. C. TEM image and diffraction analysis, scale bar = 20 nm, 5 nm, 1 nm. D—F, Measurement of nanoparticles morphology, D, length, E, height,
F, width. Data source includes at least 30 nanoparticles from no fewer than 3 images, data points and bars refer to mean values and standard deviation, respectively. P
value was determined using Student’s t-test. G, DLS curves. H, XRD curves. I-J, AFM observation of self-assembly behavior of xylan nanoparticles. I, AFM height
images of multiple primary aggregates, scale bar = 50 nm, J, measurement of nanoparticle arrangement angles. K. SEM images of multiple primary aggregates, scale

bar = 200 nm.

Additionally, it was observed that the larger-sized macroparticles
had well-defined shapes, and these macroparticles were inferred to be
aggregates composed of multiple primary aggregates (Fig. 5I & K).
Representative evidence of binding is presented in Fig. 5I and K, which
were imaged using AFM and SEM, respectively. This suggests that these
macroparticles may have originated from the initial binding of two or
more individuals, followed by fusion. The nanoparticles in S2 exhibited
a strong tendency to bind with other particles in near-parallel orienta-
tions, while those from S13 displayed different characteristics, showing
irregular and loosely aggregated arrangements at larger angles (Fig. 5I-J
& K, Fig. S4 A & B). This behavior has not been reported in the aggre-
gation state of xylan nanoparticles but is similar to that observed in
nanoparticles derived from another type of hemicellulose, galactose
modified xyloglucan (Han et al., 2020).

Looking back to the above results, the long-term stability and uni-
formity of xylan nanoparticles during storage indicate their excellent
aqueous dispersibility, which is crucial for their applications in aqueous
systems. The differences in shape and size between nanoparticles
derived from S2 and S13, particularly the rounder particles from S13,
suggest that the branching features of the xylan source significantly
impact particle morphology, a finding further supported by dynamic

light scattering (DLS) and X-ray diffraction (XRD) results. Compared to
$13, the nanoparticles from S2 are more prone to compact parallel ag-
gregation when forming macroparticles, leading to the tendency to
create planar layered structural patterns. The varying abundance of
arabinose residues can influence self-assembly patterns and properties
by modulating the morphology of the primary particles. Understanding
these relationships can optimize the production processes of nano-
particles to achieve desired characteristics for specific applications, ul-
timately contributing to the development of sustainable materials based
on renewable resources.

3.4. Effect of Ara side-chain on the self-assembly behavior of xylan
nanoparticles

The self-assembly behavior of nanoparticles involves the autono-
mous formation of ordered structures through non-covalent in-
teractions, including hydrogen bonding, electrostatic forces, and
hydrophobic interactions (Liu et al., 2024; Seidi et al., 2022). The
structures generated through self-assembly not only possess functional
potential for applications such as drug delivery, environmental reme-
diation, and biosensor development but also enhance the mechanical
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properties and biocompatibility of materials (Bai et al., 2022). More-
over, the birefringent response of elastic materials with rich polarized
interference colors shows great promise in the field of stretchable optics.
The chiral self-assembly and birefringent properties of linear poly-
saccharides such as cellulose and chitin nanocrystals obtained through
top-down approaches have been widely studied in various fields (Huang
& Wei, 2012). In contrast, although hemicellulose-derived nanoparticles
exhibit certain crystalline characteristics, the heterogeneity in their
morphology and size, along with the restricted preparation conditions,
has limited the exploration of their chiral self-assembly and birefringent
properties. In recent years, confined evaporation-induced self-assembly
(C-EISA) has emerged as an efficient method and has been widely used
to study the self-assembly of various nanoparticles because it can pro-
vide real-time insights into the self-assembly process under controlled
evaporative conditions (von Baeckmann et al., 2021; Wu et al., 2024).
This slow and uniform process is crucial for observing the dynamic
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behavior of xylan nanocrystals and understanding the structure-function
relationship in our study. In this study, we employed the C-EISA tech-
nique to investigate the self-assembly process of xylan-derived nano-
particles from S2 and S13.

The C-EISA of xylan nanoparticles occurs in a parallel-plate geometry
formed by two glass slides, and the entire process is conducted at room
temperature according to Wu et al. (Wu et al., 2024). In comparison to
water and 1 % (w/w) xylan suspensions, we successfully observed a
stable branched structure pattern in the xylan nanoparticle samples at
the same concentration (Fig. S5). Using polarized light microscopy, we
observed the self-assembled patterns of xylan nanoparticles, which
resemble labyrinthine structures but are more intricate (Fig. 6). This
behavior may be attributed to the lower colloidal stability of the xylan
nanoparticles, contrasting sharply with the regular rainbow-like
lamellar patterns observed in cellulose (Wang et al., 2023). Overall,
the patterns formed by xylan nanoparticles derived from S2 in a double-

Fig. 6. Varied and intricate self-assembled patterns of xylan nanoparticles observed using polarized optical microscopy (POM), scale bar = 100 pm, 50 pm, 10 pm.
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layer glass setup through C-EISA exhibit distinct directionality, which
can be broadly categorized into two types: those with angles less than
90° and those greater than 90 degrees (Fig. 6 A & B). It can be observed
that the walls exhibit yellow and green colors when their long axial
direction is approximately 45° and 135°, respectively (Fig. 6 Al & A2,
white arrow). This pronounced birefringent effect serves as intuitive
evidence for the long-range order present in the self-assembly structure.
Interestingly, at higher magnifications, the lamellar (Fig. 6 A1, B2 and
C2, blue stars), tubular (Fig. 6 B1 & C1, red arrows), and distinct helical
(Fig. 6 C1 & C2, blue arrows) structures can be clearly observed, dis-
playing a vivid array of iridescent colors (Fig. 6).

To identify the effect of arabinose side chain on the self-assembly
behavior, we strictly controlled the entire experimental process and
carefully compared self-assembly patterns at the same position and
angle with no less than three repetitions (Fig. 7). Utilizing polarized light
microscopy to observe the self-assembly patterns with long-axis di-
rections greater than 90°, we found that the maze - like self-assembled
patterns derived from S13 exhibited a richer variety of helical types
and iridescent colors compared to those from S2 (Fig. 7 A, white arrow,
Fig.S5). Furthermore, scanning electron microscopy was employed to
examine the helical locations, branching and long arm positions (Fig. 7
B). The results revealed that, in contrast to the dense and regular
structures assembled from S2, the self-assembled walls from S13 dis-
played irregular particles, consistent with previous observations (Fig. 5
K). We also conducted preliminary measurements and characterizations
of the self-assembly patterns of nanoparticles from both sources with at
least three repetitions (Fig. 7 C-E). The results demonstrated that S13

Carbohydrate Polymers 366 (2025) 123874

exhibited a higher number of branches and shorter arm lengths
compared to S2, while the overall branching angles remained statisti-
cally similar (Fig. 7 C-E, Fig.S5). The primary structural distinction be-
tween the xylans from S2 and S13 is the modification by arabinose side
chains, suggesting that the observed differences are predominantly due
to these branching structures. The arabinose modification is closely
linked to the spatial conformation of xylan molecules. Lower branching
degrees tend to facilitate the formation of parallel secondary structures,
whereas side-chain modification promotes the development of spatially
twisted tertiary structures within xylan molecules (Grantham et al.,
2017). Furthermore, side-chain modifications may influence intermo-
lecular forces through steric hindrance during the aggregation of xylan,
resulting in a relatively lower crystallinity (Lv et al., 2023; Rao et al.,
2023; Wang & Xiang, 2021). Consequently, S13, characterized by its
higher branching degree, may face greater challenges in forming
consistent nanocrystals. This steric hindrance, along with the interplay
of intermolecular forces, further impacts the arrangement and aggre-
gation states of the nanoparticles.

Although hemicellulose-derived nanoparticles exhibit certain crys-
talline characteristics, their morphological and size heterogeneity, along
with limitations in preparation conditions, still restricts the exploration
of their chiral self-assembly and birefringent properties. The pro-
nounced birefringent effect we observed provides intuitive evidence for
long-range order within the self-assembled structures. This finding not
only enriches our understanding of the self-assembly behavior of xylan
nanoparticles but also offers new insights for further research on func-
tional materials in the field of hemicellulose. Overall, this study reveals
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Fig. 7. Investigation of self-assembled patterns in xylan nanoparticles derived from S2 and S13. A. POM images, scale bar = 50 nm, 10 nm. B. SEM images, scale bar
= 500 nm, 100 nm. C-E. Quantitative analysis of branching in self-assembled patterns, C, number of branches, D, length of branches, E, angle of branches. The data
source includes at least 6 self-assembled walls in panel C and 20 branches in panels D and E, derived from no fewer than 3 images. Data points and error bars refer to
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the influence of the arabinose side chain on the self-assembly charac-
teristics of xylan nanoparticles, highlighting the importance of a deeper
understanding of self-assembly mechanisms in the development of
functional materials. These findings will lay a new foundation for future
research in the field of hemicellulose and its derived materials, poten-
tially advancing the development of novel materials for applications
such as drug delivery and biosensors.

4. Conclusions

This study comprehensively analyzed the hemicellulose composition
and structural characteristics of xylan derived from different sorghum
varieties, specifically S2 and S13. Our findings revealed significant
variations in the arabinose to xylose (Ara/Xyl) ratios, indicating
differing degrees of branching in the xylan structures. Notably, S13
exhibited a higher Ara/Xyl ratio and a more complex branching struc-
ture compared to S2. This difference was reflected in the distinct mor-
phologies of the nanoparticles and self-assembly behaviors observed.
The xylan nanoparticles derived from S13 showed rounder shapes,
larger sizes, and a greater tendency for irregular aggregation, suggesting
that arabinose side chains play a crucial role in modulating their
morphology and self-assembly patterns. The robust self-assembly of
xylan nanoparticles, driven by non-covalent interactions, suggests their
potential for a range of functional applications in biomedicine and
environmental technology. Moreover, the pronounced birefringent ef-
fects observed in the self-assembled structures of xylan nanoparticles
highlight the potential for these materials in advanced applications such
as drug delivery and biosensing. Overall, this research provides valuable
insights into the structural diversity and functionality of hemicellulose-
derived materials, paving the way for future investigations into the
optimization and application of xylan nanoparticles in various fields.
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