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Abstract 

Arabinoxylans are complex polysaccharides found in the secondary cell walls of plants, and their substitution pat-
terns of arabinose (Ara) and glucuronic acid (GlcA) significantly affect their properties for structural and bio-functional 
applications. In this study, we engineered xylan side chains by overexpressing the arabinosyltransferase AtXAT2 
in both wild-type Arabidopsis and a glucuronic acid-deficient mutant (atdgux). The genetically modified xylan sub-
strates were subsequently utilized to prepare nanocrystals and Pickering emulsions. Notably, nanocrystals derived 
from lower-substituted xylan displayed more ordered arrangements and higher crystallinity, while conventional xylan 
substrates exhibited superior emulsifying properties. Furthermore, the modification of xylan side chains significantly 
influenced the alignment and crystallinity of cellulose microfibrils, enhancing biomass saccharification and reducing 
cellulose nanocrystal dimensions. This study thus illustrates an effective strategy for achieving diverse and valuable 
bioproduction through precise genetic engineering of xylan in plants and provides valuable insights into the dynamic 
mediation of xylan and the construction of cell wall networks.
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Introduction
Xylan, one of the most abundant hemicelluloses in the 
secondary cell walls of vascular plants, is characterized 
by its abundance, renewability, and biodegradability [1]. 
Its unique chemical modifiability and cost-effectiveness 
have made it an ideal precursor for the development 
of advanced functional materials, offering significant 
advantages in this area [2, 3]. Through molecular struc-
ture design and chemical modification, a variety of 
high-performance material systems have been success-
fully developed based on xylan [4, 5], including nano-
particles [6–10], flexible films [11, 12], emulsifiers [13], 
and multifunctional hydrogels [14]. However, in rela-
tion to the plant cell wall itself, xylan acts as a “molecu-
lar adhesive”, forming both covalent and non-covalent 
cross-links with lignin and cellulose microfibrils to 
maintain the stability of the cell wall network structure 
[15–19]. The structure of xylan significantly influences 
the network structure of the cell wall, the extractabil-
ity of lignin–carbohydrate complexes, and the ultras-
tructure of cellulose fibrils [13, 20], while also affecting 
the extraction and separation of cell wall polymers 
and the performance of bioproducts [21–23]. How-
ever, research on how the molecular structure of xylan 
influences the performance of bio-functional materi-
als remains limited. This gap in fundamental theoreti-
cal understanding represents a significant barrier to the 

rational design and functional optimization of high-
performance hemicellulose-based composites.

Xylan consists of a linear chain of β−1,4-linked xylo-
syl residues as backbone, along with various side-chain 
substitutions, including α−1,2- or α−1,3-linked arabino-
furanose (Araƒ), (4-O-methyl) glucuronic acid (GlcA/
MeGlcA), and numerous acetylation modifications [24–
27]. The side-chain modifications of xylan are of para-
mount importance for its utilization in various biological 
and industrial applications [28, 29]. During the industrial 
extraction process, most of the xylan branches are typi-
cally removed, resulting in a linear structure primarily 
composed of xylose units [30, 31]. This low-branched 
linear configuration makes xylan highly susceptible to 
forming crystalline structures, which has significant 
implications for its subsequent processing and utiliza-
tion [32, 33]. Our previous research has also shown that 
the degree of arabinose substitution on xylan directly 
affects the morphology of nanoparticles and their poten-
tial applications in novel materials [34]. This strongly 
suggests that different side-chain modifications impart 
xylan with varied application potentials and functional 
properties.

Based on the source of the raw material, xylan can be 
classified into three main types: arabinoxylan (AX), glu-
curonoxylan (GX), and glucuronoarabinoxylan (GAX) 
[35]. In the model dicot Arabidopsis thaliana, xylan is 
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characterized as GAX, which is sparsely arabinosylated 
and predominantly features GlcA and MeGlcA append-
ages [36]. Five members of the GT8 subfamily within the 
Carbohydrate-Active Enzymes (CAZy) family, namely 
GUX1 to GUX5, have been identified as key enzymes 
in the process of xylan glucuronidation [36–38]. In the 
loss-of-function mutants of GUX1 and GUX2, GlcA side 
chains are nearly undetectable, highlighting their essen-
tial roles in this modification process [39, 40]. Due to the 
absence of Ara side chains in the xylan of Arabidopsis, the 
double gene knockout mutants of GUX1 and GUX2 also 
lack GlcA modifications. This unique genetic background 
makes them ideal transformation vectors commonly used 
to study the functions of related glycosyltransferases [38, 
39, 41]. At the same time, it also provides a reliable mate-
rial model for investigating the effects of xylan side-chain 
modifications on the properties of biomass-derived func-
tional materials.

Multiple glycosyltransferases belonging to the GT61 
family have been identified as key players in the arabino-
furanose (Araƒ) substitution of grass xylan [42, 43]. The 
GT61 glycosyltransferase family comprises three con-
served clades (A, B, C). Clade A underwent grass-specific 
expansion, yielding 19 members in rice compared to 2 in 
Arabidopsis [44, 45]. This genomic disparity reflects the 
abundance of Ara decorations on grass xylans, which are 
nearly absent in the dicot lineage. Research in wheat has 
revealed that the TaXAT1 and TaXAT2 from clade A of 
the GT61 family are involved in the addition of Ara side 
chains to xylan, which is consistent with reports of the 
catalytic arabinosylation activity of OsXAT2/OsXAT3/
OsXAT4/OsXAT5/OsXAT6 in rice [43, 44]. When these 
enzymes were expressed heterologously in the atdgux 
mutant of Arabidopsis, the addition of Ara modifications 
to xylan side chains was detected, providing strong evi-
dence for their unique activities and suggesting that the 
branching of Ara on Arabidopsis xylan can be achieved 
through the expression of arabinosyltransferase [46, 
47]. Overall, the enzyme activity of the GT61 family A 
branch is highly conserved in monocots, including rice 
OsXAT2/3/4/5/6 and wheat TaXAT1/2, forming the 
core enzymatic machinery responsible for installing Ara 
modifications on xylan [25, 44]. Furthermore, biochemi-
cal assays indicate that the core protein OsXAT2 in rice 
is a strict 3-O-arabinosyltransferase, specifically transfer-
ring Araƒ to the 3-O position of xylosyl residues within 
the xylan backbone [43]. Although the homologous gene 
AtXAT2 in Arabidopsis is expressed at low levels, corre-
sponding to the low Ara substitution in Arabidopsis, it 
also suggests the potential for Ara transfer activity.

In this study, we overexpressed the candidate gene 
AtXAT2, an arabinosyltransferase from Arabidopsis, in 
both wild-type and atdgux mutant. Our results indicate 

that overexpression markedly enhanced the Ara substitu-
tion rate of xylan in the transgenic lines. As a result, we 
obtained classical materials with different xylan struc-
tural types. Through structure–function analysis of these 
materials, we found that xylan lacking side-chain modi-
fications is more favorable for the preparation of xylan 
nanocrystals and emulsifiers with superior morphology 
and performance. In contrast, xylan with high arabinose 
substitution affects the alignment and structural charac-
teristics of cellulose fibers, thereby enhancing cellulose 
degradation efficiency and improving the morphology 
and yield of cellulose nanocrystals. These findings pro-
vide important insights for enhancing the preparation of 
functional nanomaterials from different polysaccharides 
in biomass through precise design of xylan side chains, 
highlighting the significant potential of engineered lig-
nocellulosic feedstocks in the development of bio-based 
products.

Materials and methods
Materials
AtXAT2 overexpression constructs were transformed 
into Arabidopsis Col.0 and atdgux mutants via floral dip 
[48]. Homozygous transgenic lines were selected through 
hygromycin resistance screening, with AtXAT2 transcript 
levels quantified by quantitative PCR.

Biomass from Col.0, atdgux, and overexpression lines 
(AtXAT2/Col.0, AtXAT2/atdgux) was harvested from cli-
mate-controlled growth chambers at Huazhong Agricul-
tural University. Stems were dried (55  °C), fragmented, 
ground through a 40-mesh sieve, and stored as biomass 
powder.

All chemicals (KOH, ethanol, NaClO₂, TFA, DMSO) 
were ACS-grade reagents from Sigma-Aldrich and used 
without purification.

Methods
Quantitative RT‑PCR
Total RNA extraction was performed using the RNAp-
rep Pure Plant Kit from Tiangen Biotech (Beijing, China). 
cDNA was synthesized using M-MLV Reverse Tran-
scriptase (TaKaRa, Dalian, China). Quantitative real-
time PCR (qRT-PCR) assays were conducted on a BioRad 
IQ5™ Real-Time PCR System (Bio-Rad Laboratories, 
Hercules, CA, USA) [49]. Analysis involved a minimum 
of three biological replicates per sample.

Preparation of xylan
Holocellulose was isolated from dry biomass powder 
via delignification using sodium chlorite. The biomass 
was treated with 8% (w/v) sodium chlorite (in 1.5% v/v 
acetic acid) for two 24  h cycles at room temperature in 
the dark. After each cycle, samples were rinsed with 
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ultrahigh-purity water until pH7.0. The resulting holocel-
lulose residues were sequentially washed twice with pure 
methanol and twice with anhydrous acetone, air-dried 
overnight in a fume hood, and oven-dried at 50  °C for 
2 h. Dried samples were ground through a 40-mesh sieve 
and stored desiccated [56].

Xylan was extracted from holocellulose with 4 M KOH. 
The alkaline extract was adjusted to pH5.5–6.6 using ace-
tic acid, and xylan was precipitated by adding ethanol to 
75% (v/v). Pellets obtained by centrifugation were washed 
with 70% (v/v) ethanol and lyophilized [34]. The use of 
4 M KOH is a standard and necessary method for the effi-
cient extraction of xylan tightly integrated into the sec-
ondary cell wall matrix [50]. It is important to note that 
while these conditions hydrolyze alkali-labile ester-linked 
substitutions (such as acetyl groups or ferulate cross-
links), the glycosidic linkages attaching both arabinose 
and glucuronic acid side chains to the xylan backbone are 
stable under alkaline extraction [51]. Consequently, this 
approach is robust for the comparative analysis of the 
substitution patterns of these major side chains across 
different genotypes.

Quantitative analysis of monosaccharides and uronic acids
The polysaccharides dissolved in 2.5 mL TFA (2 M) were 
heated in a sealed tube at 121 °C in an autoclave (15 psi) 
for 1 h. Myo-inositol (200 μg) was added as the internal 
standard. The supernatant was dried under vacuum at 
38 °C to remove TFA.

Derivatization of monosaccharides: distilled water 
(800  μL) and a freshly prepared solution of NaBH4 
(400 μL, 100 mg/mL in 6.5 M aqueous NH3) were added 
to each sample. The sample was capped, mixed well, 
and incubated at 40  °C for 30  min. Excess NaBH4 was 
decomposed by adding acetic acid (800 μL). 400 μL of the 
sample was then moved into a 25-mL glass tube. Acetic 
anhydride (4  mL) was added to the tube and the solu-
tion was mixed again. Then 1-methylimidazole (600 μL) 
was added. After mixing, the sample was allowed to 
stand for 10  min. Excess acetic anhydride was decom-
posed by adding distilled water (10  mL). Then dichlo-
romethane (3 mL) was added, mixed gently, centrifuged 
(2,000 g, 10  s) for phase separation. After removing the 
upper phase, the sample was washed with distilled water 
(3 × 20.0 mL). The collected lower phase was dehydrated 
by adding anhydrous sodium sulfate and stored at −20 °C 
until analyzed by GC–MS (SHIMADZU GCMS-QP2010 
Plus) [52, 53].

For uronic acid quantification, crude cell walls were 
incubated in 5.0  ml of 0.5% (w/v) ammonium oxalate 
solution at 100  °C for 1  h. Supernatants (designated 
as pectic polysaccharides) were analyzed by UV–VIS 

spectrometry (V-1100D, Shanghai MAPADA). All assays 
included three biologically independent replicates [54].

Characterization of hemicellulose
FTIR spectroscopy was performed to observe the struc-
tural constituents and chemical linkages in the xylan and 
xylan nanocrystals. A Perkin-Elmer spectrophotometer 
(NEXUS 470, Thermo Fisher Scientific, Waltham, MA, 
USA) was used to qualitatively monitor the samples 
through spectroscopic grade potassium bromide (KBr) 
pellet. The well-dried biomasses were finely powdered to 
reduce scattering losses and deformations in the absorp-
tion band. The samples (2–4 mg) were dispersed in KBr 
at the weight ratio of 1:100 and subsequently pressed to 
produce a transparent pelletized disc by applying 1 Mpa 
pressure for at least 2 min [49]. The pelletized disc sam-
ples were positioned in the path of IR light and the spec-
tra were recorded in absorption mode over 32 scans at 
a resolution of 4  cm−1 in the range of 4000 to 400  cm−1 
region [55]. XRD was performed on a Rigaku Ultima IV 
diffractometer with curved detector (Rigaku Americas) 
operating at 40 kV and 40 mA (Cu Kα λ = 1.5418 Å). Con-
tinuous line scans with θ/2θ geometry covered 5–60° 
2θ range in dual sample orientations [30, 56]. Elemental 
composition and binding energies were characterized by 
XPS (Thermo Scientific K-Alpha). HSQC NMR spectra 
were acquired in HSQCGE mode with 64 scans. Data 
processing employed MestReNova software [34].

Preparation and characterization of XNCs
The xylan precipitate was dispersed in deionized water 
as previously described. Aqueous xylan suspensions 
underwent sonication (15 W/mL, 40 min) using a JY99-
IIDN ultrasonic homogenizer (Ningbo Xinzhi Biological, 
China) to obtain stable xylan nanocrystal (XNC) colloids 
[10]. Diluted dispersions were negatively stained with 
phosphotungstic acid prior to morphological characteri-
zation by TEM [10, 13].

Preparation and characterization of Pickering emulsion
To assess XNCs’ impact on Pickering emulsion prop-
erties, XNCs derived from diverse xylan sources were 
utilized. Primary oil-in-water (O/W) emulsions were for-
mulated by blending 10 v% dodecane with 90 v% aque-
ous phase. These pre-emulsions were then homogenized 
using a high-shear mixer (11,000 rpm, 1 min) to generate 
stabilized Pickering emulsions [54, 57].

Morphology of Pickering emulsions was observed 
using an Olympus BX61 optical microscope. The surface 
charge of the Pickering emulsions was determined using 
a dynamic light scattering/electrophoresis instrument 
(Zetasizer Nano ZS, Malvern Instruments, Worcester-
shire, UK) [54, 58]. The interfacial tension of Pickering 
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emulsions prepared with different xylan nanocrystals 
(XNCs) was tested using a drop shape analyzer rheom-
eter (Tracker Teclis/IT Concept, France) at 25  °C [54]. 
According to the method of Hu, the emulsifying activity 
was tested using a UV–VIS spectrophotometer (Shang-
hai Mapada Instrument Co., Ltd., Shanghai, China) [13]. 
The stability of Pickering emulsions was characterized 
through evaluating creaming index (ECI%) and drop-
let size [13]. ECI was calculated by using the following 
formula:

where HA is the height of the cream layer and HT is the 
total height of the emulsions.

Measurement of cellulose features
Crystalline cellulose extraction employed 0.1  g biomass 
powder with 5  mL acetic acid–nitric acid–water (8:1:2, 
v/v/v). Cellulose content was quantified using a V-1100D 
UV–VIS spectrophotometer (Shanghai MAPADA) [59], 
while substrate polymerization degree (DP) was deter-
mined by viscometry [60].

Alkaline (NaOH) pretreatment and sequential enzy-
matic hydrolysis were performed as previously described 
by Fan et  al. [61]. Specifically, biomass powder was 
incubated with 6  mL of 1% (w/v) NaOH under shak-
ing (150  rpm) at 50  °C for 2  h. After centrifugation at 
3000 × g for 5 min, the pretreated biomass residues were 
incubated with the mixed-cellulase enzymes as described 
above. All experiments were performed in biological 
triplicates.

Preparation and observation of cellulose microfibrils
The base stems tissues of 7-week-old plants were sec-
tioned into 60-µm slices using a vibrating microtome 
(VT1000S, Leica). The sections underwent de-lignin 
with 8% sodium chlorite containing 1.5% acetic acid [62], 
were washed with ultrapure water to achieve neutral pH, 
and then laid flat on mica sheets to dry naturally before 
atomic force microscopy (AFM) observation.

AFM imaging was performed using a Pointprobe™ 
NCHR-20 probe (NanoWorld, Switzerland), which has a 
spring constant of 45 N/m and a tip radius of 8 nm, with 
a scanning area of 2  μm × 2  μm. The orientation of cel-
lulose fibers was analyzed from the AFM images using 
NanoScope image analysis software (version 1.90). Ori-
entation distributions were quantified and presented as 
frequency percentages in polar histograms [19].

Generation of cellulose nanocrystals in vitro
Crude cellulose underwent sulfuric acid hydroly-
sis for CNC production. Prior to hydrolysis, samples 
were pretreated with 8% NaClO₂ following established 

ECI = HA

/

HT × 100%

protocols [62]. For acid digestion, 0.1  g dried cellulose 
was immersed in 2  mL of 64% (w/w) H2SO4 at 45  °C 
for 1.5  h under 40  kHz ultrasonication. The reaction 
was quenched by tenfold dilution with ice-cold distilled 
water, followed by centrifugation (6,000 × g, 5  min) for 
acid removal. The pellet residues were re-suspended 
in 45  mL of ultrapure water and centrifuged again 
(6,000 × g, 5  min), allowing the nanocrystals to evenly 
suspend in the supernatant. The upper layer contain-
ing the nanocrystals was collected, dialyzed (MWCO: 
14  kDa, 3  days), and then sonicated (15  min) to pre-
vent aggregation. The resultant dispersion was diluted 
to 0.001% (w/w) with ultrapure water and vortex-mixed 
prior to AFM analysis. The CNCs were observed using 
a MultiMode 8-HR Scanning Probe Microscope (Bruker 
MM-SPM) equipped with a NanoScope V controller 
(Veeco). Imaging was performed with a ScanAsyst-Air 
probe (Bruker) over a 1  μm × 1  μm area at a resolution 
of 512 × 512 pixels2. To ensure repeatability, at least three 
independent replicates were measured. The dimensions 
of the CNCs (length/diameter) were determined from 
AFM topographical profiles.

The yield of nanocrystals was calculated by collecting 
all of the upper layer nanocrystal suspension, freeze-dry-
ing it, weighing it, and calculating it as a percentage of 
the initial cellulose.

Statistical analysis
All data were processed using SPSS 17.0 (IBM, USA). 
Parameter correlations used Spearman’s rank; pairwise 
comparisons applied Student’s t-test.

Results
Genetic engineering enables precise modification 
of xylan’s side‑chain in Arabidopsis
Arabidopsis stem xylan is thought to be decorated with 
glucuronic acid (GlcA) side chains rather than arab-
inose (Ara). This unique glycosylation profile makes it 
an ideal “blank slate” acceptor for in vitro assays aimed 
at evaluating the arabinofuranosyl transferase activity 
of GT61-family candidates from a variety of plant spe-
cies [36, 39]. However, introducing heterologous genes 
into the background material itself may introduce other 
unknown variables. Therefore, we focused on AtXAT2 
(At03g18170), one of the two members in clade A of 
the Arabidopsis GT61 family, which is highly homolo-
gous to the previously reported arabinose transferase 
OsXAT2 in rice and is primarily expressed in stems 
(Fig. S1, Fig. S2). We overexpressed AtXAT2 in both 
wild-type Arabidopsis and the atdgux mutant, which is 
a double gene mutant obtained by crossing the GUX1 
and GUX2 T-DNA insertion homozygous mutants, and 
consequently lacks GlcA side chains [39]. Compared to 
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the background lines Col.0 and atdgux, the expression 
levels of the AtXAT2 gene are significantly elevated in 
the AtXAT2/Col.0 and AtXAT2/gux lines, respectively, 
while no significant difference is observed between 
Col.0 and atdgux (Fig.  1A). Monosaccharide composi-
tion analysis indicated a marked increase in Ara con-
tent in the transgenic lines, corresponding to their 
respective genetic backgrounds (Fig. 1B, Table 1). Addi-
tionally, the uronic acid measurements demonstrated a 
significant reduction in uronic acid levels in both the 
atdgux mutant and AtXAT2/atdgux lines compared 
to Col.0 (Fig.  1C). The findings were further validated 
using 2D-HSQC NMR analysis (Fig.  2). Hemicellulose 
extracted from holocellulose was analyzed using 1H–
13C HSQC NMR. The results showed that in the Col.0 
and AtXAT2/Col.0 lines (Fig. 2A, B), there were promi-
nent peaks for GlcA (U1: 97.4/5.05; U4: 82.2/2.97; U5: 
71.2/4.11). In contrast, the peaks for U1 and U4 were 
absent in the atdgux mutants and AtXAT2/atdgux lines 
(Fig. 2C, D), indicating that the xylan from atdgux and 
AtXAT2/atdgux lacked GlcA modification. Addition-
ally, in the 2D-HSQC NMR analysis of the AtXAT2/
Col.0 and AtXAT2/atdgux transgenic lines (Fig. 2B, D), 
an extra peak for Ara was observed (A1: 110.9/4.72; A4: 
84.4/4.16), suggesting that the xylan from the AtXAT2/

Col.0 and AtXAT2/atdgux transgenic lines was modi-
fied with Ara.

XPS (X-ray photoelectron spectroscopy) is a technique 
used to analyze the elemental composition and chemical 
states on the surface of materials. Changes in the C–C 
and C–O–C peaks in the C1s spectrum of xylan, as well 
as the changes in the C–O and C = O peaks in the O1s 
spectrum, can provide some insight into its chemical 
structure. To further confirm the features of xylan across 
the different materials, XPS analysis was performed on 
xylan obtained through alkaline extraction and alcoholic 
precipitation. The results show that, compared with Col.0 
and AtXAT2/Col.0, the C–C peak in the C1s spectrum 
of xylan from atdgux and AtXAT2/atdgux sources is ele-
vated, while the O = C–O peak corresponding to the car-
boxyl structure of uronic acids is reduced (yellow peak), 
indicating a decrease in the degree of carboxylic acid 
groups (Fig. 3A, B). Additionally, compared to Col.0, the 
AtXAT2/Col.0 line shows a decrease in the C-O compo-
nent of the O1s spectrum (Fig. 3C), and a similar trend 
is observed between AtXAT2/atdgux and atdgux. This 
reduction, coupled with the corresponding attenuation 
of the C–O–C signal in the C1s spectrum, supports the 
conclusion that there are structural differences in the 
xylan derived from the four different sources.

Fig. 1  Quantitative analysis of Ara and glucuronic acid content in hemicellulose. A Expression levels of AtXAT2. B, C Measurement of Ara 
and glucuronic acid contents. Significant differences were determined by two-tailed Student’s t-test: **p < 0.01, *p < 0.05. Data as means ± SD (n = 3)

Table 1  Monosaccharides composition of 4 M KOH fractions

Data as means ± SD (n = 3), **p < 0.01

Sample Monosaccharides contents (% of total) Ara/Xyl (%)

Ara Xyl Rha Fuc Man Glc Gal

Col.0 2.68 ± 0.12 77.24 ± 4.39 2.44 ± 4.26 0.64 ± 0.02 4.55 ± 0.15 4.57 ± 0.81 8.52 ± 0.68 3.47 ± 0.01

AtXAT2/Col.0 3.73 ± 0.45** 76.33 ± 3.45 2.84 ± 1.09 0.85 ± 0.01 4.28 ± 0.32 4.84 ± 0.17 7.13 ± 0.37 4.89 ± 0.36**

atdgux 2.79 ± 0.07 76.20 ± 5.24 3.18 ± 1.66 0.74 ± 0.02 4.52 ± 0.34 4.95 ± 0.45 7.66 ± 0.41 3.67 ± 0.17

AtXAT2/atdgux 3.87 ± 0.05** 76.09 ± 2.08 3.08 ± 1.45 0.89 ± 0.03 4.47 ± 0.17 4.27 ± 0.21 7.31 ± 0.30 5.08 ± 0.07**
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The absence of the uronic acids peak in atdgux and 
AtXAT2/atdgux, along with the increased Ara peak in 
the AtXAT2/Col.0 and AtXAT2/atdgux transgenic lines, 
supports our hypothesis that the xylan structure can be 
precisely engineered. This strategic modification not 
only enhances our understanding of the biochemical 
roles of specific sugar modifications but also provides 
a foundation for future studies aimed at elucidating 
how these modifications affect cell wall properties, 
mechanical strength, and properties of biopolymers. 
In summary, we have successfully developed a tar-
geted engineering approach that produces representa-
tive genetic materials with distinct xylan structures: 
AtXAT2/Col.0 lines enriched in both GlcA and Ara side 
chains, Col.0 enriched in GlcA, AtXAT2/atdgux trans-
genic lines enriched in Ara, and atdgux mutants lacking 
branching modifications.

Low‑substituted xylan favors nanocrystals production 
with exceptional properties
XNCs, characterized by their unique nanoscale struc-
ture, exhibit significant application potential across vari-
ous fields, including food, pharmaceuticals, and materials 
science [63–66]. In the food industry, these nanocrys-
tals can function as effective emulsifiers and thickeners, 
enhancing the texture and stability of products such as 
dairy items, condiments, and beverages [67–69]. Further-
more, their distinctive chemical structure and diverse 
side-chain modifications enable hemicellulose to effec-
tively reduce the surface tension of liquids, stabilizing 
oil–water mixtures and forming homogeneous emul-
sions. Due to their biocompatibility and biodegradabil-
ity, hemicellulose emulsifiers also demonstrate promising 
applications in the development of cosmetics and eco-
friendly materials [70, 71].

Fig. 2  HSQC-NMR spectra of xylan substrates in Arabidopsis transgenic lines and mutants, A Col.0. B AtXAT2/Col.0. C atdgux. D AtXAT2/atdgux 
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To analyze the relationship between xylan side-chain 
variations and the performance of nanocrystals and 
emulsifiers, we prepared both from xylans with dif-
ferent structural types and conducted comparative 
analyses. Hemicellulose extracted using 4 M KOH was 

neutralized with acetic acid and precipitated in 70% 
ethanol, resulting in the formation of crude, deacety-
lated xylan [34]. Aqueous suspensions of each xylan 
were sonicated for 40  min at 20  kHz/320 W, then 
aged at 4  °C for 72  h to yield stable xylan nanocrystal 

Fig. 3  XPS profiling of xylan substrates in Arabidopsis transgenic lines and mutants. A XPS spectra profile of the xylan. B, C High-resolution XPS 
spectrum at C1s region, O1s region

Fig. 4  FT-IR spectroscopic profiling. A Xylan and B XNCs generated from Arabidopsis transgenic lines and mutants
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(XNC) colloids (Fig. S3). FTIR analysis shows that both 
alkali-extracted xylan and XNCs exhibit differences 
at the xylan characteristic peaks of 1000–1200  cm⁻1, 

indicating variations in the chemical structures of 
XNCs sourced from four different origins (Fig. 4). After 
dilution, the resulting XNC dispersions were negatively 

Fig. 5  Characterization of the XNCs derived from Arabidopsis transgenic lines and mutants. A Schematic representation of key xylan structural 
motifs. B Representative TEM images of XNCs, scale bar, 200 nm, 50 nm. C XRD pattern of XNCs. D, E Measurement of XNCs morphology. Length (D) 
and diameter (E) distributions were determined from 50 randomly selected XNCs for length and 30 for diameter; different letters on each column 
were significantly different at P < 0.05
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stained with phosphotungstic acid and imaged by 
transmission electron microscopy (TEM), revealing 
well-defined nanocrystals (Fig.  5). Nanocrystals pre-
pared from xylans bearing different side-chain modi-
fications displayed distinct differences and patterns 
(Fig.  5A). Notably, the nanocrystals derived from atd-
gux displayed a more ordered arrangement, while those 
from AtXAT2/atdgux were characterized by a more 
“rounded” and “looser” appearance (Fig.  5B). XRD 
analysis indicates that the xylan nanocrystals exhibit 
a distinct characteristic peak intensity at 21.7° (200). 
The crystallinity calculations show that the crystallinity 
index (CrI) for atdgux is relatively high at 52.5%, while 
the CrI values for Col.0, AtXAT2/Col.0, and AtXAT2/
atdgux are 38.3%, 33.9%, and 40.7%, respectively 
(Fig.  5C). Measurements of the length and diameter 
showed that the XNCs from atdgux exhibited larger 
lengths and smaller diameters compared to the other 
three groups, indicating a morphology closer to rod-
shaped (Fig.  5D and E). These findings align with our 
previous study on sorghum [34], demonstrating that 
side-chain modifications of xylan strongly influence 

nanocrystal formation. Furthermore, the results sug-
gest that xylans with lower degrees of modification 
are more likely to yield stable, elongated rod-shaped 
nanocrystals.

The abundance of hydroxyl groups renders xylan nano-
particles intrinsically hydrophilic, making them ideal can-
didates for Pickering emulsifiers. We therefore prepared 
Pickering emulsions using dodecane as the oil phase and 
XNCs from different genetic backgrounds as the sole sta-
bilizers (Fig. S4). After 3 days of quiescent storage, opti-
cal microscopy revealed uniformly dispersed droplets 
(Fig. 6A). Diameter measurements using ImageJ revealed 
that the droplet sizes of all four emulsions ranged from 5 
to 40 μm (Fig. 6A and B). Emulsions stabilized by GlcA-
enriched nanocrystals from Col.0 produced the small-
est droplets, whereas those stabilized by Ara-enriched 
nanocrystals from AtXAT2/atdgux exhibited a signifi-
cantly higher proportion of larger droplets (Fig. 6B). The 
creaming index serves as a quantitative proxy for emul-
sion stability. The stability of Pickering emulsions was 
monitored daily over a 7-day period at room tempera-
ture. Compared to the transformation backgrounds, the 

Fig. 6  Characterization of Pickering emulsions stabilized by XNCs from Arabidopsis transgenic line and mutants. A Representative optical 
micrographs; scale bar, 30 μm. B Particle size distribution of the Pickering emulsions (n = 100). C, D Emulsion creaming index and emulsifying activity 
(n = 4). E Zeta potential (n = 3). F Dynamic interfacial tension at the oil–water interface versus time. Significant differences between the raw materials 
and mutants were determined using two-tailed Student’s t-test: **p < 0.01, *p < 0.05
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emulsions derived from AtXAT2/Col.0 and AtXAT2/
atdgux displayed higher creaming indices (Fig.  6C), 
reduced emulsifying activity (Fig. 6D), lower zeta poten-
tial (Fig. 6E), and decreased surface tension (Fig. 6F). Col-
lectively, these findings indicate that xylans devoid of Ara 
side chains provide enhanced emulsion stability.

Xylan is a structural polysaccharide naturally present in 
plant cells. Owing to its environmentally friendly, renew-
able, and biodegradable characteristics, it has garnered 
significant attention in the development of hemicellu-
lose-based functional polymer materials. In recent years, 
various physical and chemical modification methods 
have been employed to prepare xylan-based nanopar-
ticles. In this study, we precisely targeted the side-chain 
structure of xylan and successfully utilized a mild ultra-
sonic method to prepare nanocrystalline particles with 
different sizes and surface properties. The XNCs from 
different sources have controllable size distributions and 
stable surface structures, which enable them to adsorb 
at the oil–water interface and form highly stable Pick-
ering emulsions. Our study results show that xylans 
with Ara modifications do not have a clear advantage 

in the preparation of emulsifiers. This may be because, 
unlike GlcA, which can enhance molecular polarity, Ara 
increases the steric hindrance but does not significantly 
alter the molecular polarity.

Xylan patterning modulates cellulose microfibrils assembly 
and digestibility
Xylan is cross-linked with lignin via Ara branches to form 
lignin–carbohydrate complexes, while it also interacts 
closely with the amorphous regions of cellulose [13, 20]. 
The structure of xylan has a significant impact on the 
structural properties of cellulose and the remodeling of 
the cell wall ultrastructure [20]. To investigate the impact 
of different xylan side-chain modifications on cellulose 
structure, basal stem sections from the bolting stage of 
each plant line were collected to prepare 80-μm-thick 
slices. These slices were treated with 8% sodium chlorite 
to remove lignin, and then cellulose microfibrils were 
observed in  situ using atomic force microscopy (AFM) 
(Fig.  7A, B). Cellulose morphology analysis revealed 
that, relative to Col.0, both the atdgux mutant and the 
transgenic lines displayed marked alterations in cellulose 

Fig. 7  Characterization of cellulose microfibrils from Arabidopsis transgenic lines and mutants. A AFM observation of cellulose microfibrils, scale 
bar as 200 nm, 50 nm, the areas in the white boxes are magnified in the lower images. B Orientation distribution profiles of cellulose microfibrils 
analyzed with SOAX software (n ≥ 250 snakes). C–E Degree of polymerization (DP) (C), crystalline cellulose level (D), and hexoses yield of cellulose 
microfibrils (E). Significant differences between the raw materials and mutant were determined using two-tailed Student’s t-test: **p < 0.01, 
*p < 0.05. Data as means ± SD (n = 3)
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microfibril shape and alignment angles. Notably, the 
atdgux mutant displayed severe, disordered aggregation 
and misalignment of cellulose microfibrils, demonstrat-
ing that these side-chain decorations are indispensable 
for sustaining cell wall ultrastructure and the precise, 
orderly assembly of cellulose (Fig. 7B). To further evalu-
ate the impact of xylan branching patterns on the cellu-
lose features and saccharification efficiency, we measured 
the degree of polymerization (DP) and crystallinity index 
(CrI) of cellulose. Interestingly, the cellulose DP and CrI 
of atdgux showed no significant difference from those 
of Col.0. However, in AtXAT2 overexpressing transgenic 
lines, cellulose DP decreased by 16.8% and 7.5% rela-
tive to the transformation backgrounds (Fig.  7C). Addi-
tionally, the cellulose crystallinity declined by 10.3% and 
28.5%, respectively (Fig.  7D). Furthermore, sacchari-
fication efficiency analysis under 1% KOH treatment 
revealed that the AtXAT2 overexpressing lines exhibited 
increases in saccharification efficiency of 9.6% and 24.6% 
compared to their transformation backgrounds, respec-
tively (Fig. 7E). Overall, these results indicate that xylan 
side-chain modifications have a significant impact on 
the polymerization mode and alignment angles of cellu-
lose, as well as saccharification efficiency. In particular, 
Ara side chains are crucial for the stability of the cellu-
lose ultrastructure, while glucuronic acid side chains tend 
to influence the alignment and aggregation of cellulose 
microfibrils. This may be due to the close contact and 
interaction between Ara and the amorphous regions of 
cellulose [15, 72].

Ara side chain of xylan optimizes the size and yield 
of cellulose nanocrystals
Cellulose nanocrystals are increasingly utilized in bio-
composites, biomedicine, food packaging, and energy 
applications due to their biodegradability, biocompat-
ibility, high crystallinity, and exceptional mechani-
cal properties [63]. This makes them a focal point in 
materials science and nanotechnology. The structural 
characteristics of cellulose significantly influence the 
morphology and yield of cellulose nanocrystals [62]. 
The H₂SO₄ treatment demonstrated its effectiveness in 
removing amorphous cellulose chains from the surfaces 
of entire cellulose microfibrils. By employing 64% H₂SO₄ 
(w/w) at 45 °C to treat holocellulose extracted from vari-
ous materials, we successfully generated well-defined 
cellulose nanocrystals (CNCs) in  vitro (Fig. S5). These 
cellulose nanocrystals were subsequently analyzed using 
atomic force microscopy (AFM), revealing that the CNCs 
derived from all materials exhibited a spindle-shaped 
morphology (Fig.  8A). A total of 100 CNCs were ran-
domly selected from each material to measure and sta-
tistically analyze their length and diameter. The results 

showed that, compared to the transformation back-
grounds, the length and diameter of cellulose nanocrys-
tals (CNCs) in the overexpressing lines were significantly 
reduced (Fig.  8B, C). Furthermore, the yield of isolated 
CNCs was evaluated by processing the upper layer of 
the CNC suspension through freeze-drying followed by 
weighing. This yield was expressed as a percentage of the 
initial cellulose content. The analysis revealed increases 
of 13.8% and 6.7% in the AtXAT2 overexpressing lines 
compared to their respective transformation background 
controls (Fig. 8D). These observations may be attributed 
to alterations in the xylan side-chain structure, which in 
turn lead to differences in the cross-linking methods and 
tightness with cellulose. Such changes further induce var-
iations in the ultrastructure and aggregation patterns of 
cellulose [72]. In summary, the plant cell wall is a complex 
yet highly ordered network composite. By precisely tun-
ing the structure of xylan, it is possible to not only direc-
tionally design the functional value of xylan itself, but 
also simultaneously modify the structural characteristics 
of cellulose. This dual approach can enhance enzymatic 
hydrolysis efficiency, optimize nanocrystal morphology, 
increase yield, and realize other value-added benefits.

Conclusions
In this study, the side chain substitution of xylan was 
precisely modified by overexpressing the AtXAT2 gene 
in the wild type (Col.0) and the glucuronic acid-defi-
cient mutant (atdgux), achieving precise design of the 
xylan structure. This precise engineering deepens our 
understanding of the biochemical roles of specific sugar 
modifications in xylan and their impact on cell wall prop-
erties. Our findings indicate that xylan with customized 
side-chain modifications can yield XNCs with superior 
emulsifying properties, demonstrating their potential 
application value in food, pharmaceuticals, and environ-
mentally friendly materials.

Further analysis revealed that changes in the xylan 
structure had a profound impact on cellulose properties. 
The overexpressing lines exhibited a disordered arrange-
ment of cellulose microfibrils, reduced polymerization 
degree, and decreased crystalline cellulose content. These 
alterations enhanced cellulose digestibility, as evidenced 
by higher sugar yields from enzymatic hydrolysis in the 
AtXAT2/Col.0 and AtXAT2/atdgux lines compared to 
the background, respectively. Additionally, cellulose 
nanocrystals extracted from AtXAT2/Col.0 and AtXAT2/
atdgux showed smaller sizes and higher yields, high-
lighting the critical role of xylan structure in modulating 
the structural characteristics and functions of cellulose. 
Overall, our work not only elucidates the intricate rela-
tionship between xylan structure and cellulose proper-
ties, but also provides a foundation for future research 
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aimed at optimizing plant polysaccharides for various 
industrial applications.
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