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A B S T R A C T

In this work we developed an eco-friendly valorisation of Citrus wastes (CWs), through a solvent-assisted
ultrasonication extraction technique, thus having access to a wide range of bio-active compounds and poly-
saccharides, extremely useful in different industrial sectors (food, cosmetics, nutraceutical). Water-based low-
amplitude ultrasonication was examined as a potential method for pectin extraction as well as polar and non-
polar citrus extractives (CEs), among which hesperidin and triglycerides of 18 carbon fatty acids were found
to be the most representative ones. In addition, citric acid:glycerol (1:4)-based deep eutectic solvent (DES) in
combination with ultrasonic extraction was utilized to extract microcellulose (CMC), from which stable cellulose
nanocrystals (CNCs) with glycerol-assisted high amplitude ultrasonication were obtained. The physical and
chemical properties of the extracted polysaccharides (pectin, micro and nanocellulose) were analysed through
DLS, ζ-potential, XRD, HP-SEC, SEM, AFM, TGA-DSC, FTIR, NMR, and PMP-HPLC analyses. The putative
structure of the extracted citrus pectin (CP) was analysed and elucidated through enzyme-assisted hydrolysis in
correlation with ESI-MS and monosaccharide composition. The developed extraction methods are expected to
influence the industrial process for the valorisation of CWs and implement the circular bio-economy.

1. Introduction

CWs represent a substantial by-product of the citrus fruit processing
industry, comprising the outer rind, or peel, of fruits like oranges,
lemons, and grapefruits (Humerez-Flores et al., 2022; M. Mariño et al.,
2015; Pasarin et al., 2023). This residual material, often overlooked in
the past, has garnered significant attention in recent years due to its
potential for sustainable utilisation. Rich in bioactive compounds,
essential oils, and diverse phytochemicals, CWs possess considerable
value beyond its primary role as a flavourful outer layer (Singh et al.,
2021). This waste stream not only presents opportunities for the
extraction of essential oils used in various industries, but also harbours

the potential for producing biofuels, pectin, and cellulose fibres
(Humerez-Flores et al., 2022; M. Mariño et al., 2015). Moreover, its high
content of antioxidants and antimicrobial agents has led to exploration
in fields as diverse as food preservation, nutraceuticals, and even
pharmaceuticals (Singh et al., 2021).

As the global push towards circular economy practices gains mo-
mentum, understanding the multifaceted potential of CWs is a pivotal
step towards more sustainable and resource-efficient industrial pro-
cesses. A range of valorisation methods have been developed, aiming to
extract, transform, and repurpose these components into high-value
products. These methods encompass a diverse array of techniques,
including extraction processes for essential oils and bioactive
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compounds, enzymatic and microbial transformations to produce value-
added chemicals, as well as biotechnological approaches for the syn-
thesis of biofuels and other renewable materials. The exploration of
these valorisation strategies not only addresses the pressing need for
sustainable waste management, but also unlocks a myriad of economic
and environmental benefits, positioning CWs as a promising resource for
developing a circular economy (Du et al., 2024; Mathias et al., 2019;
Panwar et al., 2023; Rajulapati et al., 2021; Singhal & Swami Hulle,
2022).

Deep eutectic solvents (DES) represent a captivating class of solvents
that have garnered significant attention in recent years for their
exceptional versatility and sustainability. Unlike conventional solvents,
DES are composed of a eutectic mixture of two or more components,
typically a hydrogen bond donor and acceptor, which form a eutectic
point at a lower melting temperature than each component. This unique
property imparts DES with a remarkable ability to dissolve a wide range
of compounds, including polar and non-polar substances. DES has found
applications across various fields, including chemistry, biotechnology,
and materials science, owing to their low toxicity, biodegradability, and
environmentally benign nature. Their tuneable properties and ability to
replace conventional volatile organic solvents make DES a promising
alternative for greener and more sustainable processes (Kang et al.,
2023; Mao et al., 2023; Rico et al., 2022; Varilla-Mazaba et al., 2022).

Ultrasonication-assisted extraction has emerged as a cutting-edge
technique in the realm of pectin extraction, offering a highly efficient
and environmentally friendly method for obtaining this vital poly-
saccharide from plant materials (Panwar et al., 2023). Pectin, a complex
carbohydrate found in the cell walls of various fruits and vegetables,
possesses a wide range of functional properties that make it invaluable
in industries such as food, pharmaceuticals, and cosmetics. By subjecting
plant matrices to ultrasonication (i.e., high-frequency sound waves)
facilitates the release of pectin from cell walls, resulting in a more rapid
and effective extraction process compared to conventional methods.
Ultrasonication also stands at the forefront of cellulose and nano-
cellulose extraction, enabling also the breakdown of cellulose at the
nanoscale (Al Jitan et al., 2022; M. Mariño et al., 2015). This method
offers precise control over particle size and morphology, resulting in
nanocellulose fibres with tailored characteristics for myriad of applica-
tions, spanning from advanced materials and biomedical engineering to
sustainable packaging and environmental remediation. From the above-
mentioned observations: 1) we hypothesised that the solvent-based
ultrasonication method could effectively extract both polysaccharides
and extractives from the citrus industrial wastes, 2) we also hypoth-
esised that enzyme-based hydrolysis of branched polysaccharides fol-
lowed by mass spectrometric fragmentation analysis would provide in-
depth insight into the elucidation of its probable structure.

The main aim of the present work is to obtain extractives, pectin,
cellulose, and nanocellulose from citrus industrial wastes through the
solvent-assisted ultrasonic extraction process to develop an eco-friendly
valorisation method. The extracted extractives, pectin, cellulose, and
nanocellulose were physically and chemically characterised. Moreover,
the putative structure of the extracted CP was also elucidated through
enzyme-assisted hydrolysis and electrospray ionisation mass spectro-
scopic analysis.

2. Materials and methods

2.1. Raw materials

CWs were provided by the citrus fruit processing industry Ortogel
SPA (Belpasso, Catania, Italy). All the monosaccharide standards and
chemicals (purity: > 95 %), as well as the Endo-PG (Endo poly-
galacturonase) EC 3.2.1.15 from Aspergillus niger, were purchased from
Merck, (Darmstadt, Germany). The rhamnogalacturonan endolyase [EC
4.2.2.23], and exo-polygalacturonase [Exo-PG, EC 3.2.1.67] enzymes
were purchased from Creative Enzymes (Shirley, NY, USA).

2.2. Pretreatment of CWs

The detailed valorisation procedures are depicted in the flowchart
(Fig. S1). One kilogram of CWs was washed thrice with 1 L of water and
then filtered. The liquid filtrate was dried to recover any excess citric
acid residues. The filtered solid CW was dried in an air oven at 60 ◦C to
constant weight. The dried CW was ground to fine powder of average
particle size ~278± 60 μm. The ground CW powder was analysed for its
chemical constituents as per the methods described in our previous work
with some modifications (Harini & Chandra Mohan, 2020). The lignin
content of the samples was determined using the TAPPI standard
method T 222 om-88 (Tappi, 1988) by reaction with 72% (w/w) sulfuric
acid. The polar and non-polar extractives of CWwere extracted using the
soxhlet extraction method with 450 mL of ethanol and n-hexane (3 h
extraction in each solvent separately), respectively. The cellulose con-
tent was estimated through the method described by (Updegraff, 1969),
and the pectin content of the sample was analysed using Cu2+ ion
precipitation, followed by UV-VIS spectrophotometric analysis as
described by (F. Wang et al., 2021).

2.3. Ultrasonic extraction of CP and CEs

The fine powder of CWwas subjected to ultrasonic solvent extraction
with deionised water in a UP400S (power max= 400 W; frequency = 24
kHz) ultrasonic device (Hielscher, Teltow, Germany) equipped with a
cylindrical titanium sonotrode (mod. H14, tip Ø 14 mm, amplitude max
= 125 μm; surface intensity = 105 W cm− 2). A central composite design
(CCD) of experiments was constructed with different solid-to-solvent
ratios, ultrasonic amplitudes, and ultrasonication time as independent
variables (input), whereas yield of pectin and polar and non-polar ex-
tractives were selected as dependent variables (output). The CCD sum-
mary and the set of experiments were given in supplementary data
(Tables S1 and S2, respectively). After the ultrasonication time, the
resultant solution was centrifuged (Eppendorf Centrifuge Model: 5804
R, Germany) at 2000 rpm (514.28 × 10− 5 g) for 10 min to remove
insoluble residues (rich in cellulose and extractives). The supernatant
was subjected to precipitation with ice-cold ethanol to extract the water-
dissolved pectin. The precipitated pectin was isolated by centrifugation
at 3000 rpm (1157.13 × 10− 5 g) for 10 min. The isolated pectin pellet
was washed three times with ethanol to remove any associated polar
extractives; the resultant pectin was freeze-dried, weighed, and stored at
4 ◦C for further characterisation. After pectin extraction, the insoluble
residue (rich in cellulose, polar, and non-polar extractives) was sub-
jected to consecutive solvent extractions with ethanol (to remove polar
extractives) and hexane (to remove non-polar extractives) at 40 ◦C for
24 h. After the extraction process, the final residue (rich in cellulose) was
filtered and stored at 4 ◦C for further processing. Then, the extracted
extractives were condensed with a rotary evaporator (KNF RC600,
Freiburg, Germany) and weighed. The percentage yield of pectin and
extractives was calculated gravimetrically by comparing their weights
with the weight of CWs.

2.4. Ultrasonic extraction of CMC and CNCs

For the extraction of CMC, the cellulose-rich fraction from the pre-
vious step was subjected to DES-assisted ultrasonic treatment to remove
lignin. A 4:1 (glycerol:citric acid) solution with an average viscosity of
1459.4 mPa at 25 ◦C was used as a DES. A CCD of experiments was
constructed with different DES soaking periods, ultrasonic amplitudes,
and ultrasonication time as input factors, whereas the percentage of
lignin removed from the cellulose-rich fraction was taken as output. The
CCD summary and corresponding experiments are denoted in Tables S1
and S3, respectively. The sonicated solution was washed with 60 %
ethanol to remove lignin through centrifugation at 3000 rpm (1157.13
× 10− 5 g) for 15 min. The resultant pellet was washed thrice with 60 %
ethanol and centrifuged to obtain pure CMC. The extracted CMC was
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freeze-dried and stored at 4 ◦C for further analysis. The percentage of
lignin removed was estimated by comparing the total lignin content of
cellulose-rich fraction and extracted CMC.

For the extraction of CNCs, the extracted CMC was further processed
through glycerol-assisted ultrasonication treatment. CMC was soaked in
70 % glycerol solution at 25 ◦C for different time periods under a
magnetic stirrer operating at 600 rpm. A CCD of experiments was con-
structed with different glycerol soaking periods, ultrasonic amplitudes,
and ultrasonic time as input factors and the average particle size in the
solution was taken as a response. The CCD summary and corresponding
experiments are denoted in Tables S1 and S4, respectively.

2.5. Characterization

2.5.1. Characteriation of polar and non-polar CEs
The chemical constituents present in polar and non-polar extractives

of CW and their abundance were analysed through HPLC (Agilent 1290
Infinity II LC, Cernusco sul Naviglio, Italy), coupled with a triple quad
mass spectrometer (ZenoTOF 7600 System (SCIEX) equipped with Turbo
V™ Ion Source with ESI Probe). The chemical constituents’ qualitative
analysis was conducted by comparing their corresponding precursor
mass spectral peaks with mass spectral databases (LipidBlast and
LibraryView ver 1.4, database Natural Products HR-MS/MS Library).
The quantity of the chemical constituents was estimated by calculating
the area under the chromatographic peaks.

2.5.2. Characterisation of CP, CMC, and CNCs

2.5.2.1. Particle size and ζ-potential. Both size and ζ-potential of the
samples were measured by photon correlation spectroscopy experiments
using dynamic light scattering (DLS) and electrophoretic light scattering
(ELS) analyses, respectively, using a LitesizerTM 500 (Anton Paar,
Rivoli, Italy) system at neutral pH (Chandrasekar et al., 2024). The tests
were carried out at 25 ◦C, with a stabilisation time of 60 s, and using
viscosity (0.8872 cP) and refractive index (1.33) of water as reference
values. The software Kalliope (Anton Paar, Rivoli, Italy) used the non-
negative least squares algorithm to retrieve the size distribution.

2.5.2.2. Scanning Electron Microscopy (SEM). To acquire information
on the surface morphology of the extracted polysaccharides, samples
were placed on metallic stubs covered with carbon tape and sputter-
coated with a thin layer of platinum (≈ 5 nm) using an Agar High-
Resolution Sputter Coater (model 208RH). Micrographs were then
retrieved using a SNE-Alpha instrument (SECENG, Korea) scanning
electron microscope working at an accelerating voltage of 5 kV. SEM
images were collected at different magnifications at an accelerating
potential of 20 kV (Harini & Chandra Mohan, 2020).

2.5.2.3. Atomic Force Microscopy (AFM). In-depth morphological and
size features of CNCs were determined using a ToscaTM 400 AFM
(Anton Paar Italia Srl, Rivoli, Italy) in contact resonance amplitude
imaging (CRAI) mode. Towards this goal, an Arrow-FMR-10 Force
Modulation probe (Nanoworld, Neuchâtel, Switzerland) featuring a
rectangular cantilever with a triangular free end and a tetrahedral tip
with a typical height of 10–15 μm was used. Additionally, the tip radius
of curvature is ~10 nm. The cantilever has a spring constant and reso-
nance frequency of 2.8 Nm− 1 and 75 kHz, respectively. For the analyses,
approximately 100 μL of diluted CNC water dispersion (~ 0.1 mg/mL)
was dropped onto a mica disc substrate (Ted Pella Inc., Redding, Cali-
fornia). Dimensional calculations and image editing were conducted via
Digital surf Mountains Analysis Software (Rovera et al., 2023). The
mean values reported for each CNCs dimension were calculated over at
least five images, from which at least five measurements were taken.

2.5.2.4. Wide Angle X-ray Diffraction (WAXD). Information on samples

crystallinity was obtained using a D8 Advance X-ray powder diffrac-
tometer (Bruker, USA) equipped with a one-dimensional Debye–Scherr
camera, Cu Ka radiation (wavelength 0.1542 nm) operating at 40 kV and
35 mA. The crystallinity index (CI) was calculated using Eq. (1) by
measuring the peak height of the crystalline region (Icry) and the
amorphous region (Iam) (Chandra Mohan et al., 2018; Harini & Chandra
Mohan, 2020).

CI(%) =
Icry
Itotal

×100 (1)

where, Itotal – Total area under XRD peaks [Itotal = Icry + Iam].

2.5.2.5. Thermogravimetric Analysis and Differential Scanning Calorimetry
(TGA-DSC). The thermal degradation properties of the extracted poly-
saccharides were analysed by thermogravimetric analysis (TGA)
coupled with differential scanning calorimetry (DSC). A Setaram TG-
DSC111 (Lyon, France) was used to simultaneously record the TG
trace (mass versus temperature) and the thermal effects (heat flow
versus temperature). A typical sample mass of about 15 mg was placed
into an aluminium crucible and heated from 25 ◦C to 500 ◦C at a scan-
ning rate of 2 ◦C/min under nitrogen atmosphere. An empty aluminium
crucible was used as a reference. Each run was repeated twice. All the TG
traces reported in the figures were normalized to 100 mg of mass sam-
ple. Accordingly, the temperature derivative of the TG traces (DTG= dm
(T)/dT) were expressed as mg•K− 1. Instead, all the DSC thermograms in
the figures were normalized per mass of initial sample, hence expressing
the heat flow as W•g− 1.

2.5.2.6. Solid-state Fourier Transform Infrared Spectroscopy (FTIR). FTIR
analysis was performed using a Spectrum 100 instrument (Perkin Elmer
Inc., Waltham, MA) coupled with an Attenuated Total Reflectance (ATR)
accessory and a Ge/Ge crystal, fixed at an incident angle of 45◦. All
spectra were collected at a resolution of 4 cm− 1 over a wavenumber
range between 4000 cm− 1 and 800 cm− 1, resulting from an average of
180 scans. A background scan of clean Ge crystal in the air was acquired
before each scan (Rovera et al., 2023).

2.5.2.7. Solid-state 13C Cross-Polarization Magic Angle Spinning (CP-
MAS). CP-MAS spectra were collected at 125.76 MHz on an Avance 500
MHz NMR Spectrometer (Bruker Italia s.r.l., Milan, Italy), operating at a
magnetic field of 11.7 T and equipped with a 4 mmMAS probe, spinning
the sample at the magic angle up to 15 kHz, which, with the addition of
high power 1H decoupling capability, allows the decrease or the elim-
ination of homo and heteronuclear anisotropies. All the samples were
prepared by packing them in Zirconia (ZrO2) rotors, closed with Kel-F
caps (50 μL internal volume), and the MAS rate was optimised to 10
kHz after running some experiments in the 2–15 kHz range . Cross po-
larization spectra, under Hartmann–Hahn conditions, were recorded
with a variable spin-lock sequence (ramp CPMAS) and a contact time of
1 ms, optimised into a range between 1 and 5 ms (Rovera et al., 2023).

2.5.2.8. Size Exclusion Chromatography (SEC). Molecular weight of
samples was determined through a 515 Waters HPLC system coupled
with Shodex OHpak LB-806 M column (for pectin) and PLgel MIXED-A
column (for cellulose). The differential refractive index data was
collected through the Wyatt Optilab T-rEX detector, and the multi-angle
light scattering data was collected through the Wyatt Down Heleos de-
tector. For pectin sampling, the mobile phase was 50 mM NaNO3 with a
0.5 mL/min flow rate. The samples were lyophilised and dissolved at a
1.5 mg/mL concentration in the mobile phase. For cellulose sampling,
the mobile phase was 0.9 % LiCl in DMAc with a 0.5 mL/min flow rate.
The lyophilised samples were dissolved in the eluent (0.9 % LiCl in
DMAc) using a solvent exchange procedure. Complete dissolution was
achieved by stirring the solutions in a 2 mL Eppendorf overnight and at
room temperature using a magnetic bar. The sample solutions were
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filtered (Millipore Millex-GV PVDF 0.22 μm) before injection. The in-
jection volume was 100 μL (Neckebroeck et al., 2021; Pitkänen & Sixta,
2020).

2.5.2.9. High Performance Liquid Chromatography (HPLC). The mono-
saccharide composition of extracted carbohydrates was analysed
through PMP-labelled HPLC. The polysaccharide samples (10 mg) were
dissolved in 1 mL of 3 M trifluoroacetic acid in a 5 mL ampoule and
incubated at 130 ◦C for 2 h. The cooled reaction mixture was centrifuged
at 2000 rpm (514.28 × 10− 5 g) for 5 min and evaporated to dryness
under reduced pressure to remove TFA. The hydrolysed and dried
samples were redissolved in 1 mL of distilled water. The hydrolysed
sample was labelled by adding 30 μL of NaOH (0.3 M) and 20 μL of PMP
solution (0.5 M in methanol). The mixtures were incubated at 70 ◦C for
60 min, cooled to room temperature, and neutralised with 30 μL of HCl
(0.3 M), 1 mL of trichloromethane was added, and, after vigorous
shaking and layering, the organic phase was carefully removed and
discarded. Before HPLC analysis, the aqueous layer was passed through
a 0.45 μm syringe filter. Standard solutions of the Rha, Ara, Xyl, Man,
Glc, Gal, Fuc, Rib, GlcA, GalA, di-GalA, and tri-GalA (0.1 μM) were also
treated as described above. The PMP-labelled monosaccharides were
analysed using an Agilent 1260 HPLC system (Waldbronn, Germany)
consisting of a G1311C Quaternary pump, G1329B autosampler
(0.1–100 μL), G1316A column oven (273–333 K), G1315D-DAD detec-
tor (190–950 nm), and 1260 Infinity II Analytical-Scale Fraction Col-
lector. The analytical column was a TC-C18 column (4.6 mm× 250 mm,
5 μm; Agilent). The injection volume was 20 μL with an eluant flow rate
of 1.0 mL/min at 35 ◦C. mobile phase A was 100 % acetonitrile, and
mobile phase B was a mixture of distilled water and acetonitrile (90: 10,
v/v) with 0.045 % KH2PO4–0.05 % triethylamine buffer (pH 7.5);
gradient elution was performed at 94–94–88-88 % B with linear de-
creases at 0–4–5-20 min. The UV detection wavelength was set at 245
nm (Ai et al., 2016; Vojvodić Cebin et al., 2022).

2.5.2.10. Structural analysis of CP. Information on the chemical struc-
ture of pectin was carried out through enzyme-assisted degradation
(Lemaire et al., 2020; McDonough et al., 2004; Yapo et al., 2007) with
HPLC separation followed by electro spray ionisation – mass spec-
trometry (ESI-MS) (Lin et al., 2022; Xia et al., 2020). Ten mL of the
extracted CP (100mg/mL in 50mMphosphate buffer [pH 5]) was mixed
with 600 units of endo-polygalacturonase (Endo-PG, EC 3.2.1.15 from
Aspergillus niger). The reaction mixture was incubated at 50 ◦C. Every 6
h, 0.5 mL of the reaction mixture was removed and heated to 105 ◦C for
10 min to arrest the reaction. Then, the solution was centrifuged at 5000
rpm (3214.25× 10− 5 g) for 5 min. This hydrolysed supernatant solution
was subjected to the above-mentioned PMP labelled HPLC procedure
supported with a 1260 Infinity II Analytical-Scale Fraction Collector.
The different fractions of the eluted reaction mixture were collected and
subjected to acid hydrolysis to find their monomeric constituents
through PMP labelling. The structure of rhamnogalacturonan fractions
of CP was analysed by double enzymatic hydrolysis followed by HPLC
elution and ESI-MS. More specifically, 2 mL of the rhamnogalacturonan
fractions (10 mg/mL in 50 mM phosphate buffer [pH 5]) was subjected
to hydrolysis by 20 units of rhamnogalacturonan endolyase (Creative
Enzymes [EC 4.2.2.23]) at 50 ◦C for 12 h. The hydrolysed solution was
heated up to 105 ◦C for 5 min to arrest the reaction, and it was centri-
fuged at 5000 rpm (3214.25 × 10− 5 g) for 5 min. The supernatant
containing the hydrolysed fractions was again subjected to hydrolysis
with 20 units of exo-polygalacturonase (Creative Enzymes [Exo-PG, EC
3.2.1.67]) at 40 ◦C for 12 h. The reaction was arrested by heating up to
105 ◦C for 5 min, and then the hydrolysed fraction was centrifuged at
5000 rpm (3214.25 × 10− 5 g) for 5 min. The supernatant containing
double hydrolysed fraction was eluted through HPLC coupled with a C-
18 column and its separated fractions were analysed through ESI-MS as
per the method followed by (Pasarin et al., 2023). The MS system was

equipped with (Agilent Technologies, model 6224 TOF MS) detector.
The system was calibrated using a mass reference solution (ESI-L Low
concentration tunning mix, code G1969–85000, Agilent Technologies).
MS detection was performed using an orthogonal TOF-MS coupled to an
ESI source, with double spray needles for continuous infusion of the
reference mass solution. The drying gas, heated to 350 ◦C, with a flow
rate of 9.0 L/min nitrogen at a pressure of 40 psig (gauge pressure), was
used to dissolve the solution drops. The spray was induced with a
capillary voltage of 3500 V, and the fragmentation voltage was 100 V.
The analyte solution (5 μL), filtered through 0.22 μm PTFE syringe fil-
ters, was injected directly into the MS. Data acquisition and qualitative
processing were performed using Mass Hunter software, version
B.04.00. The data acquisition range was set to 600–2000m/z, with 9894
scans and a scan rate of 1 scan/s.

2.6. Statistical analyses

The analyses were conducted in five repetitions, and the average
value for each analysis was evaluated from the repetitions. The results
are represented in the form of mean ± standard error. Face Centered
Central Composite Design (FC-CCD) experiments were developed for the
extraction of CP, CEs, CMC, and CNCs (Table S1–4). These CCD data
were analysed through the principal component analysis (PCA) frame-
work using the Analyse-It software package to evaluate the influence
and correlation of different treatments on the output parameters.

3. Results and discussion

3.1. Ultrasonic extraction of CP, CEs, CMC, and CNCs

The CCD for the extraction of CEs and CP is given in Table S2. The
maximum yield of pectin (30.28 ± 1.92 % (w/w)) was achieved at 0.05
g/mL solid-to-solvent ratio, with an ultrasonication amplitude of 40 %
and operating time of 10 min. The yield of pectin is higher than 19, 22,
7.4, and 29 % reported in orange peel [PEF extraction (Du et al., 2024)],
grapefruit [DES extraction (X. Lin et al., 2024)], pumpkin biomass
[microwave extraction (Košťálová et al., 2016)], and lemon peel [ul-
trasonic extraction (Panwar et al., 2023)], respectively. The ultrasonic
extraction method gave a higher yield compared to the other extraction
methods plausibly due to more effective disruption of plant cell wall
owing to the cavitation phenomenon lying behind the ultrasound pro-
cess. The corresponding yields of polar and non-polar extractives were
estimated to be 6.91 ± 1.28 (w/w) and 2.98 ± 0.89 % (w/w), respec-
tively. All the extraction data was analysed through PCA to acquire a
better understanding of the extraction pattern and the influence of each
input factor on the output. The mono-plot of the PCA gives a clear
representation of the impact of each factor on the output. The length of
each vector represents the amount of data that depends on the particular
factor, and the angle between the input and output factors represents the
dependency of the output on the input factors. The PCA correlation plot
(Fig. S2 A), mono-plot (Fig. S2B), and bi-plot (Fig. S2C) of the pectin
extraction data revealed that pectin yield is closely related to the
ultrasonication time, with a positive correlation of 0.860 and moder-
ately related to the ultrasonication amplitude, with a positive correla-
tion of 0.274. The data analysis also revealed that an increase in the
solid-to-solvent ratio negatively correlates (− 0.353) to the pectin
yield. These results imply that the extraction of pectin is positively
affected by the ultrasonication amplitude and time. More importantly,
an increase in treatment time plays a significant role in the extraction of
pectin rather than the ultrasonication amplitude. These results also
imply that an increase in solvent quantity plays a substantial role in the
effective extraction of pectin through ultrasonication. The bi-plot rep-
resents the 2-D data of the 4-dimensional extraction data. Principal
component 1 represents 52 % of the data, and the inclusion of principal
component 2 represents 76.5 % of the data. The pectin yield for the
desired run can be plotted within the data limitations of the principal
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component bi-plot.
The PCA correlation plot (Fig. S3 A), mono-plot (Fig. S3B), and bi-

plot (Fig. S3C) of the polar CEs extraction data revealed that polar CEs
yield is equally related to both ultrasonication time (positive correlation
of 0.460) and ultrasonication amplitude (positive correlation of 0.600).
This analysis indicates that an increase in both ultrasonication time and
amplitude impacts significantly (P < 0.05) the extraction of polar CEs.
This phenomenon may be due to the high amount of polar CEs, which
may be released to the solvent phase with nominal amplitude and time.
The PCA correlation plot (Fig. S4 A), mono-plot (Fig. S4B), and bi-plot
(Fig. S4C) of the non-polar CEs extraction data revealed that non-polar
CEs yield is highly influenced by ultrasonication amplitude, with a
positive correlation of 0.591 and moderately influenced by the ultra-
sonication time, with a positive correlation of 0.173. This significant
impact of ultrasonication amplitude may be due to the power require-
ment for the disruption of the integrated cellular structure of CWs to
release triglycerides and fatty acids. Both polar and non-polar CEs yields
have a strong negative correlation with the to-solvent ratio; this may be
ascribed to the need for a high solvent quantity for the dissolution of
CEs.

The residual solid rich in cellulose was estimated to be 57.83 ± 2.36
% (w/w), and the remaining 2 % (w/w) will go as loss during purifi-
cation wash. This cellulose-rich faction also contains 8.15 ± 1.24 % (w/
w) lignin. This lignin fraction was removed by DES-assisted ultra-
sonication treatment. The CCD related to the lignin removal is tabulated
in Table S3. The maximum removal of lignin (97.79 ± 3.59 %) was
achieved in DES soaking time of 12 h, ultrasonication amplitude of 60%,
operating for the ultrasonication time of 15 min. The PCA correlation
plot (Fig. S5 A), mono-plot (Fig. S5B), and bi-plot (Fig. S5C) of the lignin
removal data revealed that lignin removal is closely related to the
ultrasonication time, with a positive correlation of 0.961 and slightly
related to the ultrasonication amplitude, with a positive correlation of
0.283. The PCA also revealed that DES soaking time did not affect the
lignin removal with a correlation value of nearly 0. After removing the
lignin fraction, the extracted yield of CMC was evaluated as 44.12 ±

2.17 % (w/w). This yield was later examined to include ~11 % of
associated hemicellulose, which was removed during the CNC produc-
tion process. Apart from eliminating lignin, there was an additional 6 %
(w/w) solvent washing loss, ascribed to ultrasonic-lysed water-soluble
biomass.

The extracted CMCwas further subjected to CNCs extraction through
glycerol soaking, followed by ultrasonication. The CCD related to the
average particle size distribution of CNCs is tabulated in Table S3. The
least average particle size of extracted CNCs was estimated to be 74.17
± 9.73 nm, but this was obtained at a very high ultrasonication time of
35 min. Therefore, the trial with a significant particle size difference
with the least sonication time was selected from the CCD (36 h glycerol
soaking time with ultrasonication operating amplitude and time of 80 %
and 15 min, respectively). The PCA correlation plot (Fig. S6 A), mono-
plot (Fig. S6B), and bi-plot (Fig. S6C) of the CNCs conversion data
revealed that the average particle size of the CNCs heavily depended on
the ultrasonication time and ultrasonication amplitude, with corre-
sponding correlation values of − 0.668 and − 0.432. The negative nature
of the value relies on the reduction of the average particle size. The
glycerol soaking time moderately influences the particle size reduction
of CNCs. The bi-plot of the PCA reveals that the selected component
axes, PC1 and PC2 represent 46 % and 29.5 % of the nanocellulose
conversion data, denoting the effective arrangement of the four-
dimensional data in the 2D plot. The yield of CNCs from CWs was esti-
mated to be 32.58 ± 2.76 % (w/w), with nearly 10 % (w/w) solvent
washing. This loss can be ascribed to the removal of amorphous hemi-
cellulose components from the crystalline backbone of cellulose.

3.1.1. Advantages of the proposed process compared to the other methods
of extraction

The most conventional method of pectin extraction is acid-based (pH

—1-2.5), high-temperature-mediated (70–100 ◦C) extraction with a
solid to solvent ratio between 10 and 40 w/v operating for 30 to 120
mins. (Panwar et al., 2024) achieved a pectin yield of 22.20 % (w/w)
with the conventional method from citrus limetta peels. (Siddiqui et al.,
2021) achieved a pectin yield of 25–38 % (w/w) from the sweet lime
peel with the ultrasonication-assisted extraction method with a solvent-
to-solid ratio of (18:1 to 30:1), operating at the intensity of 48 to 80 %
amplitude for 15–35 min. (Rahmani et al., 2020) achieved a pectin yield
of 25.31% (w/w) from the sweet lemon peel with an acid-based (pH -1.5
to 3.25) microwave-assisted extraction method with a solvent-to-solid
ratio of 18:1 to 30:1, operating at 700 W power for 3 min. (Chiang &
Lai, 2019; Liew et al., 2016) Chiang achieved 6.84 % (w/w) of pectin
mucilage extraction from Asplenium australasicum and Liew achieved
7.12 % (w/w) of pectin extraction from passion fruit peel using an
enzyme-assisted extraction method. Recently, supercritical solvent,
subcritical solvent and plasma extraction methods have gained more
attention among researchers. Among these recent extraction methods,
supercritical and plasma extraction methods are mainly employed to
extract bioactive. (Liew et al., 2018) employed the subcritical water
extraction method and achieved 19 % (w/w) pectin yield from Citrus
grandis peel. All the above-mentioned recent extraction techniques only
focus on the extraction of pectin from the peels and don’t give an overall
process technology for the complete valorisation of the wastes. The main
advantage of the process proposed in our work is the series of
ultrasonication-based procedures for completely valorising the citrus
wastes. To the best of our knowledge, (Al Jitan et al., 2022) have only
reported the extraction of cellulose from citrus waste till now, and a
sequential procedure for the extraction of extractives, pectin and nano
cellulose from citrus waste has not been reported elsewhere. The
chemical composition mass balance of the dried CW with the corre-
sponding extraction yield achieved in the proposed ultrasonication
process is tabulated in Table S6. We have achieved >90 % extraction
efficiency for extractives, pectin and nano cellulose from citrus wastes
with the possible recovery of hemicellulose and other compounds from
washing solvents for further utilisation as feedstock in microbial pro-
duction of biomolecules.

3.1.2. Scalability of the proposed process
Except for hexane, which is used to extract non-polar components in

CW, All the solvents used to extract pectin, cellulose, and polar bioactive
are eco-friendly. Thus, the proposed process is easily scalable; we have
scaled up the process from 100 g to 500 g with the proposed process. The
pilot scale trials are required to scale up the process further. The
extraction of polar and non-polar components can also be investigated
using supercritical solvents to avoid the usage of hexane in the given
process. After the pilot scale trials, the proposed process will be trans-
ferred to our industrial partners.

3.1.2.1. Chemical characterisation of polar and non-polar CEs. The polar
and non-polar CEs were analysed for their chemical constituents by
liquid chromatography/mass spectrometry. The chemical constituents
of polar and non-polar CEs are tabulated in Tables S7 and S8, respec-
tively. The citrus peels are rich in aromatic phenolic compounds, such as
terpenes, limonene (Lubinska-Szczygeł et al., 2018), and fatty acids such
as stearic acid, linoleic acid, and linolic acid (Matsuo et al., 2019). The
polar CEs of CWs were examined to be rich in hesperidin (17.13 ± 2.54
%), sucrose (16.95 ± 1.75 %), narirutin (9.70 ± 1.16 %), citric acid
(7.76 ± 1.28 %), linoleic acid (4.21 ± 1.55 %) and trace amounts of
other compounds. The major constituent hesperidin is a flavonoid
having high antioxidant, anti-inflammatory, and anticancer activities
(Iranshahi et al., 2015; Kırcı et al., 2023). The concentrated hydrophobic
liquids present in plant cells are called essential oils. The citrus peel is a
valuable raw material for essential oil extraction. It is composed of
volatile aromatic chemicals and makes about 0.5–5 % of the fresh
weight of citrus peel (Singh et al., 2021). The extraction of essential oils
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from citrus fruit manufacturing wastes drew the attention of several
researchers. Steam distillation (Chen et al., 2016), solvent extraction
(Teigiserova et al., 2021), mechanical expression (Yi et al., 2018), mi-
crowave (Chen et al., 2016), and critical fluid (Menichini et al., 2011)
extraction are some of the techniques used to extract essential oils. The
primary constituent in the essential oils of many citrus species has been
reported to be the colourless aliphatic hydrocarbon limonene (Singh
et al., 2021). It is a nonoxygenated cyclic monoterpene and is made up of
two isoprene units. It is also frequently used as a flavouring component
in popular foods and is well-known for its pleasant citrus scent. In our
work, CWs were examined only to have traces of limonene; this is due to
the mechanical extraction of citrus flavours from the peels in the in-
dustry. The non-polar CEs of CWs were examined to be rich in tri-
glycerides of 18 carbon and 16 carbon fatty acids, namely TG 54:6 (7.40
± 1.26 %), TG 52:4 (7.18 ± 1.13 %), TG 54:5 (5.64 ± 1.29 %), TG 54:7
(4.53 ± 1.22 %), TG 54:3 (3.49 ± 1.12 %), and trace amounts of other
triglycerides and free fatty acids.

3.2. Characterisation of CP, CMC, and CNCs

3.2.1. Physical characterisation
The particle size of polymers generally represents the compactness

and structural integrity of the molecule, and it depends on the source of
the polymer, molecular mass and intra-molecular interactions between
monomers (Rivadeneira et al., 2020; Zhuang et al., 2019). The particle
size and morphology of macromolecules such as pectin and cellulose
affect their rheological properties; low particle size molecules tend to
have better flow properties and dispersity in water to give good colloidal
solutions (Dogan et al., 2018). The CP and CMC molecules extracted
from CWs were estimated to have an average particle size of 889 nm,
and 640 nm (Fig. 1A), respectively. The observed particle size distri-
bution of CP is higher than the pectin extracted from banana peel
(Rivadeneira et al., 2020), and comparable to the pomegranate peel
pectin (Zhuang et al., 2019). The large average particle size of extracted
CP can be ascribed to its high average molecular weight (167.1 kDa)
observed in HP-SEC analysis (Fig. 1C). The molecular weight of CMC
was estimated to be 109.5 kDa. The average particle size of CNCs

converted from CMCwas found to be 175 nm with an average molecular
weight of 55.3 kDa. This reduced average particle size and molecular
weight of CNCs can be attributed to the effectiveness of the high
amplitude ultrasonic disruption of the amorphous cellulose region (W.
Chen et al., 2011;Harini et al., 2018 ; Harini & Chandra Mohan, 2020).
The DLS particle size measurement can only give the approximate par-
ticle size values of the cellulose crystals, and it cannot give the exact
diameter measurement. This can be attributed to the linear nature of
cellulose fibres. DLS particle size measurements mainly depend on the
scattering of light from colloidal sphere suspensions. Therefore, the
particle size of linear cellulose fibres cannot be measured through the
DLS method, thus it can only be used for fast shortlisting of the process.
Similar observations were also noted and explained by (Gong et al.,
2017) and in our previous studies (Harini et al., 2018; Harini& Chandra
Mohan, 2020). The ζ-potential of the biological polysaccharides should
be above ±30 mV to have a stable dispersion in water (Chu et al., 2020;
Prathapan et al., 2016). The ζ-potential (Fig. 1B) of CP and CMC was
estimated to be − 37.60 mV and − 27.87 mV, respectively. These results
imply that extracted CP can produce stable dispersions with water, but
CMC can produce only agglomerated dispersions. The ζ-potential of
CNCs (− 48.13 mV) was significantly different (P < 0.05) compared to
CMC, forming a stable dispersion in water. The XRD spectra (Fig. 1D) of
CP did not show sharp crystalline peaks. This may be ascribed to the
branched, amorphous nature of CP (Du et al., 2023). The CMC and CNCs
showed distinct crystalline peaks around 22.52◦, ascribed to the 002
crystal structure of cellulose (Harini et al., 2018; Harini & Chandra
Mohan, 2020; Wulandari et al., 2016). The intensity of the crystalline
peak of CNCs at 22.52◦ was observed to be higher than the CMC crys-
talline peak due to the high crystalline nature of CNCs compared to
CMC, which was due to the effective removal of the amorphous regions
during the CMC-to-CNCs conversion process by ultrasonication. The
crystallinity index of CNCs and CMC were evaluated to be 87.85, and
62.16 %, respectively.

Fig. 2 illustrates the thermal degradation properties of the extracted
polysaccharides. The TG traces reported in Fig. 2A show different pat-
terns of mass loss for CP, CMC, and CNCs, revealing that the CMC sample
has the greatest resistance against thermal degradation, whereas CNCs

Fig. 1. A - Particle size of CP, CMC, and CNC; B - ζ-potential of CP, CMC, and CNC; C - molecular weight of CP, CMC, and CNC; D – X-ray diffraction of CP, CMC, and
CNC [CP – Citrus Pectin; CMC – Citrus Microcellulose; CNC – Citrus Nanocellulose].
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exhibits earlier degradation phenomena upon temperature rise. In any
case, the residual mass at 500 ◦C is quite similar among the three
polysaccharides and correspond to about 19 %, 21 %, and 24 % for CP,
CMC, and CNCs, respectively.

To better discriminate the phenomena lying under the mass loss
across the temperature range considered, Fig. 2B, C and D report the
temperature derivative (DTG) of the three TG traces shown in panel A, as
well as the thermal effects involved in the process.

Concerning CP, the DTG trace in Fig. 2B shows three prominent
peaks corresponding to three main events, which clearly involve mass
loss due to thermal effects. Going into more detail, DTG peaks I and II are
associated with two endothermic events that can be ascribed to diffu-
sional and bound water loss, respectively. Similar regions (up to 190 ◦C)
are also observed in the literature for CP’s water loss (W. Wang et al.,
2016; Wani & Uppaluri, 2023). Instead, peak III, which is associated
with the greatest CP mass loss and shows a maximum at about 222 ◦C,
reflects the pyrolytic decomposition of the polysaccharide, as confirmed
by the exothermic event recorded in the heat flow trace between 190 ◦C
and 260 ◦C. According to the literature, the galacturonic acid chains
start to undergo thermal degradation during this interval, leading to the
evolution of several gaseous products (due to decarboxylation) and to
the formation of solid char (Einhorn-Stoll et al., 2007; W. Wang et al.,
2016). The latest part of the DTG trace (above 260 ◦C) shows a slower
mass loss ascribable to further thermal degradation of the remaining
char, as confirmed by the small exothermic contributions exhibited by
the heat flow trace.

Analogously to CP, CMC also exhibits a multi-stage thermal degra-
dation behaviour with three main mass loss events. Although less
marked than CP’s, CMC’s peaks I and II are ascribable to diffusional and
bound water loss, as already observed in the literature for orange peel
cellulose crystals with a similar size distribution (L. Chen et al., 2024).
Peak III is again associated with the pyrolytic degradation of the poly-
saccharide, as revealed by the exothermic event recorded by the DSC
trace and occurring through the breakdown of the glucosidic structure,
aromatisation and formation of carbonyl compounds (Lichtenstein &
Lavoine, 2017). Across peak III interval, i.e., from 210 ◦C to 350 ◦C with
a peak maximum of about 325 ◦C, CMC undergoes a weight loss of about
50 %, and then a slower decomposition process of the pyrolysis residue
continues.

Finally, CNCs share peak I with CMC, which is attributable to
diffusional water loss. However, the loss of bound water within the peak
II region appears to overlap with a more extended and anticipated mass
drop due to the thermal degradation of cellulose chains as the observ-
able overall exothermic effect reveals (peak maximum at about 147 ◦C).
The peak appears broader and shouldered, indicating a distribution of
CNC particles with different stabilities that may be correlated with the
two main CNC size populations already described in Fig. 1C. A third
mass loss peak is also visible at higher temperatures and may again be
associated to a pyrolytic degradation of the polysaccharide, as revealed
by the exothermic event recorded by the DSC. Comparing CNCs with the
CMC behaviour, we may argue that the degradation processes are of the
same nature, but the main CNCs degradation event (corresponding to a

Fig. 2. A – Thermogravimetry of CP, CMC, and CNC; B – DTG and DSC thermogram of CP; C – DTG and DSC thermogram of CMC; D – DTG and DSC thermogram of
CNC [CP – Citrus Pectin; CMC – Citrus Microcellulose; CNC – Citrus Nanocellulose].
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weight loss of about 35 %) is clearly anticipated, indicating a less stable
system. Similar early degradation for CNCs is also reported by Phan-
thong et al. (2015), though in the case of materials that underwent
hydrolysis (Phanthong et al., 2015). In any case, literature reports that
CNCs often exhibit lower stability than CMC depending on the extrac-
tion process (Onkarappa et al., 2020) and natural source (Harini &
Chandra Mohan, 2020).

Fig. 3 illustrates the macro structures of CP, CMC, and CNCs. The
extracted CP was observed to be a coarse powder with irregularly sha-
ped amorphous solids. Dogan et al. (2018) studied the morphology of
various hydrocolloids and reported that pectin is an irregularly shaped
macromolecule. Wang et al. (2017) reported that pectin is an irregular
amorphous solid in powder form, while forming interconnecting net-
works with hydrogen bonds to give fibrous layers when it is dissolved in
water. CMC was observed to be a linear bundle of crystalline cellulose
fibres stacked above one another and connected by amorphous hemi-
cellulose layers. Anari et al. (2024) worked on the extraction of cellulose
from walnut shells with DBD plasma and reported a similar influence of
hemicellulose and lignin in microcellulose structure. In our work, we
effectively separated the CEs and lignin from the native citrus cellulose
using DES-assisted ultrasonic treatment. CNCs appeared to be crystalline
needle-like whiskers, evidencing the effective removal of amorphous
hemicellulose connecting layers from the backbone of crystalline cel-
lulose. This size reduction and removal of amorphous regions of cellu-
lose can be ascribed to the effective ultrasonic disruption of these
regions (Chen et al., 2011; Cheng et al., 2009; Harini et al., 2018; Harini
& Chandra Mohan, 2020). The size and macro-morphology of CNCs
were measured further with AFM. The height parameters of the AFM
surfaces were analysed using the ISO 25178 method, and the average
width of the nanocrystals was found to be 56.3 nm with an average
aspect ratio of 1.96, respectively. This parameter falls within the defi-
nition of cellulose nanocrystals described by other researchers (Cellulose
Nanocrystals (CNC or NCC): These are rigid rod-shaped monocrystalline
cellulose domains (whiskers) with diameters ranging from 1 to 100 nm
and lengths spanning from tens to hundreds of nanometers (Bai et al.,
2009; Thomas et al., 2020; Trache et al., 2020)). This overall height
profile of AFM within 100 nm proves the effectiveness of the ultra-
sonication treatment in CNCs production.

3.2.2. Chemical characterisation
FTIR spectra of polysaccharides extracted from CWs are shown in

Fig. 3A, and their band assignments are tabulated in Table 1. CP showed
its characteristic peaks of O–H stretching (3287 cm− 1), C–H stretching
(2918 cm− 1), C––O stretching (1645 cm− 1), C-O-C glycosidic stretching
(~1100–1000 cm− 1), and sugar ring skeletal vibrations (1148, 1104,
and 939 cm− 1). Other researchers observed and reported similar band
assignments (Qi et al., 2023; Wang et al., 2023; Xia et al., 2020). The
galacturonic acid content (GAC) of pectin can be estimated using the
FTIR carbonyl peak area correlation (Monsoor et al., 2001), whereas the
esterification degree (DE) of pectin can be calculated by correlating the
FTIR ester (~1700 cm–1) and carbonyl peak area (Yu et al., 2021). In
this work, the GAC and DE of extracted CPwere estimated to be 61.81%.
and 59.92 %, respectively. CMC showed its characteristics peak of O–H
stretching (3343 cm− 1), C–H stretching (2922 cm− 1), C––O stretching
(1632 cm− 1), C-O-C glycosidic stretching (~1100–1000 cm− 1), and
sugar ring skeletal vibrations (1148, 1104, and 939 cm− 1). CNC showed
its characteristics peaks of O–H stretching (3335 cm− 1), C–H stretch-
ing (2929 cm− 1), C––O stretching (1731 cm− 1), C-O-C glycosidic
stretching (~1100–1000 cm− 1), and sugar ring skeletal vibrations
(1148, 1104, and 939 cm− 1). Other researchers observed and reported
similar band assignments for micro and nanocellulose (Javier-Astete
et al., 2021; Md Salim et al., 2021). The crystallinity index of cellulose
can be measured by calculating the difference in peak areas of 1430
cm− 1 and 898 cm− 1 (Karimi & Taherzadeh, 2016). The crystallinity
index calculated from FTIR analysis of CMC and CNCs was estimated to
be 47.88 and 70.37 %, respectively.

The 13C NMR chemical shift frequencies of polysaccharides extracted
from CWs are illustrated in Fig. 4B, and their resonance frequency as-
signments are tabulated in Table 1. The characteristic chemical shifts of
C1 (101.57), C 2,3,5 (73.59–65.27), C4 (80.30), C6 (53.98), COOCH3
(171.68), and OCOCH3 (17.86) were observed for extracted CP. Similar
chemical shift frequencies were noted for pectins extracted from sweet
potatoes (Nurdjanah et al., 2013), Adansonia digitata (Patova et al.,
2021) and Punica granatum (Shakhmatov et al., 2019, 2020). The GAC of
pectin can be estimated by calculating the difference between the peak
area of C6 and the average peak area of C1–6 (Nurdjanah et al., 2013; Zhu
et al., 2014). The esterification degree of pectin can be estimated by
calculating the difference between the peak area of COOCH3 and the

Fig. 3. Morphology of CP, CMC and CNC – (CP - SEM images of citrus pectin; CMC – SEM image of citrus microcellulose; CNC – SEM image of citrus nanocellulose;
AFM-CNC - 3D AFM image of citrus nanocellulose; AFM-CNC2 - 2D AFM image of citrus nanocellulose].
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average peak area of C1–6 (Nurdjanah et al., 2013; Zhu et al., 2014). The
GAC and DE of CP were estimated to be 54.64, and 40.66 % by NMR
spectral analysis. The micro and nanocellulose extracted from CWs
showed characteristic chemical shifts of 101.11/100.87 ppm (C1),
77.65–67.62/77.90–67.37 ppm (C2,3,5), ~79.80–92.11 (C4), and 64.01/
63.80 (C6), respectively. Similar chemical shift assignments were

observed for cellulose extracted from orange bagasse (M. A. Mariño
et al., 2018), corncob (Rovera et al., 2023) and banana peel (Harini
et al., 2018). The crystallinity index of cellulose can be estimated by
calculating the difference between the crystalline C4 peak area and the
total C4 peak area (Rovera et al., 2023). The crystallinity index of CMC
and CNCs was estimated to be 52.34, and 78.67 % through NMR

Table 1
NMR frequency and FTIR band assignments of CP, CMC, and CNC.

NMR resonance assignments and corresponding GAC, DE, and crystallinity calculations

Samples C1 C2,3,5 C4 C6 COOCH3 OCOCH3

13C chemical shift frequency (ppm)
CP 101.57 73.59–65.27 80.30 53.98 171.68 17.86
CMC 101.11 77.65–67.62 ~79.80–92.11 64.01 nd nd
CNC 100.87 77.90–67.37 ~79.80–92.11 63.80 nd nd
Galacturonic acid content of CP (GAC) 54.64 % Crystallinity index of CMC 52.34 %
Degree of Esterification of CP (DE) 40.66 % Crystallinity index of CNC 78.67 %

FTIR Band Assignments and corresponding GAC, DE, and Crystallinity calculations

Samples O-H stretching
vibrations

C-H stretching
vibration

Ester/Carbonyl C––O
stretching vibration

O-H in plane
bending

C-H bending/CH2

wagging
C-O
stretching

Glycosidic C-O-C linkage
stretching vibrations

Sugar ring
skeletal
stretching
vibrations

Wave numbers (cm− 1)

CP 3287 2918 1701, 1645 1458 ~1300–1380 1240 ~1100–1000, 890
1148,
1104, 939

CMC 3343 2922 1701, 1632 1447 ~1300–1380 1240 ~1100–1000, 890 1148,
1104, 939

CNC 3335 2929 1731 1447 ~1300–1380 1240 ~1100–1000, 890
1148,
1104, 939

Galacturonic acid content
of CP (GAC) 61.81 % Crystallinity index of CMC 47.88 %

Degree of Esterification of
CP (DE)

59.92 % Crystallinity index of CNC 70.37 %

Fig. 4. Chemical characterisation of CP, CMC, and CNCs (A – FTIR spectra; B – CP-MAS NMR spectra; C – HPLC chromatogram of hydrolysed CP; D – HPLC
chromatogram of hydrolysed CMC; E – HPLC chromatogram of hydrolysed citrus CNCs) [CP – Citrus Pectin; CMC – Citrus Microcellulose; CNC – Citrus Nanocellulose;
Std – Standard sugars; PMP - 1-phenyl-3-methyl-5-pyrazolone].
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analysis, respectively. In both FTIR and NMR-derived crystallinity in-
dexes, the crystallinity of CNCs was examined to be higher than CMCs.
This can be ascribed to the fact that high-amplitude ultrasonication
breaks the amorphous regions of cellulose to produce highly crystalline
nanocellulose (Harini et al., 2018; Harini & Chandra Mohan, 2020). It
was also observed that the crystallinity index value evaluated by FTIR
and NMR have a ~ 10 % difference. This difference can be ascribed to
the nature of this analytical method, which can only give the relative
crystallinity of the materials (Karimi & Taherzadeh, 2016).

The monosaccharide composition of the polysaccharides extracted
from CWs was analysed through acid hydrolysis followed by PMP-
derived HPLC analysis. The HPLC chromatograms of CP, CMC, and
CNCs are illustrated in Fig. 4C, D, and E, respectively. The hydrolysed
samples were compared with monosaccharide standards to evaluate the
composition of the polysaccharides both qualitatively and quantita-
tively. The quantitative and qualitative monosaccharide composition of
the CP, CMC, and CNCs are tabulated in Table 2. CP was examined to be
rich in galacturonic acid and galactose. The high amount of galacturonic
acid can be ascribed to the linear polygalacturonic nature of CP. Other
monosaccharides such as galactose, arabinose, glucose, rhamnose,
xylose, and fucose can be attributed to rhamnogalacturonan 1 and
rhamnogalacturonan 2 fraction of CP. Moreover, xylose may also be
attributed to the xylogalacturonan fraction of CP. The monosaccharide
composition of CMC was examined to be rich in glucose, which can be
attributed to the anhydrous glucose backbone structure of cellulose. It
was also found to have a small amount of xylose and trace amounts of
glucuronic acid, galacturonic acid, and galactose. Xylose is the primary
monosaccharide of hemicellulose, constituting xylan (Rao et al., 2023).
Thus, the presence of xylose with trace amounts of other mono-
saccharides may be ascribed to the amorphous hemicellulose layer
connecting the crystalline cellulose backbone. CNCs extracted from CWs
were found to be rich in glucose and trace amounts of other mono-
saccharides. This can be attributed to the high crystalline linear
arrangement of glucose units in CNCs, also evidenced through the
crystallinity index values observed in XRD, FTIR, and NMR analyses.

3.2.3. Structural characterisation
Polysaccharides are complex molecules, which require in-depth

characterisation techniques for elucidating their structure. The struc-
ture of cellulose is well documented and it consists of the linear
arrangement of glucose units by (1 → 4) β-glycosidic linkages. The
structure of CMC and CNCs extracted from CWs, which were found to be
rich in glucose with high crystallinity index and characteristic NMR/
FTIR spectral patterns, were termed to have linear Glu (1 → 4) β-Glu
pattern of holo- or alpha-cellulose and residual amorphous hemicellu-
lose consists of xylan as a significant constituent (Rao et al., 2023).
Meanwhile, CP extracted from CWs is examined as a more complexly
branched polymer of interest in this study. The structure of CP was
elucidated by enzymatic treatment of CP with three different enzymes,

namely endo-PG, rhamnogalacturonan lyase, and exo-PG. The various
fractions of the lysed CP were analysed for their monosaccharide com-
positions and fragmentation patterns. The resulting monosaccharide
compositions were correlated with the ESI-MS fragmentation patterns to
elucidate the putative structure of the CP. The endo-PG hydrolysed CP
sample was collected periodically at 6, 12, and 18 h intervals. After PMP
derivatisation, the collected samples were eluted through HPLC to
analyse the monosaccharide fractions. The enzyme-hydrolysed fractions
were collected separately and subjected to acid hydrolysis to examine
their monosaccharide composition. The HPLC chromatogram of endo-
PG hydrolysed CP is illustrated in Fig. 5. The CP hydrolysed for 6 h
with endo-PG showed various elution fractions, with primary mono-
saccharide composition of galacturonic acid and di, tri, and other olig-
omeric fractions of galacturonic acid. The presence of these oligomeric
fractions may be attributed to the hydrolysis of the polygalacturonic
acid backbone of CP. The xylogalacturonic acid oligomer fraction was
also observed in the endo-PG hydrolysed CP, attributed to the xyloga-
lacturonan section of the CP structure. After 18 h of endo-PG hydrolysis,
apart from mono-, di-, tri-galacturonic acid, and xylogalacturonan
(ascribing to HG fraction), significant fractions at the retention time of
38.16 and 33.48 min were observed, attributed to the RG-I, and RG-II,
respectively. The monosaccharide compositions of the HG, RG-I, and
RG-II fractions of CP were tabulated in Table 3. The HG fraction resulted
to be rich in galacturonic acid and traces of xylose, galactose, and
arabinose. The RG-I fraction was rich in galactose, galacturonic acid,
arabinose, and rhamnose. The RG-II fraction was examined to be rich in
galactose, galacturonic acid, fucose, arabinose, rhamnose, glucose, and
xylose. The structure of the HG fraction of CP is well documented, and
complete enzymatic hydrolysis of the HG fraction reveals the linear
arrangement of galacturonic acid with (1 → 4) α-glycosidic linkages. The
traces of xylose, galactose, and arabinose in the HG fraction can be
attributed to mono and disaccharide side chains attached to the HG
fractions to give xylogalacturonan part of the CP structure.

The structural elucidation of RG-I and RG-II fractions of CP is more
complicated due to the complexity of branches with multiple monomers.
Thus, CP’s RG-I and RG-II fractions were separated and subjected to
consecutive enzymatic hydrolysis with rhamnogalacturonan lyase and
exo-PG. The resultant solutions were eluted through HPLC, and their

Table 2
Monosaccharide composition of extracted CP, CMC, and CNCs.

Monosaccharides Short form CP CMC CNCs

Composition in mol%

Mannose Man nd nd nd
Ribose Rib nd nd nd
Rhamnose Rha 1.8 ± 0.57 nd nd
Glucuronic acid GluA nd 1.8 ± 0.12 0.30 ± 0.07
Galacturonic acid GalA 79.20 ± 3.56 0.20 ± 0.08 nd
Glucose Glu 0.20 ± 0.07 86.40 ± 2.15 98.50 ± 1.37
Xylose Xyl 1.90 ± 0.73 10.20 ± 1.74 0.90 ± 0.15
Galactose Gal 13.90 ± 1.86 1.40 ± 0.18 0.30 ± 0.11
Arabinose Ara 2.90 ± 1.05 nd nd
Fucose Fuc 0.10 ± 0.03 nd nd

Results are represented in the form of Mean ± S.E.
nd – Not Detected

Fig. 5. HPLC chromatograms of endo-PG hydrolysed CP. [CP – Citrus Pectin;
CP-PGs (6 h) – Citrus pectin hydrolysed with Endo-PG for 6 h; CP-PGs (12h) –
Citrus Pectin hydrolysed with Endo-PG for 12 h; CP-PGs (18 h) – Citrus Pectin
hydrolysed with Endo-PG for 18 h; Std – Standard sugars; GalA: Galacturonic
acid; DiGalA – di-galacturonic acid; TriGalA – tri-galacturonic acid; Xyl –
Xylose; RG1 – Rhamnogalacturonan I fraction; RG2 – Rhamnogalacturonan II
fraction; PMP - 1-phenyl-3-methyl-5-pyrazolone].
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chromatograms are depicted in Fig. S7A&B. The RG-I fraction was
observed to be separated into three fractions, with the release of
rhamnose and galacturonic acid monomers. The RG-II fraction was
observed to be divided into two fractions, with the release of galactur-
onic acid. These separated fractions were further analysed for their
monosaccharide composition through acid hydrolysis and PMP-assisted
HPLC analysis. The HPLC chromatogram of the hydrolysed RG-I frac-
tions 1, 2, and 3 are illustrated in Fig. S7C. The monosaccharide com-
positions of these fractions are tabulated in Table 4. The RG-I fraction 1
and fraction 2 were examined to be rich in arabinose and galactose,
respectively. The RG-I fraction 3 was examined to be rich in arabinose
and galactose at the molar ratio of 1:2. The HPLC chromatogram of
hydrolysed RG-II fractions 1 and 2 are illustrated in Fig. S7D. The
monosaccharide compositions of these fractions are tabulated in
Table 4. The RG-II fraction 1 was examined to be rich in arabinose and
fucose at the molar ratio of 1:3. The RG-II fraction 2 was examined to be
a complex polymeric side chain with major monomers of galactose,
fucose and rhamnose, with traces of glucose, xylose, and arabinose.

The different fractions of RG-I and RG-II were subjected to ESI-mass
spectroscopy analysis to predict their structural makeup. The structural
predictions of the RG fractions relied on the examined molar ratio of
monosaccharides and previously reported fragmentation patterns of
different oligomers of arabinose (Juvonen et al., 2019; Kouzounis et al.,
2022; Shi et al., 2020a; Tsai et al., 2021; Westphal et al., 2010), galac-
tose (Lin et al., 2022; Logtenberg et al., 2020; Yan et al., 2024), the Z-ion
dominance rule, and cross-ring cleavage ions. According to the frag-
mentation patterns noted by (Lin et al., 2022), cross-ring cleavage ions

alone cannot provide sufficient features to differentiate between linear
and branched structures. The Z-ion dominance represents that the in-
tensity of Z-ion is substantially higher than its corresponding Y-ion.
(Logtenberg et al., 2020) coined that this must be considered a
distinctive feature for characterising branched polysaccharides. (C. C.
Lin et al., 2022) investigated the Z-ion dominance rule for linear and
branched polysaccharides and reported that the glycosidic cleavage and
Z-ion dominance preferentially occurred at the side chain of the branch
structures, while linear structures generate C/Y-ions other than B/Z-
ions. These fragmentation patterns were used to confirm the linkage
patterns between monosaccharides. The ESI-MS fragmentation pattern
of RG-I fractions 1, 2, and 3 are illustrated in Fig. 6A, B, and C,
respectively. The fragmentation pattern of RG-I fraction 1 showed an
intense peak around 131.10 m/z, ascribed to the ionisation pattern of
arabinose. Other intense peaks were also observed around 233.05,
365.11, 497.21, and 629.11 m/z, ascribed to 0,2 A-H2O fragmentation
pattern of the degree of polymerisation (DP) 2, 3, 4, and 5, respectively.
This fragmentation pattern of RG-I fraction 1, in correlation with its
monosaccharide composition, is elucidating the putative linear chain of
5 arabinose units linked with (1 → 5) α-glycosidic linkages. Similar
fragmentation patterns were reported for oligomers of arabinose linked
with (1 → 5) α-glycosidic linkages by (Shi et al., 2020a; Westphal et al.,
2010). Thus, the RG-I fraction 1 of CP was elucidated to be an arabinan
with DP5. The fragmentation pattern of RG-I fraction 2 showed an
intense peak around 161.05 m/z, ascribing to the ionisation pattern of
galactose. Peaks around 263.10, 425.15, 587.20, 749.19, 911.24,
1073.15, and 1235.21 m/z illustrate the 0,2 A-H2O fragmentation
pattern of the degree of polymerisation (DP) 2, 3, 4, 5, 6, 7, and 8,
respectively. This fragmentation pattern of RG-I fraction 2, in correla-
tion with its monosaccharide composition, is elucidating the putative
linear chain of 8 galactose units linked with (1 → 4) β-glycosidic link-
ages. This linkage pattern was confirmed by previously reported galacto-
oligomers’ structure and fragmentation patterns (C. C. Lin et al., 2022;
Yan et al., 2024). Thus, the RG-I fraction 2 of CP was elucidated to be a
galactan with DP8. The fragmentation pattern of RG-I fraction 3 showed
intense peaks around 131.12 and 161.05 m/z, corresponding to the
ionisation pattern of arabinose and galactose, respectively. Intense
fragmentation peaks around 263.10, 425.15, and 587.20 m/z elucidate
the linear arrangement of four galactose units, after which fragmenta-
tion peaks around 719.17 and 749.19 m/z elucidates the attachment of
arabinose as well as galactose, with 4th galactose unit. The fragmenta-
tion pattern of the arabinose side chain was observed from 719.17,
851.10, and 983.09 m/z, ascribed to the trisaccharide side chain
constituting arabinose units. The linear fragmentation patterns of
galactose with the side chain of trisaccharide arabinose unit were
observed at 983.09, 1145.19, and 1307.08 m/z, ascribed to 4Gal(3Ara),
4Gal(3Ara)Gal, and 4Gal(3Ara)2Gal structural patterns, respectively.
This fragmentation pattern of RG-I fraction 3, in correlation with its

Table 3
Monosaccharide composition of endo-PG hydrolysed fractions from extracted
CP.

Monosaccharides Short
form

HG RG-I RG-II

Composition in mol%

Mannose Man nd nd nd
Ribose Rib nd nd nd

Rhamnose Rha nd
10.34 ±

1.27
10.23 ± 1.15

Glucuronic acid GluA nd nd nd

Galacturonic acid GalA 96.34 ±

2.17
27.87 ±

2.49
19.74 ± 2.78

Glucose Glu nd nd 5.22 ± 1.15
Xylose Xyl 1.14 ± 1.03 nd 4.98 ± 1.54

Galactose Gal 1.43 ± 0.08
40.51 ±

2.94
25 0.83 ±

3.42

Arabinose Ara 1.09 ± 0.13 21.28 ±

1.68
12.57 ± 1.63

Fucose Fuc nd nd 21.43 ± 1.83

Results are represented in the form of mean ± S.E.
nd – Not Detected.

Table 4
Monosaccharide composition of double enzyme hydrolysed RG fractions from extracted CP.

Monosaccharides + RG-I^ RG-II^

Fraction 1 Fraction 2 Fraction 3 Fraction 1 Fraction 2

Composition in mol%

Mannose Man nd nd nd nd nd
Ribose Rib nd nd nd nd nd
Rhamnose Rha nd nd nd nd 17.87 ± 2.11
Glucuronic acid GluA nd nd nd nd nd
Galacturonic acid GalA nd nd nd nd nd
Glucose Glu nd nd nd nd 8.84 ± 2.18
Xylose Xyl nd nd nd nd 8.82 ± 1.03
Galactose Gal nd 100 66.67 ± 2.15 nd 36.76 ± 1.23
Arabinose Ara 100 nd 33.34 ± 1.53 74.71 ± 2.57 8.92 ± 1.08
Fucose Fuc nd nd nd 25.29 ± 1.13 18.79 ± 1.57

Results are represented in the form of Mean ± S.E.
nd – Not Detected.
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Fig. 6. ESI-Mass Spectra of RG-I Fractions [A – RG-I fraction 1; B – RG-I fraction 2; C – RG-I fraction 3].

Fig. 7. ESI-Mass Spectra of RG-II Fractions [A – RG-II fraction 1; B – RG-II fraction 2].
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monosaccharide composition, is elucidating the putative linear chain of
6 galactose units linked with (1 → 4) β-glycosidic linkages (Yan et al.,
2024) and 3 arabinose units linked together by (1 → 5) α-glycosidic
linkages (Shi et al., 2020b) connected with 4th galactose unit through (1
→ 3) α-glycosidic linkage. This linkage pattern was observed from the
dominance of Z1β over Y1β indicating four galactosyl units at the main
chain and two at the extended linear chain of branched RG-I fraction.
The occurrence of cross-ring cleavage on the penta-hexosyl units 0,4 × 0-
H2O excluded the possibility of 1 → 2;1 → 6 linkages; fragment 0,3A4 and
0,2 A4-H2O (between tetra- to penta-galactosyl) excluded the possibility
of 1 → 4;1 → 6 linkages. The remaining possible structure was 1 → 3;1
→ 2 linkage of arabinose with fourth galactose on the main chain of 1 →
4 extension. The occurrence of 0,2 A-H2O supported the structural
illustration of a tri-arabinan side chain with 1 → 5 linkage from the non-
reducing end. The lack of mono- to di-hexosyl characteristic fragments
in between the 3rd and 5th galactose units supported the structural
illustration of the 1 → 3 linkage between the 4th galactose in the main
chain and the 3rd arabinose in the side chain (C. C. Lin et al., 2022).
Thus, the RG-I fraction 3 of CP was elucidated to be a galacto-arabinan
with DP9.

The ESI-MS fragmentation pattern of RG-II fractions 1 and 2 is
illustrated in Figs. 7A and B, respectively. The RG-II fraction 1 showed
intense peaks around 131.10 and 145.19 m/z, corresponding to the
ionisation mass pattern of arabinose and fucose, respectively. The
fragmentation peaks around 233.25, 365.11, and 511.16 m/z, indicate
the linear arrangement of 2nd and 3rd arabinose units with terminal
fucose units. In correlation with its monosaccharide composition, this
fragmentation pattern elucidates the putative linear chain of 3 arabinose
units and terminal fucose unit linked with (1 → 5) α-glycosidic linkages.
This linkage pattern was confirmed by the similar fragmentation pattern
noted in the arabinan structure, and terminal fucose was confirmed in
correlation with the DP5 fragmentation pattern. The RG-II fraction 2
showed intense peaks around 131.12, 145.19, and 161.05 m/z, corre-
sponding to the ionisation mass pattern of Ara/Xyl, Rha/Fuc, and Gal/
Glu, respectively. The overall fragmentation pattern of RG-II fraction 2
was observed to be a complexly branched heteropolymer. The structure
of this complex side chain was predicted with the Z ion dominance rule,
cross-ring fragmentation peaks, and the probability of having the
monosaccharide in correlation with the molar ratio percentage. The
molar ratio percentages of the monosaccharide in RG-II fraction 2 give
the structural probability of having 4 galactose units, 2 rhamnose units,
2 fucose units, and 1 unit of arabinose, glucose, and xylose in each
fraction. When fragmentation peaks have similar ionisation masses of
two different monosaccharides, it is assigned to amonosaccharide with a
higher molar ratio percentage. The fragmented intensity peak around
217.35 m/z can be ascribed to arabinose/xylose linked with rhamnose/
fucose. The first monosaccharide unit is illustrated as arabinose (A1)
from previous reported structural elucidations, and through the fact that
arabinose has been reported to have linkages with rhamnose in RG-I and
RG-II linear chains (Kaczmarska et al., 2022; Sun et al., 2019; Wu et al.,
2018). The second monosaccharide unit was elucidated as rhamnose
since the molar percentage ratio of rhamnose is higher than fucose, and
it is also evident through the attachments of other monosaccharides as
sidechains to rhamnose unit. (Sun et al., 2019) also reported similar
sidechain attachments with rhamnose units in their RG sidechains
extracted from Panax ginseng pectin. Therefore, the fragmentation peak
was ascribed to rhamnose (A2). The first monosaccharide arabinose
exhibited the 5th carbon attachment fragmentation pattern, as previ-
ously noticed in the RG-I arabinan fraction, evidencing the (5 → 1)
α-glycosidic linkage between arabinose and rhamnose. The fragmenta-
tion pattern of rhamnose (A2), three additional possible glycosidic
linkages in 2nd (2 → 1), 3rd (3 → 1), and 4th (4 → 1) carbon positions.
The fragmentation intensity peak around 379.23 m/z was ascribed to
the attachment of galactose with rhamnose. The fragmentation intensity
peak around 541.11 m/z was assigned to the attachment of two galac-
tose units. Among these three galactose fragments, two galactoses (X1)

were elucidated as side chains of rhamnose and one galactose (A3) in
linear attachment. This elucidation was predicted in correlation with
three possible glycosidic linkages noted in the rhamnose (A2) unit.
Similar side chain arrangements of the rhamnose unit were noted in
previous observations of RG fraction made by (Sun et al., 2019). The
fragmentation intensity peaks around 687.31 and 849.27 m/z were
ascribed to the attachment of terminal fucose (X2) with galactose side
chain and attachment of galactose to rhamnose in a linear pattern,
respectively. The fragmentation pattern of fucose-attached galactose
showed the possibility of (1 → 4) α-glycosidic linkage. The fragmenta-
tion peak around 995.23 was assigned to the attachment of the rham-
nose (A4) unit with galactose (A3) in a linear pattern. The rhamnose (A4)
also showed three possible glycosidic linkages similar to rhamnose (A2).
The fragmentation peaks around 1157.16 and 1319.41 m/z, represent-
ing the side chain attachment pattern of galactose (X11) and glucose
(X11) units with possible (1 → 4) β and (1 → 2) α-linkages, respectively.
The fragmentation intensity peak around 1451.23 m/z represents the
attachment of xylose with either glucose or galactose side chain, with
possible (1 → 2) α-linkage. The fragmentation intensity peak, around
1597.18m/z, can be ascribed to the linear attachment of terminal fucose
with the rhamnose unit with possible (1 → 3) β-glycosidic linkage. There
are various advantages and limitations to the structural elucidation of
polysaccharides done in our study by mass spectrometry analysis. As far
as advantages are concerned: 1) the polysaccharide structural elucida-
tion done in this study relied on various factors such as the molar ratio of
monosaccharides, previously reported fragmentation patterns of
different oligomers and branched polymers, the Z-ion dominance rule,
and cross-ring cleavage ions. Thus, the probability of having the eluci-
dated structural pattern is high compared to other structural analysis
methods, such as NMR; 2) this MS structural analysis method is more
suitable and highly reliable for linear polymers even with a high degree
of polymerisation and branched polymers with a low degree of
polymerisation.

In terms of limitations: 1) to elucidate branched polysaccharides, the
monosaccharides with similar mass fragmentation patterns are hard to
predict (for example, galactose and glucose), thus the elucidated struc-
ture may vary depending on its probability and molar concentration; 2)
the linkage assignments for branched polysaccharides through MS cross-
ring cleavage ion fragmentation pattern require more study with known
structures for facile assignment of bonds.

Fig. 8 illustrates the probable structure of CP in correlation with the
observed fragmentation patterns of different RG-I and RG-II side chains.

4. Conclusion

The water and DES-assisted ultrasonication method effectively ex-
tracts pectin, extractives and microcellulose (CMC) from citrus wastes
(CWs). The glycerol-assisted high-amplitude ultrasonication of CMCwas
examined as an effective method for the stable production of cellulose
nanocrystals. This innovative ultrasonication-based extraction method
is anticipated to significantly contribute to the eco-friendly valorisation
of CWs within a circular economic framework. Both polar and non-polar
extractives of CWs were rich in bioactive compounds and triglycerides of
fatty acids, respectively. These bioactive compounds from citrus sources
have the potential to serve as antioxidant, antimicrobial, anticancer, and
anti-inflammatory agents in various biomedical and food applications.
Furthermore, citrus-derived triglycerides can be utilized to produce fatty
acids for pharmaceutical ointments, moisturizers, and topical products.
The polysaccharides extracted from CWs demonstrated stable physical
and chemical properties. The monosaccharide composition analysis and
ionisation fragmentation pattern of enzymatically hydrolysed CP frac-
tions elucidated the probable heterosaccharide structures. This detailed
structural analysis of complex pectic polysaccharides is expected to
advance the state-of-the-art in the structural analysis of branched
polysaccharides.

Supplementary data to this article can be found online at https://doi.
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