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Molecular modeling and molecular dynamics simulations
reveal the structure and behaviour of CytroCell nanocellulose
in agueous and more complex solutions. Simulations indicate
exceptionally strong stabilisation in water promoted by charged
citrate groups. DRIFT spectroscopy unveils that CytroCell has a
high degree of esterification, corresponding to a lower degree of
crystallinity. These results are relevant to applications of this new
family of nanocellulose sourced sustainably from citrus industry’s
main by-product via the CytroCav circular economy process.
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A COSMO-RS conductor-like screening model for realistic solvation and molecular dynamics simu-
lations conducted in GROMACS were used to gain insight into the structure and behaviour of CytroCell
citrus nanocellulose in aqueous and more complex solutions, including the green solvent dihydro-
levoglucosenone. DRIFT spectroscopy was used to investigate the structure of CytroCell nanocellulose
solid samples obtained via acoustic cavitation of lemon, orange, and red orange industrial processing
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1 Introduction

Nanocellulose is a renewable and biocompatible nanomaterial
with unique chemical and physical properties, including excep-
tional mechanical strength (high Young’s modulus and tensile
strength) while maintaining a low density, making it an ideal
reinforcing material to improve polymer mechanical properties
even at low loadings." Due to its high specific surface area,
improved thermal stability, and excellent optical properties,
including transparency, nanocellulose has uniquely broad
potential for industrial applications in numerous industrial
products and devices.”

However, its large-scale production for industrial applica-
tions has been mainly constrained by the high expense asso-
ciated with current manufacturing methods. These are
characterised by high energy demand, low efficiency, and
substantial waste generation.” Intense research is being
devoted to identifying technically and economically viable
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via the CytroCav circular economy process.

nanocellulose production routes based on green chemistry
principles, including shifting production from wood pulp to
cellulose-enriched agro-industrial biowaste.’

First isolated in 2021 via hydrodynamic cavitation (HC) of
industrial lemon and grapefruit processing waste,* CytroCell is
a unique nanocellulose consisting of submicron cellulose fibers
in which a substantial part of the cellobiose units is esterified
with citrate groups.” Subsequent investigation showed that
CytroCell can be sourced from industrial citrus processing
waste (CPW), using either HC or acoustic cavitation (AC)
conducted in water only.® Dubbed CytroCav, this new process
is promising from the industrial application viewpoint for the
lack of effluents, the low energy demand, the small amount of
lignin in CPW,” and the unique properties of these new
nanocellulose and unique pectin (named IntegroPectin) bio-
product families.

Readily dispersed in water or dissolved in dihydrolevo-
glucosenone (or Cyrene), the lemon CytroCell nanofibers
impart for example pronounced chemical and physical stabi-
lity alongside vastly enhanced proton conductivity to poly-
meric membranes suitable for large anion exchange
membranes.®

Lemon CytroCell obtained via HC consists of rod-like cellu-
lose microfibrils 0.5-3 pm long whose section varies between
110 and 420 nm.” Grapefruit CytroCell obtained via HC consists
of longer, ramified microfibrils whose diameter varies from
500 nm to 1 um,’ whereas red orange CytroCell obtained via AC
consists of elongated microfibers with a rod-like structure, 0.5-
1.0 um long with a section of about 100-200 nm.®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Studying lemon* and red orange® CytroCell using Fourier
transform infrared (FTIR) spectroscopy, Pagliaro and co-
workers made the hypothesis that in both CytroCell samples
the sharp absorption bands at 1742 and 1648 cm™ ' are the
stretching signals of the free and esterified carboxylic groups
of citric acid in cellulose citrate formed as a result of the
esterification reaction between the primary alcohol group of
cellulose and the residual citric acid present in CPW. In this
study, we investigate the structure of CytroCell through two
complementary approaches: a computational study in aqueous
solution and experimental structural characterization of solid
samples using diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy.

The conductor-like screening model for real solvents
(COSMO-RS) and molecular dynamics simulations conducted
in GROMACS was used to gain insight into the structural and
behavioural study of CytroCell in aqueous and more complex
solutions. Furthermore, the scope of the molecular dynamics
study is expected to expand by incorporating additional sol-
vents, specifically Cyrene, its geminal diol, as well as binary and
ternary mixtures of these solvents.

DRIFT spectroscopy was employed as a tool for characteriz-
ing CytroCell solid samples obtained from the AC treatment
of lemon, orange, and red-orange processing residues, focusing
on the degree of esterification and other structural features of
the cellulose nanofibers.

Both investigations aim to provide a deeper understanding
of the structural properties and potential functional benefits of
CytroCell nanocelluloses sustainably sourced from different citrus
fruit biowaste, supporting further utilization in diverse practical
applications in various industrial and technological contexts.

2 Results and discussion
2.1 Structural basis for cellulose citrate modelling

This section outlines the foundational concepts and design
choices for modelling citrate esters of cellulose, integrating the
molecular structure of the polymer, the properties of the citrate
moiety, and the rationale for the resulting oligosaccharide
structures used in this study.

o. OH! oL

m = m
(2a), P (2b) (2a) P (2b)
H<)0 oH OH H'“@0 o OH

(2) (b)

View Article Online

Materials Advances

Cellulose is a B-1-4 linked p-glucopyranose (B-Glcp) homo-
polymer. Most available structures for molecular dynamics
simulations are crystalline, typically adopting fibrillar con-
formations. These structures are generally generated using
specialised online platforms®'® or dedicated scripts.'* The
resulting conformations can be homopolymers or heteropoly-
mers, either linear or branched, with a vast range of possible
structures. However, these tools do not allow for the incorporation
of non-standard residues, such as glucopyranose units derivatised
via esterification with citric acid or related compounds.

Citric acid is the 2-hydroxypropane-1,2,3-tricarboxylic acid.
The three primary dissociation constants (pK, values) for this
triprotic acid are reported as follows: pK,; = 3.13, pKa, = 4.76,
and pK,; = 6.40."* Fig. 1 shows the structure of the acid and its
three deprotonated forms."?

The esterification of glucopyranose monomers can occur at
various hydroxyl groups, but certain positions are more reactive.
The primary hydroxyl group at C6 is often the most reactive and
easily esterified due to its greater accessibility and lower steric
hindrance.” Secondary hydroxyl groups at C2, C3, and C4 can
also be esterified, with their specific reactivity influenced by
reaction conditions and steric effects. For this study, esterification
was modelled primarily at the C6 position. The conversion of a
carboxylic acid to an ester moiety alters the electronic environ-
ment, replacing a strongly electron-withdrawing acid group with a
moderately electron-withdrawing ester, while the central car-
boxylic acid remains ionized at pH 6. This modification increases
the electron density at the remaining terminal acid group, poten-
tially elevating its apparent pK, above that of free citrate (~6.4).
The final structure of the monoanionic citrate ester of [-b-
glucopyranose used for all subsequent modelling is depicted
in Fig. 2.

This integrated structural analysis directly informed the
calculation of partial charges for force field parametrisation
and the design of the oligomeric structures employed in the
subsequent COSMO-RS and molecular dynamics simulations,
as well as the methods and tools used to construct the models
and refine their parameters.

The construction of a cellulose I-f nanofibril was performed
using Cellulose-Builder,"" configured with periodic boundary
conditions along the chain axis only.

OH
pKa,
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Fig.1 Citric acid and its successive deprotonated forms. (a) Citric acid (fully protonated), (b) citrate monoanion (monodeprotonated form,
corresponding to pKy1), (c) citrate dianions (corresponding to pK,,) and (d) citrate trianion (corresponding to pKj,z).
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Fig. 2 Structure of a monoanionic citrate ester of B-p-glucopyranose
residue. The atomic numbering shown (C1-C6) is that of the glucopyr-
anosyl ring according to IUPAC carbohydrate nomenclature.

The resulting nanofibril contained 36 chains of 20 B-Glcp
endo units each. A monoanionic citrate molecule was then
geometry-optimised (Avogadro,'* MMFF94 force field"’) and its
low-energy conformational space was explored using CREST"®
with the partially polarisable GFN2 force field. The optimised
structure was validated against a DFT-optimised geometry
(B3LYP/6-31G* in GAMESS"). This optimised citrate fragment
was used to esterify the Cé6 hydroxyl group of selected B-Glcp
residues within a single cellulose chain extracted from the
nanofibril. Partial charges and geometry for the modified units
were refined using the COSMO continuum solvation model in
OpenMOPAC,"” with parameters systematically compared
against the GLYCAMO6h force field'® to ensure consistency.

Due to computational constraints, a smaller oligosaccharide
model was ultimately derived for the simulation studies, con-
sisting of five B-Glcp residues with two esterified units (40%
degree of substitution, Fig. 3, consistent with the experimental
results shown in the following section).

This structure corresponds to the first five residues of the
modified chain, with terminal groups restored and electrical
neutrality maintained by adding sodium ions. This model
represents an optimal balance between computational feasi-
bility and the study of association phenomena, serving as the
basis for all subsequent solubility calculations and molecular
dynamics simulations detailed in the following sections.

Fig. 3 Oligosaccharide used in the molecular dynamics studies (dianionic
form).
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2.2 Solvation behaviour and supramolecular assembly

2.2.1 Solubility prediction and molecular interactions. The
solubility of different charge states of the oligosaccharide
(neutral to trianionic) was predicted using COSMO-RS
methodology,"® which combines quantum chemical calcula-
tions with statistical thermodynamics to estimate physico-
chemical parameters without empirical parameter adjustments.
In order to better reflect the comparability of the effects of
different molecular interactions on solubility, the non-iterative
model of the calculation is used: the molar solubility of solute 7 in
pure solvent or mixed solvent (x;) is calculated according to eqn (1)

pure solvent
Hi — K — AGi,fusion
1 )= ! 1
0g(xi) RT In(10) )
where ;"™ is the chemical potential of solute 7, u;°V*™ is the

chemical potential of solute i in solvent, and AG; ¢sion represents
the Gibbs free energy of fusion. In the following discussion, the
value of log(x;) serves as an indicator of the thermodynamic
compatibility between the solute and the solvent (higher values
indicate greater solubility or stronger thermodynamic affinity of
the compound in the solvent).

Calculations were performed across pure solvents (water,
Cyrene; Fig. 4a, dihydrolevoglucosenone or (1R,5S)-7,8-
dioxabicyclo-[3.2.1]-octan-2-one, Gemdiol; Fig. 4b. Cyrene’s
geminal diol or (1S,5R)-6,8-dioxabicyclo-[3.2.1]-octane-4,4-diol)
and binary mixtures (water-Cyrene, water-Gemdiol, Cyrene-
Gemdiol) at 25 °C.-[3.2.1]-octan-2-one, Gemdiol - Cyrene’s
geminal diol or ((1S,5R)-6,8-dioxabicyclo-[3.2.1]-octane-4,4-
diol, and water) and binary mixtures (water-Cyrene, Gemdiol-
Cyrene, and water-Gemdiol) with different molar fractions
within these mixtures.

In pure solvents, a remarkable solubility gradient was
observed (Table 1), correlating with both solvent properties
and solute charge state.

e In water (the most polar and protic solvent), the oligosac-
charide exhibits the highest solubility across all charge states,
with a remarkable increase as ionization progresses: the neutral
form shows moderate solubility (8.76), while the trianionic
form reaches a significantly higher value (32.93), confirming
the strong affinity of highly charged species for water due to
favorable electrostatic interactions. This is expected since water

Fig. 4 Structures of Cyrene (a) and Gemdiol (b). In aqueous solution, the
carbonyl group of Cyrene undergoes water addition to form the corres-
ponding geminal diol. Equilibrium is established rapidly, with the ratio
between the two forms depending on the amount of water present.2%2*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Log(x) values obtained from COSMO-RS calculations for the
oligosaccharide in its different charge states across the three pure solvents

Pure solvent Neutral Monoanion Dianion Trianion
Water 8.76 13.70 17.87 32.93
Gemdiol 7.89 6.05 3.89 12.12
Cyrene 5.22 —-1.15 —4.89 -9.90

is highly polar and protic, efficiently stabilizing ionic species
via electrostatic interactions and hydrogen bonding.

e In Gemdiol (solvent with intermediate polarity and protic
nature), solubility values are lower than in water, especially for
the anionic forms, indicating a reduced ability to stabilise
negative charges.

e In Cyrene (polar but aprotic solvent), solubility decreases
dramatically, becoming negative for the more highly charged
species. The neutral form is moderately soluble (5.22), but the
monoanionic, dianionic, and trianionic forms exhibit negative
log(x) values, indicating poor solubility. This suggests that
cyrene is incompatible with highly charged oligosaccharides,
likely due to its limited ability to stabilise ionic species.

The behaviour in binary mixtures revealed complex, charge-
dependent solvation phenomena. For the water-Cyrene mix-
tures the complete set of results is compiled in the heatmap
below (Fig. 5), which presents solubility values log(x) as a
function of the water fraction in the mixture for the four charge
states.

Regardless of the charge state, all compounds exhibit a
similar trend at low water fractions: in pure Cyrene, solubility
reaches its lowest values for all species. The neutral form,
although only slightly soluble, still shows a positive value in
pure Cyrene. However, this aprotic solvent fails to stabilize the
ionized forms, resulting in increasingly negative log(x) values as
the charge increases (from charge 0 to —3, the solubility
decreases almost linearly, with a slope of approximately —5).

The addition of water significantly enhanced solubility,
though the neutral compound exhibited a distinct co-solvation

Solubility Heatmap (log(x)

0.0 - 5.22 -4.88
30
0.441413 - 10.24 7.22 4.89 11.14
-25
0.640032 - 11.04 9.40 8.09 16.64
0.752967 - 11.22 10.67 10.19 20.23 - 20
§ 0.825826 - 11.12 11.51 11.77 S1s
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P _
) 10
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2 0.914296 - 10.49 12.57 14.19
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0.984617 - 9.19 13.48 17.03 s
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| | |
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Fig. 5 Heatmap of solubility vs. water fraction for the neutral, mono-
anionic, dianionic and trianionc structures in a water—Cyrene mixture.
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log(x) vs Water Mole Fraction for Different Species

—&— Neutral
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—&— Dianionic
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Fig. 6 Evolution of solubility as a function of water mole fraction for the
neutral, monoanionic, dianionic and trianionc structures in a water—
Cyrene mixture.

effect, reaching maximum solubility at ~75.7% water fraction
(interpolated using a polynomial model, order = 4) before
decreasing at higher water concentrations (Fig. 6).

Water-Gemdiol mixtures showed remarkably similar beha-
viour to water-Cyrene mixtures at high water fractions (>77%),
with Pearson correlation coefficients exceeding 0.99 for all
charge states (Table 2), indicating water’s dominant role in
solvation regardless of cosolvent identity. The slight shift in the
monoanion-dianion inversion point (to 77.0% water fraction)
suggests competitive hydrogen bonding between Gemdiol and
water molecules.

Cyrene-Gemdiol mixtures showed intermediate behaviour,
with Gemdiol providing significantly better charge stabilization
than Cyrene but remaining less effective than water. The
trianionic species exhibited the most dramatic solubility
enhancement upon Gemdiol addition, rising from near-
insolubility in pure Cyrene (log(x) = —9.90) to near-zero values
with just 8.8% Gemdiol fraction.

Although Gemdiol provides the necessary proticity for
enhanced solubilization, its effect remains weaker than that
of water, as evidenced by the lower solubility values observed in
pure Gemdiol compared to pure water. This implies that while
Gemdiol contributes significantly to hydrogen bonding, it does
not replicate the full solvation capacity of water for the charged
species.

Predictions of modelling fit experimental results. In the first
experimental study showing solubility of lemon CytroCell
nanofibers in water and in Cyrene, Fontananova and co-

Table 2 Pearson correlation coefficients comparing the behaviour of
water—Cyrene and water—Gemdiol mixtures at high water fractions
(0.75-1)

Charge state Neutral =~ Monoanion  Dianion  Trianion

Pearson correlation 0.9942 0.9976 0.9996 0.9994

coefficient (om,,m,)
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workers showed indeed enhanced solubility in pure water, with
good solubility also in Cyrene, provided that the CytroCell
nanofibers were further reduced in size via mechanical grind-
ing, followed by immersion in the solvent at room temperature
for 24 h followed by 30 min sonication.?

2.2.2 Molecular basis of solvation phenomena revealed by
MD simulations. Molecular dynamics simulations were
employed to provide mechanistic insights into the solubility
trends predicted by COSMO-RS. All simulations were performed
using GROMACS 2024.5,>* with parameters for the oligosacchar-
ide derived using AmberTools23** and cross-validated against the
GLYCAMO6h force field."® The systems (Table 3) were energy-
minimized and equilibrated under NVT and NPT ensembles at
298.15 K and 1 bar using stochastic thermostats and barostats to
ensure correct ensemble generation.

The stability of a single oligosaccharide (A system, Table 3)
in aqueous solution was first confirmed. Conformational sta-
bility was assessed through 2D density maps (Fig. 7) and RMSD
analysis, which converged to a stable value of approximately
0.3 nm, indicating a well-equilibrated system.

This structural integrity was maintained by an intricate
network of intramolecular hydrogen bonds, with an average
of 4.41 persistent bonds identified throughout the trajectory.
As illustrated in the hydrogen bond occurrence matrix (Fig. 8)
over all frames from the MD-Davis python package,”* the most

Table 3 Summary of system compositions

Number of Number

oligosaccharide of water  Average® box  Concentration
System molecules molecules volume (nm?) (x10 > mol L)
A 1 3154 98.325 £ 0.082 1.69
B 2 3105 97.696 £ 0.043 3.40

¢ Average value over 20 ns of simulation run.

1.2881.5555 1.932.1995 2.8435 3.4875
X (nm)
0 (nm*-3) 66.4 0

1.2881.5555 1.9322.1995 2.8435 3.4875
X (nm)
(nm*-3) 74.9 0

View Article Online
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stable interactions involved the citrate groups (BGL-1-O01 and
BGL-1-004 as donors; BGL-1-O03 as acceptor), highlighting
their role in stabilizing the molecular conformation.

To quantify the solvation structure, radial distribution func-
tion (RDF) analysis was performed on A System. The resulting
g(r) curve (Fig. 9) revealed a highly structured aqueous environ-
ment, with a sharp first peak at 0.165 nm indicating a close and
stable first solvation shell, followed by a minimum and a
second, broader peak at 0.260 nm, suggesting a more dynamic
secondary hydration layer (structured but less stable).

The dynamics of hydrogen bonding were further charac-
terised through kinetics analysis. The hydrogen bond time
autocorrelation function, C(¢) (according to the theory of Luzar
and Chandler®®), was calculated and fitted to a double expo-
nential decay (eqn (2)) to distinguish between fast and slow
relaxation processes. Hence, the parameter adjustment shows
the coexistence of two hydrogen bond populations.

C(t)g, = A1 exp (—%) + Az exp (-é) @)

A; and A, represent the relative amplitudes of two distinct
relaxation processes governing the hydrogen bond autocorrelation
decay. Fig. 10 shows the hydrogen bond autocorrelation function
C(¢) for bulk water (blue) and the water-oligosaccharide system
(green), with corresponding fitted t values.

This analysis revealed that hydrogen bonds between water
and the oligosaccharide exhibited significantly longer lifetimes
({(t)sorL-Bar = 11.66 ps) than those between water molecules in
the bulk ((t)puix = 5.19 ps). The parameters extracted from the
fit—particularly the slower relaxation time 7,, which increased
from 14.33 ps in bulk to 21.13 ps around the solute---demon-
strate that water molecules are temporarily “tethered” to the
oligosaccharide, especially around the citrate moieties.

28435

3.4875

1.2881.5555 1.9322.1995

(nmA-3) 58.7

Fig. 7 2D Density maps of the A system. Left to right, average over z, y and x.
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(a) Matrix of intramolecular hydrogen-bond stability. Donor groups are represented along the x-axis and acceptor groups along the y-axis. Matrix

elements are colour-scaled from lighter shades (least stable H-bonds) to darker shades (most stable H-bonds). (b) Structure of the monoanionic citrate
ester of B-p-glucopyranose (BGL), defining the nomenclature employed throughout this figure (and following figures). *Aglycone linkage/free C6

hydroxyl.
Radial distribution
reference BGL
0,6 T T T T T
I I
0,5 _
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Fig. 9 g(r) curve for the A system with r, distance of water (SOL) from
oligosaccharide (BGL).

Specific citrate oxygen atoms were found to engage in
hydrogen bonding for almost 61% of the simulation time
(Fig. S6), providing a direct molecular explanation for the high
aqueous solubility predicted for the charged species.

The MD methodology confirmed that the aqueous solubility
predicted for anionic species stems from a robust and persis-
tent hydration shell, particularly around the charged citrate
groups, which significantly reduces water exchange kinetics
and stabilises the solute in solution.

2.2.3 Supramolecular assembly and implications. Building
upon the understanding of single-molecule solvation, we next
investigated how these solvation properties influence intermo-
lecular interactions and potential self-assembly. Molecular
dynamics simulations revealed the spontaneous formation of

© 2026 The Author(s). Published by the Royal Society of Chemistry

Double exponential fit of C(t)

1.0 4 +  bulk water
i ——~ Fit bulk water: (1)=5.19 ps
water-oligosaccharide
—=—~ Fit water-oligosaccharide: (1)=11.66 ps
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C(t)
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0.0 1

(I) 1‘0 2‘0 3‘0 4‘0 5‘0
tps
Fig. 10 Hydrogen bond autocorrelation function C(t), in bulk (blue curve)
and in the A system (green curve), with the extracted t values after double
exponential fitting.

stable supramolecular structures between two oligosaccharide
units in aqueous solution (B system, Table 3), providing crucial
insights into the balance between solubility and association.

When two dianionic oligosaccharides were placed in proxi-
mity (initial separation: 0.663 nm), they rapidly associated into
a well-defined suprastructure that persisted throughout the
simulation period. This observation is particularly significant
given the strong hydration shell identified around individual
molecules, suggesting that the same citrate groups that promote
solubility through extensive water interactions can also mediate
intermolecular association when hydration is compromised or
when molecular proximity allows for direct interaction.

The associated oligosaccharides adopted an almost anti-
parallel arrangement, as evidenced by minimal deviation
between their principal axes of inertia (8.872° for major axes,
30.495° and 29.744° for medium and minor axes, respectively).
The center of mass distance between backbones stabilised at
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Fig. 11 2D density maps of the dimer system (B) showing tight association and water exclusion from the interface region.

0.49 £ 0.02 nm, indicating tight molecular packing (Fig. 11).
Water molecules were totally excluded from the interface, as
confirmed by visual examination, 2D density maps and density
profiles along each axis.

Furthermore, the solvent-accessible surface area analysis
provided quantitative evidence of this association. The mea-
sured Solvent Accessible Surface Area (SASA) for the dimer
system (20.997 nm?®) represented a 22% reduction from the
theoretical value expected for two non-interacting oligosac-
charides (26.926 nm?), confirming substantial burial of surface
area upon association.

This significant reduction in solvent-accessible surface area
was primarily driven by the formation of direct intermolecular
contacts, most notably a network of hydrogen bonds. Analysis
of these interactions revealed exceptionally stable intermolecu-
lar connections, particularly between citrate groups (Fig. 12).
Intermolecular interactions dominate in terms of half-life,
persisting for up to 98% of the simulation time, which indicates
exceptionally strong stabilisation of the suprastructure, even
though some intramolecular bonds remain, particularly between

B-BGL-2-06
B-BGL-2-05
B-BGL-2-02

B-BGL-2-001

A-BGL-1-06

A-BGL-1-05

A-BGL-1-03

A-BGL-1-003

A-BGL-1-002

A-BGL-1-004 A-BGL-1-01 A-BGL-1-02 A-BGL-1-03

A-BGL-1-04

the free hydroxyl group at position C6 and a hydroxyl group at
either position C3 or C4 on the same oligosaccharide.

The charge on the carboxylate groups of the citrate moieties
appeared crucial for this stabilisation, facilitating strong
electrostatic complementarity between associating units.

Despite this extensive intermolecular association, the supra-
structure maintained a well-hydrated exterior. Free hydroxyl
groups at positions C2, C3, and C4, along with available donor
groups of the esterified moieties, engaged in extensive hydro-
gen bonding with surrounding water molecules. Radial distri-
bution function analysis confirmed that the hydration shell
surrounding the suprastructure was identical in size to that
observed around single oligosaccharides, indicating main-
tained solvation despite the association.

2.2.4 Integrated solvation-assembly model. The combination
of COSMO-RS predictions and molecular dynamics simulations
has enabled the development of a simplified oligomeric model
explaining cellulose citrate behaviour in solution at the molecular
level. Although significant limitations must be acknowledged
regarding its application to real CytroCell systems, our integrated

100
Iso

A-BGL-1-06 B-BGL-2-02 B-BGL-2-03 B-BGL-2-04

Fig. 12 Matrix of H-bonds between two oligosaccharide molecules (see Fig. 8 for the nomenclature used in the study).
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approach provides valuable insights for solvent selection.
It captures fundamental interactions governing solubility and
association, particularly the crucial balance between charge-
enhanced hydration and intermolecular assembly mediated by
citrate groups.

However, these findings must be interpreted with caution
when extrapolating to CytroCell, which comprises complex
mixtures of polymers and oligomers with heterogeneous
substitution patterns and chain lengths. The supramolecular
associations observed in our dimer system likely represent
simplified analogues of the more intricate networking occur-
ring in real systems, where polydispersity and structural hetero-
geneity may create additional mechanisms for association or
dissolution. Experimental validation is essential to confirm
these predictions. To bridge this gap, we employed diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy
to directly probe the molecular interactions in cellulose citrate
systems, allowing us to compare experimental observations
with our computational findings.

2.3 DRIFT investigation

The infrared analysis begins with the study of cellulose infrared
spectra, which serve as a reference for interpreting the micro-
cellulose bands in the DRIFT spectra of the considerably more
complex CytroCell samples.

The infrared spectra of three cellulose types, wood pulp, native
cellulose and microcrystalline cellulose, treated at different pH
values, are shown in the SI (Fig. S9). For each cellulose type and
each pH, the samples were prepared by adding a sufficient
amount of aqueous solution (at the indicated pH) to form a
suspension, which was left with agitation for 24 hours. This allows
the solvent to penetrate the cellulose fibers and act as a spacer
through a swelling process. After this period, the samples were
filtered, the solvent was allowed to evaporate under ambient
conditions, and the residual solvent was removed by drying in a
vacuum oven at room temperature.

The main conclusion drawn from the DRIFT spectra shown
in Fig. S9 is that the pH of the solution used for swelling the
wood pulp and celluloses does not significantly affect their
structure, as no major changes in band shape or maximum
band position are observed. For discussion and comparison,
the bands observed in the DRIFT spectra of wood pulp and two
cellulose types, after exposure to aqueous solutions at pH 7, are
shown in Fig. 13.

The O-H stretching bands show differences in bandwidth
and maximum position when comparing the DRIFT spectra of
native cellulose with the other two samples. Specifically, native
cellulose exhibits a narrower O-H band with a maximum at
~3330 cm™ ', whereas the maxima for wood pulp and micro-
crystalline cellulose are at ~3280 cm™' (with a noticeable
shoulder at ~3475 em™*) and ~3315 cm ™!, respectively.

This observation suggests that native cellulose displays a
more isotropic hydrogen bonding behavior, with the O-H
stretching maximum corresponding to intermolecular hydro-
gen bonds involving hydroxyl groups of glucose units primarily
in amorphous domains.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 DRIFT spectra of cellulose microcrystalline (red line), native cel-
lulose (blue line) and wood pulp (black line), after swelling and solvent
evaporation at pH 7. The spectra were normalized to the maxima.

In contrast, the broader ¥O-H bands and the ~70 cm™*

shift in maximum observed for microcrystalline cellulose indi-
cate different O-H interactions, significantly influencing the
band shape.

The DRIFT spectrum of wood pulp closely resembles that of
microcrystalline cellulose. However, wood pulp is a more
complex material, comprising cellulose (typically 70-80% or
less), hemicellulose (20-30%, sometimes higher), lignin (1-
2%), and minor constituents.”” Additional bands in the 1730~
1710 em ™' region, attributed to C=O stretching modes, sug-
gest the presence of components other than cellulose, such as
lignin or esterified molecules. The band at 1645 cm ™' can be
directly associated with adsorbed water, as it is straightfor-
wardly attributed to the JSHOH bending mode of water.

Characteristic lignin bands are observed at 1515 cm™
(VC=C of the aromatic ring) and 1239 cm ' (¥C-O). Hemi-
cellulose contributions are largely overlapped with those
of cellulose and lignin, although a feature at ~1070 cm™*
(¥C-0-C) can be specifically attributed to hemicellulose.?®

Sample crystallinity can be inferred from the relative inten-
sity of the band at 1280 ecm ™", corresponding to C-H bending,
which increases with greater crystallinity. Meanwhile, the band
at 1200 cm ', assigned to the C-O-C stretching mode of the
pyranose ring, remains unaffected by crystallinity changes.?®

By estimating the intensities of the specified bands in the
DRIFT spectra, as illustrated in Fig. S10, the crystallinity of
cellulose can be evaluated using eqn (3):®

1

%Cryst. = (1.06 X (I1350/I1200) + 0.19) X 100 (3)

The crystalinity was 47% for native cellulose and wood pulp,
and 87% for cellulose microcrystalline.

The CytroCell sample spectra (4000-850 cm™ ' region) are
presented in Fig. 14, normalized to the »C-O-C band of
pyranose rings (at ~1070 cm ‘). The band structure and
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intensity are very similar for the orange CytroCell samples.
While for the lemon samples, the structure remains compar-
able, but the relative band intensities clearly change.

In the higher wavenumber region, the spectra are domi-
nated by the stretching modes of OH and CH groups (vOH and
vCH), centered at around 3330 and 2925 cm ™, respectively. The
shapes of these bands are very similar, suggesting that all
samples are likely to exhibit comparable hydrogen bonding
behavior. Moreover, this pattern closely resembles the band
structure of native cellulose, indicating great variability in the
interactions of OH groups within the cellulose microfibril
domains. The similarity between cellulose in the CytroCell
samples and wood pulp is reflected by the bands observed at
1070 and 1608 cm™', which are associated with domains
containing hemicellulose.

The main differences between the spectra of cellulose and
CytroCell samples are observed in the 1800-1500 cm ™" region.
As previously mentioned, the feature at 1740 cm™ " in the wood
pulp spectrum may indicate the presence of esterified mole-
cules or components other than cellulose. Assuming this is
related to the degree of esterification, these bands exhibit
significantly higher relative intensity in CytroCell samples,
suggesting that the cellulose chains are more extensively ester-
ified than in wood pulp.

In Fig. 14, the bands associated with the stretching modes
of carbonyl groups (¥C—O), are a very intense band at
~1740 cm™ ", for ester groups, and at ~1640 cm™ " for acid
groups. The asymmetric stretching modes of carboxylates
(vasCOO™) yield several bands in the 1600-1500 cm " region.
In this region, the relative intensities of the ester-related
components are much higher for lemon CytroCell, suggesting
a higher degree of esterification.

The band centered at 1440 cm ' likely arises from over-
lapping modes: 1,,COO~, 1 ,COO~ of the acid groups, and

3330 7

2925

Kubelka-Munk units / a.u.

ya
T T T T T 7/ T T T T T T T T T
3600 3000 2400 1600 1400 1200 1000
Wavenumber / cm™

Fig. 14 DRIFT spectra of CytroCell obtained from lemon (black line), red
orange (red line) and sweet orange (blue line). Spectra normalized to the
band at ~1070 cm™.
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methyl asymmetric deformation (6,sCHj3) of ester groups. Other
bands at ~1370 and ~ 1280 cm ™" are attributed to ¥C-O-C and
J0sCH; modes, respectively, while the very strong band centered
at 1070 cm ™! can be assigned to the several overlapped bands
((C-0O-C)pyranose + YC-OH + 1CC).

The degree of esterification for each sample (percentage of
esterified carboxyl groups) was determined through spectral
analysis in the 1550-1800 cm™ " region. It was calculated as the
ratio of the band areas for esterified carboxyl groups to the total
carboxyl groups (eqn (4)) using a method derived from the
analysis of pectins:***°

DE = Z AVC:Oester/(Z A’/C:Oes!er + A”Czoucid + A,,ascoo—)
(4)

The band areas in the sample’s spectra, used to estimate the
degree of esterification, were determined by decomposing the
850-1800 cm ' range into a sum of Voigt components using
nonlinear least-squares fitting.

Table 4 presents the centers and integrated areas of these
components for the three cellulose samples, along with the
degree of esterification, as determined in accordance with
previous studies.?***

Assessing the amount of hemicellulose in CytroCell samples
based on the infrared spectra is not straightforward because
the bands of hemicellulose and other sample components
overlap. The most relatively intense characteristic bands of hemi-
cellulose are observed around 1070 cm ™" and near 1600 cm ™,
corresponding to C—O0 and v,;COO" vibrational modes, respec-
tively. Additionally, bands associated with the »C-O stretch-
ing and 00O-H in-plane bending modes are observed near
1240 Cm—1‘30,32736

Estimates of the relative contents of hemicellulose (Hcell)
in the CytroCell samples are presented in Table 4. Values
were obtained assuming that the hemicellulose content has a
stronger influence on the band components retrieved by

Table 4 Positions and areas of the band components identified from the
decomposition of DRIFT spectra in the regions 12200-930 cm™* and 1790—
1550 cm™?, along with the degree of esterification (DE), hemicellulose
(Hcell) and crystallinity (% Crys)

Lemon Red orange Sweet orange
CytroCell CytroCell CytroCell
Center Center Center
IR band (em™) Area (cm™') Area (ecm ') Area
YC=O)methyl-cster ~ 1754 8.75 1743 12.32 1742 10.82
(C=0)ester 1730 23.22 1715 11.17 1715 17.20
UC=0)carboxylicacia 1651 25.33 1649 24.36 1648 20.35
uas(coo*) 1605 10.65 1603 15.08 1604 18.96
YC-0-C)pyranose 1160 14.97 1149 20.77 1144 24.39
1108 33.12 1099 30.59 1098 18.82
1068 16.01 1072 10.04 1069 18.44
C-O-C)giycoside 1042 22.05 1049 22.66 1046 18.72
C-OH)pyranose 1014  18.86 1015  21.93 1016 18.75
+ 1(C-Cpyranose 971 11.33 971  16.24 970 14.37
DE — 0.47 — 037 — 0.42
Heell (oc) — 0.14 — 0.14 — 0.21
Cryst. (%) — 78 — 90 — 87

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1 1

deconvolution at ~1600 cm™ - and ~1070 cm™ -, the relative
hemicellulose content by relating the sum of these band areas

to the sum of all band areas (eqn (5)):

Hcell « <Z AVC:ow(CfOfC)Nmm)/

(5)

(Z Avc=0 + Ay,,coo- + Z Ayc—o-c + Az/C—OH)
Using the same approach previously described by eqn (4), the
crystallinity of the cellulose in the CytroCell samples
was evaluated by comparing the ratio of the intensity at
1278 cm ™' to that at 1205 em ™" (I1255/I1205)- The values obtained
(last row in Table 4) show that all the samples exhibit a high
degree of crystallinity, comparable to that of microcrystalline
cellulose. Although the values obtained fall outside the applic-
ability limits of the method (26-76%2>®%) and should therefore be
regarded only as indicative, it is clear that the highest degree of
crystallinity was achieved for the CytroCell samples derived
from orange.

In summary, the degree of esterification is similar across the
three CytroCell samples, ranging from 37% to 47%, with the
lemon derived CytroCell exhibiting the highest value and the
red orange sample the lowest. Furthermore, based on the
proposed simplified method, the submicron CytroCell cellulose
from lemon and red orange appears to have comparable hemi-
cellulose content, whereas the sweet orange sample seems to
contain a higher amount. Finally, the proportion of the cellu-
lose crystalline phase is similar between the two orange sam-
ples, while cellulose in lemon CytroCell shows a lower degree of
crystallinity. A comparison of the crystallinity values with the
degree of esterification reveals an apparent inverse correlation
that is consistent across the three samples. Specifically, a
reduction in the degree of esterification appears to be asso-
ciated with an increase in crystallinity, which may be explained
by the reduced steric hindrance and greater availability of
hydroxyl groups, favoring tighter molecular packing and the
formation of more ordered crystalline domains.

Samples with a higher degree of esterification are expected
to show increased solubility due to increased repulsion
between carboxylate groups in cellulose citrate ester, expansion
in size of the three-dimensional network structure promoting
water infiltration, eventually leading to improved swelling
capacity,®” while samples with a higher hemicellulose content
exhibit decreased solubility. There is no concomitant variation
of these two parameters in the CytroCell samples analyzed,
making it difficult to predict changes in solubility. However,
considering that the lemon CytroCell sample has the highest
degree of esterification and the lowest hemicellulose content, it
is expected to be the most soluble in aqueous solution.

In brief, these results highlight the unique features of novel
nanocellulose CytroCell reproducibly sourced from citrus pro-
cessing waste using the CytroCav circular economy process,
affording in the aqueous phase also the highly bioactive
IntegroPectin bioconjugate.®®

Including use to enhance the mechanical properties of
pectin-based films suitable for therapeutic application,* to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accelerate air lime carbonation,’® and to vastly enhance the
electrical, chemical and mechanical properties of anion® or
proton*! exchange polymeric membranes for electrochemical
applications, this new family of nanocelluloses reproducibly
sourced from citrus biowaste at low cost will be employed in
many advanced industrial products and devices.

3 Conclusions

The computational and infrared spectroscopic study of Cytro-
Cell samples provides important insights into its structural
properties and behavior in solution, as well as its structural
characteristics in the solid state.

The results of COSMO-RS calculations elucidate the interac-
tions of CytroCell nanofibers not only in aqueous solutions but
also in more complex solutions, such as the green solvent
Cyrene. A strong preference for charged CytroCell nanofibers
for polar solvents, particularly water, is unveiled. Consequently,
PH is expected to significantly impact solubility through ioni-
zation equilibria. While Cyrene alone is unsuitable for solubi-
lizing ionized forms, binary Cyrene-water mixtures enable
tunable solubility control.

Molecular dynamics simulations indicate high stability in
water for the oligosaccharide structure comprised of five B-
glucopyranose residues, two of which are esterified (in dianio-
nic form) used in the molecular dynamics studies. The radial
distribution function (and other analysis of the oligosacchar-
ide-water system) reveals a significant structuring degree of
water molecules in the immediate vicinity of the oligosacchar-
ide. The persistent interactions around the oligosaccharide
govern the overall system behaviour. Water remains bound to
the oligosaccharide longer than it does to other water mole-
cules, reflecting structured and organized interactions stabi-
lized by specific sites on the oligosaccharide.

Due to exceptionally strong stabilisation promoted by the
interaction of charged citrate groups, the oligosaccharide units
in solution form a suprastructure consisting of two oligosac-
charides adopting an almost anti-parallel arrangement and
forming a rigid, stable conformation over time. Calculations
also indicate that the water shell surrounding the suprastruc-
ture is identical in size to that of the oligosaccharide alone,
effectively contributing to the overall stabilisation of the
suprastructure.

The citrus CytroCell samples were also analyzed using
diffuse reflectance infrared Fourier transform spectroscopy.
The band pattern of the OH stretching mode suggests that
the hydrogen-bonding structures are comparable in all samples
and that the molecular chain organization is similar across the
samples.

The DRIFT analysis, furthermore, indicates that the cellu-
lose nanofibers exhibit a high degree of esterification, ranging
from 37% in red orange CytroCell to 47% in lemon-derived
CytroCell. An inverse relationship with crystallinity was
observed, where a higher degree of esterification corresponds
to a lower degree of crystallinity. On the other hand, the relative
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hemicellulose content varies from 14% in red orange and
lemon CytroCell to 21% in sweet orange CytroCell.

Combining computational and experimental results, solubi-
lity is influenced by both the degree of esterification and
hemicellulose content. Although these parameters do not vary
alongside in the analyzed CytroCell samples, lemon CytroCell,
with the highest degree of esterification and lowest hemicellu-
lose content, is expected to exhibit the greatest solubility in
aqueous solution.

In general, this approach, applied to CytroCell, by validating
simulations against existing data, will enable the extrapolation
of unreferenced behaviours for future investigations and appli-
cations. Future computational work may use density functional
theory to compare simulated IR spectra with experimental data
and gain further molecular-level understanding of the CytroCell
nanocellulose structure.

4 Experimental section

4.1 Infrared analysis

For infrared analysis, the samples were ground, diluted with
FTIR-grade KBr in an appropriate proportion to ensure the
validity of the Kubelka-Munk assumptions, and homogenized.
The diffuse reflectance infrared Fourier transform (DRIFT)
spectra were recorded using a Bruker Vertex 70 FTIR spectro-
meter equipped with a DLaTGS detector and a Specac diffuse
reflectance accessory. The spectra were scanned over the
4000-600 cm ™' range, with a 4 cm™ " resolution, and were the
result of 100 co-added scans for the sample, referenced against
an equal number of scans for pure KBr as the background. The
spectra were converted to Kubelka-Munk units using OPUS
software, without further correction. The DRIFT data were
processed using Origin software (OriginLab Corporation,
Northampton, MA, USA).
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Supplementary information (SI): Heatmap of solubility vs.
water fraction for the neutral, monoanionic, dianionic and
trianionic structures in a Water-Gemdiol mixture (Fig. S1).
Evolution of solubility as a function of water mole fraction for
the neutral, monoanionic, dianionic and trianionic structures
in a Water-Gemdiol mixture (Fig. S2). Heatmap of solubility vs.
Gemdiol fraction for the neutral, monoanionic, dianionic and
trianionic structures in a gemdiol-Cyrene mixture (Fig. S3).
Evolution of solubility as a function of Gemdiol mole fraction-
for the neutral, monoanionic, dianionic and trianionic struc-
tures in a Gemdiol-Cyrene mixture (Fig. S4). Matrix of H-bonds
between the oligosaccharide and water molecules (Fig. S5).
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Matrix of H-bonds between the citrate groups and water mole-
cules (Fig. S6). 3D representation of the system B suprastruc-
ture (Connoly surface) (Fig. S7). Matrix of H-bonds between the
two oligosaccharide and water molecules (Fig. S8). DRIFT
spectra of cellulose and wood pulp after swelling and solvent
evaporation at different pH’s (Fig. S9). Band relative intensity
used for calculating crystallinity (Fig. S10). See DOI: https://doi.
0rg/10.1039/d5ma01060h.
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