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c Estação Zootécnica Nacional, National Institute for Agricultural and Veterinary Research, I.P. (INIAV, I.P.), Fonte Boa, 2005-048 Vale de Santarém, Portugal
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A B S T R A C T

The growing demand for sustainable and functional materials in the food industry has intensified the search for 
biodegradable systems capable of enhancing food quality, safety, and shelf life. In this context, this study aimed 
to develop and characterise polyelectrolyte complexes based on chitosan and nanocrystalline cellulose at varying 
molar ratios (3:1, 6.5:1, and 10:1), targeting their potential applications as delivery systems or functional in
gredients in food formulations. The nano complexes were evaluated for physicochemical properties, colloidal 
behaviour, and thermal stability. Fourier transform infrared spectroscopy confirmed the formation of hydrogen 
bonding interactions between the biopolymers, while thermogravimetric analysis demonstrated the enhanced 
thermal stability of the polyelectrolyte complexes compared to the individual polymers. Long-term stability tests 
conducted over 30 days at 7 ◦C and 25 ◦C revealed that the 3:1 ratio produced the most stable dispersion, with 
minimal aggregation and consistent particle size. These results highlight the potential of CHI:CNC nano
complexes, particularly at a 3:1 ratio, as promising, thermally stable, and biocompatible systems for applications 
in food technology aimed at improving the performance and shelf stability of bioactive compounds.

1. Introduction

The demand for products and ingredients with broad applications 
focused on performance and effectiveness in the food and pharmaceu
tical sectors has driven the development of innovative delivery systems, 
such as nanoparticle carriers, hydrogels, and nanocomplexes. These 
technologies aim to enhance the functionality, bioavailability, and sta
bility of active compounds. In parallel, the growing need for sustainable 
production has intensified interest in the use of eco-friendly materials 
derived from natural and renewable sources. In this context, poly
electrolytes have emerged as a promising strategy, attracting attention 
as one of the most compelling sustainable research topics and techno
logical innovations [1]. Polyelectrolytes are formed through electro
static interactions between oppositely charged polymers, as well as 

surfactants and chemical ligands, offering a green and efficient pathway 
to fabricate functional materials [2,3].

Among natural polyelectrolytes (PECs), chitosan and cellulose 
nanocrystals (CNC) have demonstrated remarkable potential for the 
development of functional systems. Chitosan is a natural polymer that 
consists of glucosamine residues linked by β-1,4 bonds and randomly 
distributed N-acetyl-D-glucosamine units. It is the second most abun
dant polymer in the world, valued for its non-toxicity, biocompatibility, 
biodegradability, and film-forming properties [3,4]. The cationic nature 
of chitosan enables it to form complexes with a range of anionic poly
mers and other chemical compounds through ionic gelation, such as 
sodium alginate [5], carboxymethylcellulose [6], cellulose nanocrystals 
[7], glutaraldehyde, and sodium tripolyphosphate [8], while pure chi
tosan nanoparticles can be produced through desolation process, which 
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is bases on precipitation. CNC, in turn, is derived from the acid hydro
lysis of cellulose fibres, yielding rod-like particles with high crystallinity, 
aspect ratio (length/diameter), and surface area [9]. To produce CNC, 
sulphuric acid is commonly used in the hydrolysis of cellulose fibres, 
allowing the amorphous regions of the polymer chain to be removed the 
amorphous phase and to be functionalized with sulphonate groups or to 
expose free hydroxyl groups, providing CNC with an anionic character 
that is pH-dependent [10].

Regarding chitosan-based nanocomplexes and other natural poly
mers, many authors report low mechanical strength [11], the formation 
of porous hydrogels [12], and metastable systems [7,13]. It is known 
that several factors influence the formation of chitosan-based nano
complexes, such as pH, ionic strength, molecular weight of chitosan, 
polymer ratio, and stirring speed [11], however the combined effect of 
these factors remains underexplored, impacting methodological repli
cation, reproducibility, stability, and encapsulation efficiency of the 
systems [14,15]. In this context, aiming to evaluate simultaneously the 
influence of multiple variables, the present study aimed, for the first 
time, to optimise the production process of chitosan–CNC nano
complexes (CHI:CNC) using a Box–Behnken design, focusing on three 
critical parameters such as the monovalent salt concentration, the molar 
ratio of ionisable groups, and the pH on the physicochemical, thermal 
and structural properties. A key differentiator of this study lies in the 
comprehension of the pure chitosan–nanocrystalline cellulose nano
complex system, independent of any specific active compound, 
providing essential fundamental insights about the impact of the factors 
on the complexation, stability and reproducibility of the system. 
Therefore, this study can support the application of chitosan- 
nanocellulose complexes as functional ingredients or delivery systems 
to improve food quality, safety, and shelf life. Furthermore, the com
plexes enable the production of materials with high adsorption capacity, 
tunable mechanical properties, biodegradability, and biocompatibility 
for application as active packaging, in regenerative medicine for drug 
delivery and water treatment, which should be investigated through 
future works.

2. Materials and methods

2.1. Material

Chitosan (low molecular weight ~50–190 kDa, ~75–85 % Deace
tylation Degree - DD, ≈0 % Sulfonation Degree - SD, Sigma-Aldrich 
Corporation, USA; Product ID: 448869), derived from fresh shrimp 
shells Pandalus borealis, was purchased from Sigma-Aldrich Corporation 
(USA). Cellulose nanocrystals (CelluForce, Canada; Product ID: 
NCV100, 2–5 nm diameter, 100 μm length, 200–8000 kDa) were ob
tained from CelluForce Corporation (Canada). All other chemicals were 
of analytical grade and used without further purification: hydrochloric 
acid (Neon, Brazil, 37 wt% in H₂O), sodium chloride (FMaia, Brazil, 99 
% purity), and sodium hydroxide (Dinâmica, Brazil). Milli-Q water 
(18.2 MΩ⋅cm at 25 ◦C) was produced using a Milli-Q system (Millipore, 
Italy) and used in all experiments.

2.2. Experimental design

A Box–Behnken experimental design was employed to investigate 
the effects of the molar ratio between chitosan and cellulose nano
crystals (CHI:CNC), the pH of CNC (pH), and the molar concentration of 
NaCl ([NaCl]), as well as the interactions among these independent 
variables, on particle size (nm), zeta potential (mV), and yield (%). The 
level of the factors was selected to achieve a wide area, maintaining the 
pH at acidic conditions, favouring the chitosan solubility. The CHI:CNC 
ratios of 3:1, 6.5:1, and 10:1 were selected based on the stoichiometric 
balance of ionizable groups (amino and sulfonate groups) in each 
polymer, considering the theoretical charge density of both chitosan and 
sulfonated CNC. A design matrix consisting of 13 experimental runs was 

constructed, with the resulting systems from the combination of the 
independent variables summarised in Table 1. The central point (CP) 
was represented by the 13th system, and five replicates were performed 
at this point.

2.3. Preliminary chitosan characterisation

2.3.1. Chitosan purification
Initially, chitosan was subjected to a purification process aimed at 

reducing water-soluble chitooligosaccharides and salt residues present 
in the product batch. The chitosan was washed three times with Milli-Q 
water and recovered using a vacuum filtration system with qualitative 
filter paper (Cat. No. 1004 125, Whatman) [6,16]. Subsequently, the 
chitosan was frozen at − 80 ◦C, lyophilised (FreeZone, 2.5 L, LAB
CONCO), vacuum-packed, and stored in a desiccator at 20 ◦C.

2.3.2. Determination of the viscosity-average molar mass
The viscosity-average molar mass (Mv) of chitosan was estimated 

using the capillary viscometry technique [16,17]. For this, 0.25 g of 
chitosan was dispersed in 100 mL of acetate buffer (0.2 M acetic acid +
0.1 M sodium acetate; pH = 4.41; ionic strength = 0.1 M) [18] and 
stirred magnetically for 24 h. The resulting chitosan dispersion was then 
vacuum filtered (vacuum pump MA039; Marconi®, Brazil) using a 
Buchner funnel fitted with qualitative filter paper. Based on this 
dispersion, four dilutions were prepared (0.05, 0.10, 0.15, and 0.20 
g⋅100 mL− 1). A Cannon-Fenske capillary viscometer (model 513 10, 
Schott®, Germany) was used to measure the flow time of 10 mL of each 
dilution at 25.0 ± 0.1 ◦C. The intrinsic viscosity (‾[‾η‾‾]) was then 
calculated, and from the experimental data, the viscosity-average molar 
mass was estimated to be 463 ± 25 kDa (for details, see Supplementary 
Material; Figure SM1).

2.3.3. Determination of the degree of deacetylation and amino group 
density (NH₃

+)
Chitosan powder was analysed using Fourier transform infrared 

(FTIR) spectroscopy. The degree of acetylation (DA) was then estimated 
from the empirical relationship between the normalized absorbances of 
the peaks at wavenumbers 1320 and 1420 cm− 1, following deconvolu
tion into Lorentzian components using PeakFit software (v.4.12, Sea
Solve Software Inc., 1999–2003) [18,19]. The degree of deacetylation 
(DD) was calculated by simple subtraction [DD(%) = 100 % – DA(%)], 
and the DD of the chitosan used in this study was estimated to be 69.10 
%.

Subsequently, the amino group content of the chitosan was deter
mined using Eq. (1), yielding a value of 3.9681 ± 0.54 mol⋅kg− 1. 

Table 1 
Coded and uncoded variables of Box-Behnken experimental design used to 
optimise the formation of the chitosan-nanocrystalline cellulose nanocomplexes.

Systems Coded variables Uncoded variables

CHI:CNC 
(mol) (X1)

pH 
(X2)

[NaCl] 
(mM) (X3)

CHI:CNC 
(mol) (X1)

pH 
(X2)

[NaCl] 
(mM) (X3)

1 − 1 − 1 0 3 2.6 37.5
2 1 − 1 0 10 2.6 37.5
3 − 1 1 0 3 5 37.5
4 1 1 0 10 5 37.5
5 − 1 0 − 1 3 3.8 0
6 1 0 − 1 10 3.8 0
7 − 1 0 1 3 3.8 75
8 1 0 1 10 3.8 75
9 0 − 1 − 1 6.5 2.6 0
10 0 1 − 1 6.5 5 0
11 0 -1 1 6.5 2.6 75
12 0 1 1 6.5 5 75
13a 0 0 0 6.5 3.8 37.5

a Central point (CP) of Box-Behnken experimental design. CHI:CNC – chitosan 
to nanocrystalline cellulose ratio.
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nNH+
3

mCHI
=

DD
DD × MMD + (1 − GD) × MMA

(1) 

In which nNH₃
+ is the number of moles of amino groups in the chitosan; 

m(CHI₎ is the mass of the chitosan; DD is the degree of deacetylation of the 
chitosan; M₍D₎ = 161.1558 g⋅mol− 1 is the molar mass of the deacetylated 
unit of chitosan; and M₍A₎ = 203.1925 g⋅mol− 1 is the molar mass of the 
acetylated unit of chitosan.

2.4. Preliminary characterisation of cellulose nanocrystals

2.4.1. Determination of sulphonate group density (-O-SO₃− )
The determination was carried out according to the method 

described by [20], in which a 0.55 % w/v suspension of CNC was pre
pared and dialysed using Milli-Q water for 3 days, with successive water 
changes until both pH and conductivity were constant and comparable 
to those of Milli-Q water.

DOWEXTM MonosphereTM 88 H cation exchange resin (DOW 
Chemical Company, USA) was used following the dialysis process to 
ensure full protonation of the sulphate semi-ester groups on the surface 
of the CNC. This treatment replaced all residual cations and anions with 
protons and hydroxide ions, respectively, thereby enabling an accurate 
estimation of the surface charge [20].

The recovered dispersion was then diluted to yield 0.15 g of solids. 
One-third of the diluted dispersion was transferred into a 100 mL 
volumetric flask, along with 2 mL of 0.1 M NaCl solution, and the vol
ume was completed with Milli-Q water. The sulphonate group density of 
the CNC was determined via conductometric titration using a conduc
tivity meter (145A+, Thermo, Orion, USA). Samples were titrated with 
standardised 0.1 M NaOH (standardised using potassium hydrogen 
phthalate), and the equivalence point was identified graphically (see 
graph provided in the Supplementary Material).

All measurements were performed in triplicate. The sulphonate 
group density of the cellulose nanocrystals used in this study was 
determined to be 216.87 ± 9.01 mmol (OSO₃− )⋅kg− 1 (for details, see 
Supplementary Material; Fig. SM3).

2.5. Preparation of biopolymer dispersions and formation of 
nanocomplexes

Previously, 0.5 mg⋅mL− 1 CHI was mixed with a 0.6343 mol⋅L− 1 HCl 
solution (pH = 3.0), and this material was kept under magnetic stirring 
at 25 ◦C for 24 h. Then, the CHI dispersion was filtered using a black 
ribbon quantitative filter, followed by a second filtration using a blue- 
ribbon quantitative filter. Amounts of NaCl (Table 1) were added to 
the CH dispersions, and the resulting aqueous media were stirred for an 
additional 2 h. Finally, the CH dispersions containing NaCl were filtered 
according to the aforementioned procedure.

Analogously, 1.0 mg⋅mL− 1 CNC was added to deionised water, 
placed into an ice bath, and dispersed using an ultrasound device 
(Unique, disruptor model – 19 kHz, 420 W) for 10 min. Then, the CNC 
dispersion was filtered using a 0.45 μm syringe filter (Millipore), and 
appropriate amounts of NaCl (Table 1) were added to the aqueous 
media. The pH of CH or CNC dispersions was adjusted to values from 2.6 
to 5.0 (Table 1), using 1 mol⋅L− 1 NaOH or 1 mol⋅L− 1 HCl.

During the preparation of the nanocomplexes, appropriate amounts 
of CNC dispersions were added to 5 mL of CH dispersions (Table 1) at a 
rate of 0.5 mL⋅min− 1, using a 0.13 mm × 45 mm syringe coupled with a 
peristaltic pump (TECNOPON, LAP-101-3 model). The CHI dispersion 
was kept under magnetic stirring during CNC addition, and the agitation 
was maintained for 10 min after the completion of CNC addition. Sys
tems containing CH and CNC were placed in 50 mL Falcon tubes and 
centrifuged at 13,000 ×g at 4 ◦C for 30 min. Then, the supernatants were 
removed, and the pellets were added to deionised water, placed into an 
ice bath, and redispersed using an ultrasound device (420 W) for 6 min. 
The resulting systems were stored at 7 ◦C prior to further use.

2.6. Yield (%) of nanocomplexes

Firstly, the weight of empty 50 mL Falcon tubes was recorded. Then, 
aliquots of the systems were transferred to these tubes, and their weight 
was recorded again. After centrifugation at 13,000 ×g at 4 ◦C for 30 min, 
the supernatants were removed, and the nanocomplexes remaining at 
the bottom of the tubes were weighed together with the tubes. The yield 
(Y, %) was then calculated using Eq. (2). 

Y(%) =
W − W0

WD − W0
×100 (2) 

In which Wo is the weight of 50 mL Falcon tubes empty, WD is the 
weight of 50 mL Falcon tubes containing the systems, and W is the 
weight of 50 mL Falcon tubes containing the nanocomplex.

2.7. Particle size, polydispersity index, and ζ potential

The particle size, PDI, and ζ potential of CHI, CNC, and nanocomplex 
dispersions were evaluated by dynamic light scattering (DLS) using a 
Zetasizer Nano ZS90 (Malvern Instruments, UK) at 25.0 ± 0.1 ◦C. Ali
quots of the aqueous media were placed in a cuvette to obtain the par
ticle size distribution based on the amplitude of the decay rate, which is 
determined by fitting the normalized temporal intensity correlation 
functions. This analysis was performed in triplicate. The polydispersity 
index (PDI) was then calculated. PDI was estimated from the relation
ship between the hydrodynamic average diameter (d_h) and the stan
dard deviation (SD) using the formula PDI = (SD/d_h)2 for each particle 
distribution.

The ζ potential of the dispersed particles was estimated from their 
electrophoretic mobility. Aliquots of the aqueous media were placed 
into a folded capillary cell (DTS1070; Malvern Instruments, UK) and 
analysed using the Zetasizer Nano ZS90. The cuvette was subjected to a 
controlled electric field, and ζ potential values were calculated using the 
Smoluchowski model for the electrical double layer.

2.8. Atomic force microscopy

To study the size and morphology of the nanoparticles, a drop of the 
appropriately diluted nanoparticle suspension was spread onto a mica 
surface and dried at room temperature. After solvent evaporation, the 
samples were analysed using an atomic force microscope (NT-MDT, 
INTEGRA PRIMA, Russia). Measurements were carried out in intermit
tent contact mode, using a probe with a tip curvature radius of 10 nm, a 
force constant of 10 N/m, and a resonance frequency of approximately 
280 kHz 16.

2.9. X-ray diffractometry

The X-ray Diffractometry (XRD) patterns of CHI, CNC, and nano
complexes (CHI:CNC = 3:1, 6.5:1, or 10:1) were examined using an X- 
ray diffractometer (D8 Advance, Bruker, Germany) equipped with Cu- 
Kα radiation (λ = 0.1542 nm), operating at 40 kV and 40 mA. Scans were 
recorded over a 2θ range of 10◦ to 50◦, at a scanning rate of 0.5 
degrees⋅s− 1. The obtained diffractograms were analysed, and differences 
between them indicated the formation of nanocomplexes. Furthermore, 
XRD analysis was employed to evaluate the influence of the CHI:CNC 
ratio on the degree of crystallinity and the presence of amorphous re
gions in the nanocomplexes. The crystallinity index (CI, %) was then 
calculated as proposed by Segal et al. [21] (Eq. (3)): 

CI(%) =
I002 − Iam

I002
×100 (3) 

where I002 is the maximum intensity (arb. u.) of the 002-lattice 
diffraction, and lam is the intensity of diffraction in the same units at 
2θ = 18◦.
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2.10. Attenuated total reflectance Fourier-transform infrared 
spectroscopy

Fourier-Transform Infrared Spectroscopy analyses were performed 
using a spectrophotometer (Nicolet 6700, Thermo Scientific, USA) to 
study the molecular interactions between CH and CNC in the nano
complexes. Spectra were recorded in the range of 4000 cm− 1 to 400 
cm− 1, with a spectral resolution of 4 cm− 1 and 32 accumulated scans per 
spectrum. Thus, pellets obtained after centrifugation were previously 
freeze-dried, and the analyses were carried out directly on the 
nanocomplexes.

2.11. Thermogravimetric analysis

The thermal behaviour of CHI, CNC, and nanocomplexes (CHI:CNC 
= 3:1, 6.5:1, or 10:1) was evaluated using a thermogravimetric analyser 
(Shimadzu, 60H, Japan). Freeze-dried samples (3–5 mg) were weighed 
using the thermogravimetric analysis (TGA) microbalance and heated 
from 25 ◦C to 700 ◦C at a rate of 20 ◦C⋅min− 1. Nitrogen gas was used as 
the purge medium, with a flow rate of 20 mL⋅min− 1.

2.12. Macroscopic and microscopic stability

The stability of the systems (CHI:CNC = 3:1, 6.5:1, or 10:1) stored at 
7 ◦C or 25 ◦C was monitored over 30 days [22]. Initially, changes in the 
visual appearance of the systems and Tyndall scattering effects were 
observed. Subsequently, the zeta potential, Particle size, and PDI of the 
nanocomplexes were also assessed.

2.13. Data analysis

Statistical analyses were performed using Minitab software, version 
17.0 (Minitab Software Systems, State College, PA). Response Surface 
Methodology (RSM) was applied to the experimental data to optimise 
nanocomplex formation and assess the effects and/or interactions of the 
independent variables (CHI:CNC ratio, pH, and [NaCl]) on the depen
dent responses (Particle size, zeta potential, and yield). A nonlinear 
quadratic model was fitted as shown in Eq. (4): 

Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11X1
2

+ b22X2
2 + b33X3

2

(4) 

In which Y is the measured response associated with each factor-level 
combination; b₀ is the intercept; b₁ to b₃₃ are regression coefficients 
determined from the observed experimental values; X₁ is the molar ratio 
between chitosan and CNC (CHI:CNC), X₂ is the pH, and X₃ is the NaCl 
molar concentration ([NaCl]). The terms X₁X₂, X₁X₃, and X₂X₃ represent 
interaction effects, while X₁2, X₂2, and X₃2 are the quadratic terms.

Regression models were also used to investigate the interaction be
tween storage temperature and time on the dependent variables: zeta 
potential, Particle size, and PDI.

Macroscopic visual aspects and Tyndall effects were described 
qualitatively. Data obtained from AFM, XRD, ATR-FTIR, and TGA ana
lyses of the nanocomplexes were compared with those of CHI and CNC, 
and the results were presented in qualitative terms.

3. Results and discussion

3.1. Optimisation

To optimise nanocomplex formation by reducing particle size and 
increasing zeta potential and yield, a Box–Behnken experimental design 
was applied, involving the independent variables CHI:CNC ratio, pH, 
and [NaCl]. The results for Particle size, PDI, zeta potential, and yield 
obtained from the experimental design are presented in Table 2.

According to Table 2, all systems exhibited suitable values for par
ticle size (151–195 nm), zeta potential (+44.6 to +51.3 mV), and PDI 
(<0,3), being considered ideal for applications in both the food and 
pharmaceutical sectors [23].

Smaller particle diameters enhance adhesion and penetration 
through cell membranes, allowing for more controlled release of 
bioactive and therapeutic compounds encapsulated within these struc
tures [23], thereby improving their efficiency. Regarding zeta potential, 
all nanocomplexes formed (Table 2) exhibited positive values, indi
cating the predominance of chitosan structures on the surface of the 
nanocomplexes. In the context of zeta potential analysis, nanoparticles 
and nanocomplexes with surface charge values above ±30 mV are 
considered more stable, as this charge is sufficient to prevent particle 
aggregation [44]. Finally, concerning PDI, values below 0.3 indicate 
high homogeneity in the particle size distribution.

To investigate the effects of the independent variables (CHI:CNC 
ratio, pH, and [NaCl]) on the dependent responses (particle size, zeta 
potential, and yield), regression model coefficients were estimated and 
are shown in Table 3. Additionally, contour plots are presented in Fig. 1.

The responses were individually fitted using linear regression to 
obtain the models with the best fit and highest coefficient of determi
nation (R2). ANOVA was conducted to identify the statistically signifi
cant terms in each model. Model terms with p < 0.05 were considered 
statistically significant. However, given the high R2 values of the models 
and to preserve the realism of the results, non-significant terms were 
retained in the models (Eqs. (5), (6) and (7)). 

Particle size = 127.983+0.898 X1 +0.032 X2 +2.237 X3

− 0.102 X1X2 − 0.488 X1X3 − 0.053 X2X3 +0.365 X1
2

+0.011 X2
2 +1.915 X3

2

(5) 

Yield = − 2.166+0.123 X1 +0.166 X2 +2.115 X3 − 0.003 X1X2

− 0.010 X1X3 − 0.045 X2X3
(7) 

In which, X1 = CHI:CNC, X2 = pH, and X3 = [NaCl].
A quadratic model was fitted to the particle size and zeta potential 

data, while a two-factor interaction (2FI) model was applied to the yield 
data. All models were statistically significant (p < 0.05), exhibited R2 

values >0.7, and showed no significant lack of fit.
For particle size, the quadratic model revealed positive effects of 

CHI:CNC ratio, pH, and NaCl concentration, with a significant negative 
interaction between the factors (p < 0.05, Fig. 1C). All quadratic terms 
contributed positively to particle size, resulting in nanostructures 
smaller than 200 nm. The interaction between CHI:CNC and NaCl con
centration resulted in the lowest particle size values observed under two 

Zeta − potential = 37.137+0.569 X1 +0.065 X2 +4.121 X3 +0.015 X1X2 +0.014 X1X3–0.017 X2X3–0.071 X1
2–0.001 X2

2–0.482 X3
2 (6) 
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conditions (Fig. 1D): (i) higher NaCl concentrations combined with 
higher CH:CNC ratios, and (ii) lower NaCl concentrations combined 
with lower CHI:CNC ratios. This suggests that, to achieve particle di
ameters as low as 160 nm, a balance between the maximum usable NaCl 
concentration and the CNC dispersion must be considered. One possible 

explanation is that the ionisation degree of CNC and chitosan differs at 
the same pH. For example, at pH 3.8, chitosan is more ionised and 
adopts a more extended conformation compared to CNC. Consequently, 
the presence of an electrolyte may partially neutralise excess charges, 
allowing chitosan molecules to adopt a less stretched conformation, 
which results in partial folding of the formed particles [24].

Regarding zeta potential, the factors also had significant positive 
effects, including significant interactions between CHI:CNC and pH 
(Fig. 1B), and between CHI:CNC and NaCl (Fig. 1A), which provided an 
increase in zeta potential values under conditions of higher CHI:CNC 
ratios and higher NaCl concentrations. This confirms the minor influ
ence of NaCl addition on the surface charge density of the nano
complexes. A similar finding was reported by Prathapan et al. [25], who 
observed that Na+ and Cl− ions did not significantly affect the zeta po
tential of cellulose nanocrystals when the dispersion pH was either 
strongly acidic or basic. Instead, more hydrophobic ions from the Hof
meister series had a greater impact in reducing the zeta potential of such 
colloidal particles.

In contrast, the interaction between pH and NaCl concentration had 
a negative effect, as expected for polyelectrolytes such as chitosan and 
CNC. Changes in the pH alter the degree of ionisation in both chitosan 
and CNC, thereby intensifying Coulombic interactions. However, a 
simultaneous increase in the ionic strength of the medium can reverse 
this behaviour, as ion concentration can attenuate the charges of poly
electrolytes [24]. Despite these findings, it is evident that, regardless of 

Table 3 
Descriptive statistics, regression models for Particle size, Zeta-potential or Yield (%), and fitting indicators of models.

Variable Mean SD Model F-value p-Value R2 Lack of fit

Particle size 168.97 4.53 Quadratic 19.4 0.0004 0.9615 0.5768a

Zeta-potential 47.94 0.98 Quadratic 5.52 0.0174 0.8765 0.1047a

Yield (%) 5.45 1.00 2FI 4.35 0.0300 0.7655 0.4117a

a Not significant; SD – standard deviation.

Fig. 1. Contour graphics for Zeta-potential (A and B), Particle size (C and D), and Yield (E). Chitosan: nanocrystalline cellulose ratio (CH:CNC).

Table 2 
Particle size, Zeta-potential and Yield values for systems of the Box-Behnken 
experimental design.

System CHI: 
CNC

pH [NaCl] 
(mM)

Particle 
size (nm)

PDI Zeta- 
potential 
(mV)

Yield 
(%)

1 3 2.6 37.5 151.23 0.27 47.60 5.07
2 10 2.6 37.5 156.23 0.26 49.47 5.83
3 3 5 37.5 178.40 0.28 45.87 5.71
4 10 5 37.5 175.20 0.28 47.97 6.30
5 3 3.8 0 164.70 0.26 46.83 7.01
6 10 3.8 0 189.97 0.3 44.57 6.66
7 3 3.8 75 193.87 0.27 45.73 4.69
8 10 3,8 75 165.47 0.27 51.30 2.59
9 6.5 2.6 0 157.80 0.3 45.13 2.80
10 6.5 5 0 195.33 0.29 47.90 8.05
11 6.5 2.6 75 163.03 0.26 48.17 6.14
12 6.5 5 75 191.00 0.26 47.93 3.33
13* 6.5 3.8 37.5 158.04 0.27 49.29 5.87

Note: PDI - polydispersity index; CHI:CNC – Chitosan: nanocrystalline cellulose 
ratio.
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the levels of the studied variables, the zeta potential remained positive 
and above +40 mV, which suggests high stability of the nanocomplexes 
in dispersion. Therefore, to optimise this response variable under the 
studied conditions, lower CHI:CNC ratios could also be used to produce 
nanocomplexes in the absence of NaCl.

For yield, the model indicated positive main effects of CHI:CNC ratio, 
pH, and NaCl concentration, while thee interactions CHI:CNC*pH, CHI: 
CNC*[NaCl], and pH*[NaCl] showed negative effects. Fig. 1E shows that 
higher yields were obtained at higher pH values and lower NaCl con
centrations. For example, NaCl concentrations up to ~10 mM and CNC 
dispersion pH between 4.5 and 5.0 resulted in nanocomplex yields of 
approximately 8 %. Given that nanocomplexes are developed for use in 
food, pharmaceutical, and cosmetic industries, high yield is a key factor 
for process scale-up. Therefore, the best formulations were selected 
based on this response variable.

Furthermore, based on the characterisation and stability results, the 
smallest particle size and the highest zeta potential were obtained at pH 
5.0, in the absence of NaCl, independent of the CHI:CNC ratio. There
fore, the study continued using all the three ratios 3:1, 6.5:1, and 10:1 
for subsequent thermal stability evaluations. This approach allowed us 
to focus on differentiating the nanocomplexes according to other critical 
properties—such as crystallinity, intermolecular interactions, thermal 
properties, and stability behaviour—providing deeper insights into how 
formulation parameters influence system robustness and guiding their 
potential application in food and pharmaceutical systems.

3.2. Atomic force microscopy

The morphology of the nanocomplexes was analysed using atomic 
force microscopy (AFM). Sample preparation for this analysis requires 
drying the suspensions on glass slides. Due to the surface tension of 
water on glass, the suspended particles tend to migrate towards the 
edges of the water droplet, where they aggregate and form distorted 
images. This can hinder accurate identification of the materials under 
investigation.

In Fig. 2A, the needle-like structure of an isolated cellulose nano
crystal is visible, with an approximate height of 2 nm, confirming the 
nanodimension and elongated shape of the nanocomplexes. Micro
graphs 2B, 2C, and 2D correspond to nanocomplexes at a molar ratio of 
CHI:CNC 10:1, and display an oval morphology, with dimensions 
ranging between 20 and 30 nm.

When comparing the average diameters observed for both the CNC 
and the nanocomplexes with those obtained by DLS, a considerable 
difference between the values is evident. The larger average diameter 

estimated by DLS can be attributed to the measurement principle, which 
is based on the movement and drag of particles in dispersion, taking into 
account the electrical double layer. This contributes to an increase in the 
calculated particle diameter.

A similar discrepancy was reported by Mukhopadhyay et al. [26] 
when studying the incorporation of insulin into chitosan nanoparticles 
crosslinked with tripolyphosphate. In their study, particle sizes ranged 
between 80 and 120 nm as measured by AFM, but between 200 and 550 
nm by DLS. This discrepancy was attributed to the fact that the hydro
dynamic diameter of freshly prepared nanoparticles measured by DLS is 
larger than the microscopic estimate due to the swelling effects of the 
produced nanoparticles.

3.3. X-ray diffractometry

Fig. 3 illustrates the diffractograms of the nanocomplexes and their 
individual components. The corresponding crystallinity indices were 
calculated from the presented diffractograms.

Chitosan exhibited two characteristic peaks at 2θ = 19.85◦ and 2θ =
21.75◦, corresponding to the (020) and (120) planes, respectively, 
which is consistent with results reported by other researchers [6,27,28]. 
The crystallinity degree of chitosan was 47.89 %, indicative of a semi
crystalline material resulting from strong inter- and intramolecular in
teractions, mainly hydrogen bonding, established between amino, 
hydroxyl, and amide groups. These interactions contribute to a higher 
degree of organisation in the chitosan molecular structure [29]. Addi
tionally, it is known that chitosan properties such as molecular weight, 
degree of deacetylation, and density of amino groups strongly influence 
its physicochemical and structural characteristics [30].

Regarding the nanocrystals, these were characterised primarily due 
to their well-known cellulose I crystalline structure, with peaks at 2θ 
values centred at 15.05◦, 16.35◦, and 22.5◦, attributed to the (− 110), 
(110), and (200) planes [31]. Another peak of lower intensity at 2θ =
34.5◦ was also identified (Fig. 3). This peak can be attributed to 
diffraction from the (004) plane [32]. The crystallinity index of the CNC 

Fig. 2. Atomic force microscopy images of chitosan; nanocrystalline cellulose 
nanocomplex at 10:1 ratio.

Fig. 3. X-ray diffractograms of chitosan (CH), nanocrystalline cellulose (CNC), 
and CH:CNC nanocomplexes at different molar ratio.

R.V. Flores et al.                                                                                                                                                                                                                                International Journal of Biological Macromolecules 323 (2025) 147212 

6 



was 79.33 %, close to the value specified by the manufacturer (Ic = 88 
%).

As for the nanocomplexes, these exhibited broader, more diffuse 
peaks with less pronounced signals at 2θ = 15◦ and 2θ = 16◦, and the 
disappearance of peaks at 2θ = 34.5◦ (attributed to CNC) and 2θ =
21.75◦ (attributed to chitosan). This indicates rearrangement of the 
polymer chains during nanocomplex formation, resulting in changes to 
the crystalline structure. The XRD results corroborate the AFM findings, 
which also show the formation of new structures. Further evidence of 
nanocomplex formation is the reduction in the intensity of the peak at 
19.8◦ as the molar amount of NH3

+ groups from chitosan decreases 
relative to CNC, with this reduction being more pronounced at a molar 
ratio of CHI:CNC = 3:1. This can be explained by the closer matching of 
interaction sites between chitosan and CNC, causing a significant 
portion of chitosan in the medium to engage with CNC, thereby altering 
the arrangement of crystals within the nanocomplexes.

This observation is further supported by the crystallinity values of 
the nanocomplexes, which were 68.6 %, 51.84 %, and 37.3 % for NP 
10:1, NP 6.5:1, and NP 3:1, respectively. The increase in crystallinity of 
the nanocomplexes also implies a greater organisation of the supramo
lecular structure formed.

3.4. Infrared spectroscopy

The chemical structure of the nanocomplexes was analysed by 

infrared spectroscopy, with their spectra shown in Fig. 4. The spectra of 
chitosan and cellulose nanocrystals were similar due to the resemblance 
in their molecular structures.

The chitosan spectrum exhibited a broad band between 3050 and 
3600 cm− 1, attributed to N–H and O–H stretching vibrations, a band at 
2867 cm− 1 due to axial C–H deformation, a peak at 1648 cm− 1 corre
sponding to the bending vibration of the amide II band, a peak at 1589 
cm− 1 related to N–H bending vibrations, a peak at 1060 cm− 1 referring 
to C–N stretching vibrations, and peaks between 890 cm− 1 and 1149 
cm− 1 due to ether linkages.

Regarding CNC, it showed a band between 3580 and 3100 cm− 1, also 
associated with vibrations of hydroxyl (–OH) groups. The bands at 2892 
cm− 1 and between 1500 and 1250 cm− 1 correspond to stretching and 
bending vibrations of CH and CH₂ groups, respectively. These bands are 
characteristic of cellulosic materials and are consistent with those re
ported by Abo-Elseoud et al. [32] and Wang and Roman [24]. The peak 
at 1641 cm− 1 corresponds to adsorbed water, while peaks at 1429 cm− 1, 
1160 cm− 1, and 1054 cm− 1 refer to C–O stretching vibrations, glyco
sidic bonds, and primary and secondary hydroxyl groups (C–O), 
respectively [32].

The nanocomplexes presented spectra very similar to CNC, with no 
characteristic peaks of chitosan, indicating the predominant presence of 
CNC in the formed structures. However, subtle changes in intensity 
compared to chitosan and CNC were observed, such as at the peak at 
896 cm− 1, related to out-of-plane OH bending vibrations, and the shift of 
the peak at 1648 cm− 1, attributed to the bending vibration of chitosan's 
amide II band, which varied between 4 and 6 cm− 1 among the nano
complexes when CNC was added. This suggests that, even though CNC 
was present in greater quantity, interactions between CNC and chitosan 
were established, mainly hydrogen bonding. This is supported by the 
disappearance of the band at 3430 cm− 1, corresponding to the N–H 
stretching vibration associated with chitosan, and the shift and increase 
in intensity of the peaks at 3334 cm− 1 in the nanocomplexes compared 
to 3326 cm− 1 for CNC alone [32,33].

3.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted on samples of 
chitosan, CNC, and the formed nanocomplexes (NP 3:1, NP 6.5:1, and 
NP 10:1). The TGA and the derivative thermogravimetric (DTG) curves 
can be seen in Fig. 5.

Table 4 shows the temperatures corresponding to each thermal event 
of the studied systems, along with the associated percentage of mass loss 
(for details, see Supplementary Material; Figs. SM4 and SM5). Chitosan 
degraded in three stages, the first being an endothermic event. The 
percentage mass loss in this region was 9.33 %, attributed to the evap
oration of adsorbed water within the polymer [34]. The second event, 
this time exothermic and observed between 254 and 345 ◦C, is high
lighted as the most significant by [34], as it is associated with chitosan 
depolymerisation, including deacetylation and cleavage of glycosidic 
bonds through dehydration and deamination, starting with the breakage 
of the C–O–C bond [34,35]. The third event, occurring between 360 and 
420 ◦C, corresponds to the degradation of cross-linked chitosan residues 
and accounts for a 23.7 % mass loss.

The DTG curves also reveal a maximum thermal decomposition rate 
of 0.0058 mg/◦C. At the end of the process, a residual mass remains, 
indicating the presence of non-volatile components in chitosan [6]. The 
same behaviour was observed for CNC and the formed nanocomplexes.

For the CNC, the first event occurred between 32 and 108 ◦C, cor
responding to a mass loss of 3.65 %, attributed to the evaporation of 
adsorbed water and water bound within the cellulosic structure and/or 
adsorbed low molecular weight compounds [36]. The peak between 273 
and 318 ◦C is ascribed to various degradation processes of the CNC, such 
as depolymerisation, dehydration, and decomposition of the glycosidic 
units [37], showing a high degradation rate of 0.0177 mg/◦C and a 
corresponding mass loss of 48.7 %. The third degradation event, 

Fig. 4. Fourier Transform Infrared Spectroscopy spectra of chitosan (CH), 
nanocrystalline cellulose (CNC), and CH:CNC nanocomplexes at different 
molar ratios.
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occurring between 318 and 423.8 ◦C, is primarily attributed to the 
breakdown of charged fragments with the formation of low molecular 
weight gaseous products [37].

The thermograms of the nanocomplexes exhibited degradation peaks 
in similar regions, comprising three thermal events. The first, with a 
minimum temperature between 41 ◦C and 51 ◦C and mass loss between 
4 % and 6 %, is attributed to the loss of physically adsorbed water and 
water strongly bound through hydrogen bonds in both the pure poly
mers and the nanocomplexes [23,31]. The second event, with minimum 
temperatures of 262.6 ◦C, 269 ◦C, and 272 ◦C for CHI:CNC 3:1, CHI:CNC 
6.5:1, and NP 10:1 respectively, corresponds to mass loss from degra
dation of the polymer chains of chitosan, CNC, and the CHI-CNC 
structures formed, involving decomposition of the pyranose structure 
due to dehydration, resulting in ring opening [38]. A reduction in the 
thermal stability of the nanocomplexes was also observed with 
increasing content of sulfonate groups (-OSO3-) compared to the pure 
polymers. This can be explained by the greater sensitivity of these 
groups to heating, which facilitates the thermal degradation of the 
nanocomplexes [39]. Moreover, as the molar amount of CNC in the 
system decreases, fewer electrostatic interactions and hydrogen bonds 

are established with chitosan, requiring lower temperatures and 
consequently less energy to degrade the formed structures [6,38].

The third event, with minimum temperatures at 367 ◦C, 355.5 ◦C, 
and 352.7 ◦C for NP 3:1, NP 6.5:1, and NP 10:1 respectively, corresponds 
to mass losses of 26 %, 21.11 %, and 21.44 %, respectively. This is 
related to the carbonisation of polymeric residues and volatilisation 
reactions of low molecular weight compounds [38], being most intense 
in the CHI:CNC 3:1 nanocomplex, which exhibits 26 % mass loss 
compared to 21.11 % and 21.44 % in CHI:CNC 6.5:1 and CHI:CNC 10:1 
respectively. This phenomenon is attributed to the higher sensitivity to 
heating of the cellulose nanocrystal, as previously mentioned.

Although the thermal stability of the nanocomplexes is lower 
compared to chitosan and CNC alone, based on the total mass loss of 
chitosan, CNC, and the nanocomplexes, it can be concluded that the 
formation of these new supramolecular structures contributed to an 
improvement in the thermal resistance of the nanocomplexes, as evi
denced by the greater residual mass detected at the end of thermode
gradation compared to the pure polymers.

3.6. Macroscopic and microscopic stability

The visual appearance and Tyndall scattering effects of systems (CHI: 
CNC = 3:1; 6.5:1; or 10:1) stored at 25 ◦C and 7 ◦C were recorded over a 
30-day period to observe changes in their macroscopic stability. The 
results are presented in Figs. 6 and 7.

All the developed nanocomplexes were observed as colloidal dis
persions, i.e., systems without aggregate formation or sedimented par
ticles. This observation is supported by the concentrations of polymers 
used (0.5 mg⋅mL− 1 for chitosan and 1 mg⋅mL− 1 for CNC) and the pro
portions employed, as opalescent colloidal systems with fine particles in 
suspension are predominantly formed by diluted polyelectrolyte dis
persions in non-stoichiometric ratios, characterising polyelectrolyte 
complexes [40]. The degree of opalescence of the dispersions increased 
as the CHI:CNC ratio decreased. This can be explained by the molar ratio 
of functional groups (NH₃+ in CHI and OSO₃− in CNC) approaching 
unity, which may have intensified inter- and intramolecular interactions 
and promoted greater formation of nanocomplexes [24].

Figs. 6 and 7 illustrate this effect in the produced nanocomplexes. At 
25 ◦C, greater instability was observed in the 10:1 ratio, where, by day 
30, evident flocculation occurred, impeding continuous passage of the 

Fig. 5. Thermogravimetric analysis and derivative thermogravimetric thermograms of Chitosin (CH), nanocrystalline cellulose (CNC), and chitosan: nanocrystalline 
cellulose nanocomplexes at different molar ratios.

Table 4 
Thermal decomposition temperatures and mass loss (%) of chitosan (CH), 
nanocrystalline cellulose (CNC), and nanocomplexes.

SYSTEM TI* Tinflection 

point

TF** Weight loss 
(%)

Total weight 
loss (%)

CHI 1 25 63 116 9.33 74.75
2 254 304.6 345 41.68
3 441.4 561 686.8 23.74

CNC 1 32 45.7 108.2 3.65 69.48
2 273.9 305.09 318.3 48.68
3 318.3 364.7 423.78 17.15

CHI:CNC 
3:1

1 25 41.7 104.9 5.63 64.97
2 230.3 262.6 290.8 33.34
3 332.8 367 433.5 26

CHI:CNC 
6.5:1

1 30 51.9 105 3.94 65.5
2 235 269 299 40.45
3 322.7 355.5 436 21.11

CHI:CNC 
10:1

1 25 50.6 106.6 4.32 65.39
2 248.5 272.2 298.3 39.63
3 320 352.7 415 21.44

R.V. Flores et al.                                                                                                                                                                                                                                International Journal of Biological Macromolecules 323 (2025) 147212 

8 



laser beam. A similar observation was made for the 6.5:1 and 10:1 dis
persions stored at 7 ◦C, with the higher ratio again promoting greater 
laser refraction. According to [24], when a chitosan dispersion is titrated 
with CNC, bridging flocculation can occur due to the excess molar 
amount of chitosan present in the reaction medium, which, at low pH 
(pH = 3 in this study), adopts an extended configuration with most 
amino groups protonated. Consequently, when CNC is added dropwise 
to the chitosan dispersion, more than one CNC chain may adsorb onto 
the chitosan molecule surface, causing destabilisation.

To examine the behaviour of the studied variables, interaction plots 
were generated for each. The factorial experiment analysis revealed 
significant (p < 0.05) interaction effects between time and temperature, 
as well as CHI:CNC ratio and temperature, for all variables studied. 
Fig. 8 presents interaction plots of adjusted mean values for size, zeta 
potential, and polydispersity index (PDI) as a function of time at 7 ◦C 
and 25 ◦C (Fig. 8B, D, and F) and as a function of CHI:CNC ratio at both 

Fig. 6. Visual aspect and Tyndall effect of systems containing chitosan: nanocrystalline cellulose nanocomplexes at different molar ratio stored during 30 
days (25 ◦C).

Fig. 7. Visual aspect and Tyndall effect of systems containing chitosan: nanocrystalline cellulose nanocomplexes at different molar ratio stored during 30 days (7 ◦C).

Fig. 8. Interaction effects plots from the interaction between different inde
pendent variables for dependent variables: molar ratio and temperature for 
Particle size (A); molar ratio and time for Particle size (B); molar ratio and 
temperature for Zeta-potential (C); and molar ratio and time for Zeta-potential 
(D); molar ratio and temperature for polydispersity index (PDI) (E); and molar 
ratio and time for PDI (F).
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temperatures (Fig. 8A, C, and E), allowing evaluation of apparent 
interaction effects and the behaviour of Particle size, zeta potential, and 
PDI with respect to these variables.

Evaluating the nanocomplex size, it is evident that among the ratios 
studied, CHI:CNC = 10:1 was the most unstable. Nanocomplexes pro
duced at this ratio exhibited initially larger sizes compared to those at 
3:1 and 6.5:1, with sizes increasing over storage time, as shown in Figs. 6 
and 7. One of the main factors governing the formation and stability of 
polyelectrolyte complexes (PECs) formed by weak polyelectrolytes is 
pH. The formulated systems were prepared at pH 5 and redispersed in 
Milli-Q water. In the absence of salts, PEC formation is rapid and can 
lead to a thermodynamically less stable system due to low osmotic 
pressure of the diluent [41]. Thus, water molecules can penetrate the 
nanocomplexes via osmosis and cause swelling, potentially leading to 
size increases during storage [42]. Furthermore, the inherent Brownian 
motion of particles in dispersion may have intensified at certain points 
during storage due to minor temperature fluctuations, increasing colli
sion frequency among nanocomplexes and facilitating particle adhesion, 
thereby forming small flocs and/or aggregates by the end of storage 
[42].

The PDI and zeta potential results complement the Particle size data, 
showing that after 15 days of storage at 25 ◦C, the CHI:CNC = 10:1 
system becomes more heterogeneous, with PDI values exceeding 0.3 and 
a lower zeta potential, especially from day 20 onwards, reaching 26 mV. 
Reductions in zeta potential and increases in system heterogeneity 
during storage may be attributed to pH changes resulting from shifts in 
the chemical equilibrium of the dispersions due to salt absence [43]. 
Considering the data presented, the formulations can be ranked by 
stability as follows: 3:1 > 6.5:1 > 10:1, with the 3:1 ratio showing no 
sedimentation after 30 days of storage.

4. Conclusion

The chitosan and nanocrystalline cellulose nanocomplexes devel
oped in this study demonstrated promising physicochemical and ther
mal properties, underscoring their potential for food-related 
applications such as encapsulation, stabilization, and controlled release 
systems. For the different CHI:CNC ratios (3; 6.5; and 10), NaCL con
centration (0–37.5 mM), and pH values (2.6–5), the polyelectrolytes 
presented size of 151–195 nm, polydispersity indices (PDI) of 0.26–0.30, 
and potential zeta of 44–52 mV. Process yield was highest for the CHI: 
CNC 3:1 system (4.7–7.1 %), compared with 2.6–6.7 % for the other 
ratios. Therefore, optimization indicated that 3:1 CHI:CNC at pH 5.0 and 
without NaCl addition was the smallest (~165 nm) most highly charged 
(~46 mV) nanoparticle and achieved yield of around 7 %. Stability 
evaluations, including the 6.5 and 10 systems for comparison, were 
carried out through visual inspection and Tyndall scattering. CHI:CNC 
3:1 nanocomplex was the most stable, showing no visible aggregation or 
sedimentation over 30 days at both 7 ◦C and 25 ◦C, while maintaining 
170–180 nm size, 0.26–0.28 PDI and 37–40 mV properties. In contrast, 
the 6.5 and 10 polyelectrolites showed destabilisation, particularly at 
7 ◦C. Brownian motion and minor temperature fluctuations likely pro
moted particle collisions, leading aggregation over time. This long-term 
colloidal stability is a key indicator of system robustness for food 
formulation, particularly in aqueous matrices and under refrigerated or 
ambient conditions. Thermal results indicated three main degradation 
events for all formulations, ranging from 230 ◦C to 300 ◦C for main 
degradation and 320 ◦C to 436 ◦C for secondary degradation. These 
results confirm the suitability of nanocomplexes up to 280 ◦C, high
lighting their applicability to food operation involving moderate to high 
heating, such as drying, baking, pasteurisation or sterilization processes. 
FTIR analysis further confirmed CNC characteristic bands (3580–3100 
cm− 1, 2892 cm− 1, and 1250 cm− 1) and new hydrogen interactions, 
which may contribute to improved barrier and retention properties in 
delivery systems. In summary, this work demonstrated successfully the 
formation of CHI:CNC nanocomplexes with tunable physicochemical 

and thermal properties determined concomitantly by polymer ratio, 
NaCL concentration, and pH. The 3:1 CHI:CNC formulation at pH 5.0, 
without NaCl, was identified as the most stable formulation, making it a 
promising candidate for food industry applications requiring biocom
patible, thermally stable, and colloidally delivery systems. A distinct 
contribution of this work is the comprehensive characterisation of CHI: 
CNC nanocomplexes in their isolated form, independent of any specific 
active compound, while simultaneously optimization key parameters 
(ph, NaCl, CHI:CNC ratio) as functions of size, zeta potential, and yield. 
Unlike most previous studies, which have primarily focused on encap
sulation or delivery of bioactive compounds, this approach provide 
fundamental insights into the intrinsic stability and behaviour of the 
base nanocomplexe system. Such knowledge is essential for guiding the 
design and optimization of a broad range of functional delivery systems 
in both food and pharmaceutical applications.
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