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A B S T R A C T

This study explores enhancing chitosan film (Cs) properties via supramolecular H-bonding cross-linking. The first 
unit, (1-(7-oxo-7,8-dihydro-1,8-naphtiridin-2-yl)urea (ODIN), was selected for its ability to self-dimerize via a 
sextuple H-bonding motif, while the second unit, phenyl urea (PU), was chosen as non-dimerizing unit that is still 
capable of forming extensive H-bonds. FTIR analysis confirmed the successful incorporation of ODIN and PU into 
the chitosan skeleton. The mechanical and barrier properties, and UV protection performances of the two 
modified polymers were determined and compared with those of pristine chitosan. These modifications resulted 
in enhanced surface hydrophobicity, and a substantial decrease in water vapor permeability. Mechanical testing 
revealed substantial reinforcement, with tensile strength increasing by up to 200 % for ODIN-modified films and 
up to 100 % for PU-modified ones. The UV-blocking performance of Cs-ODIN films was notably enhanced, 
providing complete protection across UVA, UVB, and UVC wavelengths, achieving a UPF of 161.95. The UV 
protective effect was further validated using the red cabbage test, which proved that Cs-ODIN films markedly 
reduced color degradation under UV exposure. Overall, this study shows that while PU mainly enhances barrier 
properties and mechanical performance through additional hydrogen-bonding interactions, ODIN not only 
provides similar improvements but also offers further benefits, including (i) enhanced UV-shielding and (ii) 
superior toughness and thermal stability driven by supramolecular dimerization.

1. Introduction

Chitosan, a linear polysaccharide derived from the partial deacety
lation of chitin found in the exoskeletons of marine crustaceans, is 
characterized by the repeated units of β-(1 → 4)-linked D-glucosamine 
and N-acetyl-D-glucosamine. It is the only abundant natural poly
saccharide that carries a positive charge [1], and is recognized for its 
biocompatibility, biodegradability, non-toxicity, and antimicrobial ac
tivity [2]. Owing to these properties, chitosan has found applications in 
diverse fields, including drug delivery, gene therapy, cosmetics, bio- 
imaging, and increasingly in food packaging [3–6]. Nevertheless, the 
pristine polymer exhibits limitations in physicochemical and mechani
cal properties, which can be enhanced with both physical and chemical 
modification strategies [7]. Chemical modification is an appealing and 
effective approach to improve chitosan characteristics, thanks to the 

presence of reactive amino (–NH₂) and hydroxyl (–OH) groups [8]. 
Common chemical modification methods include sulfonation, alkyl
ation, esterification, carboxylation, and Schiff base formation [7,9–12].

Chitosan has recently gained significant attention as a sustainable 
alternative for food packaging [13–15]. In such applications, adequate 
tensile strength is required to prevent tearing and ensure package 
integrity during handling. Additionally, evaluating barrier properties 
against water vapor and UV radiation is crucial to limit moisture transfer 
and avoid light-induced oxidation, both of which directly affect product 
shelf life [16].

However, for food packaging, physical modification techniques, such 
as the incorporation of plant extracts [14,15], essential oils (EOs) 
[17,18], nanoparticles [19,20], or blending with other polymers [14] 
are often preferred due to their simplicity and compliance with food 
safety standards, yet these physical modifications suffer from limited 
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long-term stability, as the incorporated components may gradually leach 
out or lose functionality over time [21].

In this study, we investigated the chemical grafting of specific mol
ecules developed and previously reported by us, which are 1-(7-oxo-7,8- 
dihydro-1,8-naphthyridin-2-yl)urea) (ODIN) [22] and a phenyl urea 
(PU) derivative [23], for enhancing the mechanical performance and 
barrier properties of chitosan. These moieties (Chart 1) act as efficient 
and reversible crosslinking agents [22].

ODIN exhibits a pronounced capacity for self-dimerization through a 
sextuple DDADAA (donor–donor–acceptor–donor–acceptor-acceptor) 
hydrogen-bonding array (Chart 1B), enabling the formation of extensive 
and highly stable intermolecular hydrogen-bonding networks [22,23]. 
In contrast, PU lacks such dimerization potential and instead forms 
localized hydrogen bonds with chitosan, primarily via two intra
molecular N–H⋯O––C interactions (Chart 1A) [24,25]. In this work, PU 
and ODIN derivatives (Chart 1C, and D respectively) were chemically 
grafted onto chitosan, and the resulting modified polymers were cast 
into films. The effects of the modification were evaluated with respect to 
key material properties including mechanical strength, barrier perfor
mance, and optical characteristics.

1.1. Hypothesis

We hypothesize that reversibly crosslinking chitosan with the novel 
hydrogen-bonding motifs ODIN and PU will enhance its mechanical 
strength, UV shielding, and water vapor barrier properties, thanks to 
their ability to form supramolecular cross-links (ODIN) or extensive 
hydrogen bonding (PU) without the need of additional fillers. Fillers 
such as metal oxides or fibers can enhance their mechanical strength and 
moisture barrier properties. However, those fillers can pose risks such as 
chemical migration into food, potential toxicity from metal-based ad
ditives, and reduced biodegradability, undermining sustainability and 
safety goals [26], disadvantages that can be surpassed by this chemical 
modification.

2. Material and methods

2.1. Materials

Chitosan (Cs, purity 85–90 %, degree of deacetylation ≥80 %, mo
lecular weight 10–15 kDa, viscosity 20–100 mPa⋅s in 0.5 % acetic acid at 
20 ◦C) and hexamethylene diisocyanate (HMDI, ≥98 % purity) were 
purchased from TCI (USA). Glacial acetic acid (purity ≥99.7 %), 1,1- 
diphenyl-2-picrylhydrazyl (DPPH, purity ≥95 %), dibutyltin dilaurate 
(DBTL, purity ≥95 %), aniline (purity ≥99 %), 2,6-diaminopyridine 
(purity ≥98 %), and malic acid (purity ≥99 %) were obtained from 
Sigma-Aldrich (USA). It is noteworthy that all additional reagents and 
solvents utilized in this study were of analytical grade and did not un
dergo further purification.

All the reactions were performed under room light conditions.

2.2. Preparation of 1-(5-isocyanatopentyl)-3-phenylurea (PU)

Aniline was subjected to a reaction with an excess of hexamethylene 
diisocyanate (9 equivalents) within an inert atmosphere with ambient 
temperature maintained for a period of 4 h. The product was precipi
tated using cyclohexane, filtered, and washed with cyclohexane to 
remove unreacted HDI. The resulting white solid was dried under vac
uum and characterized by 1H NMR (see Fig. S2).

2.3. Preparation of 1-(6-isocyanatohexyl)-3-(7-oxo-7,8-dihydro-1,8- 
naphthyridin-2-yl)urea (ODIN)

ODIN was synthesized following a reported procedure [22]. Naph
thyridine was first prepared by reacting diaminopyridine with malic 
acid in concentrated H₂SO₄ at 110 ◦C for 2.5 h, then neutralized with 
concentrated NH₃ and washed with water to yield a brown solid. This 
intermediate was then reacted with excess hexamethylene diisocyanate 
(10 eq) under reflux at 118 ◦C for 15 h. The resulting solid was filtered, 
washed with hexane and acetone, and dried under vacuum to afford 
ODIN as a powder, characterized by 1H NMR (see Fig. S3).

Chart 1. (A) PU H-bonding network; (B) ODIN self-dimerizing unit. Representation of the modified-Cs matrix reinforced with PU (C) and ODIN dimer (D). The 
different H-bonding motifs are sketched in the chart.
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2.4. Preparation of Cs-PU and Cs-ODIN modified polymers

5 g of chitosan powder were suspended in 50 mL dry DMSO, followed 
by the addition of 3 drops of dibutyltin dilaurate (DBTL) as a catalyst. 
ODIN or PU was then introduced in varying ratios, as reported in 
Table S1. The percentage of added PU and ODIN were rationalized to 
preserve the polymer solubility. The reaction mixture was stirred at 250 
rpm for 6 h at 80 ◦C. Upon completion, the modified polymer was 
recovered by filtration, thoroughly washed with DMSO to remove 
unreacted compounds, and subsequently dried under vacuum at 80 ◦C. 
The resulting products were denoted as Cs-ODIN-I, Cs-ODIN-II, and Cs- 
ODIN-III, or Cs-PU-I, Cs-PU-II, and Cs-PU-III, corresponding to 
increasing amounts of ODIN or PU used during the modification process. 
To assess grafting efficiency, UV calibration curves of ODIN and PU in 
DMSO were established and employed to quantify the unreacted frac
tions recovered during the washing steps (Figs. S4 and S5). To confirm 
the successful grafting process, the Fourier-transform infrared spectrum 
(FTIR) of the chemically modified chitosan powders was recorded using 
a PerkinElmer FT-IR Spectrum Two spectrometer in Attenuated Total 
Reflectance (ATR) detection mode. This was performed over spectral 
ranges of 4000–400 cm-1, employing a resolution of 4 cm-1 and an 
average of 32 scans per sample. Then, the background spectra were 
subtracted from all measurements.

2.5. Films preparation

Chitosan films were prepared using the solvent casting technique. 
Polymer solutions were obtained by dissolving 1 % (w/v) of chitosan 
powder in a 1 % (v/v) aqueous acetic acid solution, followed by 
continuous stirring at room temperature until complete dissolution. The 
resulting solutions were cast into polystyrene dishes and dried at 40 ◦C 
for 48 h.

2.6. Films characterization

2.6.1. Thickness, color, and UV barrier properties
To calculate the thickness of the films a digital micrometer (Wenzhou 

Sanhe Measuring Instrument Co., Ltd., Zhejiang, China) was used with a 
precision of 1 μm. At the same time, color parameters — L (lightness), a 
(red-green axis), and b (yellow-blue axis) — were extracted using 
ImageJ software along with the Color Converter plugin. The total color 
difference (ΔE), whiteness index (WI), and yellowness index (YI) were 
then calculated using the corresponding standard equations [27]. 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(L* − L)2

+ (a* − a)2
+ (b* − b)2

]√

(1) 

WI = 100 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(100 − L)2

+ a2 + b2
]√

(2) 

YI = 142.86 x
(

b
L

)

(3) 

where L* = 90.32, a* = − 0.01, b* = 3.64, represent the color param
eters of a standard plate with a white color that served as reference 
values, while L, a, and b represented the color parameter values of the 
film sample.

The UV–visible shielding capacity of the films were assessed by 
recording transmittance spectra in transmission mode using a Varian 
Cary 300 UV–vis spectrophotometer equipped with a solid sample 
holder. Film opacity was determined based on the absorbance at 600 
nm, calculated using Eq. (4) [27,28]. 

Opacity
(
mm− 1) =

Abs (at 600 nm)

thickness (mm)
(4) 

UV barrier performance was evaluated in accordance with the AS/ 

NZS 4399 standard, which includes the calculation of UVA and UVB 
transmittance, as well as the ultraviolet protection factor (UPF), using 
Eqs. (5), (6), and (7) [29,30]. 

UVA (%) =
T315 + T320 + …T400

18
(5) 

UVB (%) =
T290 + T295 + …T315

6
(6) 

UPF =

∑400

290
Eλ × Sλ × Δλ

∑400

290
Eλ × Sλ × Tλ × Δλ

×100 (7) 

where Tλ represents the sample’s spectral transmittance at a given 
wavelength (λ in nm); Eλ is the relative erythemal spectral effectiveness 
(refer to Table B1 in AS/NZS 4399 [29]); Sλ represents the solar spectral 
irradiance (refer to Table B2 in AS/NZS 4399 [29]), and Δλ indicates the 
wavelength increment (in nm). These symbols play a defined role in 
calculations according to the AS/NZS 4399 standards.

Additionally, a qualitative protection test was performed using a 
paper strip impregnated with UV-sensitive nitrospiropyran dye that 
changes to blue upon exposure to UV light. The films were placed as 
barriers over the dye-treated paper to assess their effectiveness in pre
venting dye activation.

2.6.2. Moisture content and water vapor permeability
The moisture content of the films was determined gravimetrically by 

drying the samples at 100 ◦C until a stable weight was reached. The final 
moisture content was then calculated using Eq. (8) [28]: 

Moisture content(%) =

(
Wf − W0

)

W0
×100 (8) 

where Wf (g) represents the sample weight after the drying procedure, 
while W0 (g) corresponds to the initial dry weight of the sample.

Water vapor permeability (WVP) of the films was evaluated based on 
the procedure described by J. Liu et al. [27] and X. Zhang et al. [28], 
with slight modifications. Film samples were securely sealed over the 
openings of 15 mL centrifuge tubes, effectively serving as a barrier or 
“lid.” The tubes, containing calcium chloride as a desiccant, were then 
placed in a desiccator at ambient temperature alongside a beaker of 
distilled water to create a controlled humidity environment. After 24 h, 
the tubes were reweighed, and WVP was calculated using Eq. (9). 

WVP
(
g.m− 1.s− 1.Pa− 1) =

m × x
t × S × ΔP

(9) 

where, W (g) is the augmented mass of the tube, x (m) denotes the 
thickness of the film, t (s) represents the duration of the test, S (m2) 
signifies the surface area of the film sample, and ΔP (Pa) denotes the 
partial water vapor pressure (in Pascals) at a temperature of 20 ◦C.

2.6.3. Mechanical properties
Mechanical properties of the films, including tensile strength, elon

gation at break, and Young’s modulus, were evaluated using a TMS-Pro 
Advanced texture analyzer, following the protocol outlined by J. Liu 
et al. [27] with slight modifications. Film strips measuring 60 × 5 mm 
were clamped between the grips set 35 mm apart, and the test was 
conducted at a crosshead speed of 6 mm/min using a 50 N load cell.

2.6.4. Scanning electron microscopy (SEM)
Surface morphology of the films was examined using a TM4000 

Tabletop Scanning Electron Microscope (Hitachi, Japan), with 15 kV as 
accelerating voltage. The samples were fixed on metal support using 
double-sided carbon adhesive tape and subsequently coated with a thin 
layer of gold to ensure conductivity. SEM images were captured at a 
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magnification of 1000×.

2.6.5. Thermal stability
Thermogravimetric analysis (TGA) was carried out using a Perkin 

Elmer TGA 8000 equipped with a GC10 gas controller (pure air/nitro
gen), Mettler Toledo. The samples were heated from 30 ◦C to 800 ◦C at a 
constant heating rate of 10 ◦C/min. In addition to the TGA curves, de
rivative thermogravimetric (DTG) curves were also calculated to obtain 
the degradation rate and identify the temperatures at which the 
maximum weight loss occurred.

2.6.6. Antioxidant activity
The antioxidant activity of the films was assessed using the DPPH 

radical scavenging assay following the method of Wang et al. [31]. Film 
samples, each 0.5 cm in diameter and of equal weight, were immersed in 
4 mL of a 1 × 10− 4 M DPPH solution in methanol and incubated at room 
temperature for 4 h in the dark. The absorbance of the resulting solution 
was measured at 517 nm, and the radical scavenging activity was 
calculated using Eq. (10): 

DPPH radical scavenging activity (%) =
(A0 − A1)

A0
×100 (10) 

where A0 is the absorbance of the blank solution, while and A1 is the 
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Fig. 1. FT-R spectrum of Cs-ODIN (A) and Cs-PU (B) films. (Yellow inset: magnification of the region between 1200 cm− 1 and 1800 cm− 1.)
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absorbance of the sample.

2.6.7. Two-photon microscopy (2PM)
Two-photon fluorescence imaging was carried out using a Nikon A1R 

MP+ Upright Microscope equipped with a Coherent Chameleon Dis
covery femtosecond laser (~100 fs pulse, 80 MHz, 660–1320 nm 
tunable range). A 25× water-dipping objective (N.A. 1.1, working dis
tance 2.0 mm) was used for excitation and signal collection. Due to the 
thin-film nature of the samples, imaging was performed in air, which 
reduced the effective N.A. and thus the resolution, but prevented water- 
induced artifacts.

2.6.8. Contact angle measurements
Water contact angle (WCA) values of each film were measured using 

a Biolin Scientific Attension Theta Flex goniometer. A 4 μL droplet of 
distilled water was placed on three separate spots on each film, and the 
contact angles were recorded with a high-speed digital camera.

2.6.9. Food preservation test (FPT)
To assess the practical potential of the developed Cs films, a pre

liminary food preservation test was performed using red cabbage as a 
model system. Part of the cabbage surface was covered with the modi
fied film, while the remaining portion remained uncovered. The sample 
was then exposed to continuous UV irradiation for 6 h to mimic oxida
tive stress conditions commonly encountered during food storage.

2.7. Statistical analysis

The experimental data were then subjected to statistical analysis 

using ORIGIN LAB 8.5 software. Subsequently, one-way analysis of 
variance (ANOVA) was employed to detect any statistically significant 
differences among the factors and levels, with Tukey’s post hoc test for 
multiple comparisons then being used to ascertain the statistical sig
nificance at a level of p < 0.05. Each treatment underwent at least three 
replicates, and the results are expressed as the mean ± standard devia
tion (SD).

3. Result and discussion

3.1. FTIR analysis

Chitosan was chemically modified with ODIN or PU moieties 
through an addition reaction between the isocyanate groups present on 
ODIN or PU, and the hydroxyl and amino groups of chitosan. The 
reactivity of hydroxyl groups was enabled by using an appropriate 
catalyst, thereby facilitating a broader grafting pattern. The resulting 
solid products were recovered by filtration and extensively washed with 
DMSO to remove unreacted ODIN or PU. The modified chitosan was 
subsequently characterized by FTIR spectroscopy to confirm successful 
functionalization.

FTIR spectroscopy was conducted to verify the successful incorpo
ration of ODIN into the chitosan matrix and to elucidate the nature of 
their interactions. Fig. 1 compares the FTIR spectra of pristine chitosan 
and Cs-ODIN polymers, revealing notable changes in vibrational bands 
across different ODIN loadings. Distinct alterations were observed 
particularly in the 1800–1200 cm− 1 range, providing insight into the Cs/ 
ODIN interactions. The characteristic C––O stretching of chitosan ap
pears at 1653 cm− 1 [32], while a new peak at 1620 cm− 1, which 

Fig. 2. 2-Photon microscopy images for Cs and Cs-ODIN-I films (section 1) and SEM micrographs of Cs films (section 2)
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intensifies with increasing ODIN content, corresponds to the C––O group 
of ODIN. Additionally, the N–H bending peak of chitosan at 1596 cm− 1 

[32] exhibited a shift toward lower wavenumbers (~1560 cm− 1) at 
higher ODIN concentrations. Moreover, the increasing intensity of the 
C––C of ODIN aromatic stretching at 1507 cm− 1 further supports the 
successful incorporation of ODIN into the polymer network. Similarly, 
Cs-PU films showed notable changes in their IR spectra depending on the 
PU content. An increase in the intensity of the C––O peak at 1655 cm− 1, 
corresponding to the carbonyl (C=O) groups of the urea linkage, along 
with the appearance of a C––C peak at 1502 cm− 1, attributed to the 
aromatic C––C bonds from PU, confirmed the presence of PU. Addi
tionally, the Cs N–H absorption band shifted from 1590 cm− 1 to 1550 
cm− 1 upon PU addition, with this shift becoming more pronounced at 
higher PU concentrations, as already evidenced in the case of ODIN.

3.2. Spectroscopic evidence of ODIN dimerization in the films

Two-photon microscopy was employed to investigate the presence of 
ODIN dimers within the bulk Cs polymer. The different fluorescence 
signature of ODIN dimer with respect to its monomer enables the visu
alization of the dimer distribution in the film [23]. As demonstrated in 
the XY view images recorded at 3 % laser power (Fig. 2 section 1), the 
pristine Cs film exhibited minimal fluorescence. This is due to the fact 
that native chitosan lacks significant intrinsic fluorescence at the exci
tation wavelength employed in two-photon microscopy. In contrast, the 
Cs-ODIN-I film exhibited a substantial increase in fluorescence intensity, 
accompanied by a homogeneous distribution. The observed green 
fluorescence of the film supports the presence of ODIN dimers, given 
that ODIN emits blue fluorescence in its monomeric form, while its 
dimeric form displays green-yellow emission [23]. The variation in 
fluorescence intensity across the film suggests that ODIN molecules form 
dimers and tend to cluster. Nevertheless, 3D rendering confirms that 
ODIN is distributed throughout the entire film. SEM micrographs show 
clearly the effect of the incorporation of both ODIN and PU on the 
surface and the structure of Cs films (Fig. 2 section 2). The pristine film 
exhibited a smooth surface [33,34]. In contrast, the films incorporating 
ODIN and PU exhibited a slightly rougher surface at low concentrations. 
At higher concentrations, large aggregates measuring approximately 
3–4 μm, likely due to clustering, became evident on the film surface.

3.3. Physical appearance, thickness and color parameters

As discussed in paragraph 2.4 and reported in Table S1, pristine Cs 
was functionalized with different amounts of ODIN or PU. The corre
sponding films were then prepared via solvent casting (see paragraph 
2.6 for details), and their thickness was measured to evaluate any po
tential impact on the resulting properties as shown in Table 1. No sta
tistically significant differences in thickness (p > 0.05) were observed 
among the films obtained from pristine and modified chitosan after the 
casting process. Nevertheless, a slight trend can be noted: pristine chi
tosan (Cs) films displayed the lowest average thickness, followed by 
those modified with PU (Cs-PU), and finally those modified with ODIN 

(Cs-ODIN), which had the highest values. Although film thickness can 
influence properties such as water vapor permeability (WVP) (Eq. (9)) 
and tensile strength (TS) [35], the variation in thickness remains within 
~10 % between the modified and pristine films. This modest variation 
suggests that the observed changes in WVP and TS are primarily due to 
the intrinsic properties of the additives [36].

Pivotal characteristics for food packaging films are color and trans
parency. The incorporation of these two distinct molecules resulted in 
films with different physical appearances (Fig. 3). The films containing 
PU are indistinguishable from those of pristine chitosan. In contrast, the 
incorporation of ODIN imparted a light-yellow color to the chitosan 
films, with the intensity of the yellow hue increasing as the ODIN con
tent rose. However, higher concentrations of ODIN or PU led to a 
decrease in transparency due to the aggregation of these molecules that 
can also be observed after casting, giving a slightly harsh and light 
diffractive surface (Fig. 3).

Measurements of the color parameters (Table S2) indicated that all 
the functionalized films had an L value (lightness) close to that of the 
pristine Cs film, ranging between 88.94 and 83.92, confirming the light 
color and transparency of the films. However, the b (yellow-blue) values 
exhibited a significant increase in the case of ODIN, while PU incorpo
ration had a lower effect. Moreover, the calculation of YI showed a 
significant increase of this value, especially in the case of Cs-ODIN, 
indicating a subtle yellowish hue that is increasing with high ODIN 
content due to the color of the compound.

3.4. Moisture content and water vapor permeability

Moisture content and water vapor permeability (WVP) are key pa
rameters used to assess the interaction of chitosan films with water. 
Moisture content reflects the film’s ability to retain water, while WVP 
indicates its resistance to water vapor transmission. Together, they are 
crucial for determining the film’s suitability for applications requiring 
moisture control, such as food packaging.

In this study, the incorporation of ODIN and PU did not lead to a 
statistically significant change in the moisture content of the chitosan 
films (Table 1). This indicates that the overall affinity of the films toward 
water remained largely unaltered. Although a slight increase in moisture 
content was observed, it was not substantial enough (p > 0.05) to sug
gest a meaningful effect on the hydrophilic character [14].

On the other hand, the water vapor permeability (WVP), a critical 
parameter for evaluating the barrier performance of polymeric films, 

Table 1 
Thickness, Moisture, WVP of Modified-Cs Films.

Samples Thickness (μm) Moisture (%) WVP (×10− 11 g⋅m− 1⋅Pa− 1⋅s− 1)

Cs 38.4 ± 1.8 13.6 ± 0.5 4.55 ± 0.08
Cs-ODIN-I 39.1 ± 1.2 13.9 ± 0.5 2.58 ± 0.15
Cs-ODIN-II 40.7 ± 1.9 14.4 ± 0.6 2.48 ± 0.09
Cs-ODIN-III 42.1 ± 1.8 13.3 ± 0.6 2.44 ± 0.11
Cs-PU-I 39.1 ± 0.9 14.1 ± 0.6 2.65 ± 0.23
Cs-PU-II 40.4 ± 1.8 14.7 ± 0.6 2.60 ± 0.10
Cs-PU-III 41.5 ± 1.1 14.2 ± 0.6 2.50 ± 0.09

Data are expressed as mean ± SD. Measurements were performed in quintupli
cate for film thickness and in triplicate for both moisture content and water 
vapor permeability (WVP).

Fig. 3. Physical appearance of modified Cs films.
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especially in moisture-sensitive applications such as food packaging, 
cosmetics, and pharmaceutical formulations, was observed to decrease 
significantly following the modification (p < 0.05). As shown in Table 1, 
the incorporation of both ODIN and PU resulted in an approx. 50 % 
reduction in WVP compared to the pristine chitosan film. Furthermore, 
an increase in the concentration of ODIN and PU resulted in a slight 
decrease in WVP when ODIN-I and PU-I were compared with ODIN-III 
and PU-III, respectively. This suggests a limit in barrier enhancement, 
with the maximum reduction in WVP not exceeding 50 % relative to the 
unmodified film. This improvement is comparable to that of chitosan- 
based film incorporating curcumin, rice bran wax, and hydrophobic 
SiO₂ particles [13], or chitosan-based nanocomposite films incorpo
rating covalent organic frameworks (COFs) [37]. These improvements 
are typically ascribed to factors such as the formation of a more tortuous 
diffusion path and a limited availability of free hydrophilic functional 
groups (e.g., –OH, –NH₂), all of which reduce water vapor transmission 
through the film [38,39]. Within the current study, the observed 
reduction in WVP can be attributed to the crosslinking and aggregation 
arising from the additional H-bonds present. The better performances of 
Cs-ODIN with respect to the Cs-PU counterparts are attributed to the 
strong self-dimerizing properties of ODIN, which lead to a more effective 
cross-linking.

3.5. Hydrophilic/hydrophobic character

To evaluate the wettability of the films and have more insights into 
the surface hydrophobicity and interfacial properties of the materials, 
water contact angle (WCA) measurements were performed. The results 
of these measurements, as presented in Table 2, indicate that the pristine 
film exhibits a slight hydrophilic character, with a WCA of 86◦. The 
incorporation of ODIN and PU leads to an increase in hydrophobicity, 
with a ~ 25◦ increase in WCA observed for both ODIN-III and PU-III. 

Table 2 
WCA values of the modified Cs films.

Sample WCA (◦)

Cs 89.9 ± 1.9

Cs-ODIN-I 91.9 ± 2.0

Cs-ODIN-II 98.3 ± 2.1

Cs-ODIN-III 110.1 ± 2.3

Cs-PU-I 93.1 ± 2.0

Cs-PU-II 101.4 ± 2.2

Cs-PU-III 114.5 ± 2.4

Data are presented as mean ± SD based on three replicates (n = 3).
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Fig. 4. Tensile stress (A), elongation at break (B), and Young’s modulus (C) of 
Cs-modified films. Each value represents the mean ± SD (n = 3) of triplicates.
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Those findings are particularly related to the structure of the incorpo
rated moieties, which bring their hydrophobic character related to the 
presence of aromatic rings and aliphatic tails in the molecular structure 
into the final product. A similar hydrophobic increase has been achieved 
by incorporating hydrophobic compounds, as demonstrated in other 
chitosan-based materials [13].

3.6. Mechanical properties

Tensile stress-strain assessments were carried out on the synthesized 
films to evaluate the impact of chemical modification on chitosan’s 
mechanical performance. The results are presented in Fig. 4. The me
chanical measurements reveal a marked enhancement in tensile strength 

upon incorporation of ODIN and PU. Specifically, the tensile strength 
(Fig. 4A) increased by approximately 50 %, 100 %, and 200 % for Cs- 
ODIN-I, Cs-ODIN-II, and Cs-ODIN-III, respectively. A similar trend was 
observed for the PU-modified films, with increases of approximately 25 
%, 75 %, and 100 % for PU-I, PU-II, and PU-III, respectively. This 
marked difference in performance can be attributed to the intrinsic 
molecular characteristics of the two moieties. PU enhances the number 
of hydrogen bonds within the polymer matrix, contributing to improved 
interactions between chitosan chains [14,25]. Instead, ODIN exhibits a 
stronger reinforcing effect due to its ability to self-dimerize, forming 
supramolecular cross-links. These dimers act as multiple-point cross
linkers, establishing a stronger hydrogen bonding network compared to 
PU (Chart 1). This higher crosslinking potential likely accounts for the 
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Fig. 5. TGA (upper side) and DTGA (bottom side) curves of modified Cs-ODIN (A and B) and Cs-PU (A′ and B′) films.

M. El Mouzahim et al.                                                                                                                                                                                                                         International Journal of Biological Macromolecules 334 (2025) 149060 

8 



more pronounced improvements in mechanical strength observed in 
ODIN-based films. Additionally, a comparable increase in elongation at 
break (Fig. 4B) was observed in both materials, reaching a maximum of 
approximately 8 % in films with the highest ODIN and PU content. This 
mechanical behavior is comparable to that of hydrogen-bonded cross
linked chitosan systems incorporating plant extracts or nanoparticles 
[40,41], suggesting that ODIN and PU act as both crosslinkers and 
reinforcing agents within the Cs polymer network. Moreover, a signifi
cant increase in Young’s modulus (Fig. 4C) after modification with ODIN 
was observed, and, to a minor extent, also with PU. These additives are 
making the films stiffer, enhancing their ability to withstand mechanical 
stress without undergoing significant deformation.

3.7. Thermal stability

The thermal stability of chitosan-based films is a critical parameter 
that influences processing applications involving elevated temperatures. 
Assessing thermal stability also provides valuable insights into the 
structural integrity and thermal degradation behavior of the polymer 
matrix before and after modification. As shown in Fig. 5A, the TGA 
curves of all chitosan films display three characteristic stages of weight 
loss. The first stage, occurring between 100 ◦C and 120 ◦C, corresponds 
to the loss of physically adsorbed water and accounts for approximately 
15–18 % of the total mass. The second major weight loss, observed 
around 350–400 ◦C, is attributed to the thermal degradation of the 
chitosan backbone, with an average mass loss of ~40 %. The final stage, 
at approximately 600 ◦C, is associated with the decomposition of 
carbonaceous residues and the oxidative degradation of char in air [42]. 
A comparative analysis of the TGA profiles reveals a noticeable shift in 
the degradation temperature during the second stage for the modified 
films, particularly those containing ODIN and PU. This shift toward 
higher temperatures indicates enhanced thermal stability following 
chemical modification, relative to the pristine chitosan [43]. Further
more, the DTGA curves shown in Fig. 5B corroborate these observations, 
highlighting similar degradation steps while providing more detail on 
the rate of degradation. Notably, the Cs–ODIN films exhibit a lower 
degradation rate compared to the PU-modified films, suggesting supe
rior thermal resistance [44].

3.8. UV-Light barrier property

The light barrier properties of the films were determined following 
the methodology described in the 2.6.1 section in transmission mode. 
The films exhibit significantly enhanced light barrier properties 
compared to the pristine chitosan, which typically offers only moderate 
UV protection. As illustrated in Fig. 6, the Cs-ODIN films show 
remarkably low UV light transmission throughout the entire UV spec
trum, with the Cs-ODIN-III formulation achieving complete (100 %) UV 
blocking across all UV wavelengths. Instead, the Cs-PU films display 
comparatively weaker light barrier performances, effectively blocking 
100 % of UVC radiation, but providing limited protection against UVA 
and UVB wavelengths. The UV-blocking capability is demonstrated in 
Fig. 6C, where Cs-ODIN and Cs-PU films were employed as UV shields to 
prevent the photoactivation of the nitrospiropyran dye, with Cs-ODIN- 
III showing outstanding protective performance. To standardize the 
evaluation of UV protection, the calculation of UVA, UVB transmittance, 
and UPF values was performed following the AS/NZS 4399 guidelines 
[29]. Table 3 displays these results, highlighting the superior protective 
performance of the Cs-ODIN formulations. Cs-ODIN-III achieved an 
exceptional UPF value of 161.95, indicating excellent UV shielding. This 
improvement is attributed to its naphthyridine-based structure, which 
contains a higher number of chromophore groups capable of absorbing 
UV radiation, compared to the PU counterpart [44]. Furthermore, 
compared to previously reported chitosan-based films incorporating 
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Fig. 6. UV–Vis transmission spectrum of Cs-ODIN and Cs-PU films (A and B) 
and their UV barrier efficiency against UV activated dye (C).

Table 3 
UVA, UVB, and UPF values of Cs Films.

Samples UVA (%) UVB (%) UPF Interpretation

Cs 70.3 ± 3.0 48.7 ± 1.7 1.95 ± 0.07 Very low protection
CS-ODIN-I 23.5 ± 1.0 15.9 ± 0.5 7.68 ± 0.26 Low protection
CS-ODIN- 

II
12.9 ± 0.6 6.7 ± 0.2 19.2 ± 0.6 Good protection

CS-ODIN- 
III

5.3 ± 0.2 0.72 ± 0.02 161.9 ± 1.2 Exceptional 
protection

CS-PU-I 59.2 ± 2.5 39.0 ± 1.3 2.34 ± 0.08 Very low protection
CS-PU-II 50.5 ± 2.2 31.4 ± 1.1 2.86 ± 0.10 Very low protection
CS-PU-III 34.1 ± 1.5 19.1 ± 0.6 4.53 ± 0.15 Very low protection

Each value represents the average ± SD from three independent measurements 
(n = 3).
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lemon essential oil (LEO) and cranberry juice, which demonstrated 
similar functional enhancements [35], the present study offers a more 
effective strategy by chemically integrating additives rather than relying 
on their physical incorporation. Physical blending often leads to the 
gradual loss of functionality due to additive migration. In contrast, the 
synthesized additives — particularly ODIN — and their carefully opti
mized incorporation levels not only achieve comparable or superior 
performance, but also enhance long-term stability. This makes the 
approach more practical and durable.

3.9. Food protection test (FTP)

For the FPT, we used red cabbage (RCb), which is an anthocyanin- 
rich vegetable known for its high sensitivity to pH and light, particu
larly UV radiation, which causes visible color changes. The use of Cs 
films as barriers to this radiation showed interesting results as reported 
in Fig. 7. After 6 h of UV radiation, the RCb covered with pristine Cs film 
exhibited a color change from light purple to a pale dark color due to the 
degradation of the anthocyanin present in the vegetable. On the other 

Fig. 7. Photographs of red cabbage samples covered with modified Cs films after 6 h of UV irradiation.
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Fig. 8. DPPH scavenging activity of modified-Cs films. Each value represents the mean ± SD (n = 3).
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hand, the modified Cs films presented different protection levels based 
on the type of modifier and its concentration. In the case of PU, only a 
limited protective effect is observed even at high PU content, as shown 
in Fig. 7. In contrast, Cs-ODIN films display markedly reduced discol
oration on the covered side compared to the uncovered one, high
lighting their effectiveness as a protective barrier against UV-induced 
degradation. These observations confirm the UPF values previously re
ported in Table 3, and show that the ODIN-modified chitosan films can 
contribute to prolonging the freshness and visual appeal of food 
products.

3.10. Antioxidant activity

One of the most widely used methods for evaluating the antioxidant 
properties of substances is the DPPH radical scavenging assay. The 
antioxidant acts by neutralizing DPPH free radicals through electron or 
hydrogen atom donation, resulting in a measurable decrease in absor
bance that reflects their scavenging capacity [45]. Fig. 8 illustrates the 
DPPH radical scavenging activity of the tested films. All the materials 
exhibited an increasing antioxidant activity as their concentration in the 
DPPH solution increased. This activity is generally attributed to the free 
amino (-NH₂) and hydroxyl (-OH) groups of chitosan, which react with 
free radicals to form stable macromolecular radicals [46]. The DPPH 
radical scavenging activity was not significantly altered by the incor
poration of ODIN or PU into the chitosan matrix. However, a slight 
decrease in activity was observed at certain concentrations, which can 
be explained by the reduction of free-OH and -NH₂ groups after 
functionalization.

4. Conclusion

The incorporation of PU and ODIN into chitosan films significantly 
improved their functional properties. Both modifiers reduced WVP by 
30–40 %, indicating a denser, hydrogen-bonded network. ODIN out
performed PU due to its stronger hydrogen-bonding ability, reflected in 
higher UVA, UVB, and UPF values, making ODIN-based films especially 
suited for applications requiring UV protection. This was further 
confirmed by a preservation test using red cabbage, where ODIN- 
containing films provided superior protection against UV-induced 
oxidation compared to both pristine and PU-modified Cs films. Ther
mal analysis showed improved stability in modified films, with ODIN- 
based films exhibiting higher degradation temperatures and lower 
degradation rates than PU films. Mechanical testing revealed substantial 
increases in tensile strength, elongation at break, and stiffness. For 
ODIN-modified films, these enhancements were attributed to its 
dimerization and crosslinking abilities. Overall, ODIN and PU grafting 
on pristine Cs enhances the films’ barrier, optical, thermal, and me
chanical performance, making it a promising material for packaging 
applications. In summary, the introduction of ODIN as a supramolecular 
dimerizing unit proved to be an effective route to boost chitosan 
properties.
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