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Abstract: Biopolymeric drug delivery systems enhance the bioavailability and therapeutic
efficacy of poorly soluble bioactive compounds. In this study, chitosan (Chi), dextran
(Dex), carboxymethyl dextran (mDex), lignin (L), and curcumin (Cu) were combined to
develop materials with controlled release, antioxidant, and anti-inflammatory properties.
The mechanical evaluation showed that Chi-mDex-L-Cu exhibited the highest diametral
tensile strength (2.40 MPa), a 1233% increase compared to Chi-mDex-L, due to strong
hydrogen bonding interactions between curcumin and matrix components. Curcumin
release kinetics, modeled using the Weibull equation, demonstrated that Chi-mDex-L-Cu
presented the slowest release rate, reducing the cumulative release by 55.66% as compared
to Chi-L-Cu, ensuring prolonged bioactivity. Despite its controlled release, Chi-mDex-L-
Cu retained 60% antioxidant and 70% anti-inflammatory activity, making it a promising
sustained-release system. The biocompatibility assessment confirmed cell viability above
85%, with Chi-mDex-L-Cu showing a slight (~10%) reduction at higher concentrations
while remaining non-cytotoxic. These findings suggest that Chi-mDex-L-Cu is a strong
candidate for biomedical applications requiring prolonged therapeutic effects, such as
osteoarthritis treatment.

Keywords: chitosan; dextran; curcumin; medical applications

1. Introduction

The development of biopolymeric delivery systems has gained significant attention
in pharmaceutical and biomedical research due to their biocompatibility, biodegradability,
and versatility in drug encapsulation and release [1]. Natural polysaccharides represent a
renewable and abundant class of biopolymers that have been widely explored for various
medical and cosmetic applications [2]. Their inherent properties, including biocompatibility
and ease of functionalization, make them suitable candidates for designing novel drug
delivery platforms. Among these, chitosan and dextran have emerged as promising
materials due to their unique physicochemical and biological properties [3,4].

Chitosan (Chi), a deacetylated derivative of chitin, is extensively studied for its an-
tibacterial and antifungal activities, biocompatibility, and non-toxicity [5,6]. It has been
employed in various drug delivery systems, including nanoparticles, microparticles, and
hydrogels, to enhance drug solubility, stability, and bioavailability [7-9]. Additionally,
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chitosan is known to facilitate wound healing by promoting cell proliferation, migration,
and differentiation [10,11]. Its ability to degrade in the human body via enzymatic hy-
drolysis, coupled with hemostatic, antimicrobial, and osteoconductive properties [12],
makes it a valuable material in tissue engineering for regenerating bone, cartilage, and skin
tissues [13-15].

Dextran (Dex) is another polysaccharide with significant biomedical potential. Its
hydrophilic nature and capacity to form complexes with other natural polymers make this
polymer useful in diverse applications, including blood plasma expansion [16], anticoag-
ulant therapy [17], and antiviral treatments. Moreover, dextran and its derivatives have
been employed in drug delivery systems to improve the controlled release of therapeutic
agents [18-22]. Dextran’s ability to be chemically modified allows it to function as an
efficient drug carrier, improving drug loading and controlled release profiles. Further-
more, dextran-based nanoparticles have demonstrated enhanced targeting capabilities,
contributing to the development of effective drug delivery mechanisms [23-25].

Lignin (L), a natural aromatic macromolecule, provides structural support to plants
and possesses remarkable antioxidant properties due to its phenolic pharmacophore, which
enables it to scavenge reactive radical species [26-29]. This property allows lignin to create
stable mesomeric forms, making it a valuable component in antioxidant formulations. The
integration of lignin into polymeric drug delivery systems enhances their structural stability
and improves their ability to neutralize oxidative stress, which is a major contributor to
various chronic diseases and aging-related conditions.

Curcumin (Cu), a polyphenol derived from Curcuma longa, is well known for its
antioxidant and anti-inflammatory activities [30-32]. It has been reported to target various
biomolecules, including growth factors, cytokines, transcription factors, and enzymes,
influencing cellular processes such as apoptosis and proliferation [33,34]. Despite its
therapeutic potential, curcumin’s clinical application is hindered by its poor solubility in
water, limited absorption, and short biological half-life. Strategies such as encapsulation
in polymeric matrices have been explored to overcome these limitations and improve its
bioavailability. It was reported [35] that curcumin-loaded liposomes can suppress tumor
growth, highlighting its potential in cancer therapy.

The combination of these biopolymers presents an opportunity to develop multi-
functional delivery systems with enhanced properties. By leveraging the antimicrobial
and wound-healing capabilities of chitosan, the drug-loading efficiency of dextran, the
antioxidant potential of lignin, and the bioactivity of curcumin, a synergistic approach can
be employed to develop advanced therapeutic formulations. Such an approach enables the
creation of a drug delivery system that not only ensures sustained release but also provides
additional health benefits by modulating oxidative stress and inflammation.

A major challenge in drug delivery research is achieving a balance between controlled
release and maintaining bioactivity over time. Encapsulation of curcumin within a dextran-
chitosan-lignin matrix addresses this issue by protecting curcumin from degradation while
allowing its gradual release at the target site. This controlled release mechanism enhances
therapeutic outcomes by ensuring prolonged exposure to the bioactive compound, thereby
increasing its efficacy. Additionally, the biopolymeric system provides protection against
premature degradation by external environmental factors such as pH fluctuation and
enzymatic breakdown, improving drug stability and shelf-life.

Polysaccharide-based drug delivery systems also offer advantages in terms of targeting
specific tissues. Chitosan, for instance, exhibits mucoadhesive properties, enabling it to
interact with mucosal surfaces and improve drug retention at the site of application [36,37].
This property is particularly valuable in the development of localized treatments, such as
wound dressings and oral drug delivery formulations. Dextran, on the other hand, can
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be modified to enhance targeting capabilities, allowing selective delivery of therapeutic
agents to diseased tissues while minimizing systemic side effects.

The developed materials were characterized in terms of structural, mechanical and
biological properties.

From a material characterization perspective, Fourier-Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM) are crucial techniques for evaluating the
physicochemical properties of the developed delivery system. FTIR provides insights into
the molecular interactions between chitosan, dextran, lignin, and curcumin, confirming
the successful incorporation of bioactive components. SEM, on the other hand, allows
visualization of the surface morphology and structural integrity of the obtained materials,
aiding in the assessment of their suitability for biomedical applications.

Mechanical testing is another essential aspect of material characterization. An optimal
drug delivery system must possess sufficient mechanical strength to withstand handling
and physiological conditions while maintaining its structural integrity throughout the drug
release process. Evaluating mechanical properties ensures that the developed formulation
meets the necessary standards for biomedical applications.

The evaluation of biological activities, including antioxidant and anti-inflammatory
effects, provides opportunities for future validation of the potential therapeutic benefits
of the developed system. Oxidative stress plays a central role in the pathogenesis of
numerous diseases, and by incorporating lignin and curcumin into the biopolymeric matrix,
the system can help mitigate these effects [38,39]. Anti-inflammatory assays assess the
ability of the materials to reduce inflammation markers, offering insights into its potential
applications in treating inflammatory disorders and promoting tissue regeneration.

The proliferative effects of fillers were assessed using the MTT assay (a colorimetric
method for assessing cell metabolic activity). This assay provides valuable information
regarding the cytocompatibility of the developed systems and their potential influence on
cell growth. Ensuring that the biopolymeric formulation supports cellular activities without
inducing cytotoxicity is a crucial step in advancing its application in medical therapies.

Furthermore, the release kinetics of curcumin were investigated to determine the
effectiveness of the biopolymeric system in achieving sustained drug delivery. Controlled
release mechanisms play a pivotal role in optimizing therapeutic outcomes, preventing the
need for frequent dosing, and reducing potential side effects associated with fluctuating
drug levels in the body. Understanding the release profile of curcumin helps in fine-tuning
the formulation for specific medical applications.

In summary, this study presents the development of a novel biopolymeric delivery sys-
tem based on chitosan, dextran/modified dextran, lignin, and curcumin. Dextran was chem-
ically modified in order to obtain carboxymethyl dextran, while chitosan was crosslinked
with glutaraldehyde and subsequently combined with dextran or carboxymethyl dextran to
develop polymeric materials for bioactive principle delivery systems. The drug release rate
was balanced by carboxymethyl dextran through crosslinking via electrostatic interactions
between carboxyl and amino groups from chitosan, resulting in a more compact structure
that effectively retains and sustains drug release.

By leveraging the unique properties of these biopolymers, the system offers a promis-
ing approach for the controlled release of antioxidant and anti-inflammatory compounds.
The comprehensive characterization of the materials highlights their potential biomedical
applications. The findings of this research contribute to the growing field of biopolymeric
drug delivery systems, paving the way for innovative therapeutic solutions in medicine.



Molecules 2025, 30, 1276

40f23

2. Results and Discussion
2.1. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared analysis of unsubstituted dextran (Figure 1a) reveals several characteris-
tic polysaccharide bands, including a broad O-H stretching vibration in the region of
3400-3500 cm !, which is indicative of extensive hydrogen bonding. Polysaccharides also
tend to strongly retain water, leading to an H-O-H bending vibration commonly observed
in the 1640-1660 cm ! region. In the case of unmodified dextran, the band near 1650 cm !
arises primarily from bound water rather than from functional groups of the polymer itself.
Since there is no intrinsic carbonyl or amide group in dextran, any apparent absorption in
that region is generally attributed to retained moisture.
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Figure 1. FTIR spectra of: (a) Dex; (b) mDex.

Upon carboxymethylation of dextran (Figure 1b), new prominent features appear in
both the high- and low-wavenumber regions. Notably, additional absorptions emerge near
1600 cm~! and 1400 cm ™!, corresponding to the asymmetric and symmetric stretching
vibrations of the carboxylate group (-COO™), respectively. Furthermore, a distinct band
becomes visible around 673 cm ™!, which is attributed to an out-of-plane deformation of
the glucopyranose ring. This band is only weakly observed or absent in unsubstituted
dextran, but the introduction of -CH,-COO™ substituents modify the ring environment
and hydrogen-bonding patterns, thereby enhancing or “activating” this low-frequency
mode. Overall, the appearance of these new vibrational signals confirms successful car-
boxymethylation and provides insights into the altered molecular interactions within the
polysaccharide chain.

Figure 2 presents the FTIR spectra of the materials containing chitosan (Chi), dextran
(Dex) or carboxymethyl dextran (mDex), lignin (L), and curcumin (Cu). In spectrum (a),
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corresponding to Chi-L, a broad absorption centered around 3300-3400 cm ™! is evident, re-
flecting overlapping O-H (from lignin phenolic groups) and N-H (from chitosan) stretching
bands. A moderate peak near 2920 cm ™! is attributed to C-H stretching vibrations, com-
mon to polysaccharides and lignin’s aliphatic side chains. The amide I region of chitosan
(around 1640-1650 cm~!) and the aromatic ring vibrations of lignin (approximately 1600
and 1510 cm™1) overlap slightly, although the lignin band near 1510 cm ™! remains visible.
Chitosan’s saccharide ring vibrations appear in the 1150~1000 cm ! region, producing a

characteristic polysaccharide fingerprint.
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Figure 2. FTIR spectra of the obtained materials: (a) Chi-L; (b) Chi-Dex-L; (c) Chi-Dex-L-Cu; (d) Chi-
L-Cu; (e) Chi-mDex-L; (f) Chi-mDex-L-Cu.
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Upon addition of dextran, as shown in spectrum (b) (Chi-Dex-L), the broad hydrogen-
bonded region (3300-3400 cm~!) remains prominent, but the 1150-1000 cm™~! region
becomes more intense due to the glycosidic ring signals of dextran. The lignin aromatic

ring vibrations and chitosan amide band persist near 1600 and 1650 cm ™!

, respectively.
Introducing curcumin into the Chi-Dex-L matrix—spectrum (c) (Chi-Dex-L-Cu)—adds a
conjugated C=0 stretching band (1620-1630 cm~!) that overlaps with the lignin/chitosan
region. Additional aromatic ring modes from curcumin overlap with those of lignin near
1500-1450 cm !, and the phenolic O-H of curcumin contributes further to broadening in
the 3300-3400 cm ! range.

A similar trend appears in spectrum (d) (Chi-L-Cu), where the absence of dextran
simplifies the carbohydrate region, yet the curcumin band near 1620-1630 cm ! and lignin

aromatic absorptions around 1600 and 1510 cm !

remain clearly visible. In spectrum (e)
(Chi-mDex-L), the carboxylate groups in carboxymethyl dextran shift or intensify absorp-
tions near 1600-1610 cm 1. Finally, in spectrum (f) (Chi-mDex-L—Cu), the characteristic
signals of all four components—chitosan, mDeXx, lignin, and curcumin—overlap. The broad
band at 3300-3400 cm ! encompasses O-H and N-H stretching from all components, while
the COO™ stretch (mDex), the aromatic ring vibrations (lignin and curcumin), and the
saccharide skeleton bands (chitosan and mDex) combine, confirming effective integration

of each constituent into the material.

2.2. Mechanical Properties of Materials

The diametral tensile strength (DTS) data (Figure 3) reveal clear material’s composition—
property correlations within these formulations. Chi-L exhibits a moderate DTS value
of 0.18 MPa, reflecting hydrogen bonding and limited electrostatic interactions between
chitosan’s amine groups and lignin’s phenolic moieties. Addition of dextran (Chi-Dex-L)
diminishes DTS to 0.12 MPa—a 33% decrease—likely because dextran’s relatively linear
structure and hydroxyl groups do not contribute enough additional crosslinking sites
to strengthen the matrix. In contrast, replacing dextran with carboxymethyl dextran
(Chi-mDex-L) recovers the original 0.18 MPa, indicating that the carboxymethyl groups
facilitate somewhat stronger hydrogen bonding or ionic interactions that restore the base-
line strength.

2.5

15

Diametral tensile strength, (MPa)

0.5

N T

Chi-L Chi-Dex-L Chi-mDex-L Chi-L-Cu Chi-Dex-L-Cu  Chi-mDex-L-Cu

Figure 3. Diametral tensile strength for tested materials.
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The introduction of curcumin (Cu) drives dramatic enhancement in the DTS of cer-
tain formulations. Although Chi-L-Cu (0.15 MPa) is 17% lower than the original Chi-L,
adding curcumin to Chi-Dex-L (Chi-Dex-L—-Cu) boosts the DTS to 0.84 MPa—an increase
of 600% over its non-curcumin counterpart, and nearly 370% higher than Chi-L. Even
more striking is the Chi-mDex-L—Cu, achieving 2.40 MPa: a 1233% increase relative to
Chi-mDex-L and 1200% higher than Chi-L. These improvements reflect the multifunc-
tional role of curcumin, whose polyphenolic rings can participate in hydrogen bonding,
hydrophobic interactions [40], and potential electrostatic attractions with both chitosan and
lignin. Furthermore, the carboxyl groups of mDex introduce additional binding sites that
amplify curcumin’s crosslinking efficacy, leading to highly interconnected, mechanically
robust networks. Hence, the synergistic effect of curcumin and mDex produces the most
significant rising in DTS, underscoring the importance of complementary functional groups
for maximizing material strength.

The diametral tensile strength of the tested materials exhibited significant variations,
as confirmed by the ANOVA results (F = 936.1433, p = 4.09 x 10~'%), indicating that
the mechanical properties are strongly influenced by the material composition and the
presence of curcumin (Table S1, Supplementary Materials). The post-hoc Bonferroni test
further confirmed significant differences between specific groups, particularly between
curcumin-loaded and non-loaded materials.

Among the non-curcumin-loaded materials, Chi-L (0.18 MPa), Chi-Dex-L (0.12 MPa),
and Chi-mDex-L (0.18 MPa) exhibited similar tensile strengths, with no statistically signifi-
cant differences between them (p > 0.05). The introduction of curcumin had a profound
impact on the mechanical properties, as evidenced by the significant augmentation in DTS
values for Chi-Dex-L-Cu (0.84 MPa) and Chi-mDex-L-Cu (2.44 MPa). The tensile strength
of Chi-mDex-L-Cu was significantly higher than all other groups (p < 3.4 x 1077 when
compared to Chi-L, Chi-Dex-L, and Chi-L-Cu).

While Chi-L-Cu (0.15 MPa) did not show a significant rise in strength compared to its
non-curcumin counterpart (Chi-L, p = 0.607), the system comprising modified dextran exhib-
ited a distinct mechanical enhancement when curcumin was incorporated. Chi-Dex-L-Cu
showed a nearly sevenfold increase in strength compared to Chi-Dex-L (p = 6.31 x 107°),
and Chi-mDex-L-Cu demonstrated an even more pronounced increase (p = 3.23 x 1077).
These results suggest that the interaction between curcumin and Chi-Dex-based matri-
ces contributes to enhanced mechanical reinforcement, likely due to improved structural
integrity and polymer cross-linking effects.

The findings demonstrate that Chi-mDex-L-Cu is the most mechanically robust mate-
rial, exhibiting the highest diametral tensile strength among all tested formulations. This
enhanced mechanical performance makes it a promising candidate for applications re-
quiring structural stability and durability, such as biomedical scaffolds or drug delivery
systems requiring mechanical resilience. In contrast, Chi-L-Cu exhibited only marginal
improvements in mechanical properties, suggesting that the chitosan-lignin system alone
does not provide significant reinforcement upon curcumin loading.

Overall, the results emphasize that the mechanical behavior of curcumin-loaded ma-
terials depends not only on the presence of curcumin but also on the specific polymeric
matrix used. The formulations comprising dextran, particularly Chi-mDex-L-Cu, ben-
efit from a synergistic effect that significantly enhances their tensile strength, making
them more suitable for applications requiring both controlled drug release and improved
mechanical stability.
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2.3. Scanning Electron Micrography

Scanning electron micrographs (Figure 4) of Chi-L reveal a relatively coarse, granular
surface with discernible pores and micro voids, reflecting characteristic chitosan-lignin
aggregation. In Chi-Dex-L, the overall architecture appears somewhat denser, and while
pores are still visible, they seem smaller or less numerous, suggesting that dextran may
enhance interfacial cohesion and partially fill void spaces. By contrast, Chi-mDex-L
exhibits more uniform domains and fewer apparent pores, consistent with additional
electrostatic or hydrogen bonding introduced by the carboxymethyl groups, which may
further reduce or mask void regions.

Figure 4. Scanning electron micrographs of materials: (a) Chi-L; (b) Chi-Dex-L; (¢) Chi-mDex-L;
(d) Chi-L-Cu; (e) Chi-Dex-L-Cu; (f) Chi-mDex-L-Cu.

Upon curcumin loading, Chi-L-Cu shows granular deposits interspersed with rem-
nant pores, indicating partial filling of cavities by curcumin. In Chi-Dex-L—-Cu, curcumin
similarly appears to occupy some of the existing pore space, leading to a slightly more
compact matrix. Finally, Chi-mDex-L-Cu contains fewer visible voids, suggesting that
the synergistic effect of carboxymethyl dextran and curcumin results in a more uniformly
filled structure with minimized pore dimensions. Overall, these micrographs underscore
how each component modulates pore formation and surface compactness in the chitosan-
dextran based materials.

2.4. Release Kinetic of Bioactive Principles from Polymeric Matrix

The Weibull model is a versatile mathematical tool widely employed to describe the
kinetics of drug release from polymeric matrices. Its flexible form allows for the charac-
terization of various release mechanisms, ranging from diffusion-dominated processes
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to degradation-controlled systems. The general equation (Equation (1)) of the Weibull
model is: )
y=AXx (1 — o~ (kx(x—xc)) ) 1)

where: y—cumulative drug release at time x; A—maximum cumulative release (asymptotic
value); k—release rate constant, indicating the speed of drug release; x.—lag time before
significant drug release begins; d—shape parameter, which determines the nature of the
release curve.

By fitting experimental data to the Weibull model, the values of A, k, x., and d provide
valuable insights into the drug release profile: A—indicates the total amount of drug that
can be released; k—reflects the speed of release, influenced by the matrix’s structure and
drug properties; x.—identifies any delay in release, such as a hydration phase or lag due
to matrix swelling; d—reveals the dominant release mechanism, distinguishing between
diffusion and matrix degradation.

The model accommodates various types of polymeric matrices, including hydrogels,
crosslinked networks, and composite materials. Its adaptability allows it to describe
systems with single or combined release mechanisms.

The Weibull model is often used to fit experimental release data, enabling the deter-
mination of the kinetics and mechanisms of drug release. For example, a low d value (<1)
indicates diffusion-dominated release, common in hydrophilic polymeric matrices.

By comparing k and d values across different formulations, researchers can evaluate
the influence of polymer composition, crosslinking density, and drug-polymer interactions
on release behavior.

The model assists in designing formulations tailored for specific therapeutic needs.
For instance, fast-release systems can be designed by optimizing matrices with higher k
and A values. Sustained-release systems can be achieved by introducing carboxylic groups
or enhancing crosslinking, reducing A and k.

The Weibull model is a cornerstone in the study of drug release kinetics from polymeric
matrices. Its flexibility and interpretability make it invaluable for understanding and
optimizing release profiles. By using the insights provided by the model, there could
be designed advanced drug delivery systems adapted for a wide range of therapeutic
applications. Whether for fast-acting formulations or prolonged-release therapies, the
Weibull model remains a powerful tool in pharmaceutical research.

The release of curcumin from Chi-L-Cu, Chi-Dex-L-Cu, Chi-mDex-L-Cu, Chi-L-Cu?*,
Chi-Dex-L-Cu*, and Chi-mDex-L-Cu* materials was assessed using the Weibull model to
evidence the release kinetics (Figure 5). The parameters analyzed include the maximum
release (A) and the rate constant (k), which are influenced by the composition and chemical
structure of the materials components (Table 1).

Table 1. The Weibull parameters for the release of curcumin from the obtained materials.

Material A Xc d k R?
Chi-L-Cu 400 + 12,5 —0.01457 + 0.38 0.7103 £ 0.1318 0.00456 =+ 0.00345 0.9949
-30
Chi-Dex-L-Cu 386.11 +3.19 j?&xxlloo,léi 0.4999 + 0.1182 0.00145 + 0.0036 0.9966
—45
Chi-mDex-L-Cu 177.36 4 2.08 —1092? x 118_29 + 03717 + 0.2275 0.00292 + 0.01527 0.9893
-5
Chi-L-Cu* 349.89 + 15.63 702(')43%91 X 11%,11i 0.6971 + 0.0946 0.00291 =+ 0.00232 0.99635
Doy -Car* —3.73426 x 107%7 + 1.4897 x 1076 +
Chi-Dex-L-Cu 263.81 & 11.20 SR <10 0.3898 = 0.2142 A 10 0.98873
—41
Chi-mDex-L-Cu* 215.00 + 2.73 —8.60756 x 10— =+ 0.4151 + 0.1233 0.00121 =+ 0.00434 0.99484

1.53609 x 10~2*
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Figure 5. Curcumin release from tested materials.

The release kinetics of pure curcumin (Cu*) from the chitosan-dextran/carboxymethyl
dextran-lignin matrix exhibited a significantly slower and lower cumulative release com-
pared to curcumin extracted from turmeric. This behavior can be attributed to the strong
molecular interactions between curcumin and the polymeric components, including hy-
drogen bonding, electrostatic interactions, and 7-7t stacking with lignin. These interactions
contribute to curcumin entrapment within the polymeric network, limiting its diffusion and
prolonging its release. Additionally, the polymeric matrix forms a semi-rigid, hydrophilic
environment that restricts the solubility and mobility of curcumin, further reducing the
release rate. In contrast, curcumin in turmeric extract exists in a more bioavailable form,
likely due to its association with other bioactive compounds that enhance its solubility
and diffusion.

Chi-L-Cu exhibited the highest release capacity, with an asymptotic A value of 400 pg.
This represents a 3.47% higher release compared to Chi-Dex-L-Cu (A = 386) and a 55.66%
higher release as compared to Chi-mDex-L-Cu (A = 177.37). The significantly lower A
value for Chi-mDex-L-Cu suggests that the introduction of carboxymethyl dextran into the
matrix substantially limits curcumin release. The carboxymethylation process introduces
carboxylic (-COOH) groups, which enhance crosslinking density, thereby reducing matrix
porosity and curcumin diffusion.

Chi-L-Cu demonstrated the fastest release rate, with k = 0.00456. This was
68.16% higher than Chi-Dex-L-Cu (k = 0.00145) and 35.96% higher than Chi-mDex-L-
Cu (k = 0.00292). The slower k recorded for Chi-Dex-L-Cu reflects the impact of dextran
incorporation, which increases matrix rigidity, slowing the diffusion of curcumin. Chi-
mDex-L-Cu, with its lower k, balances curcumin diffusion and matrix degradation. The
presence of carboxylic groups in carboxymethyl dextran enhances ionic interactions with
chitosan’s amine groups, creating a compact and highly crosslinked network.

Carboxymethyl dextran contains carboxyl (-COOH) groups that significantly influ-
ence the matrix structure. These groups react with the amine (-NH>) groups in chitosan,
forming ionic crosslinks that increase matrix density. Hydrogen bonding between car-
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boxylic groups and hydroxyl groups in lignin or dextran further strengthens the network,
enhancing mechanical stability. The additional crosslinking reduces water uptake and
matrix swelling, thereby limiting the diffusion of curcumin. To conclude, the chemical
modification of dextran (carboxymethylation) introduces additional reactive groups, which:
increase the potential for crosslinking within the matrix; reduce permeability of the material,
leading to lower A and slower k; in Chi-mDex-L-Cu, the enhanced crosslinking results
in a highly compact structure, making it ideal for applications requiring prolonged and
controlled release.

The differences in A and k between the materials highlight the impact of polymeric
composition and chemical modifications on curcumin release: Chi-L-Cu—high A and k,
indicating a permeable matrix ideal for rapid and extensive curcumin release; Chi-Dex-L-
Cu—moderate A and k, reflecting the effect of dextran incorporation, which slows release
while maintaining a high release capacity; Chi-mDex-L-Cu—the lowest A and lowest k,
underlining the role of carboxymethyl dextran in creating a denser, more rigid matrix with
prolonged release.

These findings suggest that the chemical modifications of dextran, particularly the
introduction of carboxylic groups, play a pivotal role in optimizing the release profiles of
curcumin, enabling the design of materials for specific drug delivery applications.

The controlled release of curcumin from polymeric matrices was analyzed through
key pharmacokinetic parameters, including area under the curve (AUC), maximum drug
concentration (Cmax), and time to maximum concentration (Tmax). These parameters
provide insight into the extent, rate, and duration of drug release from the tested materials:
Chi-L-Cu, Chi-Dex-L-Cu, and Chi-mDex-L-Cu.

The computed AUC values were 43,950.0, 29,425.0, and 20,025.0 ug-min/g material
for Chi-L-Cu, Chi-Dex-L-Cu, and Chi-mDex-L-Cu, respectively. The corresponding Cpmax
values were 250.0, 165.0, and 110.0 ug/g material, all occurring at Tmax of 270 min (Table 52,
Supplementary Materials). These results indicate distinct drug release behaviors across the
three formulations.

Chi-L-Cu exhibited the highest AUC, suggesting the greatest total drug exposure
over time. The peak concentration of 250.0 ug/g material at 270 min confirms that this
formulation achieved the highest release among the tested materials. The combination of
a high AUC and Cmax indicates a rapid and efficient drug release, likely attributed to a
porous polymeric matrix that facilitates curcumin diffusion. This system is optimal for
applications requiring high initial drug availability, where curcumin must reach therapeutic
levels quickly.

Chi-Dex-L-Cu demonstrated an AUC of 29,425.0 pug-min/g material, lower than Chi-
L-Cu but still significant. The Cpyax of 165.0 nug/g material at 270 min suggests a more
controlled release compared to Chi-L-Cu. The presence of dextran within the chitosan
matrix likely contributes to a reduction in diffusion rates, promoting sustained release
characteristics. This formulation is suitable for applications requiring extended drug
delivery, where maintaining moderate curcumin concentrations over time is beneficial.

Chi-mDex-L-Cu exhibited the lowest AUC of 20,025.0 ug-min/g material, indicating
the least overall drug exposure. The Cpax of 110.0 pg/g material at 270 min reflects the
slowest drug release among the three formulations. The modified dextran component
appears to further restrict curcumin diffusion, leading to a gradual and prolonged release
profile. This formulation is ideal for long-term drug administration, where maintaining a
lower but consistent drug concentration over time is required.

A comparative analysis of the three formulations suggests that material composi-
tion significantly influences the release kinetics of curcumin. Chi-L-Cu is best suited for
rapid drug delivery, ensuring high curcumin availability early in the release period. Chi-
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Dex-L-Cu offers a balance between rapid and sustained release, making it an effective
controlled-release system. Chi-mDex-L-Cu provides the most prolonged release profile,
maintaining curcumin concentrations at lower but steady levels, making it ideal for appli-
cations requiring long-term therapeutic effects. These findings highlight the potential for
tailoring polymeric drug delivery systems on specific therapeutic requirements.

The delivery of curcumin from the three tested polymeric materials (Chi-L-Cu, Chi-
Dex-L-Cu, and Chi-mDex-L-Cu) exhibit significant differences, as shown in the release
profile (Figure 5). The release trends indicate that Chi-L-Cu presents the highest release
rate and maximum cumulative release, followed by Chi-Dex-L-Cu, while Chi-mDex-L-Cu
shows the lowest release of curcumin over time.

The ANOVA results (Table S3, Supplementary Materials) confirm a statistically sig-
nificant difference between the release profiles of the tested materials (F = 1633.561,

p = 6.16 x 1077), indicating that the variations observed in curcumin release are not due to
random fluctuations but are attributable to differences in materials composition. The post-
hoc Bonferroni correction further validates these findings, with all pairwise comparisons
being statistically significant (p < 0.0003 in all cases).

Chi-L-Cu exhibited the highest release rate and maximum cumulative release, mak-
ing it ideal for fast-release applications, such as immediate drug delivery where rapid
bioavailability is required.

Chi-Dex-L-Cu demonstrated a more moderate and sustained release profile, which
could be beneficial for controlled-release formulations, where a prolonged therapeutic
effect is desired while minimizing drug fluctuations.

Chi-mDex-L-Cu displayed the slowest and lowest release, suggesting its suitability
for extended-release or long-term drug delivery systems, where a gradual and sustained
drug release is required to reduce dose administration.

These findings emphasize the influence of polymeric modifications on the drug release
behavior, highlighting the potential of chitosan-dextran based matrices for adjusting drug
delivery to specific therapeutic needs.

2.5. Anti-Inflammatory Activity of Materials

BSA (bovine serum albumin) protein denaturation assay for the in vitro evaluation of
anti-inflammatory potential of curcumin circumvented the ethical issues associated with
the use of animals, having in mind that these are results of the first screenings.

The curcumin release profiles from the tested materials (Figure 5) reveal distinct kinetic
behaviors that significantly influence their anti-inflammatory efficacy (Figure 6). Among
the formulations, Chi-L-Cu exhibits the fastest curcumin release, followed by Chi-Dex-L-
Cu, while Chi-mDex-L-Cu demonstrates the most sustained and controlled release over
time. This suggests that the nature of the polymer matrix plays a crucial role in curcumin
diffusion, with the carboxymethyl dextran (mDex) component contributing to prolonged
retention of curcumin within the polymeric network. The presence of carboxyl groups in
mDex likely enhances hydrogen bonding and electrostatic interactions, slowing down the
diffusion rate while maintaining a continuous, steady release.

The anti-inflammatory data further support the idea that curcumin bioavailability is
strongly linked to its release kinetics. Chi-Dex-L-Cu achieves the highest inhibition (~90%),
demonstrating that an intermediate release rate optimally balances bioavailability with
sustained action. Notably, Chi-mDex-L-Cu exhibits substantial anti-inflammatory activity
(~70%) despite slower curcumin release, indicating that its controlled release mechanism
may offer prolonged therapeutic effects, potentially reducing the need for frequent dosing.
This is a key advantage in biomedical applications where sustained drug release is desirable
for long-term anti-inflammatory effects.
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Figure 6. Anti-inflammatory activity of materials.

While Chi-L-Cu releases curcumin more rapidly, leading to an initial strong inhibition
effect, its faster depletion may limit prolonged bioactivity. In contrast, Chi-mDex-L-Cu,
with its extended-release profile, could be of particular interest for applications requiring
prolonged curcumin action, such as chronic inflammatory conditions. The ability of mDex
to modulate curcumin release while still achieving significant inhibition underscores its
potential as a strategic polymeric component in sustained-release formulations.

Overall, these results highlight that mDex-containing formulations not only ensure
extended curcumin availability but also retain significant anti-inflammatory efficacy, mak-
ing them highly attractive for long-term therapeutic applications. Future studies should
explore further optimization of mDex-based matrices to fine-tune release rates and to en-
hance sustained bioactivity for applications in osteoarthritis treatment, or gastrointestinal
inflammatory disorders.

The release kinetics of curcumin from the tested materials exhibit distinct profiles,
which directly impact their anti-inflammatory effectiveness. The release profile demon-
strated that Chi-L-Cu exhibited the highest curcumin release rate and cumulative release
over time, followed by Chi-Dex-L-Cu, while Chi-mDex-L-Cu displayed the slowest and
lowest curcumin release. The statistical analysis of anti-inflammatory capacity (Table 54,
Supplementary Materials) further confirmed significant differences among the tested ma-
terials, as indicated by the ANOVA results (F = 456.308, p = 2.99 x 10~!3). The post-hoc
Bonferroni test revealed that nearly all compared pairwise were statistically significant
(p < 0.0003 in most cases), reinforcing the impact of dextran modifications on curcumin
bioavailability and therapeutic efficiency.

Chi-L-Cu exhibited an average anti-inflammatory activity of 36.42%, correlating with
its rapid curcumin release, suggesting that materials with high initial release provide
quick bioavailability and an early anti-inflammatory effect. Chi-Dex-L-Cu showed the
highest overall anti-inflammatory activity, with an average of 88.01%, aligning with its more
controlled release profile. This suggests that a moderate and sustained release enhances
prolonged bioactivity, preventing the rapid depletion of curcumin and thereby maintaining
an extended therapeutic effect. Chi-mDex-L-Cu, while exhibiting the lowest release profile,
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displayed significant anti-inflammatory activity with an average of 51.73%, higher than
Chi-L-Cu but lower than Chi-Dex-L-Cu. This indicates that while the slow release profile
may delay maximum effectiveness, it still provides prolonged anti-inflammatory action.

These findings demonstrate a strong correlation between curcumin release kinetics
and its biological activity. Fast-releasing materials such as Chi-L-Cu are suitable for appli-
cations requiring immediate anti-inflammatory action, whereas controlled-release systems
like Chi-Dex-L-Cu are more effective for prolonged therapeutic effects. Slow-release sys-
tems, such as Chi-mDex-L-Cu, may be advantageous for extended treatments where a
sustained, lower-dose effect is required. The results highlight the importance of dextran
modifications in optimizing curcumin delivery for enhanced bioactivity and suggest that
carefully tuning release kinetics is essential for maximizing therapeutic benefits in drug
delivery applications.

2.6. Antioxidant Activity of Materials

The antioxidant activity of the tested materials, as evaluated using the ABTS assay
(Figure 7), highlights the influence of both the polymeric matrix and curcumin release
kinetics on radical scavenging capacity. When fillers were incorporated into the matrix,
the antioxidant properties were modified, with Chi-Dex-L showing a similar inhibition
rate (~72%), while the inclusion of carboxymethyl dextran (mDex) slightly reduced the
antioxidant activity to ~68%.
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Figure 7. Antioxidant capacity of the tested materials.

Curcumin, known for its potent inhibitory capacity, plays a crucial role in modulating
the antioxidant activity of these materials. Its C=C bonds, 3-diketo group, and phenyl
rings contribute significantly to radical scavenging, acting as H-atom donors in antioxidant
mechanisms [41]. This effect is evident in the Chi-L-Cu (~80% inhibition) and Chi-Dex-L-
Cu (~65% inhibition) samples, which exhibited the highest antioxidant activity due to the
presence of phenolic hydroxyl groups in both curcumin and lignin, capable of donating
hydrogen protons to neutralize free radicals [42]. However, the most intriguing finding
is that while Chi-mDex-L-Cu demonstrated slightly lower radical scavenging capacity
(~60%), its extended curcumin release profile (Figure 5) suggests a prolonged antioxidant
effect over time.

Unlike Chi-L-Cu, which releases curcumin rapidly and reaches higher radical scav-
enging activity in the short term, Chi-mDex-L-Cu ensures a more sustained release of
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curcumin, maintaining antioxidant potential over an extended period. This suggests that
while its immediate inhibition rate is ~25% lower than Chi-L-Cu, it may offer prolonged
antioxidant protection, making it a lead candidate for applications where sustained activity
is required, such as food packaging, biomedical coatings, or pharmaceutical formulations
for chronic oxidative stress conditions.

Overall, these results emphasize the strategic role of mDex-based matrices in mod-
ulating curcumin release and prolonging its bioactivity. Future research should explore
optimizing these formulations to fine-tune the balance between initial radical scavenging
capacity and sustained curcumin availability, positioning Chi-mDex-L-Cu as a promising
material for long-term antioxidant applications.

The relationship between curcumin release and antioxidant activity plays a crucial role
in evaluating the effectiveness of polymers carriers for bioactive compound delivery. The
release kinetics demonstrated that Chi-Dex-L-Cu and Chi-mDex-L-Cu exhibited a more
controlled release profile compared to Chi-L-Cu, which showed the highest and fastest
curcumin release. This controlled release behavior is particularly relevant when considering
the antioxidant efficiency over time, as the antioxidant activity is directly dependent on the
amount of curcumin available at a given time (t).

The statistical analysis of antioxidant capacity confirmed significant differences among
the tested materials, with ANOVA results (Table S5, Supplementary Materials) indicating
a highly significant effect (F = 73.01071, p = 1.46 x 10~8). Post-hoc Bonferroni analysis
showed that while Chi-L-Cu demonstrated the highest initial antioxidant capacity, Chi-
Dex-L-Cu and Chi-mDex-L-Cu exhibited a more sustained antioxidant effect, attributed
to the controlled curcumin release. The average antioxidant activity for Chi-Dex-L-Cu
(57.74%) and Chi-mDex-L-Cu (60.00%) was lower than that of Chi-L-Cu (76.23%); however,
this difference must be interpreted in the context of release kinetics. At a given time
point, the antioxidant capacity is proportional to the cumulative amount of curcumin
released, meaning that a slower but continuous release, as observed in Chi-Dex-L-Cu and
Chi-mDex-L-Cu, ensures prolonged bioactivity.

A key observation is that while Chi-L-Cu provides an initial burst of antioxidant
activity due to rapid curcumin release, its efficiency may decline over time as the available
curcumin is depleted. In contrast, Chi-Dex-L-Cu and Chi-mDex-L-Cu maintain a more
stable release profile, ensuring that curcumin remains bioavailable over extended periods,
thus sustaining antioxidant activity at later time points. This controlled-release mechanism
is particularly advantageous in applications where long-term free radical scavenging is
required rather than an immediate but transient effect. The statistical significance of the
differences between materials further supports this finding, with Chi-Dex-L-Cu and Chi-
mDex-L-Cu demonstrating distinct antioxidant behaviors compared to Chi-L-Cu (p < 0.0006
in most cases).

These results highlight that Chi-Dex-L-Cu and Chi-mDex-L-Cu are particularly valu-
able for applications requiring sustained antioxidant activity, such as chronic oxidative
stress management or prolonged therapeutic delivery. Their ability to regulate curcumin
availability over time enhances their potential for biomedical applications, where maintain-
ing a steady antioxidant effect is more beneficial than a rapid but short-lived response. The
findings emphasize the importance of selecting matrices components to optimize curcumin
bioavailability and maximize its therapeutic potential over extended durations.

2.7. In Vitro Biocompatibility of Samples

The proliferative effect of the developed materials was evaluated using the MTS (3-[4,5-
dimethylthiazol-2-yl1]-2,5-diphenyl tetrazolium bromide) assay against gingival fibroblasts.
The method is a widely used, reliable colorimetric method to assess cell viability and
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cytotoxicity, based on the ability of mitochondrial dehydrogenases in metabolically active
cells to reduce MTS into formazan crystals. The amount of formazan produced is directly
proportional to the number of viable cells, providing a quantitative measure of cell survival
and proliferation.

After 24 h of incubation, all tested formulations exhibited high cell viability across
the three concentrations (0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL), confirming their excel-
lent biocompatibility (Figure 8). The cell survival rates remained above 85% in all cases,
indicating low cytotoxicity and minimal interference with cellular metabolic activity.

m0.1 mg/ml m0.5mg/ml m1mg/ml

Chi-L Chi-L-Cu Chi-Dex-L  Chi-Dex-L-Cu  Chi-mDex-L Chi-mDex-L-Cu

Figure 8. In vitro biocompatibility of samples.

Among the tested materials, Chi-L and Chi-L-Cu demonstrated the highest cell via-
bility (~95-100%), suggesting that the chitosan-lignin does not induce adverse effects on
fibroblast proliferation. Similarly, Chi-Dex-L and Chi-Dex-L-Cu maintained high biocom-
patibility, with cell viability exceeding 90% across all tested concentrations, indicating that
the incorporation of dextran and curcumin does not negatively impact cell survival and
further supports their potential as safe therapeutic materials.

Chi-mDex-L and Chi-mDex-L-Cu also displayed excellent biocompatibility, although
a slight decrease in viability (~10% reduction at 1 mg/mL for Chi-mDex-L-Cu) was ob-
served compared to other formulations. This reduction is likely attributed to the increased
interaction between carboxymethyl dextran (mDex) and the fibroblast membrane at higher
concentrations. However, even at the highest tested dose, cell viability remained above
80%, reinforcing the safety profile of mDex-containing formulations.

For an MTS assay, cell viability above 80% is generally considered non-cytotoxic, while
viability between 60-80% suggests moderate biocompatibility and below 60% may indicate
cytotoxic effects. In this study, all materials met the biocompatibility criteria, confirming
their potential for biomedical applications.

Given their biocompatibility and potential for sustained curcumin release, mDex-based
formulations stand out as lead candidates for in vivo evaluation, where their long-term
therapeutic efficacy and biological interactions will be further assessed.

3. Materials and Methods
3.1. Materials

Dextran from Leuconostoc spp. (100,000 Da), chitosan from shrimp shells (250,000 Da,
viscosity 800 cps, purity 98.7% and degree of deacetylation of 83.28%), curcumin (Cu*,
with a purity > 94%, cat. no. C7727), monochloroacetic acid (99%), glutaraldehyde
solution (50 wt.% in HyO), 4,5-Dihydroxynaphthalene-2,7-disulfonic acid disodium salt
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(chromotropic acid, reagent grade > 98.5%), bovine albumin (reagent grade > 97%) and 2,2’-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (>98%) (ABTS) were from Sigma-Aldrich
Co. (St. Louis, MO, USA) and were used without any further purification. The softwood
lignin (Lignoboost softwood) was obtained at Sodra Cell (Vaxjo, Sweden), Sweden by
regular Lignoboost process.

3.2. Extraction of Curcumin (Cu)

A total of 20 g of finely powdered turmeric was subjected to solvent extraction using
100 mL of 95% ethanol in a 250 mL beaker. The mixture was stirred at 40 °C for 2 h, ensuring
efficient solubilization of curcuminoids. The resulting suspension was filtered, and the
filtrate was concentrated under reduced pressure at 50 °C using a rotary evaporator. To
induce curcumin precipitation, 50 mL of cold distilled water (4 °C) was slowly added to
the concentrated extract under gentle stirring. The mixture was then left undisturbed at
4 °C for 12 h to allow complete crystallization. The precipitated curcumin was collected
by vacuum filtration, washed with hexane and cold ethanol, and dried in a vacuum oven
at 40 °C for 24 h. The final yield of purified curcumin was 2.9376 g, corresponding to an
extraction efficiency of 14.69% (w/w) relative to the initial turmeric powder.

3.3. Synthesis of Carboxymethyl Dextran (mDex)

2 g of dextran were dissolved in 150 mL of 2.0 M NaOH solution. Then, 30 mL of
chloroacetic acid of concentration of 0.6% was added. After stirring at room temperature
for 24 h, the mixtures were dialyzed against deionized water for 1 week. The white powder
of carboxymethyl dextran obtained after lyophilization was used as matrix component.

3.4. The Obtainment of Materials

The materials were obtained via blending method. A Chi solution was prepared by
dissolving 0.75 g Chi in 75 mL (1 % v/v) acetic acid aqueous solution, stirring thoroughly
for 1 h. Also, solution of 0.1 g of dextran/ modified dextran in water was prepared. Cu/Cu*
(0.1 g) was dissolved in ethanol (5 mL) and mixed thoroughly ensure uniform dispersion
in each previously obtained solution. The obtained formulations are noted in Table 2.
Furthermore, 100 uL of glutaraldehyde was added to every formulation, which was stirred
at 40 °C for few seconds to obtain a material-forming solution. Each material was poured
into a 90 mm diameter Petri dish and left to dry for 48 h. After casting, capsules (named
according to Table 2) with an 11 mm diameter and 1 mm thickness by using a Carver
Hydraulic Laboratory Press Model C at a pressure of 6 tons for 2 min were obtained.

Table 2. Sample formulations.

Chitosan Dextran Carboxymethyl Lignin . Curcumin®*
Component ® © Dextr};n (g)y ;gg) Curcumin (g) ©
Chi-L 0.25 - - 0.1 - -
Chi-Dex-L 0.25 0.1 - 0.1 - -
Chi-mDex-L 0.25 - 0.1 0.1 - -
Chi-L-Cu 0.25 - - 0.1 0.1 -
Chi-Dex-L-Cu 0.25 0.1 - 0.1 0.1 -
Chi-mDex-L-Cu 0.25 - 0.1 0.1 0.1 -
Chi-L-Cu* 0.25 - - 0.1 - 0.1
Chi-Dex-L-Cu* 0.25 0.1 - 0.1 - 0.1
Chi-mDex-L-Cu* 0.25 - 0.1 0.1 - 0.1

3.5. The Determination of Degree of Substitution

The degree of substitution (DS) of the carboxymethyl dextran (mDex) sample was
quantified following the approach outlined by Li et al. [43], with minor alterations. Briefly,
100 mg of glycolic acid was dissolved in 10 mL of distilled water and brought to neutrality
by adding 250 mmol/L NaOH. Next, calibration standards covering 0-500 pg/mL of
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glycolic acid were prepared, each combined with 5 mL of a 1 g/L chromotropic acid
solution and 1 mL of concentrated sulfuric acid in colorimetric tubes. These mixtures were
then placed in a boiling water bath for 30 min, cooled to room temperature, and diluted to
25 mL using a 30% ammonium acetate solution. Their absorbances were recorded at 570 nm
with a Jenway 6405 UV-Vis spectrophotometer (Cole-Parmer, Vernon Hills, IL 60061, USA),
generating the standard calibration curve. A separate aliquot of mDex (0.5 mg) dissolved
in 0.5 mL distilled water underwent the same procedure. The DS value was subsequently
calculated according to the relationship (Equation (2)):
162 x A

DS = 7658 x A) (2)
where A represents the mass of glycolic acid (in grams) per gram of mDex sample, 76 g/mol
is the molecular weight of glycolic acid, and 58 g/mol is the molecular weight correspond-
ing to the substituted carboxymethyl moiety. Determination of DS was performed in
triplicate. The synthesized mDex presented a degree of substitution DS = 0.92 £ 0.1123.

3.6. Fourier Transform Infrared (FTIR) Spectroscopy

FI-IR spectra of all materials were recorded using a Vertex 70 FTIR spectrometer from
Briiker (Billerica, MA, USA), equipped with an ATR (Attenuated Total Reflectance) device

1

with a ZnSe crystal. Maintaining a spectral resolution of 2 cm™", measurements were

carried out at a 45-degree angle of incidence, covering the range of 4000-600 cm~!.

3.7. Mechanical Properties

The mechanical properties were evaluated using a universal testing machine (Shi-
madzu AG-IC, Kyoto, Japan), with a loading rate of 0.5 mm per minute [44]. The mechanical
properties of the materials were tested on tablets with an 11 mm diameter and 3 mm thick-
ness compressed using a Carver Hydraulic Laboratory Press (Model C) under a pressure
of 6 tons for 2 min. The compression was conducted before analysis to ensure uniformity
in sample preparation. The compression was conducted before analysis to ensure unifor-
mity in sample preparation. The collected load-deflection curves were used to determine
the maximum compression load at failure. The provided value was the mean of five
measurements. Experiments ware performed in triplicate.

3.8. Scanning Electron Microscopy (SEM)

The materials’ morphologies were investigated by scanning electron microscope (SEM).
The SEM analysis was conducted using a QANTA FEG 250 Scanning Electron Microscope.
The applied acceleration voltage was 10 kV, and the working distance was set to 10 mm to
achieve optimal image resolution. All materials were cut into thin sections, coated with
gold in a sputtering device and examined.

3.9. In Vitro Release of Curcumin (Cu/Cu*)

Prior to in vitro release of curcumin materials were rinsed with 70% ethanol and air
dryed. Materials were weighted (100 mg) and immersed in a 25 mL phosphate buffer
solution (PBS, pH = 7.4) maintained at 37 °C. Every 30 min, an equal volume of sample
solution (2 mL) was taken and replaced with the same volume of fresh PBS. The absorbance
at 420 nm was measured using a Jenway 6405 UV-VIS spectrophotometer. The drug
release concentrations were assessed using calibration curves. The tests were conducted in
triplicate, and the standard deviation (SD) was calculated.
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3.10. Anti-Inflammatory Activity

In accordance with the procedure reported by Divakar et al. [45], with slight modifi-
cations, the anti-inflammatory effect of the samples was determined. A 100 mg portion
of the tested materials was put in 5 mL of phosphate-buffered saline (PBS, pH 6.4) along
with 2 mL of 0.1% bovine albumin solution. This mixture was first incubated at 37 °C for
15 min, then subjected to 70 °C for 5 min. After cooling, the absorbance at 660 nm was
measured using PBS as a blank. All experiments were performed in triplicate, and the
anti-inflammatory capacity was expressed as the percentage of inhibition calculated using
equation (Equation (3)):

%Inhibition = 100 x (1 - As) 3)
Ac

where As and A, represent the sample and control absorbance values, respectively.

3.11. Antioxidant Activity

ABTS radical cations (ABTSe+) were prepared following a procedure adapted from
Xiao et al. [46]. Specifically, a 7 mM solution of 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) was combined in equal volume with a 2.45 mM potassium persulfate solution,
and the mixture was left in the dark for 12 h. The resulting radical solution was then diluted
in buffer at pH 7.4. For each test, 100 mg of the sample material was placed in a tube,
followed by the addition of 4 mL of the ABTS radical solution. After a standard reaction
period of 30 min the absorbance at 734 nm was measured. All measurements were carried
out in triplicate. The scavenging efficiency was calculated according to Equation (4):

A —A
Scavenging ef ficiency (%) = wnt:gl Sple s 100 4)
control

In this equation, Ay, is the absorbance of the control, which contains only free radi-
cals and solvents. Aggype is the absorbance of the sample in the presence of test compounds.

3.12. In Vitro Biocompatibility (MTS Assay)

Gingival fibroblasts (HGF, CLS Cell Lines Service GmbH, Eppelheim, Germany) were
seeded (5 x 10* cells/mL) into tissue culture-treated 96-well plates. Cells were incubated
with fresh complete medium (Control) or diluted samples’ extracts (0.1/0.5/1 mg/mL) for
24 h. Biocompatibility of samples was assessed with the MTS assay, using the CellTiter 96°
AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA), according
to the manufacturer’s instructions. Samples (10 mg/mL) were extracted over 24 h, at 37 °C,
in complete cell culture medium: MEMa& medium with 10% fetal bovine serum and 1%
Penicillin-Streptomycin-Amphotericin B mixture (all from Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). Cells were incubated with fresh complete medium (Control) for 24 h.
MTS absorbance at 490 nm was recorded on a FLUOstar® Omega microplate reader (BMG
LABTECH, Ortenberg, Germany). Experiments were done in triplicate and treated cell
viability was expressed as percentage of Control cells’ viability (means + standard error of
the mean).

3.13. Statistical Analysis

One-way analysis of variance (ANOVA) was performed to evaluate differences among
materials. When a significant effect was detected (p < 0.05), post-hoc comparisons were
conducted using the Bonferroni correction. This method is particularly useful for controlling
the error rate in multiple testing scenarios, ensuring that the probability of Type I errors—
false positives, where a difference is detected when none actually exists—remains low.
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By adjusting the significance threshold for each comparison, the Bonferroni correction
provides a more stringent criterion for detecting true differences between group means.

4. Conclusions

The results of this study highlight the potential of biopolymeric delivery systems
based on chitosan, dextran/carboxymethyl dextran, lignin, and curcumin for biomedical
applications. The mechanical evaluation revealed that incorporating curcumin significantly
enhanced the diametral tensile strength (DTS) of the formulations, with Chi-mDex-L-Cu
exhibiting the highest value (2.40 MPa), representing a 1233% increase as compared to
its non-curcumin counterpart and 1200% higher than the baseline Chi-L. This significant
reinforcement is attributed to the synergistic effect of curcumin and carboxymethyl dextran,
which introduced additional binding sites through hydrogen bonding and electrostatic in-
teractions, leading to a highly crosslinked and mechanically robust network. The structural
characterization confirmed that dextran and mDex interfacial cohesion of the materials,
with mDex-containing systems demonstrating a more uniform and compact morphology,
further supporting their mechanical stability.

Curcumin release profiles varied significantly among the formulations, with Chi-
L-Cu exhibiting the fastest release, followed by Chi-Dex-L-Cu, while Chi-mDex-L-Cu
displayed a prolonged and controlled release profile. The Weibull model analysis showed
that Chi-mDex-L-Cu had the lowest release rate (k = 0.00292) and asymptotic release
(A =177.37 ug/g), which was 55.66% lower than Chi-L-Cu and 54.06% lower than Chi-
Dex-L-Cu. These differences underscore the role of carboxymethyl dextran in regulating
curcumin diffusion by increasing matrix density through ionic crosslinking with chitosan.
This extended release is particularly beneficial for biomedical applications requiring sus-
tained therapeutic effects, such as chronic inflammatory diseases.

The antioxidant and anti-inflammatory properties demonstrated a strong correlation
with curcumin release kinetics. Chi-L-Cu and Chi-Dex-L-Cu exhibited the highest initial
antioxidant activities (~80% and ~65% inhibition, respectively) due to their faster curcumin
diffusion, whereas Chi-mDex-L-Cu, despite its lower initial inhibition (~60%), is expected
to maintain prolonged antioxidant activity over time. Similarly, the anti-inflammatory
results showed that Chi-Dex-L-Cu achieved the highest inhibition (~90%), while Chi-mDex-
L-Cu exhibited substantial bioactivity (~70%), evidencing the importance of a controlled
curcumin release system for sustained anti-inflammatory effects. These findings highlight
that mDex-based formulations offer an optimal balance between mechanical robustness,
extended curcumin availability, and prolonged bioactivity, making them strong candidates
for biomedical applications where controlled drug release is required.

The in vitro biocompatibility assessment confirmed the safety of all tested materials,
with cell viability exceeding 85% across all formulations and concentrations. Chi-mDex-
L-Cu exhibited a slight decrease in viability (~10% reduction at 1 mg/mL), likely due to
increased polymer—cell interactions at higher concentrations, but remained well within
the biocompatibility threshold, proving its suitability for further biomedical applications.
The overall findings suggest that mDex-containing materials represent a versatile platform
for sustained curcumin delivery with prolonged antioxidant and anti-inflammatory ef-
fects, excellent mechanical stability, and high biocompatibility, making them promising
candidates for applications in wound healing, osteoarthritis treatment, and other chronic
inflammatory conditions. Future in vivo studies will validate the therapeutic efficacy and
long-term safety of these materials.



Molecules 2025, 30, 1276 21 of 23

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30061276/s1, Table S1: Analysis of Variance (ANOVA)
of diametral tensile strength for the tested materials; Table S2: Pharmacokinetic parameters of
curcumin release from polymeric matrices; Table S3: Analysis of Variance (ANOVA) of drugs release
from the tested materials; Table S4: Analysis of Variance (ANOVA) of anti-inflammatory capacity
for the tested materials; Table S5: Analysis of Variance (ANOVA) of antioxidant capacity for tested
materials.

Author Contributions: Conceptualization, L.S.; methodology, I.S. and N.A.; validation, LS. and N.A;
formal analysis, 1.S. and M.M.; investigation, PC., LA., IS, N.A., VM., ARP. and N.S,; resources, LS.;
data curation, N.A., VM. and P.C.; writing—original draft preparation, I.S., N.A. and P.C.; writing—
review and editing, I.S. and N.A.; supervision, I.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Gheorghita, R.; Anchidin-Norocel, L.; Filip, R.; Dimian, M.; Covasa, M. Applications of Biopolymers for Drugs and Probiotics
Delivery. Polymers 2021, 13, 2729. [CrossRef] [PubMed]

2. Yao, Y; Xu, B. Skin Health Promoting Effects of Natural Polysaccharides and Their Potential Application in the Cosmetic Industry.
Polysaccharides 2022, 3, 818-830. [CrossRef]

3.  Aranaz, I.; Alcantara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Heras Caballero, A.; Acosta, N. Chitosan: An Overview of Its
Properties and Applications. Polymers 2021, 13, 3256. [CrossRef]

4. Barzkar, N.; Babich, O.; Das, R.; Sukhikh, S.; Tamadoni Jahromi, S.; Sohail, M. Marine Bacterial Dextranases: Fundamentals and
Applications. Molecules 2022, 27, 5533. [CrossRef] [PubMed]

5. Brilhante, R.S.N.; Costa, A.D.C.; Mesquita, ].R.L.; Dos Santos Araujo, G.; Freire, R.S.; Nunes, J.V.S.; Nobre, A.ED.; Fernandes,
M.R;; Rocha, M.EG,; Pereira Neto, W.A.; et al. Antifungal Activity of Chitosan against Histoplasma capsulatum in Planktonic and
Biofilm Forms: A Therapeutic Strategy in the Future? J. Fungi 2023, 9, 1201. [CrossRef]

6. Ke, C.L; Deng, FS.; Chuang, C.Y.; Lin, C.H. Antimicrobial Actions and Applications of Chitosan. Polymers 2021, 13, 904.
[CrossRef]

7. Garshasbi, H.; Salehi, S.; Naghib, S.M.; Ghorbanzadeh, S.; Zhang, W. Stimuli-responsive injectable chitosan-based hydrogels for
controlled drug delivery systems. Front. Bioeng. Biotechnol. 2022, 10, 1126774. [CrossRef]

8.  Rashki, S.; Asgarpour, K.; Tarrahimofrad, H.; Hashemipour, M.; Ebrahimi, M.S.; Fathizadeh, H.; Khorshidi, A.; Khan, H;
Marzhoseyni, Z.; Salavati-Niasari, M.; et al. Chitosan-based nanoparticles against bacterial infections. Carbohydr. Polym. 2021, 251,
117108. [CrossRef]

9. Weyers, M.; Peterson, B.; Hamman, ]J.H.; Steenekamp, J.H. Formulation of Chitosan Microparticles for Enhanced Intranasal
Macromolecular Compound Delivery: Factors That Influence Particle Size during Ionic Gelation. Gels 2022, 8, 686. [CrossRef]

10. Pramanik, S.; Aggarwal, A.; Kadi, A.; Alhomrani, M.; Alamri, A.S.; Alsanie, W.F.; Koul, K.; Deepak, A.; Bellucci, S. Chitosan
alchemy: Transforming tissue engineering and wound healing. RSC Adv. 2024, 14, 19219-19256. [CrossRef]

11. Wang, C.H,; Cherng, ].H; Liu, C.C.; Fang, TJ.; Hong, Z.].; Chang, S.J.; Fan, G.Y.; Hsu, S.D. Procoagulant and Antimicrobial Effects
of Chitosan in Wound Healing. Int. ]. Mol. Sci. 2021, 22, 7067. [CrossRef] [PubMed]

12.  Kim, Y,; Zharkinbekov, Z.; Raziyeva, K.; Tabyldiyeva, L.; Berikova, K.; Zhumagul, D.; Temirkhanova, K.; Saparov, A. Chitosan-
Based Biomaterials for Tissue Regeneration. Pharmaceutics 2023, 15, 807. [CrossRef] [PubMed]

13.  Feng, P; Luo, Y;; Ke, C.; Qiu, H.; Wang, W.; Zhu, Y.; Hou, R.; Xu, L.; Wu, S. Chitosan-Based Functional Materials for Skin Wound
Repair: Mechanisms and Applications. Front. Bioeng. Biotechnol. 2021, 9, 650598. [CrossRef]

14. Ferreira, P.G.; Ferreira, V.E,; da Silva, F.C.; Freitas, C.S.; Pereira, P.R.; Paschoalin, VM.FE. Chitosans and Nanochitosans: Recent

Advances in Skin Protection, Regeneration, and Repair. Pharmaceutics 2022, 14, 1307. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules30061276/s1
https://www.mdpi.com/article/10.3390/molecules30061276/s1
https://doi.org/10.3390/polym13162729
https://www.ncbi.nlm.nih.gov/pubmed/34451268
https://doi.org/10.3390/polysaccharides3040048
https://doi.org/10.3390/polym13193256
https://doi.org/10.3390/molecules27175533
https://www.ncbi.nlm.nih.gov/pubmed/36080300
https://doi.org/10.3390/jof9121201
https://doi.org/10.3390/polym13060904
https://doi.org/10.3389/fbioe.2022.1126774
https://doi.org/10.1016/j.carbpol.2020.117108
https://doi.org/10.3390/gels8110686
https://doi.org/10.1039/D4RA01594K
https://doi.org/10.3390/ijms22137067
https://www.ncbi.nlm.nih.gov/pubmed/34209202
https://doi.org/10.3390/pharmaceutics15030807
https://www.ncbi.nlm.nih.gov/pubmed/36986668
https://doi.org/10.3389/fbioe.2021.650598
https://doi.org/10.3390/pharmaceutics14061307

Molecules 2025, 30, 1276 22 of 23

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sukpaita, T.; Chirachanchai, S.; Pimkhaokham, A.; Ampornaramveth, R.S. Chitosan-Based Scaffold for Mineralized Tissues
Regeneration. Mar. Drugs 2021, 19, 551. [CrossRef]

Dahiya, D.; Nigam, P.S. Dextran Used in Blood Transfusion, Hematology, and Pharmaceuticals: Biosynthesis of Diverse Molecular-
Specification-Dextrans in Enzyme-Catalyzed Reactions. Front. Biosci. 2024, 16, 17. [CrossRef]

Lin, Y.E.; Chen, M.C. Dextran-40 Reduces Partial Flap Failure: A Systematic Review and Meta-analysis for Antithrombotics after
Free Flaps. Plast. Reconstr. Surg. Glob. Open 2024, 12, e5812. [CrossRef] [PubMed]

Di Muzio, L.; Paolicelli, P.; Brandelli, C.; Cesa, S.; Trilli, ].; Petralito, S.; Casadei, M.A. Injectable and In Situ Gelling Dextran
Derivatives Containing Hydrolyzable Groups for the Delivery of Large Molecules. Gels 2021, 7, 150. [CrossRef]

Hu, Q.; Lu, Y.;; Luo, Y. Recent advances in dextran-based drug delivery systems: From fabrication strategies to applications.
Carbohydr. Polym. 2021, 264, 117999. [CrossRef]

Petrovici, A.R.; Pinteala, M.; Simionescu, N. Dextran Formulations as Effective Delivery Systems of Therapeutic Agents. Molecules
2023, 28, 1086. [CrossRef]

Prajapati, R.; Babar, V.B. In-Vitro And In-Vivo Assessment of Antigen-Encapsulated Dextran Nanoparticles. Int. |. Newgen Res.
Pharm. Healthc. 2023, 1, 143-149. [CrossRef]

Ramasundaram, S.; Saravanakumar, G.; Sobha, S.; Oh, T.H. Dextran Sulfate Nanocarriers: Design, Strategies and Biomedical
Applications. Int. J. Mol. Sci. 2022, 24, 355. [CrossRef]

Kurihara, Y.; Yokota, H.; Takahashi, M. Water-Dispersible Carboxymethyl Dextran-Coated Melamine Nanoparticles for Biosensing
Applications. ACS Omega 2022, 7, 41641-41650. [CrossRef]

Madkhali, O.A.; Sivagurunathan Moni, S.; Sultan, M.H.; Bukhary, H.A.; Ghazwani, M.; Alhakamy, N.A.; Meraya, A.M,;
Alshahrani, S.; Alqahtani, S.S.; Bakkari, M.A; et al. Formulation and evaluation of injectable dextran sulfate sodium nanoparticles
as a potent antibacterial agent. Sci. Rep. 2021, 11, 9914. [CrossRef] [PubMed]

Predoi, D.; Balas, M.; Badea, M.A; Ciobanu, S.C.; Buton, N.; Dinischiotu, A. Dextran-Coated Iron Oxide Nanoparticles Loaded
with 5-Fluorouracil for Drug-Delivery Applications. Nanomaterials 2023, 13, 1811. [CrossRef]

Kozmelj, T.R.; Voinov, M.A.; Grilc, M.; Smirnov, A.I; Jasiukaityte-Grojzdek, E.; Lucia, L.; Likozar, B. Lignin Structural Characteri-
zation and Its Antioxidant Potential: A Comparative Evaluation by EPR, UV-Vis Spectroscopy, and DPPH Assays. Int. . Mol. Sci.
2024, 25,9044. [CrossRef] [PubMed]

Saratale, R.G.; Cho, S.K; Saratale, G.D.; Kadam, A.A.; Ghodake, G.S.; Magotra, V.K.; Kumar, M.; Bharagava, R.N.; Varjani, S.;
Palem, R.R; et al. Lignin-Mediated Silver Nanoparticle Synthesis for Photocatalytic Degradation of Reactive Yellow 4G and In
Vitro Assessment of Antioxidant, Antidiabetic, and Antibacterial Activities. Polymers 2022, 14, 648. [CrossRef]

Wei, X.; Liu, Y.; Luo, Y.; Shen, Z.; Wang, S.; Li, M.; Zhang, L. Effect of organosolv extraction on the structure and antioxidant
activity of eucalyptus kraft lignin. Int. J. Biol. Macromol. 2021, 187, 462—470. [CrossRef]

Yang, W.; Ding, H.; Qi, G.; Guo, J.; Xu, F; Li, C.; Puglia, D.; Kenny, ].; Ma, P. Enhancing the Radical Scavenging Activity and UV
Resistance of Lignin Nanoparticles via Surface Mannich Amination toward a Biobased Antioxidant. Biomacromolecules 2021, 22,
2693-2701. [CrossRef]

Laorodphun, P; Cherngwelling, R.; Panya, A.; Arjinajarn, P. Curcumin protects rats against gentamicin-induced nephrotoxicity
by amelioration of oxidative stress, endoplasmic reticulum stress and apoptosis. Pharm. Biol. 2022, 60, 491-500. [CrossRef]
Memarzia, A.; Khazdair, M.R.; Behrouz, S.; Gholamnezhad, Z.; Jafarnezhad, M.; Saadat, S.; Boskabady, M.H. Experimental and
clinical reports on anti-inflammatory, antioxidant, and immunomodulatory effects of Curcuma longa and curcumin, an updated
and comprehensive review. Biofactors 2021, 47, 311-350. [CrossRef] [PubMed]

Slavova-Kazakova, A ; Janiak, M.A.; Sulewska, K.; Kancheva, V.D.; Karamac, M. Synergistic, additive, and antagonistic antioxidant
effects in the mixtures of curcumin with (-)-epicatechin and with a green tea fraction containing (-)-epicatechin. Food Chem. 2021,
360, 129994. [CrossRef] [PubMed]

Amer, S.A.; El-Araby, D.A.; Tartor, H.; Farahat, M.; Goda, N.I.A.; Farag, M.EM.; Fahmy, E.M.; Hassan, A.M.; Abo El-Maati, M.E;
Osman, A. Long-Term Feeding with Curcumin Affects the Growth, Antioxidant Capacity, Inmune Status, Tissue Histoarchitecture,
Immune Expression of Proinflammatory Cytokines, and Apoptosis Indicators in Nile Tilapia, Oreochromis niloticus. Antioxidants
2022, 11, 937. [CrossRef] [PubMed]

Gorabi, A.M.; Razi, B.; Aslani, S.; Abbasifard, M.; Imani, D.; Sathyapalan, T.; Sahebkar, A. Effect of curcumin on proinflammatory
cytokines: A meta-analysis of randomized controlled trials. Cytokine 2021, 143, 155541. [CrossRef]

Wang, Y.; Ding, R.; Zhang, Z.; Zhong, C.; Wang, J.; Wang, M. Curcumin-loaded liposomes with the hepatic and lysosomal
dual-targeted effects for therapy of hepatocellular carcinoma. Int. J. Pharm. 2021, 602, 120628. [CrossRef]

Guerini, M.; Condro, G.; Perugini, P. Evaluation of the Mucoadhesive Properties of Chitosan-Based Microstructured Lipid Carrier
(CH-MLC). Pharmaceutics 2022, 14, 170. [CrossRef]

Phuong Ta, L.; Bujna, E.; Kun, S.; Charalampopoulos, D.; Khutoryanskiy, V.V. Electrosprayed mucoadhesive alginate-chitosan
microcapsules for gastrointestinal delivery of probiotics. Int. |. Pharm. 2021, 597, 120342. [CrossRef]


https://doi.org/10.3390/md19100551
https://doi.org/10.31083/j.fbe1602017
https://doi.org/10.1097/GOX.0000000000005812
https://www.ncbi.nlm.nih.gov/pubmed/38752217
https://doi.org/10.3390/gels7040150
https://doi.org/10.1016/j.carbpol.2021.117999
https://doi.org/10.3390/molecules28031086
https://doi.org/10.61554/ijnrph.v1i2.2023.53
https://doi.org/10.3390/ijms24010355
https://doi.org/10.1021/acsomega.2c05653
https://doi.org/10.1038/s41598-021-89330-0
https://www.ncbi.nlm.nih.gov/pubmed/33972626
https://doi.org/10.3390/nano13121811
https://doi.org/10.3390/ijms25169044
https://www.ncbi.nlm.nih.gov/pubmed/39201730
https://doi.org/10.3390/polym14030648
https://doi.org/10.1016/j.ijbiomac.2021.07.082
https://doi.org/10.1021/acs.biomac.1c00387
https://doi.org/10.1080/13880209.2022.2037663
https://doi.org/10.1002/biof.1716
https://www.ncbi.nlm.nih.gov/pubmed/33606322
https://doi.org/10.1016/j.foodchem.2021.129994
https://www.ncbi.nlm.nih.gov/pubmed/33989877
https://doi.org/10.3390/antiox11050937
https://www.ncbi.nlm.nih.gov/pubmed/35624801
https://doi.org/10.1016/j.cyto.2021.155541
https://doi.org/10.1016/j.ijpharm.2021.120628
https://doi.org/10.3390/pharmaceutics14010170
https://doi.org/10.1016/j.ijpharm.2021.120342

Molecules 2025, 30, 1276 23 of 23

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gu, J.; Guo, M,; Zheng, L.; Yin, X.; Zhou, L.; Fan, D.; Shi, L.; Huang, C.; Ji, G. Protective Effects of Lignin-Carbohydrate Complexes
from Wheat Stalk against Bisphenol a Neurotoxicity in Zebrafish via Oxidative Stress. Antioxidants 2021, 10, 1640. [CrossRef]
Kong, Y;; Li, M.; Guo, G.; Yu, L.; Sun, L,; Yin, Z.; Li, R;; Chen, X.; Wang, G. Effects of dietary curcumin inhibit deltamethrin-induced
oxidative stress, inflammation and cell apoptosis in Channa argus via Nrf2 and NF-«B signaling pathways. Aquaculture 2021, 540,
736744. [CrossRef]

Coscia, M.G.; Bhardwaj, J.; Singh, N.; Santonicola, M.G.; Richardson, R.; Thakur, V.K.; Rahatekar, S. Manufacturing & characteri-
zation of regenerated cellulose/curcumin based sustainable composites fibers spun from environmentally benign solvents. Ind.
Crops Prod. 2018, 111, 536-543. [CrossRef]

Liu, W.; Pan, N.; Han, Y.; Li, D.; Chali, ]. Solubilization, stability and antioxidant activity of curcumin in a novel surfactant-free
microemulsion system. LWT 2021, 147, 111583. [CrossRef]

Tang, H.; Han, Z.; Zhao, C,; Jiang, Q.; Tang, Y.; Li, Y.; Cheng, Z. Preparation and characterization of Aloe vera polysaccharide-based
packaging film and its application in blueberry preservation. Prog. Org. Coat. 2023, 177, 107445. [CrossRef]

Li, W,; Yun, L,; Rifky, M; Liu, R.;; Wu, T.; Sui, W.; Zhang, M. Carboxymethylation of (1 — 6)-alpha-dextran from Leuconostoc spp.:
Effects on microstructural, thermal and antioxidant properties. Int. |. Biol. Macromol. 2021, 166, 1-8. [CrossRef]

Anghel, N; Melinte, V.; Spiridon, L; Pertea, M. Antioxidant, Antimicrobial, and Kinetic Studies of Beta-Cyclodextrin Crosslinked
with Lignin for Drug Delivery. Pharmaceutics 2022, 14, 2260. [CrossRef] [PubMed]

Divakar, A.; Varghese, RM.; S, A K.; Shanmugam, R. Comparative Anti-inflammatory Activity of a Nanocomposite-Based Herbal
Oral Rinse and a Commercial Oral Rinse. Cureus 2024, 16, €61548. [CrossRef]

Xiao, Z.; He, L.; Hou, X.; Wei, J.; Ma, X.; Gao, Z.; Yuan, Y.; Xiao, J.; Li, P,; Yue, T. Relationships between Structure and Antioxidant
Capacity and Activity of Glycosylated Flavonols. Foods 2021, 10, 849. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antiox10101640
https://doi.org/10.1016/j.aquaculture.2021.736744
https://doi.org/10.1016/j.indcrop.2017.09.041
https://doi.org/10.1016/j.lwt.2021.111583
https://doi.org/10.1016/j.porgcoat.2023.107445
https://doi.org/10.1016/j.ijbiomac.2020.11.114
https://doi.org/10.3390/pharmaceutics14112260
https://www.ncbi.nlm.nih.gov/pubmed/36365079
https://doi.org/10.7759/cureus.61548
https://doi.org/10.3390/foods10040849

	Introduction 
	Results and Discussion 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Mechanical Properties of Materials 
	Scanning Electron Micrography 
	Release Kinetic of Bioactive Principles from Polymeric Matrix 
	Anti-Inflammatory Activity of Materials 
	Antioxidant Activity of Materials 
	In Vitro Biocompatibility of Samples 

	Materials and Methods 
	Materials 
	Extraction of Curcumin (Cu) 
	Synthesis of Carboxymethyl Dextran (mDex) 
	The Obtainment of Materials 
	The Determination of Degree of Substitution 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Mechanical Properties 
	Scanning Electron Microscopy (SEM) 
	In Vitro Release of Curcumin (Cu/Cu*) 
	Anti-Inflammatory Activity 
	Antioxidant Activity 
	In Vitro Biocompatibility (MTS Assay) 
	Statistical Analysis 

	Conclusions 
	References

