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Abstract

Vitamin E is an important lipid-soluble antioxidant; however, its poor aqueous dispersibility and limited stability can restrict
its effective delivery. Nanocellulose-based nanocatriers offer a promising platform for improving the incorporation and
controlled release of poorly water-dispersible bioactive compounds. In this study, surface amination of Cellulose Nanocrystals
(CNC) was investigated as a strategy to improve their performance as vitamin E nanocarriers. Unmodified CNC and aminated
CNC (CNC-NH2) were prepared and comparatively characterized in terms of elemental composition, particle size,
Polydispersity Index (PDI), zeta potential, morphology, and crystalline structure. Vitamin E was incorporated into both
nanocatriers, and the formulations were evaluated for Encapsulation Efficiency (EE%), Loading Capacity (I.LC%), particle
characteristics, in vitro release behavior, release kinetics, and antioxidant activity. Amination substantially increased the
nitrogen content from 0.14£0.03% to 2.84+0.17% and changed the zeta potential from —28.7£1.6 to +21.6£1.8 mV,
confirming successful surface functionalization. The optimized vitamin E-loaded CNC-NH: exhibited higher EE
(87.9£1.5%) and LC (5.910.1%) than Vit-E/CNC (76.811.7% and 5.1 £ 0.1%, respectively). CNC-NH: also provided a
more sustained release profile, with 68.7£2.8% vitamin E released after 48 h compared with 76.912.9% from Vit-E/CNC.
Kinetic analysis showed that the release profiles were well described by the Korsmeyer—Peppas model for Vit-E/CNC
(R?=0.995) and by the Higuchi model for Vit-E/CNC-NH. (R*=0.988), indicating a substantial contribution of diffusion to
vitamin E release. The corresponding Korsmeyer—Peppas exponent values were 0.610 and 0.588 for Vit-E/CNC and Vit-
E/CNC-NHo, respectively, suggesting anomalous/non-Fickian release behavior. Importantly, Vit-E/CNC-NH: maintained
high antioxidant activity, achieving 92.3+2.0% DPPH radical inhibition at 200 pug/mL. Overall, surface amination enhanced
the loading performance and modified the release behavior of nanocellulose while preserving the antioxidant activity of
vitamin E. The CNC-NH: system therefore represents a promising surface-engineered nanocarrier for vitamin E delivery
and may provide a useful platform for delivering other poorly water-dispersible bioactive compounds.

Keywords: Vitamin E, a-Tocopherol, Cellulose nanocrystals, Aminated nanocellulose, Drug delivery, Controlled release,
Antioxidant activity.

1| Introduction

Vitamin E is an essential lipid-soluble micronutrient that plays an important role in maintaining cellular
integrity and protecting biological systems against oxidative stress. Among the different forms of vitamin E,
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a-tocopherol is considered the most biologically active form and is widely investigated for nutritional,
pharmaceutical, and nutraceutical applications [1-5]. Its antioxidant activity is primarily associated with its
ability to donate hydrogen atoms to lipid-detived free radicals, thereby interrupting oxidative chain reactions
and protecting cellular membranes from oxidative damage. Consequently, vitamin E has attracted
considerable interest for applications involving antioxidant protection, functional foods, dietary
supplementation, and therapeutic delivery systems. However, despite its well-established biological
importance, the effective delivery of vitamin E remains challenging because of its highly lipophilic nature,
poor aqueous dispersibility, limited stability under certain environmental conditions, and restricted
bioavailability. These characteristics can lead to inefficient dissolution and absorption and may limit the

therapeutic or nutritional effectiveness of conventional vitamin E formulations [6-9)].

Nanotechnology-based drug and nutrient delivery systems have emerged as promising approaches for
overcoming these limitations. Encapsulating or incorporating bioactive compounds into nanoscale carriers
can improve dispersion, protect them from premature degradation, modify release behavior, and potentially
enhance bioavailability. In particular, polymeric and biopolymer-based nanocarriers have received increasing
attention because of their favorable biocompatibility, structural versatility, and ability to accommodate
different types of active compounds. Among naturally derived materials, cellulose has attracted substantial
interest because it is abundant, renewable, biodegradable, and generally considered suitable for biomedical
and pharmaceutical applications. Converting cellulose into nanoscale structures, including Cellulose
Nanocrystals (CNCs), provides a high-surface-area material with tunable surface chemistry and nanoscale

dimensions that can be exploited to deliver bioactive molecules [2], [8—14].

CNCs possess a highly ordered crystalline structure together with abundant surface hydroxyl groups. These
characteristics provide opportunities for physical and chemical interactions with loaded compounds and
enable further surface functionalization. In addition, the nanoscale dimensions of CNC can facilitate the
formation of stable dispersions and increase the available surface area for interaction with active molecules.
Previous studies have demonstrated the potential of nanocellulose-based systems for delivering drugs,
proteins, antioxidants, and other bioactive compounds. Nevertheless, the native surface chemistry of CNC
can limit its interaction with specific active molecules, particularly compounds whose physicochemical
characteristics are not ideally compatible with the hydrophilic cellulose surface. Therefore, surface engineering
of CNC represents an important strategy for improving its performance as a delivery platform [15-20].

Surface functionalization can alter the charge, hydrophilicity, interfacial characteristics, and interaction
capacity of nanocellulose without necessarily disrupting its fundamental crystalline structure. Among different
functional groups, amine-containing moieties are particularly attractive because they can provide protonatable
functional sites and substantially modify the surface charge of cellulose-based nanomaterials. Amination of
CNC can therefore generate a positively charged or charge-responsive surface while introducing additional
sites for interactions with active compounds. Such modification may influence the loading efficiency,
retention, colloidal behavior, and release kinetics of encapsulated molecules. Importantly, the effect of surface
modification cannot be evaluated solely by characterization of the modified material; its actual value should
be demonstrated through a direct comparison with the corresponding unmoditied carrier [19-22].

In this context, a comparative investigation of unmodified CNC and aminated CNC (CNC-NH>) provides
an opportunity to distinguish the contribution of surface engineering from the inherent properties of the
nanocellulose matrix. Rather than simply developing another nanocellulose-based formulation, comparison
of these two carriers allows the relationship between surface chemistry and delivery performance to be
systematically investigated. Changes in nitrogen content and surface charge can be correlated with particle
characteristics, vitamin E loading efficiency, Loading Capacity (LC), and release behavior. Such a comparative
design is particularly relevant for vitamin E because its hydrophobic character presents a specific challenge
for incorporation into predominantly hydrophilic polysaccharide-based nanocarriers [23].

An additional important consideration in the development of a vitamin E delivery system is the preservation
of its biological functionality after incorporation into the carrier. Although encapsulation can improve stability
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and prolong release, strong interactions between the active compound and carrier may potentially reduce the
accessibility of the active molecule. Therefore, an effective delivery platform should not only provide high
loading efficiency and controlled release but should also maintain the functional activity of the incorporated
compound. Evaluation of antioxidant activity after loading can consequently provide complementary
information regarding the functionality of the developed nanocarrier systems [17-19].

Controlled release is another critical charactetistic of nanocarrier-based delivery systems. A rapid release of
vitamin E may result in a short-lived exposure to the active compound, whereas excessively strong retention
may limit its availability at the desired site or time. An appropriately designed nanocarrier should therefore
provide a balance between efficient incorporation and gradual release. The release profile can be influenced
by particle size, surface charge, matrix structure, drug—carrier interactions, and hydration of the cartier.
Surface amination may modify several of these parameters simultaneously and could therefore provide a
means of tuning the release behavior of vitamin E. However, the precise relationship between CNC surface
modification and vitamin E release remains insufficiently explored, particularly when unmodified and
aminated nanocellulose are evaluated under comparable formulation conditions [24].

Accordingly, the present study was designed to develop and comparatively evaluate unmodified and amine-
functionalized CNCs as nanocarriers for vitamin E delivery. In this study, native CNC was modified with
amine-containing functionalities to obtain CNC-NHz, followed by comprehensive physicochemical
characterization of both carrier systems. Elemental composition, particle size, Polydispersity Index (PDI),
surface charge, morphology, and crystalline characteristics were investigated to determine the effects of
surface amination. Subsequently, vitamin E was incorporated into both carriers, and the formulations were
compared for encapsulation efficiency (EE) and LC. The optimized formulations were further evaluated for
particle characteristics, in vitro release behavior, and release kinetics. Finally, the antioxidant activity of free
and nanocarrier-associated vitamin E was investigated to determine whether the delivery process preserved
the functional activity of the vitamin [21].

The central hypothesis of this study was that surface amination of CNC would modify its interfacial properties
and enhance its interaction with vitamin E, resulting in improved loading performance and more controlled
release compared with unmodified CNC, while preserving the antioxidant activity of the incorporated
vitamin. By directly comparing CNC and CNC-NH: under equivalent formulation conditions, this study aims
to clarify the contribution of surface functionalization to the performance of nanocellulose-based vitamin E
delivery systems. The findings may provide a basis for rationally designing surface-engineered, naturally
derived nanocarriers for delivering pootly water-dispersible bioactive compounds.

2| Materials and Methods

2.1| Preparation of Cellulose Nanocrystals

CNCs were used as the unmodified nanocellulose carrier. The CNC powder was dispersed in deionized water
under continuous magnetic stirring to obtain a homogeneous suspension. The resulting dispersion was
subjected to ultrasonic treatment to reduce particle aggregation and improve the uniformity of the
nanosuspension. The prepared CNC suspension was subsequently stored under refrigerated conditions until
further use.

Prior to surface functionalization, the physicochemical properties of the unmodified CNC were evaluated by
measuring the hydrodynamic particle size, PDI, and zeta potential using Dynamic Light Scattering (DLS) and
electrophoretic light scattering, respectively.

2.2 | Preparation of Aminated Cellulose Nanocrystals

Surface functionalization of CNC was performed to introduce amine-containing groups onto the
nanocellulose surface. Briefly, the CNC suspension was subjected to an etherification-based amination
process using epichlorohydrin and ammonium hydroxide. Epichlorohydrin was initially reacted with
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ammonium hydroxide to generate an amine-containing intermediate, which subsequently reacted with the
hydroxyl groups present on the CNC surface.

The reaction was performed under continuous stirring at a controlled temperature for a predetermined
reaction period. Following completion of the functionalization reaction, the resulting suspension was purified
by dialysis against deionized water using a dialysis membrane with an appropriate molecular-weight cutoff.
The dialysis medium was regularly replaced to remove unreacted reagents, low-molecular-weight compounds,
and reaction by-products. The purified suspension was subsequently centrifuged to remove aggregated or
insoluble material. The resulting purified nanocellulose was collected and designated as aminated (CNC—NH>)
[25-27].

2.3 | Characterization of Unmodified and Aminated Cellulose Nanocrystals

The physicochemical characteristics of unmodified CNC and aminated CNC (CNC-NHz) were evaluated to
determine the effect of surface amination on the properties of the nanocarriers. Hydrodynamic particle size
and PDI were determined using DLS, while surface charge was evaluated by measuring the zeta potential. All
measurements were performed under identical experimental conditions, and each measurement was

conducted in triplicate.

The elemental composition of the samples was determined using an elemental analyzer. Carbon, hydrogen,
and nitrogen contents were measured for both unmodified and aminated CNC. The nitrogen content was
used as a quantitative indicator of the incorporation of nitrogen-containing functionalities following the
surface modification process.

The morphology of CNC and CNC-NH2 was examined using Scanning Electron Microscopy (SEM) and/or
Transmission Electron Microscopy (TEM). The samples were appropriately prepared and dried prior to
microscopic analysis. X-Ray Diffraction (XRD) analysis was additionally performed to evaluate the crystalline
characteristics of the nanocellulose before and after surface functionalization [28-30].

2.4 | Preparation of Vitamin E-Loaded Nanocarriers

a-Tocopherol (vitamin E) was selected as the model lipophilic active compound. Vitamin E was dissolved in
an appropriate water-miscible organic solvent to facilitate its incorporation into the aqueous nanocellulose
dispersion. In parallel, predetermined amounts of CNC or CNC-NH: were dispersed in deionized water

under continuous stirring.

The vitamin E solution was gradually added to the corresponding nanocellulose suspension under controlled
stirring. The resulting mixtures were subsequently subjected to ultrasonic treatment to improve the dispersion
of vitamin E and promote its association with the nanocellulose surface. The formulations were maintained
under continuous stirring for a predetermined period to facilitate interaction between vitamin E and the
nanocartier.

Following the loading process, the formulations were subjected to an appropriate separation procedure to
remove unassociated vitamin E and residual solvent. The purified formulations were collected and stored

under protected conditions until further analysis.

Two vitamin E-loaded formulations were prepared using the same initial vitamin E concentration: Vit-
E/CNC, containing vitamin E-loaded unmodified CNC, and Vit-E/CNC-NHa2, containing vitamin E-loaded
aminated CNC. Free vitamin E was used as a control in subsequent release and antioxidant activity

experiments [31].
2.5 | Optimization of Vitamin E Loading

The effect of the nanocarrier-to-vitamin E ratio on loading efficiency was investigated for both unmodified
and aminated CNC. Several formulation ratios were evaluated to determine the optimal composition based
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on vitamin E EE, LC, particle size, PDI, and zeta potential. For each formulation, predetermined amounts
of CNC or CNC-NH: were combined with different concentrations of vitamin E using the same preparation
procedure. The formulations were subsequently characterized, and the formulation exhibiting the most
favorable combination of high vitamin E loading, appropriate particle size distribution, and colloidal stability
was selected as the optimized formulation [32-34]. The optimized Vit-E/CNC and Vit-E/CNC-NH2
formulations were subsequently used for detailed physicochemical characterization and in vitro release
studies.

2.6 | Determination of Particle Size, Polydispersity Index, and Zeta Potential

The hydrodynamic particle size and PDI of the nanocarriers were determined using DLS. Prior to
measurement, the formulations were appropriately diluted with deionized water or the selected measurement
medium to minimize multiple scattering and particle—particle interactions. The measurements were performed
at a controlled temperature under identical conditions for all formulations.

The zeta potential of unmodified CNC, aminated CNC, Vit-E/CNC, and Vit-E/CNC-NH2 was determined
using electrophoretic light scattering. The measurements were performed in triplicate, and the results were
expressed as mean T Standard Deviation (SD) [34-30].

The changes in particle size, PDI, and zeta potential following amination and vitamin E loading were
compared to determine the effect of surface functionalization on the physicochemical properties and colloidal

behavior of the nanocarriers.

3| Results and Discussion

3.1| Confirmation of Surface Amination and Physicochemical Properties of
Cellulose Nanocrystals
The successful surface functionalization of CNC was evaluated by comparing the elemental composition,

particle size, PDI, and zeta potential of unmodified CNC and aminated CNC (CNC-NHz). The obtained
results are summatized in Table 1.

Table 1. Elemental composition and physicochemical properties of unmodified and aminated CNC.

N C (%) H (%) N (%) Particle size (nm) PDI Zeta Potential (mV)
CNC 43724041 6.28%012 0.14%0.03 148.6+48 0218+0.019 —28.7%1.6
CNC-NH, 42914046 641015 2.84+0.17 161.3%5.6 0.23140.021 +21.6+1.8

A marked increase in nitrogen content was observed following surface functionalization, with the N content
increasing from 0.14+0.03% in CNC to 2.84£0.17% in CNC-NHo2. This substantial increase indicates the
incorporation of nitrogen-containing functionalities onto the nanocellulose surface. In parallel, the
hydrodynamic particle size increased moderately from 148.614.8 to 161.3£5.6 nm, while the PDI remained
below 0.25 for both samples, indicating relatively narrow particle-size distributions and no substantial

aggregation following amination.

The most pronounced change was observed in the surface charge. The zeta potential shifted from —28.7+1.6
mV for unmodified CNC to +21.6£1.8 mV for CNC-NH>, consistent with the introduction of protonatable
amine groups onto the CNC surface. The simultaneous increase in nitrogen content and reversal of surface
charge provides complementary evidence for successful amine functionalization. Similar changes in the
surface charge of amine-functionalized CNC have been reported previously.

The results indicate that the amination process successfully modified the surface characteristics of CNC while
maintaining a relatively narrow particle-size distribution. The resulting positively charged CNC-NH: was
subsequently investigated as a functionalized nanocarrier for Vitamin E delivery.
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3.2| Morphological and Structural Characterization of Cellulose Nanocrystals
and CNC-NH:

The morphological characteristics of unmodified CNC and aminated CNC (CNC-NHz) were investigated
using electron microscopy to evaluate potential changes in particle morphology following surface
functionalization. Following amination, CNC-NH: maintained the characteristic nanocrystalline
morphology, although a slight increase in particle association was observed. No substantial morphological
collapse or formation of large irregular aggregates was detected after the functionalization process.

The average dimensions estimated from the microscopic images were approximately 135-165 nm in length
and 8-15 nm in width for CNC, whereas CNC-NHz exhibited dimensions of approximately 145-175 nm in
length and 9-17 nm in width. The slight increase in apparent dimensions is consistent with the surface
functionalization of CNC and agrees with the moderate increase in hydrodynamic diameter observed by DLS.

XRD analysis was further performed to determine whether surface amination affected the crystalline structure
of the nanocellulose. Both CNC and CNC-NHz exhibited the characteristic diffraction pattern associated
with cellulose I, with the main diffraction reflections appearing at approximately 20=15°, 16.5°, 22.5°, and
34.5°. The aminated CNC showed a slight reduction in peak intensity compared with the unmodified matetial,
suggesting a modest decrease in apparent crystallinity following surface functionalization.

The calculated crystallinity index was approximately 72.4+1.8% for CNC and 68.712.1% for CNC-NHz,
indicating that amination produced only a moderate alteration in the crystalline characteristics of the
nanocellulose (Table. 2). Importantly, the preservation of the characteristic cellulose 1 diffraction pattern
suggests that the surface modification predominantly occurred at the accessible surface hydroxyl groups rather
than causing extensive disruption of the CNC crystalline core.

The microscopic and XRD results demonstrated that the amination process preserved the characteristic
nanocrystalline morphology and fundamental crystalline structure of CNC while introducing moderate
changes in particle dimensions and crystallinity. These findings further support the successful surface
engineering of CNC and its suitability for subsequent Vitamin E loading.

Table 2. Morphological and structural characteristics of unmodified and aminated CNC.

Parameter CNC CNC-NH,

Length (nm) 135-165 145-175

Width (nm) 8-15 9-17

Crystallinity index (%o) 72.4%+1.8 68.7+2.1

Dominant cellulose structure  Cellulose 1 Cellulose 1

Major XRD reflection (20) ~15°,16.5°,22.5°,34,5° ~15° 16.5°, 22.5°, 34.5°

3.3| Optimization of Vitamin E Loading

The loading of vitamin E into unmodified CNC and aminated CNC was initially optimized by evaluating the
effect of the carrier-to-vitamin E ratio on (EE%) and (LC%). Different carrier-to-vitamin E ratios were
investigated while maintaining identical preparation conditions for all formulations. The results are presented
in Fig. 1.
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Fig. 1. Effect of carrier-to-vitamin E ratio on the loading efficiency of CNC and CNC-NH..

As shown in Fig. 7, increasing the carrier-to-vitamin E ratio resulted in a progressive increase in EE for both
formulations. The EE% of Vit-E/CNC increased from 61.8%£2.4% at a 5:1 ratio to 78.1£1.8% at a 20:1 ratio,
whereas the corresponding values for Vit-E/CNC-NH: increased from 72.6 £ 2.1% to 89.2£1.7%. Although
the highest EE was obtained at the 20:1 ratio, the LC decreased with increasing carrier concentration. For
Vit-E/CNC, LC decreased from 10.3+0.4% to 3.9£0.1%, while Vit-E/CNC-NH2 showed a decrease from
12.1 £ 0.4% to 4.5 £ 0.1%. Therefore, an excessive increase in carrier concentration improved the fraction
of vitamin E incorporated into the nanocarrier but resulted in a lower amount of vitamin E relative to the
total carrier mass. Considering both EE and LC, the 15:1 carrier-to-vitamin E ratio was selected as the
optimized formulation for subsequent experiments. At this ratio, Vit-E/CNC-NH: exhibited an EE% of
87.9+1.5% and an LC% of 5.910.1%, compared with 76.8+1.7% and 5.1+0.1%, respectively, for Vit-
E/CNC. The higher loading efficiency obsetved for the aminated nanocellulose may be attributed to the
altered surface chemistry of CNC-NH: and the increased availability of functional groups capable of
interacting with vitamin E. Although vitamin E is predominantly lipophilic, surface modification may alter
the interfacial characteristics of the nanocarrier and facilitate more efficient incorporation of the active
compound. The results demonstrate that surface amination enhanced the loading performance of CNC
toward vitamin E, with CNC-NH: consistently exhibiting higher EE% and LC% than unmodified CNC
under the tested conditions.

3.4 | Physicochemical Characterization of Vitamin E-Loaded Nanocarriers

The physicochemical characteristics of the optimized vitamin E-loaded nanocarriers were evaluated in terms
of hydrodynamic patticle size, PDI, and zeta potential. The results obtained for unmodified CNC, aminated
CNC, and their cotresponding vitamin E-loaded formulations are summarized in Table 3.

Table 3. Particle size, PDI, and zeta potential of unmodified and
aminated CNC before and after Vitamin E loading.

Formulation Particle size (nm) PDI Zeta Potential (mV)
CNC 148.6+4.8 0.218%£0.019  —28.7%x1.6
CNC-NH: 161.3+5.6 0.231£0.021 +21.6*1.8
Vit-E/CNC 176.915.2 0.247£0.018 —23.4+1.4

Vit-E/CNC-NH. 184.7£4.9 0.239£0.016  +16.8+1.3
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As shown in Table 3, incorporation of vitamin E resulted in a moderate increase in the hydrodynamic diameter
of both nanocarrier systems. The particle size increased from 148.614.8 nm for unloaded CNC to 176.9+5.2
nm for Vit-E/CNC, while CNC-NH: showed an inctease from 161.315.6 to 184.7£4.9 nm following vitamin
E loading. This increase may be associated with the incorporation of vitamin E within or onto the
nanocellulose structure and the subsequent increase in the effective hydrodynamic diameter of the particles.
Despite the increase in particle size, the PDI values remained below 0.25 for all formulations. The PDI values
of Vit-E/CNC and Vit-E/CNC-NH: were 0.247% 0.018 and 0.2391+0.016, respectively, indicating that
vitamin E loading did not result in substantial broadening of the particle-size distribution. The relatively
narrow size distribution suggests that the optimized formulation maintained satisfactory colloidal uniformity
following loading. A distinct difference was observed in the zeta potential values. The negative surface charge
of CNC decreased in magnitude from —28.7£1.6 mV to —23.4%£1.4 mV following vitamin E loading.
Similarly, the positive zeta potential of CNC—NH: decreased from +21.6£1.8 mV to +16.8£1.3 mV after
vitamin E incorporation. These changes may indicate partial shielding or occupation of surface-active sites by
the incorporated vitamin E.

Nevertheless, the aminated formulation retained a positive surface charge after loading, confirming that the
amine-functionalized surface characteristics were preserved. Importantly, the Vit-E/CNC-NH: formulation
exhibited a slightly larger particle size but maintained a comparable PDI relative to Vit-E/CNC. This finding,
together with its higher EE and LC, suggests that surface amination improved the interaction between the
nanocarrier and vitamin E without compromising the physical uniformity of the formulation. The optimized
Vit-E/CNC-NH: system demonstrated favorable nanoscale characteristics, with a particle size of
approximately 185 nm, a PDI below 0.25, and a moderately positive surface charge. These properties were
considered suitable for subsequent in vitro release evaluation.

3.5|In Vitro Release of Vitamin E

The in vitro release profiles of free vitamin E, Vit-E/CNC, and Vit-E/CNC-NH: were investigated
under simulated physiological conditions over a period of 48 h. The cumulative release profiles are presented
in Fig. 2.

100

~—&— Free Vitamin E 83.2
—&— VI-E/CNC
~d— VIt-E/ICNC-NH,

Cumulative release (%)
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T v T T

000 g 2 4 6 8 12 24 3% 48
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Fig. 2. Cumulative release of Vitamin E from free Vitamin E, Vit-E/CNC,
and Vit-E/CNC-NH: formulations.

The release profiles demonstrated clear differences among free vitamin E and the two nanocellulose-based
formulations (g 2). Free vitamin E exhibited a relatively rapid release, with approximately 52.8 £ 2.8% of
the loaded compound released within the first 4 h and 93.2 £ 2.6% released after 48 h. This rapid release
behavior is consistent with the absence of a nanocarrier matrix capable of restricting the diffusion of the
lipophilic compound. In contrast, both nanocellulose-based formulations exhibited a substantially slower and
more sustained release profile. Vit-E/CNC released 27.411.8% of vitamin E during the first 4 h, increasing
progressively to 62.812.8% at 24 h and 76.9£2.9% at 48 h. The slower release compared with free vitamin E
indicates that association with the CNC matrix provided an effective diffusion barrier and prolonged the
release of the active compound. The most sustained release profile was obsetved for Vit-E/CNC-NHz. Only
20.1%1.5% of vitamin E was released during the first 4 h, followed by a gradual increase to 51.6%2.5% at 24
h and 68.7£2.8% at 48 h. Thus, the aminated formulation showed a lower cumulative release than Vit-
E/CNC throughout the experimental petiod. The slower release from Vit-E/CNC-NH2 may be associated
with the modified surface chemistry and stronger interactions between vitamin E and the functionalized
nanocellulose matrix. The presence of amine-containing groups may alter the interfacial environment and
increase the retention of vitamin E within the carrier system. In addition, the slightly larger particle size
obsetved for Vit-E/CNC-NH: may contribute to a longer diffusion pathway. At the end of the 48-h
experiment, the cumulative release from Vit-E/CNC-NH2 was approximately 8.2 percentage points lower
than that of Vit-E/CNC and approximately 24.5 petcentage points lower than that of free vitamin E. These
findings demonstrate that surface amination enhanced the sustained-release behavior of the nanocellulose-
based carrier. Both CNC-based formulations provided controlled release compared with free vitamin E, while
Vit-E/CNC-NH: exhibited the most prolonged release profile, supporting the potential benefit of surface

engineering for controlling vitamin E delivery.
3.6 | Release Kinetic Modeling

To further elucidate the mechanism governing vitamin E release from the developed nanocarriers, the
experimental release data were fitted to zero-order, first-order, Higuchi, and Korsmeyer—Peppas kinetic
models. The release profiles were further analyzed using zero-order, first-order, Higuchi, and Korsmeyer—
Peppas kinetic models (Fig. 3). The corresponding kinetic parameters and coefficients of determination are

summatized in Table 4.
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Fig. 3. Release kinetic modeling of free Vitamin E, Vit-E/CNC, and Vit-E/CNC-NH:
using zero-order, first-order, Higuchi, and Korsmeyer—Peppas models.

Table 4. Release kinetic parameters for free Vitamin E, Vit-E/CNC, and Vit-E/CNC-NHa.

Formulation Zero-order R*>  First-order R> Higuchi R> Korsmeyer—Peppas R> n

Free Vitamin E 0.719 0.947 0.871 0.989 0.551
Vit-E/CNC 0.869 0.9604 0.970 0.995 0.610
Vit-E/CNC-NH. 0911 0.975 0.988 0.979 0.588

The kinetic analysis revealed that the release behavior of the vitamin E formulations was better described by
diffusion-related and anomalous release models than by a simple zero-order mechanism. As summarized in
Table 4, free Vitamin E showed the highest coefficient of determination with the Korsmeyer—Peppas model
(R?=0.989), followed by the first-order model (R?=0.947). For Vit-E/CNC, the Korsmeyer—Peppas model
provided the highest fitting quality (R*=0.995), while the Higuchi model also showed a strong correlation
(R?=0.970). Similatly, Vit-E/CNC-NH: exhibited the highest fitting quality with the Higuchi model
(R?=0.988), followed closely by the first-order (R*=0.975) and Korsmeyer—Peppas (R*=0.979) models.

The relatively high R* values obtained with the Higuchi model for both nanocellulose-based formulations
indicate that diffusion through the nanocellulose matrix contributed substantially to the release of vitamin E.
The particularly high Higuchi correlation observed for Vit-E/CNC-NHz (R?>=0.988) suggests that diffusion
remained an important mechanism following surface amination. At the same time, the strong Korsmeyer—
Peppas cortelations observed for Vit-E/CNC (R?=0.995) and Vit-E/CNC-NH: (R?=0.979) indicate that the
release process was not governed exclusively by a single mechanism and that matrix-related effects may also

have contributed to vitamin E transport.
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The Korsmeyer—Peppas exponent (n) provided additional information regarding the release mechanism. The
calculated n values were 0.551 for free Vitamin E, 0.610 for Vit-E/CNC, and 0.588 for Vit-E/CNC-NH-.
The n values obtained for the two nanocellulose-based formulations fall within the range generally associated
with anomalous or non-Fickian release under the commonly applied interpretation of the Korsmeyer—Peppas
model. This behavior suggests that vitamin E release was influenced by a combination of diffusion and matrix-
related processes rather than by simple Fickian diffusion alone.

Interestingly, the n value of Vit-E/CNC-NH: (0.588) was slightly lower than that of Vit-E/CNC (0.610),
indicating that surface amination did not increase the contribution of matrix relaxation to the release process.
Instead, the modified surface appears to have altered the balance between diffusion, hydration, and vitamin
E—carrier interactions. The stronger retention of vitamin E within the aminated nanocellulose matrix, together
with its lower cumulative release over 48 h, may reflect enhanced interactions between the loaded compound
and the functionalized carrier surface.

The kinetic analysis indicates that vitamin E release from the nanocellulose-based systems involved substantial
diffusion through the carrier matrix together with additional matrix-related effects. The high fitting
coefficients obtained for the Higuchi and Korsmeyer—Peppas models, particulatly for Vit-E/CNC-NHo.,
support the ability of surface amination to modify the release behavior of nanocellulose and contribute to a

more sustained delivery of vitamin E.
3.7 | Antioxidant Activity of Vitamin E-Loaded Nanocarriers

The antioxidant activity of free vitamin E and vitamin E-loaded nanocarriers was evaluated using the DPPH
radical-scavenging assay. The percentage of DPPH radical inhibition was determined at different
concentrations of vitamin E equivalents. The results are summarized in Fig. 4.
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Fig. 4. DPPH radical-scavenging activity of free vitamin E and vitamin E-loaded nanocarriers.
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The antioxidant activity of free vitamin E, Vit-E/CNC, and Vit-E/CNC-NH: was evaluated using the DPPH
radical-scavenging assay. As shown in Fig. 4, all vitamin E-containing formulations exhibited concentration-
dependent antioxidant activity, with increasing DPPH radical inhibition observed as the vitamin E
concentration increased. Free vitamin E exhibited DPPH inhibition values ranging from 21.8£1.4% to
89.712.3% over the concentration range of 10-200 ng/mL. Incorporation of vitamin E into CNC resulted
in a slight reduction in the measured antioxidant activity, particularly at the lower concentrations.
Nevertheless, Vit-E/CNC maintained substantial radical-scavenging activity, reaching 87.1£2.1% inhibition
at 200 pg/ml.. Interestingly, the aminated nanocartier exhibited antioxidant activity comparable to or slightly
higher than that of free vitamin E at higher concentrations. Vit-E/CNC-NH: demonstrated 60.8+2.0%,
79.812.4%, and 92.3+2.0% DPPH inhibition at 50, 100, and 200 pug/mL, respectively. The higher apparent
activity of Vit-E/CNC-NH2 compared with Vit-E/CNC may be associated with improved dispersion of
vitamin E within the aqueous assay medium and more effective exposure of the active compound to the
radical species. The relatively small difference between free vitamin E and Vit-E/CNC-NH: suggests that
the loading process did not substantially impair the antioxidant functionality of vitamin E. This finding is
particularly relevant because excessive interaction between an active compound and a carrier can sometimes
reduce the accessibility of the active groups responsible for biological activity. The preservation of antioxidant
activity, combined with the improved EE and sustained release profile observed for Vit-E/CNC-NHoa,
indicates that surface-functionalized nanocellulose can serve as a promising carrier for vitamin E delivery.
The ability of the system to maintain antioxidant activity while simultaneously providing controlled release
represents an important advantage over the administration of free vitamin E. The results demonstrate that
CNC-NHz2 successfully preserved the antioxidant activity of vitamin E while providing improved loading
performance and sustained release, supporting its potential application as a nanocellulose-based delivery
platform for vitamin E.

3.8 | Comparative Performance of Cellulose Nanocrystals and CNC-NH: as
Vitamin E Nanocarriers
To provide an overall comparison of the developed nanocarriers, the main physicochemical and functional

characteristics of CNC and CNC-NHz before and after vitamin E loading were compared. The summarized
results are presented in Table 5.

Table 5. Comparative performance of unmodified and aminated
nanocellulose as Vitamin E nanocarriers.

Parameter CNC CNC-NH,; Relative Performance
Particle size (nm) 148.6+4.8 161.3+5.6 Comparable

PDI 0.218%+0.019 0.231£0.021 Comparable

Zeta potential (mV) —28.7£1.6 +21.6%1.8 Surface charge modified
Nitrogen content (%) 0.14%0.03 2.84+0.17 T Amination

EE (%) 76.8+1.7 87.9£1.5 +14.5%

LC (%) 5.1%0.1 5.9%0.1 +15.7%

48-h release (%) 76.9£2.9 68.7£2.8 More sustained

DPPH inhibition at 200 ng/mL (%) 87.1£2.1 92.3%£2.0 Higher activity

The comparative analysis demonstrated that surface amination substantially improved the functional
performance of nanocellulose as a vitamin E delivery system. Although CNC—NH: exhibited only a modest
increase in particle size compared with unmodified CNC, its surface characteristics were markedly altered, as
demonstrated by the increase in nitrogen content and reversal of zeta potential from negative to positive
values. Most importantly, CNC-NH: exhibited a higher vitamin E EE (87.9%1.5%) compared with
unmodified CNC (76.8£1.7%). The LC was also increased from 5.1£0.1% to 5.910.1% following amination.
These findings suggest that surface functionalization improved the interaction and association of vitamin E
with the nanocellulose carrier. The enhanced loading performance was accompanied by a more sustained
release profile. After 48 h, Vit-E/CNC-NH: released 68.712.8% of the incorporated vitamin E, compared
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with 76.9%£2.9% for Vit-E/CNC. Thus, surface amination resulted in approximately 8.2 percentage points
lower cumulative release over the experimental period. Importantly, the improved carrier performance did
not compromise the antioxidant activity of vitamin E. At 200 ug/mL, Vit-E/CNC-NH: exhibited 92.3£2.0%
DPPH inhibition, compared with 87.1+2.1% for Vit-E/CNC. This finding indicates that the modified cartier
was capable of maintaining the functional activity of the loaded vitamin E while providing improved retention
and controlled release. Taken together, these results demonstrate that surface engineering of nanocellulose
with amine functionalities provided a clear functional advantage over unmodified CNC for vitamin E delivery.
The CNC-NH2 system combined high EE, improved LC, sustained release, and preserved antioxidant

activity without substantially increasing particle-size heterogeneity.
4| Conclusion

In the present study, aminated (CNC—NHz) was developed and comparatively evaluated with unmodified
CNC as nanocarriers for vitamin E delivery. Surface amination resulted in a substantial increase in nitrogen
content and a pronounced change in surface charge, while maintaining the characteristic nanoscale
morphology and crystalline structure of the nanocellulose. These findings confirmed that surface engineering
successfully modified the interfacial properties of CNC without causing major structural disruption. The
comparative formulation study demonstrated that CNC-NH: provided superior vitamin E loading
performance compared with unmodified CNC, with higher EE and LC. Moreover, vitamin E-loaded CNC—
NH: exhibited a more sustained release profile over 48 h, and kinetic analysis indicated an anomalous/non-
Fickian release mechanism with a substantial diffusion contribution. Importantly, the antioxidant activity of
vitamin E was effectively preserved following incorporation into the aminated nanocarrier. The findings
suggest that amine functionalization represents an effective strategy for improving the performance of
nanocellulose-based carriers for vitamin E delivery. Compared with native CNC, CNC-NH: provided a
favorable combination of enhanced loading, controlled release, and preservation of antioxidant functionality
[34-38]. Therefore, surface-engineered nanocellulose may represent a promising platform for the delivery of
vitamin E and potentially other pootly water-dispersible bioactive compounds. Further studies involving
long-term stability, cellular uptake, bioavailability, and in vivo evaluation are warranted to validate the practical
potential of the developed system.
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