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ABSTRACT

This study focused on functionalizing chitosan with nicotinic acid, the active form of vitamin B3, to obtain a new derivative
(Chi
to develop resveratrol-loaded nanoparticles (nChiy, . »¢) for enhanced anticancer performance. Chitosan was modified through
EDC-mediated amidation, and successful conjugation was confirmed by FTIR, 'H NMR, and GPC/SEC analyses. Nicotinic
acid grafting increased molecular weight, introduced characteristic amide signals, improved solubility at physiological pH, and
enhanced proton buffering capacity. Nanoparticles were prepared by ionotropic gelation and showed sizes of 100-140nm, PDI

Nico) With enhanced solubility at physiological pH, improved proton buffering capacity, and in vitro anticancer activity, and

values below 0.4, and a positive surface charge of +18 to +20mV. Blank nanoparticles exhibited minimal cytotoxicity, while
resveratrol-loaded formulations demonstrated significant anticancer activity in HeLa cervical cancer cells and HT-29 human

colon adenocarcinoma cell line. Notably, nChi reduced HeLa and HT-29 cell viability more effectively than free resver-

Nico-RES
atrol and nanoparticles based on unmodified chitosan, indicating an additive contribution from nicotinic acid. In contrast, the
cytotoxic effect on healthy BJ fibroblasts remained considerably lower, supporting the biocompatibility and selective potential of
the system. Overall, nicotinic acid modification improves chitosan's carrier performance and offers a novel strategy by combin-

ing two natural bioactive molecules within a single nanoparticle platform.

1 | Introduction

Cancer remains one of the leading causes of death worldwide,
making the development of innovative strategies that can over-
come the limitations of current therapies an urgent necessity [1].
The use of conventional chemotherapeutic agents is frequently
restricted by issues such as drug resistance and severe side ef-
fects on healthy tissues. In this context, nanoparticle-based sys-
tems can enhance the therapeutic efficacy of anticancer agents
by concentrating them directly at the tumor site, while minimiz-
ing adverse effects on healthy tissues [2, 3]. In this field, chitosan,
a natural polysaccharide, has been extensively investigated as a

© 2026 Wiley Periodicals LLC.

drug delivery material owing to its superior properties, includ-
ing biocompatibility, biodegradability, and its abundance from
renewable sources [4]. The use of natural products in cancer
therapy has become an attractive research area due to the ris-
ing problems of resistance and the side effects of chemothera-
peutic drugs. Among these, resveratrol, a natural polyphenol
found in foods such as grapes, blueberries, and peanuts, has
been intensively studied for its antioxidant, anti-inflammatory,
and anticancer properties [5]. Resveratrol can interfere with
multiple stages of cancer development, including initiation, pro-
gression, and metastasis; it suppresses cell proliferation, induces
apoptosis through ROS-mediated mitochondrial pathways, and
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inhibits angiogenesis and metastasis. Furthermore, when com-
bined with conventional chemotherapeutic agents, resveratrol
has been reported to sensitize tumor cells to these agents and to
exert synergistic effects [6, 7]. However, its poor solubility, sensi-
tivity to light, and low bioavailability pose significant challenges
for clinical applications [8, 9]. Indeed, resveratrol is not cur-
rently approved as a clinical anticancer drug, primarily due to
its unfavorable pharmacokinetic properties. Although it exhibits
arelatively high oral absorption rate of approximately 75%, rapid
first-pass metabolism in the intestine and liver, mainly through
glucuronidation and sulfation, results in systemic levels of free
resveratrol remaining below 1%. Metabolites generated through
these rapid metabolic processes, such as trans-resveratrol-3-O-
glucuronide and trans-resveratrol-3-sulfate, further hinder the
maintenance of therapeutically relevant concentrations of free
resveratrol in the systemic circulation [8, 10, 11]. This limitation
makes it difficult to sustainably maintain therapeutically effec-
tive plasma concentrations. Clinical studies have reported that,
particularly in systemic cancer types, the high doses required to
achieve therapeutic levels (e.g., 2.5-5g per day) are associated
with gastrointestinal adverse effects and may pose a risk of seri-
ous toxicity in certain patient populations [11]. In addition, the
poor aqueous solubility and limited photostability of resveratrol
complicate the development of effective pharmaceutical formu-
lations. The most biologically active isomer, trans-resveratrol,
can undergo photoisomerization upon light exposure, convert-
ing into the biologically less active cis-isomer (photoinstability),
which represents an additional drawback for clinical application
[10]. Owing to these pharmacokinetic and physicochemical lim-
itations, current research has increasingly focused on strategies
aimed at enhancing the clinical potential of resveratrol. In par-
ticular, nanoparticle-based carrier systems offer a rational ap-
proach to improve the solubility of resveratrol, slow down its
metabolic degradation, protect it against photodegradation, and
enhance cellular uptake [10, 12]. Accordingly, the literature re-
ports that resveratrol delivered via nanocarrier systems exhibits
higher preclinical biological efficacy compared to its free form
[12]. Furthermore, preclinical studies have demonstrated that
resveratrol suppresses proliferation in cervical cancer cell lines
such as HeLa and is capable of modulating tumor-associated
signaling pathways, including transforming growth factor-
beta (TGF-£) [13]. Min et al. demonstrated that resveratrol en-
capsulated in trimethyl chitosan-TPP nanoparticles exhibited
enhanced cellular uptake, as well as improved stability and
solubility compared to the free form [14]. Similarly, Wu et al.
prepared resveratrol-loaded chitosan-TPP nanoparticles and
showed that the system not only improved stability under UV
exposure and storage conditions but also retained antiprolifer-
ative activity in hepatocellular carcinoma cells while reducing
toxicity in normal cells [15]. In addition, combination strategies
have been developed to enhance the anticancer efficacy of res-
veratrol by combining it with various natural compounds or che-
motherapeutic agents. For example, resveratrol was shown to
potentiate the therapeutic efficacy of 5-fluorouracil in colorectal
cancer cells [16], its combination with genistein slowed prostate
cancer progression [17], and co-administration with curcumin
enhanced apoptosis by suppressing proliferation [18]. However,
most of these studies were conducted with the free form of
these molecules, while combination strategies integrated into
polymeric carrier systems, such as chitosan, remain limited.
Moreover, surface modifications of chitosan have been reported

to play a critical role in drug loading capacity, solubility, and bio-
logical interactions [4, 19, 20]. However, most reported chitosan
modifications primarily focus on tuning the physicochemical
properties of the carrier, whereas the covalent integration of a bi-
ologically active small molecule to simultaneously improve car-
rier performance and contribute to therapeutic efficacy has been
less emphasized. In this context, nicotinic acid was employed
as a dual-function moiety, serving both as a physicochemical
modulator and as a bioactive component capable of enhancing
resveratrol's anticancer activity.

In this study, we covalently conjugated nicotinic acid to chitosan
to achieve two dual aims: to improve chitosan solubility at phys-
iological pH and to enhance the therapeutic potential of resver-
atrol through an enhanced combination strategy. In this way,
both the carrier properties of chitosan were improved, and a
novel anticancer platform was established by combining resver-
atrol with nicotinic acid. Nicotinic acid (niacin), also known as
vitamin B3, is a key precursor in NAD* biosynthesis and plays a
critical role in maintaining cellular energy metabolism. Recent
studies have demonstrated that nicotinic acid is not only a met-
abolic regulator but also possesses anticancer potential. For ex-
ample, Li et al. reported that nicotinic acid inhibited glioma cell
invasion by degrading Snaill [21]. Moreover, Subay et al. showed
that combining nicotinic acid with rapamycin induced apopto-
sis and cell cycle arrest in acute myeloid leukemia cell lines [22].
Accordingly, an innovative drug delivery system was developed
based on chitosan nanoparticles. Nicotinic acid was covalently
conjugated to the chitosan polymer, into which resveratrol was
subsequently encapsulated, thereby harnessing the biocompati-
ble carrier properties of chitosan together with the combined an-
ticancer potential of nicotinic acid and resveratrol. Additionally,
the ability of nicotinic acid to enhance chitosan solubility at
physiological pH was exploited. The synthesized structure was
comprehensively characterized by GPC analysis, FTIR, and 'H
NMR spectroscopy, while the encapsulation efficiency, size dis-
tribution, and drug release profiles of the nanoparticles were
evaluated. Furthermore, the biological effects of the developed
system were assessed by evaluating its cytotoxicity against HeLa
cervical cancer cells and BJ fibroblasts. This comprehensive ap-
proach aims to address the limitations of resveratrol in terms
of solubility and bioavailability, to support therapeutic efficacy
through the versatile biological activities of nicotinic acid, and
to present, for the first time, the combined evaluation of these
two natural molecules within the same nanoparticle platform.

2 | Material and Method
2.1 | Chemicals and Reagents

Low molecular weight chitosan (SKU 448869), 1-Ethyl-3-(3-di
methylaminopropyl) carbodiimide hydrochloride (EDC-HCI),
and nicotinic acid were obtained from Sigma-Aldrich, USA, for
the synthesis of Chiy, . Glacial acetic acid and sodium tripoly-
phosphate (TPP) were purchased from Sigma-Aldrich, USA,
for chitosan solubilization and crosslinking. Resveratrol (98%
purity) was purchased from AmBeed, USA. For cell viability
studies,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and dimethyl sulfoxide (DMSO) were provided
by Sigma-Aldrich, USA, and Minimum Essential Medium Eagle
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(MEM-Eagle), penicillin-streptomycin solution, phosphate buff-
ered saline (PBS), fetal bovine serum (FBS), trypsin-EDTA, and
L-glutamine were obtained from Biological Industries, Israel.

2.2 | Synthesis and Characterization of Chig,
The modification of chitosan with nicotinic acid was performed
through a carbodiimide-mediated reaction [23] at a molar ratio
of 0.1 mol nicotinic acid/1mol glucosamine unit. One gram of
low molecular weight chitosan was dissolved in 1% (v/v) acetic
acid. Separately, a solution of nicotinic acid in water was acti-
vated with EDC-HCI (1:1 mmol/mmol) at room temperature for
45min to activate its carboxyl group. The activated nicotinic
acid solution was then added dropwise to the chitosan solution
under a nitrogen atmosphere, and the reaction was stirred over-
night. The resulting product was dialyzed against deionized
water using a 12kDa MWCO dialysis membrane for 24h, and
the freeze-dried product was stored at +4°C. The synthesis reac-
tion of Chiy , is shown in Figure 1.

Chiy, , was chemically characterized using the Agilent Cary
630 FTIR spectrometer (USA) and the Varian Unity INOVA 'H
NMR spectrophotometer (Canada) (CD,COOD-d,-D,0, 500MHz
and 25°C). M, M, and PDI,,  of Chi and Chiy,  were analyzed
by GPC-SEC system. This analysis was conducted on a TOSOH
EcoSEC system equipped with a refractive index (RI) detector
and coupled to a Wyatt miniDAWN Treos II multiangle light
scattering (MALS) detector. Separations were carried out using
a TSK-gel GMPWXL column operated at 35°C with a flow rate
of 0.5mL/min. An acetic acid/sodium acetate buffer system was
employed as the mobile phase. Prior to analysis, all samples were
dissolved in acetic acid at a concentration of 4mg/mL and allowed

Chitosan

+

HO g
52
N

Nicotinic acid

FIGURE 1 | Schematic illustration of nicotinic acid modification of
chitosan.

to equilibrate for 24h, followed by dilution with sodium acetate
solution at a 1:1 (v/v) ratio. The resulting solutions were filtered
through a regenerated cellulose (RC) membrane and transferred
into vials for injection, after which GPC analysis was carried out.

2.3 | Determination of Solubility at
Physiological pH

The solubility of Chi and Chiy, , samples at physiological pH (7.4)
was evaluated by turbidity [24] methods, which are previously
described. In order to evaluate the solubility of Chi and Chi,
samples by turbidity, the samples were dissolved in 1% (v/v) acetic
acid solution at a concentration of 1 mg/mL with stirring for 24h.
The pH of the solutions was then adjusted to 7.4 with 6N sodium
hydroxide, and the turbidity of the resulting dispersion was mea-
sured using a UV-vis spectrophotometer at 600nm. The results
were averaged over three independent replicates.

2.4 | Determination of Proton Buffering Capacity

The proton buffering capacities of Chi and Chiy, , were deter-
mined by acid-base titration. 6 mg of polymer was dissolved in
150mM NacCl solution to a concentration of 0.5mg/mL. After
adjusting the pH to 10 with 0.1 M NaOH solution, 20 uL of 0.1 M
HCI solution was added and the pH values were recorded. NaCl
was used as a negative control group, and the proton buffering
capacities of the polymers were calculated from the cumulative
HCI volume added until the solution pH dropped from 7.4 to 5,
as mmol H*/1g polymer [19].

2.5 | Preparation and Characterization
of Nanoparticles

Chi and Chi, , polymers were dissolved separately in a 1% ace-
tic acid solution at a concentration of 3mg/mL. TPP solution
(0.1%, w/v) containing Tween 80 was added dropwise at differ-
ent ratios (polymer:TPP; 2:1, 3:1, 4:1, and 5:1, w/w) under contin-
uous stirring. The particle size (nm), polydispersity index (PDI),
and zeta potential (mV) of the resulting nanoparticles (nChi and
nChi,.) were measured using a Horiba SZ-100 instrument
after stirring at 250 rpm for 30 min.

In order to prepare RES-loaded nanoparticles (nChi, and
nChig, ., rps) 100l RES dissolved in ethanol (5mg/mL) was
added to the polymer solutions (polymer:RES ratio 10:1), then
stirred for 10min, and the subsequent steps were performed as
described above. The resulting nanoparticle formulations con-
tained 1 mg/mL polymer and 0.1% (w/v) Tween 80. Additionally,
light scattering of the obtained nanoparticles was visually ob-
served as a result of the Tyndall Effect using a red laser beam
(633nm, 5mW) [25].

2.6 | Determination of Encapsulation Efficiency
of RES-Loaded Nanoparticles

Prepared nChiy,q and nChiy,  ps formulations were cen-
trifuged at 15,000rpm for 30min and the RES encapsulation
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efficiencies were determined by measuring the UV absorbance
of supernatant with a UV-vis spectrophotometer at 306 nm
wavelength. The encapsulation efficiencies of the nChi ¢ and
nChiy, ., rps Were calculated as follows [14]:

(Total amount RES — Free amount RES in supernatant)

EE(%) = x 100
Total amount RES

@

2.7 | InVitro Release Properties

In vitro RES release studies of nChiq and nChi; . ppg Were
carried out at pH7.4 and 5 in PBS containing 0.5% Tween 80
at 37°C. A 12kDa MWCO dialysis membrane containing 2mL
of nChig ¢ or nChiy,  ¢rs formulation was placed in 47mL of
release medium. Two milliliter aliquots were taken at regular
intervals and added each time an equal volume of fresh PBS con-
taining 0.5% Tween 80 into release medium. The amount of RES
released from nanoparticles was determined by measuring the
UV absorbance of the samples at 306 nm wavelength [15].

2.8 | InVitro Cytotoxicity Evaluation by
MTT Assay

The cytotoxic effects of chitosan-based nanoparticles (nChi and
nChi o), nicotinic acid modified chitosan-based nanoparticles
(nChiy,,, and nChiy, o). and free form RES were evaluated
on the HT-29 human colon adenocarcinoma cell line, HeLa cer-
vical adenocarcinoma cell line, and the healthy human fibroblast
cell line BJ using the MTT assay. BJ fibroblasts were cultured
in MEM-Eagle medium supplemented with 10% FBS, whereas
HeLa cells were maintained in MEM-Eagle medium contain-
ing 10% FBS and nonessential amino acids. HT-29 colon cancer
cells were cultured in RPMI-1640 medium supplemented with
10% FBS. All cell lines were incubated at 37°C in a humidified
atmosphere containing 5% CO,. Cells reaching approximately
90% confluence were detached using trypsin-EDTA, seeded
into 96-well plates at a density of 5x10* cells per well, and in-
cubated under the same conditions for 24 h to allow adherence.
Following adhesion, both cell lines were exposed to chitosan-
based nanoparticles containing resveratrol (0.78-50.0 ug/mL) as
well as free-form resveratrol for 48 h. To determine cell viability,
the medium was removed and MTT solution was added to each
well, followed by a 4h incubation. The MTT solution was then re-
moved, and 100 uL of DMSO was added to dissolve the resulting
formazan crystals. Absorbance was measured at 570 nm using a
microplate reader, and the data were analyzed using GraphPad
Prism 8.1 to calculate IC, values and percentage cell viability
relative to the negative control [26].

2.9 | Statistical Analysis

All experiments were performed in triplicate unless otherwise
stated, and data are presented as mean+standard deviation
(SD). GraphPad Prism 8.0 software was used to perform a two-
way analysis of variance (ANOVA) test. ANOVA was applied to
assess the effects of treatment and concentration, followed by
Dunnett's post hoc multiple comparison test. Statistical signifi-
cance was defined as a probability value of p <0.05.

3 | Results and Discussion

Chemical modification of chitosan aims to enhance its drug-
loading capacity and biological activity. Chitosan, a biocom-
patible, biodegradable, and low-toxicity biopolymer, possesses
primary amine groups that enable covalent bonding with
functional molecules [27]. This reactive structure allows con-
trolled regulation of solubility, biological interactions, and
release behavior. In particular, selective functionalization of
chitosan is crucial for improving pH or redox responsiveness,
loading capacity, and targeting ability in drug-delivery sys-
tems. Indeed, the literature reports that acylated chitosan ex-
hibits high biocompatibility, enhanced drug-loading capacity,
and controlled release properties [4]. In this regard, a Chi,
conjugate was synthesized through EDC-mediated covalent
coupling (amide bond formation) between the free amino
groups of chitosan and the carboxyl groups of nicotinic acid.
Nicotinic acid, a vitamin B3 derivative, acts as a multifunc-
tional pharmacophore exhibiting diverse biological activities
and is noted for its anti-inflammatory and antinociceptive
effects [28, 29]. This modification, combined with the natu-
ral mucoadhesive and biodegradable properties of chitosan,
provides both improved solubility and drug-loading capacity,
as well as additional therapeutic potential from the pharma-
cological activity of nicotinic acid. Moreover, the formation of
amide bonds, which are more stable than ester linkages [30],
helps maintain structural integrity under physiological con-
ditions and enables a controlled degradation profile for pro-
longed drug release.

3.1 | Synthesis and Characterization of Chi

Nico

31.1 | FTIR

The FTIR spectra of chitosan (Chi), nicotinic acid (Nico),
and the modified chitosan product (Chiy, ) are presented in
Figure 2A,B. In the Chi spectrum (Figure 2A), consistent with
previous studies [19, 31], the broad band observed in the range
of 3750-3000cm™! is attributed to the stretching vibrations of
primary amine (-NH,) and hydroxyl (-OH) groups. The ab-
sorption peaks with max at 2925 and 2883 cm™! correspond to
the asymmetric and symmetric stretching vibrations of C-H
bonds in the chitosan backbone. Additionally, the short and
broad band at 1648cm™! is assigned to the Amide I (C=0)
stretching vibrations, while the shoulder band at 1595 cm™! cor-
responds to the bending vibrations of primary amine groups.
Weak and broad absorptions in the range of 1450-1250cm™!
are associated with the deformation and bending vibrations
of methylol (CH,-OH) groups and the stretching vibrations of
-CH, groups. The broad absorption bands at 1152, 1075, and
1033cm™! arise from the symmetric and asymmetric stretch-
ing vibrations of C-O-C and C-0 bonds. In the Nico spectrum
(Figure 2A), the long and broad band at 1712 cm™ is attributed
to the carbonyl (C=0) stretching vibrations of carboxylic acid
groups. The bands in the range of 1595-1417cm™' correspond
to the C=C and C=N stretching vibrations of the pyridine
ring, while the short and sharp bands at 1323-1185cm™! are
assigned to C-O stretching vibrations. The absorption bands at
953,822, and 811 cm™ are related to the deformation vibrations
of the aromatic ring [32].
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FIGURE2 | FTIR spectra of (A) Chi and Nico and (B) Chi..

In the Chiy,  spectrum (Figure 2B), the broad band at 3428 cm™!
isassigned to the ~-OH and -NH, groups present in the structure,
and the short shoulder bands at 2924 and 2858 cm™! correspond
to C-H stretching vibrations. Compared with Chi, the spec-
trum of the nicotinic acid-conjugated chitosan product shows
the appearance of characteristic absorption peaks in the range
of 1650-1620cm™! corresponding to C=0 stretching (Amide I
band) and around 1550cm™" corresponding to C-N-H bending
(Amide II band). These changes are manifested by the shift of
the Amide I band of Chi from 1648 to 1629 cm™!, the weakening
of the amine bending band at 1595cm™!, and the disappearance
of the C=0 stretching band of the free carboxylic group of nic-
otinic acid at 1712cm™'. Furthermore, the peak observed at ap-
proximately 1381 cm™!, which results from the overlap of C-N
stretching and N-H bending vibrations (mixed peak, Amide III
band), confirms the formation of new amide bonds in the mod-
ified product. These spectral changes demonstrate that the ami-
dation (acylation) reaction between the primary amine groups
of chitosan and the carboxyl group of nicotinic acid was success-
fully achieved under EDC (carbodiimide)-mediated activation.

3.1.2 | 'THNMR

"H NMR spectra (500 MHz, D,0/CD,COO0D) of the Chiy,., is
shown in Figure 3. The anomeric protons of chitosan (H-1)
appear as a strong multiplet at § 4.50-5.00 ppm, partially over-
lapping with the solvent HOD peak. The residual solvent sig-
nal appears as the expected HOD peak at §~4.7-4.8 ppm. The
ring-proton envelope characteristic of the glucosamine/GIcNAc
backbone is observed at § 3.95-3.20 ppm (H-3-H-6), with H-2
resonating as a defined signal at § 3.05-3.15 ppm. The aromatic
region (6 8.6-9.1ppm) displays three resonances assigned to
H-2, H-4, and H-6 of the pyridine ring of nicotinic acid. The
presence of these characteristic pyridinyl protons confirms in-
corporation of the nicotinyl moiety into the polymer structure.
Based on integrals of the diagnostic peaks and normalization
to H-2 (1 H/repeat), the degree of substitution was calculated as
DS(Nico) =([1.38 +2.47 +1.07]/4)/(23.89/1)=0.052 - 5.2%. In
the synthesis, nicotinic acid was fed at a molar ratio of 0.1 mol

Wavenumber (cm'l)

per 1 mol of glucosamine unit, corresponding to a theoretical
maximum degree of substitution of 10%. Based on 'H NMR
integration, the experimentally determined degree of substi-
tution was 5.2%, indicating an effective grafting efficiency of
approximately 52% relative to the feed ratio. This value is fully
consistent with the nonquantitative nature of EDC-mediated
amidation reactions and further confirms that the coupling re-
action proceeds with partial but controlled efficiency.

3.1.3 | GPC

The molecular weight of chitosan is an important factor in
nanoparticle-based drug delivery systems, as it affects solubility,
viscosity, particle size, drug loading capacity, and release behavior;
therefore, its determination by characterization is considered nec-
essary. To evaluate the molecular weight distribution of chitosan
after modification, GPC/SEC analysis was performed. The results
revealed Mn and Mw values of 100.2 and 319.8kDa, respectively,
corresponding to a polydispersity index (PDI,, ) of 3.191. This
relatively high PDI,,  reflects the intrinsic heterogeneity of chi-
tosan, which comprises both shorter and longer polymer chains,
and is indicative of a broad molecular-weight distribution [33].
Considering that the native chitosan employed in this study exhib-
its M, M, and PDI,,  values of 123.3kDa, 228.8kDa, and 1.856,
respectively, the observed increase in M, can be regarded as indi-
rect evidence of the successful conjugation of nicotinic acid to the
chitosan backbone. Such a broad molecular weight distribution is
characteristic of natural polymer-based systems and is considered
typical for chitosan and its derivatives [34, 35].

3.1.4 | Determination of Solubility at Physiological pH

Chitosan dissolves efficiently only under acidic conditions, as its
amino groups remain protonated at around pH6 [36]. At phys-
iological pH, however, deprotonation reduces charge density,
resulting in limited solubility and a strong tendency toward ag-
gregation [37]. This inherent limitation has long restricted the
broader biomedical application of chitosan, making chemical
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FIGURE3 | 'HNMR spectra of Chi

Nico*

modification a key strategy to improve its performance. In this
context, nicotinic acid modification produced a remarkable
change in the solubility profile. While native chitosan exhibited
excellent solubility at pH4.0, it rapidly lost this behavior with
increasing pH; Chiy,  retained nearly complete solubility even
at pH 7.4 (Figure 4A). This observation highlights the profound
effect of introducing amidated carboxyl groups and pyridine
rings, which can establish additional hydrogen-bonding interac-
tions with water molecules and generate a stable hydration layer
around the polymer [38]. At the same time, amidation reduced
the number of primary amines, thereby weakening interchain
hydrogen bonding and ionic cross-linking that normally stabilize
crystalline domains, ultimately rendering the polymer chains
more flexible [4]. The steric contribution of the bulky pyridine
ring further disrupted tight chain packing, allowing greater
molecular free volume and enhanced water penetration. Taken
together, these chemical and structural alterations not only alle-
viate precipitation at neutral pH but also enable chitosan to ex-
hibit a solubility profile at physiological pH that closely resembles
its behavior under strongly acidic conditions.

3.1.5 | Determination of Proton Buffering Capacity
One of the critical factors determining the success of a

nanoparticle system is its buffering behavior within the ly-
sosomal environment. Following cellular internalization,

the decrease in lysosomal pH initiates the degradation of the
carrier system [39]. When amino groups present in the poly-
mer backbone become protonated within the pH 5-7.4 range,
osmotic pressure increases inside the lysosome, leading to
swelling and eventual rupture of the lysosomal membrane
[40]. This process prevents the premature degradation of the
therapeutic agent under acidic conditions.

Native chitosan, with a buffering capacity of 1.67mmol H*/g
polymer, provides only limited protection. However, as shown
in Figure 4B, nicotinic acid conjugation raised this value to
3mmol H*/g polymer. This enhancement can be attributed to
the incorporation of pyridine rings, which introduce new pro-
tonatable sites, and to amidation, which weakens interchain hy-
drogen bonding and crystalline domains, thereby increasing the
accessibility of residual amino groups. As a result, the number of
titratable functional groups effectively contributing to buffering
behavior was increased.

This improvement enhances the protection of chitosan nanopar-
ticles against lysosomal degradation. Nevertheless, the obtained
capacity remains lower than that of polyethyleneimine (PEI),
a polymer well known for its strong buffering behavior, which
exhibits a value of 6.3 mmol H*/g polymer. While the high buff-
ering capacity of PEI provides efficient endosomal escape, it may
also induce excessive stability in the cytoplasm, thereby hinder-
ing the effective release of the cargo. For this reason, an ideal
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polymeric nanoparticle system should not only protect its cargo
from lysosomal degradation but also facilitate its subsequent re-
lease into the cytoplasm [41]. Partial degradation of the polymer
within the lysosome may even promote cargo release once in the
cytoplasm [42]. In this context, the moderate buffering capacity
achieved by Chi,  can be considered a balanced and suitable
value for effective intracellular delivery.

3.2 | Preparation and Characterization
of the Nanoparticles

In gene or drug delivery applications, intracellular uptake effi-
ciency depends on key physicochemical properties of nanopar-
ticles, including particle size, surface charge (zeta potential),
polydispersity index (PDI), solubility, and surface functional-
ity [20]. Evaluating these parameters collectively is critical for
predicting the system's behavior in biological environments
and its effectiveness as a carrier. Among them, particle size
plays a decisive role in determining cellular internalization
pathways; literature reports indicate that nanoparticles smaller
than 200nm are more efficiently internalized and exhibit supe-
rior distribution within target tissues [31]. Surface charge also
directly influences internalization by modulating electrostatic
interactions with the cell membrane: a positive zeta potential
facilitates cellular entry by generating strong electrostatic at-
traction with the negatively charged cell membrane, although
excessively high positive charges can increase the risk of cy-
totoxicity due to membrane damage [43]. The PDI reflects the
homogeneity of the particle size distribution; lower PDI values
(<0.4) indicate a uniform distribution and high colloidal sta-
bility, while higher values indicate heterogeneity and a greater
tendency toward aggregation [19]. Relatively broad PDI distri-
butions observed in chitosan-based nanoparticle systems are
attributed to the intrinsic polymeric nature of chitosan and its
varying molecular weight distribution. Increases in chitosan
concentration and the degree of functional modification can

Nico

0 500 1000 1500
0.1 M HC1

= Chi = Chiyje, PEI - NaCl

at pH4.0 and pH 7.4 based on turbidity measurements (B) and titration

strengthen intermolecular interactions and hydrogen bonding
between polymer chains, which may lead to a limited degree of
aggregation during nanoparticle formation [44]. Nevertheless,
the PDI values obtained in the present study (around 0.4) are
consistent with the range frequently reported in the literature
for chitosan-based nanoparticle systems [45, 46].

Chiy,., nanoparticles were prepared via the ionotropic gelation
method at different polymer:TPP ratios (w/w). Nanoparticle
formation was achieved through the electrostatic interactions
between the negatively charged phosphate groups of tripoly-
phosphate (TPP) and the protonated amino groups of the chi-
tosan backbone, while Tween-80 was employed to stabilize the
nanoscale particles. To determine the optimal nanoparticle com-
position, nChi,,  formulations (n,Chiy, -n,Chiy, ) were pro-
duced at polymer:TPP ratios of 2:1, 3:1, 4:1, and 5:1. As shown in
Figure 5A, all formulations with ratios above 2:1 generated large
particles of approximately 1 um in size with PDI values around
1.0. Increasing the Chiy, :TPP ratio led to a tendency toward
larger particle sizes and higher PDI values due to the presence of
long polymer chains in the dispersion and insufficient crosslink-
ing (Figure 5A,B). Therefore, the 2:1 ratio was selected as opti-
mal, with n,Chiy, , exhibiting a particle size of 93.43 +2.75nm,
a PDI of 0.336%+0.019, and a zeta potential of 20.17£0.83mV,
demonstrating physicochemical properties suitable for drug or
gene delivery applications.

In addition to common characterization techniques such as dy-
namic light scattering (DLS), the Faraday-Tyndall effect was
employed to confirm the colloidal properties of the nanopar-
ticle systems optically. The Tyndall effect, which occurs when
colloidal particles scatter visible light, allows the light path to
become visible to the naked eye when particle sizes are smaller
than the wavelength of visible light (400-800nm) and serves as
a direct visual indicator of colloidal behavior [47]. In this study,
a red laser (633nm, 5mW) was used to evaluate the colloidal
character of the nanoparticle suspensions. An ethanol solution
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of resveratrol was used as the control group. A distinct light scat-
tering was observed in the nanoparticle suspensions, whereas
no scattering was detected in the homogeneous ethanol-resver-
atrol solution (Figure 5C). These observations confirm the col-
loidal nature of the nanoparticle systems and visually support
the DLS data.

3.3 | RES Loading and Encapsulation Efficiencies
of n,Chiy . and n,Chiy;  res
While preparing RES-loaded nanoparticles, a polymer:TPP ratio
of 2:1 was used, which was determined as the optimum ratio for
both nChi and nChiy; . RES was added to the nanoparticle for-
mulations at a rate of 10% of the polymer amount. According to
DLS measurements, particle size, PDI, and zeta potential values
of n,Chiy . were 82.740.7nm, 0.424 +0.023, and 20.8+1.7mV,
respectively. For n,Chiy,  »rs» these properties were determined
as 136.2+4.9nm, 0.349+0.015, and 18.6+1.0mV, respectively
(Figure 5D-F). The results show that, with RES loading, the
particle sizes of both n,Chi ¢ and n,Chiy,  rrs increased (this
ratio was greater in n,Chi, »r¢), While the zeta potential val-
ues decreased slightly. Nanoparticle size is an important physi-
cochemical property affecting the biocompatibility, absorption,
and biological activity of drug carriers [48]. Nanoparticles within
the sub-200nm size range are generally considered suitable for
nanomedicine applications based on established design criteria
[49]. In this study, both n,Chi,.¢ and n,Chiy, ;g exhibited
particle sizes below 150nm. As calculated in Equation (1), the

encapsulation efficiencies of n,Chiy ¢ and n,Chiy; rgps Were
determined as 22.0% +0.03% and 21.25% + 0.02%, respectively.

There are various studies in the literature reporting different en-
capsulation efficiencies for RES loading into chitosan nanoparti-
cles. It is natural for these studies to yield different encapsulation
efficiency values, since, in the case of chitosan nanoparticles, drug
encapsulation efficiency is influenced by the degree of deacetyla-
tion and average molecular weight of chitosan, solution concen-
tration, the amount of drug, the nanoparticle preparation method,
and the parameters associated with these methods [50-52]. In the
study conducted by Sposito et al., RES-loaded chitosan nanoparti-
cles achieved an encapsulation efficiency of 72% [53], whereas Bu
et al. observed an encapsulation efficiency of approximately 65%
[54]. Wu et al. stated in their study investigating the effect of RES
concentration on encapsulation efficiency thatincreasing RES con-
centration led to a decrease in encapsulation efficiency, and they
achieved encapsulation efficiency values of approximately 15.58%
[15]. Conte et al. investigated the effects of chitosan solution con-
centration and crosslinker ratio on encapsulation efficiency and
found that the encapsulation efficiency ranged between 16.31%
and 76.18% [55]. Jeon et al. stated that, in formulations obtained by
ionic gelation with y-poly(glutamic acid), the RES encapsulation
efficiency in chitosan nanoparticles varied between 24% and 35%
depending on the amount of y-poly(glutamic acid) [56]. Je et al. re-
ported in their study investigating the effect of nanoparticle size
on encapsulation efficiency that the encapsulation efficiency in-
creased with increasing particle size and varied between 14.88%
and 40.86% [57].
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3.4 | InVitro Release Properties of n,Chi ¢
and n,Chi; ., grg

When the release profiles in Figure 6 are examined, both the
n,Chi .o and n,Chiy, e formulations exhibited a rapid re-
lease within the first hour, followed by a slower release profile
up to 8h. This type of biphasic release behavior has been widely
reported in the literature for chitosan-based nanoparticles
[57-61]. During the release experiments, no visible aggregation
or precipitation of the nanoparticle dispersions was observed,
indicating that the formulations remained physically dispersed
in PBS containing 0.5% Tween 80. The initial burst release can
be attributed to the desorption of RES weakly adsorbed on the
nanoparticle surface, while the subsequent slower phase is gov-
erned by diffusion of the drug entrapped within the inner re-
gions of the polymeric matrix [62]. It should be noted that this
pronounced initial burst indicates that the present system does
not function as a classical long-term sustained-release depot.
Instead, it provides rapid initial drug availability, followed by
a more gradual release phase, which may be advantageous for
achieving an early therapeutic concentration while improving
intracellular delivery.

It is also seen that RES release occurs at a higher rate from both
the n,Chiy ¢ and n,Chiy, ; pns formulations at pH7.4 compared
to pH5. The burst release efficiency occurring in the first hour at
pH 7.4is approximately 51% and 58% forn,Chiy .candn,Chi, ; rres
respectively, while these rates are approximately 44% for both for-
mulations at pH 5. This difference in release behavior is due to the
interaction between chitosan and TPP molecules. The degree of
protonation of the free amine groups of chitosan is lower at pH 7.4
than at pH5. This causes the electrostatic interaction between the
TPP molecules to become weaker and the matrix of the ionically
cross-linked nanoparticles to loosen, increasing water penetra-
tion. Therefore, RES release occurs at a higher pH7.4 [63-65].
Additionally, n,Chi; . s @ppears to release slightly higher than
n,Chiy . in both media. This is attributed to the increased hydro-
philicity of chitosan following modification with nicotinic acid,
facilitating diffusion of the release medium into n,Chiy;., s Ma-
trix and accelerating RES release. Both RES loaded nanoparticle
formulations also showed release efficiencies above 90% at both
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FIGURE 6 | In vitro release profiles of n,Chiyys and n ,Chiy,  rrs
formulations at pH 7.4 and 5.

pH 7.4 and 5 after 7h. This release profile allows RES to reach ther-
apeutic levels quickly.

3.5 | In Vitro Cytotoxicity Evaluation
of Nanoparticles

The cytotoxic effects of chitosan-based nanoparticles (nChi and
nChiypo), nicotinic acid-modified chitosan-based nanoparticles
(n,Chiy,,, and n,Chig, . ¢rs)s and free form RES were evaluated
on the HeLa cervical adenocarcinoma cell line, HT-29 human
colon adenocarcinoma cell line, and the healthy human fibro-
blast cell line BJ using the MTT assay. Cells were exposed to
chitosan-based nanoparticles containing equivalent concentra-
tions of RES (0.78-50.0pug/mL) and free-form resveratrol for
48h under incubation conditions. Cell viability was calculated
relative to the negative control incubated under the same condi-
tions, without exposure to any substance.

The comparative analysis of cytotoxic effects clearly demonstrates
the behaviors of the nanoformulations across HeLa, HT-29, and
BJ cells (Figure 7). In HeLa cells (Figure 7B), blank chitosan
nanoparticle (nChi) induced only minimal reductions in cell via-
bility, which is consistent with their biocompatible nature. In con-
trast, both free RES and resveratrol-loaded chitosan nanoparticles
(nChiy,¢) displayed dose-dependent cytotoxicity, with nChig ¢
leading to a slightly stronger effect than free RES, likely due to
improved intracellular delivery provided by the nanoparticle
system. Similar findings have been reported in previous studies.
Bozorgi et al. demonstrated that chitosan/resveratrol polymeric
nanoparticles suppressed breast cancer cell proliferation by target-
ing mitochondrial metabolism and were more effective than free
resveratrol [66]. Likewise, Sarma et al. showed that chitosan-pec-
tin core—shell nanoparticles encapsulating resveratrol enhanced
stability and antioxidant activity [67]. Wang et al. fabricated zein/
carboxymethyl chitosan nanoparticles for co-encapsulation of cur-
cumin and resveratrol, achieving high encapsulation efficiency
and preserving bioactivity under storage and digestion conditions
[68]. Overall, these studies reinforce the present observations, sup-
porting the conclusion that chitosan encapsulation improves the
stability, delivery, and biological performance of resveratrol.

When chitosan was modified with nicotinic acid (n,Chiy;,)
and subsequently loaded with resveratrol (n,Chiy, , ), HeLa
cells exhibited a pronounced decrease in viability across all
tested concentrations. This suggests that the combination of
nicotinic acid and resveratrol within a nanoparticle platform
yields enhanced cytotoxicity. Consistent with this, Figure 7A
also shows that even blank n,Chiy, , nanoparticles exert a
stronger inhibitory effect on HeLa cell viability than unmod-
ified chitosan nanoparticles, confirming the inherent con-
tribution of nicotinic acid to the overall cytotoxic response.
Nicotinic acid itself has been reported to interfere with tumor
cell metabolism and signaling pathways. For instance, Li et al.
demonstrated that nicotinic acid inhibited glioma cell inva-
sion by degrading Snaill, highlighting its ability to suppress
metastatic potential [21]. Similarly, Subay et al. showed that
nicotinic acid in combination with rapamycin induced apop-
tosis and cell cycle arrest in acute myeloid leukemia cells
[22]. These findings align with the current results, suggesting
that conjugation of nicotinic acid to chitosan may potentiate
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was determined by two-way ANOVA followed by Dunnett's post hoc test (*p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001).

resveratrol's anticancer effects by enhancing cellular uptake
and promoting stronger apoptotic signaling.

In HT-29 cells (Figure 7C), a dose-dependent decrease in via-
bility was observed across all treatment groups, attributed to
the increasing concentration of RES. However, it is notewor-
thy that the n,Chiy,  rps group showed significantly higher
cytotoxicity compared to free RES and n,Chiy, ., especially at
concentrations of 6.25ug/mL and above. This suggests that pre-
senting RES within a chitosan-nicotinic acid matrix enhances
its antiproliferative activity by increasing intracellular uptake.
The limited cytotoxicity of the n,Chiy, , group alone indicates
that the carrier system is largely biocompatible with HT-29 cells.

The effects of chitosan-based nanoparticle formulations, namely
nChi, nChiy ¢, and free RES groups, on HT-29 cells were shown
in Figure 7D. The significant preservation of cell viability in the
nChi group suggests that the nanoparticle carrier is nontoxic.
In contrast, a significant and statistically important decrease in
cell viability was observed with increasing doses in the nChiy ¢
group. The fact that nChiy ¢ exhibits a stronger cytotoxic ef-
fect compared to free RES, particularly at moderate and high
concentrations, suggests that nanoparticle-based delivery in-
creases the bioavailability and intracellular activity of RES. The
decrease in viability observed in the free RES group was more
limited, which may be related to the low solubility and limited

intracellular uptake of RES. This study shows that n,Chiy; ., rgs
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exhibits a stronger cytotoxic effect in HT-29 cells compared to
groups using free RES and the carrier system alone. This in-
crease is particularly pronounced at moderate and high concen-
trations, suggesting that covalent binding of nicotinic acid to the
chitosan chain significantly modulates the biological response.

In literature, nicotinic acid is reported to affect cellular metab-
olism, NAD*/NADH balance, and redox homeostasis in cancer
cells; these effects can indirectly suppress cell proliferation and
apoptotic signaling pathways [69, 70]. Increased energy stress
via nicotinamide/NAD* metabolism and the limitation of DNA
repair mechanisms can make cancer cells more susceptible to
cytotoxic agents [71]. In this context, the integration of nicotinic
acid into a chitosan carrier can be considered not only a struc-
tural modification but also a functional strategy that enhances
biological interaction.

In healthy BJ fibroblasts (Figure 7E,F), increasing concentra-
tions of RES, nChigpg, and n,Chiy,  rps gradually reduced
viability, but the magnitude of cytotoxicity was substantially
lower than in HeLa and HT-29 cells. Importantly, although
n,Chi, . rgs Nanoparticles induced some reduction in BJ fibro-
blast viability at higher concentrations, the overall effect was
less pronounced than in HeLa and HT-29 cells, suggesting that
the formulation retains partial biocompatibility and a degree of
selectivity toward malignant cells. This contrast between malig-
nant and healthy cells supports the potential of nicotinic acid-
modified nanoparticles as more effective and safer anticancer
delivery platforms compared to unmodified systems.

The cytotoxic effect of nChi; , yps compared to free resvera-
trol and unmodified chitosan nanoparticles can be explained
by the combination of improved carrier properties and the
complementary biological activities of nicotinic acid and res-
veratrol. Nicotinic acid conjugation significantly improved
properties of chitosan such as its solubility at physiological pH
and proton buffering capacity; this is expected to facilitate the
cellular uptake of the nanoparticles. Furthermore, nicotinic
acid plays a role in many pathways in cancer, such as invasion,
apoptosis, and cell cycle regulation [21, 22]. In parallel, it is
well known that resveratrol induces cancer cell death through
ROS-mediated mitochondrial pathways and apoptosis-related
signaling [6, 7]. Although direct mechanistic tests were not per-
formed in this study, the stronger reduction in HeLa and HT-29
cell viability observed for nChiy; , r s> cOupled with the moder-
ate cytotoxicity of empty nChiy, S nanoparticles, suggests that
nicotinic acid contributes to the overall anticancer response
beyond its role as a physicochemical modifier. Taken together,
these findings support the idea that the observed improvement
results from the combined contribution of enhanced nanoparti-
cle delivery and the intrinsic biological activities of the incorpo-
rated bioactive molecule.

4 | Conclusion

In this study, chitosan was covalently conjugated with nicotinic
acid, and the combined contribution of this modification to res-
veratrol delivery was investigated. Nicotinic acid conjugation
improved the solubility of chitosan at physiological pH, allow-
ing it to retain a solubility profile comparable to that observed

under acidic conditions, while also enhancing its proton buft-
ering capacity and thereby improving its physicochemical and
biological performance. The resulting Chiy, , nanoparticles
exhibited favorable colloidal properties and an appropriate
size distribution for intracellular delivery. Compared with
unmodified chitosan formulations, nicotinic acid conjuga-
tion slightly increased the particle size of resveratrol-loaded
nanoparticles (n,Chippe: 82.7+£0.7nm, PDI 0.424+0.023,
+20.8+1.7mV; n,Chi,  ppe: 136.2£4.9nm, PDI 0.349 +0.015,
+18.6£1.0mV), while maintaining comparable encapsula-
tion efficiency (22.0% +0.03% for n,Chiyq vs. 21.25% +0.02%
for n,Chig,  rgs)- Importantly, resveratrol-loaded Chiy,,,
nanoparticles produced a relatively stronger reduction in can-
cer cell lines' viability than both free resveratrol and unmod-
ified chitosan formulations, while cytotoxicity in healthy BJ
fibroblasts remained relatively lower. Despite these encour-
aging results, the current study is limited to physicochemical
characterization and in vitro cell-based evaluations. Therefore,
further studies involving in vivo models are needed to assess
the efficacy, therapeutic significance, and biocompatibility of
this system. In conclusion, this study establishes a rational
modification strategy for chitosan-based carriers and demon-
strates the feasibility of combining nicotinic acid and resvera-
trol at the cellular level in a single nanoparticle system.
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