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Applications of Antioxidant Nanoparticles, 2nd Edition

Rita Cortesi * and Maddalena Sguizzato
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44100 Ferrara, Italy; sgzmdl@unife.it
* Correspondence: crt@unife.it

It is known that the overproduction of reactive oxygen species (ROS), which regu-
late numerous physiological processes, can generate oxidative stress, responsible for the
onset of several pathologies [1]. Therefore, a useful therapeutic approach to reducing
or neutralizing oxidative stress is the administration of antioxidants. This has been ad-
dressed in several fields (i.e., pharmaceuticals, cosmetics, and food) with different types
of formulations, including the use of nanoparticles, which have transformed the field
of antioxidant therapeutics through enabling specialized nano-delivery systems. In our
previous Special Issue “Applications of Antioxidant Nanoparticles”, we summarized and
published recent advances in the design, production, characterization, use, and effects of
antioxidant nanoparticles.

In this Special Issue of Antioxidants entitled “Applications of Antioxidant Nanopar-
ticles, 2nd Edition”, we continue to compile the latest breakthroughs in the design, pro-
duction, characterization, and utilization of antioxidant nanoparticles in the biomedical,
pharmaceutical, cosmetic, and food sectors. The merging of antioxidant therapy and
nanomedicine marks a major advancement in the treatment of oxidative disorders, offering
more accurate, efficient, and biocompatible approaches.

In this second edition, seven research articles and three reviews have been collected.
Specifically, the seven research articles can be divided into two main groups depending on
the organic (contributions 1, 2, and 5) or inorganic (contributions 3, 4, 6, and 7) nature of
the studied nanoparticle system.

In drug delivery, organic nanoparticles are biocompatible carriers encapsulating thera-
peutic agents able to improve solubility, protect against degradation, and enable targeted
and/or sustained release. They enhance efficacy in treating diseases like cancer by reducing
toxicity and promoting controlled, site-specific drug accumulation [2-5].

Among the contributions of the first group, the research by Baldassarre and colleagues
(contribution 1) evaluates the influence of some excipients on the performance of nanopar-
ticle formulations. Indeed, the effect of two different nonionic surfactants, polyvinyl
alcohol (PVA) and Tween 20, on the production of organic polymer-based nanoparticles
(i.e., polylactic-co-glycolic acid) is described and a thorough discussion is given, in which
potential applications in skincare are proposed. Different parameters were investigated
in this research, and the results revealed that the type of surfactant affects the stability of
nanoparticles and their retention and cellular uptake, neutralizing oxidative stress in skin
cells. Contributions 2 and 5 investigate the organic polymer chitosan as a good candidate
for the potential treatment of human pathologies, such as nonalcoholic fatty liver disease
(NAFLD) and breast cancer. Notably, Alfawaz and colleagues propose loaded chitosan
nanoparticles for enhanced bioavailability, solubility, and sustained release, and support
their potential as an advanced nanotherapeutic strategy for NAFLD management, specifi-
cally acting on inflammation. Similarly, Aarthi Jeganathan’s group demonstrate that loaded
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chitosan nanoparticles enable the sustained release of active compounds, supporting im-
provements in various biochemical, enzymatic, and histopathological parameters relating
to breast cancer pathology, such as tumor volume and lipid peroxidation.

The remaining contributions (3, 4, 6, and 7) describe the employment of inorganic
nanoparticles. Compared to organic materials, inorganic nanoparticles are versatile, stable,
and biocompatible drug delivery vehicles; therefore, they are proposed for different pur-
poses, such as targeted therapy, gene delivery, and imaging. Key types include gold, silica,
iron oxide, and ceramic, offering advantages like controlled release, high payload capacity,
and protection against enzymatic degradation [6].

In fact, inorganic nanoparticles exhibit unique physicochemical properties that al-
low them to be functionalized with various specific ligands to enhance their affinity for
target cells or molecules, making them particularly effective in cancer treatment through
improving tumor imaging and drug penetration [7-10]. In this context, Mao and colleagues
(contribution 3) demonstrate that selenium supplementation mitigates the damage caused
by H,O; to the intestinal morphology of mice jejunum and restores the level of related
inflammatory factors. Along these lines, Gutierrez-Albanches’ group (contribution 4) inves-
tigated the potential of silver nanoparticles to deliver Pseudomonas shirazensis metabolites,
with the aim of enhancing the bioactivity of rosemary extracts in postharvest applications.
Moreover, the use of magnetite nanoparticles is proposed by Ilie and colleagues (contri-
bution 6) as a drug delivery system for the dual encapsulation of bioactive compounds to
treat the gut microbiota dysbiosis that occurs in cancer therapy, demonstrating synergis-
tic antioxidant and antibacterial effects. In addition, the zinc-containing bioactive glass
nanoparticles designed and developed by Zhu’s group (contribution 7) are proposed to im-
prove antioxidant and anti-inflammatory effects, facilitating bone and tissue regeneration
through exploiting free radical scavenging activity and immunomodulation.

Finally, the reviews by Shi and Hallan’s groups (contribution 8 and 9) offer an overview
of the applications of nanoparticle systems in the treatment of autoimmune and lung dis-
eases. Shi and colleagues specifically addressed immune-mediated inflammatory diseases,
such as alopecia areata and multiple sclerosis, in which oxidative stress plays a key role in
onset and progression, and highlighted the potential of nano-antioxidants as a promising
therapeutic approach, primarily due to their stability and their capability for targeted
delivery (contribution 8). Hallan’s review, on the other hand, considers the use of organic
nanostructures such as cyclodextrins in the treatment of oxidative stress-driven lung dis-
eases such as cystic fibrosis, pulmonary hypertension, chronic airway diseases, and lung
cancer (contribution 9). The third review offers an overview of the nanoformulation of a
natural compound, alpha-lipoic acid, with potent antioxidant properties that protect cells
and tissues from oxidative stress. Specifically, it describes the engineering of the molecule
of interest as a novel, innovative formulation strategy, which promises to be an effective
drug delivery system (contribution 10).

Overall, all of the reviews emphasize that nanoparticulate systems can overcome the
problems of poor solubility, stability in aqueous solutions, and bioavailability after adminis-
tration, which hinder their clinical utility. However, in some cases, the lack of physiological
models for assessing the efficacy of tissue-oriented drug targeting and subsequent clinical
studies remains an open issue.

In summary, through this second edition, we have attempted to expand the awareness
of researchers regarding the different applications of nanoparticles in counteracting or reg-
ulating the effect of oxidative stress in different diseases, either through topical or systemic
treatments. The combination of green production methods and natural molecules has also
been explored in this second edition, demonstrating multifunctional hybrid approaches
that mitigate oxidative stress, inflammation, and microbial potential. Finally, the studies
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collected in this Special Issue emphasize the potential of nanotechnological systems in
modulating the activity of the molecules being carried—such as antioxidant actives—after
administration, enhancing their therapeutic activity, stability, and targeted uptake and
delivery across different biomedical applications characterized by redox environments.
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Abstract

There is a growing demand for plant-derived antioxidants to replace synthetic ones in
skincare applications. Phytochemicals are characterized by certain limitations, including
poor bioavailability and chemical instability, which affect their industrial exploitation.
Tomato peel extract has been used as a source of lycopene, which is renowned for its
antioxidant properties. To improve the bioavailability of extracted lycopene, polymeric
(poly-lactic-co-glycolic acid) nano-carriers were synthesized by comparing two non-ionic
surfactants, polyvinyl alcohol (PVA) and Tween 20. The impact of surfactants has been
studied by evaluating: (i) colloidal stability determined by dynamic light scattering; (ii) ly-
copene retention and bioactivity over time, as measured by spectrophotometric assays;
(iii) biological interactions on 2D and 3D keratinocyte and melanocyte cell cultures. It was
found that both surfactants enable the formation of stable lycopene-loaded nanoparticles
suspensions; however, greater colloidal stability was exhibited by nanoparticles prepared
with Tween 20. PVA, on the other hand, provided greater nanoparticle stability in terms of
loaded lycopene retention and antioxidant activity. Tween 20 surfactant improves the inter-
nalization of lycopene-loaded nanoparticles in human skin spheroids. It was demonstrated
that both surfactants provided excellent intracellular antioxidant activity of lycopene. This
was observed in keratinocytes, melanocytes, adherent cells, and spheroids, suggesting
potential skincare applications.

Keywords: lycopene; PLGA nanoparticles; non-ionic surfactants; human skin spheroids
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1. Introduction

Significant advancements have been made over the past few decades in enhancing
the bioavailability of bioactive ingredients for the food, cosmetics, and pharmaceutical
industries [1,2]. Lycopene (Lyc) is one of the most widely commercialized carotenoids
thanks to its high antioxidant capacity among natural, plant-derived active compounds
(e.g., vitamins, anthocyanins, and phenolic compounds) [3,4]. In addition, among various
carotenoids, Lyc is the second most potent antioxidant after astaxanthin. It is a significant
inhibitor of reactive oxygen species (ROS); it has been demonstrated to remove singlet
oxygen at a rate that is two and ten times higher than that of beta-carotene and alpha-
tocopherol, respectively [5]. Lycopene is also recognized for its potential anti-inflammatory
properties, and antidiabetic, antithrombotic, and antimicrobial effects, as well as for its
protective effects on the cardiovascular system, its ability to mitigate oxidative damage,
and prevent cancer [6,7]. Recent epidemiological studies have provided insights into the
health benefits of dietary Lyc, which has been shown to decrease the risk and complications
associated with several chronic diseases, including cardiovascular diseases, obesity, type 2
diabetes, cancer, and neurodegenerative disorders. The etiology of these chronic diseases
is principally associated with oxidative stress-induced systemic and low-grade chronic
inflammation. Lyc has been demonstrated to attenuate elevated levels of proinflammatory
mediators (e.g., proinflammatory cytokines and oxidized phospholipids) by modulating
oxidative stress, a property that is attributable to its potent antioxidant characteristics. The
available evidence suggests that this combination has the capacity to act as a safeguard
against the development of chronic inflammatory disorders [8]. As demonstrated in
approximately 200 articles and reviews, Lyc has been shown to have anti-obesity and anti-
diabetic properties in a variety of organs and tissues, including but not limited to adipose
tissue and the liver, kidneys, pancreas, brain, ovaries, intestines, and eyes. The underlying
mechanism of these effects can be attributed to the substance’s antioxidant and anti-
inflammatory properties, as well as its ability to regulate specific signalling pathways [9].
Concerning cancer prevention, it has been demonstrated that a higher dietary intake and
circulating concentration of Lyc have protective effects against prostate cancer, in a dose-
dependent way [10]. Lycopene has also shown an inhibitory effect on the proliferation and
progression of colorectal cancer cells [5]. Lycopene’s nutraceutical impact involves benefits
for cardiovascular and neurodegenerative diseases; it can improve vascular and endothelial
function, reduce atherosclerotic plaque size, and contribute to cognitive longevity and the
treatment of several neuronal diseases (Parkinson’s and Alzheimer’s diseases) [11,12].

Lycopene cannot be produced by the human body and thus must be obtained through
dietary intake. It is the pigment responsible for the red colouring of foods such as tomatoes,
watermelons, papayas, pink grapefruits, and guavas.

Although Lyc and carotenoids can be obtained through chemical synthesis, these
processes usually involve complicated, low-yield reactions that are not economically or
environmentally favourable. Other strategies include extraction from plant sources and,
more recently, microbial synthesis. Extraction from plants, especially tomatoes, is a conven-
tional method that is widely performed; however, it tends to result in low yields, requires
large areas of land for cultivation, and suffers from seasonality. Using microorganisms
for carotenoid production is appealing because of their rapid growth, high yields, and
year-round availability. However, the cost of growth media undermines the viability of
this method. In this context, producing Lyc using waste products offers a dual benefit:
generating sustainable, high-value products, while providing an alternative waste manage-
ment solution [13,14]. In the interest of conserving resources and reducing the considerable
expenses associated with waste disposal, there has emerged a novel trend of utilizing waste
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recovery processing residues as prospective sources of compounds with active properties,
such as nutraceuticals and functional ingredients [15].

Tomatoes represent the most significant source of Lyc. Italy, along with Spain and
Portugal, is one of Europe’s biggest producers of tomatoes. Every year, more than 10 million
tons of these fruits are turned into peeled tomatoes, juices, and other products. This process
creates a lot of waste (millions of tons each year and about 4% of the weight of the processed
tomatoes). This is both an inconvenience for the producers and a resource. As Lyc is
predominantly present in the skin of the fruit, tomato peel (TP) has the potential to serve
as an alternative, cost-effective source of carotenoids [16]. Lycopene derived from tomato
waste is generally considered safe and is gaining regulatory interest for use in food and
supplements. Bodies such as the European Food Safety Authority (EFSA) have established
an acceptable daily intake (ADI) of 0.5 mg/kg body weight per day. Extracts from tomato
by-products are considered novel foods (EFSA’s Novel Foods Regulation), requiring specific
safety assessments, especially regarding other carotenoids present. The EFSA scrutinizes
new products also for the presence of phytoene and phytofluene (precursor carotenoids
of Lyc) and ensures that overall intake does not exceed the ADI [17]. Specific bodies are
responsible for regulating and certifying natural, organic, and naturally derived ingredients
for use in cosmetics and cosmeceuticals (such as CosMOS and NATRUE). These bodies’
ultimate goal is to promote sustainable cosmetics throughout their entire production cycle,
from sourcing raw materials to packaging and communication (https://www.cosmos-
standard.org; https:/ /natrue.org/it/, accessed on 7 January 2026). They also promote
sustainable circular economy practices to add value to waste products. However, the safety
of Lyc depends on the extraction method used.

Methods of Lyc extraction include organic solvent extraction (conventional, such as
liquid-liquid, Soxhlet, microwave, and ultrasound-assisted extraction), and green tech-
niques (alternative). In the food, cosmetic, and pharmaceutical industries, an environmen-
tally friendly carotenoid extraction process with minimal loss of bioactivity is desirable.
Supercritical CO; (SC-CO,) extraction is a more environmentally friendly alternative to
organic solvent extraction and is already used in the food industry to produce solvent-free
extracts [3,18].

However, due to the high degree of unsaturation exhibited by Lyc, a highly signifi-
cant propensity for chemical degradation and cis—trans isomerization is exhibited under
conditions of extreme temperature and pH value, exposure to oxygen, and to light. The
observed phenomenon of colour fading in the compound is primarily attributable to chem-
ical instability. This, in turn, results in a concomitant loss of both bioavailability and
bioactivity [19,20]. The exploitation of Lyc biological properties is also impeded by its
hydrophobic nature and insolubility in aqueous solvents, as well as in many other solvents,
which affect its efficient delivery. These limitations considerably restrict its commercial ap-
plications [21,22]. Additionally, the high degree of lipophilicity could impact its permeation
through the stratum corneum (the outermost layer of the epidermis) in dermatological
applications. This phenomenon can be attributed to the substance’s propensity to interact
with the components of stratum corneum, resulting in its prolonged retention within this
initial layer [23-25].

To improve the delivery of Lyc to the deeper layers of the skin, several formulation
strategies have been suggested, including the use of surfactants, permeation enhancers,
cyclodextrin complexes, and various nanoscale delivery systems [19,20,22]. Delivery sys-
tems such as nanoemulsions, liposomes, niosomes, nanogels, and polymeric and inor-
ganic nanoparticles improve the stability, permeability, and targeted delivery of bioactive
compounds and plant extracts [26-29]. The utilization of biopolymeric and lipid-based
nanostructures as effective carriers has been demonstrated to be a promising approach
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for the protection of Lycopene throughout the digestive system, with the potential for
incorporation into functional foods or nutraceutical products [19,20]. To enhance the de-
livery of Lyc to the deeper layers of the skin, vesicular nanocarriers such as liposomes
and more deformable variants, including transfersomes, ethosomes and niosomes, and
nanoemulsions have been proposed [24,25,30,31].

It has been established that Lyc is more efficient than (3-carotene in preventing ox-
idative damage when applied in skincare formulations. This has been demonstrated to
provide beneficial results in terms of protection against photodamage and indicates its
potential as an anti-ageing ingredient [32-34]. Lycopene-rich products, including tomato
extract obtained by SC-CO,;, have demonstrated protective effects against UVB/UVA irra-
diation, and anti-inflammatory and anti-apoptosis responses on different cell lines (e.g.,
fibroblasts and keratinocytes) [31,35]. Previous studies have also reported anti-tyrosinase
and anti-melanogenesis properties, which support the great potential of these natural
extracts in dermatology [35]. In detail, the protective effects of Lyc-rich products have been
demonstrated through the inhibition of NF-«B [33] and UVB-induced ornithine decarboxy-
lase (ODC) activity, along with the prevention of inflammatory responses [34]. As was
indicated in previous in vitro studies, tomato extracts have also been reported to greatly
inhibit tyrosinase (73%) [36]. Furthermore, carotenoids have been demonstrated to offer
protection against melanogenic intermediates and exogenous DNA damage [37], and a
protective effect on the skin by preventing the apoptosis of fibroblast cells [38]. Specifically,
various anti-ageing treatments, facial moisturizers, and eye creams now contain Lyc due to
their great ability to protect the skin from potential UV radiation damage and prolong a
tan [39,40].

In this study, Lyc, starting from TP extract in the oil form and obtained with SC-CO,
(provided by Licofarma s.r.l., Galatina, Lecce, Italy), has been nonencapsulated using poly-
lactic-co-glycolic acid (PLGA), a copolymer that has been approved by the U.S. Food and
Drug Administration, synthesizing Lyc-loaded nanoparticles for delivery in skin cells. The
suitability of PLGA for bioactive encapsulation, as flavonoids and carotenoids, has been
widely investigated [41,42]. Recent studies have demonstrated enhanced stability and pro-
tection against the chemical degradation of Lyc, even when subjected to simulated in vitro
gastrointestinal conditions, through the utilization of nanoencapsulation by PLGA [43,44].

The objective of the study was to optimize the physicochemical and biological proper-
ties of Lyc-loaded PLGA nanoparticles (Lyc@PLGA NPs) by manipulating their stabilization
phase using two distinct surfactants, namely polyvinyl alcohol (PVA) and Tween 20. Sur-
factants have been shown to play a pivotal role in the stabilization process during the
synthesis of polymeric NPs. The impact of surfactants on the synthesis process is such that
they have the capacity to affect a number of key factors, including the size of the particles,
the zeta potential, the surface morphology, the drug loading and, ultimately, the biological
interactions [45-49].

SC-CO, TP extract has been compared to a Lyc standard, analyzing UV and HPLC spec-
tra. The produced nanoparticles were characterized by electron microscopy, spectropho-
tometry, FT-IR, and dynamic light scattering to study their morphology, Lyc retention, and
colloidal stability over time. The antioxidant capacity of TP extract and Lyc@PLGA NPs
have been assessed with DPPH inhibition testing. Biological interactions have been studied
in a spontaneously immortalized human keratinocyte cell line, HaCaT, and melanoma cell
line, SK-MEL-2. Two-dimensional and three-dimensional cell cultures have been treated to
verify the surfactant impact on cell viability, uptake, and intracellular antioxidant activity.
A cellular uptake study was performed to provide direct visualization and quantification of
NP internalization in human skin spheroids. This has been achieved through the utilization
of confocal imaging, which involves the analysis of the intrinsic fluorescence of Lyc, thereby
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circumventing the necessity for additional NP chemical modifications. This approach has
been applied as preliminary screening to in vitro permeation (e.g., Franz diffusion cells)
and ex vivo assays on animal or human skin sections, thereby addressing methodological
and ethical concerns. It has been demonstrated that 3D cell culture systems, including skin
cell models, have the capacity to overcome the limitations of 2D cultures. This is due to
their ability to replicate the complex phenotypical heterogeneity that occurs during cell
growth [50].

Stable nanosuspensions have been produced, providing better colloidal stability with
Tween 20 and higher Lyc stability over time with PVA. Cellular assays demonstrated that
the internalization of Lyc@PLGA NPs in HaCaT and SK-MEL-2 spheroids was particularly
affected by surfactant, rather than the antioxidant activity that is high in any case, thus
contributing to the potential Lyc exploitation in skincare applications.

2. Materials and Methods
2.1. Materials

Tomato peel extract in oil form, obtained with SC-CO;, has been kindly provided by
the cosmetics farmer Licofarma s.r.l. (Galatina, Lecce, Italy). Lycopene > 98%(HPLC) from
tomato, PLGA, RESOMER RG 501, polyvinyl alcohol (PVA) Mw 31,000-50,000, 98-99% hy-
drolyzed, Tween 20, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2/,7’-dichlorofluorescein di-
acetate (DCFDA, >97% HPLC, powder, cell-permeable non-fluorescent probe), and thi-
azolyl blue tetrazolium bromide (MTT) were purchased from Merck Life Science S.r.l.
(Milan, Italy). DAPI was purchased from Thermo Scientific (Rockford, IL, USA). Dul-
becco’s Modified Eagle Medium (DMEM) (4.5 mg/L glucose) was purchased from Biowest
(Nuaill¢, France).

2.2. High-Performance Liquid Chromatography Analysis of Lyc in the TP Extract

For high-performance liquid chromatography (HPLC) analysis, an Agilent 1100 HPLC
system (Santa Clara, CA, USA) consisting of a solvent tray, a vacuum degasser G1322A,
a binary pump G1312A, an autosampler G1329A, a thermostatted column compartment
G1316, and a diode array UV-vis detector G1315B was used. The system was controlled by
Chemstation software (version number A.08.01 [783], Agilent).

Chromatographic separations were performed in isocratic mode at 30 °C using a
Thermo Scientific Accucore C18 reversed phase column (2.6 pm, 10 cm x 2.1 mm). The
detection wavelength was 472 nm. The mobile phase consisted of methanol and acetonitrile
(50/50 v/v) at a flow rate of 0.3 mL/min.

2.3. Preparation of Lyc-Loaded PLGA Nanoparticles

Lyc@PLGA NPs were prepared modifying the emulsification solvent diffusion method
described in the literature [51,52]. Briefly, 100 mg of PLGA (RESOMER RG 501, Merck Life
Science S.r.l., Milan, Italy) was dissolved in 8 mL of ethyl acetate and solubilized for 2 h
under agitation. Then, 12.5 mg of TP extract (measured density of 0.8 g/mL) was dissolved
in 2 mL of PLGA solution to obtain a polymer (mg)/extract (mg) ratio of 2/1. This organic
phase was mixed with 0.5 mL of filtered deionized water (0.45 um filter) at 3.000 rpm for
30 min at RT. Afterwards, this first water-in-oil (w/0) emulsion was poured drop by drop
using a syringe with a thin needle, into 10 mL of a 0.5% (w/v) surfactant solution, which
was homogenized at 8000 rpm for 3 min, using an Ultra-Turrax blender model IKA T25
(IKA Werke, Staufen, Germany) in an ice bath. Two emulsifiers were used to compare dif-
ferent colloid stabilization actions, in detail: PVA (Mw 31,000-50,000, 98-99% hydrolyzed)
obtaining Lyc@PLGA@PVA NPs and Tween 20 obtaining Lyc@PLGA@Tween 20 NPs. The
resulting water-in-oil-in-water (w/o0/w) emulsions were stirred overnight on a magnetic
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stirring plate at 500 rpm to remove the organic solvent through evaporation. The produced
nanoparticles were centrifuged at 15,000 rpm for 15 min at 4 °C and washed (with deionized
water) three times to remove emulsifiers. The suspension was finally suspended in filtered
deionized water, freeze-dried, and stored at 4 °C for the subsequent characterizations and
biological studies.

2.4. Characterization of Lyc-Loaded PLGA Nanoparticles
2.4.1. Scanning Electron Microscopy

Morphological characterization of PLGA NPs has been performed by scanning electron
microscopy, under a FESEM (MERLIN, Carl Zeiss GmbH, Oberkochen, Germany) operating
at an accelerating voltage of 20 kV. A sample solution drop (10 uL) was placed on a standard
TEM carbon-coated Cu grid and dried at room temperature.

2.4.2. Dynamic Light Scattering Analysis

Lyc@PLGA NPs’ colloidal stability and size distribution were investigated by average
hydrodynamic diameter, polydispersity index, and (-potential measurements through
dynamic light scattering (DLS). Samples were analyzed with a Nano ZS90 (Malvern In-
struments, Malvern, UK) instrument. The (-potential analysis was carried out by laser
doppler velocimetry (LDV). Measurements were performed at 25 °C, in filtered distilled
water (0.45 pm), at a concentration of 0.05 mg/mL, setting the refractive index of PLGA
(1.33). The C-potential values are reported as the mean of 5 measurements; each of them
was derived from 20 different runs to establish measurement repeatability. Particle size
distribution data are reported as the mean of 3 measurements (each of them derived from
12 different runs) to warrant repeatability. Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween
20 NPs were analyzed after synthesis and after 25 days of storage in aqueous solution at
4°C.

2.4.3. UV-Vis Assay

Lycopene content in TP extract and PLGA NPs was determined by UV-vis spec-
trophotometry, scanning from 350 to 550 nm by a Jasco V-530 spectrophotometer (JASCO
EUROPE s.rl., Cremella, Italy). The samples were prepared in ethyl acetate. TP extract has
been dissolved in the solvent at the concentration of 0.3 mg/mL. The Lyc loaded into PLGA
NPs was extracted under NP dissolution by vortexing 2 mg of each sample in 1 mL of ethyl
acetate for 3 min and sonicating in an ice bath for 30 min. The resulting solutions were then
centrifuged at 15,000 rpm for 10 min at 4 °C before UV-vis analysis. The quantification has
been performed referring to a standard curve using a Lyc standard from tomato (Merck
Life Science S.r.l.) at known concentrations in the range 1.5-25 ug/mL in ethyl acetate;
measurements of Abs values at Apax 485 nm were chosen, and the line fitting has been
performed through Origin software (version 93E) [31,53].

2.4.4. Fourier-Transform Infrared Spectroscopy

The vibrational features of the samples were analyzed by FI-IR spectroscopy. The
direct analysis on Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs was performed
comparing PLGA (as a blank control) and Lyc@PLGA NPs in their freeze-dried form,
whereas the TP extract was measured as a solution in ethyl acetate. A small aliquot of
each sample was deposited onto the ATR element of an FI-IR spectrometer (PerkinElmer
Spectrum One); the TP extract was allowed to evaporate completely prior to acquisition,
while the freeze-dried nanoparticle powders were analyzed directly. The analysis on
Lyc released by PLGA NPs was performed following NP dissolution as described in the
previous Section 2.4.3. For each measurement, 64 scans were collected in the spectral
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range 4000-600 cm~!. All spectra were recorded under identical instrumental conditions
to enable qualitative comparison.

2.5. Determination of Free Radical Scavenging Activity

Free radical scavenging activity has been determined by quantifying the inhibition of
the DPPH reagent. TP extract was dissolved in ethyl acetate at a concentration of 6 mg/mL
and then diluted in the working solutions to analyze DPPH inhibition to achieve the
selected quantities of 0.25-0.5-1-2 mg. The scavenging activity of Lyc loaded into PLGA
NPs was determined following NP dissolution as described in the previous Section 2.4.3.
Briefly, 0.5 mL of the produced samples (TP extract and Lyc solution released by PLGA
NPs) was added to 2.5 mL of 0.1 mM DPPH-methanolic solution and vigorously shaken
in the dark at room temperature. The absorbance of samples at 515 nm was measured
after 30 min. Ascorbic acid and methanol were used as positive and negative controls,
respectively. Ascorbic acid (2 mg in 0.5 mL of water) was added to 2.5 mL of a 0.1 mM
methanolic DPPH solution, in the same way as for the extract. The scavenging activity was
calculated using Equation (1):

Abs control — Abs sample
Abs control

SA% = x 100 1)

where control is the DPPH-methanolic solution.

2.6. Stability of Lyc-Loaded PLGA NPs

For the storage stability study, the powders of Lyc@PLGA@PVA NPs and Lyc@PLGA
@Tween 20 NPs were kept at 4 °C for 5 months and analyzed for any change in Lyc content
and percent residual scavenging activity [54]. Lyc content has been quantified at each time
interval (0-2-3-5 months) using the procedure just described in Section 2.4.3. The retention
index percentage has been calculated using the following Equation (2):

1
Retention index (%) = % x 100 (2)
where C1 represents the Lyc content after storage (2-3-5 months), and C0 is the Lyc content
before storage, at time 0 (after freeze-drying).

The retentional antioxidant was calculated using the following Equation (3):

D1
Scavenging activity retention rate (%) = Do X 100 3)

where D1 is the DPPH radical scavenging activity of the sample at different intervals of
storage (2-3-5 months), and DO is the DPPH radical scavenging activity of the sample
before storage, at time 0 (after freeze-drying). Sample preparation and scavenging activity
were performed as described in Section 2.5.

2.7. In Vitro Biological Studies of Lyc-Loaded PLGA NPs
2.7.1. Cell Culture and Spheroids Formation

HaCaT (obtained from CLS Cell Lines Service GmbH (Eppelheim, Baden-Wurttemberg,
Germany) and SK-MEL-2 cell lines (ATCC (Manassas, VA, USA; HTB-72)) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with fetal bovine serum
(FBS) (10%), penicillin (100 U-mL~! culture medium), streptomycin (100 mg-mL~! culture
medium), and glutamine (5%). Cells were grown in a humidified incubator at 37 °C,
5% CO,, and 95% relative humidity.
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For the spheroid formation, HaCaT and SK-MEL-2 were trypsinized and seeded
into each well of an ultra-low attachment U-shaped 96-well plate (Corning Costar 7007,
Merck Life Science S.r.l., Milan, Italy) in 80 pL complete medium at cell densities of
12 x 10* cells/well and 8 x 10* cells/well, respectively. The U-plates were centrifuged
at 3000 rpm for 20 min at 4 °C, and then the plates were transferred in the humidified
incubator for at least 24 h to allow the spheroid formation and growth. The morphological
characteristics of the spheroids, including their diameter and shape, were determined by
microscopic optical analysis using an inverted EVOS XL Cell Imaging System microscope
(Thermo Fisher, Waltham, MA, USA).

2.7.2. Cell Viability Test by MTT Assay

Cells were added to 24-well culture plates at 1 mL per well, and incubated at 37 °C,
5% CO,, and 95% relative humidity for 24, 48, and 72 h with Lyc@PLGA@PVA NPs and
Lyc@PLGA@Tween 20 NPs (50-100-200 pg/mL). The control was a complete culture
medium. After the incubation period, cultures were removed from the incubator, and MTT
solution (5 mg/mL) was aseptically added. Cultures were returned to the incubator and
incubated for 3 h. Afterwards, the cultures were removed from the incubator, and the
resulting MTT formazan crystals were dissolved in DMSO. The plates were ready within
15 min after adding DMSO. After the incubation time, pipetting up and down was required
to completely dissolve the MTT formazan crystals. Absorbance at a wavelength of 570 nm
was measured using a Microplate Reader CLARIOstar PLUS (BMG LABTECH, Ortenberg,
Germany). Calculate the percentage of cell viability using Equation (4):

Cells Viability (%) = m x 100 4)
where Abs (t) is the absorbance of treated cells and Abs (nt) is the absorbance of non-treated
cells. The results are expressed as mean =+ SD of three separate experiments.

Spheroid viability upon incubation with Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween
20 NPs was measured by MTT assay, as described by Bresciani et al., 2019 [55]. Briefly, on
the third day, spheroids covered by 80 uL of medium were incubated with NP suspensions
at different concentrations (50, 100, and 200 ng/mL). After 24 h of incubation, the medium
was removed, the spheroids were washed with PBS, and 100 pL of 5 mg/mL MTT solution
was added to each well. After 3 h of incubation, the MTT solution was removed, the
insoluble formazan crystals were dissolved with 100 uL of dimethyl sulfoxide, and the ab-
sorbance at 570 nm was measured in a Microplate Reader CLARIOstar PLUS. Cell viability
percentage was calculated using Equation (4). The results are expressed as mean & SD of
three separate experiments, in which four spheroids were used for each condition.

2.7.3. Cellular Uptake of Lyc-Loaded PLGA Nanoparticles by Confocal Imaging

HaCaT (12 x 10* cells) and SK-MEL-2 (8 x 10* cells) spheroids were seeded as ex-
plained above and treated with nanoparticle suspension with a concentration of 100 pg/mL.
After rinsing with phosphate-buffered saline (PBS) twice, spheroids were fixed with PFA 4%
for 20 min at RT, followed by three washes with PBS, then stained with DAPI for 1 h. The
stained spheroids were stored in PBS at 4 °C until imaging. The spheroids were imaged as
z stacks with a Zeiss LSM700 confocal microscope (Zeiss, Oberkochen, Germany) equipped
with a Zeiss Axio Observer Z1 inverted microscope using a 10x and 20X objective with
a 1.46 numerical aperture for imaging using the same settings between repeats. Laser
beams with 405 nm and 488 nm excitation wavelengths were used for DAPI and FITC
for lycopene imaging, respectively. Spheroid volume was calculated using Image] v1.51n
software with the 3D Object Counter v2.0 plugin. The threshold for background and object

https://doi.org/10.3390/antiox15010136
12



Antioxidants 2026, 15, 136

voxels was manually adjusted for each image in order to capture the whole volume of each
spheroid [56,57].

2.7.4. Intracellular Reactive Oxygen Species Measurement by DCFDA Assay

A total of 3 x 10° HaCaT cells and 2 x 10° SK-MEL-2 cells were seeded into 6-well
culture plates with 2 mL of media per well and incubated for 72 h in order to reach a final
confluence of 80%. Both cell lines were first treated for 24 h at 37 °C with the PLGA NP
suspensions and, simultaneously, with H,O, to induce exogenous stress (1 mM). Twenty-
four hours later, the cells were exposed to a 10 uM DCFDA solution for 30 min. After
that, period cells were collected, washed twice with PBS, and subjected to centrifugation at
1200x g for 5 min at room temperature. Subsequently, the cell pellet was resuspended in
PBS supplemented with 1% FBS and the cells were analyzed. The results are expressed as
mean =+ SD of three separate experiments.

Three-day-old 3D spheroids of HaCaT (12 x 10* cells/well) and SK-MEL-2
(8 x 10* cells/well) were selected for reactive oxygen species (ROS) analysis. These
spheroids were exposed for 24 h at 37 °C to PLGA NP suspensions supplemented with
1 mM HyO,. After the incubation period, all spheroids were rinsed with 10 mL of PBS
and were collected in a 15 mL tube. After centrifugation (5 min, 400x g), spheroids were
incubated for 30 min with DCFDA solution (10 uM), washed twice with PBS, and subjected
to centrifugation at 1200 g for 5 min at room temperature. Subsequently, the cell pellet
was resuspended in PBS supplemented with 1% FBS and the cells were analyzed. The
results are expressed as mean =+ SD of three separate experiments, in which 12 spheroids
were used for each condition.

Flow cytometry was performed on a flow cytometer (BD Biosciences, San Jose, CA,
USA) equipped with Cytexpert software (version 2.6).

3. Results
3.1. Characterization of TP Extract

TP extract (Licofarma s.r.l., Galatina, Italy) and Lyc standard, both in ethyl acetate,
have been analyzed by HPLC. As illustrated in Figure 1, the chromatogram of TP extract
shows a peak at retention time (Rt) of 9.91 min, in line with the peak at Rt 9.94 min of the

Lyc standard.
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Figure 1. HPLC chromatograms (A = 472 nm) of Lyc standard and TP extract in ethyl acetate.

This comparison has also been made with UV-vis. As we can observe in Figure 2, the
absorption spectrum of Lyc has been recorded in the extract solubilized in the same solvent.
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Figure 2. UV-vis spectrum of TP extract and Lyc standard in ethyl acetate.

Lycopene from TP extract obatained with SC-CO; (Licofarma s.rl.) showed three
absorbance peaks (Amax) at 457, 482, and 513 nm, consistent with those obtained for the Lyc
standard from tomato (Merck Life Science S.r.l.) (460 nm, 485 nm, and 516 nm).

Bioactivity in terms of free radical scavenging activity has been determined by DPPH
inhibition test, testing TP extract solubilized in ethyl acetate. As demonstrated in Figure S1,
the antioxidant activity increases linearly with an increasing amount of dissolved extract.
At 2 mg, a percentage of 96 is achieved, which is equivalent to the activity observed for the
same amount of ascorbic acid, which was utilized as a positive control.

3.2. Charaterization of Lyc@PLGA NPs
3.2.1. Influence of Surfactants on NP Physicochemical Properties

DLS analysis has been used to study the surfactant influence on particle size, zeta
potential, and colloidal stability of Lyc@PLGA NP aqueous suspensions. Table 1 reports
the C-potential, average hydrodynamic diameter (Z-average), and polydispersity index
(PdI) of Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPdiluted suspensions.

Table 1. DLS parameters measured on diluted Lyc@PLGA NP suspensions in filtered distilled water
(0.45 pm).

Sample (-Potential (mV)!  Z-Average (nm) 2 PdI 3
Lyc@PLGA@PVA NPs —28.6 £1.15 393.5 £+ 25.19 0.44 £+ 0.021
Lyc@PLGA@Tween 20 NPs —43.6 £1.47 177.6 = 8 0.4 £+ 0.016

1 {-potential values are reported as the mean (+standard deviation) of 5 measurements; each of them is derived
from 20 different runs; > Z-average (+standard deviation) is the average hydrodynamic diameter of 3 distribution
size measurements, and each one consists of 12 runs; 3 polydispersity Index (PdI) is reported as the mean
(+standard deviation) of 3 distribution size measurements, and each one consists of 12 runs.

The C-potential values > 120 mV | and PDI < 0.5 indicated stable colloidal suspensions
for both the used surfactant. The utilization of Tween 20 produced particles with a more
negative charge and a lower average hydrodynamic size compared to PVA. The improved
size distribution due to Tween 20 is evident in the intensity plot shown in Figure S2. No
difference was measured between the PDIs, indicating that both suspensions have good
homogeneity. A higher negative charge is also found in particles produced with Tween
20 when empty particles are produced under the same conditions without the addition
of the extract, as shown in Table S1. However, the PLGA@Tween 20 NPs’ | (-potential |
is lower than the | (-potential | of Lyc@PLGA@Tween 20 NPs (=30 vs. =—44 mV). No
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differences in terms of average size and polydispersity have been registered for empty NPs.
Furthermore, the colloidal stability is maintained for 25 days in an aqueous suspension, as
indicated by the unaltered DLS parameters reported in Table S2.

Morphological analysis by SEM confirmed the formation of spherical particles with
real dimensions in the range 100-200 nm, as can be observed in representative SEM images
in Figures 3 and S3.

Figure 3. Representative SEM images at different magnifications of a single particle, for
(A) Lyc@PLGA@PVA NPs and (B) Lyc@PLGA@Tween 20 NPs.

3.2.2. Influence of Surfactants on Lyc Encapsulation and Stability

The qualitative verification of Lyc encapsulation was obtained through FT-IR analysis
conducted on Lyc@PLGA NPs, blank PLGA, and the TP extract. In Figure 4, organized
into four single-spectrum panels (Figure 4A-D), the vibrational profiles are presented
separately in order to clearly highlight the spectral regions associated with Lyc. Panels
A and B show the spectra of freeze-dried NPs, Lyc@PLGA@PVA NPs (red line), and
Lyc@PLGA@Tween 20 NPs (green line), respectively, whereas panels C and D report the
FT-IR spectra of PLGA (black line) and the TP extract analyzed in ethyl acetate (blue
line). In panels A and B, the blue dashed rectangles mark the aliphatic C-H stretching
region (3000-2800 cm 1) associated with (C-H) groups typical of carotenoids and clearly
visible in the TP extract (panel Figure 4D). The red arrows indicate the conjugated C=C
stretching vibrations (1600-1500 cm 1), which represent the fundamental signature of the
polyene chain of Lyc. The blue arrows highlight the region between 850 and 750 cm ™!,
where Lyc exhibits characteristic out-of-plane C-H bending and torsional vibrations of the
polyene backbone—features that are not observed in blank PLGA. These Lyc-associated
bands appear in both nanoparticle formulations but are absent in the blank PLGA (panel
Figure 4C), which display only the typical polymer-related vibrations, including the strong
ester C=0 stretching band at 1750 cm ™! and the C-O-C stretching region between 1300
and 1100 cm 1.

The integrity of Lyc after release from the nanoparticles was further evaluated by
analyzing the spectra of the formulations dissolved in ethyl acetate, as shown in Figure S4.
The spectra of the dissolved NPs exhibited the full set of Lyc-associated features, including
the aliphatic C-H stretching (3000-2800 cm™!), the conjugated C=C stretching modes
(1600-1500 cm ') and, notably, the characteristic band at 960 cm ™!, attributed to the out-
of-plane =C-H bending of all-trans Lyc (see Figure S4).

FT-IR spectra features have also been verified by UV-vis analysis. In Figure S5, UV-vis
spectra of Lyc solution following NP dissolution at time 0 are reported. By comparing
these spectra with those shown in Figure 2, we can confirm that the molecule has not
been modified after being encapsulated and released from the produced nanoparticles.
The UV-vis calibration curve (Amax 485 nm) has been used for the quantification of en-
capsulated Lyc following dissolution of the same quantity of NPs. The Lyc@PLGA@PVA
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NPs and Lyc@PLGA@Tween 20 NPs have been loaded with 3.2 + 0.29 ng/mg NPs and
2.1 +0.36 ng/mg NPs of Lyc, respectively. These data are obtained as the average of three
independent synthesis batches. The PVA stabilization protocol results in a higher load of
Lyc from the feeding TP extract.
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Figure 4. FT-IR spectra of Lyc@’LGA@PVA-NPs (A), Lyc@PLGA@Tween20-NPs (B), PLGA (C) and
TP extract in ethyl acetate (D). Dashed rectangles indicate the aliphatic C-H stretching region
(3000-2800 cm~1). Red arrows denote the conjugated C=C stretching vibrations of lycopene
(1600-1500 cm 1), while blue arrows highlight the characteristic out-of-plane C-H bending modes of
the lycopene polyene chain in the 850-750 cm ™! region.

A UV-vis quantification assay has also been used to measure the Lyc retention index
over time from Lyc@PLGA NP powder (at 4 °C). As we can observe in the plot of Figure 5A,
PVA emulsifier provided a higher stability in terms of Lyc retention than Tween 20.
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Figure 5. (A) Lyc retention index % and (B) scavenging activity retention rate % of freeze-dried
Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs over time, stored at 4 °C.

The Lyc@PLGA@PVA NP particles lose 40% of the encapsulated Lyc after 5 months
of storage; on the other hand, the Lyc@PLGA@Tween 20 NPs lose all their content due to
greater degradation of the compound during storage.
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The stability of Lyc loaded into PLGA@PVA NPs has also been confirmed by a
DPPH assay measuring the antioxidant activity retention percentage of Lyc solutions after
Lyc@PLGA NP dissolution. In the plot of Figure 5B, we can observe a low loss of antioxi-
dant activity after 5 months of storage for PLGA@PVA NPs. For the Lyc@PLGA@Tween
20 NPs, scavenging activity has been maintained after 2 months of storage despite the loss
of =280% of Lyc retention. After three months of storage, the retained Lyc in the Tween
20 NPs was inactive under the investigated conditions.

Considering the measured Lyc retention over time by UV adsorption, samples that
are more than one month old are not ideal for internalization studies using fluorescence,
whether for PVA or Tween 20. Then, to facilitate the study of surfactants’ influence on
Lyc@PLGA NPs’ interaction with spheroids, the nanoparticles used for biological testing
were no older than one month.

3.3. Influence of Surfactants on Lyc@PLGA NPs’ Interaction with HaCaT and SK-MEL-2 Spheroids
3.3.1. Cell Viability and Uptake of Lyc@PLGA NPs

MTT data, reported in Figure S6, indicated a low reduction in cell viability of HaCaT
adherent cells after treatment with Lyc@PLGA@Tween 20 NPs at 200 pg/mL, that does
not change over time (Figure S6A). SK-MEL-2 adherent cell viability has been affected
by both NPs, with a linear decrease in percentages increasing Lyc@PLGA@Tween 20 NP
concentrations over time (Figure S6B). Concerning Lyc@PLGA@PVA NPs, the toxic effect,
revealed at 200 pg/mL after 48 h of treatment, does not persist after 72 h, suggesting a
slowdown in cell proliferation (Figure S6B). MTT data on HaCaT and SK-MEL-2 spheroids
have shown that both the produced NPs do not affect cell viability after 24 h of treatment
at 100-200 pg/mL (Figure S6C,D). These NP concentrations have been selected for the
subsequent biological assays.

The normalized fluorescence intensities by confocal microscopy analysis of the treated
spheroids are reported in Figure 6. Fluorescence intensity referred to Lyc excitation at
488 nm. Normalization was performed with respect to the volume of the spheroid that was
analyzed. In Figure 6A-D, representative images of HaCaT and SK-MEL-2 spheroids after
24 h of treatment are reported.
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Figure 6. Uptake of Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs in HaCaT and SK-MEL-2
spheroids by confocal imaging. On the left, intensity fluorescence (normalized for spheroid volume)

B Lyc@PLGA@PVA-NPs [ Lyc@PLGA@Tween20-NPs

measured after 3 and 24 h of treatment. Data have been reported as mean =+ SD of 3 spheroids for each
condition, analyzing 30 z stacks. Statistically significant value (*) p < 0.05 versus Lyc@PLGA@PVA
NP 24 h treatment, from the t-test. On the right, representative images of HaCaT and SK-MEL-2
spheroids after 24 h of treatment with Lyc@PLGA@PVA NPs (A,C) and Lyc@PLGA@Tween 20
NPs (B,D); in green, emitted fluorescence of Lyc (Aexc. = 488 nm), and in blue, cell nuclei stained with
DAPI (Aexc. = 405 nm).
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HaCaT spheroids showed an increase in Lyc@PLGA NP internalization over time.
As a function of time, there is a marked increase in normalized intensity, with a 4.5-fold
rise observed for Lyc@PLGA@PVA NPs and with a =6-fold rise for Lyc@ PLGA@Tween
20 NPs, from 3 to 24 h of treatment. The significant difference between Lyc@PLGA@PVA
NPs and Lyc@PLGA@Tween 20 NPs at 24 h indicated an impact of surfactant on NP uptake
in HaCaT spheroids.

SK-MEL-2 spheroids showed very low internalization for both investigated NPs after
3 h of incubation. Instead, a clear difference between the two surfactants has been observed
after 24 h of incubation. Lyc@ PLGA@PVA NP internalization remained at the low value
that had been recorded at 3 h, instead of Lyc@PLGA@Tween 20 NP internalization, which
considerably increased from 14.3 4= 0.26 to 1182 + 34.4.

The gallery images reported in Figure S7 show the penetration of NPs across spheroids
after 24 h of incubation. Concerning HaCaT spheroids, we observe that Lyc@ PLGA@Tween
20 NPs were internalized more than Lyc@ PLGA@PVA NPs, as measured by fluorescence
quantitative analysis. Clearly, there is a greater accumulation of all particles along the
periphery of the spheroid on the top, compared to a more homogeneous distribution on the
bottom. Greater uniformity is observed for Lyc@PLGA@Tween 20 NPs penetration than
Lyc@PLGA@PVA NPs (see Figure S7).

3.3.2. Antioxidant Activity of Lyc@PLGA NPs

ROS production percentages measured with DCFDA assay are reported in Figure 7.
HaCaT and SK-MEL-2 adherent cells and spheroids have been treated with 200 ug/mL
of Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs and H,O, (1 mM) for 24 h.
Representative flow cytometric spectra of intracellular ROS analysis are reported in Figure
S8. The negative control is defined as the condition that has not been subjected to any
treatment, while the positive control is defined as the condition that has been subjected to
treatment with only H,O5.
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Figure 7. ROS production percentages in HaCaT and SK-MEL-2 2D culture (A) and HaCaT and
SK-MEL-2 spheroids (B), reporting the negative control as the untreated condition (blue histograms),
the positive control as treatment with only H,O, (light blue histograms), and treated conditions
as treatment with NPs and HyO, (red and green histograms). (A) Data have been reported as the
mean + SD of 3 experiments; (B) data have been reported as the mean + SD of 3 experiments, in
which 12 spheroids were used for each condition. Statistically significant value (*) p < 0.05 and
(**) p < 0.5 are versus the non-treated condition (blue histograms), from the f-test.

The ROS inhibition effect of Lyc-loaded NPs is evident for both investigated samples,
in 2D as well as in spheroids. Lycopene delivered by PLGA NPs restores ROS levels
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to those of the control condition, despite the oxidative stimulus of hydrogen peroxide.
This effect has been detected both in 2D and spheroids. In SK-MEL-2 adherent cells, a
significative ROS reduction with respect to the non-treated condition has been detected,
following Lyc@PLGA@PVA NP and Lyc@PLGA@Twen 20 NP incubation (Figure 7A). This
ROS reduction with respect to the non-treated condition has also been found in HaCaT and
SK-MEL-2 spheroids (Figure 7B).

4. Discussion

The TP extract, obtained with SC-CO,, has been kindly provided by Licofarma s.r.L.
(Galatina, Lecce, Italy) in the oil form. Many analytical methods have been used to assess
Lyc isomers in food or extracts, such as UV—vis spectrophotometry and HPLC [21]. Solu-
bilization of Lyc is quite difficult due to its high hydrophobic index. Here, we dissolved
both commercial and TP extract in ethyl acetate, taking advantage of Lyc’s high solubility
in this solvent (145.3 mg/mL), which is also used to synthesize PLGA nanoparticles. The
chromatographic profile of TP extract corresponds to that of the standard in the same sol-
vent (ethyl acetate) and HPLC conditions. The compounds are separated by their Rt values,
which, for the all-trans-lycopene standard and its isomers, are in the range of 8-20 min,
using C18 and C30 columns [21]. The major compound identified in the extract was Lyc at
Rt 9.91 min, consistent with the identified peak of commercial Lyc (see Figure 1).

UV-vis spectrophotometry has been employed for the simple and rapid detection
of Lyc in TP extract, comparing with the commercial standard. The UV-vis spectrum of
Lyc samples in organic solvents reported different maximum absorption wavelengths
depending on the different solubilization methods [21]. Scanning the region 350-550 nm,
three maximum absorbance bands have been revealed at Ajnax 457, 482, and 513 nm [31,53],
similar to those obtained for the tomato Lyc standard (Amax 460, 485, and 516 nm); see Fig-
ure 2. The measured Abs at Amax 485 nm has been chosen for the quantification experiments
on Lyc@PLGA NPs.

The DPPH assay has confirmed the great antioxidant activity of TP extract thanks to
the comparison with the same quantity of ascorbic acid, used as a positive control (96% of
inhibition for both samples). The chemical nature of these compounds is different; Lyc is a
hydrophobic molecule, and ascorbic acid is a water-soluble vitamin. Despite this difference,
they are important nutrients found in fruit and vegetables (particularly tomatoes), and
they work together to promote cellular health, reducing inflammation, supporting the
immune system, and protecting skin from oxidative stresses. Lipid-soluble Lyc acts within
cell membranes, while water-soluble ascorbic acid acts within the cytoplasm, although
they work together to neutralize ROS and regenerate other antioxidants, such as vitamin E.
The dose-dependence assay enabled us to evaluate the effect of extract concentration on
the DPPH protocol and determine the concentration at which almost 100% inhibition was
achieved. The high scavenging activity of TP extract resulted in dose dependence; this data
is important given that the TP extract is in oil form. The linearity of in vitro antioxidant
activity excludes that the solubilization of a given amount of Lyc contained in the extract
can be affected by heterogeneity of lipid matrix.

Having verified the presence of Lyc in the initial extract and determined the opti-
mal conditions for its characterization and quantification, we proceeded to focus on its
efficient encapsulation.

PLGA is a copolymer approved by the U.S. FDA and is currently used in a broad
range of biomedical applications thanks to its biocompatibility, biodegradability, and ca-
pacity to preserve loaded drug degradation [58]. Lyc@PLGA NPs have been fabricated
through the double emulsion method using ethyl acetate as the organic solvent and a
polymer /TP extract ratio of 2/1. The effects of polymer concentration, the type of organic
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solvent used, temperature, and the injection and agitation rates of the organic and aqueous
phases were widely studied [59]. However, surfactants play a key role in the stabiliza-
tion phase of polymeric NP emulsion formation, in their size, and finally, in biological
interactions [45-47].

We have compared two non-ionic and biocompatible surfactants: Tween 20 and PVA.
Tween 20 is the commercial name for polysorbate 20, a type of emulsifier utilized in food
and pharmaceutical fields, as well as cosmetics, particularly in products for the skin,
hair, and nails. PVA offers interesting versatility for a variety of industrial applications,
including controlled drug delivery systems, tissue adhesion barriers, transdermal patches,
and tissue engineering [48]. The deposition of non-ionic surfactants at the interface of
emulsified w/o droplets affected their size, and therefore affected the final colloidal stability
and PdI. The average hydrodynamic diameter (see Table 1) and the size distribution by
intensity (see Figure S2) suggest that Tween 20 has a greater stabilizing effect. The smaller
Z-average (Table 1) of the Lyc@ PLGA@Tween 20 NPs means there is less aggregation
of nanoparticles in solution than with PVA. Under SEM observation, the actual sizes
of Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs are very similar (see Figure 3
and Figure S3). The colloidal stability in water has also been confirmed by (-potential
measurements, which differed between the two surfactants. Nanoparticles acquire a surface
charge of =2—44 mV with Tween 20, compared to =—30 mV with PVA (Table 1). Both
NPs maintained this negative charge after 25 days in suspension (Table S2), suggesting
a stabilization effect of carriers in liquid media over time. The more negative (-potential
value of Lyc@PLGA@Tween 20 NPs confirmed their improved distribution in size, since
this parameter is recognized as an indicator of colloidal stability. When the surface charge
of NPs is homogeneous (i.e., either positive or negative), the Van der Waals and electrostatic
forces are known to oppose each other, leading to the formation of a stable suspension,
without flocculation or precipitation [60]. PLGA nanoparticles are typically negatively
charged due to the carboxyl groups on the polymer surface, with a (-potential often
around —20 mV, as confirmed by our measurements (see Table S1). As both PVA and
Tween 20 are non-ionic, the interpretation of the {-potential in order to predict the stability
of our colloidal nanosuspensions is linked to the resulting surfactants’ steric effect [48].
Furthermore, considering the DLS parameters values for empty NPs, we can deduce
that the adsorption of these hydrophilic emulsifiers on Lyc@PLGA NPs reduced their
hydrophobicity and decreased the interfacial tension between Lyc and PLGA, leading
to relatively homogeneous and stable nanosuspensions. Our data suggested that Tween
20’s emulsification capability is superior to that of PVA, concerning Lyc-loaded NPs. This
result is not in accordance with previous reports [61,62], suggesting that the interaction
with the loaded compound could also play a crucial role. A previous study on Lyc-loaded
polysaccharide NPs showed that PVA concentration significantly impacts colloidal stability
and molecule loading [63]. The high hydrophilic-lipophilic balance and low critical micelle
concentration of polysorbates give Tween 20, when used, high surface activity, even at
low concentrations (the protocol provided for 0.5% w/v of both surfactants). Instead,
PVA stabilizes emulsions by forming an interconnected network with the polymer at the
interface (through hydrogen bond formation), resulting in a fraction of PVA remaining
associated on the NPs [48,64]. This feature can be observed by comparing the morphological
structure of the synthesized NPs. Thin ridges have been primarily observed on the surface
of Lyc@PLGA@PVA NPs (see Figure 3), suggesting the presence of an emulsifier.

Material choice, including emulsifiers, affect particle size, zeta potential, surface
morphology features, and also drug loading [48,49]. Lycopene loading has been verified
through FT-IR analysis on freeze-dried NPs and on Lyc solution after NP dissolution.
The FI-IR analysis offered a qualitative indication of Lyc encapsulation within the PLGA
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nanoparticles. As shown in Figure 4, the spectra of the loaded formulations were dominated
by the characteristic bands of the polymer matrix, and FI-IR therefore could not provide
quantitative information on Lyc content. Although the overall spectral profile of both
Lyc@PLGA NPs resembles that of blank PLGA due to the predominance of the polymer
matrix, marked differences emerge in the highlighted regions, confirming the contribution
of the encapsulated Lyc [65-67]. The attenuation and partial overlap of these signals can be
attributed to matrix effects and to the solid-state nature of the formulations, a behaviour
commonly observed for carotenoids embedded in polymeric carriers [68,69]. Despite
these intrinsic limitations, the subtle yet reproducible spectral differences detected in the
relevant regions of Figure 4 were sufficient to qualitatively confirm encapsulation. The
analysis performed after NP dissolution (Figure S4) further reinforced these observations.
Under homogeneous solvent conditions, the vibrational profile of the released Lyc matched
that of the TP extract, suggesting that the encapsulation and release processes did not
cause detectable alterations to the characteristic polyene structure. The persistence of
the characteristic band at 960 cm ™! confirms that the polyene chain remained intact, and
that the carotenoid preserved its structural configuration throughout the formulation and
release processes [67,70]. Although qualitative, this agreement supports the conclusion
that the molecule maintains its structural integrity throughout the process. Overall, FT-IR
offered qualitative confirmation of Lyc encapsulation and complemented the quantitative
loading values obtained through UV-vis analysis.

UV-vis analysis has been used to quantify loaded Lyc; the calculated value of ug
Lyc/mg NPs indicates a higher compound content for Lyc@PLGA@PVA NPs. Larger
particles commonly have a higher drug loading capacity; moreover, PVA has been widely
demonstrated to be highly efficient in synthesizing carriers for the effective loading of
different drugs [48,71].

In addition, emulsifiers, such as polysorbate and PVA, are also known to confer
stability to NPs during storage in an aqueous medium and/or after freeze-drying. The
colloidal stability of Lyc@PLGA NP aqueous suspensions has been discussed relating to
DLS parameters. In view of the unstable nature of the compound, a series of tests were
also carried out to assess the stability of loaded Lyc over time. These tests evaluated the
retention and antioxidant activity of Lyc, following NP powder dissolution after storage.
The protective effect of PLGA on Lyc has previously been demonstrated in a simulated
gastrointestinal tract system [44]. Emulsifiers could also play a key role in retaining and
stabilizing Lyc [72]. Retention index and scavenging activity percentages suggested a
better capacity to protect Lyc toward degradation for Lyc@PLGA@PVA NPs with respect
to Lyc@PLGA@Tween 20 NPs, in accordance with the known strong interaction of PVA
with the NP surface [48]. There is a linear tendency between both measured indexes and
storage time for Lyc@PLGA@PVA NPs. Regarding the Lyc@PLGA@Tween 20 NPs, the
scavenging activity remained after two months of storage, despite a considerable loss of
Lyc. This is probably due to isomers forming as a result of Lyc degradation; these isomers
nevertheless remain bioactive [6,19]. Our results confirmed the strategic role of nanoparti-
cles, comparing with microencapsulation and electrospinning techniques which provide
a Lyc retention rate of 30-50% after =30 days of storage at room temperature, and =40%
after 14 days at 4 °C [18,73]. The delayed degradation that has been observed, especially
for Lyc@PLGA@PVA NPs, is comparable to that found for other nanocarriers [30,72,74].

Our primary objective was to compare the influence of two non-ionic surfactants
(PVA and Tween 20) on NP performance. Crucially, we relied on Lyc’s intrinsic emitted
fluorescence to monitor internalization in human spheroids, deliberately avoiding external
probes that could alter the physicochemical properties of the carriers. Considering the
measured Lyc retention over time, samples older than one month exhibit reduced UV
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absorption, rendering them unsuitable for accurate internalization studies. Consequently,
to disentangle storage-related degradation from the surfactant’s actual impact on cellular
interaction, and to ensure comparable PLGA NPs properties, we performed biological
assays using samples within a defined post-synthesis timeframe (<1 month).

Furthermore, the performed stability assays on NP aqueous suspensions and stored
powder consist of a preliminary screening to support future dermatologic formulation and
shelf-life validation.

In this context, the evaluation of surfactant-induced stability in an efficient biological
environment represents a fundamental rational basis for the study. Indeed, ensuring
that the Lyc remains encapsulated and protected from rapid degradation is a mandatory
prerequisite; without proof of such foundational stability and antioxidant retention, further
complex investigations, such as Franz diffusion cell experiments, would lack a scientifically
sound starting point.

The biological interactions of NPs are contingent on their size and surface phenomena.
Consequently, the cellular uptake and bioactivity of delivery systems are also dependent
on the surfactants used [46,47]. Their hydrophilic nature promotes interaction with cells,
ligands, and proteins, which may lead to benefits as well as potential toxic effects that need
to be investigated [48].

First, we studied cell availability through MTT tests treating HaCaT and SKMEL-
2, 2D and 3D cultures, with different concentrations of Lyc@PLGA@PVA NPs and
Lyc@PLGA@Tween 20 NPs. MTT data (see Figure S6) suggested that 100 pg/mL and
200 pug/mL of Lyc@PLGA@ NPs could safely be used to treat cells for 24 h.

The skin is a complex organ composed of multiple layers. The most superficial layer is
the epidermis, which represents the main physical and chemical barrier to permeation by
bioactive agents and NPs. Keratinocytes are the most abundant cell type in the epidermis,
accounting for 90% of cells. They are responsible for producing keratin, the organ’s major
physical barrier [75]. It has been established that NPs are able to penetrate the skin via the
same pathways that have been described for other substances. However, it is important to
note that the ability of NPs to penetrate varies according to their size, composition, and
colloidal stability [75]. For example, negatively charged NPs cross the epidermis more
easily than those with a positive charge [76]. Polymeric NPs can cross the epidermis by
penetrating the stratum corneum, accumulating on the upper surface, and penetrating the
hair follicle (where melanocytes are located) [75].

There are a few problems with using 2D human keratinocytes and melanocytes as a
replacement for animal experiments. The main problems are that they do not replicate the
in vivo complexity, the cellular architecture comprising the extracellular matrix microen-
vironment, and cell—cell interactions. Three-dimensional cell culture systems overcome
many of these limitations, more closely mimicking the complex phenotypic heterogeneity
produced during cell growth [50,77]. The merits of in vitro skin 3D models extend to the
field of cosmetics development. Regarding skin applications, the utilization of animal
models frequently proves to be suboptimal. It is a commonly held view that economically
advantageous species, which include rodents, have a skin composition that is too dissimilar
to human skin. Conversely, animals with more human-like skin, such as pigs, are too
difficult to manage and too expensive for regular use. Moreover, ethical considerations
further underscore the limitations of animal models in skin research.

We investigated the uptake and penetration of Lyc@PLGA NPs across spheroids of
HaCaT and SK-MEL-2 cells, to ascertain the function of PLGA NPs and the impact of sur-
factants. The employment of spheroids is a very interesting tool due to their simplicity, low
cost, and high reproducibility. Hence, they are suitable for high-throughput cell function
and cytotoxicity analysis, biochemical analysis, and different imaging techniques, including
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confocal microscopy [50]. Moreover, our analysis exploited the emitted fluorescence of
Lyc. This avoids the limitations associated with fluorochrome labelling of NPs, which
could interfere with their physicochemical properties and mask the impact of surfactants.
This assay is a critical step that precedes time-consuming and costly ex vivo testing and
justifies it.

The internalization of the Lyc@PLGA@Tween 20 NPs after a 24 h treatment period is
observed to be greater in comparison to that of the other NPs. This phenomenon is probably
attributable to the markedly negative (-potential exhibited by the Lyc@PLGA@Tween
20 NPs, in conjunction with their comparatively low average hydrodynamic diameter [75].
Furthermore, the greater colloidal stability of Lyc@PLGA@Tween 20 NPs in aqueous
solution can encourage interaction with cells, promoting their internalization at the same
treatment time and concentration. This difference is even greater when SKMEL-2 cells are
compared to HaCaT cells; this is probably due to the increased phagocytic activity of the
cancer cells. A comparatively low proportion of Lyc@ PLGA@PVA NPs are internalized
in SK-MEL-2 cells in comparison to Lyc@PLGA@Tween 20 NPs (see Figure 6). Thus,
Tween 20 promotes the NPs’ uptake by melanocytes, providing a potential exploitation of
this surfactant for anticancer drug delivery, also considering the detected moderate toxic
effect (see Figure S6). It has been demonstrated through in vitro studies that the chemical
composition of nanocarriers, in conjunction with the presence of emulsifiers, exerts a
significant influence on cell uptake and penetration [23,78]. However, the distinguishing
feature of our study is the in vitro assay on cell spheroids with confocal analysis, which
exploits the intrinsic fluorescence of the loaded compound. Furthermore, it can be deduced
from the observation of the Z-stacks in Figure S7 that the NPs are capable of homogeneous
penetration across HaCaT and SK-MEL-2 spheroids. This assay constitutes a proof-of-
concept investigation into the role of the produced carriers in terms of their uptake by skin
cells, which are organized in a 3D architecture that is useful in simulating the complex
in vivo environment. It is anticipated that the results of the present study will be utilized in
future transdermal studies, with a view to validating the Lyc penetration and distribution.

Despite the divergent internalization of the produced NPs by the surfactant employed,
the loaded Lyc exhibited remarkable antioxidant activity, as evidenced by its capacity
to inhibit intracellular ROS production following treatment with Lyc@PLGA NPs. As
illustrated in Figure 7, both Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs were
found to restore the ROS levels to those of the non-treated cells, thereby avoiding the
oxidative stimulus of H,O; treatment. This outcome is in accordance with the findings of
previous studies on Lyc-loaded carriers [79].

5. Limitations of the Study and Future Perspectives

We have developed a protocol for the nanoencapsulation of Lyc from tomato extract in
PLGA nanoparticles, and have studied their antioxidant activity in human skin spheroids.
We fully recognize the importance of ex vivo skin permeation data, such as those obtained
via Franz diffusion cells, for the validation of dermatological formulations. However, the
present study was specifically designed as a foundational proof-of-concept and a rational
screening phase. Our primary objective was to elucidate how the choice of surfactants
dictates the physicochemical stability, antioxidant retention, and biological performance of
Lyc@PLGA NPs. The significance of surfactants and the wide range of their functions have
been extensively debated. By employing 3D human skin spheroids, we have provided a
significantly more sophisticated and physiologically relevant assessment of cellular uptake
and ROS inhibition than traditional 2D cultures, as previously discussed. This approach
serves as a necessary methodological bridge, establishing the essential biological safety
and efficacy parameters before proceeding to costly ex vivo trials. The findings presented
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here provide a rational basis for selecting Lyc@PLGA@PVA NPs as the lead candidate
for advanced development. Future investigations will involve the integration of these
optimized nanosystems into complete topical vehicles, followed by long-term stability
protocols and quantitative permeation studies using ex vivo human skin to fully validate
their translational and industrial potential.

Lycopene has been selected as a challenging model compound due to its interesting
biological properties. However, Lyc is not among the most potent antioxidants currently
available; there are several alternative compounds, both natural and synthetic, exhibiting
significantly higher antioxidant capacity while also offering superior chemical stability.
This choice was also influenced by selected sources for molecule extraction. The Lyc-
rich extract has been supplied by Licofarma s.r.l. in oil form, which was obtained using
a SC-CO; process on tomato peels. Licofarma s.rl. holds a patent for extracting Lyc
from tomatoes using SC-CO, and uses the resulting extract as an ingredient in different
cosmetic/nutraceutical formulations. We worked to efficiently synthesize Lyc-loaded
NPs as an alternative cosmetic ingredient to oily SC-CO, TP extract. The exploitation of
tomato peel by Licofarma s.r.l. addressed the increasing trend of utilizing waste recovery
as prospective sources of bioactive compounds. So, the choice of Lyc as a model compound
is also motivated by the challenge of implementing sustainable, circular economy practices.
Furthermore, the investigated protocols and analytical methods will be a platform for
other bioactive molecule encapsulations with different industrial relevance, including the
utilization of other natural or waste sources.

Concerning physicochemical stability, DLS measurements demonstrated that the
tested surfactants were capable of yielding Lyc-loaded NPs that exhibited stability within
an aqueous solution over a period of up to 25 days. However, the absence of a long-term
stability assay on NP suspensions is a limit of the proposed investigation.

Once the NPs have been synthesized, they must be incorporated into a vehicle suitable
for dermatologic use. Prior to being incorporated into a cosmetic formulation, NPs are
usually characterized in terms of their morphology, size distribution, zeta potential, and
encapsulation and/or loading efficiency. We have to consider that the physical stability of
skincare formulations containing NPs depends not only on the nature of the interactions
between nanoparticles, but also on their interaction with the dispersant and emulsifiers.
In this scenario, our proof-of-concept study into the role of surfactants impact is pivotal,
working as a screening tool.

Our main future focus is the development of suitable skincare formulations based on
Lyc@PLGA NPs. Moreover, the selection of an appropriate vehicle is contingent upon the
intended purpose of the cosmetic product. Therefore, we will prepare the potential skincare
formulation by adding small volumes of nanosuspension directly to a gel, cream, or o/w
emulsion, mixing them together to obtain the final product. Some precautions should be
observed: the appropriate concentrations of surfactants or polymers must be determined
to prevent the particles from growing and aggregating during storage; the use of ionized
additives such as electrolytes should also be avoided to prevent nanocolloid agglomeration.
Finally, the product’s evaluation will include physical and chemical analysis, monitoring
organoleptic properties, colour, odour, the presence of phase separation, pH, and viscosity.
The potential Lyc release rate from the formulation will also be analyzed exploiting in vitro
assays (e.g., systems like Franz cells).

The preliminary storage stability test indicated that surfactants play a critical
role in maintaining the retention and activity of the encapsulated Lyc. Freeze-dried
Lyc@PLGA@PVA NPs have a good stability up to 5 months of storage at 4 °C; instead,
Lyc@PLGA@Tween 20 NPs remain fairly stable after 2 months of storage at 4 °C. This is a
limitation that will be considered in future studies, which will need to take into account the
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storage time based on the surfactant used for the synthesis of the nanoparticles, the storage
temperature, and the samples’ state (suspended in water, wet, or dry).

Shelf lives of at least 12-24 months are generally required for cosmetic or pharma-
ceutical ingredients. Therefore, a shelf-life evaluation will be performed under different
temperatures, extending the time beyond five months, to understand the stability of the
skincare formulation based on Lyc@PLGA NPs.

Our proof-of-concept study has been preceded with biological assays verifying the
cytocompatibility, cellular uptake efficiency, and antioxidant activity of Lyc-loaded NPs.

Transdermal penetration evaluation is crucial for potential active ingredients and
carriers because, as previously discussed, the skin is a very selective organ.

We conducted a preliminary cellular uptake study to investigate the influence of
surfactants on the efficient internalization of Lyc in human keratinocytes and melanocytes,
which were selected as cellular models of the epidermis. We performed confocal microscopy
to provide z-stack imaging and quantify fluorescence following the treatment of human
skin spheroids with NPs. Furthermore, since Lyc is fluorescent, we were able to visualize its
uptake directly in the acquired z-stacks, avoiding NP fluorochrome labelling. Our results
suggest that Lyc@PLGA@Tween 20 NPs enhance Lyc uptake in spheroids, particularly in
melanocytes. This indicates that Tween 20 plays a crucial role in promoting cell interaction.

It is evident that the available data is inadequate for the purpose of substantiating
claims pertaining to the penetration, retention, and transport of Lyc across the skin layers.

The choice to prioritize the study of surfactant-cell interactions via 3D models serves to
validate the performance of the formulation at the cellular level, bypassing the mentioned
limits of 2D cell cultures. This screening is crucial: confirming that NPs are stable enough
to deliver their cargo and exert a biological effect within a stratified cellular architecture
provides the necessary justification for future, more resource-intensive ex vivo permeation
trials. While the cellular spheroids provide valuable insights into cellular internalization
and antioxidant protection within their 3D structure, it does not account for the barrier
function of the stratum corneum. Future studies employing Franz diffusion cells and ex
vivo skin models are already planned to quantify the actual permeation performance.

However, the spheroid uptake assay will be employed in future investigations involving
new spheroids generated from co-cultures, which are designed to better mimic the human
epidermis and provide a more efficient ex vivo model. We also plan to use commercially
available human epidermis models to address the challenge of conducting animal-free studies.

Although, the antioxidant activity in terms of ROS inhibition following oxidative stress
is great for both studied samples. This means that the surfactant affected NP internalization
in spheroids without interfering with bioactivity, which remains high even at lower levels of
internalized Lyc. This is undoubtedly due to Lyc’s significant intrinsic antioxidant capacity
and increased bioavailability from carriers.

Lyc@PLGA NP-enriched formulations will be tested for long-term and transdermal
permeation, verifying the antioxidant activity in human spheroids as well as in a com-
mercial reconstructed human epidermis. Proteomics and metabolomics will be performed
to understand the biochemical pathways triggered by Lyc released in target cells (ker-
atinocytes or melanocytes) to support the preliminary biological data on 2D and 3D cell
cultures and to exclude toxicity and/or side effects of nano-formulations. The omics
sciences offer technological advances that are well-integrated into the concept of “cos-
meceuticals”, which refers to cosmetics that have a scientifically proven preventive or
curative effect.

These future perspectives will explore the data of the present proof-of-concept
study and support the industrial relevance of potential skincare formulations based on
Lyc@PLGA NPs.
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6. Conclusions

The present study is a proof-of-concept investigation into the effect of surfactants
on the properties of PLGA NPs, using Lyc as a challenging model compound. We have
compared PVA and Tween 20 as surfactants for colloid stabilization and efficient Lyc load-
ing. Colloidal stability in aqueous medium is affected by the surfactant, as demonstrated
by the better DLS parameters of Lyc@PLGA@Tween 20 NP suspensions with respect to
Lyc@PLGA@PVA NPs. The stability of loaded Lyc retention and scavenging capacity
over time was enhanced by Lyc@PLGA@PVA NPs, suggesting a protective effect from
PVA. Chemical assays provide a controlled and reproducible means of monitoring the
loss of radical scavenging capacity due to degradation during storage, which is a criti-
cal parameter for skincare formulation and shelf-life evaluation. The concentrations and
treatment times were selected based on the stability and cytotoxicity data to investigate
Lyc@PLGA NPs’ effect on cell uptake and bioactivity. We performed a cell uptake assay on
HaCaT and SK-MEL-2 spheroids, measuring the fluorescence of encapsulated Lyc directly
using confocal imaging. This study emphasized the pivotal role of Tween 20 in facilitating
the internalization of NPs by human melanocytes, thereby underscoring its potential for
further applications. Despite the detected effect on cell uptake, the bioactivity of Lyc is
enhanced by delivery via all Lyc@PLGA NPs. The substantial antioxidant capacity of
Lyc@PLGA@PVA NPs and Lyc@PLGA@Tween 20 NPs in HaCaT and SK-MEL-2 spheroids
could offer significant potential for skin protection. The data obtained on stability and
bioactivity will be exploited for future performance research on effective skincare formula-
tions containing the nanosized ingredients. Biological assays will be conducted to verify
cytocompatibility, transdermal penetration/distribution, and ROS inhibition. Moreover,
the stability of loaded Lyc in a cellular environment will be investigated by testing the final
formulations.

Future perspectives provide long-term stability tests and sophisticate transdermal perme-
ation studies to support the industrial relevance of Lyc@PLGA NP-based skincare formulations.
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The following abbreviations are used in this manuscript:

Lyc Lycopene

PLGA Poly-lactic-co-glycolic acid

PLGA NPs PLGA nanoparticles

PVA Polyvinyl alcohol

Lyc@PLGA NPs Lycopene loaded PLGA nanoparticles
Lyc@PLGA@PVA NPs Lycopene loaded PLGA nanoparticles with PVA
Lyc@PLGA@Tween 20 NPs  Lycopene loaded PLGA nanoparticles with Tween 20
SC-CO, Supercritical CO,

TP Tomato peel
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Abstract

Nonalcoholic fatty liver disease (NAFLD) associated with high-fat diet (HFD) intake in-
volves oxidative stress, inflammation, apoptosis, and genotoxicity. Carvacrol, a natural
monoterpenoid phenol, exhibits potent antioxidant, anti-inflammatory, and cytoprotective
properties, but its clinical application is limited by poor solubility and bioavailability. Chi-
tosan nanoparticles, known for their biocompatibility and ability to enhance drug delivery,
offer a promising nanotherapeutic platform for carvacrol delivery in NAFLD. Given the
limited therapeutic options for NAFLD, there is a growing interest in nanotherapeutic
strategies to enhance the delivery and efficacy of natural antioxidants. This study ex-
amined carvacrol-loaded chitosan nanoparticles (CRV-CNPs) in HFD-induced NAFLD.
Sixty rats were assigned to six groups: control, CRV-treated (100 mg/kg), CRV-CNP-treated
(100 mg/kg), HFD-fed, and two combination groups receiving HFD with either CRV or
CRV-CNPs (100 mg/kg) for six weeks after 14 weeks on HFD. Liver function, metabolic
markers, oxidative stress parameters, antioxidant enzyme levels, inflammatory and fibrotic
mediators, apoptotic gene expression, genotoxicity indices, and histopathological changes
were evaluated. CRV-CNPs showed greater efficacy than free carvacrol in ameliorating
hepatic dysfunction and metabolic disturbances in HFD-fed rats. CRV-CNPs significantly
reduced malondialdehyde, upregulated Nrf2, and elevated hepatic glutathione peroxidase,
superoxide dismutase, catalase, and reduced glutathione. Inflammatory markers (NF-«B,
iNOS, IL-13, CRP) and transforming growth factor-beta were suppressed. Pro-apoptotic
genes (Bax, Caspase-3) were downregulated, while antiapoptotic Bcl-2 was upregulated.
CRV-CNPs also reduced DNA fragmentation and 8-hydroxy-2'-deoxyguanosine levels,
indicating strong antigenotoxic effects. Histopathological and ultrastructural assessments
revealed mitigated steatosis, preserved hepatic architecture, and maintained mitochon-
drial integrity. In conclusion, CRV-CNPs provide potent hepatoprotection by targeting

Antioxidants 2025, 14, 1432 https://doi.org/10.3390/antiox14121432
31



Antioxidants 2025, 14, 1432

oxidative stress, inflammation, apoptosis, and genotoxicity in NAFLD, demonstrating
enhanced bioavailability, solubility, and sustained release, which support their potential as
an advanced nanotherapeutic strategy for NAFLD management.

Keywords: high-fat diet; hepatic dysfunction; carvacrol; chitosan nanoparticles; antioxidants;
anti-inflammatory effects

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most prevalent chronic liver
disorders globally, affecting nearly 30% of the population [1]. Often regarded as the
hepatic manifestation of metabolic syndrome, its severity correlates closely with obesity,
hypertension, insulin resistance, and dyslipidemia [2]. Hepatic lipid accumulation in
NAFLD acts not only as a marker of metabolic stress but also as a driver of pathological
changes, ranging from simple steatosis to advanced cirrhosis [3]. NAFLD encompasses
a spectrum of hepatic disorders, primarily classified as nonalcoholic fatty liver (NAFL)
and nonalcoholic steatohepatitis (NASH). NAFL is characterized by a mild, reversible
accumulation of lipids within hepatocytes, whereas NASH represents a more severe and
progressive variant, often evolving into fibrosis, cirrhosis, and ultimately hepatocellular
carcinoma [4,5] (Figure 1).
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Figure 1. Schematic representation of the main biochemical mechanisms underlying nonalcoholic
fatty liver disease (NAFLD) development and progression, highlighting key molecular pathways
and targets of antioxidant/anti-inflammatory therapy, and biochemical pathways and progression of
nonalcoholic steatohepatitis (NASH) to hepatocellular carcinoma (HCC). VLDL: Very low density
lipoprotein, ER: Endoplasmic Reticulum.
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Lifestyle modification remains the first-line therapy for NAFLD management. Sus-
tained weight loss of at least 5% can reduce hepatic steatosis and liver injury, while reduc-
tions over 7% are associated with histological improvement in NASH [6]. Additionally,
regular physical activity enhances glucose and lipid metabolism, reduces steatosis, lowers
liver enzymes, and supports the structural integrity of mitochondria and the liver [7]. Cur-
rent pharmacological interventions for metabolic syndrome employ combinations of agents
targeting associated comorbidities, yet no single therapy has consistently demonstrated
efficacy for NAFLD treatment [8]. Accordingly, there is an urgent need to develop novel
therapies targeting key pathogenic pathways, particularly those involving oxidative stress,
apoptosis, and inflammatory signaling. In this context, natural products have attracted con-
siderable attention for their antioxidant, antiapoptotic, and anti-inflammatory properties,
which may help counter hepatic oxidative stress and inflammation in NAFLD [9].

Carvacrol (CRV; 5-Isopropyl-2-methylphenol) with a molecular formula: C1oH;40,
found in mountain thyme and oregano essential oils, has notable antioxidant, antiapoptotic,
anti-inflammatory, and anticancer activities that often exceed those of synthetic antioxi-
dants [10-12]. It is recognized as safe by the FDA and classified as a chemical flavoring by
the European Commission [13]. Several experimental investigations have examined car-
vacrol’s hepatoprotective effects in NAFLD and related models. For example, Mohseni et al.
showed that carvacrol administration ameliorated oxidative stress and inflammation in
rats with diet-induced fatty liver, leading to significant reductions in serum ALT/AST and
improved histological profiles [11]. Likewise, Cho et al. reported that carvacrol modulated
lipid metabolism and reduced hepatic steatosis, partly by influencing gene expression in-
volved in adipogenesis and inflammation [14]. Although these studies highlight carvacrol’s
therapeutic promise in NAFLD, limitations in solubility, bioavailability, and sustained
hepatic delivery remain significant barriers to clinical translation [15], and high doses may
carry cytotoxic risks [16]. Therefore, nanoformulation strategies have thus been employed
to enhance CRV’s stability, solubility, and bioavailability while minimizing toxicity [17].

Chitosan (CH), derived from chitin by deacetylation, is widely used as a nanomicro-
delivery vehicle due to its biodegradability, biocompatibility, hydrophilicity, low toxicity,
and straightforward nanoparticle fabrication [18,19]. Its versatility allows for production in
various forms, including films, gels, membranes, fibers, and beads. It also promotes the
transport of a wide range of molecules across mucosal barriers by temporarily modifying
tight junctions [15]. CH is available in various molecular weights, allowing for precise
control of nanoparticle or microparticle size [20]. Lower molecular weight CH is preferable
for water solubility and nanoparticle production [21]. Moreover, the presence of free amino
groups enables further functionalization for targeted delivery [15]. Importantly, nanoscale
drug delivery systems offer several advantages over conventional formulations, including
enhanced dissolution rates, increased solubility, and improved in vivo therapeutic out-
comes, primarily due to their small particle size [22]. In this sense, the present study is dis-
tinguished by its novel integration of carvacrol with chitosan nanoparticles (CRV-CHNPs),
designed to enhance solubility, stability, and bioefficacy. This nanotherapeutic approach
specifically targets key biochemical mechanisms underlying HFD-induced NAFLD, includ-
ing oxidative stress, inflammation, and apoptosis. By leveraging nanoparticle-mediated
delivery, our strategy targets critical pathogenic pathways central to disease progression.
Moreover, this study evaluates the hepatoprotective effects of CRV-CHNPs versus free
carvacrol in a high-fat diet (HFD)-induced rat model, offering new insights into the thera-
peutic advantages and potential translational relevance of advanced nanodelivery systems
in fatty liver disease.

Based on existing evidence that carvacrol exerts hepatoprotective effects and that chi-
tosan nanoencapsulation improves bioavailability and cellular delivery, we hypothesized
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that CRV-CHNPs would provide superior protection against HFD-induced NAFLD in rats
by more effectively ameliorating hepatic oxidative stress, inflammation, apoptosis, and
genotoxicity compared to free carvacrol.

2. Materials and Methods

An overview of the experimental workflow, including molecular docking, nanoparticle
preparation, in vivo interventions, and analytical endpoints, is summarized in Figure 2.

Phase 1: In Silico Analysis: Molecular Docking (SWISS-Dock)

« Carvacrol vs. liver proteins (Nrf2, CAT, SOD, GSH-Px, NF-kB, TNF-qa, IL-1B, Caspase-3, iNOS, TGF-B)
« Protein structures from PDB
« Binding affinity & interaction analysis

Phase 2: Nanoparticle Preparation and characterization

« Chitosan (2 mg/mL) + Carvacrol (0-3000 pg/mL)
« lonic gelation with TPP (5:1 ratio), lyophilization & storage
« Size, PDI, Zeta potential (DLS) « TEM morphology * FTIR « LE & LC « Release kinetics * Stability

Phase 3: In Vivo Study Design

Animals & Groups (n = 10/group, 60 rats total), Group I: Control | Group II: CRV | Group IlI:
CRV-CNPs, Group IV: HFD | Group V: HFD+CRYV | Group VI: HFD+CRV-CNPs

« 20 weeks total duration, HFD groups: 20 weeks high-fat diet, « Treatment: CRV/CRV-CNPs
(100 mg/kg) last 6 weeks

Phase 4: Sample Collection
After 20 weeks (24h post-final treatment):
* Blood — Serum separation

« Liver excision — Multiple processing: Homogenization (biochemical assays),10% formalin
fixation (histology), and 2.5% glutaraldehyde (TEM)

Phase 5: Biochemical Analyses (Part 1)
Serum Biochemistry: Liver function: ALT, AST, ALP, bilirubin, Total
protein/albumin, and Lipids: Cholesterol/triglycerides.

Hepatic Oxidative Stress: Nrf2 (ELISA), Antioxidants: GSH-Px, SOD, CAT, and
Lipid peroxidation: MDA (TBARS assay)

Phase 5: Biochemical Analyses (Part 2)

f Inflammatory Markers (ELISA): NF-kB, iNOS, IL-13, TNF-a, TGF-B, hs-CRP
e /10 Gene Expression (QRT-PCR):

qRT-PCR * Apoptosis genes: Bax, Bcl-2, Caspase-3

« Reference: B-actin | Analysis: 2-22Ct method

Phase 6: Histopathological Assessment
Light Microscopy (H&E Staining): Semi-quantitative scoring (0-3 scale),
Assessment: Steatosis, inflammation, necrosis.

Transmission Electron Microscopy: « Ultrastructural evaluation (8,000%-
40,000x%), Mitochondria, ER, nucleus, lipid droplets

Phase 7: Statistical

D: A

Analysis

N

Figure 2. An overview of the experimental workflow in this study.

2.1. Molecular Docking

The SWISS-Dock server employed the EADock DSS engine and CHARMM force field
to predict ligand-protein interactions involving Carvacrol and key liver molecules, includ-
ing Nrf2, catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),
NF-«kB, TNF-«, IL-1f3, caspase-3, iNOS, and TGF-3. Crystal structures for all proteins
were obtained from the Protein Data Bank. Subsequently, water molecules were removed,
polar hydrogens were introduced, and standard energy minimization techniques were
applied. Before docking, the 3D structure of carvacrol was optimized for energy efficiency.
FullFitness and estimated binding free energy values were utilized to select the optimal

34



Antioxidants 2025, 14, 1432

binding poses. The SWISS-Dock and the Vienna model for analyzing and illustrating
protein-ligand interactions, including hydrogen bonding and hydrophobic contacts, in
high-resolution structural representations.

2.2. Preparation of Carvacrol (CRV)-Loaded Chitosan Nanoparticles (CRV-CHNPs)

Carvacrol (purity > 99%) was purchased from AB Chem Company (Mansoura, Egypt).
The chemical structures of chitosan and carvacrol, and their proposed interaction within
the CRV-loaded chitosan nanoparticle system, are illustrated in Figure 3.

OH
OH &
HO @) e} OH =
HO H 7/7\‘/CH o
OH HO
OH OH Carvacrol
Chitosan
(@)

O Ob@\OH
ij Chitosan with

Carvacrol

Figure 3. Chemical structures of chitosan and carvacrol, and schematic representation of their
interaction within the carvacrol-loaded chitosan nanoparticle system.

To prepare CRV-loaded chitosan nanoparticles (CRV-CHNPs), chitosan (2 mg/mL)
was dissolved in 1% acetic acid, supplemented with 1% Tween 80, and sonicated for 15 min.
The pH was adjusted to 5 with 2 NaOH, after which carvacrol (0-3000 pg/mL) was added,
and the mixture was sonicated for 5 min. A solution of sodium tripolyphosphate in deion-
ized water was gradually introduced to the chitosan solution while stirring continuously,
maintaining a 5:1 (w/w) chitosan-to-crosslinker ratio. The suspension was magnetically
stirred for one hour to enable cross-linking and stabilization. Nanoparticles were separated
by centrifugation at 12,000x g for 20 min at 4 °C, rinsed twice with deionized water to
remove free CRV and excess TPP, and then frozen at —80 °C. They were subsequently
subjected to lyophilization.

Key characterization parameters, including zeta potential, hydrodynamic mean diam-
eter, and PDI, were evaluated using a Zetasizer Nano ZS (Malvern Panalytical, Malvern,
Worcestershire, UK). Physicochemical properties were assessed by measuring zeta potential
in triplicate, and the Z-average was determined from diluted samples. The morphology
of the nanoparticles was characterized by transmission electron microscopy (TEM; JEOL
2100, Tokyo, Japan) operated at 160 kV. According to the manufacturer (Sigma-Aldrich,
St. Louis, MO, USA), the chitosan used had a molecular weight of 190-310 kDa and a
deacetylation degree of 85%. These structural features play a crucial role in determining
the encapsulation efficiency and stability of the formulations.

Encapsulation performance was assessed by calculating the loading efficiency (LE)
and loading content (LC) of CRV in the nanoparticles. The calibration curve was obtained
by analyzing a series of CRV standard solutions at 334 nm. Residual CRV in the supernatant
was measured spectrophotometrically at 334 nm, and LE and LC were calculated using the
equations below:

LE (%) = [CRV in nanoparticles / CRV added] x 100
LC (%) = [CRV in nanoparticles / Nanoparticle weight] x 100
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CRYV release in vitro was evaluated by the dialysis bag technique (MWCO 12-14 kDa)
employing PBS (pH 7.4, 0.5% Tween-80) at 37 °C. At scheduled intervals of up to 48 h, samples
were withdrawn, examined at 334 nm, and the cumulative release was calculated. Stability
testing of lyophilized CRV-CHNPs was conducted at —20 °C, 4 °C, and 25 °C (dark) for
6 months, with evaluations of zeta potential, particle size, PDI, and encapsulation efficiency.

FTIR analysis was performed using an ATR-FTIR spectrometer (PerkinElmer, Waltham,
MA, USA) in the range of 4000-400 cm~! with a resolution of 4 cm~! and 32 scans. Spec-
tra were obtained for pure CRV, pure chitosan, a physical mixture of CRV and chitosan,
and CRV-CHNPs.

2.3. Animals, Diets, and Experimental Protocol

Sixty adult male albino rats (average weight 179.73 & 8.23 g) were obtained from the
Animal Facility of the Faculty of Medicine, Mansoura University, Egypt. All experimental
procedures adhered to the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals and the International Guiding Principles for Biomedical Research
Involving Animals (1985). All animal procedures were revised and approved by the
“Research Ethics Committee of the October 6 University, Egypt (approval code: 20251207)".

Animals were acclimatized for two weeks before experimentation under standard lab-
oratory conditions (temperature 21-25 °C, relative humidity 50-60%, and a 12 h light/dark
cycle). All rats had unrestricted access to commercial rodent chow (Al Wadi Co., Giza,
Egypt) and water throughout the study period. The standard rodent diet (Laboratory
Rodent Diet 5001) contained 23% crude protein, 56% carbohydrates, 6% crude fiber, 8% ash,
4.5% crude fat, and 2.5% mineral mix, providing a caloric value of 3.36 kcal/g. The high-fat
diet (HFD) was prepared by blending 35% beef tallow with 65% of the standard diet, yield-
ing an energy density of 5.53 kcal/g. All diets were stored at 4 °C before use to preserve
nutritional integrity. Rats were randomly allocated into six groups (1 = 10 per group):

e  Group I (Control): Received a standard laboratory rodent diet.

e  Group II (CRV): Fed a standard diet and orally administered carvacrol (100 mg/kg
body weight) for the final six weeks. The selected carvacrol dose was based on previous
studies demonstrating its potent antioxidant and anti-inflammatory properties [23-25].

e  Group III (CRV-CNPs): Received a standard diet and treated with carvacrol-loaded
chitosan nanoparticles (100 mg/kg body weight) via oral gavage during the final
six weeks.

e  Group IV (HFD): Fed a high-fat diet (HFD) for 20 weeks according to the method
described by Chang et al. [26].

e  Group V (HFD + CRV): Fed an HFD for 20 weeks and co-administered carvacrol
(100 mg/kg body weight) daily via oral gavage for the final six weeks.

e  Group VI (HFD + CRV-CNPs): Fed an HFD for 20 weeks and co-administered CRV-
loaded chitosan nanoparticles (100 mg/kg body weight) daily via oral gavage for the
final six weeks.

The number of animals per group was determined according to current recommen-
dations for preclinical in vivo studies using rodent models of metabolic and hepatic dis-
orders [27]. Previous experimental reports and power analysis frameworks indicate that
sample sizes of 8—12 rats per group are generally sufficient to detect biologically meaningful
differences in biochemical and histopathological parameters with a statistical power of
0.8 and significance level of o = 0.05 [28]. This group size aligns with the ARRIVE 2.0
guidelines and internationally recognized ethical standards, ensuring appropriate statis-
tical validity while adhering to the 3Rs principle (Reduction, Refinement, Replacement)
of animal research [29]. The selected sample size also balanced ethical and practical con-
siderations, allowing robust detection of treatment effects among six experimental groups
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while minimizing unnecessary animal use. All enrolled animals completed the study pro-
tocol with no exclusions, mortality, or data attrition. This design ensured reliable one-way
ANOVA comparisons across groups and adhered to established preclinical standards for
rigor, reproducibility, and research practice.

2.4. Tissue Sample Collection and Homogenization

Following an overnight fast, rats were euthanized by cervical dislocation 24 h after
the final treatment. Blood samples were withdrawn from the hepatic portal vein into
non-heparinized tubes, allowed to clot at room temperature, and centrifuged at 3000 x g
for 10 min to obtain serum. The resulting serum was aliquoted into Eppendorf tubes and
immediately analyzed biochemically. Liver tissues were carefully excised, rinsed with
ice-cold 1.15% potassium chloride (KCl) solution to remove residual blood, and stored at
—20 °C until further biochemical analysis. For histopathological evaluation, representative
liver sections were fixed in 10% neutral buffered formalin. For homogenate preparation,
weighed portions of liver tissue were homogenized in 50 mmol/L Tris—HCI buffer (pH 7.4)
using a Teflon-glass homogenizer at cold conditions. The homogenates were centrifuged at
10,000x g for 15 min at 4 °C, and the resulting supernatants were collected and stored at
—80 °C for subsequent biochemical and enzymatic assays.

2.5. Body Weight and Liver Index

The body weight of each rat was recorded at the start of the study and again at the end
of the 20 weeks. At sacrifice, the liver was rapidly excised, weighed, and used to calculate
the liver index (liver weight/body weight x 100%) [30].

2.6. Serum Biochemistry and Liver Redox Assessment

Serum total protein, albumin, and globulin concentrations were determined colori-
metrically according to the method described by Krohn [31]. Hepatic function markers,
including alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alka-
line phosphatase (ALP), were assessed following the protocol of Goodla et al. [32]. At
the same time, total bilirubin levels were quantified using the procedure described by
Rosenthal et al. [33]. Serum lipid profile parameters, including total cholesterol and triglyc-
erides, were determined following established colorimetric methods [34]. The catalog
numbers of all chemicals and the accession IDs of the kits used in this study have been
included as follows. Nuclear factor erythroid 2-related factor 2 (Nrf2) concentrations were
measured using a rat-specific ELISA kit (Cat. No. E-EL-R1052; Elabscience® Biotechnology
Co., Ltd., Houston, TX, USA) in accordance with the manufacturer’s protocol. The levels
of key hepatic antioxidant enzymes—glutathione peroxidase (GSH-Px), superoxide dis-
mutase (SOD), and catalase (CAT)—were determined using colorimetric assay kits from
BioDiagnostic® (Giza, Egypt): GSH-Px (Cat. No. GSH-Px 2524), SOD (Cat. No. SOD 2521),
and CAT (Cat. No. CA 2517).

Spectrophotometric readings were obtained using a BioTek® microplate reader
(Winooski, VT, USA) at 340 nm for GSH-Px (NADPH oxidation), 560 nm for SOD (ni-
troblue tetrazolium inhibition), and 510 nm for CAT (hydrogen peroxide decomposition).
Lipid peroxidation was quantified by measuring malondialdehyde (MDA) levels using a
thiobarbituric acid reactive substances (TBARS) assay kit (Cat. No. MD 2529; BioDiagnostic,
Giza, Egypt) according to the manufacturer’s instructions.

2.7. Inflammatory Markers

Hepatic concentrations of key inflammatory mediators, including nuclear factor kappa
B (NF-kB), inducible nitric oxide synthase (iNOS), interleukin-1f3 (IL-1p), and tumor necro-
sis factor-o (TNF-ot), were quantified using rat-specific enzyme-linked immunosorbent
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assay (ELISA) kits according to the manufacturers’ protocols. The following kits were em-
ployed: NF-«B (Cat. No. E-EL-R0674) and iNOS (Cat. No. E-EL-R0520) from Elabscience®
Biotechnology Co., Ltd. (Houston, TX, USA), IL-1p (Cat. No. MBS702717) from My-
BioSource (San Diego, CA, USA), and TNF-« (Cat. No. CEK1115) from Bio-Med Diagnostics
(Milton Keynes, UK). Hepatic transforming growth factor-p (TGF-f3) levels were deter-
mined using a commercial ELISA kit (Cat. No. E-UNEL-R0054, Elabscience® Biotechnology
Co., Ltd., Houston, TX, USA). In addition, high-sensitivity C-reactive protein (hs-CRP)
concentrations were measured using a rat-specific CRP ELISA kit (eBioscience®, San Diego,
CA, USA). All assays were performed in duplicate, and absorbance was measured at the
appropriate wavelength using a microplate reader (BioTek Instruments, Winooski, VT,
USA). The results were expressed as picograms or nanograms per milligram of protein in
liver tissue homogenates.

2.8. RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

Liver tissue samples were homogenized in 1 mL of QIAzol Lysis Reagent (Qiagen,
Hilden, Germany) using a TissueLyser Il homogenizer (QIAGEN GmbH, Hilden, Germany).
Chloroform was then added, and the mixture was centrifuged at 12,000x g for 15 min
at 4 °C to achieve phase separation. The upper aqueous phase containing RNA was
carefully collected into RNase-free microtubes. RNA was precipitated with isopropanol
and recovered by centrifugation at 12,000 x g for 10 min. The RNA pellet was subsequently
washed with 75% ethanol, air-dried, and redissolved in nuclease-free water. Residual
ethanol was removed by brief centrifugation at 7500 x g for 5 min. The purity was evaluated
based on the A260/A280 and A260/A230 absorbance ratios measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Values between 1.8
and 2.1 for A260/A280 and >1.8 for A260/A230 were considered acceptable, confirming
minimal protein and solvent contamination. The integrity was verified by visualizing 285
and 185 rRNA bands on a 1% agarose gel. The concentration was calculated automatically
from the absorbance at 260 nm, ensuring sufficient RNA yield for subsequent analysis.

Complementary DNA (cDNA) was synthesized from total RNA using the iScript™
c¢DNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) following the manufacturer’s protocol.
Quantitative real-time PCR (qQRT-PCR) was performed using the iTaq™ Universal SYBR®
Green Supermix (Bio-Rad, Hercules, CA, USA, Cat. No. 172-5121) on a Rotor-Gene Q
system (Qiagen, Hilden, Germany). Specific primers for apoptosis-related genes, Bax (Bcl-2-
associated X), Bcl-2 (B-cell lymphoma-2), and Caspase-3 (cysteine—aspartic acid protease-3),
were designed and synthesized by Macrogen (Seoul, South Korea) (Table 1). Primer stocks
were reconstituted in RNase-free water and stored at —20 °C until use to preserve stability.
The relative expression levels of the target genes were normalized to B-actin as the reference
gene and calculated using the 2~*4¢t method described by Livak and Schmittgen [35].

Table 1. Primer sequences for quantitative RT-PCR analysis of apoptosis-related genes in Wistar

rat liver.
Gene * NCBI Gene ID_Rattus Norvegicus Forward (5’ —3) Reverse (5'—3')
Bax 24887 CGGCGAATTGGAGATGAACTGG CTAGCAAAGTAGAAGAGGGCAACC
Bcl-2 24224 TGTGGATGACTGACTACCTGAACC CAGCCAGGAGAAATCAAACAGAGG
Caspase-3 25402 GTGGAACTGACGATGATATGGC CGCAAAGTGACTGGATGAACC
B-Actin 81822 AAGATCCTGACCGAGCGTGG CAGCACTGTGTTGGCATAGAGG

* NCBI: National Center for Biotechnology Information available at (https://www.ncbinlm.nih.gov/) (last
accessed 28 October 2025).
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2.9. Histological Evaluation of Liver

Liver specimens designated for histological analysis were excised immediately after
dissection and fixed in 10% neutral buffered formalin at a 20:1 fixative-to-tissue ratio
(v/v) for 72 h. Fixed samples were dehydrated through graded ethanol solutions, cleared
in xylene, and infiltrated with molten paraffin wax. Tissue blocks were embedded and
sectioned using a rotary microtome at a thickness of 4-5 pm. Sections were mounted on
glass slides, deparaffinized, rehydrated through a descending alcohol series, and stained
with hematoxylin and eosin (H&E) for routine histological evaluation.

Histopathological examination was performed on three rats per group using a light mi-
croscope (Olympus BX53, Tokyo, Japan) at 400 x magnification. For each animal, three rep-
resentative slides were prepared, each containing three liver sections. Four non-overlapping
fields were examined per section, yielding 12 microscopic fields per liver sample. The
mean lesion score per rat was calculated by averaging the field scores for each animal.
Semi-quantitative evaluation of hepatic steatosis followed the AASLD guidelines (Table 2).
Lesions were scored semi-quantitatively from 0 (no lesion) to 3 (severe), and the mean score
per rat was obtained by averaging all individual field scores. Tissue morphology was as-
sessed by an experienced histopathologist blinded to the experimental groups to minimize
bias. Semi-quantitative data were used to determine relative histological improvement
across treatment groups.

Table 2. Scoring system for semi-quantitative liver lesion assessment.

Score Composite Multi-Criteria Liver Assessment Score
0 (none) No pathological changes
1 (mild) The liver demonstrated sporadic to mild hepatocellular degeneration and necrosis,

accompanied by little to no inflammatory cell infiltration and occasional vascular congestion.

2 (moderate)

The liver showed marked inflammatory cell infiltration, moderate vacuolar hepatocyte
degeneration, mild vascular congestion, and multifocal necrotic lesions.

3 (severe)

The liver demonstrated extensive inflammatory infiltration and necrosis, along with severe
degeneration of hepatocytes and moderate to severe vascular congestion.

2.10. Transmission Electron Microscopy (TEM)

For ultrastructural analysis, small liver specimens (~1 mm?®) were immediately fixed
in 2.5% glutaraldehyde prepared in 0.1 M phosphate buffer (pH 7.4) at 4 °C for 24 h
to preserve cellular architecture. After primary fixation, tissues were rinsed three times
with phosphate buffer and subsequently post-fixed in 1% osmium tetroxide (OsOy) for
2 h at 4 °C to enhance membrane contrast. Dehydration was performed using a graded
ethanol series (50%, 70%, 90%, 95%, and 100%), followed by two rinses in acetone to ensure
complete dehydration. Samples were infiltrated with a mixture of acetone and epoxy
resin, embedded in pure epoxy resin (Epon 812 or equivalent), and polymerized at 60 °C
for 48 h. Ultrathin sections (60-70 nm) were prepared using an ultramicrotome (Leica
EM UC7, Vienna, Austria) equipped with a diamond knife. Sections were mounted on
copper grids and counterstained sequentially with uranyl acetate (2%, 30 min) and lead
citrate (10 min) to enhance structural contrast. The stained sections were examined using a
JEOL JEM-2100 transmission electron microscope (JEOL Ltd., Tokyo, Japan) operated at
an accelerating voltage of 160 kV. Digital micrographs were obtained at varying magni-
fications (8000x—40,000x) to evaluate hepatocellular ultrastructural changes, including
mitochondrial morphology, endoplasmic reticulum integrity, nuclear condensation, and
lipid droplet accumulation [36,37].
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2.11. Statistical Analysis

All data were tested for normality using the Shapiro-Wilk test and for homogeneity of
variances using Levene’s test before parametric analysis. Statistical comparisons among
groups were performed using one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc multiple comparison test for pairwise group analysis (SAS software, version 9.4;
SAS Institute Inc., Cary, NC, USA). Results are expressed as mean =+ standard error of the
mean (SEM), and differences were considered statistically significant at p < 0.05. Graphical
representations were generated using GraphPad Prism 9.0 (GraphPad Software, San Diego,
CA, USA). A hierarchical clustering heatmap was constructed to visualize comparative
group relationships using the online bioinformatics platform SRplot—Science and Research
Plotting Tool (https:/ /www.bioinformatics.com.cn) (accessed on 12 October 2025) with the
default visualization parameters.

3. Results
3.1. Molecular Docking Results

Molecular docking analysis revealed that Carvacrol exhibits a multifaceted interaction
profile with antioxidant, inflammatory, and apoptotic signaling proteins relevant to hepatic
protection. Carvacrol exhibited the highest binding affinity for GSH-Px (6.0 kcal/mol)
and Nrf2 (-5.7 kcal/mol) compared to other antioxidant targets. This was corroborated
by several stabilizing interactions, including four hydrogen bonds with Nrf2 and signif-
icant hydrophobic contacts with critical residues such as Val606 and Gly367. Carvacrol
exhibited moderate affinity for superoxide dismutase (SOD) (-5.4 kcal/mol) and catalase
(CAT) (-5.0 kcal/mol), establishing limited hydrogen bonds while maintaining signifi-
cant hydrophobic interactions with key catalytic residues, such as Val7 and His364. Car-
vacrol demonstrated a significant affinity for inflammatory mediators, particularly NF-«B
(6.3 kcal/mol), establishing eight hydrophobic interactions with key residues (Trp464,
Arg432, Lys430). Docking with TNF-a (-5.6 kcal/mol) and IL-1(3 (4.6 kcal/mol) supports
the anti-inflammatory activity through interactions with critical aromatic and aliphatic
residues. Carvacrol demonstrated moderate binding affinity for Caspase-3 (—4.1 kcal /mol)
and TGF-f3 (4.1 kcal/mol), primarily via hydrophobic interactions, suggesting a potential
role in reducing apoptosis and profibrotic signaling (Figure 4 and Table 3).

3.2. Characterization of Carvacrol-Loaded Chitosan Nanoparticles (CRV-CNPs)

Transmission electron microscopy revealed that the synthesized CRV-CNPs exhibited
spherical morphology with uniform dispersion and smooth surfaces (Figure 5A). The parti-
cle size distribution determined from TEM micrographs ranged between 70 and 131 nm
(Figure 5B), confirming nanoscale formation. In contrast, dynamic light scattering (DLS)
analysis yielded a hydrodynamic diameter of 192 nm, a value higher than the particle
diameter, which is attributed to the hydration layer and the Brownian motion of nanopar-
ticles in the colloidal suspension. The polydispersity index (PDI) was measured at 0.448
(Figure 5C), suggesting acceptable monodispersity and uniform particle size distribution.
The zeta potential of +35.9 mV (Figure 5D) indicated strong electrostatic repulsion among
particles, supporting good colloidal stability of the nanoparticle suspension.

The entrapment efficiency of the formulation was 83.36%, verifying successful en-
capsulation of carvacrol within the chitosan matrix and consistency with earlier reports
on chitosan—carvacrol nanocomposites. The formation of positively charged, spherical
nanoparticles with a narrow size distribution supports their potential for enhanced bioavail-
ability, controlled drug release, and improved therapeutic performance.

ATR-FTIR spectra revealed distinct changes in functional group signals following
nanoparticle formation. Specifically, a reduction in the intensity of the CRV phenolic band
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(~3340 cm 1) and a shift in the O-H/N-H stretching (~3400 cm 1) were observed in CRV-
CHNPs, indicating hydrogen bonding interactions between carvacrol and chitosan, and
confirming successful encapsulation (Figure 6).

H5C CH,

Caspase-3 iNOs TGF-8

Figure 4. Molecular docking interactions of Carvacrol with key antioxidant, inflammatory, apop-
totic, and fibrogenic targets involved in hepatic protection. The figure shows hydrogen bonds and
hydrophobic interactions as dotted blue and gray lines, respectively. Also, major active-site residues
contributing to ligand stabilization for each protein are shown. Nrf2: Nuclear factor erythroid 2—
related factor 2; CAT: catalase; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase; NF-«B:
Nuclear Factor kappa-light-chain-enhancer of activated B cells; TNF-«: Tumor Necrosis Factor-alpha;
IL-1B: Interleukin-1f3; iNOs: inducible nitric oxide synthase; TGF-: transforming growth factor-beta.

Table 3. Molecular docking interactions of Carvacrol with key antioxidant, inflammatory, apoptotic,
and fibrogenic targets involved in hepatic protection.

Target Affinity (kcal/mol) Hydrogen Bonds Hydrophobic Contacts Active Residues
Nrf2 -5.7 4 2 Val606(2), Gly367(2), Ala366, Val418
CAT -5 1 3 Arg363, His364(2), Pro368
SOD —5.4 2 4 Val7(2), Cys6, Asn53(2), Val148
GSH-Px —6 0 6 Glu88(2), Phe103(2), Arg106(2)
NF-xB —6.3 0 8 Trp464(3), Arg432(2), Lys430(2), Glu413
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Table 3. Cont.

Target Affinity (kcal/mol) Hydrogen Bonds Hydrophobic Contacts Active Residues
TNF-o —5.6 0 7 Tyr119, Tyr59(3), Leu57(3)
1-18 —46 0 7 Phe150(2), Met148, Leul10(2), Lys103, Thr147
Caspase-3 —4.1 0 5 Lys137, Tyr195, Tyr197, Val266(2)
iNOS —4.8 0 4 Tyr270, 11e291, Pro273, Tyr299
TGE-B —4.1 1 5 Asn103, Ala41, 1le22, Leu28, Trp30(2)

The table summarizes binding affinity (kcal/mol), the number of hydrogen bonds and hydrophobic interac-
tions, and the major active-site residues contributing to ligand stabilization for each protein. Nrf2: Nuclear
factor erythroid 2-related factor 2; CAT: catalase; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase;
NEF-«B: Nuclear Factor kappa-light-chain-enhancer of activated B cells; TNF-o: Tumor Necrosis Factor-alpha;
IL-1p3: Interleukin-1; iNOs: inducible nitric oxide synthase; TGF-f: transforming growth factor-beta.
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Figure 5. Characterization of Carvacrol-Loaded Chitosan Nanoparticles (CNPs): (A) TEM image
showing nearly spherical particles; (B) particle size histogram indicating most particles range from
70 to 131 nm with good distribution; (C) size distribution by intensity; (D) zeta potential distribution.
The nanoparticles exhibited a Z-average size of 192 nm, a PDI of 0.448, and a zeta potential of 35.9 mV.
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Figure 6. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra of pure
chitosan, carvacrol (CRV), their physical mixture, and CRV-CHNPs. Characteristic spectral shifts
indicate the successful encapsulation of CRV.

3.3. Body Weight and Liver Index Results

As shown in Figure 7A, liver weight was significantly elevated in HFD-fed rats
compared to animals receiving a normal diet or those treated with CRV or CRV-CNPs. Co-
administration of CRV or CRV-CNPs slightly reduced liver weight; however, this reduction
did not reach statistical significance compared to the HFD group.
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Figure 7. Effect of carvacrol (CRV) and CRV-loaded chitosan nanoparticles (CRV-CNPs) on body
weight (A) and liver index (B) in rats receiving a high-fat diet. CRV: carvacrol (100 mg/kg body
weight); CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg body weight); HFD: high-
fat diet; HFD/CRV: carvacrol (100 mg/kg body weight) + high-fat diet; HFD/CRV-CNPs: carvacrol-
loaded chitosan nanoparticles (100 mg/kg body weight) + high-fat diet. Data are presented as
mean =+ standard deviation (SD) from n = 10 per group. Error bars depict both upper and lower limits
of SD for each group. Significant group-wise differences are indicated by # (p < 0.05), * (p < 0.01), and
ns (not significant).

In contrast, the liver index (ratio of liver weight to body weight) showed a more
distinctive pattern. HFD-fed rats showed a significant increase in liver index compared
with all control and treatment groups, consistent with hepatic lipid accumulation and
steatosis commonly observed in HFD-induced NAFLD models. Co-treatment with CRV or
CRV-CNPs markedly attenuated this increase, with CRV-CNPs exhibiting greater efficacy
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than free CRV in restoring the liver index to near-control values, with nonsignificant
differences observed (Figure 7B).

3.4. Hepatic Function and Lipid Metabolism

The effects of carvacrol (CRV) and carvacrol-loaded chitosan nanoparticles (CRV-
CNPs) on hepatic function and lipid metabolism indices in high-fat diet (HFD)-induced
rats are presented in Table 4. HFD-fed rats demonstrated a significant decline in total
serum protein levels, including both albumin and globulin fractions, compared with the
normal control and groups receiving CRV or CRV-CNPs alone. Co-administration of CRV
or CRV-CNPs significantly restored these parameters, with the most notable improvements
observed in the HFD + CRV-CNPs group, where protein levels approached normal values.
Conversely, no significant recovery was detected in the HFD + CRV group compared to the
untreated HFD group.

Table 4. Effects of carvacrol (CRV) and CRV-loaded chitosan nanoparticles (CRV-CNPs) on hepatic
function and lipid metabolism indices in rats fed a high-fat diet.

Items Control CRV CRV-CNPs HFD HFD/CRV HFD/CRV-CNPs
TP (g/dL) 5.98 4+ 0.38 # 6.01 +042* 6.13 +0.41* 3224033 3.95 +0.29 4.72 4+ 0.49 #¥
Alb (g/dL) 3.174+0.15% 312+0.11% 3.194+0.28* 1.72 £ 0.09 2.0140.14 2.53 4 0.13 **¥
Glo (g/dL) 281+0.16%* 2.89+0.18* 2944 020% 1.53 £0.12 1.94 £ 0.09 2.19 4 0.07 #¥
ALT (U/L) 34.21 +£3.55% 31.20 £2.31% 30.03 £3.59 % 88.21 £+ 5.77 65.59 +£4.16* 41.07 +3.38 **
AST (U/L) 71.13 £ 4.47* 70.13 +5.18 # 68.52 +3.62* 141.91 £ 8.11 112.70 £ 7.16 * 84.54 + 4.25 **
ALP (U/L) 153.21 + 6.93 * 149.84 + 5.08 # 147.61 +£ 617 * 220.36 4 10.37 184.16 + 7.45* 166.27 +5.20*
GGT (U/L) 11.21 +£ 1.12# 1041 +2.14* 927 +1.40* 2217 4+ 3.02 18414+ 1.76* 14.33 +2.43*
TB (g/dL) 0.41 4+ 0.06 # 0.39 & 0.08 # 0.38 4+ 0.04 # 1.324+0.12 0.87 +0.10* 0.62 4 0.09 #

TG (mg/dL) 5712 +4.11* 55.39 + 3.23 * 5228 +5.12*# 123.31 £ 6.18 105.58 + 4.57 # 79.77 + 3.62 #H¥
TC (mg/dL) 78.26 +£5.42% 7412 + 6.18* 72.58 +4.77# 131.22 + 8.26 98.16 £ 4.11% 86.27 +£4.09*

Data are expressed as mean =+ SE. Abbreviations: “TG, triglycerides; TC, total cholesterol; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; TB, Total
bilirubin; TP, total protein; Alb, albumin; Glo, globulin.” CRV: carvacrol (100 mg/kg body weight); CRV-CNPs:
carvacrol-loaded chitosan nanoparticles (100 mg/kg body weight); HFD: high-fat diet; HFD/CRV: carvacrol
(100 mg/kg body weight) + high-fat diet; HFD/CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg
body weight) + high-fat diet. # indicates significant difference compared to the HFD group; * indicates sig-
nificant difference compared to the HFD/CRV-CNPs group; ¥ indicates significant difference compared to the
Control group.

Regarding hepatic enzyme activities, ALT, AST, ALP, and GGT were markedly elevated
in HFD-fed rats relative to all control groups, reflecting hepatocellular injury. Both CRV and
CRV-CNP supplementation significantly reduced these enzyme activities, with CRV-CNPs
showing superior normalization, reaching levels that did not differ significantly from those
of the normal control rats. Similarly, total bilirubin concentrations were elevated in the HFD
group but significantly diminished following CRV-CNPs treatment, returning to baseline
control levels.

3.5. Redox Status

As shown in Figure 7, Nrf2 activity (Figure 8A) was significantly reduced in HFD-
fed rats compared with all control groups. Both CRV and CRV-CNP supplementation
markedly restored Nrf2 levels, with the HFD + CRV-CNPs group exhibiting the greatest
upregulation. This activation of Nrf2 was accompanied by parallel restoration of its
downstream antioxidant system. Specifically, the levels of reduced glutathione (GSH)
(Figure 8B) and the enzymatic activities of SOD, GSH-Px, and CAT (Figure 8C-E) were
significantly decreased in the HFD group but notably increased after treatment with CRV
or CRV-CNPs. Importantly, GSH and GSH-Px values in the nanoform-treated group were
comparable to those of controls. Conversely, the HFD group exhibited a sharp rise in
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malondialdehyde (MDA), an indicator of lipid peroxidation (Figure 8F). This elevation was
significantly reduced by CRV, with greater attenuation observed in CRV-CNP-treated rats.
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Figure 8. Effect of carvacrol (CRV) and CRV-loaded chitosan nanoparticles (CRV-CNPs) on hepatic
redox status in rats receiving a high-fat diet (A—F). Nrf2: nuclear factor erythroid 2-related factor
2; GSH: glutathione; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase; CAT: catalase;
MDA: malondialdehyde. CRV: carvacrol (100 mg/kg body weight); CRV-CNPs: carvacrol-loaded chi-
tosan nanoparticles (100 mg/kg body weight); HFD: high-fat diet; HFD/CRV: carvacrol (100 mg/kg
body weight) + high-fat diet; HFD/CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg
body weight) + high-fat diet. # indicates significant difference compared to the HFD group; * indicates
significant difference compared to the HFD/CRV-CNPs group; ns, nonsignificant.

3.6. Inflammation Response

As illustrated in Figure 9, hepatic inflammatory biomarkers were markedly elevated
in HFD-fed rats. Levels of NF-«B (Figure 9A), iNOS (Figure 9B), IL-13 (Figure 9C), and
TNF-o (Figure 9D) increased significantly compared with the normal control and groups
receiving CRV or CRV-CNPs alone, indicating activation of hepatic inflammation caused
by lipid overload. Treatment with CRV or CRV-CNPs significantly mitigated this response,
with CRV-CNPs exhibiting superior efficacy. Notably, NF-«B, IL-13, and TNF-« levels
in the HFD + CRV-CNPs group were comparable to those in the normal control, demon-
strating the nanoformulation’s enhanced ability to suppress the NF-«kB/iNOS/IL-1§3 axis
more efficiently than free CRV. Regarding systemic inflammation, C-reactive protein levels
(Figure 9E) were significantly increased in HFD-fed rats, consistent with aggravated hep-
atic inflammation. Both CRV and CRV-CNPs significantly reduced CRP levels, with the
strongest reduction in the HFD + CRV-CNPs group, restoring values near those of the nor-
mal control. Similarly, transforming growth factor-3 (TGF-f) (Figure 9F) was significantly
elevated in HFD-fed rats, reflecting early fibrotic activation. Co-treatment with CRV or
CRV-CNPs significantly reduced TGF-f3 levels, with the CRV-CNPs formulation producing
the greatest decline, approaching control levels.
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Figure 9. Effect of carvacrol (CRV) and CRV-loaded chitosan nanoparticles (CRV-CNPs) on hepatic
inflammatory markers in rats receiving a high-fat diet (A-F). NF-kB, nuclear factor kappa B; iNOS,
inducible nitric oxide synthase; IL-13, interleukin-1f3; TNF-«, tumor necrosis factor alpha; hs CRP,
C-reactive protein; TGF-, transforming growth factor-f3. CRV: carvacrol (100 mg/kg body weight);
CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg body weight); HFD: high-fat diet;
HFD/CRV: carvacrol (100 mg/kg body weight) + high-fat diet; HFD/CRV-CNPs: carvacrol-loaded
chitosan nanoparticles (100 mg/kg body weight) + high-fat diet. # indicates significant difference
compared to the HFD group; * indicates significant difference compared to the HFD/CRV-CNPs

group; ns, nonsignificant.

3.7. Apoptosis-Related Genes

As shown in Figure 10, the expression of hepatic apoptosis-regulating genes was
markedly altered in HFD-fed rats compared with the control groups. Specifically, Bax
(Figure 10A) and Caspase-3 (Figure 10C) mRNA levels were significantly upregulated,
while Bcl-2 expression (Figure 10B) was significantly downregulated, indicating enhanced
pro-apoptotic signaling and compromised hepatocellular protection.

Treatment with CRV or CRV-CNPs substantially reversed the HFD-induced apoptotic
imbalance, as evidenced by upregulation of Bcl-2 and significant downregulation of Bax
and Caspase-3 expression relative to the HFD group. Notably, the CRV-CNP-treated rats
exhibited a more pronounced modulation of apoptotic gene expression than those receiv-
ing free CRV, highlighting the nanoparticle formulation’s superior antiapoptotic efficacy.
Furthermore, rats administered CRV or CRV-CNPs alone showed no significant difference
from the control group, confirming the safety and non-cytotoxic nature of the treatment.

3.8. Hepatic DNA Damage Biomarkers

As shown in Figure 11, HFD-fed rats exhibited a significant elevation in hepatic DNA
fragmentation, demonstrating increased genomic instability caused by lipid overload.
Co-treatment with CRV or CRV-CNPs significantly reduced DNA fragmentation, with
CRV-CNPs showing the most pronounced protective effect (Figure 11A). Similarly, hepatic
concentrations of 8-hydroxy-2'-deoxyguanosine (8-OHdG), a well-established biomarker of
oxidative DNA damage, were markedly increased in HFD-fed rats compared with controls.
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Treatment with CRV or CRV-CNPs significantly decreased 8-OHdG levels, with the lowest
values observed in the HFD + CRV-CNPs group (Figure 11B).
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Figure 10. Effect of carvacrol (CRV) and CRV-loaded chitosan nanoparticles (CRV-CNPs) on Hepatic
apoptotic gene expression in rats receiving a high-fat diet (A-C). Bax: Bcl-2-associated X protein;
Bcl2:'B-cell lymphoma 2; Caspase 3: cysteine—aspartic acid protease-3. CRV: carvacrol (100 mg/kg
body weight); CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg body weight); HFD:
high-fat diet; HFD/CRV: carvacrol (100 mg/kg body weight) + high-fat diet; HFD/CRV-CNPs:
carvacrol-loaded chitosan nanoparticles (100 mg/kg body weight) + high-fat diet. # indicates
significant difference compared to the HFD group; * indicates significant difference compared to the

HFD/CRV-CNPs group.
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Figure 11. Effect of carvacrol (CRV) and CRV-loaded chitosan nanoparticles (CRV-CNPs) on Hepatic
DNA fragmentation and 8-hydroxy-2’-deoxyguanosine (8-OHdG) levels in rats receiving a high-
fat diet (A,B). CRV: carvacrol (100 mg/kg body weight); CRV-CNPs: carvacrol-loaded chitosan
nanoparticles (100 mg/kg body weight); HFD: high-fat diet; HFD/CRV: carvacrol (100 mg/kg body
weight) + high-fat diet; HFD/CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg body
weight) + high-fat diet. # indicates significant difference compared to the HFD group; * indicates
significant difference compared to the HFD/CRV-CNPs group.

3.9. Histopathological Examination

Microscopic evaluation revealed that administration of CRV or CRV-CNPs did not in-
duce any histopathological alterations in hepatic tissues. The lobular architecture remained
intact, the central veins appeared normal, and hepatocytes were polygonal with centrally lo-
cated nuclei and eosinophilic cytoplasm (Figure 12A—C). In contrast, HFD-fed rats exhibited
severe diffuse steatosis, characterized by numerous intracellular lipid vacuoles of varying
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sizes that displaced nuclei toward the cell periphery. Livers also showed scattered necrotic
hepatocytes, diminished cellular detail, and mild perivascular inflammatory infiltration
(Figure 12D). Liver sections from HFD + CRV-treated rats displayed mild-to-moderate
hepatocellular dissociation, scattered necrotic cells, and focal to bridging portal fibrosis,
accompanied by low inflammatory infiltrates and occasional hemorrhagic foci separating
hepatic cords (Figure 12E). Conversely, the HFD + CRV-CNPs group exhibited only mild
swelling and vacuolization of hepatocytes, with largely preserved hepatic cords and lobular
organization (Figure 12F).

Control

Figure 12. Representative photomicrograph of hepatic parenchyma of different treatment groups.
(A) Control group; (B) CRV: carvacrol (100 mg/kg body weight); (C) CRV-CNPs: carvacrol-loaded
chitosan nanoparticles (100 mg/kg body weight); (D) HFD: high-fat diet; (E) HFD/CRV: carvacrol
(100 mg/kg body weight) + high-fat diet; and (F) HFD/ CRV-CNPs: carvacrol-loaded chitosan
nanoparticles (100 mg/kg body weight) + high-fat diet. Thin arrows indicate hepatocellular swelling
with vacuolation; black thick arrows indicate inflammation; orange thick arrow indicates fibro-
sis; arrowheads indicate hepatocellular necrosis; orange arrowhead indicates minor hemorrhage.
magnification 400 x; scale bar = 50 pm.

Quantitatively, histopathological severity scores were significantly higher in the HFD
group compared with controls. In contrast, CRV or CRV-CNPs administration markedly
reduced these scores, with the most substantial improvement observed in the CRV-CNPs-
treated rats (Figure 13).

3.10. Ultrastructural Examination

As shown in Figure 14A-C, hepatocytes from the control, CRV-, and CRV-CNP-treated
rats retained normal ultrastructural organization. Cells displayed well-preserved rough
endoplasmic reticulum (rER), intact mitochondrial morphology, and spherical nuclei with
distinct nucleoli, indicating maintained cellular homeostasis. In contrast, hepatocytes
from HFD-fed rats showed severe ultrastructural alterations (Figure 14D). These included
swollen mitochondria with disrupted cristae, dilated rER cisternae, cytoplasmic disinte-
gration, chromatin condensation, irregular nuclear contours, and extensive cytoplasmic
vacuolation, hallmarks of lipid-induced organelle stress and hepatocellular degeneration.
Co-treatment with CRV (Figure 14E) or CRV-CNPs (Figure 14F) markedly alleviated these
degenerative changes. Hepatocytes in the CRV-CNPs group exhibited largely preserved mi-
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tochondria and rER, intact nuclear membranes, and only minimal cytoplasmic vacuolation,
demonstrating superior ultrastructural preservation compared with free CRV treatment.

Mean sensitivity score
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Figure 13. Histopathological severity scores of hepatic injury in control and experimental groups.
CRV: carvacrol (100 mg/kg body weight); CRV-CNPs: carvacrol-loaded chitosan nanoparticles
(100 mg/kg body weight); HFD: high-fat diet; HFD/CRV: carvacrol (100 mg/kg body weight) +
high-fat diet; HFD/CRV-CNPs: carvacrol-loaded chitosan nanoparticles (100 mg/kg body weight) +
high-fat diet. # indicates a significant difference compared to the HFD group.

Figure 14. Representative photomicrograph of liver ultrastructure from control and different ex-
perimental groups. (A) control group; (B) CRV group; (C) CRV-CNPS; (D) HFD; (E) HFD/CRYV;
(F) HE/CRV-CPNPs (N) nucleus, (m) mitochondria, (REr) rough endoplasmic reticulum, (L) variable-
sized lipid droplet.
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3.11. Multivariable Analysis

A hierarchical clustering heatmap (Figure 15) was generated to visualize the relation-
ships among biochemical and molecular variables across all experimental groups. The
control, CRV, and CRV-CNPs groups formed a closely related cluster, reflecting similar
profiles characterized by lower expression of proinflammatory, apoptotic, and oxidative
stress markers (IL-13, TNF-«, Caspase-3, MDA, iNOS) and higher levels of antioxidant
indicators (GSH, SOD, CAT, and Nrf2). In contrast, the HFD group formed a distinct,
isolated cluster with the highest concentrations of inflammatory mediators, oxidative stress
markers, and hepatic injury enzymes (ALT, AST, ALP, GGT), concurrent with diminished
antioxidant defenses. The HFD + CRV and HFD + CRV-CNPs groups occupied interme-
diate positions between the HFD and control clusters, indicating partial restoration of
biochemical and molecular homeostasis. Notably, the HFD + CRV-CNPs group showed the
greatest alignment with the control-related cluster, underscoring the superior modulatory
efficacy of the nanoformulation in restoring the hepatic redox-inflammatory balance.
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Figure 15. Hierarchical clustering heatmap of biochemical and molecular markers across experimental
groups. Blue indicates lower levels; red indicates higher levels relative to the group mean. Key
panels highlight proinflammatory cytokines (IL-1, TNF), apoptosis markers (Caspase-3, BAX, BCL),
liver function enzymes (AST, ALT, ALP, GGT), oxidative stress markers (MDA, GSH), and regulatory
proteins (Nrf2, NF-kB). CRV-CHNPs intervention notably reversed HFD-induced elevations in
inflammatory and apoptotic markers, while restoring antioxidant defenses, as evidenced by marked
color shifts in the corresponding clusters. These critical differences offer mechanistic insights into the
therapeutic impact of CRV-CHNPs in NAFLD.
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4. Discussion

The present study provides mechanistic and therapeutic evidence for the hepatopro-
tective efficacy of carvacrol-loaded chitosan nanoparticles (CRV-CNPs) against high-fat
diet (HFD)-induced liver injury in rats. Unlike previous reports that focused primarily on
free carvacrol or other phytocompounds, our data demonstrate that nanoencapsulation
markedly enhances carvacrol’s functional performance in mitigating hepatic steatosis,
oxidative stress, inflammation, apoptosis, and genotoxicity.

4.1. Integration and Critical Comparison to Previous Work

Our molecular docking results elucidated specific interactions between carvacrol and
antioxidant (Nrf2, SOD, CAT, GSH-Px), inflammatory (NF-«B, TNF-«, IL-1f3, iNOS, TGF-§),
and apoptotic (Bax, Bcl-2, caspase-3) pathways, providing a mechanistic rationale corroborated
by comparable in silico studies for related monoterpenes and polyphenols [38,39]. However,
prior work did not validate these computational predictions via direct in vivo assessment.
Here, the alignment between docking and biological outcomes strengthens the translational
value of our approach [40].

Long-term HFD feeding recapitulated key metabolic derangements seen in rodent
NAFLD models, including weight gain, hyperlipidemia, and hepatic steatosis, consis-
tent with previous studies [41,42]. The reduction in liver index and the restoration of
ALT/AST observed following CRV-CNP administration closely match findings with sily-
marin, naringin, and curcumin-based nanoparticles in similar models, highlighting a
common benefit of nanoencapsulation (i.e., enhanced hepatic protection) [43,44].

4.2. Lipid Metabolism and Antioxidant Restoration

CRV-CNPs normalized hepatic and serum lipid parameters and reduced histological
steatosis. Previous work showed carvacrol could reduce lipid accumulation via AMPK-
mediated -oxidation and downregulation of SREBP-1c; our findings substantiate and
extend these results by demonstrating that the nanocarrier formulation amplifies this effect
and improves lipid export and antioxidant enzyme activity [12,14]. Comparable results
were achieved with nanocarrier-formulated nutraceuticals, which significantly reduced
lipid deposition and fibrosis in experimental NAFLD [45-47]. Thus, the metabolic normal-
ization achieved by CRV-CNPs supports their translational potential as nano-nutraceuticals
for NAFLD management [46].

Oxidative stress represents a central element in NAFLD pathogenesis, as hepatocyte
fat overload increases mitochondrial ROS production, depleting endogenous antioxidant
capacity [48]. Our data revealed elevated hepatic MDA levels and suppressed Nrf2 ac-
tivation, SOD, CAT, and GSH-Px activities in HFD-fed rats, biochemical hallmarks of
oxidative imbalance [49,50]. CRV-CNPs restored these parameters near baseline control
values, confirming reactivation of the Nrf2-antioxidant axis, a key defense pathway also
stimulated by other polyphenolic nanoparticles [51-53]. Recent nanobiomaterial studies
are consistent with our findings, leading to reduced hepatic oxidative burden in NAFLD
models [54].

4.3. Inflammation and Apoptosis

Hepatic inflammation driven by NF-«B activation is a major contributor to NAFLD
progression [55]. Elevated levels of NF-«B, TNF-«, IL-13, and iNOS observed in our
HFD model confirmed amplification of this pathway. CRV-CNPs markedly suppressed
these proinflammatory mediators, outperforming free CRV (Figure 16). This effect likely
arises from improved cellular internalization and sustained CRV release from the chitosan
matrix. Similar declines in inflammatory signaling have been documented in studies where
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nanoparticle-encapsulated antioxidants, including curcumin-loaded PLGA and cerium
oxide (CeO,) nanostructures, reduced hepatic cytokine release [56,57]. Furthermore, CRV-
CNP administration reduced systemic CRP and TGF-f31 levels, reflecting attenuation of
profibrotic processes by inhibiting hepatic stellate cell activation. This observation aligns
with findings that nanocarrier-based antifibrotic systems mitigate collagen deposition by
targeting ROS-TGF-f signaling [58-61].
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Figure 16. Molecular responses of inflammatory biomarkers to Carvacrol and CRV-CHNPs treatment
in HFD-induced NAFLD Rat Model. Adapted from GRABSTRACT-Science, visualized (https://
grabstract.io/) (accessed 20 November 2025).

NAFLD is also characterized by apoptosis and genotoxic stress resulting from lipotoxic
metabolite accumulation and mitochondrial dysfunction. In this study, HFD significantly
upregulated Bax and Caspase-3, while suppressing Bcl-2, leading to hepatocyte apoptosis.
CRV-CNPs reversed this imbalance, restoring antiapoptotic signaling and reducing pro-
apoptotic expression. These results concur with earlier studies where CRV modulated the
Bcl-2/Bax ratio to prevent oxidative apoptosis [10,62]. In parallel, CRV-CNPs substantially
decreased DNA fragmentation and 8-OHdG levels, confirming strong genomic protection.
8-OHdG is recognized as a reliable biomarker for oxidative DNA damage and NAFLD-
associated carcinogenic risk [63,64]. Comparable reductions in 8-OHdG were reported with
exosome-like, polyphenol-rich nanoparticles that enhanced Nrf2-mediated detoxifying
enzyme expression and reduced hepatic vacuolation [65,66].

4.4. Histopathological and Ultrastructural Preservation

Histopathological and ultrastructural evaluations further supported these molecular
findings. The HFD group displayed classical patterns of macrovesicular steatosis, lobular
inflammation, and mitochondrial degeneration, consistent with previous reports linking
lipid accumulation to mitochondrial cristae disruption and rER dilation [67,68]. Conversely,
CRV-CNP administration largely preserved hepatocellular ultrastructure, maintaining
intact mitochondpria, organized rER, and normal nuclear morphology, confirming robust
cytoprotective efficacy.
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4.5. Multivariate Comparisons

The multivariate analysis, integrating biochemical, molecular, and histological param-
eters, underscored this effect, showing that the CRV-CNP treatment group clustered closest
to the control, indicating near normalization of hepatic function and redox-inflammatory
balance. This pattern mirrors previous multiscale omics-based clustering studies, demon-
strating the restoration of transcriptional and metabolic signatures with targeted nanofor-
mulations in NAFLD [69,70].

4.6. Innovative Mechanistic Insight

Collectively, the current data demonstrate that CRV-CNPs exert a comprehensive
hepatoprotective effect through multi-mechanistic modulation of redox, inflammatory,
apoptotic, and fibrotic pathways. By overcoming the solubility and stability limitations
of free carvacrol, the chitosan nanoparticle matrix enables sustained therapeutic release,
enhanced hepatocellular absorption, and improved pharmacodynamic efficacy.

The use of nanoparticles as carriers for carvacrol aims to enhance its hepatic bioavail-
ability by protecting it from premature degradation in the gastrointestinal tract and facilitat-
ing its absorption. Upon oral administration, nanoparticles can enhance intestinal uptake
via transcellular transport, paracellular diffusion, and endocytosis by enterocytes or M cells
in Peyer’s patches. Once absorbed, these nanoparticles are often transported via the portal
vein directly to the liver, thereby increasing local hepatic concentrations of the encapsulated
compound. Recent studies indicate that the physicochemical properties of nanoparticles,
including size, surface charge, and hydrophobicity, critically influence their interaction
with the intestinal epithelium and subsequent systemic distribution [71,72]. Thus, the oral
delivery of carvacrol-loaded nanoparticles represents a strategic approach to overcome the
compound’s low intrinsic bioavailability, ensuring a more targeted and sustained release
at the hepatic level. Integrating these findings with prior reports on nanocarrier-based
antioxidants, such as silymarin-, curcumin-, and naringenin-loaded nanoparticles, suggests
that polymeric nanoformulations represent a viable strategy for next-generation NAFLD
therapeutics [40,73,74].

4.7. Study Limitations and Future Perspectives

Despite providing valuable mechanistic insights, this study has certain limitations that
should be acknowledged. First, using a single animal model and dosage regimen may not
fully recapitulate the metabolic heterogeneity observed in human NAFLD. Additional mod-
els incorporating genetic susceptibility or comorbidities, such as insulin resistance or obe-
sity, would strengthen translational relevance. Second, although CRV-CNPs demonstrated
favorable biochemical and histological outcomes, long-term pharmacokinetic, biodistribu-
tion, and toxicity profiles were not evaluated; these are crucial to establishing clinical safety,
as prolonged nanoparticle accumulation could pose hepatic or immunological risks. While
chitosan-based nanoparticles are generally considered biocompatible and biodegradable
according to previous studies, comprehensive in vivo safety evaluations, including poten-
tial immunogenicity and long-term tissue accumulation, are essential before advancing to
human use.

Third, the study did not include in-depth molecular or omics-based analyses to
delineate global transcriptional or metabolic alterations downstream of Nrf2 or NF-«B
signaling. As emphasized in recent nanotherapeutic reviews, multi-omics are essential for
validating molecular targets and clarifying nanoparticle—cell interactions in liver tissue.
Furthermore, it should be noted that all experimental methods carry inherent uncertainties,
and the observed data may be influenced by technical variability or biological heterogeneity;
therefore, interpretations should be made cautiously.
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Future studies should, therefore, explore dose-response optimization, long-term
safety under chronic exposure conditions, and combinatory approaches involving CRV-
CNPs with other hepatoprotective nutraceuticals or metabolic modulators. Ultimately,
translating these findings into clinical intervention will necessitate GMP-scale production,
pharmacokinetic modeling, and targeted delivery validation to ensure reproducibility and
patient safety in human NAFLD [75].

5. Conclusions

This study demonstrates that carvacrol-loaded chitosan nanoparticles (CRV-CNPs)
provide potent hepatoprotection against HFD-induced nonalcoholic fatty liver disease
by targeting multiple pathogenic mechanisms. CRV-CNPs effectively alleviated hepatic
lipid accumulation, oxidative stress, inflammation, apoptosis, and DNA damage while
maintaining normal liver architecture. The enhanced efficacy of CRV-CNPs is attributed
to improved solubility, stability, and bioavailability, enabling sustained hepatic delivery.
Mechanistically, CRV-CNPs upregulated hepatic Nrf2 and antioxidant enzymes, inhib-
ited NF-«kB signaling and downstream inflammatory cytokines (TNF-«, IL-13, iNOS),
attenuated pro-apoptotic gene expression (Bax, Caspase-3), and prevented oxidative DNA
damage, thereby restoring biochemical balance and preserving cellular integrity more
efficiently than free CRV. Together, these findings highlight CRV-CNPs as a promising nan-
otherapeutic platform for NAFLD management, integrating antioxidant, anti-inflammatory,
and antiapoptotic properties within a safe, biocompatible design. Further studies should
evaluate pharmacokinetics, long-term safety, and clinical translation.
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Abbreviations

The following abbreviations are used in this manuscript:

AASLD American Association for the Study of Liver Diseases
ALB Albumin

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AMPK AMP-activated protein kinase

AST Aspartate aminotransferase

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

CAT Catalase
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CH Chitosan
CRP C-reactive protein
CRV Carvacrol
CRV-CNPs  Carvacrol-loaded chitosan nanoparticles
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
ELISA Enzyme-linked immunosorbent assay
EMA European Medicines Agency
FAO Food and Agriculture Organization
GGT Gamma-glutamyl transferase
GMP Good Manufacturing Practice
GSH Reduced glutathione
GSH-Px Glutathione peroxidase
HDL High-density lipoprotein
HFD High-fat diet
HSCs Hepatic stellate cells
H&E Hematoxylin and eosin
IL-1p3 Interleukin-1 beta
iNOS Inducible nitric oxide synthase
LD Lipid droplets
LC Loading content
LE Loading efficiency
LDL Low-density lipoprotein
MDA Malondialdehyde
NAFLD Nonalcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NF-«B Nuclear factor kappa B
NIH National Institutes of Health
Nrf2 Nuclear factor erythroid 2-related factor 2
PDI Polydispersity index
qRT-PCR Quantitative real-time polymerase chain reaction
RNA Ribonucleic acid
ROS Reactive oxygen species
SOD Superoxide dismutase
SRplot Science and Research Plotting Tool
TB Total bilirubin
TC Total cholesterol
TEM Transmission electron microscopy
TG Triglycerides
TGEF-B Transforming growth factor-beta
TNF-o Tumor necrosis factor-alpha
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Abstract

Selenium is an important trace element with certain antioxidant effects. Nano-selenium, as
a novel selenium source, has the advantages of strong biological activity, high absorption
efficiency, and low toxicity. The aim of the present study was to compare the protective effects
of sodium selenite and nano-selenium on intestinal oxidative stress induced by hydrogen
peroxide (H,O;) in mice. A total of 60 female mice were randomly divided into 6 groups
with 10 replicates per group and 1 mouse per replicate (n = 10). The first three groups were as
follows: the Control group (C), fed with basal diet; the sodium selenite group (SS), basal diet +
0.3 mg-kg~! sodium selenite; and the nano-selenium group (NS), basal diet + 0.3 mg-kg !
nano-selenium. The latter three groups (CH, SSH, NSH) were fed the same diet as the former
three groups, but the last 10 days of the experiment were fed with drinking water containing
0.3% H,0O, to induce oxidative stress. The results showed that under normal conditions,
the supplementation with sodium selenite or nano-selenium decreased the spleen index of
mice; sodium selenate up-regulates GPX3 expression in the ileum, and increases T-SOD in the
colon of mice; and nano-selenium up-regulated GPX1 expression but decreased T-AOC in the
jejunum. After drinking water treated with HyO,, HyO, increased the expression of intestinal
inflammatory factors and selenium proteins, such as IL-18 and SOD in jejunum, IL-15, NF-xB,
IL-10, TXNRD1, TXNRD2, GPX1, GPX3, GPX4, and CAT in ileum, and IL-18 and SOD in
colon. At the antioxidant level, H,O, decreased T-AOC in the jejunum. In the H,O, treatment,
sodium selenite and nano-selenium increased the ratio of VH to CD (VH/CD) in jejunum;
sodium selenite up-regulated the expression of TXNRD1 in jejunum, down-regulated the
expression of GPX3 in ileum, at the antioxidant level, decreased the T-SOD and T-AOC in
colon, and increased the content of MDA in ileum; and nano-selenium down-regulated the
expression of TXNRD1 in colon. At the same time, the expression of IL-15, NF-«xB, IL-10,
TXNRD1, TXNRD2, GPX1, GPX4, and CAT can be restored to normal levels by selenium
supplementation. According to the results, drinking H,O, induced intestinal oxidative stress
in mice to a certain extent, and selenium supplementation mitigated the destructive effect
of HyO, on the intestinal morphology of mice jejunum and restored the level of related
inflammatory factors, and had a positive effect on antioxidants.

Keywords: nano-selenium; intestine; oxidative stress; antioxidant capacity; selenoprotein
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1. Introduction

The intestinal tract is essential for nutrient digestion and absorption in animals. It
also serves as a primary immune barrier and a major site of reactive oxygen species
(ROS) production. Small and moderate amounts of ROS contribute to killing invading
pathogens, wound healing, and tissue repair, as excessive ROS can cause tissue oxidative
damage [1]. Oxidative stress is defined as an imbalance between the amount of reactive
oxygen species/nitrogen species (ROS/RNS) produced and the ability of cells to neutralize
them through antioxidant defenses [2]. Therefore, the intestinal tract is susceptible to
exogenous and metabolic oxidative free radical damage, inducing intestinal oxidative
stress, which may lead to a variety of intestinal diseases and cause huge losses to animal
husbandry.

Selenium is an essential trace mineral element for animals, and its organic form
is mainly selenocystine. Selenoprotein is formed through this organic form and plays
an important role in many biological functions, such as anti-oxidation in the body, the
formation of thyroid hormones, DNA synthesis, and positive effects on fertility and repro-
duction [3]. At the same time, selenium also plays a positive role in anti-inflammation,
improving immune function, and promoting animal growth [3,4]. Nanotechnology refers
to a comprehensive technical system for the preparation and research of substances at the
nanoscale. Compared with single atoms or other large particles, nanoparticles exhibit new
characteristics, such as larger surface area and smaller particle size, large specific surface
area, high catalytic activity, good uniformity, and good physical reaction [5,6]. The novel
selenium source nano-selenium is a nano-scale pink powder, which has the properties of
nanoparticles and shows the advantages of high biological activity, high bioavailability,
high absorption rate, low toxicity, high safety, and chemical stability. It also has a variety
of biological activities, such as immune system, antioxidant, antiviral, and anti-cancer
activities [7,8].

Therefore, it is of great significance to study whether nano-selenium has a better
protective effect in animals. At present, there have been many studies and applications
of nano-selenium. In the rat model of L-arginine-induced acute pancreatitis, through the
analysis of histopathology, related pancreatic enzymes, antioxidant enzymes, inflammatory
factors, immune factors, apoptosis factors, NF-«B, and other factors, the supplementation
of nano-selenium has a positive effect on the endocrine and exocrine functions of acute
pancreatitis [9]. Kondaparthi et al. [10] used different doses of nano-selenium and sodium
selenite to study the liver of mice, and found that low doses of nano-selenium had better
antioxidant effects in the liver. As for the effect of nano-selenium on the animal digestive
tract, it has been found that nano-selenium has positive effects on intestinal homeostasis
and mucosal immune defense by regulating goblet cells in laying hens [11]. Liu et al. [12]
studied the protective effect of nano-selenium on intestinal injury induced by a high-fat
diet (HFD) in young grass fish. They analyzed intestinal morphology, tight junction,
inflammation, antioxidants, and intestinal flora, and the results showed that nano-selenium
supplementation reduces intestinal injury caused by HFD and maintains the integrity of
the intestine. Meanwhile, relevant research has been conducted on the nano-selenium
(SENP) used in the present study. They found that the nano-selenium alleviates the immune
response and apoptosis of lipopolysaccharide (LPS)-induced yak testicular interstitial cells
by regulating the expression of genes related to apoptosis and inflammation [13].

At present, there are few studies on the relationship between nano-selenium and the
intestinal tract, and few studies on the prevention and protection of different selenium
sources on mammalian intestinal oxidative damage. Therefore, in the present study, mice
were fed with 0.3% H,O, in drinking water to induce oxidative damage, and the related in-
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dicators were measured to analyze the effects of nano-selenium on H,O,-induced intestinal
oxidative stress.

2. Materials and Methods
2.1. Preparation of Chitosan Nano-Selenium Composites

Initially, chitosan nano-selenium (CS-SeNPs) was synthesized by dissolving 1.0 g of
chitosan powder in a 1% (w/w) acetic acid solution. This mixture was stirred continuously
at room temperature for 6-12 h to completely dissolve, yielding a clarified, slightly pale-
yellow solution at a concentration of 10 mg/mL, which was set aside as a reserve liquid.
Subsequently, 1 mL of a 50 mM Na;SeOs; solution and 0.08 mL of the earlier prepared
chitosan reserve liquid were briskly transferred into a beaker and promptly diluted to 8 mL
with distilled water. With continuous stirring and shaking, 2 mL of a 100 mM ascorbic
acid (Vc) solution was gradually added dropwise. The color transition of the mixture from
colorless to bright red indicated the formation of CS-SeNPs. Following formation, the
colloidal mixture was loaded into a dialysis bag with a molecular weight cut-off of 3500
and subjected to dialysis for 24 h, with changes in distilled water every 5-8 h. This process
yielded CS-SeNPs at a concentration of 5 mM. The nano-selenium composites were then
stored at 4 °C for further use.

2.2. Mice and Management

Sixty 3-week-old specific pathogen-free (SPF) female mice (Institute of Cancer,
ICR) were randomly divided into 6 groups with 10 replicates per group and 1 mouse
per replicate (n = 10). The 6 groups were (1) Control (C): basal diet; (2) sodium
selenite group (SS): basal diet + 0.3 mg-kg™! sodium selenite; (3) nano-selenium
group (NS): basal diet + 0.3 mg-kg~! nano-selenium; (4) Control + HyO, group (CH):
basal diet + 0.3% H,O, drinking water; (5) sodium selenite + HyO, group (SSH): basal
diet + 0.3 mg-kg_1 sodium selenite + 0.3% H,O, drinking water; and (6) nano-selenium +
H,0, group (NSH): basal diet + 0.3 mg-kg~! nano-selenium + 0.3% H,O, drinking water.
Sodium selenium was obtained from Chengdu Shuxing Feed Co., Ltd., Chengdu, China.
Nano-selenium was graciously provided by Professor Xianxiang Wang at the College of
Science, Sichuan Agricultural University. The nano-selenium exhibits a spherical morphol-
ogy, with a uniform particle size distribution of approximately 50 nanometers (Figure 1).
The powder X-ray diffraction (XRD) pattern of the nano-selenium reveals the presence
of monoclinic Se8 crystalline domains; however, the crystallinity is not high enough to
produce distinct peaks (Figure 2). The test period was 8 weeks and 10 days. The mice in
groups 4, 5, and 6 were allowed to drink ad libitum with 0.3% H,O, water for the last
10 days. During the experiment, the mice were provided with sufficient drinking water
and feed every day, given free access to feed and water, the cages were changed every
5-7 days, and clean bedding was provided. The laboratory was ventilated, clean, and quiet;
the ambient temperature was maintained at 23 °C, and the dark/light cycle was 12 h. The
formula of the basic diet is shown in Table 1. In order to add selenium to the basic diet,
the sodium selenite group and the selenium nanoparticles group were fully stirred in the
prepared feed to ensure that all the ingredients in the feed were fully mixed.
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Figure 1. Transmission electron microscope image of nano-selenium.
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Figure 2. X-ray diffraction patterns of nano-selenium.

Table 1. Ingredient composition of basal diets (as-fed basis).

Composition Ingredient (g-kg~1)
Casein 200
Maltodextrin 100
Corn starch 430.1
Sucrose 80
Fat powder 1-extruded corn type 100
Microcrystalline cellulose 50
L-cystine 3
Calcium carbonate 6
Calcium hydrogen phosphate 10
Potassium citrate 8
Choline chloride, 50% 2.6
Vitamin ! 0.3
Mineral element 2 10
Total 1000

1 Per kilogram diet provided: vitamin A, 7200 IU; vitamin D3, 1440 IU; vitamin E, 60 IU; vitamin K3, 2.88 mg;
vitamin By, 1.2 mg; vitamin By, 4.32 mg; vitamin Bg, 1.26 mg; vitamin By, 0.15 mg; D-biotin, 2.88 mg; D-
pantothenic acid, 15 mg; folate, 2.4 mg; niacin, 24 mg. 2 Per kilogram diet provided: sodium, 1.022 g; calcium,
6.2626 g; phosphorus, 2.9932 g; chloride, 1.8119 g; zinc, 0.0273 g; copper, 0.0053 g; iodine, 0.005 g; potassium,
3.06 g; manganese, 0.065 g; iron, 0.0567 g; magnesium, 0.4781 g.
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2.3. Determination of Selenium Content in Feed

According to the People’s Republic of China National Standard GB/T 13883-2023 [14],
the main steps include: (1) acid digestion, (2) dilution of the digestion fluid, (3) preparation
of the standard curve, and (4) measurement. The specific operation was carried out
according to GB/T 13883-2023.

The basal dietary selenium content was determined to be 0.042 mg-kg .

2.4. Sampling

On the last day of the experiment, the mice were fasted overnight and sacrificed by
CO; after recording their living weight. The liver, spleen, kidney, heart, and pancreas were
dissected and weighed, and the organ index was calculated according to the living weight.
Organ index = organ weight/live weight.

After the mice were dissected, the whole jejunum, ileum, and colon tissues were
collected and washed with normal saline. About 1 cm of the middle segment of the jejunum
was taken and placed in 10% paraformaldehyde for intestinal morphological analysis. The
remaining jejunum, ileum, and colon were placed in 2 mL cryotubes and snap-frozen in
liquid nitrogen tanks, then stored at —80 °C for subsequent determination of antioxidant
enzyme and related inflammatory factor gene expression and antioxidant indices.

2.5. Intestinal Histomorphology

The collected jejunal tissues were wrapped in paraffin. Paraffin sections were sectioned
into 5-6 um thick pieces using a microtome and stained with hematoxylin and eosin (H&E).
The villi height (VH) and crypt depth (CD) of the jejunum were measured by NDP.view
2.9.22, and the ratio of VH to CD (VH/CD) was calculated. Ten complete and longest
intestinal villi were selected from each section to measure their height, and the depth was
determined by selecting the root of or near the crypt of the measured intestinal villi.

2.6. Measurement of Expression Levels of Antioxidant Enzymes and Inflammatory Factors in
Intestinal Tissues

2.6.1. Total RNA Isolation

Trizol was added to the tissue samples to extract total RNA. Then, chloroform shaking
and centrifugation were performed. Followed by isopropanol addition for RNA precipita-
tion and washing. The RNA precipitate was completely dissolved in an appropriate amount
of diethylpyrocarbonate water (DEPC water). After dissolution, the RNA concentration
was determined, and then reverse transcription was performed immediately.

2.6.2. Reverse Transcription

RNA was reverse transcribed to cDNA using the Novizan Bio HiScript® III RT Super-
Mix for qPCR (+gDNA wiper) kit (R323-01, Novizan Biotech Co., Ltd., Nanjing, China).
Methods and procedures were performed according to the instructions.

2.6.3. Real-Time Fluorescent Quantitative PCR

The ChamQ Universal SYBR qPCR Master Mix kit (Q711-02, Novizan Biotech Co., Ltd.,
Nanjing, China) was used for the assay. Amplification procedures and method steps were
performed according to the instructions. Relative gene expression was calculated using the
2-AACt method [15].
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2.6.4. Measurement Indicators

Inflammatory factors in the jejunum, ileum, and colon included interleukin-13 (IL-1p),
tumor necrosis factor (TNF-«), nuclear factor kappa B (NF-xB), and interleukin-10 (IL-10).

Selenoproteins and antioxidant enzymes in jejunum, ileum, and colon tissues included
thioredoxin reductase 1 (TXNRD1), thioredoxin reductase 2 (TXNRD?2), glutathione per-
oxidase 1 (GPX1), glutathione peroxidase 2 (GPX2), glutathione peroxidase 3 (GPX3),
glutathione peroxidase 4 (GPX4), superoxide dismutase (SOD), and catalase (CAT).

The primer sequences used in the PCR experiments were retrieved from the National
Center for Biotechnology Information website and synthesized at Beijing Tsingke Biotech
Co., Ltd., Beijing, China. The primer sequences are shown in Table 2.

Table 2. Primer sequence.

Gene Name Sequence Base Pair  Accession No.

. F: GGCTGTATTCCCCTCCATCG
practin R, CCAGTTGGTAACAATGCCATGT 154 NM_007393

F: GCAACTGTTCCTGAACTCAACT
IL-1p R: ATCTTTIGGGGTCCGTCAACT 89 NM_008361

F: CCCTCACACTCAGATCATCTTCT
INF-a R GCTACGACGTGGGCTACAG 61 NM_013693

F: ATGGCAGACGATGATCCCTAC
NEKB R TGTTGACAGTGGTATTTCTGGTG i NM_008689

F: GCTCTTACTGACTGGCATGAG
IL-10 R: CGCAGCTCTAGGAGCATGTG 105 NM_010548

F: CCCACTTGCCCCAACTGTT
IXNRDI — p. GGGAGTGTCTTGGAGGGAC 134 NM_001042523

F: GATCCGGTGGCCTAGCTTG
TXNRDZ b TCcGGGGAGAAGGTTCCACAT 86 NM_013711

F: AGTCCACCGTGTATGCCTTCT
GPX1 R: GAGACGCGACATTCTCAATGA 105 NM_008160

F: GCCTCAAGTATGTCCGACCTG
GPX2 R: GGAGAACGGGTCATCATAAGGG 143 NM_030677

F: CCTTTTAAGCAGTATGCAGGCA
GPX3 R: CAAGCCAAATGGCCCAAGTT 120 NM_008161

F: GATGGAGCCCATTCCTGAACC
GPX4 R: CCCTGTACTTATCCAGGCAGA 185 NM_008162

F: CAGACCTGCCTTACGACTATGG
SOb R: CTCGGTGGCGTTGAGATTGTT 13 NM_013671

CAT F: AGCGACCAGATGAAGCAGTG 181 NM_ 009804
R: TCCGCTCTCTGTCAAAGTGTG
B-actin: beta-actin; IL-1p: interleukin-13; TNF-x: tumor necrosis factor-¢; NF-xB: nuclear factor kappa B; IL-10:
interleukin-10; TXNRD1: thioredoxin reductase 1; TXNRD?2: thioredoxin reductase 2; GPX1: glutathione peroxi-
dase 1; GPX2: glutathione peroxidase 2; GPX3: glutathione peroxidase 3; GPX4: glutathione peroxidase 4; SOD:
superoxide dismutase; CAT: catalase.

2.7. Measurement of Antioxidant Indicators

Appropriate amounts of jejunum, ileum, and colon tissue were weighed, washed, and
homogenized in physiological saline. The samples were diluted 10 times with physiological
saline according to the weight of the samples in a frozen storage tube and homogenized
in a homogenizer by adding steel beads. We transferred the homogenate to a centrifuge
tube. Centrifugation was performed at 3000 r-min~! for 15 min. The supernatant was
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collected, and the protein concentration was determined by Beyotime P0010 BCA Protein
Concentration Assay kit (enhanced) (P0010S, Beyotime, Shanghai, China). According to
the protein concentration, the activities of superoxide dismutase (SOD, A001-1-2), total
antioxidant capacity (T-AOC, A015-2-1), catalase (CAT, A007-1-1), and malondialdehyde
(MDA, A003-1-2) in the jejunum of mice were measured by antioxidant kits purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). T-AOC and MDA content
in the ileum were measured. The contents of SOD, T-AOC, and MDA in the colon were
measured. The method and steps of the determination were strictly in accordance with the
instructions in the kit.

2.8. Statistical Analysis

All data were preliminarily sorted using Excel 2020, and then a t-test was performed
between normal drinking water and HyO; treatment using SAS 9.4 software. One-way
ANOVA was used between C, SS, NS, and CH, SSH, NSH, and multiple comparisons were
made by the Tukey method. Data were expressed as mean + standard error, p < 0.05 as a
significant level, 0.05 < p < 0.1 as a trend. At the same time, SAS 9.4 software was used to
calculate the effect size, and the effect size was calculated in one-way ANOVA: eta-squared
(1?), n° < 0.06 was a minor effect, 0.06 < 72 < 0.14 was a medium effect, and 7> > 0.14 was
a large effect. Effect sizes were calculated in the t-test as Hedges’ g (g), with gl <0.5asa
minor effect, 0.5 < 1 g1 < 0.8 as a medium effect, and gl > 0.8 as a large effect.

3. Results
3.1. Effect of Nano-Selenium on Organ Index

Under normal conditions, the group SS and group NS significantly reduced the spleen
index of mice, and the effect size was large (p < 0.05, > = 0.219, 95% CI [0.036,0.52], Table 3).
However, for the kidney index, selenium supplementation was not significant, but the
effect size was large (p > 0.05, 7% = 0.147, 95% CI [0.016,0.50]). Compared with group
NS, group NSH significantly increased the spleen index and the effect size was large
(p <0.05,g = —1.011, 95% CI [-2.00,—0.02]), and there was no significant difference in the
kidney index between the two groups, but the effect size was large (p = 0.05, g = 0.891,
95% CI [—0.06,1.84]). However, there was no significant effect on the organ indices of liver,
kidney, heart, and pancreas between nano-selenium and sodium selenite under normal
conditions or H,O, oxidative stress treatment, and the effect size is small or medium
(p>0.05,7><0.14, gl <0.8).

3.2. Effect of Nano-Selenium on the Morphology of Jejunum

Under normal conditions, the jejunal villi were arranged more neatly and completely
after the addition of selenium (Figures 3B,C and 4B,C; as shown in the red box indicated by
the arrow), and nano-selenium was the best (Figures 3C and 4C). After H,O, stress, the
jejunal villi of mice became disordered, incomplete, and almost incomplete, indicating that
they were subjected to certain oxidative damage (Figures 3D and 4D). This phenomenon
was reversed in the sodium selenite group (Figures 3E and 4E), while more complete and
orderly villi were observed in the nano-selenium group (Figures 3F and 4F). These results
indicated that nano-selenium had a positive protective effect on the oxidative damage of
villi induced by H,O5.
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Table 3. Effects of nano-selenium on organ index under normal conditions or H,O, oxidative stress

treatment.
Treatments
Index
C Ss NS CH SSH NSH
Liver 0.044 + 0.001 0.042 = 0.002 0.044 + 0.001 0.044 £ 0.001 0.042 + 0.001 0.044 + 0.001
Spleen  0.0043 = 0.0003 0.0035 + 0.0002® 0.0036 == 0.0002® 0.0042 = 0.0002 0.0038 = 0.0003 0.0042 - 0.0002 *
Kidney  0.0066 = 0.0002 0.0064 == 0.0003 0.0071 == 0.0002 0.0070 == 0.0002 0.0067 == 0.0002 0.0065 - 0.0002
Heart 0.0050 = 0.0001 0.0048 = 0.0002 0.0050 == 0.0002 0.0048 = 0.0002 0.0047 - 0.0002 0.0048 - 0.0001
Pancreas  0.0050 + 0.0002 0.0048 - 0.0002 0.0053 = 0.0002 0.0049 - 0.0002 0.0053 = 0.0002 0.0049 + 0.0003
C x SS x NS CH x SSH x NSH C x CH SS x SSH NS x NSH
—value n%-value value n*-value value g-value value g-value _value g-value
b ©%en P ©s%cy P ©@s%cy P ©s%cr P (95% CI)
) 0.083 0.031 0.161 ~0.082 —0.016
Liver 0.33 [0.004,044] 007 [0.004,034 071 [—074106 08 —101,084] % [=0.94,0.91]
0.219 0.070 0.111 —0.340 ~1.011
Spleen 0.04 [0.036,0.52] 0.38 [0.003,0.40] 0.80 [—079,101] 0% [-125057] 003 [~2.00,—0.02]
. 0.147 0.109 ~0.533 ~0.443 0.891
Kidney 0.12 [0.016,0.50] 0.22 [0.011,0.44] 0.23 [-145038] 03 [-138050] 00 [—0.06,1.84]
0.021 0.021 0.223 0.283 0.497
Heart 0.76 [0.003,031] 970 [0.002,034] 002 [—o71115 02 [—0621.19] 0% [—0.44,1.44]
0.085 0.055 0.151 —0.702 0.479
Pancreas 0.31 [0.008,0.37] 0.47 [0.004,0.32] 0.73 [—075105 013 [—166025] 028 [—0.43,1.39]

Note: In all results, tables and figures are the same: n = 10. Results are presented as mean + SE. SE, standard error.
C: Control, basal diet; SS: basal diet + 0.3 mg-kg*1 sodium selenium; NS: basal diet + 0.3 mg-kg*1 nano-selenium;
CH: basal diet + 0.3% HO, drinking water; SSH: basal diet + 0.3 mg~l<g_1 sodium selenium + 0.3% H,O,
drinking water; NSH: basal diet + 0.3 mg-kg’1 nano-selenium + 0.3% H,O, drinking water. & b Under normal
conditions or HyO, treatment, different letters indicate significant differences between the different Se source
treatments (p < 0.05). * Indicates significant difference between H,O, treatment and drinking water without
H,0; (p <0.05). C x SS x NS: p value obtained by adding selenium under normal conditions (one-way ANOVA
test was performed among the three groups of group C, group SS, and group NS); CH x SSH x NSH: p value
obtained by adding selenium when feeding H,O, drinking water was analyzed (one-way ANOVA test was
performed among the three groups of group CH, group SSH, and group NSH); C x CH: the p value obtained by
feeding H,O, without selenium addition was analyzed (t-test was performed between the two groups of group
C and group CH); SS x SSH: p value obtained by feeding H,O, when sodium selenite was added (t-test was
performed between the two groups of group SS and group SSH); NS x NSH: p value obtained by feeding H,O,
when nano-selenium was added (t-test was performed between the two groups of group NS and group NSH).
12 is the effect size (eta-squared) of a single-factor variance analysis. g is the effect size (Hedges’ g) of the t-test
analysis. (95% CI) represents the 95% confidence interval of the effect size.

There were no significant differences in jejunum villus height and crypt depth among
different selenium sources or between normal and H,O,-treated mice (p > 0.05, Figure 5).
But the villus height has a relatively large effect size (p > 0.05, 7 = 0.191, 95% CI [0.046,0.59]),
nano-selenium is the most effective. Meanwhile, in the group SS and the group SSH, there
was no significant difference between the two groups, but they had a relatively large effect
size (p > 0.05, g = 0.910, 95% CI [—0.30,1.81]) for CD.

Under normal conditions, the group SS and group NS tended to increase the jejunal
VH/CD one by one, and the effect size was large (p = 0.08, 5 = 0.250, 95% CI [0.050,0.59]).
However, in the presence of H,O,, the group SSH and group NSH significantly increased
the VH/CD compared with the group CH, and the effect size was large (p < 0.05, > = 0.335,
95% CI[0.102,0.69]).
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Figure 3. Diagram of jejunum sections in each group (HE staining, magnification: 50x). (A) Control:
basal diet; (B) sodium selenite group: basal diet + 0.3 mg-kg~! sodium selenium; (C) nano-selenium
group: basal diet + 0.3 mg-kg~! nano-selenium; (D) Control + HyO, group: basal diet + 0.3% H,O,
drinking water; (E) sodium selenite + H,O, group: basal diet + 0.3 mgkg~! sodium sele-
nium + 0.3% H,O, drinking water; (F) nano-selenium + H,O, group: basal diet + 0.3 mg-l(g_1 nano-
selenium + 0.3% H,O, drinking water.

? :

5

Figure 4. Diagram of jejunum sections in each group (HE staining, magnification: 100x). (A) Con-
trol: basal diet; (B) sodium selenite group: basal diet + 0.3 mg-kg~! sodium selenium; (C) nano-
selenium group: basal diet + 0.3 mg-kg~! nano-selenium; (D) Control + H,O, group: basal
diet + 0.3% H,O, drinking water; (E) sodium selenite + HyO, group: basal diet + 0.3 mg'kg_1 sodium
selenium + 0.3% H,O, drinking water; (F) nano-selenium + H,O, group: basal diet + 0.3 mg-kg ™!
nano-selenium + 0.3% H,O, drinking water.
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Figure 5. Effects of nano-selenium on jejunal tissue morphology under normal conditions or H,O,
oxidative stress treatment. (a) Bar graph of jejunal villus height index (VH), (b) bar graph of jejunal
crypt depth index (CD), (c) bar graph of the ratio of VH to CD (VH/CD), (d) effect size forest plot of
jejunum morphology [eta-squared (172)], (e) effect size forest plot of jejunum morphology [Hedges” g
(9)]- Note: In all effect size forest plots, the squares and inverted triangles represent the effect size
values. The squares indicate large effect sizes, and the lines on both sides represent their confidence

intervals.
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Relative expression

Relative expression

3.3. Effect of Nano-Selenium on the Expression of Anti-Inflammatory and Antioxidant-Related
Genes in the Intestine

3.3.1. Gene Expression of Intestinal Inflammatory Factors

In the jejunum of mice, sodium selenite and nano-selenium had no significant effect
on the expression of inflammatory factors under normal conditions and H,O, treatment
(p > 0.05, Figure 6a,d,e). However, in normal conditions, the addition of selenium did not
show a significant difference in IL-10 levels, but the effect size was large (p > 0.05, 7> = 0.169,
95% CI [0.024,0.57]). And in group C and CH, there was no significant difference be-
tween the two groups of IL-10, but the effect size was large (p > 0.05, g = —0.846, 95% CI
[—1.95,0.26]). Compared with group C, group CH significantly increased the expression of
IL-1B, and the effect size was large (p < 0.05, g = —1.311, 95% CI [-2.37,—0.25]).

In the ileum of mice, compared with group C, group SS tended to increase the expres-
sion of IL-1p, while group NS tended to decrease the expression of IL-1f, and the effect
size was large (p = 0.09, 112 =0.190, 95% CI[0.039,0.57], Figure 6b,d,e). Compared with the
group C and group NS, group SS tended to increase the expression of NF-xB, and the effect
size was large (p = 0.05, %> = 0.317, 95% CI [0.119,0.67]). Compared with group C, group
CH significantly increased the expression of NF-«xB and IL-10, and the effect size was large
(p<0.05 1gl >0.8).
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Figure 6. Effect of nano-selenium on gene expression levels of inflammatory factors in mouse gut
under normal conditions or HyO, oxidative stress treatment. (a) Bar graph of jejunal inflammatory
factor gene expression, (b) bar graph of gene expression of inflammatory factors in the ileum, (c) bar
graph of colonic inflammatory factor gene expression, (d) effect size forest plot of intestinal inflam-
matory factor gene expression [eta-squared (172 )1, (e) effect size forest plot of intestinal inflammatory
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In the colon of mice, under normal conditions, sodium selenite and nano-selenium
had no significant effect on the expression of colonic inflammatory factors in mice, and
the effect size is small or medium (p > 0.05, 5> < 0.14, Ig| < 0.8, Figure 6¢,d,e). Compared
with group C, group CH significantly increased the expression of IL-1, and the effect size
was large (p < 0.05, g = —0.960, 95% CI [—-1.97,0.05]). Compared with group SS, group
NS significantly reduced the expression of NF-xB and IL-10, and the effect size was large
(p <0.05, 7> > 0.14).

3.3.2. Intestinal Antioxidant Gene Expression

In the jejunum of mice, sodium selenite and nano-selenium had no significant effect on
gene expression of antioxidant enzymes under normal conditions (p > 0.05, Figure 7a,d e).
However, the addition of selenium did not show a significant difference in GPX2 levels, but
the effect size was large (p > 0.05, ° = 0.157, 95% CI [0.015,0.61]). Compared with group
C, group CH significantly increased the expression of SOD and the effect size was large
(p <0.05,g=—1.175,95% CI [-2.29,—0.06]); meanwhile, there was no significant difference
in GPX3 and CAT between the two groups, but the effect size was large (p > 0.05, 1g| > 0.8).
Compared with group SS, group SSH significantly increased the expression of TXNRD1,
and the effect size was large (p < 0.05, g = —1.282, 95% CI [-2.27,—0.29]). Compared with
group NS, group NSH significantly increased the expressions of TXNRD2, GPX1, GPX3,
GPX4, and CAT, and the effect size was large (p < 0.05, Ig| > 0.8). In the presence of HyO,,
group SSH significantly increased the expression of TXNRD1 and the effect size was large
(p = 0.05, > = 0.200, 95% CI [0.033,0.49]), and group NSH tended to increase the expression
of GPX1 and the effect size was large (p = 0.09, > = 0.201, 95% CI [0.037,0.54]).

In the ileum of mice, under normal conditions, sodium selenite and nano-selenium
had a tendency to increase the expression level of TXNRD1 but the effect size was large
(p = 0.05, > = 0.202, 95% CI [0.073,0.51], Figure 7b,d,e), group NS significantly increased
the expression level of GPX1, and the effect size was large compared with the group
C (p<0.05, #° = 0.311, 95% CI [0.091,0.63]). Compared with group C and group NS,
group SS significantly increased GPX3 expression level, and the effect size was large
(p <0.05, 172 =0.338, 95% CI [0.119,0.69]). However, the addition of selenium did not
show a significant difference in TXNRD?2 levels, but the effect size was large (p < 0.05,
1? = 0.140, 95% CI [0.015,0.49]). Compared with group C, group CH significantly increased
the expression levels of TXNRD1, TXNRD2, GPX1, GPX3, GPX4, and CAT, and the effect
size was large (p < 0.05, | g1 > 0.8), and tended to increase the expression level of SOD
but the effect size was large (p = 0.08, g = —0.809, 95% CI [-1.75,0.13]). Compared with
group SS, group SSH significantly reduced the expression of TXNRD1 and GPX2, and the
effect size was large (p < 0.05, |g| > 0.8). Compared with group NS, group NSH tended
to increase the expression of GPX3 (p = 0.09), and significantly decreased the expression
of SOD, and the effect size was large (p < 0.05, g = 1.173, 95% CI [0.19,2.15]). Compared
with the group CH, group SSH tended to decrease TXNRD1 and the effect size was large
(p = 0.07, %> =0.192, 95% CI [0.031,0.58]), and significantly decreased GPX3 expression level
and the effect size was large (p < 0.05, 7 = 0.253, 95% CI [0.076,0.56]), and group NSH
had a tendency to decrease SOD expression level and the effect size was large (p = 0.07,
172 =0.192, 95% CI [0.047,053]). However, in H,O, treatment, the addition of selenium
did not show a significant difference in GPX2 level, but the effect size was large (p > 0.05,
n? = 0.168, 95% CI [0.016,0.53]).
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Figure 7. Effect of nano-selenium on gene expression levels of intestinal selenoprotein and antioxidant

enzymes in mice under normal conditions or HyO, oxidative stress treatment. (a) Bar graph of jejunal

intestinal selenoprotein and antioxidant enzymes gene expression, (b) bar graph of gene expression

of intestinal selenoprotein and antioxidant enzymes in the ileum, (c) bar graph of colonic intestinal

selenoprotein and antioxidant enzymes gene expression, (d) effect size forest plot of intestinal

selenoprotein and antioxidant enzymes gene expression [eta-squared (17%)], (e) effect size forest plot

of intestinal selenoprotein and antioxidant enzymes gene expression [Hedges” g (g)].
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In the colon of mice, under normal conditions, sodium selenite and nano-selenium
had no significant effect on the expression of antioxidant enzymes (p > 0.05, Figure 7c,d,e).
However, the addition of selenium to the CAT did not show significant effects, but the effect
size was large (p > 0.05, 7% = 0.149, 95% CI [0.013,0.52]). Compared with group C, group
CH significantly increased the expression of SOD, and the effect size was large (p < 0.05,
g=—0.964, 95% CI [-1.92,—0.01]). Compared with group SS, group SSH tended to reduce
the expression of GPX4 (p = 0.09). In the H,O, treatment, nano-selenium significantly
reduced the expression of TXNRD1, with a large effect size (p < 0.05, 52 = 0.307, 95% CI
[0.065, 0.67]). However, the addition of selenium did not show a significant difference in
CAT levels, but the effect size was large (p > 0.05, 172 =0.158, 95% CI [0.028,0.49]).

3.4. Effect of Nano-Selenium on the Antioxidant Capacity

In the jejunum of mice, group SS tended to increase T-SOD, and the effect size was large
(p = 0.07, 37 = 0.181, 95% CI [0.026,0.47], Table 4). Compared with group C and group SS,
group NS significantly reduced T-AOC (p < 0.05, 7> = 0.308, 95% CI [0.087,0.61]). However,
in normal conditions, the addition of selenium did not show a significant difference in
MDA levels, but the effect size was large (p > 0.05, 172 =0.168, 95% CI [0.019,0.50]), nano-
selenium effectively reduced the content of MDA, but the sodium selenite group had a
certain increase. Compared with group C, group CH significantly reduced T-AOC, and
the effect size was large (p < 0.05, g = 1.857, 95% CI [0.77,2.95]). Compared with the group
SS, group SSH tended to reduce T-AOC (p = 0.06). Compared with group SSH, group
NSH significantly reduced CAT, and the effect size was large (p < 0.05, 5 = 0.249, 95% CI
[0.047,0.60]).

In the ileum of mice, sodium selenite and nano-selenium had no significant effect on
the antioxidant capacity under normal conditions and H,O, treatment (p > 0.05). Compared
with the group SS, group SSH significantly increased MDA, and the effect size was large
(p <0.05, g = —1.600, 95% CI [—2.84,—0.36]). Compared with the group NS, group NSH
tended to increase MDA, and the effect size was large (p = 0.06, g = —1.103, 95% CI
[—2.18,—0.03]).

In the colon of mice, compared with group C, group SS significantly increased T-SOD,
and the effect size was large (p < 0.05, 7> = 0.285, 95% CI [0.064,0.66]). Compared with
group SS, group SSH significantly reduced T-SOD and T-AOC, and the effect size was
large (p < 0.05, g1 > 0.8). Compared with group NS, group NSH significantly reduced
T-SOD, and the effect size was large (p < 0.05, g = 0.967, 95% CI[0.01,1.92]). Compared with
group CH, group SSH significantly reduced T-SOD, and the effect size was large (p < 0.05,
1> = 0.242,95% CI [0.081,0.54]). Group SSH significantly reduced T-AOC compared with
the group CH and group NSH, and the effect size was large (p < 0.05, 7% = 0.323, 95% CI
[0.122,0.63]).
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4. Discussion
4.1. The Role of Chitosan in Nano-Selenium Materials

The nano-selenium material used in the present study was synthesized using chitosan
powder, so its components include selenium and chitosan. At present, chitosan has been
widely applied in the field of nanomaterials [16]. Chitosan nano-selenium particles (CSNP),
as nano-carriers, have good stability because they have a high positive charge, which can
prevent the aggregation and sedimentation of nanoparticles; CSNP has a large specific
surface area, which enables it to have a high loading capacity and encapsulation for
substances. Meanwhile, CSNP has a high degree of biocompatibility, good tolerance to
organisms, and does not cause obvious adverse reactions [17]. Therefore, chitosan has
excellent capabilities in terms of solubility, biocompatibility, biodegradability, stability,
and easy functionalization. Moreover, it has the advantages of being non-toxic, having a
low-level immune response, mucosal adhesion, and high absorption [18,19]. However, due
to its relatively weak mechanical properties and high degradation rate, it is usually used
in combination with other substances or in composite materials [20]. So, from a biological
activity point of view, chitosan mainly serves as a carrier in the form of nanoparticles to
effectively transport and deliver substances in organisms, such as drugs in medicine and
trace elements in nutrition.

4.2. Effect of Nano-Selenium on Organ Index

The organ index (organ-to-body weight ratio) is an important indicator of physio-
logical status and toxicity in animals. Under normal conditions, organ indices remain
stable; significant increases may indicate edema or hyperplasia, while decreases suggest
atrophy [21-24]. In this study, there were no significant differences in the organ indices of
liver, kidney, heart, and pancreas of mice among different treatments, indicating that the
organ indices of mice were stable against selenium supplementation and H,O, treatment,
and were not affected by selenium or the toxic effects of HyO,. Although not statistically
significant, a large effect size suggested potential influences of selenium and H,O, on the
kidney index. However, both sodium selenite and nano-selenium significantly reduced the
spleen index in mice. Similar to the study by Attia et al. [25], selenium supplementation
significantly reduced the organ index in the spleen of chickens, while other organ indices
were not significantly affected by selenium level or selenium source. In the study results
of Ali et al. [26], the spleen index was also reduced when chickens were given selenium.
On the one hand, it may be related to the experimental time, experimental conditions, and
individual animal differences. On the other hand, selenium may be present in the basal diet
of mice, and additional supplementation of selenium may have an effect on their spleen.
When nano-selenium was fed in the present study, H,O, treatment significantly increased
the spleen index of mice. As mentioned above, H,O, may have caused edema or lesions in
the spleen of mice, resulting in an increase in spleen index.

4.3. Effect of Nano-Selenium on the Morphology of Jejunum

The main function of the jejunum is to digest and absorb nutrients, which contributes
to the normal operation of the body’s metabolism and immune system [27]. The villus
height (VH), crypt depth (CD), and the ratio of villus height to crypt depth (VH/CD) are key
indicators of intestinal health and absorptive capacity [28,29]. Higher villus height indicates
greater intestinal absorption area and better absorption ability [30]. Crypt depth was closely
related to the proliferation rate of epithelial cells [31]. Shallow crypts suggest higher cell
maturation, whereas deeper crypts indicate villus atrophy and reduced function [32]. The
ratio of villus height to crypt depth (VH/CD) is a comprehensive reflection of intestinal
function.
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In this study, sodium selenite and nano-selenium had no significant effect on villus
height and crypt depth in the jejunum of mice under normal conditions or HyO,; treat-
ment. Similar to the results of this study, both sodium selenite and nano-selenium had
no significant effect on jejunal villus height and crypt depth of broilers at 21 days. In
addition, nano-selenium and sodium selenite also had no effect on jejunal villus height
under stress [33]. Khajeh et al. [34] showed that nano-selenium had different effects on
crypt depth at the height of jejunal villi in broilers at different days of age. Therefore, we
speculate that this may be related to rearing duration. However, through the analysis of
effect size, it was found that adding selenium had a large effect on the villus height, and
the nano-selenium group had the highest villus height. This indicates that nano-selenium
has certain effectiveness in improving the villus height in the jejunum of mice, but further
proof is needed. We used H,O; to induce oxidative stress, which had no effect on jejunum
morphology in mice. Similar to the results of some studies, stress had no significant effect
on the intestinal morphology of animals [33,35]. On the one hand, it may be related to
the rapid epithelialization of intestinal mucosa [35]; on the other hand, when subjected to
stress, the body will produce a self-protection mechanism to reduce the damage caused
by stress. We found that supplementation of selenium under normal conditions tended
to improve the jejunal VH/CD of mice, and the effect of nano-selenium was better. In the
presence of Hy,O,, feeding sodium selenite and nano-selenium significantly increased the
jejunal VH/CD. And the effect sizes are all considered to be large. Rehman et al. [33] also
found that the addition of sodium selenite and nano-selenium significantly improved the
VH/CD of the jejunum in broilers [34]. According to the comprehensive index of VH/CD,
nano-selenium has a positive protective effect on jejunum morphology in mice.

From the analysis of results, selenium supplementation had no significant effect on
villus height and crypt depth, but it had a certain effectiveness in improving the villus
height, and significantly increased VH/CD. At the same time, from the numerical value and
morphological diagram, H,O, has a certain damage effect on the jejunum, and selenium
supplementation can improve this phenomenon, and nano-selenium has a better effect.
He et al. [36] pointed out that selenium deficiency in animals affects the structure of small
intestinal mucosa and damages the functions of the small intestinal immune barrier and
physical barrier. At the same time, selenium can also enhance the intestinal barrier by
improving the intestinal immune status, oxidation status, and maintaining the integrity
and normal function of the small intestine [37-39]. Therefore, nano-selenium has a positive
effect on jejunum morphology in mice under stress.

4.4. Effect of Nano-Selenium on the Expression of Intestinal Inflammatory Factors

Intestinal immune cytokines are crucial in regulating gastrointestinal inflamma-
tion [40]. Key pro-inflammatory factors include IL-1, which promotes neutrophil infiltra-
tion and T-cell activation [41], and NF-xB, a transcription factor that enhances multiple pro-
inflammatory cytokines [42]. Conversely, the anti-inflammatory cytokine IL-10—produced
by Th2 cells—alleviates inflammation by inhibiting pro-inflammatory cytokine production
and plays a protective role in colitis models [41,43-45]. Reduced IL-10 levels weaken anti-
inflammatory capacity and exacerbate inflammation. Inflammatory pathways are often
redox-sensitive; excess ROS induces oxidative stress, promoting inflammation and tissue
apoptosis [46].

We measured inflammatory factor expression across intestinal segments in mice.
Under normal conditions, selenium supplementation did not significantly alter expression
levels; the expression of intestinal inflammatory factors was at normal levels and did not
seem to be regulated by selenium. Nonetheless, large effect sizes were observed for certain
indicators: nano-selenium increased IL-10 expression in the jejunum, while in the ileum, it
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reduced IL-1B—unlike sodium selenite, which elevated both IL-13 and NF-«B. These trends
suggest a potential anti-inflammatory effect of nano-selenium that merits further study.
H,0O, treatment up-regulates several inflammatory factors in all three intestinal segments.
Similar to previous studies, HyO, up-regulates the expression of some inflammatory factors
in intestinal epithelial cells [47-49]. As an ROS, H,O, disrupts redox balance, promotes
oxidative stress, and contributes to intestinal diseases [50]. In this study, H,O, up-regulated
the expression of pro-inflammatory factors in different intestinal segments, which suggests
that feeding H>O, in drinking water induces an inflammatory response in the intestine of
mice to a certain extent, and the intestine of mice is under stress. In the jejunum, although
not significantly, HyO, had a large effect size on increasing the expression of IL-10. In
the ileum, HyO, up-regulated the expression of anti-inflammatory factor IL-10, which
may be a self-protective mechanism of the body to secrete anti-inflammatory cytokines
by up-regulating the expression of anti-inflammatory factors, thereby slowing down the
occurrence of inflammation. Through longitudinal comparison, we found that H,O, had no
significant effect on the expression of IL-18, NF-xB, and IL-10 in the treatment of selenium
supplementation. Selenium supplementation appeared to normalize the expression of these
inflammatory factors. At the same time, the expression levels of NF-xB and IL-10 in the
colon of mice in the nano-selenium group were the lowest in the presence of HyO,. From a
signaling pathway perspective, the NF-xB pathway plays a key role in mediating immune
and inflammatory responses. As a major regulator of inflammatory responses, its role is
mainly to regulate the expression of hundreds of immune-related genes, especially those
encoding pro-inflammatory cytokines and chemokines [51]. The NF-kB pathway mediates
inflammatory responses via classical (e.g., TLR, TNFR) and non-classical (e.g., CD40,
RANK) activation [52]. Its complex interaction with ROS may involve both activation
and inhibition. This difference may be related to the specificity of different upstream
pathways and cells [53]. Studies have found that ROS drives the NF-xB pathway in the
duodenum of mice, thereby inducing inflammation [54]. Therefore, on the one hand, ROS
directly regulates the NF-xB signaling pathway; on the other hand, some cytokines (such as
TNF-« and IL-1p) activate NF-xB, and the activated NF-xB in turn drives the expression of
pro-inflammatory factors to participate in the inflammatory process [52,55]. In this study,
H,0; increased IL-1B (jejunum/colon). In the ileum, NF-xB was also significantly elevated,
accompanied by a numerical increase in IL-18 levels. These observations suggest that
H,05, as a reactive oxygen species (ROS), exerts pro-inflammatory effects through dual
mechanisms: (1) up-regulating cytokine IL-1 to activate the NF-xB signaling pathway,
and (2) directly stimulating NF-xB pathway activation. However, in the three groups
fed with HyO, drinking water, compared with sodium selenite, nano-selenium down-
regulated the expression of NF-xB, and compared with the Control group fed with H,O,
drinking water, IL-1 and NF-xB were decreased numerically, indicating anti-inflammatory
potential. This finding aligns with numerous studies demonstrating selenium’s ability
to mitigate intestinal stress-induced inflammation through modulation of inflammatory
mediators [56-61]. For example, some studies have found that nano-selenium significantly
down-regulate the expression levels of IL-18 and TNF-« [62,63].

Selenium exerts pivotal regulatory functions in intestinal inflammation. Accumulat-
ing evidence demonstrates that selenium deficiency in animals triggers oxidative stress,
up-regulates the expression of corresponding inflammatory factors, and induces intestinal
tissue inflammation [64-66]. This deficiency is also associated with reduced antimicrobial
peptide production [67] and disrupted gut microbiota equilibrium [68]. Selenium exerts an-
tioxidant and immunomodulatory effects via selenoproteins [69]. Notably, nano-selenium
demonstrates enhanced bioavailability and biosafety profiles attributable to its unique
nanostructure, thereby exhibiting modulatory effects on intestinal inflammatory markers.
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4.5. Effect of Nano-Selenium on the Expression of Intestinal Selenoproteins and Antioxidant
Enzymes

Selenium mainly exists in the form of selenocysteine (SeCys) in the body [70], and then
selenocysteine is inserted into the nascent polypeptide chain in a co-translational manner
by insertion elements, thereby synthesizing selenoproteins [71]. A total of 25 selenoprotein
genes were identified by bioinformatics studies [72]. As antioxidant enzymes, seleno-
proteins such as glutathione peroxidase (GPX) family, such as GPX1-4, can effectively
metabolize peroxides in cells and act as an antioxidant defense mechanism to prevent exces-
sive reactive oxygen species/reactive nitrogen species. Thioredoxin reductase (TXNRD1-3)
are oxidoreductases that regulate the redox state of proteins such as thioredoxin as well
as small molecules such as thioctic tetrathionate [73]. These, along with enzymes like
superoxide dismutase (SOD) and catalase (CAT), are essential in mitigating oxidative
stress.

This study investigated the transcriptional regulation of antioxidant markers (se-
lenoproteins and antioxidases). Under normal conditions, neither sodium selenite nor
nano-selenium supplementation significantly modulated the expression of most antioxi-
dant markers in the mouse intestine, consistent with previous findings demonstrating no
alteration in SOD and CAT gene expression upon selenium supplementation [74]. We specu-
late that the regulation of antioxidant marker expression may be related to the dose level of
selenium supplementation and the physiological status of the animals. Several studies have
found that the regulation of selenoprotein expression may require a supertrophic dose of se-
lenium [75,76]. Notably, selenium supplementation has been demonstrated to enhance the
body’s antioxidant defense system predominantly under oxidative stress conditions [77,78],
potentially explaining the lack of significant effects observed under basal conditions. Al-
though not statistically significant, large effect sizes were observed for certain indicators:
selenium increased GPX2 in the jejunum, TXNRD1 and TXNRD?2 in the ileum, and CAT in
the colon. Only in the ileum did nano-selenium significantly up-regulate GPX1, and sodium
selenite increased GPX3, aligning with reports that selenium can up-regulate GPX family
expression [79-81]. Selenoproteins have a unique and graded dependence on the trace
element selenium [82]. H,O, treatment in mice fed nano-selenium significantly increased
the expression of antioxidant markers and concentrated in the jejunum. Labunskyy et al.
pointed out that some selenoproteins are called stress-related selenoproteins [71], and these
proteins are closely related to the stress state in the body [83]. Selenium supplementation
was found to up-regulate selenoprotein expression under stress conditions [84-86]. These
results indicate that selenium plays a positive role in the expression of selenoproteins and
antioxidants in the body under stress. Due to its small volume, large specific surface area,
and unique physicochemical properties, nano-selenium has higher antioxidant activity and
better bioavailability [87,88], thus significantly improving the antioxidant status of mice
intestinal tract. However, in the basal diet, HO, also up-regulated the expression of some
antioxidant markers, mainly concentrated in the ileum of mice. From another point of view,
we speculate that this is a part of the compensatory response to prevent oxidative damage,
which is a kind of self-protection reaction of the body [3]. Te Velde et al. also pointed out
that up-regulation of selenoproteins or antioxidant enzymes may be a defense mechanism
against oxidative stress during inflammation [89]. Similarly, some studies have found that
the expression of selenoproteins and antioxidant enzymes is up-regulated under stress,
and the expression of selenoproteins and antioxidant enzymes is restored to normal level
with the addition of selenium, such as nano-selenium [57,90,91]. So, in the ileum, H,O,
treatment had no effect on most of the antioxidant markers in mice fed nano-selenium.

Overall, there were differences in the expression of antioxidant markers in different
intestinal segments of mice. The expression of selenoproteins is affected by many factors,
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and the different expression may be related to the status of selenium, the catabolic pathways
of selenium in different tissues, and the differences in its biosynthesis and utilization [69].
It is also regulated by differences in the availability of selenium [71]. In addition, intesti-
nal microorganisms can also affect the expression of selenoproteins. Guevara et al. [81]
pointed out that selenium affects the composition of microbes in different intestinal seg-
ments. Different microorganisms have different uptake, storage, utilization, and excretion
abilities of selenium, which may lead to competition between microorganisms and the
host for selenium, limiting the availability of selenium and affecting the expression of
selenoproteins [92,93].

4.6. Effect of Nano-Selenium on Intestinal Antioxidation

T-SOD, T-AOC, CAT, and MDA are the main indices reflecting the antioxidant capacity
and redox status of the body. T-SOD is the first line of antioxidant defense, which can
convert superoxide anions into HyO, and water [94]. T-AOC reflects the overall levels of
enzymatic and non-enzymatic antioxidants in the body [95]. CAT, as its name implies, is
an enzyme that decomposes HyO,. HyO, produced by the body and superoxide can be
degraded to water and oxygen by CAT [96]. One molecule of CAT can convert 6 million
H,0O; grabs into water and oxygen per minute [97], thus playing a key role in antioxidant
protection. Conversely, MDA—a product of lipid peroxidation induced by ROS—serves as
a biomarker of oxidative stress and cellular membrane damage [98,99].

This study revealed that nano-selenium supplementation reduced the T-AOC of the je-
junum under normal conditions, which may be related to the toxic effects of nano-selenium.
Long-term study by Xiao et al. [100] demonstrated that nano-selenium can suppress both
antioxidant enzyme activity and selenoprotein expression, thereby exacerbating oxidative
stress, which leads to organ lesions and decreased antioxidant capacity. The toxicity of nano-
selenium is critically dependent on the size and chemical properties of nanoparticles [101].
In addition, both sodium selenite and nano-selenium have pro-oxidative properties at high
concentrations, leading to the generation of ROS [102]. Therefore, we speculate that the
jejunum’s anatomical position as the primary intestinal segment exposed to nano-selenium
first, and may suffer from toxic effects to a certain extent, so the T-AOC is reduced; however,
this might also be an accidental phenomenon. Although not statistically significant, sodium
selenite increased MDA content in the jejunum, whereas nano-selenium reduced it, with
a large effect size, warranting further investigation. Meanwhile, sodium selenite seems
to be more toxic than nano-selenium, which was demonstrated in a short-term toxicity
test [103]. It up-regulated ileal IL-1f3 and NF-«B expression, increased jejunal MDA, and re-
duced colonic T-SOD and T-AOC in HyO,-treated mice. Notably, sodium selenite increased
colonic T-SOD under normal conditions but decreased it under oxidative stress, suggesting
it may aggravate HyO;-induced damage.

Collectively, these findings indicate that selenium supplementation—particularly
sodium selenite—may exert adverse effects on select intestinal antioxidant parameters,
though the overall impact on systemic antioxidant capacity appears limited. Previous
studies also reported no significant effects of organic selenium or nano-selenium glycinate
on T-SOD, MDA, or T-AOC [104,105]. We propose that selenium supplementation effects
may be modulated by three key factors: (1) treatment duration, (2) dosage levels, and
(3) selenium bioavailability. Furthermore, as previously discussed, gut microbial selenium
competition may represent an additional limiting factor for host selenium utilization,
though this hypothesis requires experimental validation.

82



Antioxidants 2025, 14, 1073

4.7. Limitations of This Study and Future Research Directions

This study has several limitations. Primarily, although the nano-selenium was syn-
thesized using chitosan, no chitosan-only Control group was included. Therefore, the
potential influence of chitosan itself on bioavailability and bioactivity remains unassessed.
Furthermore, certain negative effects were observed in intestinal antioxidant indicators
following selenium supplementation. Although we hypothesize that these may be related
to selenium toxicity, this study did not include explicit toxicity assays or dose-response
evaluations, which warrants further investigation.

In terms of statistical analysis, although all statistically significant results showed
large effect sizes (p < 0.05, #? > 0.14, 1¢| > 0.8), several non-significant outcomes also
exhibited large effect sizes. This indicates that it may have certain practical significance and
some effect, but there is no significant evidence to support this effect. The wide confidence
intervals of some effect estimates further reflect uncertainty in the true effect magnitude,
likely resulting from the small sample size. Finally, due to limited tissue availability,
only gene expression of selected inflammatory and antioxidant markers was measured;
protein-level validation was not performed.

Based on these limitations, subsequent investigations should focus on the following
aspects:

1. Include a chitosan-only experimental group to clarify its individual contribution to
the effects of nano-selenium.

2. Perform toxicity and dose-response studies using graded concentrations of nano-
selenium, combined with assays such as LDH and MTT, to establish its safety profile.

3. Increase sample size to enhance statistical power, reduce random error, and obtain
more precise effect estimates.

4. Supplement gene expression data with Western blot analysis to corroborate findings
at the protein level.

5. Conduct mechanistic studies using cell models to elucidate underlying signaling
pathways.

5. Conclusions

Our results showed that 0.3% H,O, drinking water induced intestinal oxidative stress
in mice to a certain extent. The supplementation with sodium selenium and nano-selenium
improved intestinal morphology, alleviated oxidative damage, and restored the expression
of related inflammatory factors. At the same time, nano-selenium played a positive role in
increasing the expression of selenoprotein in the jejunum under stress. However, it showed
no significant effect on improving the antioxidant indicators in the intestinal tract. In the
future, further research is needed from the perspectives of carriers, selenium dosage levels,
protein levels, and increasing the sample size.
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Abstract

Rosemary (Salvia rosmarinus) is renowned for its antioxidant, anti-inflammatory, and anti-
hyperglycemic properties, largely attributed to its rich phytochemical profile. This study
evaluates the potential of metabolites from Pseudomonas shirazensis NFV3, formulated in
silver nanoparticles (AgNPs), to enhance the bioactivity of rosemary extracts in postharvest
applications. Rosemary stems were treated with AgNPs coated with bacterial metabolites
(NP), bacterial cells, or metabolites (LM), and the extracts” phytochemical composition and
bioactivities were assessed. HPLC and HPLC-MS analyses revealed that the NP treatment
induced significant metabolic remodeling, particularly upregulating rosmarinic acid and
selected triterpenes (ursolic and betulinic acids), while reducing carnosic acid levels. NP-
treated extracts exhibited significantly enhanced inhibition of cyclooxygenase (COX-1 and
COX-2), indicating improved anti-inflammatory potential. The x-glucosidase inhibition
and antioxidant activity (DPPH assay) of the extracts were not substantially altered, suggest-
ing the selective enhancement of pharmacological functions. These findings demonstrate
that nanoparticle-based elicitation selectively remodels secondary metabolism in rosemary,
improving extract quality and bioactivity. This strategy offers a novel, sustainable tool for
optimizing plant-based therapeutics in the phytopharmaceutical industry.

Keywords: Salvia rosmarinus; silver nanoparticles; secondary metabolism; beneficial bacteria

1. Introduction

Salvia rosmarinus (syn. Rosmarinus officinals L.) [1], commonly known as rosemary, is
a perennial, aromatic shrub, belonging to the Lamiaceae family, and native to the Mediter-
ranean region. Traditionally cultivated for both culinary and medicinal purposes, rosemary
has been integrated into the daily lives of Mediterranean populations for centuries. Its his-
torical applications span a variety of ailments, including digestive complaints, headaches,
muscle pain, and memory enhancement, reflecting its broad therapeutic reputation in folk
medicine [2,3]. The growing demand for natural, plant-based therapeutics has propelled
rosemary extract-based products to the forefront of the nutraceutical and functional food
markets. The global rosemary extract market was valued at approximately USD 260 million
in 2024 and is projected to reach USD 377 million by 2032, with a compound annual growth
rate (CAGR) of 5.9% [4]. This expansion is fueled by consumer preferences for clean-label,
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natural ingredients and the recognition of rosemary’s antioxidant and anti-inflammatory
benefits across food, pharmaceutical, and personal care sectors.

The phytochemical richness of rosemary is central to its pharmacological potential. Its
leaves are abundant in polyphenols, flavonoids, and terpenoids, with the presence of the
phenolic diterpenes, carnosic acid and carnosol, standing out, as well as rosmarinic acid.
These compounds are recognized for their potent antioxidant and anti-inflammatory prop-
erties, which are believed to underlie many of rosemary’s health-promoting effects [5-7].
In addition, rosemary contains other bioactive constituents, such as triterpenes (e.g., ursolic
acid, betulinic acid), phenolic acids, and volatile terpenoids (e.g., 1,8-cineole, a-pinene),
which are major components of its essential oil fraction, further contributing to its ther-
apeutic versatility [8]. Rosemary’s role in the Mediterranean diet is not only culinary,
but also therapeutic, as its regular consumption has been associated with reduced risk of
chronic diseases that are prevalent in Mediterranean populations [9,10]. Pharmacological
surveys have documented its use for metabolic, inflammatory, and neurocognitive disor-
ders, supporting the scientific investigation of the traditional health claims related to its
use [11,12].

Contemporary research has elucidated several mechanisms underlying the health-
promoting properties of rosemary extracts, with particular emphasis on their anti-
inflammatory, antihyperglycemic, and antioxidant effects. The anti-inflammatory activity
of rosemary is primarily attributed to the modulation of key molecular pathways, including
the inhibition of nuclear factor kappa B (NF-«kB) activation, the downregulation of pro-
inflammatory cytokines (e.g., TNF-«, IL-1f3, IL-6), and the suppression of cyclooxygenase-
2 (COX-2) and inducible nitric oxide synthase (iNOS) expression [5,13]. Notably, both
carnosic acid and carnosol have demonstrated the capacity to attenuate inflammatory
responses in vitro and in vivo, with evidence suggesting that whole rosemary extracts may
exert synergistic effects beyond those of isolated compounds [7,14].

The antihyperglycemic properties of rosemary have been substantiated in several pre-
clinical models of type 2 diabetes mellitus, wherein the administration of rosemary extracts
or their polyphenolic constituents resulted in significant reductions in fasting plasma glu-
cose, improved lipid profiles, and enhanced antioxidant defense systems. Mechanistically,
these effects are linked to the inhibition of intestinal glucosidase enzymes, the enhancement
of insulin sensitivity, and the upregulation of endogenous antioxidant enzymes [6,10].
Recent human studies, though limited, have indicated that rosemary tea consumption
can lead to significant improvements in glycemic control among individuals with type 2
diabetes, supporting its potential use as a complementary metabolic regulator [9].

Rosemary’s antioxidant capacity is largely ascribed to its high content of phenolic
diterpenes and polyphenols, which act as free radical scavengers, metal ion chelators,
and modulators of redox-sensitive signaling pathways, such as Nrf2 [15]. In vitro and
in vivo studies have consistently demonstrated that rosemary extracts can inhibit lipid
peroxidation, reduce oxidative stress markers, and enhance the activity of endogenous
antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase
(GPx) [5,10,16]. These findings have prompted the widespread application of rosemary
extracts as natural antioxidants in the food industry and as potential therapeutic agents for
oxidative stress-related disorders.

These pharmacologically active molecules are the plant’s secondary metabolites,
whose role is to aid the plant’s adaptation to changing environmental conditions, and,
therefore, they are inducible. Among the strategies to trigger plant secondary metabolism,
beneficial bacterial strains and their metabolites have been used successfully [17,18]. Recent
advances in nanotechnology have opened up new avenues for enhancing plant metabolism
by formulating bacterial metabolites in nanoparticles, i.e., the metabolites are used as biore-
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ductants of the metals, generating a nanoparticle coated with bacterial metabolites that have
biological activity [19]. The biological synthesis of nanoparticles using bacterial metabolites
or plant extracts (green synthesis) offers several advantages, including biocompatibility,
reduced toxicity, and environmental sustainability, aligning with the growing demand for
natural and safe therapeutic products [20,21]. A specific type of nanoparticles obtained by
green synthesis was found to improve key phytochemical contents of rosemary, potentially
amplifying their anti-inflammatory, antihyperglycemic, and antioxidant effects [22,23].
Bacterial metabolites act as reducing and capping agents during the synthesis of metallic or
polymeric nanoparticles, enabling the development of hybrid systems that harness both
the therapeutic potential of rosemary and the functional benefits of nanotechnology [24].
Preliminary in vitro and in vivo studies indicate that bacterial metabolite-loaded nanopar-
ticles exhibit enhanced cellular uptake, with a consequent higher level of phytochemical
modulation of the plant extract [20,23]. Unlike previous studies employing either silver
nanoparticles or generic bacterial metabolites, this work uniquely demonstrates the selec-
tive remodeling of rosemary’s secondary metabolism through the postharvest application
of AgNPs coated with metabolites from Pseudomonas shirazensis, a strain not previously
reported as being used for this purpose.

Among the beneficial strains, the genus Pseudomonas has a number of strains that
are able to trigger plant metabolism [25]. Strain Pseudomonas shirazensis NFV3 has shown
potential to stimulate the plant immune system [18], so we reasoned that it could stimulate
rosemary metabolism, increasing the phytochemical concentration and, therefore, its antiox-
idant potential and health benefits. To reach this objective, the strain, its metabolites, and a
formulation of these metabolites in silver nanoparticles were delivered to rosemary stems
and, after metabolomic characterization, its ability to inhibit alfa-glucosidase, as an indi-
cator of antihyperglycemic activity, and COX-1 and 2, as indicators of anti-inflammatory
potential, were evaluated.

2. Materials and Methods
2.1. Biological Synthesis of Nanoparticles

Silver nanoparticles (AgNPs) were synthesized following the protocol described by
Plokhovska [24]. Briefly, a 24 h culture of Pseudomonas shirazensis NFV3 (CECT 31128)
was centrifuged on a (AFI LISA MultiLab Centrifuge, France), and the supernatant was
filtered through a 0.25 ym membrane (VWR International, Radnor, PA, USA) to remove
bacterial cells. The resulting filtrate was mixed with 1 mM AgNOs at a ratio of 2:4 (v/v) and
incubated at 37 °C for 24 h. The synthesized AgNPs were characterized by UV-Vis spec-
troscopy (A = 430 nm) on a SPECTROstar Nano spectrometer (BMG LABTECH, Ortenberg,
Germany) and transmission electron microscopy (TEM a Thermo Fisher Scientific Prisma E
and xT Microscope Control v16.2.2 software), revealing the occurrence of spherical nanopar-
ticles with an average diameter of 20.71 & 0.43 nm and an organic corona composed of
bacterial metabolites. The AgNPs were lyophilized and resuspended in Milli-Q water to a
stock concentration of 6000 pug/mL; a working solution of 60 ug/mL was prepared for the
experiments (NP). The bacterial filtrate (ML) and corresponding cells were also used as
treatments (LM, cells, respectively).

The datasets generated and/or analyzed during the current study are available from
the Zenodo repository (https://doi.org/10.5281/zenodo.14051744).

2.2. Plant Material and Experimental Setup

A total of twelve (Salvia rosmarinus) plants, cultivated under homogeneous conditions,
were selected for this study. From each plant, apical stem segments, measuring 15 cm in
length, were randomly excised to ensure sample homogeneity.
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Four different treatments were prepared, as a follows:
Control;

Cells (bacterial cells suspended in water);

LM (likely a liquid medium containing bacterial metabolites);

Ll

NP (bacterial metabolite LM formulated in silver nanoparticles).

Each treatment was applied to three independent rosemary branches (n = 3 per
treatment). For the application, 5 mL of the corresponding solution was uniformly sprayed
over the surface of each branch, using a fine-mist sprayer. An additional set of three
untreated branches was collected to serve as the negative control group.

All the branches, treated and untreated, were air dried under controlled laboratory
conditions until they reached a constant weight, ensuring complete desiccation.

2.3. Sample Processing and Extraction Procedure

After drying, each rosemary branch (previously treated and used as a replicate)
was processed individually. The leaves were carefully separated from the stems and
ground using a mortar and pestle in the presence of liquid nitrogen to facilitate sample
pulverization.

The extraction protocol using 75% ethanol and overnight maceration was adapted
from previous optimization studies involving rosemary [26,27], which demonstrated maxi-
mum polyphenol and flavonoid recovery under these conditions. To extract the bioactive
compounds, 0.5 g of the powdered material from each replicate was subjected to macer-
ation in 10 mL of 75% ethanol (v/v). The extraction was performed overnight at room
temperature (22 °C) in dark conditions to minimize the photodegradation of sensitive
metabolites. After maceration, the suspensions were centrifuged at 1100 rpm for 20 min.
The supernatant was collected, and the pellet was discarded. This supernatant was then
filtered through a 0.2 um cellulose acetate membrane to remove particulate matter. The
resulting filtrate was concentrated using a rotary evaporator (R210-Buchi Labortechnik
AG, Flawil, Switzerland). until complete removal of the ethanol-water solvent phase
was achieved.

The resulting dry extract was subsequently resuspended in the original volume (10 mL)
of 100% ethanol to ensure concentration consistency across the replicates. A final filtration
through a 0.2 pm cellulose acetate filter was performed to ensure extract purity. The extracts
were stored at —20 °C in amber, airtight glass vials to protect them from light and oxidation
until further use.

2.4. Quantification of Active Compounds Using HPLC

The chemical composition of the ethanolic extracts was analyzed using a modified
version of the protocol described by Wellwood & Cole [26]. The analysis was carried
out using an Agilent 1100 Series HPLC system, equipped with a G1315A diode array
detector (DAD). Chromatographic separation was achieved using an Inertsil ODS-3V
column (4.6 x 150 mm, 5 um particle size, 100 A pore size; GL Sciences, Eindoven, The
Netherlands). The mobile phase consisted of the following:

1.  Phase A: 840 mL Milli-Q water + 82.5 mL acetic acid + 150 mL acetonitrile;
2. Phase B: 100% methanol.

The gradient started at 90% of mobile phase A, gradually shifting to 0% over 30 min.
Following the gradient, the column was re-equilibrated with 90% of mobile phase A for
10 min to ensure reproducibility and retention time stability across the injections. The flow
rate was set at 1.5 mL/min, and the column temperature was maintained at 40 °C.

Detection was performed at 284 nm, with a 30 nm bandwidth, while the full UV
absorption spectra were recorded from 200 to 800 nm for each peak to support compound
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identification. Active constituents were identified based on the retention times and spec-
tral profiles, compared to authentic standards, and quantified using calibration curves,
constructed from standard compounds.

Quantification was based on external calibration curves prepared using authentic
standards (rosmarinic acid (Ref.536954), carnosic acid (Ref. PHR2208), and carnosol (Ref.
C9617), Sigma Aldrich, Merck KGaA, Darmstadt, Germany). The linearity (R? > 0.995) of
each curve is presented in Supplementary Figure S1.

2.5. Metabolic Profiling Using HPLC-MS Scan Mode

The metabolic profiling of Salvia rosmarinus extracts was carried out using high-
performance liquid chromatography coupled to mass spectrometry (HPLC-MS). The analy-
ses were conducted at the Structural Molecular Analysis Unit of the SIDI (Interdepartmental
Research Service, Autonomous University of Madrid) (https://www.uam.es/uam/sidi/
unidades-de-analisis/unidad-analisis-elemental-quimico-isotopico/cromatografia, accessed
on 1 May 2025), following the protocol proposed by Sharma et al. [27]. In summary, chro-
matographic separation was performed using a Bruker UHPLC/MS Triple Quadrupole
ELITE system, equipped with an HPG1300 binary pump, automatic degasser, column
oven (maintained at 40 °C), and a thermostatted autosampler BR840, set at 4 °C. The
mobile phase consisted of solvent A (Milli-Q water with 0.1% formic acid) and solvent B
(acetonitrile with 0.1% formic acid), delivered at a constant flow rate of 0.5 mL/min. The
following gradient program was applied: 0.00 min, 95% A /5% B; 6.00 min, 85% A /15%
B; 21.00 min, 75% A /25% B; 23.00 min, 50% A /50% B; 24.10 min, 0% A/100% B; 28.10
min, 95% A/5% B; ending at 32.00 min with the initial conditions. Mass spectrometric
detection was carried out using an ELITE triple quadrupole analyzer, equipped with HESI
(Heated Electrospray lonization) and APCI sources. For the HESI in negative ion mode, the
following parameters were set: a spray voltage of 5000 V, a capillary (cone) temperature of
350 °C, a cone gas flow of 40 units, a heated probe temperature of 400 °C, a probe gas flow
of 50 units, a nebulizer gas flow of 60 units, and the exhaust gas system was activated. The
identification of compounds was conducted according to the respective retention times, as
in [27].

2.6. Total Phenolic Content (TPC)

The total phenolic content was determined spectrophotometrically, using a Biomate-
5 UV-visible spectrophotometer (a SPECTROstar Nano spectrometer (BMG LABTECH,
Germany)). A volume of 50 uL of the previously prepared ethanolic extract was used
for each analysis. The Folin—Ciocalteu method, adapted from Benvenuti [28] with slight
modifications, was employed. Briefly, Folin—Ciocalteu reagent (Sigma Aldrich, Merck
KGaA, Darmstadt, Germany) was added to the extract, followed by sodium carbonate
(NapyCO3). After 30 min of incubation in the dark at room temperature, the absorbance was
measured at 765 nm. The results were expressed as milligrams of gallic acid equivalent per
gram of dry extract (mg GAE/g), based on a standard calibration curve of gallic acid.

2.7. Total Flavonol Content (TFC)

The total flavonol content was quantified according to the colorimetric method pro-
posed by Zhishen [29], with modifications. For each sample, 1 mL of the ethanolic extract
was reacted with aluminum chloride (AlCl3) and sodium acetate under controlled condi-
tions. Absorbance was measured at 510 nm, and quantification was based on a calibration
curve prepared using catechin. The results were expressed as milligrams of catechin
equivalent per gram of dry extract (mg CE/g).
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2.8. Antioxidant Capacity (AC) Using DPPH Assay

The antioxidant capacity (TAC) of the extracts was assessed using the colorimetric
DPPH assay described by Di Sotto [30], with some modifications, using 0.11 mM of DPPH
solution and measuring the decrease in absorbance at 517 nm and using gallic acid as a
positive control. The assay was performed in duplicate, using three replicates per sample.
Gallic acid was used as positive control and the ICs, (g/mL) was calculated for each extract.

2.9. Inhibition of a-Glucosidase Activity

The inhibitory activity of the extracts on «-glucosidase was evaluated using a
microplate-based assay. The assay utilizes the «-glucosidase enzyme from Saccha-
romyces cerevisiae (Sigma Aldrich, G5003-1KU, Merck KGaA, Darmstadt, Germany) and
4-nitrophenyl o-D-glucopyranoside (PNPG, Sigma Aldrich, N1377-1G, Merck KGaA, Darm-
stadt, Germany) as the substrate. Phosphate buffer (0.1 M, pH 7.5) was prepared using
0.144 g of KHPOy, 9 g of NaCl, and 0.795 g of NapHPO,4-7H,0O per liter of distilled water.

Test samples were dissolved in dimethyl sulfoxide (DMSQO). The enzyme solution was
prepared at a concentration of 0.2 U/mL by dissolving 1 mg of x-glucosidase in 50 mL
of Milli-Q water, which was diluted to a final concentration of 0.015 U/mL per well. The
PNPG substrate was freshly prepared, with a concentration of 4 mM, and diluted to a final
concentration of 1 mM in each well, with a total reaction volume of 200 L.

All the reagents and equipment were preheated to 37 °C prior to use. In each well of a
96-well microplate, 125 uL of phosphate buffer, 10 uL of sample solution, 15 uL of enzyme
solution, and 50 pL of PNPG substrate were added, sequentially. The reaction mixture was
incubated at 37 °C, and the formation of p-nitrophenol was monitored by measuring the
absorbance at 405 nm every 30 s for 35 min, using a microplate reader. The percentage
inhibition of a-glucosidase activity was calculated for each sample concentration using
the formula: % Inhibition = (Blank slope — Sample slope)/Blank slope) x 100, where the
blank refers to wells without inhibitor. The ICsy value was determined from the plot of
the sample concentration versus the percentage inhibition. All the measurements were
performed in triplicate, and fresh substrate was prepared on the day of the experiment to
ensure optimal results.

2.10. Inhibition of Cyclooxygenase Activity (COX)

Cyclooxygenase (COX) activity was assessed using the Cayman Chemical COX Ac-
tivity Assay Kit (Item No. 760151), following the manufacturer’s instructions, with minor
adaptations as required. This colorimetric assay quantifies the peroxidase activity by
monitoring the oxidation of N, N, N’,N’-tetramethyl-p-phenylenediamine (TMPD), which
results in a measurable color change at 590 nm.

All the reagents were equilibrated to room temperature before use. The assay was
performed using a 96-well plate, with a final volume of 210 uL per well. Each sam-
ple was analyzed in triplicate, alongside background and standard controls. For the
background determination, 150 pL of each sample was boiled for five minutes, cen-
trifuged, and the supernatant was used as the background control. The plate was set
up as follows: COX standard wells received 150 pL of assay buffer, 10 uL of hemin,
and 10 pL of COX standard; background wells received 120 pL of assay buffer, 10 puL
of Hemin, and 40 pL of boiled sample; sample wells received 120 pL of assay buffer,
10 uL of hemin, and 40 pL of sample; COX-1 or 2 specific inhibition wells received
110 pL of assay buffer, 10 uL of hemin, 40 pL of sample, and 10 pL of either DuP-
697 (5-(4-Chlorophenyl)-1-(4-methoxyphenyl)-3-trifluoromethylpyrazole) or SC-560 (5-
(4-Chlorophenyl)-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole). The plate was
gently shaken and incubated for five minutes at 25 °C, after which 20 pL of colorimetric
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substrate was added to each well. The reaction was initiated by adding 20 pL of arachidonic
acid solution, followed by a five-minute incubation at 25 °C. Absorbance was measured at
590 nm, using a microplate reader.

Data analysis involved calculating the average absorbance for each set of replicates
and subtracting the background values from the corresponding sample and inhibitor wells.
The total COX activity was determined according to the kit’s formula, accounting for the
requirement of two TMPD (N,N,N’,N’-Tetramethyl-p-phenylenediamine) molecules to
reduce PGG2 (Prostaglandin G;) to PGH2 (Prostaglandin H;). The percentage inhibition
by each inhibitor was calculated to determine the relative proportions of COX-1 and COX-2
activity in the samples.

2.11. Data Processing and Statistical Analysis

All the extractions and quantifications were conducted in triplicate to ensure repro-
ducibility and statistical reliability. Final values were expressed as the mean =+ standard
deviation (SD) from three independent measurements per treatment. A one-way ANOVA
was performed to evaluate the differences among the groups. When the ANOVA indicated
statistical significance (p < 0.05), Tukey’s Honestly Significant Difference (HSD) post hoc
test was applied to identify pairwise differences. All the statistical analyses were con-
ducted using the JASP software (version 0.19.3) [JASP Team, University of Amsterdam,
Amsterdam, The Netherlands].

3. Results

The quantification of the total phenolic content revealed that all the treatments signifi-
cantly decreased the total phenols and total flavonols in the rosemary extracts (Figure 1).
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Figure 1. (A) Total phenols (mg of gallic acid equivalent per gram of dry extract) and (B) total
flavonols (mg of catechin equivalent per gram of dry extract). Values correspond to the mean £ SD.
Different letters (a, b, c) indicate statistically significant differences among treatments as determined
by a one-way ANOVA, followed by Tukey’s HSD post hoc test (p < 0.05).

The HPLC analysis revealed a significantly lower concentration of the diterpene,
carnosol, in the LM and NP, while a significant increase in rosmarinic acid was detected in
the NP treatments (Figure 2).

The HPLC-MS analysis in scan mode of the extracts revealed distinct variations
in the metabolic profiles, specifically in the relative abundance of secondary metabo-
lites among the control, cell-treated, LM-treated, and NP-treated plant extracts (Table 1)
(Figure S2 in the Supplementary Materials). Notably, the NP-treated samples exhibited se-
lective upregulation of several key compounds, particularly within the phenylpropanoid
and flavonoid classes. For instance, rosmarinic acid and caffeic acid among the phenyl-
propanoid class, luteolin derivatives among the flavonoid class, carnosol in the diterpene
class, and all of the triterpenes, except for asiatic acid. These changes suggest the targeted ac-
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tivation of specific branches of secondary metabolism in response to nanoparticle treatment.
Conversely, other compounds such as gallocatechin or syringic acid were downregulated,
indicating a possible metabolic reallocation or competitive flux through biosynthetic path-
ways. The detailed distribution of relative changes in metabolite abundance is summarized
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Figure 2. The total content of (A) carnosic acid, (B) carnosol, and (C) rosmarinic acid in rosemary
plants after treatment are expressed as mg of active compound per mg of dry extract. Values
correspond to the mean £ SD. Different letters (a, b, c) indicate statistically significant differences
among treatments as determined by a one-way ANOVA, followed by Tukey’s HSD post hoc test
(p <0.05).

Table 1. Relative (%) area of the different secondary metabolites identified in HPLC-MS in scan mode
for control, cells, LM, and AgNP treatments. Metabolites with relevant increases in relative areas in
response to the NP treatment are highlighted in blue.

Compound CONTROL CELLS LM NP

S Rosmarinic acid 7.87 6.69 7.65 10.72
S Caffeic acid 2.76 3.01 2.83 4.23
S Quinic acid 9.49 10.88 12.19 9.43
S Syringic acid 1.19 1.32 1.16 0.77
S Gallocatechin 12.85 15.10 13.41 5.44

TOTAL PHENILPROPANOIDS 34.16 36.99 37.24 30.59
F Luteolin 0.37 0.45 0.33 0.38
F Hesperidin 0.45 0.37 0.32 0.52
F 6-Hydroxyluteolin-7-O-glucoside 0.59 0.59 0.46 0.54
F Luteolin 7-O-rutinoside 0.32 0.32 0.25 0.33
F Isorhamnetin-3-O-glucoside 2.92 2.66 2.66 3.64
F Apigenin-7-O-glucoside 0.18 0.17 0.18 0.16
F Isorhamnetin-3-O-rutinoside 0.09 0.08 0.08 0.10
F Diosmin 0.40 0.48 0.41 0.55
F Hispidulin-7-O-glucoside o 187 1.82 1.88 247

Luteolin-7-O-
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Table 1. Cont.

Compound CONTROL CELLS LM NP

F Isorhamnetin 0.42 0.56 0.39 0.45
F  Luteolin 3'-acetyl-O-glucuronide II 0.37 0.41 0.31 0.54
F Diosmetin 0.57 0.78 0.67 0.76
F Pectolinarigenin 1.57 2.10 1.76 1.55
F Genkwanin 0.21 0.24 0.12 0.28
TOTAL FLAVONOIDS 10.33 11.03 9.83 12.27

D Carnosic acid 18.73 15.90 15.94 13.53
D Rosmanol isomer 18.45 15.70 17.78 2.87
D Carnosol 3.22 3.43 2.60 22.38
D Rosmanol 7.33 8.43 7.94 8.28
D Rosmadial 1.28 1.98 2.36 1.91
D 12-methoxy-carnosic acid 2.45 2.56 2.86 3.32
TOTAL DITERPENS 51.46 48.00 49.48 52.30

T Asiatic acid 0.91 0.85 0.62 0.82
T Corosolic acid 0.94 0.83 0.79 1.04
T Micromeric acid 0.56 0.61 0.47 0.85
T Betulinic acid 0.76 0.76 0.62 0.99
T Ursolic acid 0.89 0.93 0.96 1.15
TOTAL TRITERPENS 4.05 3.98 3.45 4.84

The antioxidant capacity (AC) of the extracts, according to the DPPH Assay, is pre-
sented in Table 2. The ICsy values (expressed in pg/mL) indicated similar antioxidant
activity across most of the treatments when compared to the control, suggesting that the
overall free radical scavenging capacity remained largely unaffected. Specifically, the cells
and LM extracts exhibited slightly higher ICsy values (58.00 and 54.53 pug/mL, respectively),
which correspond to a modest reduction in antioxidant potency relative to the control.
In contrast, the NP treatment demonstrated an ICsy value of 52.64 ug/mL, closely com-
parable to that of the control (52.81 pg/mL), indicating that the nanoparticle application
maintained the antioxidant efficacy. These subtle variations may reflect differences in
the qualitative composition of the antioxidant compounds rather than total antioxidant
capacity, highlighting the need for further analysis of specific metabolite contributions to
the observed activity.

Table 2. ICs5 values of control, cells, LM, and NP extracts and positive controls in regard to the DPPH
antioxidant assay. CL corresponds to confidence limits.

Treatment or Positive Control ICs5p (ug/mL) CL (ng/mlL)
Control 52.81 50.10-55.74
Cell 58.00 55.23-61.09
LM 54.53 50.58-58.81
NP 52.64 45.48-54.96
Gallic acid 0.96 8.54 x 1077-1.07 x 10~°
Rosmarinic acid 5.14 5.04 x 1070-5.28 x 107
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The extracts’ potential to inhibit x-glucosidase activity was calculated as the ICs
value (Figure 3). The cells and LM extracts increased the ICsy value as compared to the
controls, therefore achieving worse results than the controls and NPs.
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Figure 3. ICs( values (ug of extract/mL) for alpha-glucosidase inhibition of Salvia rosmarinus extracts.
Values correspond to the mean + SD. Different letters (a, b, c) indicate statistically significant

differences among treatments as determined by a one-way ANOVA, followed by Tukey’s HSD post
hoc test (p < 0.05).

The extract’s anti-inflammatory potential was evaluated based on the ability to inhibit
cyclooxygenase (COX), evaluating COX-1, COX-2, and total COX (Figure 4).
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Figure 4. I1Cs values (ug of extract/mL) for (A) total COX; (B) COX-1; and (C) COX-2 inhibition
of Salvia rosmarinus extracts. Values correspond to the mean + SD. Different letters (a, b) indicate

statistically significant differences among treatments as determined by a one-way ANOVA, followed
by Tukey’s HSD post hoc test (p < 0.05).

The COX inhibition assays revealed a significant decrease in the ICs( values for rose-
mary extracts derived from NP-treated plants, indicating enhanced inhibitory potency
against both cyclooxygenase isoforms, COX-1 and COX-2. This suggests that nanopar-
ticle treatment effectively increased the concentration or bioavailability of active com-
pounds capable of modulating inflammatory pathways. The improved inhibition of COX
enzymes highlights the potential of NP-mediated metabolic induction to augment the
anti-inflammatory properties of rosemary extracts.
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4. Discussion

The ability of AgNPs coated with beneficial bacteria metabolites to trigger Salvia
rosmarinus metabolism during the postharvest period has been shown to be a valuable
biotechnological tool to improve the anti-inflammatory potential of rosemary extracts.
AgNPs cause a different response to that of the original strain (cells) or the complex mixture
of bacterial metabolites (LM), showing that the effects are attributed to the formulation of
metabolites at the nanoscale, which enables deeper penetration and a concomitant more
intense response. Despite the fact that the described effects are limited to rosemary in the
present study, a wider effect on other plant species is anticipated as Pseudomonas strains are
able to trigger many plant species [25]; more precisely, Pseudomonas shirazensis NFV3 is able
to enhance plant growth and metabolism in different plant species like Arabidopsis [31], as
well as tomato [32] and berries [18,25]

The HPLC and HPLC-MS analyses conducted in this study revealed a significant
metabolic modification in the samples treated with AgNPs, demonstrated by the increased
accumulation of rosmarinic acid and a decrease in carnosol (Figure 2). These metabo-
lites are well-documented for their potent antioxidant and anti-inflammatory properties,
contributing substantially to the pharmacological value of Salvia rosmarinus extracts [5-7].
The observed modification of these compounds indicates the robust activation of phenyl-
propanoids and the modification of diterpenoid biosynthetic pathways, which are typically
involved in the plant’s response to biotic and abiotic stimuli [10,12].

Interestingly, the NP treatment resulted in a markedly lower concentration of carnosol
and carnosic acid compared to the control and the other treatments. This suggests the
occurrence of a selective modulation or metabolic reallocation triggered by the nanoparticle
formulation, potentially involving the differential regulation of key enzymes, such as
geranylgeranyl diphosphate reductase or ferruginol synthase, which are crucial in the
diterpenoid biosynthetic cascade [33]. Selective metabolic reprogramming in response
to nanoparticles has been previously described in species such as Arabidopsis thaliana
and Medicago sativa, wherein metallic and polymeric nanoparticles induced divergent
transcriptomic responses and metabolite fluxes depending on the particle size, composition,
and surface functionalization [20,21]. Such selective responses may be mediated by a
combination of oxidative signaling, hormone crosstalk, and epigenetic reconfiguration,
emphasizing the complexity of nanoparticle-plant interactions [24].

The dual effect observed, wherein some branches of the secondary metabolism are
enhanced while others are downregulated, underscores the specificity and potential of
NP-based elicitation to fine-tune metabolite profiles. This complexity highlights the neces-
sity of integrating omics approaches (transcriptomics, proteomics, and metabolomics) to
comprehensively elucidate the molecular mechanisms underpinning such metabolic plastic-
ity [21,23]. Moreover, studies involving nanoparticle uptake, translocation, and subcellular
localization would further clarify how these materials influence cellular metabolism at the
biochemical level [20].

The HPLC-MS profiling further supported these findings, showing that all the rose-
mary extracts exhibited a similar profile, and all showed the same composition, despite
the profiles from NP-treated plants showing increased relative peak areas compared to the
controls (Table 1); interestingly, triterpenes were noticeably increased, specially betulinic
and ursolic acid. This broad-spectrum metabolic activation implies that nanoparticle expo-
sure may act as a general elicitor, potentially triggering multiple biosynthetic pathways
through stress-induced signaling networks, such as ROS bursts, MAPK cascades, or jas-
monate signaling [21,24]. These networks are known to orchestrate the transcriptional
reprogramming of specialized metabolism genes, contributing to the activation of complex
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metabolite assemblages that confer adaptive advantages to the plant, while simultaneously
increasing extract bioactivity [5].

In pharmacological terms, this compositional remodeling translated into functional im-
provements in terms of anti-inflammatory potential, but not in regard to the hypoglycemic
effects. Notably, the COX inhibition assays demonstrated a significant decrease in the ICs
values for the extracts derived from NP-treated plants, indicating enhanced inhibitory
activity against both COX-1 and COX-2 isoforms. This increased potency correlates with
the observed accumulation of specific anti-inflammatory compounds, such as rosmarinic
acid, diosmetin, micromeric acid, and carnosol, all of which are known to interfere with
eicosanoid synthesis or modulate NF-«B signaling [5,7,14]. This pharmacological enhance-
ment occurred despite the absence of significant differences in the total phenolic content,
emphasizing that it is the qualitative remodeling of the bioactive profile, not merely a
quantitative increase, that defines extract potency and activity [10,23].

These findings indicate that nanoparticle treatment not only expands the overall
metabolite pool, but also specifically modulates the composition and functional direction
of the secondary metabolome to enhance its anti-inflammatory potential. This insight
is particularly valuable for phytopharmaceutical applications, wherein the therapeutic
efficacy of plant extracts often depends on the presence of synergistic combinations of
bioactive compounds rather than high concentrations of a single molecule [5,9,34]. In
this context, NP-mediated elicitation emerges as a promising tool in the field of plant
metabolic engineering, enabling the controlled enhancement of targeted pharmacological
properties [21,24].

In contrast to the highly specific metabolic remodeling observed in the NP-treated
plants, the total phenolic quantification showed no significant differences between the NP
and the control, suggesting that the overall pool of phenolic compounds remained relatively
stable. However, both cells and LM treatments led to a statistically significant increase in the
total phenolic content, reflecting a broader, non-selective stimulation of phenylpropanoid
metabolism [6,12]. This observation indicates that while classical biotechnological tools,
such as plant cell cultures or metabolic liquids, can upregulate entire pathways, nanoparti-
cle formulations offer the advantage of selective pathway modulation [21,23].

The marked increase in flavonol content observed in the extracts from the LM-treated
plants further supports this differential mode of action. It is plausible that LM contains
endogenous or exogenously induced elicitors, such as signaling peptides or microbial
metabolites, capable of activating transcription factors (e.g., MYB12, TTG1) involved in
flavonoid biosynthesis [20,24] that are not able to reduce silver and, therefore, are not
present in the organic crown of NP. Given the central role of flavonoids in oxidative
stress protection, UV shielding, and hormone transport, such increases have physiological
relevance beyond their pharmacological interest and may improve plant resilience and
postharvest extract quality when delivered along the plant cycle [9,10].

Regarding antioxidant activity, the IC5p values from the DPPH assays showed only
modest variations across the treatments, with the NP extracts exhibiting nearly identical
antioxidant potency to the control samples. Although the cells and LM treatments yielded
slightly higher ICs values, suggesting marginally lower scavenging capacity, these changes
are unlikely to be biologically significant. Rather, they likely reflect qualitative shifts in
the antioxidant profile, wherein metabolites with high radical scavenging potential may
be replaced by others with lower activity but greater relevance to anti-inflammatory or
cytoprotective functions [5,7,10]. This further illustrates that antioxidant capacity is a
multifactorial trait that is not governed solely by its phenolic abundance, but by the
chemical nature, redox potential, and synergistic interactions of the constituent metabolites.
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5. Conclusions

This study demonstrates that formulating Pseudomonas shirazensis bacterial metabolites
in nanoparticles can effectively modulate the secondary metabolism of Salvia rosmarinus,
leading to significant alterations in the metabolite composition and pharmacological activity,
even when delivered during the postharvest period. Nanoparticle treatments offer a unique
advantage by enabling targeted remodeling of metabolite profiles, enhancing specific anti-
inflammatory compounds without indiscriminately increasing the total phenolic content.
These findings open up new avenues for the application of nanotechnology in regard
to phytopharmaceutical optimization and targeted metabolic engineering. Further work
integrating transcriptomic and proteomic data, as well as in vivo pharmacological and
toxicological assessments, will be essential to fully exploit the therapeutic potential of
nanoparticle-enhanced medicinal plant extracts.

In summary, delivering NP to Salvia rosmarinus during the postharvest period rep-
resents a promising tool to further increase natural bioactives, improving their anti-
inflammatory, antihyperglycemic, and antioxidant properties. This tool appears to be
an excellent alternative for the plant extracts industry. However, further research is re-
quired to overcome current challenges related to standardization, mechanistic elucidation,
and clinical efficacy.

6. Patents

A patent application has been filed with reference P202430961, entitled “Pseudomonas
shirazensis NVF3 y sus metabolitos vehiculizados en nanoparticulas de plata como promo-
tores del crecimiento vegetal, estimulantes de la adaptacion en situaciones de estrés hidrico
y del metabolismo secundario de interés farmacolégico y alimentario”. The IET+OE has
been published and recognizes patentability. It is not public yet.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox14080931/s1, Figure S1. Supplementary Material. Calibration
curves for quantification of phenolic compounds Using HPLC. (A) Rosmarinic acid calibration curve.
(B) Carnosic acid calibration curve. (C) Carnosol calibration curve. Figure S2. Supplementary
Material. HPLC-MS chromatogram of NP extracts.
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Abbreviations

The following abbreviations are used in this manuscript:

Cell  Pseudomonas shirazensis NFV3 cells suspended in water
LM  Liquid medium containing Pseudomonas shirazensis NFV3 metabolites
NP  Pseudomonas shirazensis NFV3 metabolites (LM) formulated in silver nanoparticles

References

1.  Drew, B.T.; Gonzélez-Gallegos, J.G.; Xiang, C.L.; Kriebel, R.; Drummond, C.P.; Walked, ].B.; Sytsma, K.J. Salvia united: The
greatest good for the greatest number. Taxon 2017, 66, 133-145. [CrossRef]

2. Begum, A; Sandhya, S.; Alj, S.S.; Vinod, K.R.; Swapna, R.; Banji, D. An in-depth review on the medicinal flora Salvia rosmarinus
(Lamiaceae). Acta Sci. Pol. Technol. Aliment. 2013, 12, 61-73.

3. de Oliveira, J.R.; Camargo, S.E.A_; de Oliveira, L.D. Salvia rosmarinus (rosemary): An ancient plant with uses in dentistry and
medicine. Br. |. Pharmacol. 2019, 176, 1137-1150.

4. Rosemary Extract- Global Market Share and Ranking, Overall Sales and Demand Forecast 2025-2031. Available online: https:
/ /www.qyresearch.com/reports/3480301 /rosemary-extract (accessed on 24 June 2025).

5. Habtemariam, S. Anti-Inflammatory Therapeutic Mechanisms of Natural Products: Insight from Rosemary Diterpenes, Carnosic
Acid and Carnosol. Biomedicines 2023, 11, 545. [CrossRef]| [PubMed]

6. Farhadi, F.; Baradaran Rahimi, V.; Mohamadi, N.; Askari, V.R. Effects of rosmarinic acid, carnosic acid, rosmanol, carnosol, and
ursolic acid on the pathogenesis of respiratory diseases. Biofactors 2023, 49, 478-501. [CrossRef] [PubMed]

7. Tavares, WR.; Seca, A.M.L.; Silva, A.M.S. Diterpenes from rosemary (Salvia rosmarinus): Defining their pharmacological activities.
Food Chem. Toxicol. 2024, 76, 90-99.

8.  Kurek-Goérecka, A.; Goérecki, M.; Rzepecka-Stojko, A.; Balwierz, R.; Stojko, J. Salvia rosmarinus: A Comprehensive Review of its
Phytochemical Profile and Health-Promoting Properties. Int. J. Pharm. Sci. Drug Res. 2020, 11, 155-162.

9. Efenberger-Szmechtyk, M.; Nowak, A.; Kregiel, D. Rosemary (Salvia rosmarinus) as a functional ingredient. Trends Food Sci.
Technol. 2021, 61, 68-82.

10. Noor, S.; Mohammad, T.; Rub, M.A.; Raza, A.; Azum, N.; Yadav, D.K.; Hassan, M.I.; Asiri, A.M. Biomedical features and
therapeutic potential of rosmarinic acid. Arch. Pharm. Res. 2022, 45, 205-228. [CrossRef]

11.  Al-Sereiti, M.R.; Abu-Amer, K.M.; Sen, P. Critical review on biological effect and mechanisms of diterpenoids from Salvia
rosmarinus. Front. Med. Chem. 2025, 3, 112-130.

12.  Raskovié, A.; Milanovi¢, L; Pavlovi¢, N.; Cebovi¢, T.; Vukmirovié, S.; Mikov, M. Antioxidant activity of rosemary (Salvia rosmarinus)
essential oil and its hepatoprotective potential. BMC Complement. Altern. Med. 2014, 14, 225. [CrossRef]

13. Wan, S.S,; Li, X.Y,; Liu, S.R.;; Tang, S. The function of carnosic acid in lipopolysaccharides-induced hepatic and intestinal
inflammation in poultry. Poult. Sci. 2024, 103, 103415. [CrossRef]

14. Fang, Z.; Lu, M.; Huang, R.; Wang, G.; Yushanjiang, F,; Jiang, X.; Li, J. Carnosol prevents cardiac remodeling and ventricular
arrhythmias in pressure overload-induced heart failure mice. Phytother. Res. 2024, 38, 3763-3781. [CrossRef]

15. Tong, X.P; Ma, Y.X,; Quan, D.N.; Zhang, L.; Yan, M.; Fan, X.R. Rosemary extracts upregulate Nrf2, Sestrin2, and MRP2 protein
level in human hepatoma HepG2 cells. Evid.-Based Complement. Altern. Med. 2017, 2017, 7359806. [CrossRef]

16. El Kantar, S.; Yassin, A.; Nehmeh, B.; Labaki, L.; Mitri, S.; Aldine, EN.; Hirko, A.; Caballero, S.; Monck, E.; Garcia-Maruniak, A.;
et al. Deciphering the therapeutical potentials of rosmarinic acid. Sci. Rep. 2022, 12, 15489. [CrossRef]

17. Mehmood, N.; Saeed, M.; Zafarullah, S.; Hyder, S.; Rizvi, Z.F,; Gondal, A.S.; Jamil, N.; Igbal, R.; Ali, B.; Ercisli, S.; et al.
Multifaceted impacts of plant-beneficial Pseudomonas spp. in managing various plant diseases and crop yield improvement. ACS
Omega 2023, 8, 22296-22315. [CrossRef] [PubMed]

18. Martin-Rivilla, H.; Garcia-Villaraco, A.; Ramos-Solano, B.; Gutierrez-Manero, E]J.; Lucas, ].A. Metabolic elicitors of Pseudomonas
fluorescens N21.4 elicit flavonoid metabolism in blackberry fruit. J. Sci. Food Agric. 2021, 101, 205-214. [CrossRef] [PubMed]

19. Plokhovska, S.; Garcfa-Villaraco, A.; Lucas, J.A.; Gutiérrez-Manero, F.J.; Ramos-Solano, B. Pseudomonas sp. N5. 12 Metabolites
Formulated in AgNPs Enhance Plant Fitness and Metabolism Without Altering Soil Microbial Communities. Plants 2025, 14, 1655.
[CrossRef] [PubMed]

20. Marslin, G.; Sheeba, C.J.; Franklin, G. Nanoparticles alter secondary metabolism in plants via ROS burst. Front. Plant Sci. 2017,
8, 832. [CrossRef]

21. Silva, S.; Dias, M.C.; Pinto, D.C.G.A.; Silva, A.M.S. Metabolomics as a Tool to Understand Nano-Plant Interactions: The Case
Study of Metal-Based Nanoparticles. Plants 2023, 12, 491. [CrossRef]

22. Hadi Soltanabad, M.; Bagherieh-Najjar, M.B.; Mianabadi, M. Carnosic Acid Content Increased by Silver Nanoparticle Treatment

in Rosemary (Salvia rosmarinus). Appl. Biochem. Biotechnol. 2020, 191, 482-495. [CrossRef] [PubMed]

102



Antioxidants 2025, 14, 931

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Afrouz, M.; Ahmadi-Nouraldinvand, F; Elias, S.G.; Alebrahim, M.T.; Tseng, T.M.; Zahedian, H. Green synthesis of spermine
coated iron nanoparticles and its effect on biochemical properties of Salvia rosmarinus. Sci. Rep. 2023, 13, 775. [CrossRef]
[PubMed]

Plokhovska, S.; Garcia-Villaraco, A.; Lucas, J.A.; Gutierrez-Martiero, EJ.; Ramos-Solano, B. Silver nanoparticles coated with
metabolites of Pseudomonas sp. N5.12 inhibit bacterial pathogens and fungal phytopathogens. Sci. Rep. 2025, 15, 1522. [CrossRef]
[PubMed]

Gutierrez-Albanchez, E.; Garcia-Villaraco, A.; Lucas, J.A.; Horche, 1.; Ramos-Solano, B.; Gutierrez-Maftiero, F.J. Pseudomonas
palmensis sp. nov., a novel bacterium isolated from Nicotiana glauca microbiome: Draft genome analysis and biological potential
for agriculture. Front. Microbiol. 2021, 12, 672751. [CrossRef]

Wellwood, C.R.; Cole, R.A. Relevance of carnosic acid concentrations to the selection of rosemary, Rosmarinus officinalis (L.),
accessions for optimization of antioxidant yield. J. Agric. Food Chem. 2004, 52, 6101-6107. [CrossRef]

Sharma, Y.; Velamuri, R.; Fagan, J.; Schaefer, J. Full-spectrum analysis of bioactive compounds in rosemary (Rosmarinus officinalis
L.) as influenced by different extraction methods. Molecules 2020, 25, 4599. [CrossRef]

Benvenuti, S.; Pellati, F.; Melegari, M.; Bertelli, D. Polyphenols, anthocyanins, ascorbic acid, and radical scavenging activity of
Rubus, Ribes, and Aronia. J. Food Sci. 2004, 69, FCT164-FCT169. [CrossRef]

Jia, Z.; Tang, M.; Wu, J. The determination of flavonoid contents in mulberry and their scavenging effects on superoxide radicals.
Food Chem. 1999, 64, 555-559. [CrossRef]

Di Sotto, A.; Di Giacomo, S.; Amatore, D.; Locatelli, M.; Vitalone, A.; Toniolo, C.; Nencioni, L. A polyphenol rich extract from
Solanum melongena L. DR2 peel exhibits antioxidant properties and anti-herpes simplex virus type 1 activity in vitro. Molecules
2018, 23, 2066. [CrossRef]

Martin-Rivilla, H.; Garcia-Villaraco, A.; Ramos-Solano, B.; Gutierrez-Mafiero, EJ.; Lucas, J.A. Extracts from cultures of Pseudomonas
fluorescens induce defensive patterns of gene expression and enzyme activity while depressing visible injury and reactive oxygen
species in Arabidopsis thaliana challenged with pathogenic Pseudomonas syringae. AoB Plants 2019, 11, p1z049. [CrossRef]

Singh, VK,; Singh, A.K; Singh, P.P.,; Kumar, A. Interaction of plant growth promoting bacteria with tomato under abiotic stress: A
review. Agric. Ecosyst. Environ. 2018, 267, 129-140. [CrossRef]

Xia, J.; Lou, G.; Zhang, L.; Huang, Y.; Yang, J.; Guo, J.; Yang, D. Unveiling the spatial distribution and molecular mechanisms of
terpenoid biosynthesis in Salvia miltiorrhiza and S. grandifolia using multi-omics and DESI-MSI. Hortic. Res. 2023, 10, uhad109.
[CrossRef] [PubMed]

Gonzalez-Vallinas, M.; Reglero, G.; Ramirez de Molina, A. Rosemary (Salvia rosmarinus) extract as a potential complementary
agent in anticancer therapy. Nutr. Cancer 2015, 67, 1223-1231. [CrossRef] [PubMed]

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.

103



[ ] L] /
Do KL n
™8 antioxidants ﬂw\p\py

Article

Chitosan Nanoparticle-Mediated Delivery of Alstonia venenata
R.Br. Root Methanolic Extract: A Promising Strategy for Breast
Cancer Therapy in DMBA-Induced Breast Cancer in Sprague
Dawley Rats

Aarthi Jeganathan '*, Karuppusamy Arunachalam 2*, Anju Byju !, Anju Rani George !, Sradha Sajeev !,
Kavimani Thangasamy ! and Geetha Natesan !'*

1 Department of Botany, Bharathiar University, Coimbatore 641046, TN, India; aarthij96@gmail.com (A.].);
anjubyju2014@gmail.com (A.B.); anju.rani.nx@gmail.com (A.R.G.); sajeevsradha@gmail.com (S.S.);
kavieswari007@gmail.com (K.T.)

Center for Studies in Stem Cells, Cellular Therapy and Toxicological Genetics (CeTroGen), Faculty of
Medicine (FAMED), Federal University of Mato Grosso do Sul (UFMS), Campo Grande 79070-900, MS, Brazil;
arunachalam04@gmail.com

Correspondence: ngeethaptc@gmail.com

These authors contributed equally to this work.

Abstract: Alstonia venenata R.Br., a plant native to the Western Ghats, is recognized for its diverse
medicinal properties. The plant’s extracts, particularly rich in alkaloids and other bioactive com-
pounds, have shown potential anticancer activity. This study investigates the therapeutic potential
of chitosan nanoparticles (CNPs) loaded with the root methanolic extract (RME) of A. venenata in
combating breast cancer induced by dimethylbenz(a)anthracene (DMBA) in female Sprague Dawley
rats. The RME-loaded chitosan nanoparticles (RME-EnCNPs) were synthesized and characterized,
and their in vivo efficacy was evaluated. Treatment with RME-EnCNPs significantly inhibited tumor
progression, which is evidenced by reduced tumor volume, burden, and incidence. Moreover, the
nanoparticles demonstrated a sustained release of the active compounds, leading to marked improve-
ments in various biochemical, enzymatic, and histopathological parameters. The study found that
both RME and RME-EnCNPs effectively suppressed tumor growth, with RME-EnCNPs showing
superior efficacy in modulating tumor progression. Antioxidant assays revealed that treatment with
RME-EnCNPs (500 mg/kg) resulted in significant increases in total protein, superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx), and glutathione (GSH) levels, alongside a marked
reduction in lipid peroxidation (LPO) (p < 0.001). These findings suggest that RME-EnCNPs exert
a potent antioxidant effect, mitigating oxidative stress within the tumor microenvironment. The
root extract of A. venenata and its nanoparticle formulation hold promise as a potential therapeutic
agent for breast cancer, warranting further investigation to isolate active bioactive compounds and
elucidate their mechanisms of action.

Keywords: Alstonia venenata; chitosan nanoparticles; rats; dimethylbenz(a)anthracene; antioxidant
activity; anticancer activity

1. Introduction

Cancer, a multifaceted spectrum of diseases, is characterized by the unchecked pro-
liferation of abnormal cells with the potential to spread to different parts of the body—a
process known as metastasis. According to the World Health Organization (WHO) in 2022,
metastases were identified as the primary cause of cancer-related fatalities, contributing to
approximately 10 million deaths in 2020 [1]. Among the various forms of cancer, breast
cancer stands out as the most prevalent malignancy in women, exhibiting considerable
molecular heterogeneity. In 2022, there were 2.3 million new breast cancer diagnoses in
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women worldwide, and 670,000 women died from the disease. Breast cancer is the most
prevalent cancer among Indian women, making up 28.2% of all cancer cases in the coun-
try [2]. Projections indicate a potential surge to 3.2 million new cases by 2040, underscoring
the urgency for comprehensive research and therapeutic interventions [2]. The initiation
of breast cancer in laboratory rodents, particularly Sprague Dawley and Wistar rats, often
involves exposure to chemical carcinogens like DMBA and N-methyl nitrosourea [3]. Un-
derstanding the susceptibility of these rodents to carcinogens provides insights into the
complex etiology of breast cancer. The development of chemopreventive medications has
been instrumental in interrupting the carcinogenic cascade. These medications employ var-
ious mechanisms, including the enhancement of detoxifying enzymes, scavenging reactive
oxygen species, and regulating apoptosis [4]. Despite significant therapeutic advancements,
the treatments for breast cancer often come with a plethora of reactions that adversely
impact the quality of life for patients.

Nanotechnology has recently emerged as a promising frontier in medical science,
offering innovative solutions for bio-imaging, nucleic acid delivery, biosensors, and drug
delivery. Nanoparticle-based drug delivery systems have garnered attention for their ability
to improve pharmacokinetics, precisely target tumor cells, and mitigate drug resistance.
Hybrid nanoparticle development has further enhanced the stability and performance of
drug delivery systems by amalgamating the distinct features of various nanoparticles [5].
The potential of nanoparticle-based therapy to address multidrug resistance (MDR) in vari-
ous cancer types, including breast cancer, has become a focal point of ongoing research [6].
The intersection of nanotechnology and medicine has ushered in a new era for cancer
treatment, although further research is essential to fully comprehend the intricate dynamics
between these two fields. This study seeks to consolidate fundamental concepts, address
existing challenges, and outlining prospective research directions related to the utilization
of nanocarrier systems in cancer therapy [7].

Chitosan, a derivative of chitin, has gained prominence as a potential material for
drug carrier nanoparticles due to its biodegradability, biocompatibility, and low toxicity.
The cationic composition of chitosan facilitates enhanced adherence to mucosal surfaces via
electrostatic interactions, leading to improved drug absorption into targeted cells. Chitosan
nanoparticles, utilizing encapsulation or direct attachment, have proven to be a robust, safe,
and non-toxic alternative for drug delivery. Their ability to encapsulate various compounds
has opened up avenues for applications in cancer therapy and other industries such as
food, agriculture, cosmetics, and pharmaceuticals [8].

Alstonia venenata R.Br. a plant belonging to the Apocynaceae family, has gained
prominence in various Indian systems of medicine. With 43 species in the genus Alstonia,
A. scholaris, A. boonei, A. congensis, and A. macrophylla have demonstrated utility in treating
various diseases, owing to their abundance in alkaloids, steroids, triterpenoids, and phe-
nolic compounds [9]. A particular focus is placed on A. venenata, a medium-sized shrub
endemic to Eastern and Southern India, known for its anti-venom properties. The plant has
shown antibacterial efficacy, cytotoxicity against Dalton’s lymphoma ascites (DLA) cells,
antioxidant properties, and significant anticancer activity against Ehrlich Ascites carcinoma
(EAC) cells, depending on the specific extracts utilized [10-12].

Plant-derived secondary metabolites have gained recognition for their potential in
cancer treatment, offering natural, eco-friendly alternatives with fewer side effects. These
compounds play a crucial role in the development of new anticancer drugs. Natural
products, including essential oils and plant extracts, have been explored for their anticancer
potential, creating nanoformulations that show preclinical promise. However, translating
these findings into clinical applications is hindered by bioavailability challenges [13,14].

Despite the extensive research on natural products and their potential in cancer
treatment, there is a notable gap concerning the breast cancer activity of A. venenata plant
extract. This study seeks to fill that void by evaluating the anticancer potential of A.
venenata extract loaded with chitosan nanoparticles. This novel approach aims to integrate
the strengths of plant-derived compounds and nanotechnology, providing a potential
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avenue for more effective and targeted breast cancer treatments. The complex interplay
between nanocarriers and natural compounds, including the specific impact of chitosan
nanoparticles on the efficacy of A. venenata extracts, requires further exploration for a
comprehensive understanding of their synergistic potential in cancer therapy.

2. Materials and Methods
2.1. Chemicals

Tripolyphosphate (Cat. No. 7758-29-4, Mumbai, India), glacial acetic acid (Cat. No. 64-19-7,
Mumbai, India), Chitosan (Cat. No. 9012-76-4 Mumbeai, India), 7,12-dimethylbenz(a)anthracene
(Cat No. 68141-56-0, Mumbai, India), ethylenediaminetetraacetic acid (Cat. No. 60-00-4, Mum-
bai, India), trichloroacetic acid (Cat. No. 76-03-9, Mumbeai, India), disodium hydrogen phos-
phate (Cat. No. 7558-79-4, Mumbali, India), malondialdehyde (Cat. No. 100683-54-3, Mumbai,
India), thiobarbituric acid (Cat. No. 504-17-6), magnesium chloride (Cat. No. 7791-18-6, Mum-
bai, India), sodium fluoride (Cat. No. 7681-49-4, Mumbai, India), hydrazine sulfate (Cat.
No. 88491-70-7, Mumbai, India), sodium succinate (Cat. No. 6106-21-4), and potassium
ferricyanide (Cat. No. 13746-66-2, Mumbai, India) were purchased from Sigma-Aldrich,
Bangalore, India and stored at 4 °C.

2.2. Plant Material

The fresh roots of A. venenata were collected from Coonoor (GPS, Coordinates: 11°20/42” N
76°47'42"" E), Tamil Nadu, India. The plant material was authenticated by the Botanical
Survey of India, Coimbatore (voucher specimen No: BSI/SRC/5/23/2019/Tech, 3442). The
plant samples were thoroughly washed with water, cut into small pieces, and shade-dried
for two weeks. The dried samples were powdered using a Wiley mill and stored at 4 °C.
The powdered samples were cold-extracted using methanol in the ratio of 1:10 (w/v) with
an orbital shaker at 180 rpm for 24 h at room temperature. The filtrate was concentrated
through evaporation at room temperature (20% of the extract yield) and dissolved in
methanol to obtain a working solution of 10 mg/10 mL (w/v).

2.3. Preparation and Characterization of Root Methanolic Extract-Encapsulated Chitosan
Nanoparticles (RME-ENCNPs)

In silico analysis and in vitro anticancer activity (MTT assay) confirmed the anticancer
potential of the root methanolic extract (RME). Consequently, this extract was chosen for
encapsulation with chitosan nanoparticles (CNPs) and subjected to characterization, as
well as anticancer activity evaluation using an in vivo model.

2.3.1. Preparation of Chitosan Nanoparticles (CNPs)

TPP cross-linked nanochitosan was synthesized using the ionic gelation method [15].
Chitosan (low molecular weight, 0.5% w/v) was dissolved in 0.5% glacial acetic acid,
agitated for 30 min, and left overnight at room temperature. The pH of the solution was
set to 5.5 with 0.5 M NaOH. Subsequently, 0.5 mL of tripolyphosphate (0.5% TPP) was
added dropwise to the above solution until the color changed to milky white, with stirring
at 100 rpm. The nanoparticle suspension was then centrifuged at 10,000 rpm for 10 min
at 4 °C temperature. The resulting pellet was collected, lyophilized, and stored at room
temperature following the method outlined [16].

2.3.2. Preparation of RME-EnCNPS

Chitosan nanoparticles at five different concentrations (100, 200, 300, 400, and 500 pg/mL)
were directly dissolved in root methanolic extract (RME-EnCNPs), followed by the gradual
addition of TPP dropwise. The mixture was stirred on a magnetic stirrer for 40 min.
Subsequently, it was centrifuged at 15,000 rpm for 10 min, and the resulting pellets were
collected. The pellets were washed once or twice with deionized water and then dried at
room temperature, following the methodology outlined [17].
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2.3.3. Entrapment Efficiency

The encapsulation or entrapment efficiency of the nanoparticles was assessed by
measuring the concentration of free RME. In a concise procedure, 2 mL of the RME-
EnCNPs dispersion was subjected to ultracentrifugation at 15,000 rpm for 30 min. The
supernatant obtained was collected and analyzed for RME-EnCNPs using a UV-visible
spectrophotometer at a wavelength of 279 nm, as per the method described by Bagyalak-
shmi and Haritha [18]. All measurements were conducted in triplicate. The percentage of
RME entrapped in the CNPs was calculated using the absorbance values, employing the
following equation:

Mass of initially added drug — Mass of free drug EE (%) = (Mass of initially added drug x 100)

2.4. In Vitro Drug Release Study

In vitro release profiles of the optimized RME-EnCNPs were generated using the
dialysis tube method with a molecular weight cutoff of 12,000-14,000. A known quantity
of nanoparticles was dispersed in 2 mL of phosphate-buffered saline (pH 6.8). In addition,
the membrane was washed with warm double-distilled water (70 °C) for 1 h and then
rinsed thrice with water to eliminate glycerin. Approximately 5 mL of a suspension
containing phosphate buffer (pH 6.8) was placed in the dialysis bag, sealed at both ends,
and submerged in a beaker containing 100 mL of phosphate buffer (pH 6.8). The sample was
stirred at 100 rpm using a magnetic stirrer at room temperature. At specific time intervals
(05,1, 1.5, 2,25, and 3 h), a 2 mL aliquot was taken, and absorbance was measured at
450 nm. The spent aliquot was replaced in the dialysis membrane by an equal volume of
fresh buffer, as per the method outlined [19].

The concentration of the drug present in the test sample was determined using the
following equation, as described in [20]:

Concentration of drug released Drug release [%] = (Total concentration of drug x 100)

To theoretically understand the mechanism of RME release from CNPs, the in vitro
drug release data were fitted into different mathematical models, including the zero order,
first order, Higuchi model, and Korsmeyer-Peppas model [21].

2.4.1. Drug Release Kinetics

The in vitro dissolution test data were fitted into mathematical models representing
(i) fero order, (ii) first order, (iii) Higuchi’s, and (iv) Korsmeyer—-Peppas model.

Equations were used to determine the release mechanism and the order of drug
release.

2.4.2. Zero Order Kinetics

The zero order kinetics represent the drug release rate, which is independent from its
concentration. The equation translating the zero order kinetics is as follows:

Qt = Qo + kot

where Q; is the quantity of RME or drug dissolved in time t, Qy is the initial concentration
of the drug in the buffer solution, and Ky is the zero order release constant, which was
obtained from the slope of the linear plot of percentage drug release versus time.

2.4.3. First Order Kinetics

The first order kinetics represent the drug release from a system that is concentration-
dependent and is expressed as follows:

log Ct = log Cy — ki¢/2.303
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where C; is the concentration of drug released in time t, Cy is the initial concentration
of drug present in the nanoparticles, ky; is the first order constant and it was calculated
from the slope of the linear plot of the log values of the cumulative percentage of the drug
remaining versus time.

2.4.4. Higuchi Model

The Higuchi model describes drug release from an insoluble matrix as the square root of
a time-dependent process based on diffusion. The Higuchi model can be expressed as follows:

Qi = ki x 0.5

where Q; is the amount of drug released in time t, and kyj is constant, which was obtained
from the slope of the linear plot of percentage drug (RME) release versus square root of time.

2.4.5. Korsmeyer-Peppas Model

The Korsmeyer-Peppas model explains drug release from a polymeric system, and
can be expressed as follows:

Logqt = log i +n x log ¢

where k is the kinetic constant and n is the diffusion exponent, a measure of the primary
mechanism of drug release. Values of n and k were calculated from the slope and intercept
of the linear plot of the log cumulative percentage drug release versus log time.

2.4.6. Correlation Coefficients Analysis (R?)
R? analysis helps to determine the regression between selected items. Intercept and slope

give the Y2-Y1/X2-X1 value. The R? value of the kinetic models clearly defines the influence
of each factor % of drug release, log (cumulative frequency) CF%, and cumulative %.

2.5. Characterization of CNPs and RME-EnCNPs

Chitosan nanoparticles (CNPs) and root methanolic extract-encapsulated chitosan nanopar-
ticles (RME-EnCNPs) were subjected to various spectroscopy characterization studies.

2.5.1. Ultraviolet-Visible Spectroscopy (UV-Vis)

To verify the formation of nanoparticles, the solution was scanned in the range of
200-800 nm in a spectrophotometer using a quartz cuvette with water as the reference.

2.5.2. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique used to obtain the
infrared spectrum of absorption, emission, and photoconductivity in solids, liquids, and
gasses. It is employed to detect various functional groups in a sample, and the spectrum
corresponds to specific rotations around carbon atoms. FTIR analysis is performed to
analyze the formation of CNPs and RME-EnCNPs. After preparing samples with KBr in
pellet form, the spectra were recorded using FTIR at room temperature. The scan range
was 4000 to 400 cm ! at a resolution of 4 cm ™~ [22].

2.5.3. X-Ray Diffraction

XRD analysis was conducted using a Cu K X-ray source (A = 1.5406 A). This technique
is employed to investigate the crystalline nature of chitosan nanoparticles/encapsulated
chitosan nanoparticles and to determine nanoparticle size. The analysis was performed
within the scanning 20 range of 20-80° with a scanning speed of 50 S~ 1.

2.5.4. Scanning Electron Microscopy (SEM)

The topography of RME-EnCNPs was examined using a Quanta 400 ESEM/EDAX
(FEI). Small amounts of vacuum-dried nanochitosan samples were placed on an SEM stub
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using double-sided adhesive tape and subjected to sputter coating at 50 mA for 6 min.
Subsequently, the stub containing the sample was positioned in the scanning electron
microscopy (SEM) chamber, and a photomicrograph was captured at an acceleration
voltage of 20 kV.

2.5.5. Zeta Potential

The zeta potential of RME and RME-EnCNPs was analyzed using a laser light
scattering-based particle analyzer. The analysis was conducted in triplicate, and aver-
age values along with standard deviations were recorded.

2.6. Animals and Experimental Design

For the in vivo experiment, 21-day-old female Sprague Dawley rats weighing 120-140 g
were utilized, and they were procured from the National Institute of Nutrition, Hyderabad,
India. All the rats were housed at a room temperature of 22 4+ 3 °C with a 12 h light/12 h
dark cycle in the animal house. Throughout the study, the animals were provided with a
commercial pellet diet and had free access to water, adhering to the guidelines of the Com-
mittee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA),
New Delhi.

The experiment was conducted following the ethical guidelines and after obtaining
clearance from the Institutional Animal Ethics Committee (IAEC) under IAEC No. KM-
CRET/ReRc/Ph.D/20/2021. The seven animal groups were separated, with each group
being assigned eight animals. The animal treatment groups were as follows:

Groupl  Control rats given only saline (p.o.)

Group II  Rats given DMBA only 25 mg/kg (i.p)

Group Il Rats treated with DMBA + tamoxifen 10 mg/kg (standard control, p.o.)
Group IV Rats treated with DMBA + RME 250 mg/kg (p.o.)

Group V  Rats treated with DMBA + RME 500 mg/kg (p.o.)

Group VI  Rats treated with DMBA + RME-EnCNPs 250 mg/kg (p.o.)

Group VII Rats treated with DMBA + RME-EnCNPs 500 mg/kg (p.o.).

After completing the induction and treatment period, the animals were sacrificed and
their tissues were collected for the evaluation of the estimation of the tumor parameters, en-
zymatic antioxidant and non-enzymatic antioxidant activities, glycolytic and non-glycolytic
enzymes, estimation of mitochondrial TCA cycle enzymes, and histopathology analysis.
The blood samples were used for biochemical analysis.

2.6.1. Acute Toxicity Study

To assess the safety of the plant extracts (RME and RME-EnCNPs), an acute oral
toxicity analysis was conducted following the guidelines of the Organization for Economic
Co-operation and Development (OECD) for testing chemicals [23]. The analysis received
approval from the Institutional Animal Ethics Committee (IAEC). For this experiment,
healthy female Sprague Dawley rats weighing between 120 and 140 g were selected and
divided into 6 groups, with 3 animals in each group. The rats were housed in plastic cages
under a 12 h light and dark period, with room temperature maintained at 22 4= 3 °C and
humidity between 40 and 60%, ensuring proper ventilation. Oral doses of 500, 1000, and
2000 mg/kg of RME and RME-EnCNPs were administered to each group. Throughout a
14-day observation period, the animals were monitored for changes in behavior, function,
and morphology. Observations included an assessment of toxicological symptoms such as
alertness, grooming, touch response, torch response, pain response, tremors, convulsion,
righting reflex, gripping strength, pinna reflex, corneal reflex, writhing, pupils, urination,
salivation, and skin color [24].

2.6.2. Breast Cancer Induction by Chemical Carcinogen

In this study, 7,12-dimethylbenz(a)anthracene (DMBA) was employed to induce a
chemical model of breast cancer in female rats. This model was utilized to investigate the
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chemopreventive effects of RME and RME-EnCNPs, exploring their potential in treating
and preventing breast cancer. DMBA, an aromatic pollutant, is recognized as a carcinogen
capable of inducing cancer in humans and is commonly used to induce mammary gland
tumors in rats [25].

Female Sprague Dawley rats, 30 days old and weighing approximately 120 to 140 g, were
used for the induction of breast cancer by intra-peritoneal injection of DMBA (25 mg/mL
dissolved in olive oil) over a 16-week period. After the development of breast tumors, the
rats were treated with RME and RME-EnCNPs at 2 concentrations, 250 and 500 mg/kg
body weight, administered orally for a duration of 4 weeks.

2.6.3. Estimation of Body Weight

Body weights were estimated for all the groups of animals at the end of 20 weeks
using electrical balance [26].

2.6.4. Animal Sacrifice

At the end of the 20th week of treatment, all the rats were anesthetized with diethyl
ether and euthanized by decapitation. The animals were subjected to overnight fasting
before the sacrificial procedure. Blood was collected and transferred into tubes containing
ethylenediaminetetraacetic acid (EDTA) for hematological parameters, while serum was
separated by centrifugation at 3000 rpm for 15 min and stored at —20 °C for biochemical
assays. Breast tumors were removed, counted, weighed, and measured using a 1 mm
precision caliper. Additionally, the mammary gland, liver, kidney, and uterus were collected
and immediately fixed in a 10% formalin solution.

2.6.5. Estimation of Tumor Parameters

The tumor volume was measured using the following formula: Tumor volume (cm?)
= Length x Weight x Height x /6. The tumor weight was estimated for all the animal
groups [27] using the formula: Tumor weight (g) = Length (cm) x Width (Cm?)/2. The tu-
mor burden was measured by the number of tumors formed in each animal [27], calculated
using the following formula: Tumor burden (g) = Sum of the total relative tumor mass in a
group. The tumor incidence percentage, calculated based on the presence of tumors, was
determined by the following formula [27]: Tumor Incidence (%) = (Rat with tumors/Total
number of rats) x 100. These parameters were utilized for the assessment of the effects
of the treatments on tumor growth and incidence in accordance with the methodologies
described [27].

2.6.6. Biochemical Assessment of Blood

A biochemical analysis of blood measures the amount of chemical substances released
by body tissues during the metabolism of specific substances. This analysis provides
valuable information about the function of organs such as the liver, kidneys, and others [27].

The separated serum from all seven groups of animals was used for the estimation of
various parameters, including protein, bilirubin, serum glutamic oxaloacetic transaminase
(SGOT), Serum Glutamic Pyruvic Transaminase (SGPT), alkaline phosphatase (ALP), es-
trogen hormone, progesterone hormone, total cholesterol, triglycerides, HDL-cholesterol,
urea, uric acid, and creatinine. These analyses were performed using a semi-auto analyzer
(RIELE Photometer 5010 V5+, RIELE, New Delhi, India), and standard enzymatic kits were
procured from Piramal Healthcare Limited, Lab Diagnostic Division, Mumbai, India.

2.6.7. Enzymatic Antioxidant and Non-Enzymatic Antioxidant Activities
Estimation of Protein

The estimation of protein was conducted by using 0.1 mL of the homogenate mixed
with 0.9 mL of water. Subsequently, 4.5 mL of the alkaline copper sulfate reagent was
added, and the mixture was allowed to stand at room temperature for 10 min. To this
solution, 0.5 mL of Folin’s reagent was added. After 20 min, the color produced was
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measured at 640 nm. The concentration of protein present was expressed as either mg/g
tissue or mg/dL, following the methodology outlined [28].

Estimation of Superoxide Dismutase (SOD)

In this assay, 0.5 mL of supernatant tissue homogenate was added to a test tube.
To this, 1.5 mL of carbonate buffer (pH 7.5), 0.5 mL of 0.1 mM EDTA, and 0.4 mL of
epinephrine were added, and the absorbance reading was taken at 480 nm, following the
procedure outlined [29]. The activity of SOD was expressed as units/min/mg protein,
where one unit of the enzyme is defined as the amount that inhibits the rate of adrenaline
autoxidation by 50%.

Estimation of Catalase

To analyze catalase activity, 1 mL portions of the reaction mixture were withdrawn
and transferred to 2 mL of dichromate/acetic reagent at 1 min intervals. The mixture was
then incubated for 30 min, and the optical density (OD) was measured at 570 nm. The
activity of catalase was expressed as pmoles of HyO, consumed per mg protein, following
the method described [30].

Estimation of Glutathione Peroxidase (GPx)

To estimate GPx activity, a reaction mixture consisting of 0.2 mL each of EDTA, sodium
azide and H,O,, 0.4 mL of phosphate buffer, and 0.1 mL homogenate/mitochondria was
incubated at 37 °C at different time intervals. The reaction was halted by adding 0.5 mL
of trichloroacetic acid (TCA), and the tubes were then centrifuged at 2000 rpm. To 0.5 mL
of the supernatant, 4 mL of disodium hydrogen phosphate and 0.5 mL of DTNB were
added, and the developed color was immediately measured at 420 nm. The activity of GPx
was expressed as umoles of glutathione oxidized per mg protein, following the method
described [31].

Estimation of Reduced Glutathione (GSH)

The estimation of reduced glutathione (GSH) activity was carried out using 1 mL of
the tissue homogenate, which was then treated with 1 mL of trichloroacetic acid (TCA)
to precipitate proteins. The precipitate was removed by centrifugation. To 0.5 mL of
the supernatant, 2 mL of DTNB was added, and the total volume was adjusted to 3 mL
with phosphate buffer. The absorbance was read at 412 nm. The level of glutathione was
expressed as pg/mg protein, following the methods outlined [32].

Lipid Peroxidation

In this method, malondialdehyde (MDA) and other thiobarbituric acid reactive sub-
stances (TBARS) were estimated by their reactivity with thiobarbituric acid (TBA) under
acidic conditions to generate a pink-colored chromophore, which was then measured at
535 nm (pH 7.5). For the assay, 0.1 mL of tissue homogenate in Tris-HCI buffer (pH 7.5)
was treated with 2 mL of TBA-HCI-TCA reagent in a 1:1:1 ratio (thiobarbituric acid 0.37%,
0.25 N HCl, and 15% TCA). The mixture was placed in a water bath for 15 min, then cooled.
The absorbance of the clear supernatant was measured against a reference blank at 535 nm.
The level of lipid peroxides was expressed in moles of MDA formed per mg protein [33].

2.6.8. Glycolytic and Non-Glycolytic Enzymes

The pooled samples from the seven groups of animals were subjected to assays for
glycolytic enzymes (hexokinase and aldolase) and non-glycolytic enzymes (glucose 6-
phosphate and fructose-1,6-diphosphatase) as described in [34].

Hexokinase

Hexokinase activity was measured based on the amount of glucose utilized after the
addition of ATP. The incubation mixture consisted of 2.5 mL Tris-HCI buffer (pH 8.0),
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1 mL of glucose, 0.5 mL ATP, 0.1 mL each of MgCl, and sodium fluoride, and 0.5 mL
each of KHyPO4 and KCI. This mixture was pre-incubated at 37 °C for 5 min at room
temperature. The reaction was initiated by adding 2 mL of glycolytic enzyme. At zero time,
1 mL aliquot of the reaction mixture was removed and added to tubes containing 1 mL
of 10% trichloroacetic acid (TCA). After a 30 min incubation, another 1.0 mL aliquot of
the reaction mixture was added to a separate set of tubes, and the reaction was stopped
by the addition of 1.0 mL of TCA. After the samples were precipitated and centrifuged,
the supernatants were used for the estimation of glucose by the ortho-toluidine method at
340 nm. The level of hexokinase was expressed as nmoles of glucose 6-phosphate per min
per mg protein, following the method described [35].

Aldolase

For the aldolase assay, the incubation sample contained 0.25 mL of fructose-1,6-
diphosphate, 0.25 mL of hydrazine sulfate, 1 mL of Tris-HCI buffer (pH 8.6), and the
required amount of preparation to make it to 2 mL. This mixture was incubated at 37 °C
for 15 min. The reaction was terminated by the addition of 10% trichloroacetic acid (TCA),
and the tubes were centrifuged. An aliquot of the supernatant was transferred to tubes
containing 1 mL of 0.75 N NaOH. The tubes were left at room temperature for 10 min. To
this, 1 mL of dinitrophenyl hydrazine reagent was added, and the mixture was incubated
at 37 °C for 60 min. The color developed after the addition of 7 mL of 0.75 N NaOH and
the solution was read using a green filter at 540 nm. A color development curve was
prepared with aliquots of a standard DL-glyceraldehyde solution by treating them in a
similar manner. The enzyme activity was expressed as nmoles of glyceraldehyde formed
per min per mg protein, following the method described [36].

Fructose-1,6-Diphosphatase

The assay medium, in a final volume, contained 1.2 mL of Tris-HCI buffer (pH 7.0),
0.1 mL of fructose-1,6-diphosphatase solution, 0.25 mL of MgClI2, 0.1 mL of KCI solution,
0.25 mL of EDTA solution, and 0.1 mL of enzyme. The incubation was carried out at 35 °C
for 15 min, and the reaction was terminated by the addition of 1 mL of trichloroacetic acid
(TCA). After centrifugation, the phosphorus content of the supernatant was estimated. The
enzyme activity is expressed as nmoles of inorganic phosphate (Pi) liberated per minute
per mg protein, following the method described [36].

Glucose-6-Phosphate

Glucose-6-phosphate was assayed according to the method described by King (1965b) [37].
The incubation mixture comprised 0.3 mL of citrate buffer (pH 6.5), 0.5 mL of glucose-6-
phosphate, and 0.2 mL of enzyme solution. Incubation was carried out at 37 °C for 60 min.
The reaction was terminated by the addition of 1 mL of 10% trichloroacetic acid (TCA)
solution. After centrifugation, the phosphorus content in the supernatant was estimated
by the method of Fiske and Subbarow [36]. The enzyme activity is expressed as nmoles of
inorganic phosphate (Pi) liberated per minute per mg protein.

2.6.9. Assessment of Mitochondrial TCA Cycle Enzyme Activity
Isocitrate Dehydrogenase

The activity of isocitrate dehydrogenase was assayed according to the method outlined
by King [37]. To 0.1 mL of Tris-HCl (pH 7.5), 0.2 mL of trisodiumisocitrate, 0.3 mL of man-
ganese chloride, 0.2 mL of mitochondrial suspension, and 0.2 mL of NADP+ (0.2 mL of wa-
ter for control) were added. After 60 min of incubation, 1 mL of 2,4-Dinitrophenylhydrazine
was added followed by 0.5 mL of EDTA, and the mixture was kept at room temperature for
20 min. Then, 10 mL of NaOH was added, and the color developed was read at 390 nm. A
standard containing «-ketoglutarate was run simultaneously. The isocitrate dehydrogenase
activity was expressed as nmoles of x-ketoglutarate liberated per min per mg protein.
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Succinate Dehydroganase

The activity of succinate dehydrogenase (SDH) in the heart mitochondrial fraction
was assayed using the method outlined [38]. The reaction mixture contained 1.0 mL of
phosphate buffer, 0.1 mL of EDTA, 0.1 mL of sodium cyanide, 0.1 mL of bovine serum
albumin, 0.3 mL of sodium succinate, 0.2 mL of potassium ferricyanide, and was made
up to 2.8 mL with distilled water. The reaction was initiated by the addition of 0.2 mL
of mitochondrial fraction. The change in optical density was recorded at 15 s intervals
for 5 min at 420 nm. The succinate dehydrogenase activity was expressed as nmoles of
succinate oxidized per minute per mg protein.

Malate Dehydrogenase

The activity of malate dehydrogenase (MDH) in the heart mitochondrial fraction was
assayed using the method described [39]. The reaction mixture consisted of 0.75 mL of
phosphate buffer, 0.15 mL of reduced nicotinamide adenine dinucleotide (NADH), and
0.75 mL of oxaloacetate. The reaction was carried out at 25 °C and was initiated by the
addition of 0.2 mL of mitochondrial fraction. The control tubes contained all reagents
except NADH. The change in optical density at 340 nm was measured for 2 min at intervals
of 15 s using a Systronics UV-visible spectrophotometer (Systronics, Ahmedabad, India).
The enzyme activity was expressed as nmoles of NADH oxidized per minute per mg of
total protein under the given incubation conditions.

Quantification of Hematological Parameters

Different hematological parameters were assessed using a Mindray BC-2800 Auto
Hematology Analyzer from Shenzhen Mindray Bio-Medical Electronics Co., Ltd. (Shen-
zhen, China). After the treatment period, the animals were anesthetized with ketamine
hydrochloride, and blood was collected from the retro-orbital sinus using a capillary tube
into a centrifugation tube containing EDTA for hematological parameters. It was allowed
to clot at room temperature, and serum was separated by centrifugation at 10,000 rpm for
10 min and utilized for hematological parameters such as red blood cell (RBC) count, white
blood cell (WBC) count, hemoglobin, packed cell volume (PCV), polymorphs, lymphocytes,
eosinophils, and mean corpuscular hemoglobin (MCH) [40].

2.6.10. Histopathology Analysis

Small pieces of rat breast tissues were fixed in 10% formalin for 24 h. Subsequently,
the tissues underwent dehydration through ethanol, and then they were embedded in
paraffin. Sections of 5 um thickness were cut and stained with hematoxylin and eosin for
histopathological investigation under a light microscope [41].

2.6.11. Statistical Analysis

The results were expressed as the mean = SEM. The results obtained from the present
study were analyzed by using one-way ANOVA followed by Dunnett’s multiple compari-
son tests. Data were computed for statistical analysis by using GraphPad Prism version 5.00
for Windows, Graph Pad Software version 8, San Diego, CA, USA, www.graphpad.com
(accessed on 15 March 2022) and compared with the vehicle control group. The p values
(p < 0.05) were considered statistically significant.

3. Results
3.1. The Entrapment Efficiency (EE) of RME-EnCNPs

The entrapment efficiency (EE) of RME-EnCNPs was assessed with three replicates.
The impact of different concentrations of RME on EE is presented in Figure 1. Chitosan
nanoparticles exhibited an escalating trend in encapsulation effectiveness with the rise in
RME concentrations. Among the various RME concentrations tested (100, 200, 300, 400,
and 500 pg/mL), the highest entrapment efficiency (81.81%) was observed at 500 pg/mL
(Figure 1).
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Figure 1. Entrapment efficiency of root methanolic extract-encapsulated chitosan nanoparticles
(RME-EnCNPs). Effects a, b, ¢, d, and e were significant with consideration of probability p < 0.05.
Values are means =+ standard deviation of three replicates.

The in vitro drug release profile of the RME-EnCNPs demonstrated a slow and sus-
tained release, with 50% of the drug being released within 2 h. Subsequently, after 5 h,
87.8% of the drug was released, as illustrated in Figure 2. The initial release observed
within the first hours could be attributed to the release of drug molecules from the surface
of chitosan nanoparticles. To comprehend the drug release mechanism, RME-EnCNPs
underwent analysis using various mathematical models, including zero order, first order,
Higuchi, and Korsmeyer-Peppas models.

100 |
90
80
70
60
50 -
40
30 -
20 -
10
0 +—

O 1 2 3 4 § 6 7 8 9 1011

Time (h)

% of drug release

Figure 2. Drug release percentage of RME-EnCNPs.

The correlation coefficient values for these kinetic models are presented in Table 1;
they help determine the most appropriate model for the slow and sustained drug release.
In this study, the kinetic models of zero order, first order, Higuchi, and Korsmeyer-Peppas
displayed good linearity, with R? values of 0.966, 0.942, 0.994, and 0.908, respectively.
Notably, the Higuchi model exhibited the highest R? value of 0.994, confirming its suitability
for describing the drug’s delivery nature, as depicted in Figure 3.

Table 1. Correlation coefficients of different kinetics models for root methanolic extract-encapsulated
chitosan nanoparticles (RME-EnCNPs).

Encapsulated Chitosan Nanoparticles

Kinetic Models
R? Slope Intercept
Zero order kinetics 0.966 17.47 24.77
First order kinetics 0.942 0.398 16.47
Higuchi model 0.994 50.306 44.57
Korsmeyer-Peppas model 0.908 8.105 32.10
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Figure 3. In vitro drug release kinetic models.

3.2. Characterization of RME-EnCNPs
3.2.1. Ultraviolet-Visible Spectroscopy (UV-Vis) Characterization

A concentration of 500 ug/mL of the RME-EnCNPs was chosen for comprehensive
characterization studies. The encapsulation process of the RME-EnCNPs (500 pg/mL) and
CSNPs was monitored and analyzed using a UV-vis spectrophotometer within the range
of 200-800 nm (Figure 4). Both samples exhibited a single, broad, and sharp peak with a
maximum absorbance wavelength at 250 nm. The consistent absorption maxima indicated
that RME was effectively loaded within the chitosan nanoparticles (CNPs).
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Figure 4. UV absorption spectra of chitosan nanoparticles (CNPs) and root methanolic extract-
encapsulated chitosan nanoparticles (RME-EnCNPs).

3.2.2. Fourier Transform Infrared Spectroscopy (FTIR) Characterization

The FTIR spectrum (Figure 5) of chitosan displays characteristic bands attributed to the
NH2 group’s stretching vibration at the wavelength of 3390.24 cm !, C-O stretching at the
wavelength of 1025.94 cm~1, and the C-H vibration bond at the wavelength of 611.324 cm~ 1L,
In the spectrum of the RME-EnCNPs (Figure 5), three distinctive bands unique to RME
were observed: O-H in alcohols and phenols at 3423.03 cm ™!, C-W waging in alkyl halides
at 1095.37 cm ™!, and stretching vibration of CH bend out of plane at 640.251 cm L.

115



Antioxidants 2024, 13, 1513

EnCNPs
1095 cm 701 em!
[}
(%)
=
(1]
£
(7]
c
B
=
ES
CNPs 1276 em™
3390 cm!
I 1 | 1 ] T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber ( cm™)

Figure 5. FTIR Spectra of chitosan nanoparticles (CNPs) and root methanolic extract-encapsulated
chitosan nanoparticles (RME-EnCNPs).

3.2.3. XRD Analysis

The XRD patterns of the CNPs and RME-EnCNPs at 20 in the range of 10-100° are
depicted in Figures 6 and 7. The results indicate that RME-EnCNPs exhibit characteristics
of both chitosan and RME. Both samples display an amorphous nature in their XRD
patterns. The X-ray diffraction pattern of CNPs revealed prominent peaks in the 20 range,
corresponding to various crystal planes, including 20.49° (455), 22.50° (541), 27.50° (517),
30.50° (500), 35.50° (417), 37.49° (387), and 40.50° (355). In comparison, RME-EnCNPs
exhibited crystal peaks at 22.50° (488), 24.49° (575), 28.49° (553), 31.50° (515), 36.48° (457),
39.50° (402), and 44.49° (375). Despite these crystalline peaks, both samples retained an
amorphous nature in their XRD patterns. The broad diffraction peak observed in RME-
EnCNPs is attributed to the loading of RME onto chitosan nanoparticles. The average size
of CNPs and RME-EnCNPs was determined as 79 nm and 83 nm, respectively, utilizing
the Debye-Scherrer equation. This size difference aligns with the successful loading of
RME onto chitosan nanoparticles, contributing to the observed broad diffraction peak in
the XRD pattern of the RME-EnCNPs.

600

173
=]
-

-
e
e

w
P
>

[
e
-

INTENSITY (a.u)

=]
S

e

0 10 20 30 40 50 60 70 80 90 100
2 ¢ (degree)

Figure 6. X-ray diffraction pattern of chitosan nanoparticles (CNPs) at 26 (degree).
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Figure 7. X-ray diffraction pattern of root methanolic extract-encapsulated chitosan nanoparticles
(RME-EnCNPs) at 20 (degree).

3.2.4. Scanning Electron Microscope (SEM) Analysis

Figure 8 depicts the SEM images of CNPs and RME-EnCNPs at a 10 um scale bar. The
SEM images confirm the successful formation of chitosan nanoparticles. In the SEM image
of the CNPs, most particles appeared to be aggregated. However, in the SEM image of
the RME-loaded CNPs, a uniform and spherical morphology was observed. The average
size of the CNPs and RME-EnCNPs was measured as 79 nm and 83 nm, respectively. It
is worth noting that the size of the nanoparticles increased after encapsulating RME onto
chitosan nanoparticles.

SEM analyvsis of CNPs SEM analvsis of RME-EnCNPs

Figure 8. SEM images of chitosan nanoparticles (CNPs) and root methanolic extract-encapsulated
chitosan nanoparticles (RME-EnCNPs).

3.2.5. Zeta Potential Analysis

The zeta potential values for CNPs and RME-EnCNPs are illustrated in Figure 9, with
values of 33.5 mV and 40.6 mV, respectively.
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Figure 9. Zeta potential images of chitosan nanoparticles (CNPs) and root methanolic extract-
encapsulated chitosan nanoparticles (RME-EnCNPs).
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3.3. Evaluation of Acute Oral Toxicity

RME and RME-EnCNPs were utilized to assess acute toxicity. Visual parameters,
including alertness, grooming, touch response, torch response, pain response, tremors,
convulsions, righting reflex, gripping strength, pinna reflex, corneal reflex, writhing, pupils,
urination, salivation, and skin color, were observed at specific intervals over a two-week
period. Throughout the observation period, the rats did not exhibit any abnormal signs,
behavioral changes, body weight fluctuations, or macroscopic findings. Furthermore, there
were no instances of mortality recorded for the administered doses (500, 1000, 2000 mg/kg)
at the conclusion of the 14-day observation period.

3.4. Assessment of Physical Parameters (Body Weight) of DMBA-Induced Mammary Cancer in
Female Sprague Dawley Rats

In general, the body weight of the animals treated with RME and RME-EnCNPs
showed an increase compared to DMBA (135 + 1.0 g)-treated animals. Of the two doses of
RME and RME-EnCNPs, the higher dose, i.e., 500 mg/kg, exhibited enhanced body weight
(185 £ 1.9 g) (Table 2).

Table 2. Effect of root methanolic extract (RME) and root methanolic extract-encapsulated chitosan
nanoparticles (RME-EnCNPs) on body weight of female Sprague Dawley rats.

Treatment Initial Treatment of Body Final Treatment of Body
Weight (g) (4 Weeks Ol1d) Weight (g) (20 Weeks O1d)
Group I (Control) 125 +£0.36 2154+ 1.3
Group II (DMBA 25 mg/kg) 131 4+ 0.42 135+ 1.0
Group III (DMBA + STD 138 & 0.46 190 & 1.6 ***
10 mg/kg)
Group IV (DMBA + RME x
250 mg/kg) 130 £+ 0.53 153 £1.3
Group V .
(DMBA + RME 500 mg/kg) 140 £ 0.56 166 + 1.8
Group VI
(DMBA + RME-EnCNPs 142 £ 0.6 175 £ 1.7 **
250 mg/kg)
Group VII
(DMBA + RME-EnCNPs 139 £+ 0.59 185 £ 1.9 ***
500 mg/kg)

Results expressed by triplicate means (1 = 3) + Standard error of mean (SEM). Statistical significance determined
with Dunnett’s t-distribution with probability value, ** p < 0.001, ** p < 0.01, calculated by comparing treated
group with control group. DMBA-7, 12-Dimethylbenz[a]anthracene; STD, standard (tamoxifen); RME, root
methanolic extract; RME-EnCNPs, root methanolic extract-encapsulated chitosan nanoparticles.

3.4.1. Analysis of Tumor Weight, Volume, Incidence, and Burden

During this period, a notable reduction (p < 0.001) in tumor weight (4.42 & 0.878 mg/kg),
volume (1.3 £ 0.024 mg/kg), burden (2.84 £ 0.577 mg/kg), and incidence (2.21 =+ 0.333 mg/kg)
was observed in Group VII (DMBA + RME-EnCNPs 500 mg/kg) in comparison to Group
IT (DMBA 25 mg/kg), as indicated in Table 3.

3.4.2. Biochemical Parameters

In the current study, a noteworthy reduction (p < 0.001) in total bilirubin (1.3 4= 0.289 mg/dL),
SGOT (40 + 4.04 u/L), SGPT (36.7 + 0.82 u/L), and ALP (130 + 4.62 u/L) was observed in
Group VII (DMBA + RME-EnCNPs 500 mg/kg) during this period compared to Group II
(DMBA 25 mg/kg). Additionally, hormonal analysis revealed an increase in the levels of
estrogen and progesterone in DMBA-induced breast cancer rats (Group II).

These two hormones exhibited a decrease from Group III to Group VII, with a
more significant reduction (p < 0.001) observed in RME-EnCNPs 500 mg/kg (estrogen:
50.1 £ 1.98 pg/mL; progesterone: 43.9 + 0.39 ng/mL). A similar trend was observed for
total cholesterol, where an increased level was noted in Group II (DMBA-induced breast
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cancer rats: 215 + 8.6 mg/dL). The total cholesterol levels decreased from Group III
to Group VII, with a more significant reduction (p < 0.001) observed in RME-EnCNPs
500 mg/kg (151 £ 2.89 mg/dL). The same pattern was noted for total triglycerides in
the treated animals, with an increased level observed in Group II (DMBA-induced breast
cancer rats: 183 &+ 3.7 mg/dL) (Table 4).

The total triglycerides exhibited a decrease from Group III to Group VII, with a more
significant reduction (p < 0.001) observed in RME-EnCNPs 500 mg/kg (98 + 2.34 mg/dL).
Additionally, a significant increase (p < 0.001) in total HDL cholesterol was noted in Group
VII (DMBA + RME-EnCNPs 500 mg/kg: 65.2 £ 0.318 mg/dL) during this period compared
to Group II (DMBA 25 mg/kg) (Table 4).

In the present study, all three kidney markers (urea, uric acid, and creatinine) showed
elevated levels in Group II (DMBA 25 mg/kg: 76 £ 4.07 mg/dL; 44.2 &+ 0.34 mg/dL;
28.3 & 0.52 mg/dL) compared to other groups treated with RME and RME-EnCNPs (200
and 500 mg/kg), as presented in Table 4.

Table 3. Effect of root methanolic extract (RME) and root methanolic extract-encapsulated chitosan
nanoparticles (RME-EnCNPs) on tumor weight, volume, incidence, and burden of female Sprague
Dawley rats.

Group Group I Group II Only Group III Group IV Group V Group VI Group VII
Control DMBA- DMBA + STD DMBA + RME DMBA + RME  DMBA + RME- DMBA + RME-
EnCNPs EnCNPs
25 mg/kg 10 mg/kg 250 mg/kg 500 mg/kg 250 mg/kg 500 mg/kg
Tumor Weight * bt *3% * 3% bt
(mg/g) -— 20+ 122 3.44 £+ 0.59 15.2 +3.96 8.04 £29 6.7 +29 4.42 4+ 0.878
Tumor 3 -— 5.3 £0.054 * 1.1 £ 0.045 *** 4.540.169 * 3.3 £0.092* 2.3 £0.049 ** 1.3 £0.024 ***
Volume (cm”)
Tumor
. 9.67 £0.882* 233 +0.882**  7.33+0.882* 5.4 £ 0.882 ** 3.2 £ 0.577 ** 2.84 £ 0.577 ***
Burden (g)
Tumor
- 833 £0.333* 217 £0.333**  6.67 +0.882** 4.6 £0.577 % 3.83 £ 0.882 ** 2.21 £ (0.333 ***

Incidence (%)

Results are expressed by triplicate means (1 = 3) & Standard error of mean (SEM). In statistical significance
determined with Dunnett’s test-distribution with probability value, *** p < 0.001, ** p < 0.01, * p < 0.05 calcu-
lated by comparing DMBA-treated group with RME and RME-En CNPs-treated group. DMBA-7,12-Dimethyl
benz[a]anthracene; STD, standard (tamoxifen); RME, root methanolic extract; RME-EnCNPs, root methanolic-
extract-encapsulated chitosan nanoparticles.

Table 4. Effect of root methanolic extract (RME) and root methanolic extract-encapsulated chitosan
nanoparticles (RME-EnCNPs) on bilirubin, serum glutamic oxaloacetic transaminase (SGOT), serum
glutamate pyruvate transaminase (SGPT), alkaline phosphatase (ALP) total estrogen, progesterone, to-
tal cholesterol, triglycerides, high density level (HDL)-cholesterol, total urea, uric acid, and creatinine
levels in female Sprague Dawley rats.

Group VI Group VII
Group I Group II Group III Group IV Group V (DMBA + R (DMBA + R

Group (Only DMBA  (DMBA + STD (DMBA +R (DMBA +R
(Control) 25 mg/kg) 10mg/kg)  ME250mg/kg) ME500 mg/kg) i EnCNPs  ME-EnCNPs
o 8 &k8 8 (250 mg/kg) (500 mg/kg)
Tozrarll;;gril)bm 2.35 £0.263 39.2 +0.346 2.15£0.144 **  30.1 £ 0.404 ** 241 +£0.231** 12.6 £0.173 ** 1.3 £ 0.289 ***
SGOT (u/L) 35+2.89 139 £1.73 38 £ 1.73 *** 92 +£2.31* 75 + 4.04 ** 62.5 £+ 0.866 ** 40 £ 4.04
SGPT (u/L) 333 +£26 107 +£5.2 34 £1.0** 84 +6.35** 683 £2.6* 57.7 £ 6.06 ** 36.7 £ 0.82 ***
ALP (u/L) 125 +4.04 302 +31.2 128 £ 2.31 *** 190 £ 0.882 ** 179 £ 5.77 ** 155 £ 13.6 ** 130 £ 4.62 ***
Est.H (Pg/mL) 62.8 = 18.5 98 +4.7 58.6 &+ 13.6 *** 89.9 £ 1.25 *** 752 £1.325** 64.4 + 1.28** 50.1 4 1.98 ***
(rI:;O/iE) 4452 £+ 0.36 92.52 + 0.95 463 £1.63**  84.2 4+ 0.652** 729 £0.12** 60.5 +0.165*  43.9 4+ 0.39 ***
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Table 4. Cont.

Group I Group II Group III Group IV Group V (SI:/‘I)];K YIR (gf\?{;&‘fi{
Group (Control) (OnlyDMBA ~ (DMBA +STD ~ (DMBA+R  (DMBA+R o'~ 0o ot oo
25 mg/kg) 10 mg/kg) ME 250 mg/kg)  ME 500 mg/kg) (250 mg/kg) (500 mg/kg)
Total
Cholesterol 148 £ 1.44 215+ 8.6 150 &£ 5.77 *** 195 £ 37.5** 186 £ 5.77 ** 175 £ 144 * 151 + 2.89 ***
(mg/dL)
Trﬁ{s’c/e;ges 95.3 + 1.47 183 +3.7 962+ 136** 179 +341* 158 +0.202* 122 +3.72% 98 4 2.34 #+*
HDL-
Cholesterol 68.8 £ 1.67 229 £+ 3.49 63.8 £ 0.635 *** 33.9 £517** 46.1 £0.751 * 52.6 £2.14** 65.2 + 0.318 ***
(mg/dL)

Urea (mg/dL) 19.8 + 1.67 76 +4.07 20.1 £ 3.18 *** 66.9 + 2.34 ** 55.3 £+ 0.866 * 40.7 £3.41* 20.7 £ 0.52 ***
Eﬂ;g/agiil 3.05 £ 0.26 442 +0.34 2.8 £ 0.231 *** 38.05 4 0.43 ** 26.1 £0.316 * 14.05 £ 0.144 * 2.3 £ 0.231 ***
C(;fgt/lgan)e 0.55 =+ 0.144 28.3 +0.52 124023**  185+0202*  11.8+0.15* 824+0346* 1.6+ 0.404***

Results expressed by triplicate means (1 = 3) & standard error of mean (SEM). Statistical significance determined
with Dunnett’s t-distribution with probability value, *** p < 0.001, ** p < 0.01, * p < 0.05 calculated by comparing
treated group with control group. DMBA-7, 12-Dimethylbenz[a]anthracene; STD, standard (tamoxifen); RME,
root methanolic extract; RME-EnCNPS, root methanolic extract-encapsulated chitosan nanoparticles.
3.4.3. In Vivo Antioxidant Activity
In the present study, DMBA-induced rats exhibited a significant reduction in total pro-
tein, SOD, catalase, GPx, and GSH (81.1 £ 0.06 mg/dL; 0.32 &£ 0.06 Unit/min/mg protein;
1.01 £ 0.07 Unit/min/mg protein; 5.02 & 0.46 nmol of glutathione peroxidase/min/mg
protein and 0.36 £ 0.04 nmol of glutathione hydroxidase/min/mg protein), except for LPO,
which significantly increased (23.41 £ 0.04 nmol of MDA /mg protein). The trend was
found to be the inverse from Group III to Group VII. However, a more significant reduction
(p < 0.001) was observed in Group VII (RME-EnCNPs 500 mg/kg treated animals), as
shown in Table 5.
Table 5. Effect of root methanolic extract (RME) and root methanolic extract-encapsulated chitosan
nanoparticles (RME-EnCNPs) on total protein, superoxide dismutase activity (SOD), catalase activity,
glutathione peroxidase (GPX), glutathione content (GSH), and lipid peroxidation (LPO) levels in
female Sprague Dawley rats.
Group II Group VII
Group I Group III Group IV Group V Group VI _
Group Control OnlyDMBA2S  p\iBA+STD ~ DMBA + RMELD DMBA + RMEHD  DMBA + RME- ~ DMBA + RME
mg/kg EnCNPs
10 mg/kg 250 mg/kg 500 mg/kg EnCNPsL.D H.D500 mg/kg
250 mg/kg
Total Protein 25.2 £ 0.09 8.1+ 006 24.8 + 005+ 135+ 0.08 ** 15.7 + 006 * 1824 0.07* 233 £ 002+
(mg/dL)
SOD
(Unit/min/mg 9.27 +0.09 0.32 4+ 0.06 10.25 + 0.02 *** 3.282 + 0.08 ** 4233 +0.07 % 6214 0.05* 11.25 + 0.06 ***
protein)
CATALASE (Unit 155 4 04 1.01 + 0.07 11.57 + 0.04 *** 3.672 + 0.08 ** 8.529 + 0.01 ** 10.57 + 0.04 ** 16.51 + 0.04 ***
/min/mg protein)
GPX (nmol of
Glutathione perox- 3¢5, (g7 5.02 + 0.46 32.03 + 0.26 ¥ 10.08 + 0.15 ** 15.53 + 0.02 ** 24.03 +0.03 * 35.1 4 0.15 %%
idase/min/mg
protein)
GSH (nmol of
Glutathione hyrox- - 57 35 | 4 0.36 -+ 0.04 35.00 + 0.03 *+* 5.76 + 0.05 ** 10.24 + 0.02 ** 2541+ 0.04* 36.18 + 0.08 **
idase/min/mg
protein)
Mlﬁio (nmol of 3.54 +0.03 2341 + 0.04 429 + 0.73 ** 19.54 + 0.93 ** 14.24 + 0.01 ** 11.79 + 0.01 * 5.26 4+ 0.01
/mg protein)

Results expressed by triplicate means (1 = 3) £ standard error of mean (SEM). Statistical significance determined
with Dunnett’s test-distribution with probability value, *** p < 0.001, ** p < 0.01, * p < 0.05 calculated by comparing
treated group with control group. DMBA-7, 12-Dimethylbenz[a]anthracene; STD, standard (tamoxifen); RME,
root methanolic extract; RME EnCNPs, root methanolic extract-encapsulated chitosan nanoparticles.
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3.4.4. Enzymes Involved in Glycolysis and Non-Glycolytic Pathways

In the present study, glycolytic enzymes such as hexokinase and aldolase were found to
be increased in the DMBA-induced breast cancer rats compared to RME and RME-EnCNPs
(200 and 500 mg/kg treated rats). Conversely, the trend was the inverse for non-glycolytic
enzymes such as glucose 6-phosphate and fructose 1,6-diphosphatase analyzed in DMBA
breast cancer-induced rats and those treated with RME and RME-EnCNPs. However, there
was a significant decrease (p < 0.001) observed in glucose 6-phosphatase (31.8 &= 0.32 umoles
of glucose 6-phosphatase/min/mg protein) and glyceraldehyde (32.1 £ 0.07 pmoles of
glyceraldehyde’s/min/mg protein) in Group VII (RME-EnCNPs 500 mg/kg treated ani-
mals). Simultaneously, an increase (53.9 £ 3.46 umoles of glucose 6-phosphatase/min/mg
protein; 51.3 & 3.52 fructose 1,6-diphosphatase/min/mg protein) was observed for the
same group, as depicted in Figure 10.

= Hexokinase(nmoles og glucose
6phosphate/min/mg protein
= Aldolase(nmoles of glyceraldehyde formed
/min/mg/protein
# Glucose-6-phasphatase(pumoles of
piliberated/min/mg protein
120 - u Fructose 1-6 Di Phosphatase (umoles of
piliberated/min/mg protein

Figure 10. Effect of RME and RME-EnCNPs on hexokinase, aldolase, glucose-6-phosphatase, fructose
1-6-Di phosphatase levels in female Sprague Dawley rats. Results expressed by triplicate means (1 = 3)
+ standard error of mean (SEM). Statistical significance determined with Dunnett’s t-distribution
with probability value, *** p < 0.001, ** p < 0.01, * p < 0.05 calculated by comparing treated group
with control group. DMBA-7, 12-Dimethylbenz[a]anthracene; STD, standard (tamoxifen); RME, root
methanolic extract; RME-EnCNPs, root methanolic extract-encapsulated chitosan nanoparticles.

3.4.5. Estimation of Mitochondrial TCA Cycle Enzymes

In the present study, TCA cycle enzymes such as isocitrate dehydrogenase (IDH), succi-
nate dehydrogenase (SDH), and malate dehydrogenase (MDH) were found to be decreased in
the DMBA-induced breast cancer animals (585 4= 15.5 pmoles of o- ketoglutarate/min/mg pro-
tein; 35.4 & 0.303 umoles of succinate oxidized /min/mg protein; 213 £ 3.52 umoles of NADH
oxidized /min/mg protein). However, RME-EnCNPs 500 mg/kg treated animals showed
a significant increase (p < 0.001) in IDH (817 + 6.33 umoles of «-ketoglutarate/min/mg
protein), SDH (115.8 £ 0.641 pmoles of succinate oxidized /min/mg protein), and MDH
(213 £ 3.52 umoles of NADH oxidized /min/mg protein), as illustrated in Figure 11.
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Figure 11. Effect of root methanolic extract (RME) and root methanolic extract-encapsulated chitosan
nanoparticles (RME-EnCNPs) on isocitrate dehydrogenase (IDH), succinate dehydrogenase (SDH),
and malate dehydrogenase (MDH) levels in female Sprague Dawley rats. Results expressed by
triplicate means (1 = 3) £ standard error of mean (SEM). Statistical significance determined with
Dunnett’s t-distribution with probability value, *** p < 0.001, ** p < 0.01, * p < 0.05 calculated by
comparing treated group with control group. DMBA-7, 12-Dimethylbenz[a]anthracene; STD, stan-
dard (tamoxifen); RME, root methanolic extract; RME-EnCNPs, root methanolic extract-encapsulated
chitosan nanoparticles.

3.4.6. Estimation of Hematological Parameters

The analysis of hematological parameters, including RBC, WBC, HB, PCV, polymorphs,
lymphocytes, monocytes, eosinophils, and MCH, was conducted in the in rats with DMBA-
induced mammary tumors. The results are presented in Table 6. A significant increase
(p <0.001) in RBC, HB, PCV, and MCH was observed in Group VII (DMBA + RME-EnCNPs
500 mg/kg: 16.07 £+ 0.109; 14.3 + 0.265; 37.3 £ 0.882; 32.6 £ 0.99) during this period
compared to Group II (DMBA 25 mg/kg), which showed a decrease in these parameters
(1.12 4+ 0.139; 1.9 £ 0.491; 3.8 £ 1.23; 8.4 £ 1.07). Additionally, there was a significant
decrease (p < 0.001) in lymphocytes, monocytes, and eosinophils in Group VII (DMBA
+ RME-EnCNPs 500 mg/kg: 88 4= 3.21; 54.3 4= 1.45; 38.7 4= 0.882) compared to Group II
(DMBA 25 mg/kg: 52.7 & 3.28; 6.67 & 1.45; 8.4 £ 1.07), which exhibited decreased levels of
these parameters.

Table 6. Effect of root methanolic extract (RME) and root methanolic extract-encapsulated chitosan nanopar-
ticles (RME-EnCNPs) and hematological parameters in rats with DMBA-induced mammary tumors.

Group I g;(i;l;;l{/IBA g;(/}ll;iIiISTD Sﬁ;‘;‘f RMEL.D g;\(/}ll;%\i RME Sﬁ;ﬂ? gﬁg&‘iﬂ

. RME-EnCNPs RME-EnCNPs
Group Control 25mg/kg 10 mg/kg 250 mg/kg 500 mg/kg 250 mg/kg 500 mg/kg
RBC (x106/uL) 1501 £0.10 112 40139 17.38 + 0.237 *** 5.92 + 0397 * 8.57 +£0.32* 12,6+ 0.283 ** 16.07 + 0.109 ***
Ygﬁ‘ci( gégz/ KD) 614129 18.4 £ 0.503 *** 45.6 = 0.867 * 37.9 £ 0551 * 28.4+£138* 17.3 = 0.689 ***
HB (g/dL) 15.7 = 0.669 1.9 + 0491 13.7 + 1.06 2.6+ 0.788* 46+1.1% 103+ 0.29 ** 14.3 + 0.265
PCV (%) 40.3 + 1.92 384123 36.1 & 3.34 59+228* 183 +3.18* 283 +£148* 37.3 + 0.882 ***
Polymorphs (%) 12.7 £ 0.667 52+ 1.53 132+ 115 473 +£145% 323+ 0882 213+088* 15.6 + 1.45 **+
Lymphocytes (%) 13 +£2.67 527 +3.28 87.3 + 0.882 *** 513 + 0333 * 68.7 £ 0.667 * 793+£12% 88 + 3.21
Monocytes (%) 59.33 £ 133 6.67 =145 58.7 -+ 0.882 *** 263+£12* 35.7 +£0.333 * 427 +£033% 543 £ 145
Eosinophils (%) 39.67 = 0.66  6.67 + 0.333 37 + 0.577 162+ 0577+ 244+ 0333 * 207 +£033* 38.7 + 0.882 ***
MCH (Pg) 35.8 = 1.15 84+ 107 34.8 £ 0.767 *** 113+ 0794+ 18,5+ 0.841 % 26 + 0.695 * 32.6 £ 0.99

Results expressed by triplicate means (1 = 3) & standard error of mean (SEM). Statistical significance determined
with Dunnett’s t-distribution with probability value, *** p < 0.001, ** p < 0.01, * p < 0.05 calculated by comparing
treated group with control group. DMBA-7, 12-Dimethylbenz[a]anthracene; STD, standard (tamoxifen); RME,
root methanolic extract; RME-EnCNPS, root methanolic extract-encapsulated chitosan nanoparticles.
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3.4.7. Microscopic Histological Analysis
Histology of DMBA-Induced Mammary Tumor of Female Sprague Dawley Rats

Histopathological examinations of DMBA-induced mammary tissue sections from the
experimental groups were conducted. The histomorphology of the mammary glands in
the normal rat (Group I control) showed no evidence of malignancy, exhibiting normal
ductal epithelial cells, nipple areola, and cytoplasm. In Group II (DMBA treatment),
malignant epithelial cells with hyperchromasia and nuclear-cytoplasmic ratio, along with
pleomorphism, were observed.

Group III (DMBA + standard—tamoxifen treatment) displayed nipple areola with
hyperplastic glands, a reduction in tumor fibrosis, and the presence of elastosis with
stroma and acinus. Group IV (DMBA + RME 250 mg/kg) exhibited neoplastic glands and
fibrosis with myxoid degeneration, accompanied by individual cells of necrosis. Group V
(DMBA + RME 500 mg/kg) showed non-neoplastic glands and acinus with fibrosis, and
occasional areas of necrosis were seen.

In Group VI (DMBA + RME-EnCNPs 250 mg/kg), a single-layered non-neoplastic
acinus was observed. Finally, Group VII (DMBA + RME-EnCNPs 500 mg/kg) showed a
disappearance of tumor cells, and fibrosis was reduced (Figure 12).

Figure 12. Histology of DMBA-induced mammary tumors of female Sprague Dawley rats.
(A-G) Shows histopathological analysis of mammary tumors of control and experimental groups.
Group (A): Control showed (a—arrow) normal architecture. Group (B): DMBA-induced cancer
showed (a—arrow) malignant epithelial cells, (b—arrow) hyperchromasia, (c—arrow) nuclear cyto-
plasmic ratio and pleomorphism. Group (C): DMBA + standard (tamoxifen) treated animals showed
(a—arrow) nipple areola complex, (b—arrow) hyperplastic glands and acinus, (c—arrow) areas of
fibrosis and elastosis. Group (D): DMBA + RME 250 mg/kg treated animals showed (a—arrow)
fibrosis with myxoid degeneration and individual cells of necrosis seen. Group (E): DMBA + RME
500 mg/kg showed (a—arrow) non-neoplastic glands and acinus, (b—arrow) fibrosis and occasional
areas of necrosis seen. Group (F): VIDMBA + RME-EnCNPs 250 mg/kg treated animal shows
(a—arrow) single layered non-neoplastic acinus. Group (G): DMBA + RME-EnCNPs 500 mg/kg
treated animal shows (a—arrow) disappearance of tumor cells with no glands and acini noted,
(b—arrow) fibrosis noted.

Histology of Liver of DMBA-Induced Mammary Tumor-Bearing Rats

The histomorphology of liver tissues in the control and experimental groups was exam-
ined. Group I (control animals) showed the normal architecture of hepatocytes. In Group II
(DMBA-treated animals), an abnormal architecture was observed, with hepatocytes arranged
in cords, and the portal tract appeared remarkable. Group III (DMBA + standard—tamoxifen)
exhibited central veins with congestion. Group IV (DMBA + RME 250 mg/kg) showed
sinusoidal dilatation. Group V (DMBA + RME 500 mg/kg) displayed normal hepatocytes
with a portal tract. In Group VI (DMBA + RME-EnCNPs 250 mg/kg) treated animals, normal
hepatocytes with a portal tract were observed. Finally, Group VII (DMBA + RME-EnCNPs
500 mg/kg) showed normal hepatocytes with central vein congestion (Figure 13).

123



Antioxidants 2024, 13, 1513

Figure 13. Histology of liver of DMBA-induced mammary tumor-bearing rats. (A-G) Shows
histopathological analysis of liver tissue of control and experimental groups. Group (A): control
showed normal architecture of hepatocytes (a—arrow) normal architecture. Group (B): DMBA-
induced cancer bearing animal showed (a—arrow) abnormal architecture, (b—arrow) hepatocytes
arranged in cords, (c—arrow) portal tract appears remarkable. Group (C): DMBA + standard (tamox-
ifen) treated animals showed (a—arrow) central veins with congestion. Group (D): DMBA + RME
250 mg/kg showed (a—arrow) sinusoidal dilatation. Group (E): DMBA + RME 500 mg/kg
showed (a—arrow) normal hepatocytes with sinusoidal dilatation. Group (F): DMBA + RME-
EnCNPs 250 mg/kg treated animals showed (a—arrow) normal hepatocytes with portal tract.
Group (G): DMBA + RME-EnCNPs 500 mg/kg treated animals showed (a—arrow) normal hep-
atocytes with central vein congestion.

Histology of Kidney of DMBA-Induced Mammary Tumor-Bearing Rats

The histomorphology of kidney tissues in the control and experimental groups was
examined. Group I (control animals) showed the normal architecture of kidney tissues. In
Group II (DMBA-treated animals), glomeruli with loss of mesangial matrix expansion were
observed. Group III (DMBA + standard—tamoxifen) displayed normal glomeruli.

Group IV (DMBA + RME 250 mg/kg) showed focal mild eosinophilic material seen
within the lumen. Group V (DMBA + RME 500 mg/kg) showed no significant pathology
of glomeruli, and the interstitium appeared normal. In Group VI (DMBA + RME-EnCNPs
250 mg/kg) treated animals, normal blood vessels with mild congestion were observed.
Finally, Group VII (DMBA + RME-EnCNPs 500 mg/kg) showed normal interstitium and
normal morphology (Figure 14).

Figure 14. Histology of kidney of DMBA-induced mammary tumor-bearing rats. (A-G) Shows
histopathological analysis of kidney tissue of control and experimental groups. Group (A): control
showed (a—arrow) normal architecture. Group (B): DMBA-induced cancer bearing animals showed
(a—arrow) glomeruli, (b—arrow) loss of mesangial matrix expansion. Group (C): DMBA + standard
(tamoxifen) treated animals showed (a—arrow) normal glomeruli. Group (D): DMBA + RME
250 mg/kg showed (a—arrow) focal mild eosinophilic material in lumen. Group (E): DMBA + RME
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500 mg/kg showed (a—arrow) no significant pathology in glomeruli. Interstitium showed normal. VI
Group (F): DMBA + RME-EnCNPs 250 mg/kg treated animals showed (a—arrow) blood vessels with
mild congestion. Group (G): DMBA + RME-EnCNPs 500 mg/kg treated animals showed (a—arrow)
normal morphology in interstitium.

Histology of Uterus of DMBA-Induced Mammary Tumor-Bearing Rats

The histomorphology of uterus tissues in the control and experimental groups was
examined. Group I (control animals) showed the normal architecture of uterus tissues.
In Group II (DMBA-treated animals), abnormal epithelium with scattered inflammatory
infiltrates was observed. Group III (DMBA + standard-tamoxifen) displayed glands with a
circular and elongated shape.

Group IV (DMBA + RME 250 mg/kg) showed a stroma with scattered inflammatory
infiltrates. Group V (DMBA + RME 500 mg/kg) showed normal mucosa. In Group VI
(DMBA + RME-EnCNPs 250 mg/kg) treated animals, normal neutrophils and eosinophils
were observed. Finally, Group VII (DMBA + RME-EnCNPs 500 mg/kg) showed normal
endomyometrium with scattered infiltrates (Figure 15).

Figure 15. Histology of uterus of DMBA-induced mammary tumor-bearing rats. (A-G) Shows
histopathological analysis of uterus tissue of control and experimental groups. Group (A): control
showed (a—arrow) normal architecture. Group (B): DMBA-induced cancer bearing animals showed
(a—arrow) abnormal epithelium with scattered inflammatory infiltrates. Group (C): DMBA + standard
(tamoxifen) treated animals showed (a—arrow) glands with circular and elongated shape.
Group (D): DMBA + RME 250 mg/kg showed (a—arrow) stroma with scattered inflammatory infiltrates.
Group (E): DMBA + RME 500 mg/kg showed (a—arrow) normal mucosa. Group (F): DMBA + RME-
EnCNPs 250 mg/kg treated animals showed (a—arrow) neutrophils and eosinophils. Group (G): DMBA
+ RME-EnCNPs 500 mg/kg treated animals showed (a—arrow) normal endomyometrium with scattered
infiltrates.

4. Discussion

The biodegradable polymer chitosan has been widely employed in drug delivery appli-
cations. Chitosan (C), derived from the N-deacetylation of chitin, a natural polysaccharide,
is primarily present in the exoskeletons of crustaceans, insects, and fungi [42]. Cross-linking
chitosan with sodium tripolyphosphate (TPP) represents a mild and efficient method to
produce chitosan nanoparticles (CNPs). These particles are primarily formed through
the electrostatic interaction between the positively charged chitosan and the negatively
charged TPP molecules. Chitosan nanocarriers have demonstrated significant potential
for various challenging drug delivery applications. The ionic gelation method used for
preparing chitosan-TPP nanoparticles involves the spontaneous aggregation of chitosan
with TPP, facilitated by the formation of molecular linkages between TPPs and chitosan
amino groups [43].

Encapsulation plays a crucial role in protecting bioactive compounds from degradation.
Currently, there are two types of encapsulations: microencapsulation and nanoencapsula-
tion. Nanoencapsulation is preferred over microencapsulation due to its nanoscale size.
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Smaller particles not only enhance bioavailability but also allow for better control over
their release [44]. Green chemistry strategies are favored for synthesizing nanomaterials
replacing hazardous chemicals with eco-friendly biological materials during the synthesis
of various therapeutic nanomaterials. This approach helps minimize the adverse impact of
chemicals on human health [45].

In this study, the rise in drug entrapment efficiency with the escalation of plant extract
concentration suggests that initially the nanoparticles were not saturated with the plant
extract. The heightened concentration of the crude extract increased the drug’s availability
for encapsulation. Additionally, the size of the nanoparticles plays a role in encapsulation
efficiency, where larger nanoparticles, with their increased volume, can accommodate a
greater quantity of the drug. In our investigation, the size of the root methanolic extract-
encapsulated nanoparticles (RME-EnCNPs) was determined to be 83 nm. Similar findings
were reported in [46].

4.1. Charaterization of RME-EnCNPs

The characterization of the RME-EnCNPs in this study involved various techniques,
including UV-visible spectroscopy, FTIR, XRD, SEM, and zeta potential. The UV-vis ab-
sorption peak observed for the RME-EnCNPs in the range of 200-800 nm indicated the pres-
ence of CO groups in the CNPs. The FTIR peaks shifting from 3390.24 cm !, 1025.94 cm !,
and 611.324 cm ™! for the CNPs to 3423.03 cm ™!, 1095.37 cm ™!, and 701.96 cm ™! for the
RME-EnCNPs suggested the successful loading of the root methanolic extract of A. vene-
nata into the CNPs. The sizes of the CNPs and RME-EnCNPs were found to be 79 nm and
83 nm, respectively, with the interaction between the polymer and plant extract leading
to an increase in RME-ENnCNPs compared to CNPs [47]. SEM analysis revealed almost
separated spherical-shaped NPs for both CNPs and RME-EnCNPs, as is consistent with
previous findings [48,49].

The zeta potential analysis revealed a higher value for the RME-EnCNPs (40.6 mV)
compared to the CNPs (33.5 mV), indicating the excellent stability of the encapsulated
drug. Moving on to the in vitro drug release and kinetic models, the release profile of
RME-EnCNPs was examined, demonstrating that 50% of the drug was released within 2 h
in a rapid and sustained manner. By the 5th hour, 87.8% of the drug had been released.
This release pattern aligns with the two common profiles observed in drug release from
nanoparticles: an initial burst phase due to drug adsorption onto the NP surface, followed
by a sustained release attributed to slow drug diffusion from the polymer matrix and
carrier matrix breakdown [50].

The observed initial burst release of the drug within the first two hours is likely due to
factors such as the high surface area of the drug particles, rapid dissolution of the drug,
and the nature of the formulation matrix, which may allow for faster release at the surface
compared to the core [50]. This burst phase is common in drug delivery systems and can
be influenced by the solubility and physicochemical properties of the drug, as well as the
release mechanism of the carrier [51]. Addressing this burst release in future formulations
may involve optimizing drug encapsulation techniques, adjusting the matrix composition,
or exploring alternative carriers to achieve a more controlled, sustained release profile [52].

Drug release profiles can be influenced by mechanisms like simple diffusion, erosion,
degradation, and absorption activity [51]. To design pharmaceutical formulations effec-
tively, researchers have introduced various mathematical models. Drug carriers exhibit
variations in shape, dimension, drug dissolution properties, and functionality. Due to these
diversities, developing a universal model for predicting release profiles is not feasible.
Hence, it becomes crucial to carefully select the most appropriate model for each specific
research case [52].

A comprehensive kinetic analysis of RME release from chitosan nanoparticles was
conducted using four mathematical models: zero order (cumulative percentage of drug
release vs. time), first order (logarithmic cumulative percent drug remaining vs. time),
Higuchi (cumulative percentage of drug release vs. square root of time), and Korsmeyer—
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Peppas (logarithmic cumulative percent drug release vs. log time) [53]. The zero order
model indicated a gradual release of the drug, while the first order model described the
absorption and/or elimination of the drug from the nanocarrier. The Higuchi model, which
best fit the release profile with an R? value of 0.994, suggests a diffusion-controlled release
mechanism. This indicates that RME is gradually released from the nanoparticles through
diffusion, making it ideal for sustained drug delivery. Under physiological conditions, this
diffusion-driven release ensures controlled drug release, maintaining therapeutic levels
over time. Such sustained release is particularly beneficial for cancer treatment, where
prolonged drug exposure is crucial for effective therapy and minimizing side effects. The
Korsmeyer-Peppas model was used to assess the transport mechanisms involved in the
release, whether by diffusion or swelling [54].

4.2. Acute Oral Toxicity Study

The outcomes of the acute toxicity analysis in the current study for both RME and
RME-EnCNPs revealed no signs of toxicity or mortality in rats when administered orally at
doses of 500, 1000, and 2000 mg/kg. Following the guidelines of the OECD (Organization
for Economic Development, 2001) for the chemical labeling and classification of acute
toxicity, RME and RME-EnCNPs would fall into category 5, considering their LD50 values
greater than 2000-5000 mg/kg. This classification denotes the lowest toxicity class [55].

4.3. Assessment of Body Weight

DMBA, a known carcinogen, has been identified for its ability to induce mammary
carcinoma in mice, particularly originating from the ductal elements of the mammary
gland, by significantly increasing oxidative stress [56]. Throughout the 20-week study,
a gradual increase in body weight was observed across all animal groups. Notably, a
significant increase (p < 0.001) in body weight was observed in Group III (DMBA + STD)
and Group VII (DMBA + RME-EnCNPs 500 mg/kg) during this period. Furthermore,
rats administered RME at doses of 250 and 500 mg/kg exhibited a noteworthy increase
(p <0.05) in body weight at the end of the 20th week compared to Group II (DMBA
25 mg/kg). The injection of DMBA might have disrupted the body’s normal biochemical
processes, affecting the functioning of antioxidant enzymes, leading to epithelial cell death,
elevated lipid peroxidation, and increased levels of free radicals, collectively contributing to
cellular membrane damage. Consequently, these factors could have influenced the overall
body weight. The findings align with previous studies [57-59].

4.4. Tumor Weight, Volume, Incidence, and Burden

Sprague Dawley rats are commonly employed in DMBA-induced carcinogenesis
experiments to induce mammary tumors, with DMBA recognized as an efficient inducer
of mammary carcinoma after a single dose administration [60]. In the current study, a
single dose of DMBA (25 mg/kg) was administered to 30-day-old Sprague Dawley rats.
Tumor weight, volume, incidence, and burden were assessed at the end of the 20th week.
A significant decrease (p < 0.001) in tumor weight, volume, incidence, and burden was
observed in Group VII (DMBA + RME-EnCNPs 500 mg/kg) during this period compared
to Group III (DMBA + STD tamoxifen). Standard control tamoxifen, a selective estrogen
receptor modulator, inhibits the effects of the reproductive hormone estrogen, which plays
a crucial role in the growth and development of various breast cancers [61,62].

Inflammation within the tumor microenvironment is associated with increased inva-
siveness and poor prognosis in various cancers, including breast cancer. Critical mediators
of the inflammatory response include cytokines like interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNFw), and interleukin-1 beta (IL-13). Numerous studies have linked these
cytokines to breast cancer progression [63].
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4.5. Biochemical Parameters

Given the vital roles of the liver and kidneys in the body, any disturbance in their
normal functions can significantly impede various metabolic processes, leading to increased
overall body toxicity. The liver, being the primary organ responsible for metabolizing
xenobiotic substances, is susceptible to damage from chemical agents. In the present study,
the carcinogenic metabolites and reactive oxygen species (ROS) resulting from DMBA
metabolism were implicated in liver degradation [64].

The rise in total serum protein concentration observed may be attributed to changes
in albumin and other proteins, collectively known as globulins. Alterations in serum
albumin concentration are known to occur under conditions of oxidative stress, such
as that associated with cancer [64]. The majority of serum proteins produced in the
liver serve as biomarkers for liver dysfunction. In this investigation, significantly higher
levels of total bilirubin, SGOT, SGPT, and ALP were noted in DMBA-treated animals
compared to the control group. These elevated levels indicate DMBA-induced hepatic
impairment [65]. SGOT and SGPT are enzymes involved in liver function, and their
increase suggests impaired liver function, possibly due to tumor invasion [66]. ALP activity
is vital for membrane permeability, molecule transport, protein synthesis, and glycogen
metabolism. The significant reduction in these parameters after treatment with RME and
RME-EnCNPs (250 and 500 mg/kg) indicates the potential hepatoprotective effect of A.
venenata methanolic root extract. Flavonoids present in the extract may contribute to this
hepatoprotective activity by aiding in the restoration of damaged liver portions [67,68].

Obesity and high total cholesterol have long been associated with an increased inci-
dence of tumors in breast carcinoma animal models. Cholesterol, susceptible to oxidation,
produces more lipid peroxidation products during oxidative stress. Hypercholesterolemia
and oxidative stress are subsequent effects of rising cholesterol levels, leading to the acti-
vation of cells and the formation of oxygen free radicals [69]. In the present investigation,
increased levels of total cholesterol and triglycerides were observed in the DMBA-induced
rats (Group II) compared to Groups III to VII. Low HDL-cholesterol levels are often associ-
ated with higher estrogen levels in obese or overweight women, representing a significant
risk factor for breast cancer [68]. Group II (DMBA- induced breast cancer rats) and Group
VII (500 mg/kg of RME-EnCNPs treated) exhibited decreased and increased levels of
HDL-cholesterol, respectively, as is consistent with prior investigations [69].

The kidneys, responsible for excreting harmful metabolic waste products, are un-
able to escape the detrimental effects of DMBA’s hazardous metabolic by-products. The
present investigation noted significantly higher urea, uric acid, and creatinine levels in
the DMBA-treated group compared to the control group, indicative of DMBA-induced
renal impairment. However, after the administration of RME and RME-EnCNPs (250
and 500 mg/kg), a significant reduction in urea, uric acid, and creatinine levels was ob-
served. This reduction in serum kidney biomarker levels suggests a renal protective effect
of A. venenata root methanolic extract. The phenols and flavonoids present in this extract
may contribute to the observed renal protective effect by aiding in the regeneration of
damaged kidney components [70,71].

4.6. In Vivo Antioxidant Activity

In general, oxidative stress and the production of ROS have been connected to cancer
progression. Compared to their normal cells, tumor cells show higher ROS levels and the
tight regulation of REDOX homeostasis to maintain a low level of oxidative stress. Con-
ventionally, several antioxidants have been extensively investigated to counteract breast
carcinogenesis and tumor advancement as chemopreventive agents [72]. The total protein
level in the rats administrated with DMBA was significantly decreased, in comparison with
the rats treated with (200 and 500 mg/kg) RME and RME-EnCNPs. Similar results were re-
ported in [73]. SODs use metal ions such as copper (Cu?*), zinc (Zn?*), manganese (Mn?*),
or iron (Fe?*) as cofactors for catalyzing the dismutation of superoxide anion to oxygen
and hydrogen peroxide. These metalloenzymes present in different compartments of the
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eukaryotic and prokaryotic cells and are extremely specific in regulating coupled biological
processes [74]. Catalase (CAT) assists the decomposition of hydrogen peroxide to water
and oxygen. It is chiefly located in cytosol and the peroxisomes of eukaryotes [75]. GPX is
a cytosolic enzyme that catalyzes the breakdown of hydrogen peroxide and organic hy-
droperoxides [76]. Glutathione also known as GSH is present in the liver and protects cells
from oxidative stress by reducing disulfide bonds of cytoplasmic proteins to cysteines [77].
Many studies have indicated that lipid peroxidation may be involved in tumor progression
because this process can produce reactive and toxic metabolites. Malondialdehyde (MDA)
is one of the important aldehydes of lipid peroxidation, which can react with proteins,
DNA, and other biomolecules and modify their structure and function. In recent years, the
determination of the MDA of tissues and plasma has been extensively followed in various
cancer studies including breast cancer. Several research reports indicate the possibility of a
relation between lipid peroxidation and breast cancer [78].

This study explores the therapeutic potential of A. venenata root methanolic extract
(RME) for counteracting oxidative stress in tumor cells. In rats with DMBA-induced breast
cancer, elevated oxidative stress was indicated by increased LPO and decreased levels of
antioxidant enzymes. Treatment with RME-EnCNPs (500 mg/kg) significantly reversed
these alterations, improving levels of total protein, SOD, catalase, GPx, and GSH, while
reducing LPO (p < 0.001). The nanoparticles not only enhance the bioavailability and
targeted delivery of RME’s bioactive compounds but also provide sustained antioxidant
effects at the tumor site. By encapsulating RME in chitosan, a biopolymer with natural
antioxidant properties, the nanoparticles facilitate continuous reactive oxygen species (ROS)
scavenging, helping to neutralize oxidative damage [79-81]. This dual effect—enhanced
drug delivery and ROS neutralization—reduced tumor growth and progression, highlight-
ing the potential of RME-EnCNPs as a promising strategy for breast cancer treatment. Our
findings supported the common observation that breast malignancies are connected to an
increased level of SOD, catalase, GPx, and GSH and a decreased level of MDA [79-81].

4.7. Glycolytic and Non-Glycolytic Enzymes

Hexokinase, catalyzing the first step of glycolysis by phosphorylating glucose with
ATP to produce glucose 6-phosphate, has four isoforms (HK1, HK2, HK3, and HK4) ex-
pressed in mammalian tissues. Cancer cells typically express high levels of HK2 compared
to normal cells [82]. In the current study, DMBA-induced rats exhibited elevated levels of
hexokinase, while RME-EnCNPs-treated animals showed reduced levels. Utilizing natural
plant-derived secondary metabolites, which regulate glycolysis enzymes, holds promise
for cancer treatment. For instance, physciosporin, a potent anticancer lichen compound,
downregulates HK2 mRNA expression and inhibits breast cancer cell proliferation [83].
Similarly, morusin (flavonoid) and tanshinone IIA (diterpenoid) inhibit hepatocellular
carcinoma and oral squamous cell carcinoma, respectively, with the suppression of HK2
enzyme [84,85].

Aldolase, a ubiquitous cytosolic enzyme in glycolysis, catalyzes the conversion of
fructose 1-6-diphosphate to glyceraldehyde 3-phosphate and dihydroxyacetone phosphate.
Classified into three groups (ALDOA, ALDOB, and ALDOC), ALDOA has been implicated
in promoting tumor growth and metastasis in various cancers. The phosphorylation of
ALDOA can enhance glucose metabolism in liver cancer cells, promoting their growth
and tumor formation [86,87]. In the current study, aldolase levels were elevated in DMBA-
induced rats and decreased in RME-EnCNPs-treated animals.

Glycogen has been linked to cancer cell survival, preventing glycogen breakdown,
inducing apoptosis, and promoting early cell senescence in cancer cells. Glucose-6-
phosphatase (encoded by G6PC) mediates the final step of gluconeogenesis, and its over-
expression has been observed in glioblastomas. Fructose-1,6-bisphosphatase (FBPase), a
key enzyme in gluconeogenesis, plays critical roles in tumor initiation and progression.
Lower FBPase expression is associated with advanced tumor stages and worse prognoses
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in cancer patients [88,89]. In the present study, G6PC and FBPase levels were reduced in
DMBA-induced rats and RME-EnCNPs-treated animals.

4.8. Estimation of Mitochondrial TCA Cycle Enzymes

Mitochondria are central to cellular functions, including ATP production, metabolite
generation, and the regulation of various cellular processes. They communicate with the
cell through mechanisms such as cytochrome c release, AMP-activated protein kinase
activation, reactive oxygen species (ROS) generation, and mitochondrial DNA release.
Recently, the release of TCA cycle metabolites from mitochondria has been shown to
influence cell function, macromolecule biosynthesis, and epigenetic modifications [90].

Key enzymes in the TCA cycle, such as isocitrate dehydrogenase (IDH), succinate
dehydrogenase (SDH), and malate dehydrogenase (MDH), play critical roles in cellular
metabolism. Mutations in IDH1 and IDH2 are common in cancers like gliomas and acute
myeloid leukemia [91]. SDH deficiency is linked to tumor progression, with succinate
accumulation stabilizing HIF-1«. Increased SDHA expression has been associated with
reduced cell proliferation in ovarian cancer cells [92]. MDH is involved in regenerating
cytosolic NAD+, a process essential for cancer cell proliferation [93].

In this study, the activities of TCA cycle enzymes (IDH, SDH, and MDH) were sig-
nificantly reduced in DMBA-induced breast cancer animals, likely due to alterations in
cell morphology, mitochondrial structure, and reduced mitochondrial numbers. This de-
cline may also be related to deficiencies in the electron transport chain. Treatment with
RME-EnCNPs led to a significant increase in the activities of these enzymes, suggesting
a protective effect of the encapsulated root methanolic extract. These findings align with
previous reports by Senthilnathan et al. [94], who observed decreased enzyme activities in
lung cancer-bearing animals.

4.9. Estimation of Hematological Parameters

Red blood cell count, hemoglobin levels, and packed cell volume are key markers
for anemia, which in cancer patients is associated with an increased risk of cardiovascular
events and mortality [95]. Cancer-related anemia can be caused by bleeding, nutritional
deficiencies, bone marrow damage, tumor invasion, or the malignancy itself. Low mean
corpuscular hemoglobin concentration (MCHC) indicates insufficient hemoglobin in red
blood cells [96]. In this study, animals treated with 500 mg/kg RME-EnCNPs showed
improved levels of these parameters, while the DMBA-induced mammary tumor-bearing
animals exhibited decreased levels. Cell cannibalism, where cancer cells phagocytose their
own or other cells (e.g., neutrophils and lymphocytes), is another hallmark of cancer [96].
Low white blood cell (WBC) counts increase infection risk, while elevated WBC counts
are linked to invasive breast cancer development [97]. In this study, the DMBA-induced
tumor-bearing animals had higher WBC counts and polymorphonuclear cell percentages
compared to those treated with RME-EnCNPs. These findings align with previous stud-
ies, showing significant decreases in hemoglobin and red blood cell indices, along with
increased platelet and WBC counts in the DMBA-induced breast cancer-bearing animals
compared to Ficus carica latex-treated groups [98].

4.10. Histological Analysis

The histopathological analysis of mammary tissues from the cancer-bearing animals
revealed malignant epithelial cells with hyperchromasia, increased nuclear/cytoplasmic
ratio, and pleomorphism. In contrast, animals treated with 500 mg/kg RME-EnCNPs
showed the disappearance of tumor cells, with no glandular or acinar structures and areas
of marked fibrosis. Examination of liver tissues in the cancer-bearing animals revealed
abnormal architecture, with hepatocytes arranged in cords and prominent portal tracts,
likely due to carcinogen-induced free radical damage to DNA [99]. In the RME-EnCNPs-
treated animals, these changes were resolved, possibly due to the antioxidant properties of
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the extract. The treated animals exhibited normal hepatocytes with central vein congestion,
suggesting liver protection.

Kidney tissues from the cancer-bearing animals showed glomerular damage and
tubular abnormalities, while the RME-EnCNDPs-treated animals exhibited normal interstitial
morphology, indicating preserved kidney function and detoxification processes [100]. The
examination of uterine tissues in the cancer-bearing animals revealed abnormal epithelium
and scattered inflammatory infiltrates. In contrast, the RME-EnCNPs-treated animals
showed a normal endomyometrium with mild infiltrates.

4.11. Mechanism of Action and Molecular Pathways

The anticancer effects of RME-EnCNPs are likely driven by multiple mechanisms,
primarily involving the generation of reactive oxygen species (ROS), which induces ox-
idative stress and leads to apoptosis in cancer cells. The bioactive compounds in Alstonia
venenata, including alkaloids and flavonoids, are released from the chitosan nanoparticles in
a sustained manner, enhancing the drug’s stability, bioavailability, and therapeutic impact.
These compounds may also modulate key signaling pathways, such as PI3K/Akt and
MAPK/ERK, which are critical for cell survival and proliferation, contributing to tumor
growth inhibition. Additionally, mitochondrial dysfunction, indicated by changes in TCA
cycle enzyme activities, may further drive the anticancer effects of RME-EnCNPs.

Nanoparticle-based drug delivery systems have gained significant attention in cancer
therapy due to their ability to enhance the stability, bioavailability, and targeted delivery of
therapeutic agents. Studies by Yang et al. [101] and Zhang et al. [102] have demonstrated
that chitosan nanoparticles loaded with anticancer drugs, such as doxorubicin and paclitaxel,
significantly improve drug uptake and tumor targeting, resulting in reduced tumor growth
and metastasis. These studies suggest that the anticancer effects of nanoparticle-loaded
drugs are mediated by molecular mechanisms like ROS generation and apoptosis induction.
Additionally, research on plant extracts, including Alstonia venenata, supports the notion that
natural compounds can target multiple signaling pathways involved in cancer progression.
Malik et al. [12] demonstrated that the ethanolic extract of Alstonia venenata leaves exhibits
anticancer activity. In vitro studies showed cytotoxic effects on DLA, EAC, and normal
splenocytes. The tumor-bearing animals treated with 100 mg/kg, 250 mg/kg, and 500 mg/kg
doses of the extract had significant increases in survival, with the 500 mg dose extending
lifespan by 30.79%. The results also indicated tumor growth inhibition, as reflected in changes
in body weight, consistent with the findings in our study, where RME-EnCNPs effectively
inhibited tumor growth and improved antioxidant activity [10-12].

Our results further align with studies on herbal extract-loaded nanoparticles, such as
Patil et al. [101], who reported enhanced bioavailability and sustained drug release using
chitosan nanoparticles. The diffusion-controlled release mechanism observed for RME-
EnCNPs, as described by the Higuchi model, highlights the potential of chitosan-based sys-
tems for controlled, prolonged therapeutic effects. The anticancer activity of RME-EnCNPs
likely involves a combination of ROS-induced oxidative stress, mitochondrial dysfunction,
and the modulation of key signaling pathways like PI3K/Akt and MAPK/ERK. These
findings underscore the advantages of the nanoparticle-mediated delivery of herbal ex-
tracts over conventional drug formulations, offering improved therapeutic outcomes with
targeted delivery and reduced toxicity.

5. Conclusions

In this study, we evaluated the chemoprotective potential of RME-loaded chitosan
nanoparticles (RME-EnCNPs) against DMBA-induced mammary gland tumors. Treatment
with RME-EnCNPs demonstrated a dose-dependent effect, significantly reducing tumor
markers, biochemical parameters, antioxidant levels, enzymatic activity, hematological
parameters, and histopathological abnormalities. These results suggest that RME-EnCNPs
have strong potential for preventing breast cancer.
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Furthermore, the study highlights that RME-EnCNPs are more effective than free RME,
providing enhanced tumor inhibition and sustained drug release. This positions RME-
EnCNPs as a promising, less toxic alternative to conventional chemotherapy. However,
to fully realize their clinical potential, further research is required, including toxicity
assessments, long-term release studies, and an in-depth exploration of their mechanisms of
action. Advanced preclinical models will also be crucial for evaluating the clinical feasibility
of RME-EnCNPs.
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Abstract: The gut microbiota dysbiosis that often occurs in cancer therapy requires more efficient
treatment options to be developed. In this concern, the present research approach is to develop
drug delivery systems based on magnetite nanoparticles (MNPs) as nanocarriers for bioactive
compounds. First, MNPs were synthesized through the spraying-assisted coprecipitation method,
followed by loading bee pollen or bee bread extracts and an antitumoral drug (5-fluorouracil/5-
FU). The loaded-MNPs were morphologically and structurally characterized through transmission
electron microscopy (TEM), selected area electron diffraction (SAED), scanning electron microscopy
(SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FI-IR), Dynamic Light
Scattering (DLS), and thermogravimetric analysis. UV-Vis spectroscopy was applied to establish
the release profiles and antioxidant activity. Furthermore, the antibacterial and antitumoral activity
of loaded-MNPs was assessed. The results demonstrate that MNPs with antioxidant, antibacterial,
antiproliferative, and prebiotic properties are obtained. Moreover, the data highlight the improvement
of 5-FU antibacterial activity by loading on the MNPs’ surface and the synergistic effects between the
anticancer drug and phenolic compounds (PCs). In addition, the prolonged release behavior of PCs
for many hours (70-75 h) after the release of 5-FU from the developed nanocarriers is an advantage,
at least from the point of view of the antioxidant activity of PCs. Considering the enhancement of
L. rhamnosus MF9 growth and antitumoral activity, this study developed promising drug delivery
alternatives for colorectal cancer therapy.

Keywords: bee bread; bee pollen; antioxidant; antitumoral and antibacterial agents; drug delivery
systems
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1. Introduction

Due to its unique structural, electrical, and magnetic properties, metal oxide nanoparti-
cles such as magnetite nanoparticles (MNPs) are given tremendous attention. Over the past
few decades, researchers and scientists have studied their applications in memory devices,
data storage, water purification, bioprocessing, drug delivery, hyperthermia, magnetic
resonance imaging, biosensors, electronic devices, aerospace, etc. [1,2].

Considering various nanoparticle synthesis approaches, chemical coprecipitation is
the most used technique for synthesizing MNPs, mainly due to its eco-friendly precursors,
cost-effectiveness, and easy procedure [3].

MNPs are used in several biomedical applications, especially for antimicrobial and
anticancer therapies [4-7]. Also, due to their properties like precise targeting, low toxic-
ity, biocompatibility, nanometric size, etc., MNPs can be internalized and guided with a
magnetic field to the tissue/organ of interest [8,9]. Furthermore, MNPs can be functional-
ized/loaded with bioactive compounds (like antineoplastic drugs, antibiotics (ATBs), PCs,
natural extracts, etc.) to develop multi-target drug delivery systems (DDS) [10-16].

Colorectal cancer (CRC) is a type of malignancy that affects the colon or rectum and,
according to the World Health Organization, is the third most frequent cancer worldwide.
Mainly, CRC affects older individuals and is the second leading cause of mortality rates,
with the highest incidence rate in Australia and Europe [17,18]. It is estimated that in 2040,
there will be an increase of 3.2 million new cases and 1.6 million deaths compared to 2020,
when approximately 1.9 million new CRC cases and 930,000 deaths were reported [18].
However, gut microbiota dysbiosis may also play a key risk factor in promoting CRC
by enhancing bacterial populations that stimulate tumorigenesis/exaggerated immune
responses [19-22]. Recent studies suggest a strong correlation between gut microbiota
imbalance and mechanisms of colorectal tumorigenesis. Moreover, since patients with CRC
present a richness of procarcinogenic taxa (Fusobacterium sp., Bacteroides sp., Porphyromonas
sp., and Escherichia coli) and less protective taxa, like Roseburia sp., gut microbiota may
represent an important biomarker [21,23-25].

CRC treatments, such as radiotherapy and chemotherapy, can kill the tumor cells and
significantly induce damage to the gut microbiota balance [26]. The related antineoplastic
agents for CRC treatment are 5-fluorouracil (5-FU), oxaliplatin, irinotecan, capecitabine,
cetuximab, etc., which generate dysbiosis, like diarrhea and intestinal mucositis [26-28].
Likewise, the gut microbiota composition is highly linked to the efficacity of antitumoral
agents, and in general, during treatment, patients develop severe drug-resistant infec-
tions [29]. Additionally, some ATBs like ceftazidime, cefepime, vancomycin, imipenem,
neomycin, and metronidazole diminished the 5-FU efficacity in CRC treatment [30,31].
Furthermore, recent studies have shown that exposure to ATB induces gut dysbiosis that is
highly linked to CRC [32-34]. Consequently, current research approaches to developing
multi-target systems could potentiate the effectiveness of chemotherapeutics and diminish
the adverse effects by combining them with phytochemicals [35].

The adverse effects of antineoplastic agents on the gut can be reduced by using pro-
biotics, prebiotic compounds, antioxidants, symbiotics, and postbiotics as adjuvants in
cancer treatment [36]. PCs can represent a prebiotic substrate due to their resistance to host
digestion, ability to be metabolized by microorganisms, and stimulation of the probiotic
bacteria. Also, they possess antimicrobial, antioxidant, and antitumoral properties [37—40].
Additionally, other phytochemicals, such as carotenoids, organosulfur compounds, alka-
loids, etc., present chemopreventive and antitumoral properties [41]. An excellent source
rich in prebiotic compounds can be bee pollen (BP) and bee bread (BB), which can sig-
nificantly stimulate the growth of probiotic bacteria and thus be considered a source of
probiotics [42-47].

Antioxidants may act by reducing oxidative stress, modulating inflammation, and im-
proving gut function to alleviate the adverse effects of chemotherapy on the gut microbiota.
Some evidence suggests that using antioxidants may help reduce the adverse effects of
chemotherapy on the gut microbiota in CRC [48].
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Clinical trials in CRC patients have suggested that antioxidants [49-51], probiotics [52],
and prebiotic supplements [53,54] may reduce the severity of chemotherapy-induced
adverse effects and improve gut microbial diversity.

This study presents the development of magnetite-based drug delivery nanocarriers
to improve the antitumoral activity of 5-FU and alleviate the adverse effects against gut
microbiota. The MNPs were synthesized through a spray-assisted method and loaded with
BP/BB extracts and 5-FU. The BPEs and BBEs were characterized in previous studies [42,43].
First, the loaded-MNPs were morphologically and structurally characterized through
physical analysis. The bioactive agents’ release behavior was evaluated for 5-FU and PCs,
and their antioxidant activity was assessed through three assays. The aim of this research is
based on using small concentrations of extracts and 5-FU in order to establish the influence
of each bioactive compound and the effects against a selected bacteria with probiotic
potential. Furthermore, this study’s novelty involves enhancing the inhibitory activity of
bacterial adhesion capacity to the inert substratum induced by the synthesized nanocarriers.

2. Materials and Methods
2.1. Materials

Iron chloride (97% reagent grade), sodium hydroxide (>98%), silver nitrate (>99.5%
purity), 5-FU (>99.9%, HPLC grade), Folin-Ciocalteu reagent, gallic acid (>98.0%), sodium
carbonate (>99.5%), 2,2-diphenyl-1-picrylhydrazyl (DPPH), FRAP reagent, CuCly, neocuproin,
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), ethanol (>99.8%), methanol,
Nutrient Broth No. 2 (NB), Sabouraud Glucose Agar (Sab) with chloramphenicol, Man-
Rogosa-Sharpe (MRS), agar, acetic acid (AcA), and crystal violet (CV), were purchased from
Sigma-Aldrich (Darmstadt, Germany). Ammonium iron sulfate crystallized hexahydrate
with >98% purity was acquired from Roth (Karlsruhe, Germany), and the anhydrous
trisodium citrate (99% purity) was from Alfa Aesar (Ward Hill, MA, USA). All chemicals
were used without further purification. All strains tested in this paper were provided from
the Microorganisms Collection of the Department of Microbiology, Faculty of Biology of
the University of Bucharest.

2.2. Synthesis of Magnetic Nanoparticles and Loading with Bioactive Compounds

The Fe3O4 NPs stabilized with anhydrous trisodium citrate were synthesized by the
spraying-assisted coprecipitation method using ammonium iron sulfate hexahydrate and
iron chloride as precursors [55,56]. The obtained Fe;O4@citrate magnetic NPs (Figure 1)
were dried and characterized to ensure that the obtained NPs presented the desired proper-
ties. After that, 1 g of the previously obtained FezO @citrate magnetic NPs were loaded
with 10 mL hydroethanolic bee pollen/bee bread extracts (BPEs/BBEs) by grinding until
the solvent was evaporated. The BPEs and BBEs loaded on the surface of MNPs were
previously characterized [42,43], and the samples with the highest concentration of PCs
were used in this study. The anticancer drug (5-FU) was first solubilized in ethanol and
loaded on the surface of the Fe;O,@BPEs/BBEs following the same method. Given that the
bioactive compounds’ loading method involves grinding the 5-FU/phenolic compound
solutions with magnetite powders until the evaporation of the solvent, the drug loading
efficiency is maximum [56].

Magnetic
separation

Figure 1. Fe304@citrate magnetic NPs suspension in water and the magnetic attraction.
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2.3. Characterization of the Magnetic-Based Systems

The MNPs loaded with bioactive compounds were characterized using specific analy-
sis that ensured the establishment of specific properties.

Transmission Electron Microscopy (TEM) and High-Resolution TEM (HR-TEM) im-
ages and SAED pattern were acquired on a high-resolution 80-200 TITAN THEMIS trans-
mission microscope (purchased from FEI, Hillsboro, OR, USA). The microscope was
equipped with a column EDXS detector and an image corrector, and it was operated
in transmission mode at a voltage of 200 kV. In total, 10 pL deionized (DI) water were
placed into a 400-mesh lacey carbon-coated copper grid. The size of the NPs was measured
with the help of Image] software (version 1.8.0, National Institutes of Health, Madison, WI,
USA) [4].

X-ray diffraction (XRD) was performed using a Shimadzu XRD-6000 diffractometer
(Shimadzu Corporation, Kyoto, Japan) equipped with a Cu K« radiation source. Scans
were obtained between 20° and 80° 20 with an acquisition step of 0.02. The crystallite sizes
were calculated using the Scherrer equation.

The magnetic properties of the developed MNPs were evaluated with the vibrating
sample magnetometer at 25 £ 2 °C using the 7400 Series VSM equipment manufactured by
LakeShore (Lakeshore, CA, USA) [55].

The determination of the size, morphology, and elemental composition of MNPs
were assessed using a Quanta Inspect F50 (FEI Company, Eindhoven, The Netherlands)
scanning electron microscope equipped with a field emission gun electron (FEG) with
1.2 nm resolution and an Energy Dispersive X-ray spectrometer with a MnK resolution of
133 eV [55].

The Fourier Transform Infrared Spectroscopy (FI-IR) spectra were recorded at room
temperature in ATR mode using a Nicolet iS50 spectrometer (Thermo Fischer Scientific,
Waltham, MA, USA). The spectrum of each sample is an average of 64 scans, in the
400-4000 cm™ range, at 4 cm ™ resolution [57].

Dynamic Light Scattering (DLS) measurements were performed after dispersing 5 mg
of the developed MNPs in 15 mL of phosphate-buffer saline (PBS) 1x solution with a
pH of 7.4 and dispersed using a Sonorex Digitec DT 514 ultrasonic bath (Bandelin, Berlin,
Germany) for 10 min at 25 °C. A small amount of the dispersion was further introduced into
the measurement cell and placed inside the DelsaMax Pro equipment (Backman Coulter,
Brea, CA, USA). Three measurements were performed for each sample [4].

The thermogravimetric analysis (TG-DSC) was performed with a STA 449 F3 Jupiter
equipment from Netzsch (Selb, Germany). About 10 mg of dry powder was placed in
an alumina crucible and heated up to 900 °C with a 10 °C min~! rate under a flow of
50 mL min~! of dried air [58].

2.4. Antitumoral Agent Release Behavior

The 5-FU release profile was performed using the dialysis bag method [4,59]. Quan-
tification of 5-FU was performed by plotting a calibration curve in the 0.1-10 ug/mL range.
After that, 20 mg MNPs@5-FU 2%, respectively, 40 mg MNPs@5-FU 1%, were placed
inside a dialysis bag, followed by immersion in 40 mL PBS 1x (pH = 7.4). The samples
were slowly shaken in an orbital motion at 25 rpm for 48 h at 37 °C in a thermoshaker
(Gerhardt GmbH & Co., Konigswinter, Germany). At different time points, 500 pL of super-
natant were collected and replaced with fresh PBS. The measurements were performed at
266 nm wavelength using a Thermo Evolution 600 double-beam UV-Vis Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and a 1 cm optical path quartz cuvette. The
5-FU concentration was calculated using the calibration curve, and the cumulative release
percentage (%) was determined with Equations (1) and (2), when P;_ is the percentage
release at the t — 1 time point, and P; is the percentage release at the t time point.

Drug release(%) = amount of drug in release medium
& )~ “amount of drug loaded on MNPs

% 100 1)
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) volume of sample withdrawn
Cumulative drug release (%) = volume{)f reliase edinm Pi 1+ P 2)

Table 1 presents the mathematical models that were performed to study the release
kinetics of the 5-FU-loaded MNPs [60,61].

Table 1. Release kinetics models applied.

Release Kinetic Equation
Zero-order Cr=Co+ko-t
First-order kinetics logCy = 10gCo — k15355
Higuchi model Ci =ky 172
Hixson—-Crowell model Cé /3 _ Ctl/ 3 = ket

Cy is the amount of drug released in time (t); Cy is the initial amount of 5-FU in medium (usually is 0); ko, k1, kg,
and kyc are the 5-FU release rate constants.

The drug release data results were performed using Microsoft Excel 365 (Microsoft
Corporation, Redmond, OR, USA) and GraphPad Prism 10.2 (San Diego, CA, USA).

2.5. Phenolic Compounds Release Profiles

The PCs’ release profile was performed using the dialysis bag method previously
described. In total, 40 mg MNP were placed inside a dialysis bag followed by immersion
in 40 mL PBS 1x (pH = 7.4), and the samples were slowly orbitally shaken at 25 rpm
for 120 h at 37 °C. At different times, 250 puL of supernatant were collected and replaced
with fresh PBS. The total phenol content (TPC) was achieved utilizing the Folin-Ciocalteu
method [43,62]. A total of 125 uL of sample or standard (gallic acid), 1.25 mL of Folin-
Ciocalteu reagent (diluted 10 times in DI), and 1 mL of 1 M of sodium carbonate were
homogenized, and the absorbance was measured after 15 min (min) at 746 nm. A calibration
curve was plotted with standard solutions of gallic acid with concentrations varying
between 0.125 and 6 mg/L (R? = 0.9979). TPC was expressed as a cumulative percentage
using Equations (1) and (2). Furthermore, the previously described mathematical models
(Table 1) were performed to study the release kinetics of PCs.

2.6. Antioxidant Activity
2.6.1. Determination of Free-Radical Scavenging Capacity (DPPH)

Free radical scavenging activity of loaded MNPs was performed by using a spec-
trophotometric analysis [13,63]. DPPH (7 mg) was used as a free radical, which was
dissolved in ethanol (30 mL) and vortexed until solubilization. Several concentrations of
MNPs (1.25-10 mg/mL) were diluted in DI water, and in a 96-well plate were added 20
uL of MNPs suspension and 180 uL. DPPH solution. The plate was incubated for 30 min
in the dark, and spectrophotometric measurements were performed at 518 nm. Also,
the DPPH assay was performed for extracts (20 uL BPEs/BBEs were mixed with 180 puL
DPPH solution and performed the same method previously described). The experiment
was performed in triplicate, and the percent of DPPH inhibition was calculated using
Equation (3).

A-B

DPPH Inhibition(%) = =—— x 100 ®)

A is represented by the absorbance of the oxidized solution in the absence of antiox-
idant agents (control—DPPH), and B is the absorbance of the oxidized solution in the
presence of antioxidant agents. The concentration required to inhibit 50% of the DPPH
radical (ICsp) was assessed using linear regression acquired using the plotting concentration
vs DPPH inhibition (%).

2.6.2. Ferric Reducing Antioxidant Power (FRAP) Method

The reaction mixture included 50 pL of sample/standard and 950 puL of FRAP re-
gent [64]. A UV-VIS spectrophotometer (Mulsiskan FC instrument, Thermo Scientific,
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Waltham, MA, USA) was used to detect the absorbance at A = 593 nm after 25 min of dark
incubation at 37 °C and 5 min of spinning at 7000 rpm. The calibration curve was plotted
using 1 mM Trolox stock solution at concentrations ranging from 30 to 250 uM (R? = 0.9987).

2.6.3. Cupric Reducing Antioxidant Capacity (CUPRAC) Assay

The reaction mixture included 240 pL of sample/standard solutions of different
concentrations, 200 uL CuCl, (10 mM), 200 uL neocuproin (7.5 mM), and 200 pL ammonium
acetate buffer 1 M, pH =7.00 [65]. After 30 min, the absorbance was measured at 450 nm.
The concentrations used for the Trolox calibration curve ranged from 0.125 to 1.5 mM
(R? = 0.9943).

2.7. Biological Activity of Magnetic-Based Systems

The biological properties of developed DDSs were assessed using standard Gram-
positive and Gram-negative bacteria (Enterococcus faecalis ATCC 29212, Staphylococcus aureus
ATCC 25923, Escherichia coli ATCC 25922, and Pseudomonas aeruginosa ATCC 27853), and a
probiotic bacteria (Lactobacillus rhamnosus MF9) isolated from newborn feces. A cell viability
assay was performed using a cell line specific for CRC (HT-29). To ensure the sterility of
the experiments, MNP-based samples were sterilized for 30 min of UV radiation.

2.7.1. Qualitative Evaluation of Antibacterial Activity

The qualitative antibacterial activity was performed using an adapted spot diffusion
method, according to the Clinical Laboratory Standards Institute [66,67]. The bacterial
suspensions corresponding to 1.5 x 108 CFU/mL were prepared from 24 h cultures on
NB with agar media. A stock of MNPs (100 mg/mL) suspension prepared with sterile
physiological buffer saline (PBS) was used. Petri plates with NB media were seeded
with inoculums, and 20 pL of each sample was spotted. After diffusion, the dishes were
incubated at 37 °C for 24 h.

2.7.2. Quantitative Evaluation of Antibacterial Activity

The minimum inhibitory concentration (MIC) assay used an adapted binary serial
microdilution standard assessment in NB medium [66]. In a 96-well plate, for each MNP
sample, serial two-fold micro-dilutions were performed in 150 uL of broth medium seeded
with the standard inoculum. The plates were incubated at 37 °C for 24 h. Visual and
spectrophotometric analyses determined the MIC values by measuring the absorbance
at 620 nm using the BIOTEK SYNERGY-HTX ELISA multi-mode reader (Winooski VT,
USA) [66].

2.7.3. Semiquantitative Assessment of Microbial Adherence to the Inert Substratum

The biofilm development on the inert substratum was determined using the same
serial two-fold microdilution method [66]. After 24 h of incubation and MIC measurements,
the media from plates was removed, the walls were washed three times with PBS, and the
bacterial cells adhered to the walls were fixed with methanol (5 min) and tinted with 1%
CV (15 min). The dyed biofilm was resuspended with 33% AcA, and the absorbance was
measured at 490 nm [66].

2.7.4. Evaluation of the Influence of the Magnetic-Based Systems on the Growth of a
Microbial Strain with Probiotic Potential

The MNPs influence on the growth of L. rhamnosus MF9 was evaluated by following
its growth and multiplication for 24 h using bacterial suspension, which corresponded to
1.5 x 10% CFU/mL and was prepared in PBS from fresh culture (24 h) [42]. The influence of
MNPs against probiotic bacteria was evaluated in liquid media. In sterilized Eppendorf
Safe-Lock tubes were performed binary-serial dilutions from 1000 to 125 pg/mL MNPs,
followed by inoculation of L. rhamnosus MF9. The volumetric ratio between the volume of
inoculated microbial suspension and of the broth media = 1:10. The tubes were incubated
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at 37 °C in anaerobic conditions, and the growth was evaluated after 24 h of incubation.
Serial dilutions from each sample were inoculated on a MRS agar plate in triplicate, and
viable cell counts were assessed after 24 h incubation in anaerobic conditions at 37 °C, and
are expressed as CFU/mL. Also, in 96-well plates were transferred 100 uL from tubes, and
spectrophotometric measurements were performed at A = 600 nm. The experiments were
performed in triplicate. The results were expressed in percentages and calculated using
Equation (4).

A600 sample

L. rhamnosus ME9(%) = —5-——" — X

100 (4)

2.7.5. The Antiproliferative Assay

The HT-29 cells were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco, Boston,
MA, USA) supplemented with 10% fetal bovine serum (Gibco, Boston, MA, USA), 100 U/mL
penicillin, and 100 pg/mL streptomycin, in a humidified atmosphere (with 5% CO;) at
37 °C. The culture medium was changed every 2 days until cells reached confluence,
and then the cells were detached with 0.25% trypsin-0.53 mM EDTA (Sigma-Aldrich,
Darmstadt, Germany). For the experiments, cells were seeded at 5 x 10* cells/cm? and left
overnight to adhere. Cellular viability was measured using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Darmstadt, Germany) assay.
At the end of the incubation periods, the culture medium was removed, and the cells were
incubated with 1 mg/mL MTT for 2 h at 37 °C. The purple formazan crystals formed in the
viable cells were dissolved with 2-propanol (Sigma-Aldrich, Darmstadt, Germany), and
the absorbance was measured at 595 nm using a plate multi-reader (FlexStation 3, San Jose,
CA, USA) [68]. The cell viability of the samples was calculated using Equation (5).

_ A595 sample

Cell Vlablllty(%) = m

x 100 (5)

2.8. Statistical Analysis

The data results were statistically analyzed using GraphPad Prism 10.2 from GraphPad
Software (San Diego, CA, USA). The data results are expressed as £SD (standard deviation)
and analyzed using a one-way analysis of variance (one-way ANOVA) and Tukey’s/Holm-
Sidék’s multiple comparisons test. The differences between samples were considered
statistically significant when the p-value was < 0.05.

3. Results and Discussion
3.1. Magnetic-Based Systems Characterization

In the present study, the synthesized citrate-coated MNPs were first loaded with the
BPEs and BBEs, which presented the highest concentration of PCs and antioxidant and
antimicrobial properties determined previously [42,43]. Additionally, an antitumoral agent
(5-FU) was loaded on the surface of Fe3O,@BPE and Fe;O,@BBE NPs to alleviate the
adverse effects on the gut microbiota. In this approach, the developed nanocarriers were
characterized using TEM, SEM, EDX, XRD, VSM, FT-IR, DLS, and thermal analyses.

3.1.1. Transmission Electron Microscopy

The morphology of the citrate-coated MNPs was evaluated using the TEM, HR-TEM,
and SAED assessments (Figure 2). As can be observed, the NPs have a quasi-spherical shape
and possess an increased tendency to agglomerate, probably due to the magnetic dipole
moment interaction between particles. Moreover, these images were used to determine the
size distributions of the MNPs. The distributions are considerably narrow, suggesting that
the size of the MNPs is between 5 and 10 nm (average size particle of 7.0 & 2 nm), which
could further demonstrate their usability in the desired /targeted applications. Furthermore,
the SAED results confirm that the patterns are linked with the Miller indices characteristic
for Fe3Oy4 [69,70].
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Figure 2. The TEM images, SAED pattern, and size distribution for citrate-coated Fe30O4 NPs.
(a—d) HR-TEM, (e) SAED patterns, (f) size distributions. The quasi-spherical shapes were marked
with orange circles in figure (b).

3.1.2. Scanning Electron Microscopy and Energy Dispersive X-ray Assay

The citrate-coated MNPs present a quasi-spherical shape with diameters less than
10 nm, and possess a tendency to agglomerate, probably due to the magnetic dipole
moment interaction between particles (Figure 3). EDX confirms the stabilization of FezO4
NPs with citrate by the presence of the additional element on the MNPs’ surface (C). Also,
it is important to mention that the citrate shell leads to an overall negative charge (see also
DLS data in Section 3.1.7) of the MNPs, while Na is present only in a small amount.
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Figure 3. Representative SEM image and EDX analysis for citrate-coated Fe3O4 NPs.
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3.1.3. VSM Analysis
The analysis of the degree of the magnetization indicates the characteristic magnetiza-
tion curve that corresponds to citrate-coated MNPs (Figure 4).
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Figure 4. The magnetization/mass ratio for citrate-coated Fe;O4 NPs.

Figure 4 presents a symmetric hysteresis curve, and indicates the superparamag-
netic behavior of citrate-coated MNPs. The coercivity (Hci) of the citrate-coated MNPs
is 13.639 Oe and saturation magnetization (Ms) is 60.506 emu/g, which are correlated
with other research with similar synthesis [71,72]. The Ms of bulk magnetite is around
90 emu/g, and a lower value is attributed to the small particle size effect and the sodium

citrate layer [72].

3.1.4. X-ray Diffraction

The structure of the obtained nanocarriers was determined using X-ray diffraction,
which confirmed the cubic structure of MNPs for all samples (Figure 5). Consequently,
adding bioactive compounds from extracts and 5-FU does not conduct the formation of

secondary iron oxides.

— Fey0;4 — Fe;0,@BPE,@5-FU 2% — Fe;0,@BBE,@5-FU 2%
— Fe;0,@5-FU — Fe;0,@BPE,@5-FU 2% — Fe;0,@BBEy@5-FU 2%
@311)
v
~
w
N
=
=
o
2]
SN’
=
12
=
Y
N
=
P
20 30 40 50 60 70 80

2Theta(°)

Figure 5. Diffractograms for magnetite and loaded MNPs.
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Figure 5 displays the characteristics peaks of tetrahedral and polyhedral magnetite
crystals as follows: 30.2°, 35.6°,43.2°, 53.6°, 57.2°, 63°, and 74.3° [55,73]. Table 2 displays
the crystallite size for the obtained MNPs, which are expressed as mean value + standard
deviation (SD).

Table 2. Crystallite size for obtained MNPs.

Sample Average Crystallite Size = SD (nm)
Fe;0,4 7.05 + 1.09
Fe30,@5-FU 2% 6.52 £0.77
Fe30,@BPE,@5-FU 2% 729 £0.71
Fe30,@BPE,@5-FU 2% 8.31 £2.49
Fe304@BBE,@5-FU 2% 6.19 £ 0.89
Fe30,@BBEq@5-FU 2% 6.78 +1.30

The crystallite sizes of developed MNPs range from 6.19 4 0.89 to 8.31 4 2.49 nm.
Based on the presented results, it can be concluded that the ethanol used in the extract prepa-
ration and for 5-FU solubilization did not influence the magnetic structure of the MNPs.

3.1.5. FT-IR Spectroscopy

A FT-IR analysis was performed to establish the bonds and functional groups present
within the obtained MNPs.

The FT-IR spectrum of the bare Fe;O4 sample (Figure 6a) exhibits distinctive peaks
consistent with the molecular structure of magnetite (Fe304). The prominent absorption
band at approximately 536 cm™ indicates the Fe-O bond-stretching vibrations, a defin-
ing characteristic of magnetite. Moreover, the broad peak centered around 3400 cm™ is
attributed to O-H stretching vibrations, likely from absorbed water or hydroxyl groups
on the sample’s surface. Similar FT-IR patterns of bare Fe;O, have been extensively re-
ported in the literature, including prior studies conducted within our research group [4,55].
Fe304 NPs coated with BPEs and BBEs similarly displayed the characteristic peaks of Fe-O
stretching vibrations at the same wavelengths. Nevertheless, the broad peaks attributed to
O-H vibrations shifted to shorter wavenumbers, around 3180 cm™, and could be ascribed
to O-H stretching vibrations from both the extracts and the residual water molecules on
the surface of the NPs. By comparison, the respective peaks also changed their shape,
becoming more pronounced and broader, possibly because of N-H stretching vibrations
present in proteins [74]. Apart from the absorption bands corresponding to magnetite, the
spectra are comparable to those obtained in our previous study [43], in which we evaluated
bee bread extracts from a chemical and microbiological perspective. Precisely, additional
peaks in the coated NPs arise from specific functional groups present in the bee pollen and
bee bread extracts, such as at 2917 cm™! and 2847 cm™!, corresponding to the symmetric and
asymmetric stretching of C-H groups present in carbohydrates and lipids or the large peak
at 1030 cm™! corresponding to C-O and C-OH vibrations in carbohydrates and PCs [75].

Concerning the samples loaded with 5-FU, Figure 6b shows the preservation of the
above-mentioned signals, common to magnetite, BP, and BB extracts. Absorption bands at
1264 cm™ and 812 cm™, corresponding to C-H stretching (in-plane) and C-F stretching
in 5-FU [76], were observed in the magnetite sample loaded with the active substance
(Fe304@5-FU). The signals were further distinguished for the drug-loaded samples coated
with the extracts, and it was noticeable that the intensity of these bands varied with
concentrations, visibly more intense in the case of samples loaded at higher concentrations
of 5-FU (2% versus 1%).
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Figure 6. FT-IR spectra for magnetite and loaded MNPs. (a) MNPs with extracts and (b) MNPs with

extracts, and antitumoral drug.

3.1.6. Thermal Analysis

The amount of loaded bioactive compounds was assessed using the TG-DSC assay
(Table 3). In all MNP samples, under 200 °C, adsorbed water and volatile molecules
are lost, with the associated effect on the DSC curve being endothermic. The organic
compounds from bee product extracts loaded on the MNPs start to degrade, mainly by
oxidation, after 100-150 °C, and Fe(Il) is oxidized to Fe(Ill) when Fe;Qy is transformed to
maghemite (y-Fe;O3) [58,77]. The maximum exothermic effect on the DSC curve is around
223.1-233.1 °C, except Fe30,@BBE¢@5-FU 2%, which occurs at 279.6 °C. The asymmetric
shape of the effect indicates the existence of multiple oxidative processes up to 400 °C.
The phase transformation of maghemite to hematite («-Fe,O3) occurs around 550 °C, as
indicated by the corresponding exothermic effect on the DSC curve. The residual mass,
reddish-brown, consists of x-Fe;O3 [78,79]. The primary data from thermal analysis are
presented in Figure 7 and Table 3.

5.0
fou — Fe;0, — Fe;0,.@BPE,@5-FU2% — Fe;0,@BBE,@5-FU 2%  Texo
= F;0,@5FU = Fe;0,@BPE@5-FU2%  — Fe;0,.@BBEy@5-FU2% -] 4 o
951
=
wn
9 v
NS _
7 90 53
< g
= ]
BT
e’
851
801
s : : : : . . : 0.0
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 7. TG-DSC curves for obtained MNDPs.
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Table 3. The thermal effects, mass loss, and estimated load.

Sample

1st Mass Loss
% (Water Loss)

2nd Mass Loss%
(Organic Part Oxidation)

Exo (°C) y-Fe203
to «-Fe, O3

Residual Mass
(%) at 900 °C

Estimated Load
0/o (OC-FEZ 03)

F6304
Fe30,4@5-FU 2%
Fe;04@BPE,@5-FU 2%
Fe304@BPE4@5-FU 2%
Fe3O4@BBE2@5-FU 2%
Fe;04@BBEy@5-FU 2%

1.87%
2.31%
1.75%
1.98%
3.55%
1.86%

1.72%
3.40%
17.60%
16.65%
14.80%
5.47%

586.3 °C
542.6 °C
565.0 °C
552.5°C
550.7 °C
549.4°C

94.51%
92.63%
79.24%
79.80%
79.43%
91.27%

1.99%
16.16%
15.56%
15.96%

3.43%

3.1.7. DLS Assay

The stability of the nanocarriers was evaluated through zeta potential, hydrodynamic
diameter, and polydispersity index (PDI) measurements (Figure 8). The hydrodynamic
diameter increases when it is loaded with 1% 5-FU, but decreases when it is added with a
2% anticancer agent. It can be assumed that the 5-FU is hydrophilic, and its addition at
small concentrations increases the MNPs” hydrophilicity. In contrast, 5-FU overlaps the
functional groups from BPEs/BBEs at higher concentrations and decreases the interaction
with the solvent (PBS). For this reason, the Fe30,@5-FU 2% sample presented a higher
hydrodynamic diameter value. According to the zeta potential values for Fe;O,@5-FU
2%, Fe304@BBE,@5-FU 1%, and Fe304@BBE¢@5-FU 1%, and to the higher hydrodynamic
diameter, values may be due to the agglomeration of NPs. Considering the PDI values
that are lower than 0.6, they indicate a thin/narrow particle distribution. The smaller PDI
values indicate the long-term stability and uniformity [80-82].
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Figure 8. The zeta potential, hydrodynamic diameter (illustrated as columns), and the PDI (illustrated
as pink dots) values for obtained MNPs.

3.2. Bioactive Agents” Release Behavior

5-FU, a pyrimidine-antineoplastic agent, inhibits the enzyme thymidylate synthase,
deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) synthesis, which may lead
rapidly to cell death. According to the Food and Drug Administration (FDA) and the
European Medicines Agency (EMEA), 5-FU should be administered intravenously [83,84].
Therefore, the drug and PCs release profiles (Figure 9) were assessed in PBS (pH = 7.4) at
37 °C.
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Figure 9. Antitumoral drugs’ and PCs’ release profiles of nanocarriers loaded with BPEs (a,c) and
BBEs (b,d).

The 5-FU drug release profiles of nanocarriers loaded with BPEs and BBEs showed
that the antitumoral drug releases rapidly in the first hour, but at a lower rate for samples
without extracts (Figure 9a,b). Also, it can be observed that in two hours, the 5-FU has
a maximum/fast release rate (~75% released), followed by a plateau. The nanocarriers
with 5-FU and extracts showed a higher percentage of drug released after 24-25.5 h, and
a slower release of drug molecules/degradation can be observed immediately. Likewise,
Fe;0,4@5-FU presented a similar profile/pattern, but with a smaller percentage released.
It could be assumed that biomolecules from extracts facilitated the antitumoral drug to
release in higher amounts in the first hours, which can be helpful for the death of tumoral
cells [85,86]. Conversely, the PCs’ release profiles (Figure 9c,d) illustrate similar patterns
with prolonged release rates. In both cases, the PCs are gradually released from MNPs,
reaching a plateau after 48 h, maintained up to 96 h, followed by a decrease that suggests
the PCs’” degradation. The higher release time of PCs compared to 5-FU is attributed to
the flavonoids in extracts. These results are in agreement with another study [87], which
reported similar prolonged release behavior for MNPs with quercetin. Moreover, since the
surface of MNDPs was firstly loaded with extracts and followed by 5-FU, the loading of the
drug did not slow/affect the PCs’ release.

In a recent study [60], magnetic nanocomposites were used as carriers for 5-FU and
curcumin, and the release percentages for the anticancer drug in PBS ranged from 55 to
59% and 31 to 40% for curcumin in the first 24 h (at 37 °C). The shape of the release curves
is similar to those obtained in our study, but the availability of 5-FU in the first 6 h from
MNPs is higher. Also, the PCs’ release rates are comparable to curcumin profiles, and from
our knowledge, there are no literature data to confirm the release profiles of PCs, which are
derived from BPEs/BBEs and are loaded on MNPs or another matrix.

Table 4 represents the kinetic parameters of four mathematical models applied to
obtain the release data’s best-fit mechanism/release profile.
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Table 4. Release kinetic parameters.

5-FU Release Kinetics

Zero-Order Release First-Order Release Higuchi Release Hixson-Crowell
Sample Kinetics Kinetics Kinetics Release Kinetics
Ko R? Ky R? Ky R? Kuc R?
Fe304@5-FU 2% 0.8241 0.8450 —0.0361 0.9225 5.2970 0.8670 —0.0323 0.9028
Fe;0,@BPE,@5-FU 1% 0.5260 0.8886 —0.0298 0.9357 3.2880 0.8755 —0.0241 0.9289
Fe;0,@BPE,@5-FU 2% 0.4837 0.8948 —0.0352 0.9521 2.9220 0.8315 —0.0269 0.9461
Fe;04@BPE,;@5-FU 1% 0.5648 0.8433 —0.0341 0.9331 3.6550 0.8958 —0.0270 0.9153
Fe;0,@BPE,;@5-FU 2% 0.7443 0.9394 —0.0593 0.9888 4.7380 0.9177 —0.0436 0.9865
Fe;0,@BBE,@5-FU 1% 0.5922 0.7906 —0.0286 0.8699 3.8280 0.8201 —0.0235 0.8606
Fe;04@BBE,@5-FU 2% 0.6153 0.5265 —0.0287 0.6962 4.2890 0.6641 —0.0235 0.6600
Fe3;0,@BBE¢@5-FU 1% 0.8436 0.7935 —0.0433 0.9203 5.5080 0.8494 —0.0364 0.8875
Fe3;0,@BBEo@5-FU 2% 0.8094 0.7774 —0.0473 0.9213 5.2820 0.8436 —0.0412 0.8853
PCs Release Kinetics
Zero-Order Release First-Order Release Higuchi Release Hixson-Crowell
Sample Kinetics Kinetics Kinetics Release Kinetics
Ko R? Ky R? Ky R? Kyuc R?

Fe;0,@BPE, 0.9470 0.9001 —0.0460 0.8509 119270 0.9790 —0.0395 0.8891
Fe;0,@BPE,@5-FU 1% 0.6197 0.9482 —0.0186 0.9902 6.8219 0.9905 —0.0197 0.9786
Fe;04@BPE,@5-FU 2% 1.0660 0.8569 —0.0669 0.9858 11.4270 0.9877 —0.0497 0.9743
Fe;0,@BPE, 0.6904 0.8967 —0.0430 0.8603 7.1410 0.9104 —0.0342 0.8799
Fe;04@BPE,;@5-FU 1% 0.5092 0.9484 —0.0413 0.9545 11.6673 0.9636 —0.0299 0.9625
Fe;0,@BPE,@5-FU 2% 0.7391 0.8316 —0.0332 0.6993 10.1680 0.9676 —0.0298 0.7750
Fe;0,@BBE, 0.8498 0.5559 —0.0400 0.8894 9.6730 0.6837 —0.0347 0.7869
Fe3;04@BBE,@5-FU 1% 0.7960 0.4252 —0.0464 0.7968 12.8670 0.5766 —0.0363 0.6749
Fe;0,@BBE,@5-FU 2% 0.9048 0.6576 —0.0578 0.9191 10.0700 0.7736 —0.0433 0.8800
Fe;0,@BBEg 0.9786 0.7716 —0.0444 0.9570 10.5900 0.8579 —0.0389 0.9252
Fe3;04@BBEo@5-FU 1% 0.8135 0.6334 —0.0266 0.8646 9.0240 0.7399 —0.0270 0.8075
Fe;0,@BBE¢@5-FU 2% 1.2150 0.8028 —0.0552 0.9942 13.2500 0.9051 —0.0469 0.9609

The experimental data were subjected to four mathematical models (zero-order, first-
order, Higuchi, and the Hixson-Crowell model). The zero-order kinetics describe that the
constant release of 5-FU is independent of its concentration, and is considered the ideal
model. Still, in our case, the regression coefficient (R?) values are the smallest. According
to Table 4 and the kinetic parameters for each model, the best-fit model for drug release is
the first-order model, which is correlated with the hydrophilic molecules. However, the
Fe;0,@BBE,@5-FU 1% and Fe3;0,@BBE,@5-FU 2%, the R? values are less than 0.900, a fact
that is unacceptable, and these samples are not suitable for pharmaceutical formulations
and in vivo applications.

In the case of the PCs’ release kinetics, the MNPs loaded with BPEs are linked to
the Higuchi model, which is correlated to low solubility in the solid matrix, respectively,
to a layer on the surface of the MNPs that prevents the release of the PCs rapidly over
time [88]. Otherwise, the highest R? values of MNPs loaded with BBEs are associated with
the first-order release, but for some samples, such as Fe;O0,@BBE, Fe30,@BBE,@5-FU 1%,
and Fe304@BBEq@5-FU 1%, the regression coefficient values for all applied mathematical
models are significantly lower.

3.3. Antioxidant Activity

The DPPH assay is a spectrophotometric assessment based on the antioxidants’ capa-
bility to scavenge the chromogen radical. The formation of reduced DPPH radicals, due
to radical reduction by hydrogen atom transfer from antioxidants, induces changes in the
color of the solution from violet to light yellow [89]. Different concentrations of MNPs were
assessed to establish the antioxidant concentration that scavenges 50% of the initial DPPH
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radical, which is known as ICs( (Figure 10). The lower IC50 values correspond to higher
antioxidant activity [90].
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Figure 10. Antioxidant activity of developed MNPs using the DPPH assay. (a) ICsy values for
nanocarriers, (b) ICs( values for extracts, and (¢) DPPH% for extracts. The data results are considered
statistically significant (* p < 0.013, ** p < 0.07, *** p < 0.008, **** p < 0.0001).

The developed MNPs presented the capacity to scavenge the DPPH radical, as ex-
pected, considering the previous studies on BPE and BBE antioxidant activity (TEAC
method) [42,43]. Figure 10 highlights the lower ICsy values for MNPs loaded with BPEs
and BBEs than Fe;04@5-FU 2% or Fe3O4 samples. Moreover, it can be observed that a
significant difference between samples with BPEs and BBEs and smaller ICsy values for
MNPs loaded with BPE, indicate that the obtained nanocarriers are more potent antioxi-
dants that could induce lower toxicity for patients [13]. The data results obtained using
the DPPH assay confirmed the antioxidant activity of the extracts (Figure 10b,c), except
MNPs loaded with BBEg, which can scavenge the radical more than Fe;O,@5-FU 2%.
The lower antioxidant activity for this sample could be explained by smaller amounts of
bioactive compounds loaded on the MNPs’ surface, according to thermal analysis results
(Table 3). Additionally, Figure 10a displayed a decrease in ICs( values simultaneously with
the concentration of 5-FU loaded on the MNPs, which implies a synergic effect between the
antitumoral drug and PCs from extracts. Similar results are reported for Fe3O, loaded with
PCs (gallic acid, quercetin, and plant extracts) [13,63,91].

Furthermore, the antioxidant activity of synthesized MNPs was also evaluated using
the FRAP and CUPRAC methods. Both the FRAP and CUPRAC assays are methods based
on electron transfer (ET). CUPRAC offers different advantages over other ET-based tests,
namely working conditions at physiological pH, the ability to quantify both hydrophilic
and lipophilic antioxidants, selectivity oxidation of antioxidant compounds without inter-
fering with sugars and citric acid, and it can quantify the SH-class antioxidants [92]. As a
principle, the compound Cu(Il) bis-neocuproine (Cu(II)Nc) reacts with the donor groups of
electrons in the antioxidant molecule, and it is reduced to the complex Cu(I) Bis-neocuproin
(Cu(I)NC) (the reduction potential of Cu(II)-NC/Cu(I)-NC is 0.6V) [93].

The antioxidant activity evaluated using the CUPRAC method highlighted that all
MNPs with 5-FU 1% showed a better antioxidative activity compared to their coun-
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terparts with 5-FU 2% and without the antitumoral agent, respectively, except for the
Fe;04@BPE,@5-FU 1% /Fe;04@BPE,@5-FU 2% where the differences are insignificant
(p > 0.05). It can be concluded that as the concentration of 5-FU increases, the antioxidant
activity decreases. Among the groups tested, as shown in Figure 11a, the MNPs with BBE,
showed the weakest activity, following the trend in the extract’s activity (Figure 11b). All of
the extracts” antioxidant activities were significantly higher than Fe;O4@ and Fe;0,@5-FU
2% (p < 0.0001) (Figure 11a).

Figure 11. Antioxidant activity of developed MNPs using the CUPRAC assay for nanocarriers (a) and
extracts (b). The data results are considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001,
¢ p < 0.0001).

FRAP evaluates hydrophilic antioxidants resistant to acid pH (pH = 3.6), which are
not protein based (proteins precipitate at pH < pl) and do not have thiol groups [94]. In
the FRAP method, the ET agent is the Fe**. The reduction potential of the redox couple
Fe3* /Fe?* is 0.771V. At the time of the reaction, the Fe?* ions form with TPTZ, a complex
that can react with various oxidable groups [95].

The antioxidant activity evaluated using the FRAP method highlighted the same trend
as the CUPRAC method, namely that all MNPs with 5-FU 1% showed a better antioxi-
dant activity compared to their counterparts with 2-FU 2% and without the antitumoral
agent, respectively, except for the FesO4@BPE,@ 5-FU 1% /Fe304@BPE,@5-FU 2%, where
Fe30,@BPE,@5-FU 2% showed a better activity but were statistically insignificant (p > 0.05).
Among the groups tested, it can be seen from Figure 12a that the group with BBE; presents
lower activity in accordance with the trend in the extracts’ activity (Figure 12b). The
best activity was for the BPE4 sample, although from Figure 12b, the activity was weaker
compared to BPE; (p < 0.001) and BBEg (p < 0.0001).

Various methods were applied [13,63] to measure the total antioxidant capacity of
magnetite nanocarriers, which mainly differ in their chemical reaction for producing
different radicals and/or targeting molecules, as well as in measuring endpoints [96].

The combined use of DPPH, FRAP, and CUPRAC methods ensures a comprehensive
analysis of the antioxidant capacity, providing detailed and relevant information for various
potential applications. Thus, if the first method shows the ability to scavenge DPPH free
radicals, CUPRAC details the chelating capacity of copper ions, while FRAP provides data
on the metal-reducing capacity of MNPs. Applying these in vitro methods simultaneously
closely reflects the in vivo action of MNPs” antioxidant capacity [97].
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Figure 12. Antioxidant activity of developed MNPs using the FRAP assay for nanocarriers (a) and
extracts (b). The data results are considered statistically significant (* p < 0.05, *** p < 0.001, *** p < 0.0001).

The antioxidant activity of the MNPs with BPE/BBE extracts is linked to the PC pro-
files previously established by UHPLC-DAD-ESI/MS [42,43]. Thus, BPE, contained high
amounts of rutin, 4-hydroxybenzoic acid, and ferulic acid, while BPE, likewise contained a
high content of rutin, chlorogenic acid, quercetin, and kaempferol. The antioxidant activity
of BBE; and BBEg could mainly be attributed to quercetin, kaempferol, isorhamnetin, rutin,
resveratrol, and caffeic acid. All PCs present strong antioxidant activity [98,99].

3.4. Antibacterial Activity
3.4.1. Qualitative Assessment

Firstly, the antibacterial properties of based MNPs were qualitatively evaluated by
measuring the growth inhibition zone diameters (GIZDs) that developed near the spot,
expressing them as mean values +SD (Figure 13).

The antimicrobial profiles of developed MNPs highlight a significant inhibitory effect
on the growth of tested Gram-positive and Gram-negative bacteria (Figure 13). The MNPs
displayed the highest sensitivity on E. faecalis, S. aureus, and E. coli, followed by P. aeruginosa.
Overall, the inhibitory effect increased with the quantity of bioactive compounds loaded
on the surface of MNPs, and the highest inhibition was obtained for samples with 2% 5-FU.
Moreover, the MNPs loaded with BPEs/BBEs and antitumoral drugs determined a higher
sensitivity than MNPs loaded only with 5-FU (Fe304@5-FU 2%), which could be due to a
synergistic effect between PCs from extracts and 5-FU. As well, recent research [60] reported
the enhancement of the antibacterial activity of MNPs with 5-FU by adding curcumin.

The highest antibacterial activity on Gram-positive bacteria was for MNPs loaded
with BPEy, followed by BBEg and BPE,. Also, the MNPs with BBE, presented significant
inhibitory effects/properties. In the case of E. coli and P. aeruginosa, the MNPs showed simi-
lar antimicrobial profiles, but MNPs loaded with BPE, determined the highest sensitivity.
The antibacterial activity of BPE-loaded MNPs is confirmed by the inhibitory effect of the
extracts on the tested strains. E. coli and P. aeruginosa were the most sensitive strains on
the influence of BPE,, and likewise, S. aureus on BPE4 [42]. Also, BBE, and BBEg presented
higher GIZD values on Gram-positive and Gram-negative bacteria [43].

Gram-negative bacteria are more resistant to ATBs than Gram-positive bacteria due
to their outer membrane [100], but iron oxide NPs can penetrate the outer and inner
membrane of the cell wall due to the reactive oxidative species’ (ROS) generation/excessive
production, capacity to break mercapto, amino, and carboxyl groups of proteins, and
inhibition of DNA replication [101]. In a research [102], various concentrations of Fe3O4
NPs (25-100 ug/mL) determined a significant inhibitory effect on E. coli and Proteus vulgaris,
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with GIZD ranging from 11 to 21 mm. The MNPs have 33-40 nm size, and also inhibited S.
aureus and Xanthomonas (8-11 mm).

1@ & E. faecalis (b)) S S. aureus
¢ !

20 l 204 A
IR _ =
g & g X
= 154 . & A 154 };
5 11 : B 5 1

S A $ *
= =]
10 é 101 é
() L E. coli (d) P. aeruginosa
204 l 201 A
=
_ u _ H ¢
£ £ *
g ) g
a 15 @ 154 i
G @ R
ad
A $ - @ A S & & p

10 é 10 ®
® Fe;04 #* S5-FU *  Fe;0,@5-FU 2%
A Fe;0,@BPE, & Fe;04,@BPE, E Fe;0,@BBE, & Fe;0,@BBEy
A Fe;04@BPE,@5-FU 1% Fe;0,@BPE,@5-FU 1% & Fe30,@BBE,@5-FU 1% Fe;04,@BBEy@5-FU 1%
A Fe;0,@BPE,@5-FU 2% & Fe;0,@BPE,@5-FU 2% E Fe;0,@BBE,@5-FU 2% & Fe;0,@BBEy@5-FU 2%

Figure 13. The representation of GIZDs: (a) E. faecalis, (b) S. aureus, (c) E. coli, and (d) P. aeruginosa.
The differences between MNPs were statistically analyzed using the one-way ANOVA followed by
Tukey’s multiple comparisons tests, and the data were considered statistically significant.

3.4.2. Minimum Inhibitory Concentration Assay

Secondly, the qualitative antimicrobial assessment was continued using a qualitative
assay by determining the MIC values (Figure 14), which are characterized by the smallest
concentration of obtained MNPs that inhibit microbial growth.
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Figure 14. Heat map of MIC values. Data results marked in intense purple indicate the significantly
lowest MIC values and highest sensitivity of strains. The scale bar shows the variations in the
sensitivity of tested strains from the highest (purple) to the lowest (green).
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The MIC assay confirmed the qualitative data, and the most sensitive strains were
represented by Gram-positive bacteria. In the case of Gram-negative bacteria, the MNPs
loaded with BPEs determined the highest sensitivity for E. coli. In contrast, MNPs with BBEs
presented moderate inhibition of Gram-negative bacteria, and P. aeruginosa was the most
resistant. Additionally, for most of the MNPs, the MIC values were lower than Fe;O4@5-FU
2% and 2% 5-FU. The addition of extracts significantly inhibited the development of the
strains, which can be explained by the antioxidant activity of the BPEs and BBEs, and by
the PCs’ release behavior.

The lowest MIC value was obtained for Fe;O,@BPE,@5-FU 2% (0.625 pg/mL) on
E. faecalis. Also, the smallest MIC values were obtained for Fe;0;@BPE;@5-FU 2% and
Fe304,@BPEq@5-FU 2%, which range from 1.25 to 2.5 ng/mL for all strains. In contrast,
the antitumoral drug determined less sensitivity of Gram-positive and Gram-negative
bacteria than most MNPs. It is notable that at MIC of 0.625 pg/mL MNP, the contain
of 5-FU is 0.012 pg/mL, which means a strong antibacterial activity of the drug when
loaded on the MNP surface. The reduction of 5-FU dosage can possibly be improved
due to the small dimensions of the synthesized MNPs (<10 nm), drug delivery efficiency
(Figure 9), and antioxidant activity (Figures 10-12) [103-105]. Likewise, according to the
ICs) values (Figure 10), a smaller quantity of MNPs is necessary to scavenge the DPPH
radical, corresponding to the greatest antioxidant activity and significant inhibitory effects.
Furthermore, a recent paper confirms our results regarding the antibacterial activity of
the drug, and reported that MIC values for 5-FU are 2 ug/mL for S. aureus ATCC 25923,
16 pg/mL for E. coli, and 256 png/mL for P. aeruginosa [106].

Otherwise, Spulber et al. [107] reported that Fe;O4 functionalized with p-aminobenzoic
acid and BPEs with irregular shapes and 40-60 nm sizes exhibited inhibitory effects on S.
aureus ATCC 29213 (MIC: 120-500 ng/mL), E. faecalis ATCC 29212 (250-500 ug/mL), E.
coli ATCC ATCC 25922 (120-500 pug/mL), and P. aeruginosa ATCC 27853 (250-500 p1g/mL).
From our knowledge, there are no references to compare our results regarding the positive
impact of MNPs on the antibacterial properties of antineoplastic agents, especially the
synergic effects between extracts, 5-FU, and MNPs.

3.4.3. Semiquantitative Assay of the Bacterial Adherence to the Inert Substratum

Additionally, the influence of loaded MNPs on the pathogenic strains” adherence to
the inert substratum was assessed. The minimal biofilm eradication concentration (MBEC)
values are graphically represented in Figure 15.

The antibiofilm data confirms the qualitative (Figure 13) and quantitative/MIC results
(Figure 14). Therefore, S. aureus and E. faecalis were the most sensitive strains in the presence
of developed MNPs. Likewise, loaded MNPs significantly inhibited the adherence of E. coli
and had moderate activity on P. aeruginosa.

The BPE-loaded MNPs presented similar antibacterial profiles, and the strongest
antibiofilm activity was exhibited by MNPs loaded with BPE,4. The antibacterial activity of
MNPs loaded with BPEs could be explained by the higher phenolic and flavonoid content
and the greatest antioxidant activity. Moreover, PCs show inhibitory effects and induce
a disturbance in biofilm development and architecture [108,109]. Otherwise, the MNPs
trigger oxidative stress and cell lysis with ROS production, affecting H"-fluxes through the
bacterial membrane, DNA and ribosomal damage, inactivation of enzymes, and disrupting
the cytoplasm and cell membrane [110-112]. Also, small sizes, long-term stability, and
uniformity of the developed nanocarriers enable them to transport bioactive compounds
to targeted tissues and penetrate the biofilms [113]. Regarding these MNPs’ properties, it
could be explained as the improvement of 5-FU anti-adherence activity. However, according
to our knowledge, there are no reference data to compare our results on the enhancement
of 5-FU antibacterial activity when is loaded on the MNPs’ surface with BPEs or BBEs.
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Figure 15. Graphical chart of MBEC values: (a) E. faecalis, (b) S. aureus, (c) E. coli, and (d) P. aeruginosa.
The differences between MNPs were statistically analyzed using the one-way ANOVA followed by
Tukey’s multiple comparisons tests. The data results were considered statistically significant.

3.5. Influence of Bioactive Compounds against Probiotic Bacteria

The human gastrointestinal tract is characterized by complex microbial communities
that generate many metabolites involved in numerous biological processes. The major chal-
lenge is to prevent dysbiosis that imbalances the REDOX equilibrium, which also damages
the immune system by disrupting signaling and stimulating inflammatory responses [114].
Dietary antioxidants (PCs, fatty acids, vitamins, etc.) might prevent oxidative stress by
regulating /restoring the gut microbiota [115,116]. The effect on the growth of L. rhamnosus
MF9 under the influence of loaded MNPs after 24 h is represented in Figure 16.

The Fe304 NPs do not influence the growth of L. rhamnosus MF9, but are signifi-
cantly stimulated (more than four logarithmic units) by all BPEs and BBE-loaded MNPs
(Figure 16a). Otherwise, Figure 16b illustrates the impact of different concentrations of
MNPs against L. rhamnosus MF9 growing. The negative influence of the antitumoral drug
can be observed at concentrations between 250 and 1000 png/mL. Also, Figure 16a confirms
the impact of 5-FU on the probiotic bacteria” growth. At 125 pug/mL concentrations of
MNPs, the L. rhamnosus MF9 growth was negatively influenced by the samples with 2%
antineoplastic agent, less Fe304@BPE,@5-FU 2%. The significant prebiotic potential of this
sample is correlated with the prebiotic activity of their extract (BPE,) and the antioxidant
activity of loaded MNPs (Figures 10-12).
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Figure 16. The influence of MNPs on the growth of L. rhamnosus MF9 (after 24h). (a) Graphic
representation of CFU/mL values. (b) A representation of the percentages of growth of probiotic
bacteria viability under the influence of different concentrations of MNPs. The data results were
considered statistically significant (p < 0.001).

According to the CUPRAC and FRAP results (Figures 11 and 12), the MNPs loaded
with 5-FU 1% showed the highest antioxidant activity, and it could be correlated with the
capacity of these samples to alleviate the oxidative stress induced by the anticancer drug
against gut microbiota. Also, Figure 16a suggests that at 125 ug/mL MNPs, the growth of
L. rhamnosus MF9 is not affected by the Fe;O,@BPE,@5-FU 1% and Fe304@BPEo@5-FU 1%.
Previous studies [117,118] confirm the prebiotic effects of PCs on probiotic bacteria, and it
could be assumed that bioactive compounds from extracts alleviate the adverse effects of
5-FU by protecting and enhancing the L. rhamnosus MF9 development.
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The non-toxic properties of MNPs for probiotic strains are confirmed by Ghib-
audo et al. [119], who synthesized MNPs coated with citrus pectin used as carriers for L.
plantarum. The iron from NPs was non-toxic up to 1 mg/mL. In addition, the prolonged
PCs’ release profiles (Figure 9¢,d) suggest an enhanced possibility of microbiota recovery.
In addition, a high growth rate of probiotic bacteria does not affect the antitumoral effect of
drugs [120].

3.6. The Antiproliferative Assay

The in vitro tumor cell viability and proliferation of HT-29 cells in the presence of
synthesized MNPs were examined using the MTT assay (Figure 17). The cell viability of the
colorectal tumoral cells was assessed at the lowest concentration of MNPs (62.5 ug/mL),
which does not inhibit the growth of probiotic bacteria or affect the gut balance.

1004

o

Cell viability (%)

T

Figure 17. The influence of loaded-MNPs on the cell viability and proliferation of the colorectal
tumoral cells (C+). The differences between the cell viability of HT-29 cells without MNPs (C+)
and under MNPs’ influence for the MTT assay were statistically analyzed using one-way ANOVA
followed by Holm-Sidak’s multiple comparisons tests (** p < 0.005; *** p < 0.001; **** p < 0.0001).

Figure 17 displays the significant differences between magnetite and loaded MNPs,
and it reveals that the developed MNPs do not stimulate the proliferation of colorectal
tumoral cells.

Fe;0,@BPE@5-FU /Fe;0,@BBE@5-FU and Fe3;04@BPE /Fe;04@BBE samples present
a lower cell viability than Fe304@5-FU 2%.

Likewise, adding 5-FU improves the inhibition of HT-29/tumoral cell proliferation,
which could be explained by a synergic inhibitory effect between PCs from extracts and
anticancer drug. Fe304,@BPE;@5-FU 2% presented the lowest percentage of cell viability
(83.3%) and the highest inhibitory effect, respectively. Also, FesO4@BPE, with 1% and
2% 5-FU (~86.7%), Fe30,@BBEo@5-FU 2% (87.6%), and Fe;0,@BBE,@5-FU 1% (87.8%)
significantly inhibited the proliferation of tumoral cells. Otherwise, this study aimed to
investigate the effects between 5-FU and extracts, especially the influence on gut microbiota,
and for this reason it used small concentrations of 5-FU and MNPs and does not expect
significant antitumoral activity.

The antitumoral activity of PCs present in high amounts in the BP/BB extracts has
already been studied [40,121]. Akkoyunlu et al. [122] accomplished the BP antitumoral
activity on the HCT116 cell line, and Utoiu et al. [123] reported a moderate inhibitory
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effect on Hep-2 cells and Caco-2 intestinal tumor cells of a fermented BP. In addition, the
antitumoral activity of BB on CRC cell lines was reported [124].

The antitumoral properties of MNPs loaded with 5-FU are confirmed by another
study [82], which reported that MNPs can play a role in improving 5-FU anticancer ac-
tivity. Dextran-coated iron NPs loaded with 5-FU (1.5:1), with 30.19 + 2 nm average
particle size, also presented an antiproliferative effect on Caco-2 cells at 5-250 pg/mL
NPs. Genc et al. [125] reported that spherical Fe3O4 NPs with 35 4= 5 nm average diameter
do not inhibit the Caco-2-cells proliferation, but adding different concentrations of 5-FU
enhanced the inhibitory effect. Moreover, the efficacy of loaded 5-FU on the chitosan-coated
MNPs was improved by applying magnetic hyperthermia [126]. In our study, citrate-coated
MNPs loaded with BPEs, BBEs, and/or lower/minor concentrations of 5-FU presented
high stability, smaller particle sizes, lower IC50 values, and a high percentage of drugs
released. Furthermore, the novelty of this study is represented by the development of the
DDSs, which highlighted antibacterial, prebiotic, and antiproliferative activities.

Bacterial infections developed during the CRC treatment negatively impact the pa-
tient’s survival [127], and the antimicrobial action of new MNPs on pathogen strains can
only be beneficial. The biological properties of the developed (magnetic) nanocarriers
improve gut homeostasis and could ensure a targeted delivery at the colon site.

4. Conclusions

The present study aimed to develop drug delivery systems based on citrate-stabilized
MNPs, which act as nanocarriers for PCs from extracts and anticancer drugs. The results
demonstrated the achievement of MNPs with narrow size distributions and an average
NP size of ~10 nm. Moreover, it was shown that the antitumoral drug and PCs had fast
release rates in the first 24 h from MNPs. Furthermore, the PCs exhibited prolonged
release behavior (up to 96 h), and loading MNPs with extracts enhanced their antioxidant
and antibacterial properties. Additionally, the non-toxic properties of magnetite and
the prebiotic potential of the developed DDS on L. rhamnosus MF9 were demonstrated,
underline the role of the antioxidants (PCs) in supporting gut microbiota. The moderate
antiproliferative activity on a colorectal tumoral cell line at low concentrations of MNPs
and 5-FU suggests the potential of DDS to alleviate the adverse effects of anticancer drugs
and improve gut balance.
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Abstract: Bioactive glass nanoparticles (BGNs) are applied widely in tissue regeneration. Varied
micro/nanostructures and components of BGNs have been designed for different applications. In the
present study, nanorod-shaped mesoporous zinc-containing bioactive glass nanoparticles (ZnRBGNs)
were designed and developed to form the bioactive content of composite materials for hard /soft tissue
repair and regeneration. The nanostructure and components of the ZnRBGNs were characterized, as
were their cytocompatibility and radical-scavenging activity in the presence/absence of cells and
their ability to modulate macrophage polarization. The ZnRBGNs possessed a uniform rod shape
(length ~ 500 nm; width ~ 150 nm) with a mesoporous structure (diameter ~ 2.4 nm). The leaching
liquid of the nanorods at a concentration below 0.5 mg/mL resulted in no cytotoxicity. More
significant improvements in the antioxidant and M1-polarization-inhibiting effects and the promotion
of M2 polarization were found when culturing the cells with the ZnRBGNs compared to when
culturing them with the RBGNs. The doping of the Zn element in RBGNs may lead to improved
antioxidant and anti-inflammatory effects, which may be beneficial in tissue regeneration/repair.

Keywords: bioactive glass; rod-shaped nanoparticles; radical-scavenging activity; macrophage
polarization

1. Introduction

Bioactive glass (BG) has been employed in clinics for more than 50 years since it was
first prepared by Larry Hench and co-workers. It belongs to the Si0,-Na, O-CaO-P,05
system [1]. Until now, BG with different components and micro/nanostructures has been
prepared for different tissue regeneration/repair applications [2].

Mesoporous bioactive glass nanoparticles (MBGNs) with a uniform shape (sphere/rod)
have attracted more attention due to their mesoporous structure, uniform shape, and
high specific surface area compared with those of traditional BG [3]. The characteristics
of the MBGNSs mentioned above enable the efficient exchange of therapeutic ions and
drugs/functional molecules loaded into Si-O-5i or the porous structure. Plenty of stud-
ies have used MBGNSs as drug carriers, orthopedic implant coating materials, enhanced
bioactive hydrogels, etc. [4,5].

All these materials usually show multifunctional biomedical properties, partly due to
the ionic dissolution products of BG [6]. More and more researchers are showing that the
ionic dissolution products of MBGNs during degradation stimulate biological functions,
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such as osteogenesis, angiogenesis, and antibacterial and antioxidant processes, as well as
impacting the immune system by inducing the release of specific growth factors or gene
expression in different types of cells [7-9].

Some recent studies found that the immune system plays an important role in the tissue
regeneration process [10,11]. Macrophages play a central role in inflammation. Different
phenotypes may be displayed in response to different environmental stimuli [12,13]. The
polarization of macrophages (M1 and M2 phenotypes) is very important throughout the
regeneration process [14,15].

The release of reactive oxygen species (ROS) from cells also has beneficial effects on
tissue repair [16]. A long-term and relatively large increase in the quantity of ROS induces
damage to vital cellular macromolecules such as DNA, proteins, and lipids. Additionally,
a range of reactive species can stimulate an intracellular signaling cascade that increases
pro-inflammatory gene expression [17].

The ionic products from the dissolution of bioactive glass showed a great influence on
macrophage polarization and strong antioxidant effects [18,19]. A previous study showed
that Mg and Si ions dissolved from Mg-containing bioactive glass nanoparticles can regulate
the polarization (from M1 to M2) of macrophages and promote osteogenesis [20]. Zinc (Zn)
is an important element in the physiological environment. It is the key mediator of immune
reactions, bone matrix mineralization, and bone regeneration [21]. A recent study showed
that the incorporation of zinc into silicate-based bioglass evidently promoted osteogenesis
in vitro while profoundly suppressing inflammatory reactions and osteoclastogenesis [22].
Yu’s study found that Zn-coated scaffolds resulted in high M1 polarization at 6 h, triggering
an M2 response after 24 h [23]. Another study also revealed that Zn can negatively regulate
NF-«B signaling by inactivating PPAR-«, A20, IkB kinase-f3 (IKKf{), and phosphodiesterase
(PDE); realize the conversion of M1 macrophages into M2 macrophages; and induce the
secretion of a variety of cytokines, thereby regulating tissue regeneration [24]. Zinc is also
widely accepted to be an effective antioxidant element [25]. Cerium-doped bioactive glass
was regarded as a representative of the antioxidant series of bioactive glass, but few studies
have focused on the antioxidant properties of Zn-doped bioactive glass [26].

The shape of particles is one of the factors influencing the mechanical properties,
the ionic products/drug-dissolving process of the MBGN-based implant, the composite
hydrogel, etc. [27]. Many studies have focused on the preparation and properties of spher-
ical mesoporous bioactive glass nanoparticles. Recently, plenty of research has found
that nanorods often seem to be more efficient in drug delivery to cancer cells compared
to nanospheres [28,29]. Moreover, rod-shaped nanoparticle-reinforced nanocomposites
showed better mechanical properties than those of spherical nanoparticles [30]. How-
ever, there has been less research on rod-shaped bioactive glass nanoparticles than on
spherical ones. The fabrication methods, the immune-modulating functions, and the
radical-scavenging activity of the rod-shaped Zn-containing bioactive glass nanoparticles
still need to be explored.

In this study, rod-shaped zinc-containing mesoporous bioactive glass nanoparticles
(ZnRBGNSs) were synthesized via a sol-gel method. Zinc ions were doped onto a glass
structure using a sintering method. BGNs with different contents of zinc ions were fabri-
cated. The structure and composite of the particles were studied. The cytocompatibility
of the particles was evaluated by co-culturing them with L929 cells. Furthermore, the
macrophage polarization and radical-scavenging activity induced by the ZnRBGNs in the
presence/absence of cells in vitro were explored.

2. Materials and Methods

2.1. Preparation of Zn-Containing Rod-Shaped Mesoporous Bioactive Glass Nanoparticles
(ZnRBGNs)

The ZnRBGNs were fabricated using a sol-gel method according to previous stud-
ies [25]. Briefly, 0.15 g of cetyltrimethylammonium bromide (CTAB) was dissolved into
18 mL of ddH,O at 60 °C. After the solution had been stirred for 20 min at 400 r/min, 1.5 mL
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of aqueous ammonia (NH;3-H,O) was dropped into the solution and left to react for 10 min.
A total of 0.31 mL of tetraethyl orthosilicate (TEOS) was added to the abovementioned
solution. After the reaction had proceeded for 4 h, the products were collected through
centrifugation at 8000 rpm for 10 min and then washed with water twice and ethanol once.
After drying in an air blast drying oven at 60 °C overnight, the products were dispersed
into a zinc acetate solution (1M) and stirred at 300 rpm for O h, 2 h, 8 h, and 24 h. Then, the
powder was collected through centrifugation at 8000 rpm for 10 min and then washed with
water twice and ethanol once. After sintering in a muffle furnace at 700 °C for 4 h, samples
named O0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN were obtained. All
the chemicals were purchased from Shanghai Macklin Biochemical Technology Co., LTD.
(Shanghai, China).

2.2. Characterization of the Physical and Chemical Properties of the Samples

The surface morphologies of 0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN
were tested using a field emission scanning electron microscope (FE-SEM, Regulus 8100,
Hitachi, Tokyo, Japan) at an accelerating voltage of 5 kV. Prior to SEM characterization,
the nanoparticles were sputter-coated with gold for 30 s using a Quorum SC7640 high-
resolution sputter coater to maintain an electrically conductive path. The nanostructure
and composition of the different samples were observed using a transmission electron
microscope (TEM, X-Max, Oxford Instrument, Abingdon, UK) equipped with an energy-
dispersive spectrometer (EDS) at an accelerating voltage of 100 kV. The surface area and pore
size of the samples were characterized using a volumetric adsorption analyzer (ASAP 2460,
Micromeritics) based on the Brunauer-Emmett-Teller (BET) method. The specific surface area,
pore size, and total pore volume were calculated using the Barrett—Joyner—Halenda (BJH)
method using the desorption isotherm branch. The chemical structures of all the ZnRBGNs
were characterized using a Fourier-transform infrared spectrometer (ATR-FTIR, TENSOR
27, Bruker, Billerica, MA, USA) at wavenumbers ranging from 400 to 2000 cm~! with a
resolution of 4 cm~!. X-ray photoelectron spectroscopy (XPS, ESCALAB 250xi, Thermo
Fisher Scientific, Waltham, MA, USA) was conducted to measure the composition and
states of the Si, O, and Zn elements. The structure of the glass phase was determined using
X-ray diffraction (XRD, Rigaku, Smartlab) with Cu Ko radiation (40 mA; 40 kV; 20 range:
10—80°; scanning speed: 2° /min).

2.3. Cytocompatibility Evaluation In Vitro
2.3.1. Cell Culture

The cytocompatibility of the samples was evaluated by co-culturing them with L929
(American Type Culture Collection; Manassas, VA, USA). The effects on macrophage
polarization were evaluated by co-culturing the samples with RAW 264.7 (American Type
Culture Collection; Manassas, VA, USA). The cells were cultured in Dulbecco’s Minimum
Essential Medium (DMEM; Tianjin Songyang, China) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin (Sigma-Aldrich, St. Louis, MI, USA) at 37 °C
in a humidified 5% CO, incubator. The medium was changed every 2 days.

2.3.2. Preparation of Leaching Solution of Samples

The leaching solution of the samples was prepared to study the cytocompatibility
and polarization of the macrophages. The leaching solutions were prepared by dispers-
ing the Oh-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN samples in DMEM at
0.01 mg/mL, 0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL at 37 °C with 200 rpm shaking for
24 h. After filtering with a 0.22-micron filter head, 10% FBS and 1% penicillin-streptomycin
were added to the above solution for the following co-culture.

2.3.3. Cytotoxicity and Proliferation

The cytotoxicity and proliferation were evaluated according to a previous study [16].
Briefly, 1929 cells were cultured on 24-well plates at 2 x 10* per well overnight for the
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adhesion of cells. Then, the culture medium was changed to a leaching solution, and after
24 h of co-culturing, the medium was aspirated, and 300 pL of 10% CCK-8 solution was
added. The plate was incubated at 37 °C for 2 h, and the OD value of the supernatant was
determined using a microplate reader (Biotek, Cytation3, Rocklin, CA, USA) at 450 nm.

2.3.4. EAU Assay

The EdU cell proliferation kit (E-Click EAU Cell Proliferation Imaging Assay Kit,
Elabscience Biotechnology Co., Ltd. Wuhan, China) was used to test cell proliferation.
The experiment was conducted according to a previous study [31]. Briefly, the L929 cells
seeded in 24-well plates (2 x 10* cells/well) were cultured for 24 h. Then, the cells were
treated using an Edu solution; fixed with 4% paraformaldehyde, followed by a treatment
with TritonX-100; and then stained using Dapi solution. The EdU-positive cell rate was
analyzed using fluorescence microscopy (Olympus, IX73, Shinjuku, Japan) and Image ]
(version: 2.14.0).

2.3.5. Live-Dead Assay

The viability of L929 co-cultured with the leaching medium (0.1 mg/mL) was qual-
itatively evaluated using live—dead staining. The living cells were stained with calcein
acetoxymethyl ester (calcein AM), while the dead cells were stained with propidium iodide
(Shanghai ShengGong, Shanghai, China) according to a previous study [32]. Briefly, the
cells were collected through centrifugation at 800 rpm after co-culturing them with the
leaching medium for 24 h. Then, the samples were incubated with a staining solution
containing 0.4% calcein AM and 0.5% propidium iodide in HBSS at 37 °C in a humidified
5% CO; incubator for 30 min. The stained samples were observed using a fluorescence
microscope (Olympus, IX73, Shinjuku, Japan), and the data were analyzed using Image ]
(version: 2.14.0).

2.3.6. Flow Cytometry

Flow cytometry was used to identify the M1 (CD86) and M2 (CD206) macrophage
surface markers according to a previous study [16]. The RAW 264.7 cells were plated
(1 x 10° cells/well) and cultured with the leaching medium for 3 days. Then, the cells were
gently scraped and centrifuged at 300x g for 5 min, followed by two rinses with PBS and
blocking with 1% bovine serum albumin (BSA) for 30 min. Following this treatment, the
cells were labeled with Brilliant Violet 421 (BV421)-conjugated CD206 and Alexa Fluor 647
(AF647)-conjugated CD86 (BD Pharminge, San Diego, CA, USA). A flow cytometer (BD,
FACSVerse, San Diego, CA, USA) was used to analyze 500 puL suspensions of the cells.

2.4. Antioxidant Effect Evaluation
2.4.1. ROS (Reactive Oxygen Species) Generation Assay

The quantity of ROS in L929 was measured using the fluorogenic probe 2’,7’- dichlo-
rofluorescein diacetate (DCFH-DA) in the ROS generation assay kit (UElandy Inc., Suzhou,
China) [33]. In brief, 1 x 10* cells were seeded into a 96-well plate and incubated for
24 h. Subsequently, the medium was changed to a leaching medium. After incubation for
24 h, the cells were washed and exposed to DCFH-DA (30 uM) for 90 min. After being
washed with PBS 3 times, the cells were re-suspended in DMEM without FBS. The cells
cultured with a normal medium were the negative control. The cells were observed using
a fluorescence microscope (Olympus, IX73, Japan), and the fluorescence intensity was
analyzed using Image J (version: 2.14.0).

2.4.2. DPPH Assay

The radical-scavenging capacities of Oh-ZnRBGN and 8h-ZnRBGN were evaluated us-
ing the DPPH (1,1-Diphenyl-2-picrylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl)
hydrazyl) radical-scavenging method [34]. Concentrations of 5 mg/mL of Oh-ZnRBGN and
8h-ZnRBGN were dispersed into a DMSO solution of DPPH (200 uM, Sigma Aldrich) and
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then incubated for 3 h; after this, the absorbance was recorded at 517 nm using a microplate
reader (Biotek, Cytation3, USA).
All the results were calculated using the following formula.

Radical-scavenging activity (%) = [1 — (Ae — Ag)/Ac] x 100

Ac: Absorbance of DPPH solution in EtOH at 517 nm
Ag: Absorbance of the samples solutions in EtOH at 517 nm
Ae: Absorbance of DPPH and samples solution in EtOH at 517 nm

2.5. Statistical Analysis

All the experiments were performed using biological replicates, and the data are
expressed as the mean + standard deviation. One-way/two-way analysis of variance
(ANOVA) was used to analyze the significance of the differences between the samples.
Statistical analyses were performed using GraphPad Prism 9 software (GraphPad, Inc., La
Jolla, CA, USA). p values < 0.05 were considered to indicate statistically significant results.

3. Results
3.1. Characterization of the Physical and Chemical Properties of the Samples
3.1.1. The Morphology and Composition of ZnRBGN5s

In this study, rod-shaped zinc-containing mesoporous bioactive glass nanoparticles
(ZnRBGNSs) were prepared using the sol-gel method in an alkaline environment. Zn
ions were incorporated into the structure using the immersing—sintering method. The
micro/nanostructure of ZnRBGN was observed using TEM and SEM. According to the
SEM results (Figure 1), the synthesized rod-shaped bioglass nanoparticles (ZnRBGNss)
were monodispersed and showed a rod-shaped morphology, which is a typical feature of
silica-based particles synthesized using the Stober method under alkaline conditions. After
doping the zinc element through immersion in a Zn solution for different durations (2 h,
8h, and 24 h), the samples were still rod-shaped. The nanorods were about 500 nm in length
and 150 nm in diameter, which is in accordance with the transmission electron microscopy
results (TEM, Figure 2A). All the samples showed a similar rod-shaped morphology,
indicating that the doping of Zn did not affect the structure of the bioglass nanoparticles.

Similar to the SEM results, the TEM images showed a rod-shaped morphology with a
porous structure for all the ZnRBGNSs, which is the typical morphology when using the
template method of CTAB. The doping of the Zn element did not significantly change the
porous structure. The energy spectrum was analyzed using TEM-EDS at the same time. The
elemental distributions of Si and Zn were studied; the green parts reflect the distribution of
Si, the red parts indicate O, and the blue parts denote the distribution of the Zn element.
The results showed that the Zn composition was improved with the immersion time. The
Zn composition of 2h-ZnRBGN could not be measured using TEM-EDS, which showed that
the minimum reaction time should be more than 2 h. The Zn composition of 8h-ZnRBGN
(Zn wt % = 8.8%) was similar to that of 24h-ZnRBGN (Zn wt % = 9.5%), which indicated
that maximum reaction time was about 8 h for Zn doping. Based on the above results,
the suitable immersion time in the Zn solution was 8 h. Additionally, the monodispersed
nanorods were prepared, and the doping of zinc did not change the rods” morphology.

To study the structure and composition of the samples, XRD, FTIR, and XPS analyses
were conducted. A broad peak from about 2theta = 15° to 25° can be seen in the XRD
patterns (Figure 3A) of all the samples, which is a typical characteristic of amorphous
silicate materials. No significant differences could be found in the XRD patterns of all the
samples. The results indicated that the amorphous structure of glass was maintained with
the doping of Zn ions, and no Zn crystalline phase developed. The FTIR spectra of the
different ZnRBGNs showed the characteristic bands of silicate glass (Figure 3B). The wide
band located in the range of 1000~1200 cm ! is attributed to Si-O-Si symmetric stretching
vibration. The bands at 806 and 474 cm ™! are ascribed to the symmetric stretching and
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rocking of Si-O, respectively. All the above results indicate that the blending of Zn ions did
not affect the amorphous silica glass structure.
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Figure 1. Scanning electron microscopy (SEM) images of 0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN,
and 24h-ZnRBGN (x5 k, x10k, and x20 k).
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Figure 2. (A) Transmission electron microscope (TEM) images of Oh-ZnRBGN, 2h-ZnBGN, 8h-ZnRBGN,
and 24h-ZnRBGN. (B) Energy spectrum analysis and element distribution (Green pots represented
distribution of Si element, red for O and blue for Zn) of Oh-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and
24h-ZnRBGN.
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Figure 3. (A) XRD pattern, (B) FTIR, (C) XPS wide scan, and (D) narrow scan analyses of Oh-ZnRBGN,
2h-ZnBGN, 8h-ZnRBGN, and 24h-ZnRBGN.

XPS data for all the samples were obtained for the evaluation of the oxidation state of
metals, the elemental composition, and the distribution of species (Figure 3C,D). The results
showed that the elements distributed in the sample Oh-ZnRBGN were Si and O (Figure 3C),
while the elements in 8h-ZnRBGN and 24h-ZnRBGN were Zn, Si, and O. Similar to the
results of EDS, peaks corresponding to Zn in 2h-ZnRBGN were too weak to find. Two peaks
appeared for 8h-ZnRBGN and 24h-RBGN (Figure 3D) at 1023 and 1046 eV as a result of the
2p orbital splitting of 7n2* of ZnO. Moreover, the Zn 2p peaks are slightly higher, by 1 eV,
than the peak of pure ZnO without a host, indicating that there was some Zn interaction
with the Si atoms of the host [35]. The composition of Zn in the nanorods improved with
immersion during the 8 h. The amorphous silicate structure was maintained after the
doping of Zn.

3.1.2. The Mesoporous Structural Analysis of ZnRBGN

A classical type IV isotherm with an H1-type hysteresis can be seen in the N, isotherms
of all the samples, corresponding to typical mesoporous materials according to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) classification (Figure 4A). The
specific surface areas of 0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN were
710.19 m2g~1, 434.2 m?g~!, 443 m?g~!, and 452.74 m?g~!; the total pore volumes of
0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN were 0.46 cm®g~!, 0.26 cm3g 1,
0.26 cm3g~1, and 0.27 cm®g ! (Figure 4B). The decreases in the total pore volume and spe-
cific surface area may have been due to the immersion treatment. However, the treatment
did not affect the average pore diameter (about 2.4 nm).

3.2. Cytocompatibility Evaluation In Vitro

The L929 cells were used to evaluate the cytotoxicity of Oh-ZnRBGN, 2h-ZnRBGN,
8h-ZnRBGN, and 24h-ZnRBGN and their effects on proliferation. Concentrations of
0.01 mg/mL, 0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL leaching solution were co-cultured
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with L929 for 24 h to evaluate the cytotoxicity of the samples. The results were as follows:
(a) the extracts showed no significant cytotoxicity at 0.5 mg/mL; (b) all the 1 mg/mL
extracts showed significantly more cytotoxicity than the control. The following co-culturing
experiment was conducted with 0.1 mg/mL extracts of all the samples (Figure 5B).
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Figure 4. N, adsorption—desorption isotherms (A) and pore size distributions (B) of Oh-ZnRBGN,
2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN.
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Figure 5. The cytotoxicity evaluation for 0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN.
(A) Live and dead staining. Fluorescence imaging of calcein and PI staining of samples in 0.1 mg/mL.
(B) OD value of 1929 culture with extract of different samples in 0.01, 0.1, 0.5, and 1 mg/mL.
(C) Quantitative evaluation of live and dead staining. * p < 0.05, “ns” means no significant difference.
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Figure 5A shows live/dead staining images of L929s after 24 h of co-culturing with
0.1 mg/mL extracts of the different samples. Compared with the control, all the ZnRBGNs
showed no significant toxicity (Figure 5A). The proportion of dead cells (marked in red)
was about 2% in all the samples (Figure 5C).

The effect of Oh-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN on the prolif-
eration of L929 cells was determined using CCK-8 and EDU assays (Figure 6). There was
no significant difference in cell proliferation between the experimental and control groups
on days 1 and 3. The results revealed that none of the 0.1 mg/mL extracts of the samples
could promote the proliferation of L929 cells.
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Figure 6. Evaluation of the effects of 0.1 mg/mL extracts of 0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN,
and 24h-ZnRBGN proliferation. (A) EDU and Dapi staining. The EDU fluorescence imaging and
Dapi staining for the 0.1 mg/mL samples. (B) The quantitative evaluation of staining. (C) The OD

values of the 1929 culture with 0.1 mg/mL extracts of the different samples on days 1 and 3, “ns”
means no significant difference.

To investigate the polarization of macrophages in response to the extracts of Oh-
ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN, the proportion of M1- and M2-
polarized RAW 264.7 cells was examined using flow cytometry (Figure 7).

The fluorescence intensities of the M1 marker CD86 and the M2 marker CD206 were
calculated (Figure 7C). The results revealed that Oh-ZnRBGN and 2h-ZnRBGN suppressed
M1 polarization; this may have been due to the exit of the Si element, even though the
Zn element promotes M1 polarization. Culturing with 2h-ZnRBGN, 8h-ZnRBGN, and
24h-ZnRBGN significantly promoted M2 polarization, while that with Oh-ZnRBGN did
not result in a significant difference from the control. This may illustrate that the exit
of Zn may facilitate the M2 polarization of RAW 264.7, while the exit of Si may have
no effect on such polarization. Taken together, these results suggested that 2h-ZnRBGN
had a more pronounced anti-inflammatory effect than that of the other group MBG, and
2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN promoted the conversion of RAW 264.7 to
the M2 phenotype.
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Figure 7. The flow cytometry analysis of macrophage surface marker expression; the fluores-
cence intensity of CD86 (A) and CD206 (B) of the RAW 264.7 cells cultured with Oh-ZnRBGN, 2h-
ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN. (C) The macrophage populations of M1 (CD86)- and M2-
polarized (CD206) RAW 264.7 cells with O0h-ZnRBGN, 2h-ZnRBGN, 8h-ZnRBGN, and 24h-ZnRBGN.
*p <0.05.

3.3. Antioxidant Effect Evaluation

In this work, L929 cells were cultured to evaluate the capacity of rod-shaped nanopar-
ticles to scavenge ROS. The control group showed the highest ROS level, the RBGNs
without the Zn element showed a lower ROS level, and all the Zn-containing RBGNs
showed the lowest ROS level. No significant differences among the groups of 2h-ZnRBGN,
8h-ZnRBGN, and 24h-ZnRBGN could be found (Figure 8A,B). A DPPH assay is generally
used to measure non-enzymatic antioxidant activity. The ZnRBGNs do not have a direct
scavenging capacity at 5 mg/mL (Figure 8C).
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Figure 8. Antioxidant effect analysis. (A) ROS generation assay analysis. Images of the cells cultured
with the leaching medium (green fluorescence represents ROS) and quantitative analysis (B). (C) The
DPPH free radical-scavenging rates with Oh-ZnRBGN and 8h-ZnRBGN. * p < 0.05, “ns” means no
significant difference.

4. Discussion

Usually, bioglass nanoparticles are formed into a composite with a polymer substrate
to improve hydrophilicity, biocompatibility, osteogenesis, and immune modulation. Bio-
glass can establish a characteristic environment through the exchange of different types
of ions. Different kinds of elements, such as Cu, Mg, Zn, and Ce, were incorporated into
the amorphous structure [36]. These ions could be incorporated into the glass structure
through the one-step [37] or two-step [38] molding of glass nanoparticles. In our research,
the two-step molding process was used for the preparation of the rod-shaped zinc-doped
bioactive glass nanoparticles due to the strong alkaline environment, which may have led
to the changes in rod shape and mesoporous structure.

Most of the bioactive glass nanoparticles studied were prepared using the Stober
method and had a spherical shape. The rod-shaped mesoporous silica nanoparticles were
more effective at delivering drugs to cancer cells than the spherical nanoparticles were.
Moreover, the rod-shaped mesoporous silica nanoparticles had better mechanical properties
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when used as composite materials compared with those of the spherical particles [39].
Considering the application of bioactive glass nanoparticles, rod-shaped bioactive glass
nanoparticles also need to be more intensively researched.

This study successfully synthesized rod-shaped mesoporous zinc-containing bioac-
tive glass nanoparticles (ZnRBGNs) and characterized their structure, cytocompatibility,
antioxidant properties, and immune modulation capabilities. These findings highlight
the significant potential of ZnNRBGNs in biomedical applications, particularly in tissue
regeneration. The ZnRBGNs retained a rod-shaped morphology with a uniform size dis-
tribution and mesoporous structure, which is essential for enhancing ion exchange and
drug-delivery capabilities. However, interestingly, we observed a significant decrease in
the BET surface area and total pore volume while the pore diameter was maintained. This
may have been due to immersion in the zinc acetate solution; some pore structures of the
nanoparticles could have been corroded by the environment.

However, the dispersibility of the nanorods must still be improved. We observed the
aggregation of nanorods after dispersing them in the liquid environment. The search for
new methods to fabricate new nanocomposites is ongoing.

The successful incorporation of zinc was confirmed by EDS and XPS analyses, indicat-
ing its homogeneous distribution within the silica matrix. Zinc can promote angiogenesis,
cell proliferation, and migration, as well as the wound-healing process [40]. However, the
application of Zn was limited by its toxicity [41]. The doping of Zn into the structure of
bioactive glass could lead to the sustained and controlled release of Zn ions. This incor-
poration is crucial, as zinc ions play vital roles in various biological processes, including
enzyme functions, protein synthesis, and cellular signaling.

The cytocompatibility assays demonstrated that the ZnRBGNs did not exhibit sig-
nificant cytotoxicity at the tested concentrations, ensuring their safety for biomedical
applications. The extracts of ZnRBGNs had no significant influence on the proliferation
of 1929 cells. The ZnRBGNSs exhibited strong antioxidant properties, as evidenced by the
significant reduction in intracellular ROS levels. The antioxidant capacity of ZnRBGNSs is
particularly beneficial in mitigating oxidative stress, which is a common challenge in tissue
repair and regeneration. High-level oxidative stress can damage cellular components and
impede the healing process. By scavenging ROS, ZnRBGNs can protect the cells from ox-
idative damage and create a healthier regenerative environment. The DPPH assay showed
that the ZnRBGNSs did not obtain antioxidant properties in the absence of cells. The ions of
the extracts were not reducible.

The ability of ZNnRBGNs to modulate macrophage polarization is the key finding of
this study. The nanoparticles promoted the polarization of macrophages toward the M2
phenotype, which is associated with anti-inflammatory and tissue repair functions, while
eliminating the M1 phenotype, which is associated with pro-inflammatory responses. This
shift toward M2 polarization is crucial for creating a regenerative microenvironment, as
M2 macrophages release anti-inflammatory cytokines and growth factors that support
tissue healing and regeneration. The modulation of macrophage behavior by the ZnRBGNs
underscores their potential in managing inflammation and enhancing the healing process.
The unique combination of properties exhibited by the ZnRBGN:s, e.g., toxicity, enhanced
cell proliferation, strong antioxidant activity, and favorable immune modulation, makes
them highly promising for applications in tissue regeneration. Their ability to simulta-
neously support cell growth, reduce oxidative stress, and modulate immune responses
positions ZNRBGNs as multifunctional agents that can address several critical aspects
of the regenerative process. Future research should focus on in vivo studies to further
validate the efficacy of ZnRBGNs in tissue regeneration. Investigating the long-term effects
and biodegradation profiles of these nanoparticles in living organisms will provide more
comprehensive insights into their potential clinical application. Additionally, exploring the
incorporation of other therapeutic ions or molecules into ZnRBGN’s could enhance their
multifunctionality and broaden their application scope.

178



Antioxidants 2024, 13, 875

5. Conclusions

In summary, the rod-shaped mesoporous zinc-containing bioactive glass nanoparticles
developed in this study can be used for tissue regeneration applications. The doping of the
zinc element did not change the mesoporous and rod-shaped structure of the nanoparticles.
A suitable immersion time is about 8 h. ZnRBGNs’ biocompatibility, antioxidant activity,
and ability to modulate macrophage polarization highlight their therapeutic promise. These
findings pave the way for further research and the development of ZnRBGNSs as versatile
and effective materials in regenerative medicine.
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Abstract

Immune-mediated inflammatory diseases (IMIDs) encompass a wide range of disorders,
including autoimmune, acute, and chronic inflammatory conditions, which are often char-
acterized by immune dysregulation and excessive oxidative stress. Oxidative stress plays a
pivotal role in the initiation and progression of these diseases by promoting tissue damage
and sustaining inflammation. However, conventional antioxidant therapies are limited
by poor bioavailability, inadequate targeting, and short-lived efficacy. In recent years,
nano-antioxidants have emerged as a promising therapeutic approach due to their en-
hanced stability, targeted delivery capabilities, and multifunctional therapeutic effects.
This review provides a comprehensive overview of recent advances in the application
of nano-antioxidants in the treatment of IMIDs. Their therapeutic roles are categorized
into three major groups: autoimmune diseases, acute inflammatory diseases, and chronic
inflammatory diseases. In autoimmune disorders such as alopecia areata and multiple
sclerosis, nano-antioxidants have demonstrated the ability to reduce oxidative damage,
modulate immune responses, and alleviate clinical symptoms. In acute inflammatory
conditions, including acute kidney injury and acute liver injury, these nanomaterials exert
protective effects by scavenging ROS, mitigating tissue injury, and restoring organ function.
In chronic inflammatory diseases such as inflammatory bowel disease and ulcerative col-
itis, nano-antioxidants contribute to maintaining mucosal integrity, suppressing chronic
inflammation, and improving therapeutic outcomes through localized delivery and sus-
tained release. In summary, nano-antioxidants represent a novel and promising therapeutic
strategy for the management of IMIDs. Their unique physicochemical properties offer
significant advantages over traditional treatments. Further research is needed to optimize
their delivery platforms, evaluate long-term safety, and facilitate clinical translation.

Keywords: antioxidant; immune; inflammatory; alopecia areata; multiple sclerosis

1. Introduction

Alopecia areata (AA), multiple sclerosis (MS), and other conditions—including in-
flammatory bowel disease (IBD), acute liver injury (ALI), acute kidney injury (AKI), and
vitiligo—result from immune system dysregulation. Collectively termed immune-mediated
inflammatory diseases (IMIDs), these disorders comprise autoimmune pathologies and
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span both chronic and acute inflammatory processes [1]. Among the diverse pathogenic
mechanisms involved, oxidative stress has emerged as a pivotal contributor to both disease
onset and progression [2,3]. Oxidative stress, resulting from an imbalance between reactive
oxygen/nitrogen species and intrinsic antioxidant systems, contributes to tissue dysfunc-
tion and cellular injury [4]. Accumulating evidence links oxidative stress to immune
activation and tissue damage, while also implicating it in the amplification of inflammatory
responses, thereby establishing a self-perpetuating pathogenic cycle.

Antioxidants, due to their capacity to counteract oxidative stress, have garnered
considerable interest as therapeutic candidates for IMIDs. Conventional small-molecule
antioxidants—such as vitamin C, vitamin E, and glutathione—exhibit limited clinical ef-
ficacy, primarily owing to low bioavailability, poor tissue specificity, and rapid systemic
clearance [5,6]. Recent advances in nanotechnology have enabled new approaches for
enhancing antioxidant therapy. Nano-antioxidants, constructed from nanomaterials with
high surface-to-volume ratios, favorable biocompatibility, and modifiable surface chem-
istry, demonstrate improved physicochemical stability, enhanced biological targeting, and
elevated therapeutic efficiency [7]. Notably, several nanomaterials possess intrinsic enzyme-
mimetic properties. For instance, iron oxide- and manganese-based nanoparticles emulate
the catalytic activities of endogenous antioxidant enzymes, including superoxide dismutase
(SOD) and catalase (CAT), thereby facilitating efficient elimination of ROS and RNS [8,9].
Curcumin, a natural polyphenol derived from Curcuma longa, exhibits potent antioxidant
and anti-inflammatory activities. However, its clinical application remains constrained
by poor aqueous solubility, rapid metabolic degradation, and limited oral bioavailabil-
ity. To overcome these barriers, various nanocarrier-based delivery platforms have been
developed—such as liposomes, polymeric nanoparticles, solid lipid nanoparticles, and
metal-organic frameworks [10]. These formulations significantly enhance curcumin’s sys-
temic stability and targeting efficiency, while simultaneously potentiating its antioxidative
and immunomodulatory effects. Preclinical studies indicate that curcumin nanoformula-
tions attenuate inflammation, mitigate tissue damage, and improve disease outcomes in au-
toimmune models such as MS, primarily through ROS scavenging [11]. Beyond curcumin,
alternative nano-antioxidant systems exhibit therapeutic potential across multiple IMIDs.
Gold nanoparticles (GNPs), owing to their superior biocompatibility and tunable physic-
ochemical properties, have been widely investigated in MS and other immune-related
conditions [12]. Experimental findings suggest that GNPs reduce oxidative damage and
modulate inflammatory signaling, thereby limiting immune-mediated tissue injury [13,14].
In the context of acute inflammatory pathologies, nano-antioxidants also demonstrate
promising efficacy. A recent study reported an ROS-responsive nanoplatform integrating
mitochondrial-targeted cerium oxide nanoparticles with atorvastatin. This system enabled
site-specific drug release in a septic AKI model, suppressed oxidative stress and inflamma-
tion, reduced tubular epithelial apoptosis, and preserved renal architecture [15]. In diseases
like IBD, characterized by persistent inflammation, oxidative stress is deeply implicated
in driving the pathological cascade leading to tissue damage. Nano-antioxidants have
been shown to alleviate intestinal inflammation and reinforce epithelial barrier function
by modulating ROS levels and regulating signaling cascades, including NF-«B and Nrf2.
Furthermore, co-administration with probiotics enhances therapeutic effects through mod-
ulation of gut microbiota homeostasis [16]. Despite substantial progress, several obstacles
impede the clinical translation of nano-antioxidants, including uncertainties regarding
long-term biocompatibility, metabolic fate, and immunogenicity. Future efforts should
emphasize the rational design of nanotherapeutic systems featuring controlled release,
disease-specific targeting, and optimal safety profiles to accelerate their deployment in the
management of IMIDs.
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We summarize the current applications and mechanisms of nano-antioxidants in

IMIDs in Tables 1-3. This review provides a comprehensive overview of recent advances

in the application of nano-antioxidants in immune-mediated inflammatory diseases, with a

particular focus on their roles in autoimmune, acute inflammatory, and chronic inflamma-

tory conditions. The underlying mechanisms, therapeutic efficacy, and safety profiles of

nano-antioxidants are critically examined, and future directions for their development and

clinical translation are discussed.

Table 1. A brief summary of autoimmune disease treatment based on nano-antioxidant strategies.

Diseases f;lcgti"e’flient Nanomaterial Side Effect Benefit Ref.
Mo-NPs may cause liver  Offering a novel direction
Alopecia Molybdenum and kidney toxicity, and translational
areaﬁa (AA) Minoxidil nanoparticles oxidative imbalance, and  potential for [17]
(Mo NPs) potential inflammatory antioxidant-based
responses treatment of AA
High doses (20 uM)
reduce neural stem cell
Dendritic viability and increase Enhancine remvelination
Curcumin nanocarriers oxidative stress, shifting capacit irgl vivg [18]
(DNCs) differentiation toward pacity
astrocytes instead of
oligodendrocytes
Elevated glutathione
May not adequately levels and total
Iron oxide reflect long-term effects, antioxidant capacity in
BBN-IONPs . with the absence of . pacity [19]
nanoparticles . - brain tissues, reduced
human trials restricting . L
. lipid peroxidation and
therapeutic relevance . .
inflammatory mediators
Low-toxicity Uncertainties remain S1gr}1f1cantly alleviating
. . . anxiety- and
) magnesium regarding mechanism, depression-like behaviors
Multlp!e MgH, hydride brain region sensitivity, ang attenuatin [20]
Sclerosis (MS) nanoparticles and variable microglial . &
(MgH>) polarization effects inflammatory
st demyelinating lesions
Serious side effects Improving brain-targeted
Clobetasol Double-layered  include osteoporosis, P 5 &
. . delivery and reducing [21]
propionate (CP)  nanoemulsion glaucoma, and adrenal ; -
suppression systemic toxicity
. . Headache in two patients; N
. Crocin-selenium Ameliorating
Selenium and . no severe adverse events . .
. nanoparticles MS-associated cognitive  [22]
crocin observed, generally well . )
(Cor@SeNs) tolerated impairment
Negligible cytotoxicity
. S up to 200 pg/mL; no -
MethylprednisoloneBiomimetic Indicating excellent
) severe adverse effects .
neutrophil nanosystem .. safety and therapeutic [23]
P Y observed in vivo, but y P
membranes (TFMN) ! potential

long-term safety
unknown

Abbreviation: BBN-IONPs, BBN loaded within iron oxide nanoparticles.
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2. Methods

Relevant studies discussing nano-antioxidants in IMIDs were identified through an ex-
tensive literature survey utilizing five core academic databases, including PubMed, Embase,
Scopus, Web of Science, and Google Scholar, focusing on publications from January 2020 to
June 2025. The literature search included publications available up to June 2025. Keywords
and search phrases were carefully selected, including terms such as “nano-antioxidants”,

"o i "o

“autoimmune diseases”, “acute inflammation”, “chronic inflammatory diseases”, “alopecia

o

areata”,

"o o

multiple sclerosis”, “ulcerative colitis”, “periodontitis”, and “inflammatory bowel
disease”. The search strategy focused on identifying studies that explored the application,
mechanism, or therapeutic efficacy of nano-antioxidants in immune-related inflammatory
conditions. Studies meeting the following criteria were included: (1) investigations that
evaluated nano-antioxidant therapies related to autoimmune, acute, or chronic inflamma-
tory diseases; (2) research involving nanoformulations designed to improve antioxidant
delivery or bioactivity; (3) preclinical or clinical studies with reproducible methodolo-
gies and consistent outcome measures; and (4) experimental studies—either in vitro or
in vivo—examining the antioxidant capacity or immune-modulating effects of nanomateri-
als. Exclusion criteria were as follows: (1) studies with inconclusive evidence regarding the
therapeutic benefit of nano-antioxidants; (2) publications lacking rigorous experimental
protocols or clearly defined results; (3) non-randomized or observational studies without
proper controls; (4) articles not published in English; and (5) narrative reviews, opinion
pieces, or book chapters without primary research data.

3. Nano-Antioxidants for Autoimmune Diseases
3.1. Alopecia Areata

Characterized by patchy, non-scarring hair loss primarily on the scalp and other hairy
areas, AA represents a T cell-mediated autoimmune inflammatory disorder [44]. Though
the etiological framework of AA has not been fully delineated, the impairment of immune
privilege within hair follicles continues to dominate current pathogenic models [45]. In
addition, genetic predisposition, hypersensitivity, dysbiosis of skin and gut microbiota,
and psychological stress are also recognized as important contributing factors to disease
onset. Epidemiological data from the United States estimate the prevalence of AA to be
approximately 0.1-0.2% [46]; however, this may be an underestimation due to underre-
porting and limited sample representativeness. AA significantly impairs patients” quality
of life and remains a therapeutic challenge in clinical practice. In recent years, oxidative
stress—defined as an imbalance between pro-oxidant and antioxidant defenses—has been
increasingly implicated in the disruption of immune privilege, contributing significantly to
the pathogenesis of AA [47].

AA patients exhibit elevated systemic oxidative stress, as evidenced by increased
serum levels of advanced glycation end-products (AGEs) and advanced oxidation protein
products, alongside decreased antioxidant indices such as ferric reducing antioxidant
power (FRAP), paraoxonase-1, and lecithin—cholesterol acyltransferase. Notably, FRAP
levels correlated positively with the extent of hair loss and negatively with C-reactive
protein, indicating a close association between oxidative stress, inflammation, and disease
severity [48]. Similarly, in a cohort of 40 patients with alopecia areata (AA), Sachdeva
et al. [49] reported significantly elevated serum malondialdehyde (MDA) levels, indicative
of heightened oxidative stress. Concurrently, both total antioxidant status (TAS) and SOD
activity were markedly reduced compared to healthy controls, with the degree of reduction
showing a clear correlation with disease severity. Moreover, impaired autophagy has
been implicated in AA, as evidenced by reduced expression of autophagy-related proteins
ATGS5 and LC3B and increased expression of p62 in hair matrix tissues of AA patients.
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Concurrently, oxidative stress biomarkers—including MDA, AGEs, and ischemia-modified
albumin (IMA)—are significantly elevated in serum and lesional skin, suggesting potential
diagnostic and monitoring value [50]. Taskin et al. [51] further demonstrated significantly
increased serum levels of nitric oxide (NO-), peroxynitrite (ONOO™), and nitric oxide
synthase (NOS) activity in AA patients, indicating that nitrosative stress also contributes
to AA pathophysiology. As ONOO™ represents a convergence point between oxidative
and nitrosative stress, it may exacerbate oxidative injury. These findings highlight NOS-
related parameters as potential biomarkers. Accumulated evidence from observational
studies over the past two decades (2000-2024) indicates that patients with AA consistently
exhibit elevated oxidative stress markers (e.g., OSI, MDA) and reduced antioxidant enzyme
activity, including SOD and glutathione peroxidase, suggesting a compromised antioxidant
defense system. Collectively, these findings underscore the central role of oxidative stress
in AA pathogenesis and provide a theoretical foundation for antioxidant-based therapeutic
strategies [52].

Meanwhile, localized drug delivery approaches—particularly microneedle patches—
have attracted increasing attention. A hydrogel-based microneedle immunomodulatory
system has been developed to deliver regulatory T cell (Treg)-associated factors, such as
CCL22 and interleukin-2 (IL-2), to effectively recruit and expand Tregs within lesional
areas, thereby re-establishing local immune tolerance. IL-2 functions as a crucial survival
and proliferation factor for regulatory T cells (Tregs) and has been widely utilized to
selectively expand Tregs in both experimental and clinical settings. In AA mouse models,
this system significantly enhanced Treg infiltration, suppressed inflammatory signaling
pathways, and promoted hair regrowth [53]. Additionally, soluble microneedle array
patches (S-MAPs) composed of hyaluronic acid have been employed for the transdermal
delivery of the Janus kinase (JAK) inhibitor baricitinib in a painless and noninvasive
manner, thereby avoiding systemic adverse effects. In AA models, this strategy achieved
significantly higher hair regrowth rates (82% vs. 31%) compared to oral administration [54].
Although baricitinib is not a direct antioxidant, it exerts indirect antioxidant effects by
downregulating pro-inflammatory cytokines such as IL-6, IEN-y, and TNF-« via JAK/STAT
pathway inhibition, thereby reducing oxidative enzyme activity and ROS production,
contributing to a combined anti-inflammatory and antioxidant effect [55]. In the realm
of nanomaterials, Xiao et al. [17] examined the effects of molybdenum nanoparticles (Mo
NPs) on AA progression through the modulation of oxidative stress. As a novel nano-
antioxidant, Mo NPs possess a multivalent electronic structure and can promote hair
regrowth by eliminating ROS, alleviating oxidative stress, and activating hair follicle
stem cells. Characterization studies revealed that Mo NPs had an average diameter of
approximately 50 nm (TEM, Figure 1A) and exhibited characteristic Mo 3d multivalence
peaks (XPS, Figure 1B). In vivo, mice treated with Mo NPs exhibited visible hair regrowth
as early as day 7 (Figure 1C), and hair shaft length was significantly greater than in
controls (Figure 1D,E), with synergistic effects observed when combined with minoxidil.
Mechanistically, Mo NPs significantly downregulated the expression of the oxidative stress
markers iNOS and COX2 in hair follicle tissue (Figure 1F-H), further supporting their
hair-promoting effect via antioxidative pathways. In conclusion, Mo NPs demonstrate
excellent antioxidant activity and can act synergistically with conventional therapies such
as minoxidil, offering a novel direction and translational potential for antioxidant-based
treatment of AA. Future studies should explore their long-term efficacy and safety to
facilitate clinical application.
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Figure 1. (A). TEM image showing Mo NPs distributed on mouse skin (scale bar: 200 nm). (B). XPS
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spectrum of Mo NPs, with O, C, and Si peaks as references. (C). Representative dorsal skin images
ondays 1, 4, 7, 10, 13, and 16 across treatment groups. (D). Hair length assessment on day 16 via
representative photos. (E). Comparison of hair length among five groups on day 16. (F). Inmunohis-
tochemical staining of iNOS and COX2 in skin tissues (10X, scale bar: 100 um) from Con, NaCl, Mi,
Mo, and MM groups. (G,H). Quantitative AOD analysis of iNOS and COX2 per follicle. Mean + SD
values were obtained from five mice in each group (n = 5). * p < 0.05; *** p < 0.001 indicate statistical
significance. Copyright 2024 Elsevier GmbH.

3.2. Multiple Sclerosis

MS is characterized by immune-mediated damage targeting the central nervous system
(CNS), leading to the formation of multifocal lesions in the brain and spinal cord, primarily
involving demyelination and neuroinflammation. These lesions are predominantly located
in the white matter and can be detected by magnetic resonance imaging. However, due
to technical limitations, the identification of gray matter and cortical lesions remains chal-
lenging, posing a major difficulty in both diagnosis and treatment [56]. MS is frequently
accompanied by psychiatric symptoms such as anxiety and depression, which significantly
compromise patients” quality of life and adherence to treatment. Reports indicate that
between 2015 and 2022, the age- and sex-standardized incidence of MS showed a slight
declining trend, ranging from 17.46 per 100,000 population in 2016 (95% CI: 17.12-17.80)
to 15.65 per 100,000 in 2019 (95% CI: 15.34-15.97) [57]. The pathogenesis of MS is closely
associated with immune-mediated inflammation and oxidative stress, the latter of which
induces neuronal damage through ROS-related signaling pathways [58]. Fluctuations in
the redox environment can trigger cell type-specific stress responses, disrupt metabolic
homeostasis, and exacerbate disease progression. Therefore, therapeutic strategies target-
ing oxidative stress, particularly low-toxicity and multi-targeted nano-antioxidants, have
emerged as a research hotspot in MS therapy.

To improve its chemical stability and enhance absorption, curcumin—a natural
antioxidant—has been integrated into a range of nanocarrier technologies [59]. For example,
dendritic nanocarriers (DNCs) based on curcumin have been shown to dose-dependently
promote the differentiation of neural stem cells (NSCs) and oligodendrocyte precursor cells
(OPCs) into oligodendrocytes, thereby enhancing remyelination capacity in vivo. DNCs
also improve the survival and differentiation efficiency of transplanted NSCs, synergis-
tically facilitating myelin repair [18]. In addition, a high-density lipoprotein-mimicking
peptide-phospholipid scaffold (HPPS) has been utilized to deliver curcumin (Cur-HPPS) in
a targeted manner. This system exerts anti-inflammatory and antioxidant effects by inhibit-
ing the NF-«kB pathway and reducing the expression of key mediators involved in immune
cell recruitment, offering a novel direction for the precision treatment of MS [60]. Another
study developed a system of iron oxide nanoparticles loaded with berberine (BBN-IONPs),
which demonstrated superior neuroprotective and antioxidant effects in MS animal models
compared to free berberine. This nanoplatform improved CPZ-induced cognitive impair-
ment, elevated glutathione levels and total antioxidant capacity in brain tissues, reduced
lipid peroxidation and inflammatory mediators, and modulated the expression of the key
molecules MBP and MMP-9 and other key effector molecules [19].

In recent years, antioxidant strategies based on nanotechnology have shown broad ap-
plication prospects in autoimmune diseases of the CNS. Low-toxicity magnesium hydride
nanoparticles (MgH,) have also shown promising efficacy in MS mouse models, signifi-
cantly alleviating anxiety- and depression-like behaviors and attenuating inflammatory
demyelinating lesions [20]. The underlying mechanism may involve the promotion of
M2-type microglial polarization, the inhibition of M1-type polarization, and the mitigation
of oxidative stress and mitochondrial damage, suggesting their potential in treating MS-

190



Antioxidants 2025, 14, 1128

related neuropsychiatric disorders. Sanadgol et al. [61] showed that metformin facilitates
the maturation of oligodendrocyte progenitor cells via the activation of the AMPK/mTOR
signaling pathway while enhancing Nrf2-mediated antioxidant responses, thereby facil-
itating remyelination. Abdelalim et al. [21] developed a double-layered nanoemulsion
system using lactoferrin and chitosan to encapsulate clobetasol propionate (CP), improv-
ing brain-targeted delivery and reducing systemic toxicity. The prepared nanoparticles
exhibited stable physicochemical properties (mean particle size: ~220 nm; zeta potential:
+30.23 mV) and an antioxidant capacity equivalent to 9.8 uM of vitamin C. Rezaeimanesh
et al. [22] were the first to evaluate the effects of crocin-selenium nanoparticles (Cor@SeNs)
on cognitive function and oxidative stress status in patients with MS. In a triple-blind,
randomized controlled trial, 60 MS patients treated with Cor@SeNs for 12 weeks showed a
marked enhancement in total antioxidant capacity (TAC; p = 0.01) and marked improve-
ments in several cognitive assessment scores, including CVLT-II, CVLT-II-delay, and SDMT
(all p < 0.01), indicating its potential in ameliorating MS-associated cognitive impairment.
Yang et al. [23] developed a biomimetic nanosystem (TFMN) camouflaged with neutrophil
membranes, which demonstrated multiple therapeutic effects in MS models. TFMN demon-
strated potent scavenging activity against key reactive oxygen species, including O,° ™,
H,0O,, and *OH (Figure 2A), thereby reducing ROS-mediated neuronal injury, and sig-
nificantly inhibited the migration of inflammatory cells across the blood-brain barrier
(Figure 2B). In a PC12 cell oxidative injury model, TEMN significantly enhanced cell vi-
ability (Figure 2C-E), and in EAE mouse models, it lowered clinical scores, maintained
stable body weight (Figure 2E,F), and mitigated inflammatory cell infiltration and demyeli-
nation in the brain and spinal cord (Figure 2G), indicating excellent safety and therapeutic
potential. In summary, antioxidant strategies—particularly those based on multi-targeted
nanomaterials—exhibit substantial advantages in the treatment of MS. These approaches
not only alleviate inflammation and oxidative damage but also show potential in improving
cognitive and psychiatric comorbidities, providing new perspectives and experimental
foundations for the future development of individualized and precision therapies for MS.
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Figure 2. (A). Electron paramagnetic resonance (EPR) spectra of O,°~, HyO,, and *OH in various
treatment groups, with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) employed as the spin-trapping
reagent. (B). Representative images and quantification of neutrophil migration (1 = 3). Scale bar: 25 pm.
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(C,D). Live/dead cell staining and corresponding quantification of propidium iodide (PI) fluorescence
intensity in PC12 cells under different treatments. (E). Average clinical scores recorded for mice in
each experimental group (1 = 6). (F). Changes in body weight of EAE mice subjected to distinct
treatment protocols (1 = 6). (G). H&E-stained sections of brain and spinal cord tissues from EAE mice.
Scale bars: 50 um (brain) and 20 um (spinal cord). Yellow arrows highlight areas of demyelination.
Statistical significance assessed by one-way ANOVA followed by Tukey’s post hoc test, *** p < 0.001.
Copyright 2024 Wiley-VCHGmbH.

4. Nano-Antioxidants for Acute Inflammatory Diseases
4.1. Acute Kidney Injury

The kidneys play a critical role in maintaining systemic homeostasis due to their
abundant blood perfusion and high oxygen consumption, enabling efficient clearance
of metabolic waste. However, these same characteristics also make the kidneys more
susceptible to exposure to toxic substances and hypoxic conditions [62]. In AKI, renal
function declines rapidly within a limited period, often leading to systemic complications
that carry high morbidity and mortality. In the 2017 study population, the age-standardized
incidence rates of AKI varied across regions, ranging from 12.9 to 14.9 cases per 1000 person-
years [63]. Currently, no specific clinical therapies are available for AKI, highlighting the
urgent need to develop effective therapeutic strategies. Accumulating evidence indicates
that the excessive accumulation of reactive oxygen and nitrogen species (RONS) at injury
sites is a key driver of AKI progression. However, due to the structural complexity, cellular
heterogeneity, and specialized physiology of the kidneys, conventional antioxidant and
anti-inflammatory small-molecule drugs exhibit limited efficacy, primarily due to poor
targeting capability and adverse side effects [64].

To address these limitations, various nanomedicine-based antioxidant strategies have
emerged. Gu et al. [24] synthesized a cerium-luteolin coordination nanocomposite (CeLut-
NCs), which effectively scavenges ROS, inhibits apoptosis, downregulates inflammatory
cytokines, modulates macrophage activity, and suppresses NF-«B signaling. In both AKI
models, CeLutNCs significantly improved organ function and reduced oxidative stress and
inflammation, demonstrating strong therapeutic potential for ROS-related diseases. Zheng
et al. [25] developed ultrasmall rhodium nanoparticles modified with L-serine (Rh-Ser,
2-4 nm), which mimic multiple antioxidant enzymes to efficiently eliminate RONS. Addi-
tionally, Rh-Ser generated oxygen at inflamed sites, alleviating hypoxia and suppressing
inflammation, and increased the survival rate of AKI mice from 0% to 80%, outperform-
ing traditional treatments. Yan et al. [26] designed a tetrahedral framework nucleic acid
(tFNA)-based nanodrug delivery system (TTC), which specifically targets renal tubular
cells and mitochondria, reduces oxidative stress, and suppresses apoptosis. In vitro and
in vivo ischemia-reperfusion (I/R) models showed that TTC significantly ameliorated
renal injury and restored renal function, indicating promising antioxidant-mediated ther-
apeutic effects. Pan et al. [27] developed a pH-stable antioxidant nanoparticle system
(EGA NPs), based on epigallocatechin gallate (EGCG) and 5-aminosalicylic acid (5-ASA).
Through a “dissociation-reassembly” mechanism under acidic conditions, these particles
self-assemble into stable nanoparticles with robust antioxidant and anti-inflammatory
properties, suitable for both oral and intravenous administration. EGA NPs not only effec-
tively scavenge ROS and mitigate oxidative stress but also serve as a drug delivery vehicle
for anti-inflammatory agents such as curcumin, significantly enhancing their therapeutic
efficacy in vivo. Jia et al. [28] proposed a supramolecular nanoplatform (Ser-HPEC) for AKI
therapy, possessing ROS-responsive antioxidant capabilities. Leveraging a Kim-1-mediated
targeting mechanism via L-serine, Ser-HPEC selectively accumulates at I/R-injured renal
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sites and, under high ROS conditions, releases two antioxidant molecules—ethyl caffeate
and 4-hydroxybenzyl alcohol. This results in efficient ROS scavenging, attenuation of
oxidative stress and acute inflammation, and preservation of renal structure and function.
Furthermore, a cerium-based nanozyme system with mitochondrial targeting capacity
was successfully constructed. Transmission electron microscopy (TEM) images revealed
that unmodified Ceria nanoparticles (Ceria NPs) [15] had a uniform spherical morphology
with an average diameter of 7.74 + 1.35 nm, while triphenylphosphine (TPP)-modified
TCeria NPs exhibited a slightly larger diameter of 8.16 £ 1.98 nm, retaining good shape
and dispersity (Figure 3A,B). Fourier-transform infrared spectroscopy (FT-IR) confirmed

successful TPP modification, with characteristic absorption peaks at 1700-1900 cm !

corre-
sponding to the aromatic structure of TPP (Figure 3C). Mitochondrial membrane potential
(Apm) was assessed using JC-1 dye. In HyO,-treated cells, a significant reduction in the
red/green fluorescence ratio indicated mitochondrial depolarization, whereas treatment
with Atv/PTP-TCeria NPs restored Aljpm to near-normal levels (Figure 3D). Flow cytometry
showed that this formulation significantly reduced HyO;-induced apoptosis (below 20%),
outperforming both free drugs and empty carriers (Figure 3E). Quantitative fluorescence
analysis further validated its mitochondrial protective effect (Figure 3F). In vivo imaging
using near-infrared fluorescent dye (ICG)-labeled nanoparticles revealed sustained accumu-
lation of Atv/PTP-TCeria NPs in the kidneys of AKI mice for over 36 h, indicating excellent
passive targeting capability (Figure 3G). Quantitative analysis confirmed significantly
higher fluorescence intensity in AKI kidneys compared to healthy controls, consistent
with enhanced permeability and retention (EPR) effects (Figure 3H). Additionally, treat-
ment with Atv/PTP-TCeria NPs significantly increased renal SOD activity, restoring redox
homeostasis and demonstrating superior ROS-scavenging ability compared to free drugs
and control groups (Figure 3I). In summary, the constructed Atv/PTP-TCeria NPs sys-
tem possesses multiple advantages, including precise size control, effective mitochondrial
targeting, ROS responsiveness, and synergistic drug release. These features enable it to
significantly ameliorate AKI-associated pathological processes at both cellular and animal
levels, offering a promising nanotherapeutic strategy for the treatment of AKI.

4.2. Acute Liver Injury

AlLl is a clinically common and severe liver disorder that can be triggered by a wide
range of etiologies, including drug overdose, viral infections, toxic exposures, pregnancy,
autoimmune diseases, inherited metabolic disorders such as Wilson’s disease, or vascular
abnormalities such as Budd—Chiari syndrome. ALI is characterized by extensive hepato-
cellular necrosis and rapid deterioration of liver function. In certain cases, it may rapidly
progress to acute liver failure (ALF), a life-threatening condition with a mortality rate
of up to 80% [65]. Oxidative stress, particularly the excessive accumulation of ROS in
hepatic tissue, is considered a key pathogenic mechanism in the onset and progression of
ALIL Although broad-spectrum antioxidants such as N-acetylcysteine (NAC) have demon-
strated partial therapeutic benefits, their limited targeting capacity, low clearance efficiency,
and poor bioavailability severely hinder clinical outcomes. Therefore, there is an urgent
need to develop more efficient, liver-targeted ROS-scavenging strategies to provide novel
therapeutic approaches for ALI management [66].

Given the central role of oxidative stress in ALI pathogenesis, the development of
nanomedicine-based antioxidant platforms with high ROS-scavenging efficiency and hep-
atic specificity has emerged as a promising research direction. Several studies have focused
on integrating natural antioxidant molecules with functional nanomaterials to enhance
therapeutic efficacy. Luo et al. [29] fabricated phlorotannin-based nanoparticles (PT NPs)
from seaweed-derived polyphenols via a glycine-assisted Mannich reaction to improve
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their stability and bioavailability. These nanoparticles exhibited robust ROS-scavenging
activity in HyOp-induced HepG2 cell models and effectively alleviated oxidative. Similarly,
Jang et al. [30] developed a catechin-based thermosensitive nanoformulation (CCN150),
which significantly improved the solubility and stability of catechin while retaining its
intracellular ROS-scavenging activity. CCN150 selectively accumulated at inflammation
sites in vivo, attenuated systemic inflammation driven by ROS, and demonstrated excel-
lent biocompatibility. In the context of acetaminophen (APAP)-induced liver injury, Song
et al. [67] designed a carbon monoxide-releasing molecule, SMA /CORM2, which enhanced
hepatic CO levels and suppressed oxidative stress. Mechanistically, SMA /CORM?2 down-
regulated HIF-1x expression, promoted M2 polarization of macrophages, and activated the
PI3K/Akt/mTOR pathway, thereby mitigating liver damage and facilitating tissue regen-
eration. Additionally, Mn3O4 nanozymes showed comparable efficacy to NAC at lower
doses by simultaneously modulating the Nrf2 antioxidant axis and suppressing NF-«B-
mediated inflammatory responses, offering synergistic antioxidative and anti-inflammatory
effects [68].

Curcumin, a natural compound widely used in traditional Chinese medicine, has
shown hepatoprotective potential in APAP-induced ALI through mechanisms involv-
ing ROS scavenging, inhibition of lipid peroxidation, restoration of glutathione levels,
and anti-apoptotic effects. The incorporation of curcumin into nanocarriers can signifi-
cantly enhance its bioavailability and therapeutic performance. Wang et al. [31] further
developed BSA-SNO nanoparticles capable of stably releasing nitric oxide (NO). These
nanoparticles alleviated oxidative stress, improved hepatic microcirculation, and increased
survival rates in ischemia-reperfusion and endotoxin-induced ALI models. Hepatoprotec-
tion was achieved via Nrf2/HO-1 pathway activation and suppression of NF-«kB-driven
inflammation and mitochondrial apoptosis. A saponin-gallic acid conjugate-based nano-
delivery system also demonstrated promising anti-inflammatory effects in CCly-induced
ALIL By employing Zn/Ga@Gd-LDH as a pH-responsive carrier, the system enabled con-
trolled drug release in the acidic microenvironment, suppressed p-p65 phosphorylation
in the NF-kB pathway, and reduced CRP levels, exhibiting both in vitro and in vivo anti-
inflammatory efficacy [69]. Yuan et al. [66] developed SeMC nanoparticles derived from the
self-assembly of L-selenomethionine (SeMC), modified with glycyrrhizic acid for hepatic
targeting. These nanoparticles significantly reduced lipid peroxidation, tissue vacuolation,
and aminotransferase elevation in both APAP- and CCl,-induced ALI models while en-
hancing endogenous antioxidant enzyme activity, showing favorable biocompatibility and
liver-protective potential. Moreover, Zhao et al. [32] proposed a responsive biomimetic an-
tioxidant nanoplatform (PADN) composed of PEGylated L-DOPA precursors protected by
boronic acid groups. Upon exposure to oxidative stress, PADN undergoes deprotection to
release PEG-L-DOPA, which subsequently undergoes a melanogenesis-like transformation
into a high-molecular-weight melanin-like polymer with broad-spectrum ROS-scavenging
capability. The self-assembled PADN exhibited a particle size of approximately 106.6
nm (Figure 4A) and maintained excellent colloidal stability for over three months under
physiological conditions. It efficiently eliminated multiple ROS types, including H,O,, in a
time- and dose-dependent manner (Figure 4B,C). At the cellular level, PADN significantly
suppressed NO production and intracellular ROS accumulation in LPS-activated RAW264.7
macrophages (Figure 4D,E) and reduced TUNEL-positive hepatocytes in an HyO,-induced
apoptosis model (Figure 4F). In vivo, PADN (50 mg/kg) effectively decreased serum ALT
and AST levels in APAP-induced ALI mice, outperforming NAC in liver function recovery
(Figure 4G-H). Histological analyses revealed reduced necrosis, inflammatory infiltra-
tion, and central venous congestion in PADN-treated mice, with the liver architecture
approaching normal (Figure 4I). Additionally, PADN possessed photoacoustic imaging
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capabilities, enabling real-time visualization of lesion sites. Collectively, PADN exemplifies
an oxidative microenvironment-responsive nanoplatform capable of integrating efficient
ROS scavenging, inflammation suppression, and hepatocyte protection. Its stable structure
and biocompatibility make it a strong candidate for clinical translation of antioxidant

nanotherapies in ALI treatment.
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groups (scale bar: 20 pm). (EF). Semi-quantitative analysis of Apm alterations by flow cytometry
and image-based quantification, respectively. Data are presented as mean + SD (1 = 3 per group).
(G). Temporal changes in renal fluorescence intensity in AKI mice treated with ICG-loaded PTP-TCeria
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5. Nano-Antioxidants for Chronic Inflammatory Diseases
5.1. Periodontitis

The global health impact of periodontitis, a chronic inflammatory condition affecting
millions, has shown a consistent upward trend over recent years. Data from 2011 to 2020
indicate that approximately 62% of dentate individuals worldwide are affected, with over
half of the cases classified as moderate to severe and nearly one-quarter as severe [70].
Compared with epidemiological data from 1990 to 2010, the prevalence of severe periodon-
titis increased from 10.8% to 23.6% [71]. By 2019, the global number of individuals affected
had reached 1.1 billion [72].

Beyond being a prevalent oral disease, periodontitis is closely associated with a range
of systemic conditions. While microbial plaque serves as the primary etiological factor,
the progression of the disease—especially in its severe or refractory forms—is predomi-
nantly driven by the host immune response. Neutrophil-mediated mechanisms, notably
the overproduction of ROS, play a pivotal role in tissue degradation. Oxidative stress,
induced by intrinsic factors (e.g., metabolic disorders) and external triggers (e.g., smoking),
creates a pro-inflammatory microenvironment that exacerbates periodontal damage. Thus,
antioxidant-based therapies, such as those incorporating resveratrol, are being explored
as promising strategies for periodontal intervention [73]. Li et al. [74] developed a novel
bioactive glass-based microneedle system loaded with antioxidant agents for the treatment
of diabetes-associated periodontitis. This system comprises Zn/V co-doped bioactive glass
nanoparticles, gallic acid, and oxidized methacrylated hyaluronic acid, offering both antiox-
idative and antibacterial properties. By penetrating the mucosal barrier, the microneedles
effectively deliver active agents into gingival tissues, enhancing retention and bioavail-
ability. In diabetic periodontitis rat models, the system significantly promoted alveolar
bone regeneration and alleviated local inflammation via suppression of the JAK-STAT and
NF-«B signaling pathways. Yang et al. [33] constructed a mesoporous bioactive glass-based
nanocarrier system for quercetin delivery, addressing its poor water solubility and limited
bioavailability. This sustained-release platform promoted both osteogenesis and angio-
genesis in experimental periodontitis-related bone defects. Additionally, it modulated the
local immune microenvironment by regulating macrophage polarization. Mechanistically,
quercetin acted through the miR-21a-5p/PDCD4/NF-«B axis to restore bone immune
homeostasis. Similarly, Wang et al. [75] incorporated quercetin into octahedral nanoceria
structures to enhance its antioxidative and immunomodulatory effects. The resulting
nanocomposite effectively scavenged ROS, inhibited pro-inflammatory M1 macrophage
polarization, and promoted the reparative M2 phenotype, enabling a smooth transition
from inflammation to regeneration. This shift was evidenced by an increased M2/M1
polarization ratio, along with a rebalanced inflammatory profile in vivo, underscoring its
therapeutic potential for managing periodontal inflammation.

To address oxidative stress-induced tissue injury in chronic periodontitis, Xin et al. [34]
developed melatonin-derived carbon dots (MT-CDs) with excellent water solubility, bio-
compatibility, and ROS-scavenging capacity. MT-CDs stabilized mitochondrial function,
mitigated oxidative cellular damage, and suppressed pro-inflammatory cytokine produc-
tion. In a mouse model of periodontitis, MT-CDs reduced alveolar bone resorption and
osteoclast activity. Cao et al. [35] designed a dual-polymer functionalized melanin-silver
nanocomposite (P/D-MNP-Ag) with sequential therapeutic capabilities. One polymer
becomes more cationic in acidic conditions to enhance membrane penetration, while the
phosphate-rich polymer chelates Ca®*, promoting adhesion to hydroxyapatite surfaces.
Initially, the system enables Ag*-mediated photothermal antibacterial activity; subse-
quently, as silver ions deplete, melanin’s intrinsic antioxidative properties are restored,
allowing ROS clearance in inflamed regions. Animal studies confirmed its ability to dis-
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rupt biofilms, attenuate inflammation, and reduce alveolar bone loss. Moreover, Cao
et al. [36] developed negatively charged human serum albumin-crosslinked, manganese-
doped Prussian blue nanoparticles (HSA-MDSPB NPs) capable of broadly scavenging ROS
species—including superoxide anions (O, ™), hydroxyl radicals (*OH), hydrogen peroxide
(H,0,), and singlet oxygen (1O,). As shown in Figure 5A-C, the nanoparticles exhibited
strong radical-neutralizing capacity in DPPH and ABTS assays, achieving over 60% scav-
enging efficiency at 200 pug/mL. In vitro, they significantly reduced LPS-induced oxidative
damage in periodontal cells: fluorescence analysis (Figure 5D,E) demonstrated decreased
ROS levels in mouse gingival fibroblasts and bone marrow-derived macrophages (BMDMs).
Additionally, HSA-MDSPB NPs facilitated macrophage repolarization, favoring an anti-
inflammatory M2 profile over the pro-inflammatory M1 state (Figure 5F), thus promoting
tissue repair. In vivo, using a ligature-induced periodontitis model (Figure 5G,H), these
nanoparticles markedly reduced ROS accumulation, downregulated pro-inflammatory
cytokines (e.g., IL-13, TNF-a), and mitigated alveolar bone loss. In summary, by integrating
ROS scavenging, immunomodulation, and osteogenesis promotion, HSA-MDSPB NPs—
and related nanoplatforms—present a promising nanotherapeutic strategy for managing
periodontitis, particularly under oxidative stress-driven pathological conditions.

5.2. Ulcerative Colitis

IBD, a chronic immune-driven condition targeting the gastrointestinal tract, primar-
ily includes Crohn’s disease (CD) and ulcerative colitis (UC). In 2021, the global age-
standardized incidence rate among adolescents and young adults reached a notable level
(4.08 per 100,000 population) [76]. Although the precise etiology of IBD remains unclear,
dysregulation of intestinal immune responses is widely acknowledged as a central mech-
anism. The dysregulated production of ROS and RNS under oxidative stress conditions
significantly accelerates IBD development [3]. These reactive species can compromise
intestinal epithelial integrity and activate pro-inflammatory signaling pathways, thereby
promoting the progression of inflammation.

UC, one of the most prevalent forms of IBD, is characterized by a complex pathogen-
esis, multifactorial etiology, and recurrent clinical course. Current treatment strategies
face significant limitations, including suboptimal efficacy, adverse effects, and high relapse
rates. Thus, the development of novel therapeutic approaches with high efficiency, targeted
delivery, and minimal toxicity has become a research priority.

Recent advances highlight the therapeutic promise of nano-antioxidants in UC, at-
tributed to their targeted delivery, high loading efficiency, and diverse bioactivities. For
instance, Ye et al. [77] developed selenium nanoparticles modified with Eucommia ul-
moides polysaccharides (EUP-SeNPs), which significantly alleviated DSS-induced UC
in mice by restoring colonic histology, enhancing mucosal barrier function, reducing
pro-inflammatory cytokines, and modulating gut microbiota. Moreover, EUP-SeNPs
exerted anti-inflammatory effects via suppression of the TLR4/NF-kB signaling path-
way and improved antioxidant capacity in colon tissues. In further studies, EUP-SeNPs
were dually functionalized with somatostatin (SST) and manno-oligosaccharides (MOSs)
for epithelial-macrophage dual-targeting and encapsulated within alginate-based micro-
spheres (SA/SST/MOS@EUP-SeNPs) to improve oral stability and intestinal localiza-
tion [37]. This system enabled targeted accumulation at inflamed sites, enhanced antiox-
idative and anti-inflammatory efficacy, promoted mucosal barrier repair, and effectively
relieved UC symptoms. To address the limitations of traditional enema therapy—such
as short retention time and systemic toxicity—thiolated anionic nanoliposomes were con-
structed to deliver the natural antioxidant gallic acid. This system exhibited enhanced
mucosal adhesion at inflamed colonic sites, thereby prolonging drug residence time and
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enhancing local therapeutic effects. In vivo experiments demonstrated that this nanocarrier
significantly inhibited NF-«kB, HIF-1c, and MMP-9 expression, reduced neutrophil infiltra-
tion, and promoted MUC2 expression and mucosal repair [38]. Another strategy utilized
ROS-responsive nanocarriers based on diselenide-modified carboxymethyl cellulose (CMC)
to deliver curcumin. This platform displayed excellent biocompatibility and ROS-triggered
release. Through electrostatic interaction with cationic proteins in inflamed tissues, the sys-
tem achieved targeted delivery and effectively scavenged ROS, restored mucosal integrity,
and regulated gut microbiota composition to mitigate UC pathology [39].

To overcome the low bioavailability of the resveratrol analog pterostilbene (PSB), re-
searchers developed folate-modified, ROS-responsive nanoparticles (PSB@NP-FA) with an
average size of ~231 nm. In inflammatory environments, PSB was released in a controlled
manner, allowing efficient uptake by macrophages and epithelial cells. This formulation
modulated dendritic cell function, promoted M2 polarization of macrophages, and regu-
lated T cell infiltration. When co-administered with dexamethasone, it showed synergistic
therapeutic benefits [40]. In the field of nanozymes, researchers constructed a polyethylene
glycol-modified 2D Mo3Ses nanosheet nanozyme (PMNFs), which mimicked multiple
enzymatic activities, including peroxidase, glutathione peroxidase, superoxide dismutase,
and catalase. In DSS-induced UC models, PMNFs efficiently scavenged ROS and im-
proved colonic tissue damage. Mechanistically, they activated the Nrf2-Keap1 antioxidant
pathway, inhibited TLR4/NF-«kB-mediated inflammation, and protected tight junction
proteins and MUC2 expression, thereby preserving intestinal barrier function [41]. Wei
et al. [42] designed a pH-responsive, hyaluronic acid-modified nanoplatform (HA-L-Arg-
CO,@NPs) for pterostilbene delivery. Upon encountering lysosomal acidic environments,
the nanocarriers released CO, to generate a “nanobomb” effect, promoting cytosolic drug
delivery and site-specific accumulation. This system exhibited favorable colonic target-
ing and biocompatibility, significantly downregulated inflammatory mediators, restored
barrier permeability, and effectively alleviated UC symptoms. Inspired by traditional
Chinese medicine, Wu et al. [43] developed a novel functional carbon dot (MML-CD) syn-
thesized via hydrothermal treatment of magnetite and Medicated Leaven. These ultrasmall
nanoparticles (~3.2 nm) possess Fe-rich surfaces, excellent gastrointestinal stability, potent
ROS-scavenging capacity, and high biocompatibility. In a UC mouse model, MML-CDs
demonstrated promising therapeutic efficacy. They maintained physicochemical stabil-
ity in various solutions, simulated digestive environments (Figure 6A), and displayed
dose-dependent antioxidant activity against DPPH® and ABTS+* (Figure 6B,C). MML-CDs
significantly improved symptoms such as bloody diarrhea, restored colon length, and allevi-
ated tissue damage and inflammation (Figure 6D). Furthermore, they promoted hemostasis,
reduced bleeding time and volume and prolonged APTT and PT, indicating regulation
of coagulation responses (Figure 6E-I). Collectively, these findings suggest that MML-
CD:s offer a novel oral nano-antioxidant strategy for UC treatment through multi-modal
mechanisms including antioxidation, anti-inflammation, and hemostatic enhancement. In
summary, nano-antioxidant strategies employing targeted delivery, functional modification,
and responsive release show significant promise in UC therapy. These systems enable pre-
cise accumulation at inflamed sites, reinforce antioxidative and anti-inflammatory defenses,
and modulate mucosal immunity and barrier function—offering new opportunities for
effective clinical translation.
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Figure 5. (A). Schematic diagram illustrating the antioxidative mechanism of HSA-MDSPB nanopar-
ticles. (B,C). Assessment of the overall antioxidant activity of HSA-MDSPB NPs using DPPH and
ABTS assays. (D). Fluorescence intensity analysis of MGF under different treatment conditions using
DCFH-DA staining. (E). Representative fluorescence images of BMDMs stained with DCFH-DA
(green) following various treatments (scale bar = 100 pum). (F). Western blot analysis showing protein
expression in BMDMs under different treatment conditions. (G,H). In vivo imaging and quantitative
evaluation of ROS levels in periodontal tissues on day 7 using the L012 probe. Statistical significance:
p <0.05, p <0.001 (***, ###). CC BY 4.0.
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*** p <0.001 vs. DSS group). CC BY 4.0.
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5.3. Crohn’s Disease

CD is one of the major subtypes of IBD, and its global incidence has been steadily
rising since 2000, with a prevalence of up to 1 in 200 individuals in Western countries.
A prospective population-based cohort study conducted in Hungary between 2007 and
2018 reported an average annual incidence of CD at 9.9 per 100,000 population (95% CI:
9.0-10.9) [78]. CD can affect any part of the gastrointestinal tract and is characterized
by segmental, chronic, relapsing, and transmural inflammation. Clinical manifestations
include abdominal pain, diarrhea, bowel obstruction, and perianal lesions. While the exact
cause of CD is not fully understood, substantial evidence points to the critical roles of
genetic susceptibility, oxidative stress, immune dysregulation, and environmental stimuli
in driving its onset and development [79]. Among these factors, oxidative stress plays
a key role in IBD, especially in UC [80]. Multiple meta-analyses have confirmed the
presence of significant oxidative damage in UC patients, particularly during active disease
phases. This is characterized by elevated levels of lipid peroxidation products (e.g., MDA,
8-iso-prostaglandin F2«), and protein oxidation markers (e.g., advanced oxidation protein
products) [81].

In this context, antioxidant-based therapeutic strategies have emerged as promising
interventions for the prevention and treatment of CD. Crohn’s disease develops through
multifactorial interactions among genetic, immunological, microbial, and environmental
influences, wherein oxidative stress caused by disrupted redox balance plays a central
pathogenic role. Both endogenous and exogenous antioxidants can neutralize ROS and
attenuate oxidative damage, thereby modulating intestinal inflammation and serving as
important adjuvant approaches to mitigate disease progression and improve clinical out-
comes [82]. Chen et al. [83] systematically investigated the associations between genetically
predicted levels of antioxidants, minerals, and vitamins and the risk of Crohn’s disease (CD)
and ulcerative colitis (UC). Although not directly addressing immune metabolism, their
findings revealed that specific micronutrient levels may influence disease susceptibility
through oxidative stress and mitochondrial pathways. Furthermore, mechanistic studies
highlighted the role of AFG3L2 in preserving mitochondrial integrity and enhancing antiox-
idant signaling via the PPARA /GPX4 axis, suggesting potential links between metabolic
stress responses and intestinal inflammation [84].

Nanocarrier-based antioxidant therapies have emerged as a promising avenue for
Crohn’s disease treatment in recent years [85]. Ibrahim et al. [86] developed a multi-strain
probiotic formulation encapsulated in a nanoparticle delivery system (BBLNPs), compris-
ing Bifidobacterium breve, Bacillus coagulans, and Lactobacillus plantarum. This formulation
significantly improved inflammation in mouse model. BBLNPs effectively reduced ox-
idative stress markers (e.g., MDA, ROS, H,O;) and enhanced the activity of antioxidant
enzymes (SOD, CAT, GSH-Px), thereby exhibiting synergistic regulation of oxidative stress,
inflammation, autophagy, and metabolic pathways and showing substantial therapeutic
potential. Mohanbhai et al. [87] proposed a colon-targeted drug delivery system encap-
sulating melatonin within chitosan nanoparticles, further coated with Eudragit-5-100 to
achieve colonic release upon oral administration. In an LPS-induced macrophage model,
this system demonstrated strong nitric oxide-scavenging ability. In a CD mouse model, it
alleviated tissue inflammation, protected mucosal structure, reduced goblet cell loss, and
decreased immune cell infiltration, indicating both antioxidant and anti-inflammatory effi-
cacy. Zhu et al. [88] designed a selenium-enriched Prussian blue nanozyme (Se-HMPB) with
multi-enzyme mimetic activities, capable of efficiently scavenging ROS at inflammatory
sites and exhibiting pronounced antioxidant effects. The selenium component endowed
the nanozyme with glutathione peroxidase-like activity, enabling inhibition of ferroptosis
and reduction in lipid peroxidation in intestinal epithelial cells. Furthermore, Se-HMPB
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promoted intestinal barrier repair and regulated T cell differentiation, thereby strength-
ening immune barrier function and demonstrating favorable therapeutic efficacy in CD
models. Shah et al. [89] synthesized a novel nitric oxide (NO)-releasing nano-antioxidant,
S-nitrosoglutathione-alginate (SNA), constructed via conjugation and nitrosation of glu-
tathione with alginate. This nanoformulation exhibited high NO loading capacity and
sustained-release properties, offering a new antioxidant therapeutic option with potential
for oral delivery in CD treatment.

Additionally, Fu et al. [90] developed a copper—flavonoid nanocomposite (CuL NCs)
with multifunctional properties. The composite was synthesized through metal-polyphenol
coordination self-assembly between luteolin and Cu®* ions, forming uniformly sized
nanoparticles (~7.58 £ 0.90 nm) with excellent dispersibility and colloidal stability in
aqueous solution (Figure 7A,B). CuL NCs also exhibited strong free radical-scavenging
capacity, particularly against superoxide anions (O,°~), in a dose-dependent manner,
outperforming individual components and their physical mixture (Figure 7C). In HyO,-
induced oxidative stress cell models, CuL NCs significantly improved the viability of
cells (RAW264.7; HT-29), fully restoring cell viability at 200 pg/mL and demonstrating
robust cytoprotective effects (Figure 7D-F). In a TNBS-induced CD mouse model, CuL NCs
markedly reduced MDA levels and MPO activity in colonic tissues while restoring CAT
enzyme activity (Figure 7G-I), indicating effective mitigation of CD-associated oxidative
injury. In summary, CuL NCs possess both SOD-like and CAT-like activities, efficiently
scavenging ROS and ameliorating the oxidative microenvironment. Through a tri-modal
mechanism encompassing antioxidant, anti-inflammatory, and barrier-protective actions,
they exert multidimensional therapeutic effects in CD. These findings provide a strong
theoretical foundation and emerging evidence for the application of nano-antioxidants in
CD and other chronic inflammatory bowel diseases.
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6. Others

In addition to their well-documented applications in autoimmune, acute, and chronic
inflammatory diseases, antioxidants have also demonstrated significant therapeutic poten-
tial in a variety of dermatological conditions. As previously reviewed, antioxidants have
shown promise in managing skin disorders such as atopic dermatitis and psoriasis [91]. Be-
yond their role in alopecia areata, we also explore their relevance in androgenetic alopecia,
vitiligo, and rheumatoid arthritis.

Recent research has increasingly recognized oxidative stress as a key contributor to
various forms of hair loss, especially androgenetic alopecia (AGA). Although conventional
agents such as minoxidil can promote hair growth, they often exhibit slow onset, limited
efficacy, and insufficient ability to mitigate oxidative stress-induced follicular damage. In
this context, Xiao et al. [17] proposed the use of nanomolybdenum, a transition metal-based
antioxidant material, as a novel therapeutic approach. Due to its excellent electron transfer
capabilities, nanomolybdenum effectively modulates local redox homeostasis, promotes
follicular regeneration, and downregulates the expression of iNOS, COX-2, and androgen
receptors, thereby accelerating the hair regeneration process. Moreover, its combination
with minoxidil produced a synergistic effect, suggesting a potential therapeutic approach
for nanomaterial-based antioxidant therapy in alopecia. Zhang et al. [92] further empha-
sized the role of oxidative stress in AGA by employing machine learning techniques to
identify an efficient SOD-mimicking nanomaterial—manganese thiophosphate (MnPS3).
This material exhibited a half-maximal inhibitory concentration (ICsg) of just 3.61 pg/mL,
outperforming most reported SOD-like nanozymes. They also developed MnPSs-loaded
microneedle patches capable of penetrating the skin and targeting hair follicles, thereby
effectively scavenging local ROS. Yang et al. [93] developed a multifunctional microneedle
patch delivery system based on a curcumin-zinc metal-organic framework (ZnMOF-MN),
which enables efficient transdermal delivery of Zn?* and curcumin. This system exerts
antioxidant, anti-apoptotic, and anti-androgenic effects, significantly enhancing dermal
papilla cell activity and promoting hair follicle regeneration. Yang et al. [94] developed a
quercetin—polydopamine-integrated nanoplatform (PDA@QLipo) designed to modulate
the perfollicular microenvironment and stimulate follicle regeneration. This nanosystem
not only exhibited potent ROS-scavenging activity but also promoted neovascularization,
collectively contributing to a regenerative microenvironment favorable for hair growth.
The pathogenesis of vitiligo involves oxidative stress as a major driving force behind
melanocyte injury and programmed cell death. ROS (e.g., O~ and H,O,) generated dur-
ing melanin synthesis render melanocytes particularly vulnerable to oxidative injury [95].
A disrupted antioxidant system is evident in the affected skin of vitiligo patients, marked
by elevated antioxidant enzyme activity (e.g., SOD) and impaired hydrogen peroxide detox-
ification. This redox imbalance may perpetuate melanocyte degeneration in depigmented
lesions. To address this, Li et al. [96] developed a microneedle-delivered antioxidant and im-
munomodulatory nanodrug (PDA-JAKi) for targeted vitiligo therapy. This system consists
of polydopamine nanoparticles loaded with the JAK inhibitor tofacitinib. The nanodrug
alleviated ROS-induced melanocyte apoptosis and suppressed the release of self-antigens
and subsequent immune activation. In vivo studies demonstrated its ability to restore
pigmentation, reduce ROS accumulation, and improve tissue integrity, underscoring its
dual antioxidant and immunomodulatory efficacy. In rheumatoid arthritis (RA), Han
et al. [97] synthesized ultrasmall iron-quercetin coordination nanoclusters (Fe-Qur NCNis)
to mitigate oxidative and inflammatory responses associated with RA. These nanoparticles
retained the ROS-scavenging properties of quercetin while improving its water solubility
and biocompatibility. In addition, excessive ROS were effectively neutralized by Fe-Qur
NCNs, inhibited pro-inflammatory macrophage polarization, and suppressed NF-«B path-
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way activation, thereby reducing apoptosis and inflammatory cytokine release. In vivo, the
nanodrug alleviated joint swelling and bone erosion, inhibited immune cell infiltration,
promoted anti-inflammatory macrophage phenotypes, and attenuated osteoclast activ-
ity in RA mouse models. These results suggest that metal-natural product coordination
nanoplatforms represent a promising strategy for managing RA and other oxidative stress-
related diseases. In summary, oxidative stress contributes critically to the development of
diverse cutaneous and immune-mediated inflammatory conditions. Nanomaterial-based
antioxidant strategies, owing to their excellent targeting ability and biocompatibility, not
only offer standalone therapeutic benefits but also demonstrate synergistic effects when
combined with conventional treatments, highlighting their significant potential for clinical
translation and further research.

7. Discussion

The treatment of IMIDs remains a significant challenge in both clinical and transla-
tional medicine, primarily due to their heterogeneous pathogenesis, chronic progression,
and frequent systemic involvement [98]. IMIDs encompass a wide spectrum of disease
types, including autoimmune disorders such as AA and MS, acute inflammatory injuries
like AKI and ALI, and chronic inflammatory conditions such as IBD and periodontitis. A
unifying pathological feature among these diseases is the excessive production of ROS,
which not only directly damages tissues but also exacerbates immune dysregulation,
thereby perpetuating a vicious cycle of inflammation [99,100]. Consequently, targeting ox-
idative stress has emerged as a theoretically grounded and promising therapeutic strategy.

However, the clinical efficacy of conventional antioxidant therapies remains limited,
largely due to inherent shortcomings such as poor pharmacokinetics, inadequate tissue
targeting, rapid metabolic degradation, and low intracellular retention. To address these
limitations, recent research has increasingly focused on the development and application of
nano-antioxidants. These nanomaterials or nano-delivery systems are engineered to exert
direct or indirect antioxidative effects and demonstrate superior therapeutic performance.
Nano-antioxidant platforms include metal oxide nanoparticles (e.g., zinc oxide, manganese
dioxide), carbon-based nanomaterials (e.g., graphene oxide, fullerenes), polymeric nanopar-
ticles, and lipid-based or exosome-mimetic delivery vehicles [101,102]. Compared to
traditional antioxidants, these nanostructures offer several advantages, including enhanced
stability in physiological environments, improved cellular uptake, targeted delivery to
sites of inflammation or oxidative stress, and the ability to achieve sustained, localized
drug release to maximize therapeutic efficacy. Furthermore, many nano-antioxidants
possess intrinsic ROS-scavenging capabilities without the need for additional drug load-
ing, thereby minimizing systemic exposure and reducing potential side effects [103]. Al-
though nanoparticles or metallic nanoparticles (mNPs) are known to induce oxidative stress
through excessive generation of ROS, recent advancements in nanoparticle engineering
have demonstrated their potential to mitigate oxidative damage. Green-synthesized and
surface-modified mNPs—such as plant-derived Cu and Pt nanoparticles—can scavenge
free radicals via enzyme-mimetic activities resembling catalase or superoxide dismutase.
These nano-antioxidants downregulate key pro-oxidant signaling pathways (e.g., NF-«B,
JAK/STAT) and enhance cellular antioxidant defense mechanism [104]. Additionally, PE-
Gylation and conjugation with natural antioxidants (e.g., flavonoids, polyphenols) offer
effective strategies to reduce immune recognition and ROS-induced toxicity. Thus, depend-
ing on their composition and surface chemistry, mNPs can function either as pro-oxidant or
antioxidant agents, providing a versatile platform for therapeutic modulation of oxidative
stress [105].
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An increasing body of evidence from in vitro studies, animal models, and early transla-
tional investigations suggests that nano-antioxidants can effectively alleviate inflammation,
preserve tissue integrity, and modulate immune responses. For instance, in autoimmune
diseases like AA, nano-antioxidants have been shown to mitigate inflammation by scav-
enging superoxide anions and hydrogen peroxide, offering a novel therapeutic avenue [17].
In MS models, polymeric nanoparticles loaded with antioxidants can traverse the blood—
brain barrier and precisely deliver therapeutic agents to neuroinflammatory sites, thereby
reducing demyelination and preserving neurological function [106]. In acute inflammatory
conditions such as AKI, nano-antioxidants help alleviate renal oxidative stress, maintain
mitochondrial function, and potentially enhance treatment outcomes [107]. Similarly, in
chronic inflammatory diseases like IBD and ulcerative colitis, these agents promote mucosal
healing, modulate gut microbiota composition, and reduce inflammatory cell infiltration in
the colon [108].

8. Conclusions

Despite these encouraging preclinical findings, the clinical translation of nano-
antioxidants remains in its infancy and faces several critical challenges. First, the bio-
compatibility and long-term safety of various nanomaterials are not yet fully understood,
particularly under conditions of repeated or prolonged use. Second, the heterogeneity
of IMIDs necessitates precision medicine approaches, as disease-specific redox pathways,
immune activation patterns, and tissue microenvironments may significantly influence
the efficacy and biodistribution of nano-antioxidants. Third, practical issues such as scal-
able manufacturing, regulatory approval, and cost-effectiveness must be systematically
addressed. Moreover, nano-antioxidants must demonstrate therapeutic efficacy that is
superior to—or at least non-inferior to—current standard treatments in rigorously designed
randomized controlled clinical trials before widespread adoption can be recommended.
Future research should prioritize the development of “smart” nano-antioxidant systems ca-
pable of responding to disease-specific microenvironmental cues (e.g., pH, ROS levels, enzy-
matic activity) to achieve precise and controlled drug release. Combining nano-antioxidant
therapy with other modalities, such as immunomodulators, gene editing technologies
(e.g., CRISPR/Cas9), or cell-based therapies, may further enhance therapeutic outcomes
through synergistic effects. Additionally, personalized nanomedicine strategies—tailoring
antioxidant interventions based on an individual’s disease phenotype, genetic markers,
and microbiome characteristics—hold promise for improving treatment precision and
minimizing adverse effects. In summary, nano-antioxidants represent a highly promising
and multifunctional therapeutic platform for the management of diverse IMIDs. By over-
coming the limitations of traditional antioxidants and leveraging the unique properties of
nanomaterials, this strategy offers novel avenues for the targeted and sustained regulation
of redox balance and immune function. Although substantial progress has been made, mul-
tidisciplinary collaboration and robust clinical validation are essential to fully realize their
clinical potential. If successfully translated, nano-antioxidant therapies may substantially
transform the therapeutic landscape of IMIDs and bring new hope to affected patients.
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Abstract

Oxidative stress is one of the key elements in lung-related complications such as cystic
fibrosis, acute lung injury, pulmonary hypertension, bronchopulmonary dysplasia, chronic
airway diseases, lung cancer, COVID-19, and many others. Antioxidant and anti-
inflammatory therapy can be considered as supportive alternatives in their management.
However, most naturally derived antioxidants face issues with poor aqueous solubility
and stability, which hinder their clinical utility. Remarkably, local pulmonary delivery
circumvents the severe limitations of oral delivery, including hepatic first-pass metabolism
and organ toxicity, and enables a higher drug payload in the lungs. Here, in this review, we
present cyclodextrin as a potential drug carrier for pulmonary administration, exploring
the possibilities of its surface modification, complexation with other drug transporters, and
loading of cannabidiols, siRNA, and antibodies as future trends. However, the lack of a
robust physiological model for assessing the efficacy of lung-oriented drug targeting is a
significant concern in its path to clinical and commercial success.

Keywords: oxidative stress; polyphenols; cyclodextrins; pulmonary drug delivery;
inflammation; solubility; inclusion complex; lungs; drug delivery

1. Introduction

Lungs are the organs exposed to a rich oxygen-containing environment, offering a
large surface area and blood supply, which makes them susceptible to serious injuries
caused by oxidative stress [1,2]. The inflammatory cells (neutrophils and macrophages),
fibroblasts, endothelial, and epithelial cells liberate reactive oxygen species (ROS) as the
end product of their metabolism [3,4]. In other words, oxidative stress is the result of an
imbalance between the oxidants and antioxidants, as given in Figure 1, resulting in the
overgeneration of free radicals or ROS or reactive nitrogen species (RNS) [5,6].

The major physiological events, for instance, inflammation, hypoxia, and hyperoxia,
end up with oxidative stress which contributes to the rise in lung-related complications
namely cystic fibrosis (CF), acute lung injury (ALI), pulmonary hypertension (PH), chronic
obstructive pulmonary disease (COPD), bronchopulmonary dysplasia (BPD), and lung
cancer (LC) along with compromised pulmonary hemodynamics and gas exchange [7].
Moreover, the sources of free radicals are either endogenous (mitochondria, NADPH,
oxidases, xanthine oxidases, and endothelial nitric oxide synthase) or exogenous (UV
and IR, air pollution, heavy metals, and cigarette smoking) [8-10]. The oxidative stress
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originating from the ROS above further activates several inflammatory cascades, which can
enhance the release of cytokines and inflammatory mediators; consequently, more complex
lung injury can occur.

Free Radicals HO'l Hél Oz'l 0'2| oll Hzozl

fe,
\/ ®' “

Antioxidant: EEE]

Figure 1. Schematic representation of imbalance between free radicals, such as hydroxide ion (HO™),
hydroxyl radical (HO®), peroxide ion (O%‘), superoxide (O ), superoxide anion (O °), hydrogen
peroxide (HyO,), that can be neutralized by enzymatic (catalase, CAT; superoxide dismutase, SOD;

< ROS

< Inflammation
4 Apoptosis

Oxidative Stress

glutathione peroxidase, GPx) or non enzymatic antioxidant mechanisms (vitamin C, VIT C; coenzyme
Q10, CoQ10; reduced glutathione, GSH; uric acid, UA).

CF is classified as an autosomal recessive genetic disorder that results from a mutation
of a gene on chromosome VII, which encodes the CF transmembrane conductance regulator
(CFTR) [11,12]. In CF patients, the liberation of ROS, combined with the altered functioning
of CFTR proteins, leads to an oxidative stress condition within the epithelial cells [13]. As of
4 July 2025, more than 2100 mutations have been listed in the CFTR mutation database [14].

ALl is defined as a hypoxic situation characterized by extensive lung weight gain
due to edema and elevated pulmonary vascular permeability [15]. Despite the complex
pathogenesis of ALI the oxidative stress and initiation of inflammatory reactions (release
of cytokines) are the key aspects of its development. In recent studies, a 20-fold increase in
ROS levels has been reported in the lungs affected by ALI[16]. In ALI, pro-inflammatory
cytokines are generally released from M1-like macrophages (a transformation of alveolar
macrophages), and this entire event activates monocytes and neutrophils, which further
liberate ROS to a great extent, killing pathogens. Consequently, the high production of ROS
will elevate normal oxidative stress levels [17,18].
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Among the ICU patients who are exposed to different viral infections, especially SARS-
CoV-2, the immune reactions will trigger with a greater threshold, and a high mortality
rate can be anticipated in this particular case [19]. Oxidative stress aberrantly activates the
innate immune response and inflammatory cytokines, which are the major contributing
factors responsible for multiple deaths [20]. Owing to exposure to COVID-19, the induced
oxidative stress can collapse the pulmonary alveoli (pneumonia), followed by multiple
organ dysfunction. Concerning this, the uptake of exogenous antioxidant therapy can
neutralize the generated ROS and strengthen the immune system during COVID-19 [21,22].

PH is another complication, especially in the case of newborns, characterized by con-
striction and increased pressure in the pulmonary arteries, which undergo remodeling [23].
In this particular disease, the pulmonary vasoconstriction takes place due to an excessive
release of ROS and RNS, which can inactivate various enzymes and vasodilators involved
in nitric oxide pathways, consequently leading to persistent PH [24]. In this scenario, the
elevated blood pressure exerts a burden on the right side of the heart, followed by right
heart dysfunction, which puts the life of the patients in danger [25]. It is worth noting
that there is no specific treatment for PH, and patients can temporarily rely on vasodilator
agents. In addition, a median survival of three years after diagnosis was recorded in
patients with PH, and, finally, lung transplantation was considered the definitive treatment,
again with severe clinical complications [23,26].

Among PH, pulmonary arterial hypertension (PAH) has to be mentioned. Precisely,
PAH is classified as WHO Group 1 PH, representing a distinct subtype within the broader
category of PH. Group 1 PAH is characterized by a specific set of pathological changes in
the pulmonary arteries, leading to increased pulmonary vascular resistance and elevated
pulmonary artery pressure. PAH can be idiopathic (unknown cause), but also be inherited
or associated with other conditions, including sickle cell anemia, connective tissue diseases,
portal hypertension of the liver, HIV infection, and congenital heart disease. PAH can even
occur after exposure to drugs and toxins and is occasionally related to pulmonary veno-
occlusive disease or persistent PH of the newborn [27,28]. Furthermore, PH is associated
with elevated oxidative stress, so it is important to emphasize that DNA damage and
pulmonary vascular remodeling are significant concerns in the lungs of PAH patients. ROS
and DNA are considered biomarkers of PAH susceptibility in various subgroups of PAH
patients. Currently, there is no effective treatment for PAH [29].

LC occurs when the lungs are exposed to harmful carcinogens, as evidenced by
genetic and epigenetic alterations [30]. The malignancies related to the lungs have also
been a leading cause of the increase in death numbers in recent years. Squamous cell
lung carcinoma and adenocarcinoma LC are more prominent, which are 30% and 40%,
respectively, among non-small cell LC subtypes [31,32].

These elevated stress conditions within the cancerous tissues act as a strong driving
factor responsible for shifting the free radical balance towards oxidative conditions, which
further results in a reduced antioxidant threshold compared to non-cancerous or healthy
tissues [33,34]. In this regard, an increase in the level of reactive aldehydes, oxidative
modifications in DNA, and nuclear factor erythroid-2-related factor (NRF2) activity, along
with a decline in fatty acid levels, has been monitored. Taking this into account, this study
has emphasized the relationship between various lipid mediators and antioxidants in
different types of LC [32].

BPD is a chronic lung disease primarily affecting premature infants and is a common
cause of morbidity and mortality. It is characterized by lung damage and disrupted lung
development, often stemming from the need for oxygen therapy and mechanical ventilation
in babies with underdeveloped lungs. Therefore, BPD is a chronic disease persisting beyond
hospital discharge and into adulthood. While BPD is not present at birth, it can develop
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as a complication of other breathing problems, including respiratory distress syndrome
(RDS), asthma, and emphysema. Furthermore, BPD is also involved in neurodevelopment,
significantly affecting and delaying fine and gross motor skills and language [35-37]. In
addition, infants with BPD are at high risk of cardiopulmonary sequelae, such as PH and
systemic hypertension. The oxidative stress activates the inflammatory cells, especially
granulocytes, which potentiates the inflammatory reactions. In this regard, the employment
of antioxidants in preterm newborns predominantly exposed to oxidative stress and at risk
for BPD represents a logical strategy to ameliorate injury caused by the presence of free
radicals [37-39].

COPD is the third leading cause of death after stroke and cardiovascular disease,
characterized by irreversible obstruction in the airflow [40]. Oxidative stress remains a
leading concern in COPD, which affects various lung events, including the inactivation
of anti-proteases, injury to alveolar epithelial architecture, remodeling, and ultimately,
apoptosis. In addition, due to an upsurge in the levels of both oxidants and oxidative
stress-related markers, patients experience chronic inflammation, fibrosis, and blood in
the airways, which ultimately damages the lung parenchyma [10,41,42]. Researchers have
reported that in COPD patients, an elevation in oxidative stress conditions and a decline
in glutathione concentrations within the bronchoalveolar lavage fluid are present [43].
Considering that air pollutants represent one of the primary sources of oxidative stress, they
are known to be involved in the development of many respiratory conditions, including
COPD. The role of pollutants in the pathogenesis of COPD has been presented in Figure 2.

Exogenous Development of Chronic Obstructive
oxidants Pulmonary Disease (COPD)
! Recruitment of immune
; cells and stablishment of an
— * 0 TN inflammatory state
je—Cue y \
Exposure to . L J
noxious particles > N )
and pathogens "i' & / !
e 1 Vo ]
- N — \
e | 5 s O
- e ) S Eosinophil Macrophage Neutrophil
» / \ N\
/
0%0 IL-1B, IL-6, I8,
| A= 1: \0.’.0 TNF-q, NETs, ROS
/ :
/ . \\ 0 g Airway inflammation,
| I | ' /\ remodelling & lung damage
] / \ Healthy : COPD A\
/// //’ ' i V- \\ l
e AN | )
‘ | N ==
| RS ) @
“\ Emphysema Small airways disease  Chronic bronchitis

v

a'vP
A \
Inflammation

MMPs Endogenous
Autophagy oxidants

Figure 2. Schematic representation of factors influencing the pathogenesis of COPD and therapeutic

effects of mitochondria-targeted antioxidants. Original figure created with www.BioRender.com

(accessed on 30 June 2025).

218




Antioxidants 2025, 14, 1007

It is a well-established fact that the intracellular level of ROS is stabilized by several
enzyme or non-enzyme-linked cellular processes. The primary enzymes involved in the
breakdown of oxidants are ascorbate peroxidase, glutathione peroxidase, metallothionein-
3, ferritin heavy chain, catalase, and superoxide dismutase. Non-enzymes that destroy
ROS by interrupting free radical chain formation through the building of a metal-protein
complex [44,45].

The mitochondria are primarily engaged in the development of oxidative stress in all
previously highlighted lung-related complications. When examining the cellular impact,
ROS exert a more profound detrimental effect on mitochondrial DNA, the genetic material
encoding mitochondrial proteins, than on nuclear DNA. The adverse effects observed
include not only DNA damage but also impaired mitochondrial electron transport chain
activity and altered membrane potential [46,47]. In addition, the hydroxyl ion is highly
reactive towards lipids among the other ROS members, responsible for lipid peroxidation
and protein fragmentation [48,49]. Moreover, this event can also influence the inflam-
matory and apoptotic pathways, with increased permeability of the outer mitochondrial
membrane [50,51].

2. Role of Antioxidants in the Management of Lung-Related Complications

Taken together, both oxidative stress and impaired antioxidant mechanisms are key
elements in the development of injury, which can permanently damage the lungs [18]. To
minimize this ROS-induced lung destruction, the exogenous intake of antioxidants could
potentially retard the deterioration of lung functioning [52].

Antioxidants are the moieties that exhibit remarkable radical scavenging potential,
neutralizing ROS by donating an H-atom to free radicals. They can be employed as
an effective therapy to address oxidative stress-induced lung complications [52,53]. As
mentioned earlier, oxidative damage to lipids, proteins, and nucleic acids can be prevented
by neutralizing free radical species with antioxidant substances [5,54,55].

The role of antioxidants in counteracting oxidative stress-related pathologies is sum-
marized in Table 1.

Table 1. The exploitation of antioxidants in various lung diseases.

Disease Antioxidants Oxidative Stress Biomarker In Vitro In Vivo Model Remarks Ref.
Model
PAH Resveratrol - SphK1-mediated NF-«xB - Monocrotalin - Resveratrol efficiently [56]
activation, model in rats treated PAH via its action
- BMP/SMAD signaling on signaling pathway,
pathway, including interrupted
- miR-638 and proliferation of
NR4A3/cyclin D1 pulmonary arterial
pathway, smooth muscle cells
- RhoA-ROCK signaling - Remodeling of
pathway. right ventricle
- The chemokine and
cytokine-driven
inflammatory response
was reduced by
controlling IL-6
BPD Resveratrol SIRT1 Neonate rats - Assuaged hyperoxia- [47,57]
p53, Model induced apoptosis in
Acetyl-p53 neonatal rats” lung tissue
NLRP3 inflammasome by reducing ROS and
IL-1p and IL-18 p53.
NF-«B - Induced SIRT1
upregulation and
- Declining of acetyl-p53
- Induced SIRT1I mRNA
and protein expression
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Table 1. Cont.

Disease Antioxidants

Oxidative Stress Biomarker

In Vitro
Model

In Vivo Model

Remarks

Ref.

PAH Rhodiola crenulata
extract

PPARYy
LC3B

ATG7

p62
LKB1-AMPK

- Rats with PAH

The extract ameliorated
PAH by inhibiting fatty
acid oxidation and
autophagy in PAH
induced rats.

The extract also reversed
the high level of
decadienyl-L-carnitine
by the modulation of
metabolic enzyme
CPT1A at mRNA and
protein level in serum
and lung in the rats
having PAH

[58]

COPD Fisetin

- Lowering NF-«B binding
in the IL-8 promoter
region in NCI-H292 lung
epithelial cells,

- Declined IL-8 release in
response to TNF-o

Human lung -
epithelial cells
NCI-H292
(CRL-1848)

and

HEK293T

(CRL-3216) cells

Effective in inhibiting the
TNF-o/NF-kB signaling
wordpathway by
targeting protein

kinase C.

Suppressed the

inhibitor of

IKK/NF-«kB downstream
signaling cascade

[59]

COPD Resveratrol and
genistein

NEF-«B,
TNF-
MMP-9

Isolated -
lymphocytes

from healthy

and COPD

patients

Increased level of TNF-o
seen in MMP-9 and in
COPD patients
Inhibitory mechanism
against the translocation
of NF-«B further reduces
the concentration level of
TNF-o and MMP

[60]

COPD Crocin

NRF2

Assessment of
cardiac induced lung
parameters in injury model in
COPD-induced  rats

rats by ECG

under light

anesthesia

Cigarette-

Reduction in NRF2
Cotinine concentration
was increased
Protective effect against
oxidative stress-induced
lung injury

Cardiac abnormalities
traced in
electrocardiogram and
hemodynamic
parameters returned to
normal range

[61]

LC Ilex latifolia
Thunb

Caspase-9

mRNA expression PI3K
mTOR

Bcl-2

NE-xB

VEGF

COX-2

Lung cancer -
A549 cell line

Human normal
lung epithelial
cells BEAS-2B

Conquer cancer by
interrupting A549 cells’
proliferation, followed
by apoptosis

BEAS-2B proliferation
remained unaffected
Increased the levels of
lactate dehydrogenase
and ROS, hence
promoting apoptosis
The presence of rutin,
kaempferol, isochloro-
genic acid A,
isochlorogenic acid B,
and isochlorogenic acid C
was confirmed by
HPLC analyses

[62]

Asthma Luteolin

-- Mouse model
(BALB/cmale
mice)

Promisingly decreased
the threshold of
antigen-induced
bronchoconstriction
Reduction in IgE and
IL-4/IL-5 concentration
Significant increase
IEN-v, level in BALF

[63]
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Table 1. Cont.

Disease Antioxidants Oxidative Stress Biomarker In Vitro In Vivo Model Remarks Ref.
Model
CF Olive Leaf Extract ~ CFTR CFBE41o- - - Avoided redox imbalance [64]
F508del-CFTR HNE and inflammation
- Declining in
P. aeruginosa functioning
- Synergism between
extract and CFTR
modulators has been

established and can be
employed as
combinational therapy

BPD: Bronchopulmonary dysplasia, PAH: Pulmonary Arterial Hypertension, TNF: Tumor Necrosis Factor,
NF-«kB: Nuclear Factor-«B, MMP-9: Matrix Metalloproteinase-9, IgE: Immunoglobulin E, IFN-y: Interferon
Gamma, IL-Interleukin, BALF: Broncho-Alveolar Lavage Fluid, NRF2: Nuclear erythroid-related factor 2, PPARy:
Peroxisome Proliferator-activated Receptor vy, LKB1: Liver kinase B1, AMPK: Adenosine Monophosphate-
activated Protein Kinase, ATG7: Autophagy Related Protein 7, LC3B: Microtubule-associated proteins light
chain 3B, PI3K: Phosphatidylinositol 3-kinase, SIRT-1: Sirtuin-1, mTOR: Mammalian target of rapamycin, Bcl-2:
B-cell lymphoma-2, VEGF: Vascular endothelial growth factor, COX-2: Cyclooxygenase-2, CFTR: Cystic fibrosis
transmembrane conductance regulator, CFBE: CFBE41o- Human Cystic Fibrosis Bronchial Epithelial Cell, IKK/NF
«B: Inhibitor of kappa B kinase.

Building on this, polyphenols are naturally derived, plant-based secondary bioactive
compounds found abundantly in fruits, vegetables, grains, and herbs, known for their
potent antioxidant and anti-inflammatory properties that offer therapeutic benefits in
various lung diseases [65]. They help reduce oxidative stress and inflammation, which
are key factors in lung conditions such as ALI, COPD, asthma, pulmonary fibrosis, PH,
and LC [66]. These compounds work by neutralizing harmful free radicals, suppressing
pro-inflammatory cytokines like TNF-c, IL-1, and IL-6, and blocking critical inflammatory
signaling pathways such as NF-kB and mitogen-activated protein kinase (MAPK) [66]. For
instance, flavonoids, such as kaempferol or pinocembrin, alleviate lung inflammation by
inhibiting the phosphorylation of signaling molecules (ERK1/2, JNK, p38 MAPK) and
reducing inflammatory cell infiltration in lung tissues [67].

In COPD patients, dietary polyphenols improve lung function parameters (e.g.,
FEV1/FVC ratio) and reduce oxidative damage by boosting antioxidant enzymes such as
superoxide dismutase and glutathione, modulating gut microbiota, and activating path-
ways like 5" adenosine monophosphate-activated protein kinase (AMPK) to prevent airway
remodeling. Epidemiological and clinical studies endorse the lung-protective effects of
diets rich in polyphenols. Meta-analyses reveal that higher consumption of fruit-derived
polyphenols, including anthocyanins, correlates with enhanced pulmonary function (e.g.,
FVC, FEV1) and decreased inflammatory markers in both healthy individuals and patients
with lung diseases [68,69]. Additionally, polyphenols help regulate immune cell recruit-
ment and mitigate chronic lung inflammation, indicating their promise as complementary
treatments for respiratory disorders driven by oxidative stress and inflammation [65].
Furthermore, polyphenols exhibit chemopreventive potential in LC by regulating phase
I and II detoxifying enzymes, preventing DNA oxidative damage, and modulating cell
survival pathways. Epidemiological research supports an inverse relationship between
high polyphenol consumption and LC risk in at-risk populations, indicating their role in
reducing carcinogenesis through antioxidant and antimutagenic mechanisms [30].

In particular, polyphenols were shown to exert beneficial effects against LC by regulat-
ing the expression of microRNAs via different mechanisms, especially by scavenging ROS
production [64].

Studies show that several polyphenols, such as epigallocatechin gallate (EGCG),
quercetin, resveratrol, and curcumin, can reduce the release of ROS involved in the dys-
regulation of miRNA regulatory pathways crucial for cell survival, proliferation, and
apoptosis [70,71]. Notably, these polyphenols modulate the expression and activity of

221



Antioxidants 2025, 14, 1007

molecules within ROS-mediated anticancer pathways. This is achieved by increasing the
expression of tumor-suppressive miRNAs while simultaneously decreasing the expression
of oncogenic miRNAs [72]. For example, quercetin has been demonstrated to upregulate
miR-16, thereby contributing to the suppression of anti-apoptotic proteins such as Bcl-2.
For instance, curcumin has been observed to elevate the levels of several tumor-suppressive
miRNAs, including miR-34a and miR-101, concurrently downregulating the oncogenic
miR-21. Furthermore, epigallocatechin gallate (EGCG) has been shown to increase miR-210,
leading to the inhibition of LC cell proliferation [72,73]. Moreover, by modulating miR-
NAs, polyphenols can block pro-tumorigenic redox signaling pathways, such as PI3K/Akt,
MAPK, and apoptosis-related cascades.

The polyphenols, namely quercetin and curcumin, exhibit numerous alterations in
cellular processes after binding to microRNAs, which interrupts the invasion and mi-
gration of lung adenocarcinoma cells via the upregulation of microRNA-16 [70]. Other
examples include the polyphenols Apigenin, thanks to its ability to induce apoptosis via
the upregulation of microRNA-34a-5 [74], hesperidin, which inhibits cell proliferation by
targeting microRNA-132 [75], and ailanthone, which induces autophagy by upregulating
microRNA-195 [76]. Besides their ability to regulate miRNAs via an antioxidant mechanism,
polyphenols can suppress cancer-promoting miRNAs or upregulate tumor-suppressor miR-
NAs via an epigenetic mechanism acting as inhibitors of DNA methyltransferase (DNMT)
and histone deacetylase (HDAC) [77].

Firstly, even if the cause and pathogenesis of COPD are not fully understood, cigarette
smoke has been reported as the primary etiologic factor in the progression of COPD [78].
The smoke produced from cigarettes can alter various mechanisms involved in inflamma-
tion, ultimately generating oxidant substances that can damage vital lung functioning [79].
To neutralize the oxidants, the potential of polyphenols available in apples has been in-
vestigated against oxidative stress-based ALI induced via exposure to cigarette smoke.
Interestingly, the antioxidants significantly counteract lung injury by reducing oxidative
stress and p-P38 expression levels [80].

Secondly, the pathogenesis of vascular aging and COPD is also associated with ox-
idative stress and is attributable to the deterioration of numerous anti-aging pathophysio-
logical events. These mechanisms can promote the activation of sirtuin, which affects the
Klotho protein-fibroblast growth factor (FGF) pathway as well as the induction of certain
epigenetic modifications that collectively result in mitochondrial dysfunction [81].

Similarly, another subtype of RNA, known as non-coding RNA, also plays a significant
role in regulating hypertension by expressing specific genes, such as through splicing,
RNA editing, translational inhibition, and mRNA degradation. This subtype of RNA is
responsible for controlling chromosome dynamics and is engaged in the expression of
various diseases, especially hypertension. Interestingly, it has been found that polyphenols
can target non-coding RNA and regulate its expression in hypertension [82].

3. Role of Nano-Scale Drug Delivery to Treat Lung Diseases

Interestingly, the therapeutic effects of natural and synthetic antioxidants have been
demonstrated in animal model-based studies. Nonetheless, their reproducibility at the
clinical level remains a considerable concern, which may be attributed to their limited
absorption, concentration, and half-life [83].

The route of administration considerably impacts the efficacy and safety of the drug
delivery. The parenteral route of administration remains a significant option for delivering
biopharmaceuticals to the lungs for targeted delivery. Nonetheless, enduring therapy is
often unable to maintain clinical suitability and patient adherence [84]. Apart from this,

222



Antioxidants 2025, 14, 1007

drug targeting has numerous obstacles associated with poor bioavailability, low aqueous
solubility, and degradation due to the hepatic first-pass effect [85].

Pulmonary delivery involves the direct transportation of actives to the lungs, where
the drugs either accumulate or are used as a medium to treat local and systemic diseases.
The lungs present a large surface area of thin epithelial membranes, which are smooth
and facilitate the exchange of drug molecules between the air and blood, thereby allowing
therapeutic moieties to reach the target site at the appropriate concentration without
any deterrents [86,87]. Therefore, the airway route is an attractive approach for drug
transportation, reflected in its non-invasive nature, which not only helps in managing
damaged lung tissue but also enhances the systemic absorption of specific drug molecules
directly from the lungs [88]. In addition, the first-pass metabolism, plasma binding, and
systemic distribution can be avoided by adopting pulmonary-based drug delivery as a
route of intake [89].

In addition, the instantaneous onset of action, along with higher efficacy, can be
expected by avoiding systemic side effects at minimal doses compared to other routes
of administration [90]. The drug molecules entering through the pulmonary route ex-
hibit short-term action due to their immediate clearance; hence, prompt absorption is
possible [91].

Concerning the translocation of drug moieties, it occurs via transcytosis into the
epithelial cells and across the respiratory epithelia into the interstitium and then finally
reaches to blood and lymph. It is worth highlighting that drugs reach the blood faster
than other non-invasive modes of administration. In addition, short pulmonary exposure
to inhaled medicines [92,93]. Furthermore, the small lipophilic drug molecules from the
air lodge in the lining fluid of the lungs due to their significant miscibility with the fluid
in the lung lining and are countered by lung surfactants first, which further facilitate the
dissolution process, resulting in enhanced absorption. However, in the case of larger
molecules, the absorption might be slower, but higher bioavailability can be anticipated
from pulmonary delivery comparatively to non-invasive routes [94].

In the case of inhalation LC therapy, the biodistribution pattern of active molecules
at the desired site can be modified to achieve higher accumulation. In this regard, the
inhaled particles undergo lymphatic circulation and create a depot in the lymph nodes. It
will allow the drug molecules to redistribute in the peripheral respiratory tract, allowing
not only the uptake of poorly soluble drugs but also counteracting the cancerous cells
that have metastasized to other neighboring organs [95,96]. Additionally, due to targeted
delivery, the dose of anticancer agents can be minimized. At the same time, in the systemic
application, high doses can toxicate the non-targeted organs as well [97].

Despite the numerous advantages, the lungs also present challenges, as the airway is
fully equipped with defense mechanisms to prevent the entrance of exogenous particles
into the respiratory tract, which limits pulmonary drug uptake. Therefore, the air-passage
and clearance pathways are highly crucial elements that determine the availability of the
drug molecules at the site of action [95,98]. For instance, inhaled particles are cleaned
away in two ways. Firstly, cilia are present in the trachea and bronchi from the lungs
along with mucus, and secondly, via phagocytosis of alveolar macrophages. In this manner,
macrophages can adversely modify the fate of drug-carrying inhaled particles by triggering
the immune response cascade. In other words, antigens taken up by macrophages are
generally presented to the T lymphocytes, and co-factors in the lymph nodes may further
activate or suppress the events related to humoral immunity [94,99].

Therefore, drug particles for pulmonary administration should be capable of over-
coming these physiological barriers and reaching the desired site without losing their
integrity [100]. Some of the crucial parameters affecting drug deposition and its metabolism
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are presented in Figure 3. The major factors affecting drug deposition and metabolism
generally depend on the diameter of particles, the solubility of the drugs, mucus-cilia clear-
ance, the type of drug delivery system (DDS), the tendency of drug transporters toward
alveolar macrophage uptake, and finally, cell specificity with the aid of a ligand approach.

v" Macro-sized
v" Nano-sized

Diameter of
the

Particles

v" Antibodies
v Aptamers Ligand . v Hydrophilic
v Peptides Based 5 v Lipophilic
P A Targeti Solubility pop
v Folic Acid argeting
Factors
Affecting
Pulmonary
Drug
Delivery
. . Uptake by
v' Diameter of Particles Alveolar Mucus-dlia v' Periciliary layer composition

v’ Protein Coating Subtype Macrophage Clearance v" Translocation within mucus

v" Lipid
v" Polymeric
v' Inorganic

Figure 3. The interplay of factors dictating pulmonary drug targeting, retention, and biotransformation.

Moreover, another important barrier that needs to be overcome in the lungs is the
pulmonary surfactant, a naturally occurring phospholipid—protein mixture that coats the
alveolar surfaces in the lungs and plays a critical role in modulating the adsorption and
fate of inhaled nanocarriers. Indeed, this surfactant is enriched with components such
as dipalmitoylphosphatidylcholine (DPPC) and surfactant proteins (SP-A, SP-B), which
can rapidly adsorb onto the nanoparticles” surface when they reach the alveolar space.
As a consequence, a “surfactant corona” may be formed on the surface of nanoparticles,
which changes the surface charge, hydrophobicity, and steric properties of the systems,
thus affecting nanoparticle dispersion and aggregation [101,102].

Aggregation of nanoparticles can reduce their deposition and uptake by lung cells,
and the interactions with surfactant may impact how deep the nanoparticles can travel
within the lung [103,104].

To overcome the pulmonary surfactant barrier, pulmonary surfactant can be strategi-
cally utilized to improve drug delivery across the air-liquid interface of the lungs. Indeed,
surfactant-mimicking modifications help particles remain at the air-liquid interface, en-
hancing local drug concentrations, and formulations that combine drugs with surfactant
have been shown to enhance drug uptake into lung cells and reduce inflammation in
models of lung injury [104,105].

Taken together, tough physiological barriers, lack of cell specificity, and the inability
to reach the optimum drug concentration at the site are critical concerns associated with
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the conventional mode of lung therapy, which can be addressed and avoided by adopting
nanotechnological approaches in the area of drug delivery [106].

Nano-sized vehicles can deliver the therapeutic cargos to the lungs to cure both
local and systemic diseases. These nano-sized carrier systems are fabricated from organic,
inorganic, and/or hybrid materials and are not only capable of delivering natural/synthetic
drug molecules but also can convey complex macromolecules, including DNA, proteins,
and peptides, by targeting the desired site of action [107,108]. More precisely, nanostructure-
enclosing therapeutic agents can achieve sustained release, active or passive drug targeting,
uniform dose distribution, and multiple doses can be embedded in a single unit. The
controllable diameter, modifiable surface charge, and properties make them very attractive
candidates [107,109,110].

The success of nanotechnological products in terms of commercial viability, with
promising results, is clearly evident from the already launched Abraxane® and Pazenirl®.
These are FDA-approved nano-formulations employed to treat LC [111].

Particularly, in the case of lung delivery, the aerodynamic diameter of the particles
plays a crucial role, as particles larger than 5 um are likely to settle superficially. In
comparison, smaller particles are taken up by macrophages and reach the deeper lung
domains. It should be underlined that the rate of clearance is considerably higher than
mucus-cilia clearance [112,113]. The nanostructures, once lodged in the lungs, undergo
deep dissolution followed by immediate drug release, which directly depends on the
low molecular weight and lipid solubility of the drug candidate [95,114]. However, the
interaction of the nanomaterial with pulmonary surfactant and the different components of
the lining fluids of the upper and lower respiratory tract would result in the formation of
a protein corona that can affect the dispersion of the nanoparticle as described above. To
overcome this problem, pulmonary surfactant can be used to enhance drug delivery across
the air-liquid interface of the lungs [104,105].

Fascinatingly, the solubility profile of water-soluble drug molecules can also be
amended by encapsulating them into respective nano-vectors. Therefore, apart from sur-
face tuning, diameter reduction, and biocompatibility, nano-encapsulation of hydrophilic
therapeutic moieties can also be achieved with the aid of nano-carriers [106,115].

Therefore, nano-sized particles can be an alternative approach to attain an effective
pulmonary-based drug delivery. Moving further, apart from the diameter, charge properties
on the surface of particles cannot be overlooked because the specific surface charge allows
them to permeate through the lung tissues to a considerable extent. The negative charge
on the cell membrane can be countered by applying a cationic charge to the surface of
the drug particles. Nanotechnology offers the possibility of modifying the surface charge
by employing suitable cationic surfactants to enhance uptake at the cytoplasmic level.
However, their higher concentration may impart toxic effects, which need to be investigated
thoroughly [114,116].

Despite the impressive success of nanomedicine in the domain of drug delivery, some
targets remain to be accomplished. Specifically, in cancer treatment, the major obstacle
still exists in terms of drug loss before reaching the target site. Only 0.7% of the injected
dose in the form of nanoparticles reached the tumor cells, while a significant fraction is
usually undergoing primary reticuloendothelial system (RES) clearance, primarily in the
liver and spleen. Only a limited number of studies focusing on the endothelial-targeted
antibody approach for avoiding undesired nanoparticle uptake and clearance have been
published [117]. Table 2 summarizes the advantages and challenges of pulmonary delivery
of nano-scale systems in the treatment of lung diseases.
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Table 2. Overview of advantages and challenges of pulmonary delivery of nano-scale systems to
treat lung diseases.

Advantages Challenges Ref.

Limited uptake and retention due to lung defense

Local or systemic lung treatment by delivering mechanisms, governed by ciliary clearance

different drugs, such as natural, synthetic, . [94,95,98,99,108]
. . macrophage phagocytosis, presence of mucus, and
macromolecules, DNA, proteins, peptides
pulmonary surfactants
Enhanceq .solublhty and bioavailability of Difficult targeting and undesired uptake [95-97]
hydrophilic compounds
Size and surface modification using Superficial deposition and high toxicity of
. [107,109,110]
charged surfactants cationic nanosystems
Avoidance of first-pass metabolism, sustained . .
drug release, and reduced drug doses Rapid clearance and immune responses onset [89,90]
FDA-approved nano-formulations for lung Difficult tumor site targeting and early drug loss [111,117]

cancer treatment (e.g., Abraxane®, Pazenirl®) due to reticuloendothelial system (RES) clearance

Taken together, nano-scale drug delivery can be auspicious and can overcome all the
shortcomings related to conveying therapeutic active moieties by conventional methods.
Moreover, nanotechnology offers numerous possibilities for treating lung diseases with
minimal dose and toxicity.

4. Role of 3-CD in Pulmonary Drug Delivery of Antioxidants

The donut-shaped cyclodextrins (CDs) are a series of macrocyclic units containing
oligosaccharide units «-1,4-linked D (+)-glucopyranose, which act as molecular containers
explored for biomedical applications by researchers globally. The CDs are mainly of three
types, namely «-, 3-, and y-CDs, in which «-1,4 glycosidic bonds conjugate 6, 7, and
8 D-glucose units [118].

The water solubility of 3-CDs is lower than that of all CDs, which is responsible for
the strong internal Hydrogen Bonding in its crystal state. The chemical modifications are
carried out on (3-CDs to enhance water solubility, and examples of these modified products
include hydroxypropyl--CDs, sulfobutylether-3-CDs, and epichlorohydrin-3-CDs. In
addition, the melting points of all the aforementioned CD subtypes lie between 240 °C and
265 °C [119,120].

Interestingly, CDs are composed of both a hydrophilic surface and a hydrophobic
central cavity, with the capability of enclosing poorly soluble drugs; hence, the solubility, sta-
bility, and bioavailability of the drugs can be improved upon loading onto CDs [15,121,122].

The chemistry of the CDs makes them very attractive as a drug transporter, as they
possess two different types of hydroxyl groups (primary at position 6, while secondary
at positions 2 and 3) located at the peripheral edge, which is responsible for providing a
hydrophilic exterior. On the contrary, oxygen atoms in the glycosidic hemiacetals and C-H
units comprise a hydrophobic core [123,124].

The possibility of adopting a CD-based drug delivery strategy in the lungs, as well as
its involvement in the antioxidant mechanism and the inflammatory cascade, is illustrated
in Figure 4. Moving ahead, the researchers have also explored the possibility of combining
two different types of CDs, namely, x-CDs and 2-hydroxypropylp-CDs (HP-{3-CDs), to
achieve a synergistic effect with enhanced solubility of cyclosporine. Similarly, the same
trend was observed in the case of dexamethasone, where the additive impact of y-CDs and
HP-y-CDs has been examined [118].
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Figure 4. Scheme illustrating the formation of an antioxidant’s inclusion complex and cyclodextrin
frameworks with uniform inhalable particle size for the treatment of ALI. Original figure created
with www.BioRender.com (accessed on 2 July 2025).

CDs are edible and usually safe for human consumption and are used commer-
cially at a massive scale in pharmaceutical formulations. More precisely, hydroxypropyl-
3-CDs (HP-3-CD) is an FDA-approved ingredient that possesses high solubility (>500
mg/mL) in aqueous medium and low toxicity toward biological membranes. HP-3-CDs
and sulfobutylether-{3-cyclodextrin are the most widely explored and researched CD-based
drug delivery agents [125,126].

Numerous studies have been published in recent years, reflecting the promising
potential of 3-CDs in carrying antioxidants. Among all, there is research carried out on
the 3-CDs complex to treat ALI induced due to massive exposure of lungs to bombs and
explosive material during army and firefighter operations. In an elaborative manner, bomb
smoke is enriched with ZnCl, which affects the lungs badly on inhalation at high doses,
giving rise to ALI followed by acute respiratory distress syndrome [127].

Resveratrol is a polyphenol explored for its role in managing oxidative stress, inflam-
mation, and apoptosis, which is developed in response to various lung injuries; however,
its poor solubility, stability, and bioavailability pose significant obstacles [56,128]. The
encapsulation of resveratrol in 3-CDs complex successfully improved the bio-profile of
polyphenols in terms of healing pulmonary edema by maintaining blood vessel integrity
and restoring respiratory function within a short time [129].

Pulmonary delivery of CDs results in rapid systemic absorption, broad extracellular
distribution, and efficient renal clearance, minimizing tissue accumulation, including in
the lungs. Animal studies report high bioavailability (up to 80% after lung instillation),
confirming systemic circulation entry via pulmonary routes. CDs primarily distribute
in extracellular fluids and are rapidly renally excreted [130]. Preclinical studies show
minimal pulmonary toxicity of 3-CD at therapeutic doses; for example, Yokohira et al.
found only mild lung toxicity with no acute damage or fibrosis after intratracheal instil-
lation in rats (2 mg/rat), supporting safety as a lung delivery excipient [131]. Nebulized
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native and modified CDs were found not to cause acute lung toxicity at relevant drug-
delivery concentrations, though mild lymphocyte increases in bronchoalveolar lavage fluid
(BALF), suggesting low-grade immune activation without cytotoxicity or fibrosis. Moreover,
while short-term inhalation of 3-CDs or hydroxypropyl/y-CD derivatives did not cause
macrophage accumulation or histological lesions in murine models, higher doses or 3-CD
derivatives like methylated 3-CD were found to increase cytotoxicity in vitro [131,132].

Pharmacokinetic studies in rabbits following intratracheal and intravenous admin-
istration found B-CD and derivatives with high systemic bioavailability (66-80%) after
lung delivery, rapid absorption, renal elimination, and minimal tissue retention. For in-
stance, HP-$3-CD, despite its lower absorption from lungs, was efficiently transferred to
systemic circulation and clearance with negligible organ retention [133]. Other studies
confirm low tissue accumulation after parenteral (including pulmonary) delivery, with a
renal excretion > 90% and near-complete elimination within 24 h [134]. Novel derivatives
like thiolated HP-{3-CD enhance local drug solubility, retention, and absorption without
increasing systemic persistence despite mucoadhesive properties, as carriers remain rapidly
cleared by absorption and renal excretion [135,136].

Beyond drug delivery, 3-CD and modified CDs exhibit direct therapeutic effects in
lung diseases, including anti-inflammatory and antioxidant properties, improved surfac-
tant function, antiviral barrier, and anti-fibrotic activities, thus contributing to lung tissue
stabilization [136]. For instance, modified 3-CDs, notably HP-f-CD-SH, can form nanoag-
gregates that stabilize lung epithelium and reduce oxidative stress/inflammatory markers,
whereas HP-f3-CD formulations were found to reduce viral attachment and replication,
serving as respiratory barriers. Recent 2024 studies, including SARS-CoV-2 models, show
HP-B-CD lowers viral load and lung inflammation by disrupting viral entry, demonstrating
direct antiviral and immunomodulatory effects [137,138].

Inhaled -CD can reduce inflammation and fibrosis by regulating profibrotic proteins
and collagen in pulmonary fibrosis models. Its anti-fibrotic effect is enhanced when com-
bined with compounds like tetrandrine (as inclusion complexes), reducing hydroxyproline
and improving survival in animals [139].

Studies of pulmonary surfactant dysfunction in CF, acute respiratory distress syn-
drome (ARDS), and bronchiolitis reveal impairment due to cholesterol and oxidized phos-
pholipids. Methyl-3-CD restores surfactant function and exerts anti-inflammatory ef-
fects, supporting inhaled CDs’ therapeutic potential for improving lung function and
reducing inflammation across pulmonary diseases, enabling rapid deployment for acute
injuries [140,141].

Another interesting approach for lung delivery of drugs is represented by CDs-based
nanosponges (CD-NS). Recently, CDs-NS have been explored as a promising DDS for
pulmonary administration, potentially improving the effectiveness and targeted delivery
of drugs to the lungs. These macrostructures are crosslinked CDs characterized by a
three-dimensional nanostructured network [142-144].

Notably, these complex macromolecular structures are composed of individual CD
and nanochannels created between cross-linked CD units and cross-linkers. Therefore,
CD-NS are colloidal carriers highly porous and able to maintain the properties of CDs,
such as bioavailability, non-toxicity, biodegradability, and controlled release [145-147].
CD-NSs retain the ability to encapsulate poorly water-soluble drugs within their internal
nanocavities, but also the possibility of achieving drug loading by forming non-inclusion
complexes thanks to the presence of tiny mesh-like structures obtained through cross-
linking [148].

As an example, the study of Abou Taleb and colleagues focused on the development
of CD-NS for loading the flavonoid quercitrin to enhance, at the same time, the drug
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solubility and its activity against LC as well as the SARS-CoV-2 virus. The results obtained
confirmed the expectations, allowing the possible use of CD-NS as a basis for further animal
studies [142].

4.1. B-CDs-Drug Conjugate Grafted Surface Modification

The performance of a CDs-based carrier system can be altered chemically, supporting
better control over the drug release mechanism, mechanical characteristics, and response
threshold to stimuli. The most significant result of these modifications is Cyclosert™, a
linear CDs-DDS designed and launched commercially, which has been conjugated to the
alkaloid camptothecin for anticancer therapy [122,149].

However, the toxicity associated with the design of 3-CDs is a significant concern,
which is one of the obstacles to their clinical transition. Concerning this, hydrophilic 3-CDs,
a toxicity-free derivative form of existing 3-CDs, have been synthesized, wherein conju-
gation of hydroxypropyl groups of 3-CDs has disrupted the intermolecular H-bonding
in secondary hydroxyl groups of non-modified CDs, making possible the formation of
H-bonds with the surrounding water molecules. This H-bonding has not only improved the
aqueous solubility of the conjugate mentioned above but also minimized its toxicity [121].

It has been found that in many diseases, the misfolding of various proteins, along with
impaired amyloid formation, can exhibit detrimental effects on different organs and tissues.
The p-form CDs carrying f-amyloid have significantly reduced the aggregation of multiple
proteins, including amyloid-f3, insulin, recombinant human growth hormone, prion protein,
transthyretin, and x-synuclein, as well as some multimeric enzymes, at very low concen-
trations in both in vitro and in vivo experiments. It is worth noting that -, 3-, and y-CDs
exhibit different anti-aggregant activities in various aromatic moieties [150,151]. Taking
this further into account, different scaffolds containing hydroxyquinoline-cyclodextrin
conjugates have been developed to establish synergism, supporting two mechanisms simul-
taneously: an antioxidant effect and a protective effect against amyloid-f-aggregation [151].

The mucus present in the nasal and lung cavities is composed of water, salts, and
various glycoproteins, which protect the epithelium lining from external mechanical and
enzymatic damage. It offers a formidable barrier to drug penetration [152]. To achieve
improved mucoadhesive properties, thiolated HP-3-CDs have been fabricated, which can
form disulfide bonds with cysteine-rich subdomains of a well-known glycoprotein; thus,
pulmonary absorption can be enhanced. This strong affinity toward mucus will prolong the
residence time of the drug moieties [123,152]. In the continuation, another complex named
thiolated 2-methyl-3-CDs was employed in the fabrication of nanoaggregates enclosing
dexamethasone. This complex was first synthesized via a microwave-assisted process, a
straightforward method shown in Figure 5 [151].

Biofilms are the dispersion of immobile microbial colonies that produce polysaccha-
rides, proteins, and nucleic acids based on a water-soluble matrix, which offers hindrances
to the effectiveness of antibiotics due to poor permeability [153]. In CF, the risk of bacterial
infection is significantly higher, which can subsequently lead to biofilm formation. This
event is further taken up by the emission of quorum-sensing signals, which indicate the
presence of bacterial strains. These different strains colonize to form biofilms, which a
sputum test can confirm [154]. CDs can interrupt this Quorum Sensing inhibition (QSi)
mechanism. To resolve this issue, long-chain alkylthio CD derivatives have shown an
intensive inhibitory effect on the quorum-sensing system of A. fischeri. Hence, this modified
CD system can interfere with QS signaling and control bacterial infections in CF [155].

Sulfobutyl ether-3-CDs (SBE-3-CDs) can enhance the aqueous solubility of lipophilic
actives and are found to be safer compared to other derivative products of CDs. This
complex was further conjugated with bedaquiline (FDA-approved anti-mycobacterial
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moiety) and explored further for the treatment of non-small cell LC. This approach is a
very effective inhalation therapy tool for inducing cytotoxicity in tumor cells [156].
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Figure 5. Schematic summary of the main properties of thiolated CDs. Original figure created with
www.BioRender.com (accessed on 30 June 2025).

Following the COVID-19 pandemic, numerous targets have been achieved to combat
respiratory viral infections, and it has been demonstrated through in situ RNA mapping
that nasal susceptibility to viral infections is significantly higher than that of the lungs.
The CD-based formulations allow us to block the attachment of viral moieties to the nasal
lining. Taking this into account, two CDs, HP-3-CD and HP-y-CD, were then investigated
for their antiviral effects using SARS-CoV-2 pseudotypes. The significant reduction in viral
load and inflammatory signaling in both Calu-3 cells and the K18-hACE2 murine model
has been monitored [137].

Delamanid, an anti-tuberculosis medication, faces challenges such as poor solubility.
Interestingly, solubility enhancement was 54-fold with HP-3-CDs, while 27-fold and 13-fold
enhancements were achieved with SBE-3-CDs and HP-¥-CDs, respectively. In addition,
the complex has shown significantly higher anti-bacterial activity against M. tuberculosis
than a non-encapsulated drug solution alone [157].

Apart from drug delivery, chemically modified 3-CDs are also helpful in radio-
imaging for the early detection of cancer. A study emphasizing the diagnostic ability
of CDs was conducted, in which randomly methylated (3-CDs were conjugated with
prostaglandin E2. It is a well-established fact that prostaglandin E2 is typically overex-
pressed in cancerous cells. The molecular dynamics-based docking tool has also confirmed
the chemical affinity between (3-CDs and various enzymes and proteins within the physio-
logical environment [118,158].

By considering all the merits of CDs, it can be noted that the encapsulation of nat-
ural molecules in CDs could be an impressive approach, as most natural extracts face
solubility issues and are prone to degradation due to non-enzymatic and enzymatic dioxy-
gen oxidation. Therefore, all the capabilities of CDs can be leveraged to overcome these
challenges [159]. Recent developments in CDs and their derivative-based antioxidant
encapsulation are summarized in Table 3.
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Table 3. Case studies of CD-based encapsulation of natural moieties.

Natural

Type of CDs

Target

Remarks

Ref.

Aurisin A

3-CDs
(2,6-di-O-methyl-3-CDs)
HP-B-CDs

Anti-proliferative
Activity against lung
cancer cells

Molecular dynamics simulations revealed that the
stability and compactness of drug drug-conjugated
complex were higher.

The introduction of drug is even responsible for
enhancing the complex stability.

Upon encapsulation, the anti-proliferative activity of
extract against A549 and H1975 lung cancer cells
was significantly improved

High thermal stability achieved

[160]

Quercetin

(2,6-di-O-methyl-3-CDs)
HP-p-CDs

Oxidative stress

Both CDs have enhanced the pharmacological
profile of Quercetin

In silico molecular dynamics confirmed various
hydrogen bindings, supporting that both complexes
can host quercetin

Calculations reflect that absolute binding free
energies show that quercetin binds favorably to
both CDs

Fluorescence spectroscopy shows moderate binding
of quercetin in both CDs-based formulations

[159]

Olive leaf extracts
and dexamethasone

Thiolated HP-3-CDs

Oxidative stress in lungs

The complex has promoted drug absorption while
stabilizing nanoparticles against oxidative stress.
Promising for lung delivery, principally as stabilized
nanoaggregates, proposing versatile administration
for labile molecules like natural extracts.

[136]

Resveratrol

SBE-B-CDs

Non-small Cell
Lung Cancer

Adequate drug deposition within lungs after
nebulization of CDs based system

Enhanced the stability of resveratrol under
physiological conditions

Significant cytotoxic effect was observed on five
different Non-small Cell Lung Cancer cell lines

[129]

Resveratrol and
Polydatin

Polyvinylpyrrolidone/HP-
-CDs

Antioxidantand
anti-inflammatory

Immediate release of incorporated therapeutics
Penetration coefficients of both extracted molecules
also increased

Antioxidant and anti-inflammatory activity against
P. cuspidati extract was confirmed

[161]

Rosmarinic acid and
Carvacrol.

Maltodextrin

- Antioxidant, Anti-
bacterial, Antifun-
gal activities

Encapsulation efficiency is more than 95% for both
compounds of interest

Increased in vitro release of both the

active compound

[162]

Curcumin

-, 3-,and y-CDs
Polyethyleneglycol-
Conjugated Gold
Multifunctional
Nanoparticles

Anticancer effect

Amino-CDs conjugated with gold nanoparticles
have been explored to achieve higher therapeutic
effect of curcumin

Solubility of curcumin was improved, and
remarkable high encapsulation efficiency

was achieved

Proven in vitro cytotoxic effects on A549 cells
were obtained

[163]

Hyperoside

3-CDs
(2,6-di-O-methyl-3-CDs)
HP-B-CDs

Anti-microbial and
anti-inflammatory effects

Solubility was enhanced by 9-fold in the case of
2-hydroxypropyl-3-CD

Higher antioxidant activities in vitro and the
H202-RAW264.7 cell model

[164]

Boswellia carterii

HP-3-CDs
Epichlorohydrin-(3-CDs

Inflammation

The synergic effect of extract and formulation has
been recorded

Reduction in level of ICAM-1, LTB4, and ILf3 4
Improved histopathologic profiles

[165]

Tetrandrine

HP-B-CDs

Pulmonary
fibrosis

Alleviated inflammation and pulmonary fibrosis
Regulated protein expression in the development of
pulmonary fibrosis

Improved post-operative survival.

Drug delivered via nebulization was chiefly found
to be located in the lungs only; hence, more local
effect was seen

[139]

Rutin

HP-B-CDs

Dietary
supplementation

Greater encapsulation efficiency and stability of
rutin, at least for 30 days

Rutin release approaches the plateau around the
sixth hour

No toxicity was observed in HepG2 cells
Significant increase in glucose uptake

[126]

Ligustrazine

ROS-sensitive cross-linked
covalent CDs framework

ALI

Excellent aerodynamic properties, along with
prominent antioxidant and

anti-inflammatory capacities

Alleviated the inflammation, oxidant stress, and
lung damage in rat models

Shielded the lungs by regulating the NRF2 /NF-«B
signaling pathway
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4.2. B-CDs-Based Hybrid Framework

It is worth mentioning that CDs, as a system, possess numerous qualities and yield
auspicious results in physicochemical, in vitro, and in vivo evaluations. Fascinatingly, CDs
also have great potential as a secondary carrier. This section of the review will explore
the possibility of conjugating the primary vehicle (lipid, polymer, or inorganic-based
nanosystem) with a CD’s inclusion cage, where the combination of the two systems can
lead to improved performance. Surprisingly, the tertiary system can also be introduced as
a gel in the management of the wound-healing process [166].

Metal-organic frameworks technology is a combination of metal ions and organic
ligands, seen as a promising tool for modulating the shape, dimensions, aggregation, and
composition of particles. Wherein, multiple ligands can be conjugated with metal ions;
interestingly, this conjugate can be further incorporated into the supermolecular 3-CDs
complex, which will hold both properties in one system. The combining effect will not only
allow for higher drug loading with enhanced stability and bioavailability but also provide
the possibility to attach ligand markers for cell-specific targeting [167,168].

The metal ions are biocompatible, and no toxicity concerns have been reported so
far. The coordination of CDs with metal ions such as calcium, potassium, titanium, silver,
iron, and yttrium has been reported [169]. It is worth mentioning here that among all the
discussed CDs, the presence of -OCCO- in y-CD makes it more suitable for interaction with
metallic structures; it is also non-toxic and is considered as one of the first porous crystals
that comprises the amphiphilic nanopores [170,171]. Furthermore, the employability of
cetyl trimethyl ammonium bromide and polyethylene glycol 20000 is not only helpful in
regulating the shape and size of the particles but also enhances the reproducibility of the
synthesis process [172,173].

Topotecan, an anticancer drug, is highly effective against LC encapsulated in a metal-
organic framework complex. Efficient loading, along with sustained release, was achieved
at the local site, specifically in the lungs, after intravenous administration. The remark-
able resistance to hydrolysis was monitored, which was significantly increased by many
folds, thereby substantially extending the half-life of the drug. The complex has demon-
strated noteworthy anticancer activity by inhibiting the migration and invasion of B16F10
cells [174].

The porogens, such as ammonium bicarbonate, poly (vinyl pyrrolidone), and Pluronic
F127, are the agents utilized in the production of porous materials, which present inevitable
obstacles to achieving uniformity in pores and batch-to-batch reproducibility. Moreover,
the porogens need to be evaporated, which requires high-energy heat treatments that can
further harm the thermolabile encapsulated therapeutics [175,176]. Yixian Zhou and team
emphasized that the use of porogens can be avoided by considering CDs-based metal-
organic frameworks (CD-MOFs) carrying ketoprofen prepared by the vapor diffusion
method in the management of pulmonary inflammation. The proposed complex exhibits
improved aerosol properties, a higher drug loading capacity, and enhanced lung deposition,
as confirmed by the rat model [177].

Pulmonary function test was conducted on rats to evaluate the effects of intratracheal
administration of CD-MOF, drug-loaded CD-MOF (CD-MOF-K), and a commercial formu-
lation. A lung function system, coupled with a ventilator and plethysmograph, was used
to assess lung resistance (RL) and dynamic lung compliance (Cdyn) at one and eight hours
post-administration. The results showed no statistically significant differences in either
RL or Cdyn between any of the treated groups and the untreated (blank) control group at
either time point [177].

One step ahead, a biological cell can also be utilized as a drug carrier to solve numer-
ous physiological obstacles. Following this point, the surface of endogenous macrophages
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has been modified using 3-CDs and has been explored as a drug carrier for the transporta-
tion of Adamantane-modified quercetin-loaded liposomes. Therefore, this involves the
invagination of quercetin-loaded liposomes into CD-based modified macrophages that
successfully activated the NRF2 pathway to inhibit plaque inflammation [178,179].

A recent study has been published, emphasizing the pulmonary delivery of Cy-
closporine A based on y-CDs metal-organic frameworks. The analysis exploits the vapor
diffusion method and multiple modulators to achieve optimum aerosol properties and
in vitro results. The results suggest that cubicle-shaped particles, along with reproducible
thermal behavior and crystallinity, have been obtained. More precisely, in the case of
polyethylene glycol 10000, the enhanced bioavailability has been recorded. The repeated
dose also confirmed that no toxicity-related issues have been noted [180]. Xiaoxiao Hu
and team have selected cholesterol and leucine as modulators in the case of pulmonary
delivery of budesonide to increase the uniformity and flow properties of powders. The
cholesterol has significantly improved flow properties with significantly higher encapsula-
tion and minimal cytotoxicity. Furthermore, rhodamine B, used as a marker in fluorescence
microscopy, confirmed the adequate deposition of this complex in the deeper portions of
the lungs [132]. However, the careful selection of solvent and surfactant can be helpful in
preparing a Dry Powder Inhaler (DPI) with controllable size and shape [172].

Nianxia Sun and co-authors have presented a study aimed at (3- and y-CDs metal-
organic framework-based pulmonary delivery of allyl isothiocyanate. High drug loading
and stable crystalline morphology have been achieved in this particular case. The diameter
obtained ranged from 1 to 5 pm, and y-CDs were found to be deposited effectively in the
lungs (fluorescence signals have been recorded in a mouse model) and released 90% of
the drug content within the first five minutes. It reflects good lung tolerance as no sign of
toxicity has been observed [181].

Going further, the more multifaceted nature of the CD-based complex has been re-
ported by the researchers in a timely manner. This statement can be supported by an
example where pH-responsive hyaluronic acid-coated mesoporous silica nanoparticles are
further loaded with chlorhexidine/f3-CD complexes. This whole system was further put
into a hybrid gelatin methacrylate (GelMA) system, which has managed to control the
drug release for 12 days with considerable anti-bacterial activity. This gel-based composite
has played a potential role in wound healing applications, and its design is shown in
Figure 6 [166].

Similarly, the surface modification of gold nanoparticles has been achieved using
polyethylene glycol and CDs («, 3, and y) to encapsulate hydrophobic drugs. In this
case, curcumin has been selected as a model drug owing to its poor water solubility. The
combined effect of polyethylene glycol and (3-CDs has shown the highest encapsulation and
a prominent cytotoxic effect against a human LC cell line among all the CDs subtypes [163].

It has been well-explored by researchers that folic acid receptors are overexpressed in
the cancer environment. Considering this argument in the treatment of lung and prostate
cancer, authors have reported the design of a quantum dots-p-CDs hybrid system wherein
a folate ligand has been attached for the cell-specific delivery of the anticancer compound.
The complex conjugation was non-toxic and did not affect the performance of the anticancer
compound in the encapsulated form. An increased uptake of the carrier has been observed
through multiple endocytosis pathways. Hence, the proposed hybrid system possesses
self-navigating properties within the physiological tumor environment [182,183].
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Figure 6. Schematic illustration of the preparation of a hybrid GeIMA system combining hyaluronic
acid (HA)-coated mesoporous silica nanoparticles (MSNs), which loaded complexes of chlorhexidine
(CHX) with B-CDs for the bacteria-infected wound healing. Redrawn figure from reference [166]
with BioRender.com.

4.3. Concept of Dual Therapy with CDs

Under the influence of serious complications, for example, LC, one regimen of anti-
cancer drugs is sometimes not sufficient to elicit the desired effect. This gives rise to the
need to develop a system that allows two drugs to be administered together to enhance
their anticancer effect. Interestingly, it is worth stressing here that some of nanosystems
(polymeric nanoparticles, micelles, dendrimers, nanocrystals, solid lipid nanoparticles,
lipid nanostructured carriers, liposomes, mesoporous silica nanoparticles, etc.) give the
possibility to encapsulate two drug moieties without affecting the overall effectiveness
However, multi-drug loading onto a carrier still presents some serious flaws as it is very
challenging to control drug ratios and their respective release pattern at the site of ac-
tion owing to different physicochemical characteristics. Additionally, the simultaneous
estimation of two drugs for chemical characterization is often a point of debate [184,185].

In this direction, some researchers have attempted to use CDs for combinational
therapy. Especially in the case of tuberculosis, ethionamide is used as the second line of
treatment; however, it has a low therapeutic index. To enhance the efficacy of this drug,
a booster has been synthesized and co-encapsulated in the 3-CDs inclusion complex to
mitigate the issues of low solubility. The $-CDs managed to enhance the aqueous sol-
ubility of ethionamide and booster by 10- and 90-fold, respectively. The loaded drugs
did not interfere with each other’s performance [186]. Moving further, in tuberculosis,
macrophages host the infection-causing microbes, and a strategic approach to target these
macrophages could be beneficial. In this path, two tuberculosis drugs, namely rifampicin
and levofloxacin, were complexed with CDs and further linked to curdlan nanoparticles.
Curdlan is a glucan acquired from Agrobacterium, Rhizobium, and Alcaligenes faecalis, ex-
hibiting remarkable immunomodulatory and anti-infective properties. With this, a high
uptake of drugs has been observed, with major killing of Mycobacterium smegmatis residing
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in macrophages within the four-hour timeframe. Therefore, this type of system can trans-
port hydrophobic drugs into macrophages, providing essential insights into the area of
TB-related drug delivery [187,188].

The surge in pulmonary fungal infections cannot be overlooked, as it imparts a
significant burden on the healthcare system, with no effective treatment lines available so
far. Salomé S. Celi and team workers have performed the co-encapsulation of two known
antifungal therapeutic moieties, namely amphotericin B and itraconazole, in the y-CDs
framework. This complex was very effective against aspergillosis and reduced fungal
infections in both the lung parenchyma and the upper respiratory tract by avoiding the
serious effects associated with Amphotericin B [189].

A CD-based framework functionalized with RGD (a peptide that plays a crucial role
in the adhesion of integrins expressed on lung tumor cells) has been proposed for the
active targeting of low-molecular-weight heparin and doxorubicin to LC cells following
intravenous administration. Therefore, the system will not only exhibit anticancer activity
but also aid in the recognition of cancerous cells. The accountable effect has been achieved
with five times lower doxorubicin (DOX) concentration; hence, organ-specific toxicity can
be avoided with a reduced dose [190,191].

Moving further, working on the co-therapy of two individual drugs, it is also pos-
sible to encapsulate the entire extract, which carries multiple active molecules. An at-
tempt has been made to encapsulate resveratrol and polydatin, derived from Polygoni
Cuspidati Radix extract, for their antioxidant and anti-inflammatory properties. The
Polyvinylpyrrolidone /CDs-based electrospun nanofibres managed to enhance the sol-
ubility by six-fold compared to the non-encapsulated form, and the activity of the whole
extract was preserved [161,192]. Similarly, a blend of gum Arabic, Tween 20, and -
cyclodextrin was used in the embedding of Turkish Oregano Extract, achieving more
than 95% encapsulation efficiency for the extract, which comprises rosmarinic acid and
carvacrol [162].

The prodrug-based dual therapy has been projected to target colon cancer. 5-
Aminosalicylic acid and butyric acid have been loaded into a carboxymethyl-3-CD in-
clusion complex, which inhibits cell proliferation against SW620 (colon cancer) cells. The
long circulation time and high payload at the tumor site have been observed in nude mice
bearing SW620 xenografts [193].

Cardiac fibrosis is a condition associated with chronic diabetes. Upon activation,
cardiac myofibroblasts begin to accumulate in the extracellular matrix, which is responsible
for cardiac dysfunction and ultimately leads to cardiac failure. In this regard, a Chrysin-
based supramolecular CDs-calixarene complex has been designed for its anti-fibrotic
activity, targeting the selective inhibition of galectin 1, which reduces the profibrotic cascade.
In this, the CD complex has significantly enhanced the solubility and bioavailability of
both moieties. The combination of both compounds boosts the antifibrotic activity in
diabetic-induced rat cardiomyocytes [194,195].

In Sections 4.2 and 4.3, light has been shed on the possibility of combining two DDS
comprising one primary (lipid, polymer, or inorganic-based nanosystem), one secondary
(generally, a modified form of CDs) system carrying two different therapeutic cargos. Most
of the studies conducted are based on modifications that are performed generally in the
secondary system only. Notably, a more sophisticated model has been introduced in which
both primary and secondary systems have been modified in a single approach to deliver two
different drug molecules efficiently. This can be illustrated further by taking an example,
where wheat germ agglutinin-conjugated liposomes with surface-grafted CDs have been
utilized for loading two drugs, namely ciprofloxacin and betamethasone, to enhance oral
bioadhesion. To mimic periodontal disease modal conditions, oral keratinocytes were
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infected with Aggqregatibacter actinomycetemcomitans (A. actinomycetemcomitans). Controlled
drug delivery for 24 h in saliva, accompanied by a decline in inflammation and remarkable
anti-bacterial activity, has been observed [196].

4.4. CDs-Based Miscellaneous Therapy Other than Antioxidants in the Pulmonary Complications
4.4.1. Cannabidiols

Cannabidiols are non-psychoactive plant-derived moieties obtained from Cannabis
sativa that have multiple therapeutic effects, including anticonvulsant, sedative, hypnotic,
antipsychotic, anticancer, anti-inflammatory, and neuroprotective properties.

Specifically, during acute cell injury, cannabidiols can decrease the production of
inflammatory mediators. It has been suggested by many studies that cannabidiols can
downregulate various COVID-19-related receptors and can be adopted as adjuvant therapy
in the treatment of COVID-19 [197,198]. Apart from this, Cannabidiols are also helpful in
relieving cancer-related pain and have anti-proliferative activity against cancer cells [199].

Besides their numerous merits, poor aqueous solubility is the main obstacle to their
clinical applications. For this, a nano-spray solution composed of 3-CDs and poloxamer
407 micelles carrying cannabidiol has been designed to reduce the production of cytokines
in the inflammation induced by in vitro and ex vivo SARS-CoV-2. It has been concluded
that the system was able to stabilize the drug for six months and release the entire loaded
drug fraction within five minutes, exhibiting very high permeability across the nasal
mucosa. Hence, it can be a promising approach in COVID-related inflammation [195].

4.4.2. siRNA

SiRNA (short interfering RNA containing 21-26 nucleotides) is an effective tool for
gene silencing, successfully exploited in pulmonary diseases [200,201]. There is the pos-
sibility of introducing 3-CDs as a carrier for siRNA, wherein two polycationic lipids,
Lipofectamine 2000 and polycationic amphiphilic CDs, are used. The remarkable gene
knockdown activity has been obtained from human glioblastoma cells (U87) and prostate
cancer cells [202].

It is essential to note that surface charge plays a crucial role in designing the carrier for
siRNA. As siRNA is negatively charged, a positively charged delivery system should be
selected to ensure better cellular uptake and stability of the cargo. Regarding this, cationic-
charged modified CD can be a suitable choice for gene delivery. Molecular dynamics
computer simulations, in tandem with isothermal titration calorimetry, can be a beneficial
strategy for high stability and minimal toxicity [203]. Furthermore, HP-3-CDs grafted with
different grades of polyethylenimine have been selected for the pulmonary administration
of insulin, calcitonin, 5(6)-carboxyfluorescein (CF), and fluorescein isothiocyanate dextrans.
Considerable pulmonary uptake of these proteins without conferring any toxic effects
has been achieved [135]. In continuation, a hybrid system can be proposed using low-
molecular-weight polyethylenimine and pH-responsive CDs to load siRNA. This complex
exhibits higher cell growth inhibition and apoptosis activation compared to a simple
cationic vector [204].

4.4.3. Immunomodulation by Antibodies

It is also crucial to discuss new horizons in the treatment of lung-related diseases,
primarily through antibody-based therapies, as they can effectively minimize the burden on
the healthcare system [205]. WKS13 is a humanized monoclonal antibody that can counter
the spread of SARS-CoV-2. The CDs conjugated to WKS13 have been proposed to target
the nasal cavity. It can be effective against a broad range of respiratory viral infections [206].
Anti-human IL-4R« are the antibodies that can enhance the stability of protein-based
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moieties, and their biological activity can be a useful inhalation tool in asthma and other
respiratory viral infections [207].

5. Challenges in Physiological Model Approach-Based Testing

The employability of animals in drug development remains crucial to understand the
fate of inhaled actives. In this regard, numerous aspects should be considered, including
cost, disease pathology, and immunological similarity to humans. However, the data
obtained from pre-clinical studies is not always easy to handle due to dissimilarities in the
nasal, tracheobronchial, and deep lung regions across species. Interestingly, rodents are
unable to breath through the mouth, whilst humans prefer to breath through the nose and
mouth. Therefore, lung deposition data is less relevant, and also, micron-sized particles
may get trapped in the nasal-pharyngeal part of rodents; hence, lung profile may vary
from that of human beings [208,209].

The respiratory tract has a very strong defensive mechanism, not only capable of
pushing back the inhaled drug particles but also removing and inactivating their depots
from the lungs. Therefore, the need for an ideal pulmonary DDS remains unmet and
is badly affected by inadequate adherence due to mucociliary clearance and immune
responses, along with the type of inhaler technique [210]. It is worth mentioning here
that most of the investigations carried out to assess the protective effect of the antioxidant
are based on murine and in vivo and/or clinical models and solely rely on dietary intake
and/or systemic administration. Furthermore, the available literature also reflects that
researchers explored only submerged cell lines and murine models without the aid of an
inhalation technique, which overlooked many physiological aspects, too. Therefore, a more
realistic model approach should be brought into practice so that the clinical transition can
be more straightforward [211].

6. Conclusions

Although CD-based nano-sized drug delivery therapies focusing on lung deposition
are still in the experimental phase, their potential in the areas of drug delivery, diagnosis,
and gene knockdown cannot be ignored. Numerous derivatized CDs have been investi-
gated for their physical, chemical, in vivo, and in vitro properties, which reveal that CDs
can be utilized for antioxidant encapsulation in the management of oxidative stress-induced
lung injuries. However, the concrete physiological testing model approach and inhalation
devices are topics that warrant further exploration. Lastly, the biological fate of CDs and
immunological response are also underexplored areas.
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Abbreviations

The following abbreviations are used in this manuscript:

ROS Reactive oxygen species

RNS Reactive nitrogen species

IL-6 Interleukin 6

cs Cystic Fibrosis

CFTR Cystic Fibrosis Transmembrane Conductance Regulator
ALIL Acute Lung Injury

LC Lung cancer

PH Pulmonary Hypertension

COPD  Chronic Obstructive Pulmonary Disease
DDS Drug Delivery System

CDs Cyclodextrins

QS Quorum Sensing

GelMA  Gelatin Methacrylate

BPD Bronchopulmonary dysplasia
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Abstract: -lipoic acid is a naturally occurring compound with potent antioxidant properties that
helps protect cells and tissues from oxidative stress. Its incorporation into nanoplatforms can affect
factors like bioavailability, stability, reactivity, and targeted delivery. Nanoformulations of a-lipoic
acid can significantly enhance its solubility and absorption, making it more bioavailable. While
a-lipoic acid can be prone to degradation in its free form, encapsulation within nanoparticles ensures
its stability over time, and its release in a controlled and sustained manner to the targeted tissues and
cells. In addition, o-lipoic acid can be combined with other compounds, such as other antioxidants,
drugs, or nanomaterials, to create synergistic effects that enhance their overall therapeutic benefits or
hinder their potential cytotoxicity. This review outlines the advantages and drawbacks associated
with the use of a-lipoic acid, as well as various nanotechnological approaches employed to enhance its
therapeutic effectiveness, whether alone or in combination with other bioactive agents. Furthermore,
it describes the engineering of «-lipoic acid to produce poly(«-lipoic acid) nanoparticles, which hold
promise as an effective drug delivery system.

Keywords: «-lipoic acid; nanoparticles; antioxidant; cytotoxicity; poly(«-lipoic acid)

1. Introduction
1.1. Chemical Structure of a-Lipoic Acid

a-lipoic acid, also known as thioctic acid, is a naturally occurring compound with
potent antioxidant properties.

Structurally, it comprises three components: a five-atom dithiolate ring, an alkyl chain,
and a terminal carboxylic acid (see Figure 1). The chiral centre at position C6 results in two
enantiomers, R(+)-«-lipoic acid, the naturally available form, and S(-)-«-lipoic acid, which
can be synthetically obtained [1].

R(+)-o-lipoic acid is generally recognized to exhibit superior activity compared to S(-)-
o-lipoic acid [2-6], even as a-lipoic acid is usually marketed as a racemic mixture containing
both enantiomers. To date, the extent to which each enantiomer contributes to x-lipoic acid
pharmacological and toxicological effects is not fully understood. While it was proposed
that S5(-)--lipoic acid does not exhibit significant biological side effects [1-7], some studies
indicated that it could potentially hinder the activity of the R(-)-enantiomer [8-10].
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Figure 1. Structure of o-lipoic acid and its reduced form dihydrolipoic acid (DHLA). The asterisk (*)
indicates the chiral center of a-lipoic acid and DHLA.

1.2. Antioxidant Activity of a-Lipoic Acid

The sulfur atoms within the o-lipoic acid ring play a crucial role in exerting antioxidant
activity. The oxidised form (oc-lipoic acid, ALA) and its reduced derivative (dihydrolipoic
acid, DHLA) function as a potent redox couple, participating in different aspects of the
antioxidant defence system (see Figure 1).

a-lipoic acid exerts its antioxidant activity through multiple mechanisms, includ-
ing radical scavenging, the regeneration of other antioxidants, metal chelation, and sig-
nalling regulation.

ALA and DHLA can neutralise a variety of reactive oxygen species (ROS) and reactive
nitrogen species (RNS), thereby reducing oxidative stress and damage. Different mecha-
nisms have been proposed for the free-radical scavenging activity of «-lipoic acid [11]. ALA
was suggested to work through a proton-loss electron transfer mechanism, while DHLA ex-
hibits its activity by single electron transfer followed by proton transfer, or hydrogen atom
transfer. In the latter, the ideal spacing between the sulfhydryl and carboxylate groups,
determined by the optimal length of the alkyl chain, facilitates the efficient trapping of
radicals and the transfer of hydrogen atoms [12].

Generally, antioxidants are categorised based on their solubility characteristics. Water-
soluble antioxidants like vitamin C are effective in aqueous environments, while hydropho-
bic antioxidants like vitamin E prefer lipid-rich environments. Due to its amphiphilic
nature, a-lipoic acid represents a unique universal antioxidant, exhibiting activity in aque-
ous and lipid-based environments, thus protecting a wide range of cellular structures
and biomolecules.

The capacity of «-lipoic acid to form complexes with redox-active metals presents a
dual benefit. On the one hand, it acts as a chelator for heavy metals like mercury, iron,
cadmium, lead, and copper, mitigating their toxicity [13-15]. On the other hand, its ability
to bind metals, especially gold, has been used to create innovative nanostructures for
targeted drug delivery, imaging, and theranostic applications [16].

One distinctive feature of a-lipoic acid is its ability to regenerate the reduced form
of either non-enzymatic antioxidants, such as vitamins C and E, glutathione and cysteine,
or enzymatic antioxidants, like the coenzyme Q10 [17]. By recycling other antioxidants,
a-lipoic acid actively contributes to maintaining the antioxidant network and the cellular
redox equilibrium.

Moreover, «-lipoic acid acts as a modulator of proteins involved in cell signalling and
transcription through the thiol/disulfide exchange mechanism [18-20]. As a result, it has
been proposed to influence different aspects, including cell growth and death regulation,
inflammatory responses, and glucose and lipid metabolism.

1.3. a-Lipoic Acid as a Therapeutic Agent

The extensive range of protective mechanisms exhibited by x-lipoic acid has attracted
interest regarding its potential use as a therapeutic agent. Specifically, it has gained
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particular attention in clinical conditions involving oxidative stress and inflammation,
preserving various cell types and organs from oxidative damage.

Due to its role in contributing to cellular energy homeostasis, o-lipoic acid has proven
beneficial against insulin resistance, metabolic syndrome, type 2 diabetes, and diabetes-
related complications, such as diabetic neuropathy and nephropathy [21-26]. Notably,
a-lipoic acid demonstrates nephroprotective effects and holds promise in liver disease
prevention due to its rapid hepatic metabolism [27-33]. Several studies have described
the cardiovascular benefits of o-lipoic acid administration [34-38]. Moreover, its ability to
cross the blood-brain barrier has shown potential in protecting against neurodegenerative
diseases, such as multiple sclerosis and Alzheimer’s and Parkinson’s diseases [39—-41]. Also,
a-lipoic acid has been suggested to have immunomodulatory activity on both innate and
adaptive immune cells, down-regulating the proinflammatory markers and reducing the
inflammatory response [11,42]. The topical application of o-lipoic acid has proved effective
in skin-related conditions, such as ageing and wound healing, in which its antimicrobial
properties may ensure a safe repair of skin damage [11,43-48]. The use of «-lipoic acid was
also investigated in cancer research and it was described as having antiproliferative and
antimetastatic activity in different cancer models [49-53].

The unique structure of o-lipoic acid not only makes it a versatile antioxidant but
also a promising scaffold for derivatization, providing opportunities for the creation of
novel therapeutic agents. From a chemical perspective, the dually modifiable structure
of «-lipoic acid allows the functionalization of the dithiolane ring and the carboxylic acid.
This feature enables the properties and activity of either the ligands or o-lipoic acid itself to
be customised.

1.4. Limitations and Drawbacks in the Therapeutic Use of a-Lipoic Acid

While showing diverse beneficial effects, a-lipoic acid and its therapeutic usage exhibit
some drawbacks.

a-lipoic acid is mainly administered orally in solid or liquid form. However, the oral
administration of x-lipoic acid results in a limited pharmacokinetic profile, characterised
by a short half-life, reaching the maximum plasma concentration in approximately 30 min,
and reduced bioavailability (about 30%) [54-58]. This drawback becomes especially signifi-
cant when administering «-lipoic acid as a racemic mixture. In fact, stereochemistry has
been proved to notably affect the absorption, distribution, degradation, and elimination
of lipoic acid enantiomers. R-(+)-a-lipoic acid has higher bioavailability than the S-(+)
enantiomer, potentially because of the different mechanisms of absorption in the gastroin-
testinal tract [5,8,54-57,59,60]. The suboptimal pharmacokinetics of x-lipoic acid have
been attributed to its reduced solubility in water and acidic environments and consequent
limited gastric stability, and its high first-pass hepatic metabolism [8]. As a result, it needs
appropriate formulation to optimise its therapeutic efficacy when used as a supplement or
medication [59,61-63].

While the prolonged use of a-lipoic acid has been demonstrated to be well-tolerated
among healthy individuals [64,65] and it is generally considered not toxic [66,67], regis-
tered adverse effects have been correlated with the use of high o-lipoic acid doses [68-70],
such as gastrointestinal side effects such as stomach discomfort, nausea, or diarrhoea [71].
Moreover, o-lipoic acid at a high dosage negatively affected the liver enzyme activity and
induced liver damage in mice and monkeys [66,72]. Also, its supplementation may lower
blood sugar levels in genetically predisposed individuals, which can be problematic for dia-
betic individuals [73]. Finally, a-lipoic acid may interact with certain medications, including
chemotherapy drugs, thyroid medications, and drugs that lower blood sugar levels.

Some in vitro and in vivo studies have indicated the pro-oxidant potential of a-lipoic
acid, whether in the oxidised form or DHLA [73-75]. The result of this effect with either
beneficial or detrimental outcomes depends on the specific physiological circumstances,
although the pro-oxidant activity of «-lipoic acid has been associated with cardiovascular,
renal, and liver damages [73-75].
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From the chemical point of view, «-lipoic acid exhibits high sensitivity to various
environmental factors. It gradually polymerizes, increasing the temperature, and forming
an elastic compound [76,77]. Moreover, it is photosensitive, and exposure to UV light can
impair the hindered dithiolane ring, leading to undesired polymerization [78]. o-lipoic acid
is poorly soluble in water, but soluble in organic solvents. However, the drying process
has been suggested to impact its stability. Specifically, Brown and Edwards [79] reported
that solvents with easily extractable hydrogens or chlorine atoms minimise a-lipoic acid
polymerization in solution. Thus, solvent evaporation at high temperatures and under
reduced pressure could reduce the stabiliser effect of hydrogen/chlorine atoms.

Limitations and benefits of the use of a-lipoic acid are summarised in Figure 2.

a-lipoic acid

- 0
£k

Figure 2. Beneficial aspects and limitations of x-lipoic acid.

1.5. Nanomedicine as a Strategy to Improve a-Lipoic Acid

Nanomedicine, the “application of nanotechnology for treatment, diagnosis, moni-
toring, and control of biological systems” [80-82], has raised great expectations [83]. Ther-
apeutic and diagnostic nanoagents (nanotheranostics) may improve the pharmaceutical
activity while reducing side effects [84], thanks to multiple functionalisations. Moreover,
coating with polymers, like polyethylene glycol, reduces the binding of plasma opsonins,
making nanoparticles invisible to macrophages’ clearance [85-87].

Nanoparticles with antioxidant properties have recently emerged as possible thera-
peutic agents for controlling neurodegenerative diseases [88] and cardiovascular [89] and
pulmonary diseases [90], and in wound healing [91] and the treatment of cancer [92].

This review aims to outline the application of x-lipoic acid to the nanomedicine field
and to explore the advantages associated with its inclusion in nanoplatforms. Indeed,
this work describes the strategies employed to increase the shelf life of «-lipoic acid
through encapsulation in different nanocarriers, as well as studies utilising mixtures of
a-lipoic acid and nanoparticles to enhance the biocompatibility or therapeutic activity of
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the nanoparticles. Moreover, new frontiers of nanocomposites obtained with poly(c-lipoic
acid) will be discussed.

2. Enhancement of x-Lipoic Acid Properties and Activity When Encapsulated
in Nanoparticles

As described in the introduction, the primary challenges associated with the use
of o-lipoic acid are its short half-life, limited bioavailability, and poor solubility. This
section describes several strategies employed to address these drawbacks and improve
a-lipoic acid properties by encapsulating the free molecule into different nanotechnological
platforms [93]. The delivery systems established are visualised in Figure 3, while Table 1, at
the end of this section, summarises the nanotechnological strategies described throughout
the text.

E5
!‘D DD 3 /"”“
\\?.m:?fj- {. ‘\.

Solid Lipid Nanostructured \5._\“
- Nanoparticle Lipid Carrier e
Silica 7
. Nanoemulsion
Nanoparticle
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the poor solubility

Nanocapsule

Nanoparticle
the prolonged release
the antioxidant properties
of a-lipoic acid
Nanosphere
Micelle

Polymeric
nanoparticle
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Cyclodextrins

Figure 3. The different nanoplatforms used to encapsulate «-lipoic acid. Created with BioRender.com
(accessed on 3 June 2024).

2.1. Silica Nanoparticles

Silica nanoparticles represent suitable candidates to overcome several challenges faced
by bioactive compounds, including hydrolysis, solubility concerns, and susceptibility to
light and heat degradation [92].

To enhance the «-lipoic acid photo- and thermal stability, Dolinina et al. synthe-
sised novel mesoporous silica-based nanocomposites using the widely applied sol-gel
method [93]. Two different final products were proposed for «-lipoic acid thermal- and
photodegradation, namely polymeric x-lipoic acid and DHLA, respectively. a-lipoic acid
was stabilised by the interaction with the silica matrices through H-bonds and electrostatic
and hydrophobic forces. As a result, its thermal degradation decreased when compared to
the free molecule. As regards UV-induced degradation, the photodegradation rates were
comparable to the free a-lipoic acid. The authors suggested that the significant amount of
water contained in the nanocomposites, being a suitable hydrogen atom source, favoured
the formation of DHLA. Also, the stability of the nanocomposites and the release of x-lipoic
acid was investigated, mimicking the pH of digestive fluids. The silica-based composites
displayed a release behaviour close to the zero-order kinetic, sustained a plasma concentra-
tion of o-lipoic acid comparable to clinically available oral formulations, and preserved its
antioxidant activity at all pH values for up to 24 h [94].
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2.2. Lipid-Based Nanoparticles (Lipid Carriers, Solid Lipid Nanoparticles, Nanoemulsions,
Liposomes, Micelles)

Encapsulation into lipid nanoparticles can overcome the poor solubility of compounds
in aqueous media, and their susceptibility to degradation when exposed to oxygen in water.
Moreover, lipid nanoparticles have been shown to sustain the release of different drugs,
increasing the therapeutic effect and bioavailability and enhancing their biocompatibility.

Platforms belonging to this category include nanostructured lipid carriers, solid lipid
nanoparticles, nanoemulsions, liposomes, lipid nanocapsules, and micelles. They are
composed of lipids comprising fatty acids, fatty alcohols, glycerides, and waxes, along
with stabilising agents like surfactants or polymeric coatings [95].

While solid lipid nanoparticles are formed from solid lipids stabilised by surfactants,
nanostructured lipid carriers include both solid and liquid lipids in their matrix. They
represent the next generation lipid nanoparticles, designed to overcome the limitations
of conventional colloidal carriers, like emulsions, liposomes, and polymeric nanoparti-
cles [96,97].

Indeed, when «-lipoic acid was formulated into nanostructured lipid carriers, solid
lipid nanoparticles, and nanoemulsions, the former two displayed a prolonged release of
a-lipoic acid compared to nanoemulsions. They also proved high entrapment efficiency
and stability over time, and exhibited antioxidant activity comparable to pure o-lipoic
acid [98].

Conjugation with stearylamine was used to stabilise x-lipoic acid and synthesise solid
lipid nanoparticles, and was then investigated as a delivery system for the chemothera-
peutic tamoxifen. The formulation was proved to stabilise x-lipoic acid, which exerted
its antioxidant activity, restoring the antioxidant protein network. Moreover, it efficiently
enhanced the bioavailability of tamoxifen [99]. Also, solid lipid nanoparticles, co-delivering
docetaxel and a-lipoic acid, were demonstrated to have enhanced efficacy against murine
mammary carcinoma cells and human breast adenocarcinoma cells. The nanoformulation
containing the chemotherapeutic agent and the antioxidant molecule showed increasing
cytotoxic effects and significantly higher uptake efficiency compared to free drugs or single
drug-loaded solid lipid nanoparticles [100].

Wang et al. synthesised nanostructured lipid carriers using the biodegradable com-
ponents phosphatidylcholine, stearic acid, oleic acid, and glyceryl monostearate, with the
aim of incorporating c-lipoic acid and improving its stability and solubility. The authors
found that the obtained lipid carriers were not cytotoxic in vitro, retained «-lipoic acid,
and released it within 72 h [101].

Phosphatidylcholine was also employed in the formulation of both nanoemulsions and
liposomes containing a-lipoic acid. While both nanosystems efficiently entrapped «-lipoic
acid, nanoemulsions exhibited a slower release of x-lipoic acid compared to phosphatidyl-
choline liposomes. The authors proposed that the slower release from nanoemulsions
could be attributed to their multiple-layer structure, whereas liposomes, being primarily
single-layered particles, facilitated a faster release. Thus, nanoemulsions might represent a
more suitable formulation for x-lipoic acid, prolonging the drug’s action [102].

Different oil-in-water nanoemulsions were also investigated for the co-delivery of
a-lipoic acid and vitamin B. Specifically, the influence of using different oils (castor oil
and sunflower oil) and agitation methods on the properties of the obtained emulsions
was evaluated, including metrics of colloidal stability, encapsulation efficiency and drug
release. The formulation prepared by the widely applied solvent displacement method and
using castor oil under magnetic stirring resulted in the best colloidal properties, highest
thermal and pH stability, and higher encapsulation and release rates [103]. In another
study, pumpkin oil was used to solubilize x-lipoic acid and develop a self-nanoemulsifying
drug delivery system, stabilised by Tween 80 polyethylene glycol 200. The formulation
demonstrates higher protective effects against gastric ulcer models compared to the free
a-lipoic acid [104].
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Phophatidylcholine-based liposomes were prepared to improve the stability and ab-
sorption of o-lipoic acid. The formulation proved to be stable, enhanced the oral absorption
and bioavailability of «-lipoic acid, and improved hepatoprotection in hepatic injury model
rats [105]. Other authors have synthesised new liposomes, consisting of phosphatidyl-
choline and curcumin, in which «-lipoic acid has been encapsulated; using these liposomes,
they demonstrated a high encapsulation efficiency of lipoic acid and its slow release, which
countered cisplatin-induced toxicity in HEI-OC1 cells, a cell line utilised as a model for
auditory cells [106].

Polymers can be used to stabilise different platforms, including emulsions, liposomes,
and micelles. Huang et al. developed an advance system for preparing a multilayer emul-
sion. A primary oil-in-water emulsion, stabilised by Tween 20 and phosphatidylcholine,
was used to encapsulate «-lipoic acid and linseed oil. Subsequently, a chitosan coating
was applied to improve the thermostability of the oil droplets and to address the limited
capacity of emulsions to counteract oxidative stress, which could potentially affect the sta-
bility of both encapsulated molecules. The system demonstrated a higher thermal stability
than the primary emulsion and limited lipolysis of linseed oil in vivo, and inhibited the
degradation of «a-lipoic acid [107]. The use of a chitosan coating also proved efficient in
stabilising liposomes co-encapsulating «-lipoic acid and Coenzyme Q10 with the purpose
of improving the solubility and stability of both molecules for transdermal application.
It was found that chitosan interacted with «-lipoic acid and Coenzyme Q10 via H-bonds
and ionic forces, promoting the permeation and accumulation of both molecules in rabbit
skin. Moreover, the system demonstrated higher scavenging activity compared to free
a-lipoic acid and Coenzyme Q10 [108]. «-lipoic acid was also incorporated into micelles
composed of a copolymer (methoxypoly(ethylene glycol) and poly(caprolactone)). This
incorporation led to an enhanced loading capacity of the micelles for IR780, a near-infrared
dye for imaging and photothermal therapy, while also preserving their loading capacity for
docetaxel, a chemotherapeutic agent [109]. Pluronic nanoparticles were prepared by the
oil-in-water emulsion method, encapsulating «-lipoic acid into a soybean oil core and using
Pluronic F127 to form the hydrophilic shell. When administered in the mouse middle ear
cavity, the system was demonstrated to preserve hearing ability after ototoxicity induction,
and could be delivered in a more effective way with respect to free «-lipoic acid [110].

2.3. Nanocapsules and Nanospheres

Nanocapsules are composed of a polymeric shell surrounding an oily core, in which
the drug may either dissolve within the core or adhere to the polymeric wall. In contrast,
nanospheres lack an oily component and instead constitute a polymeric matrix, in which
the drug can be uniformly distributed or adsorbed.

a-lipoic acid was encapsulated in lipid-core nanocapsules with triglycerides of capric
and caprylic acid, sorbitan monostearate, and poly (e-caprolactone) as main components,
and stabilised by polysorbate 80. The encapsulation counteracted o-lipoic acid’s undesired
pro-oxidant activity, and contributed to the wound healing process, although to a lesser
extent than lipoic acid alone [43]. Also, Xia et al. encapsulated x-lipoic acid into lipid
nanocapsules containing triglycerides of capric and caprylic acids and phosphatidylcholine
as a surfactant. The capsules proved to be stable and have high encapsulation efficiency
and drug loading. Moreover, antioxidant activity remained intact within the nanocapsules,
and sustained release of x-lipoic acid was achieved [111]. Interestingly, a dual stabilising
effect of a-lipoic acid and the antioxidant resveratrol was observed when co-encapsulated
into lipid-core nanocapsules. The co-encapsulation was shown to enhance the stability,
photostability, and antioxidant properties of both compounds. When a-lipoic acid was
encapsulated alone, it exhibited rapid release, consistent with previous findings [112];
however, when co-encapsulated with resveratrol, the release rates of both compounds
decreased [113].

Nishiura et al. exploited the self-assembly properties of o-lipoic acid, along with
the non-ionic surfactant polyoxyethylene (20) stearylether, to create a nanosphere matrix
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encapsulating a-lipoic acid. The encapsulation improved the stability and bioavailability
of «-lipoic acid by placing its hydrophobic moiety inside the nanocapsule, thereby pro-
tecting the unstable disulfide bond from degradation [77]. The same method was used to
encapsulate x-lipoic acid and test its antitumor effects in a mouse model of Ehrlich solid
tumour. Both free and encapsulated «-lipoic acid significantly reduced oxidative stress,
but encapsulated «-lipoic acid remained stable and in circulation for longer periods of
time [114]. Also, EL-Gebaly et al.’s approach was used to investigate the beneficial effects of
encapsulated o-lipoic acid against 9mTc-MIBI-induced injury, showing significant protec-
tive effects and suggesting its efficacy as a radioprotector [115]. Kubota and collaborators
used a similar approach by mixing a-lipoic acid with the polyoxyethylene (20) stearylether
to improve its skin permeation. The results confirmed that nanoencapsulation is a suitable
method for the efficient topical administration of «-lipoic acid [116].

2.4. Polymeric Nanoparticles

Natural polymers have frequently been used to develop biodegradable and biocom-
patible delivery systems.

Gogoi et al. co-loaded «-lipoic acid and curcumin into chitosan nanoparticles to im-
prove the limited solubility and bioavailability of both drugs. They investigated the in vitro
activity of the nanosystem in a breast cancer cell model, highlighting the synergistic activity
of curcumin and «-lipoic acid in inhibiting tumour cell growth and inducing tumour cell
death [117]. Also, the bioavailability and stability of a-lipoic acid formulated into chitosan
nanoparticles and solid lipid nanoparticles was compared [118]. Both systems encapsulated
a-lipoic acid effectively, demonstrated high stability, and counteracted the oxidative stress
and neurotoxicity induced by aluminium chloride in rats. However, as expected, the effect
was superior when «-lipoic acid was loaded into solid lipid nanoparticles compared to
chitosan nanoparticles.

To improve its skin delivery, o-lipoic acid was loaded into liquid crystalline nanoparti-
cles. The surface of the platform was modified by lipopolymers composed of Polyethylene
glycol (PEG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and functionalized with
the epidermal growth-factor-receptor-targeting D4 peptide, and the HIV-1-derived TAT
cell-penetrating peptide. The system demonstrated a high drug encapsulation rate and
released the «-lipoic acid into the deepest layers of the epidermis, where it counteracted
the oxidative stress and inflammation after exposure to UVB light [119].

The use of a-lipoic acid is also interesting in suppressing appetite. Traditional for-
mulations (salt or micronized crystals) had poor absorption and a short plasma half-life,
not sufficient to suppress appetite. Park and collaborators introduce a novel «-lipoic acid
nanoparticulate formulation developed through nano-comminution, employing different
polymeric stabilisers (hydroxypropyl cellulose, Pluronic® F127, and polyvinylpyrroli-
done). Interestingly, they found that nanoparticle powder formulations, when compared to
nanosuspension formulations, were endowed with an improved efficacy in reducing food
intake [120].

2.5. Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides derived from the enzymatic degra-
dation of starch which typically comprise six (x-), seven (3-), or eight (y-) glucose units
linked through «-1,4 glycosidic bonds. They have a toroidal-like shape characterised by a
hydrophilic outer surface and a more hydrophobic central cavity. This distinctive arrange-
ment enables them to interact with molecules of appropriate size and geometry, and form
complexes with the entire molecule or part of it. They are frequently used as excipients
in pharmaceutical formulations to increase the aqueous solubility of poorly soluble active
substances, improving the stability and bioavailability of drugs [121-123].

a-lipoic acid has been proven to be complexed by «-, 3-, and y-CDs [124,125], and
in particular the R-(+)-o-lipoic acid complex with y-CD exhibited biocompatibility and
stability towards heat, humidity, and low pH [76]. y-CD significantly improved the
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bioavailability of R-(+)-«-lipoic acid in rats by enhancing its intestinal absorption [126].
As a result, the R-(+)-«-lipoic acid/y-CD complex exhibited a 2.2 times higher plasma
concentration compared to free o-lipoic acid, after oral administration. This evidence was
confirmed by a recent clinical trial in healthy volunteers, where the bioavailability of the
R-(+)-a-lipoic acid /y-CD complex demonstrated results 2.5 higher than the non-complexed
R-(+)-o-lipoic acid [127].

Table 1. Nanotechnological strategies used to improve o-lipoic acid characteristics and efficacy.

Nanoplatform Goal Reference
Silica nanoparticles Stabilise [93,94]
Prolong the release [98,100-103,106,108,110]
Stabilise [99,103,107,110]
Lipid-based nanoparticles Improve solubility [104]
Improve bioavailability [105]
Improve antioxidant activity [108]
Counteract. p.ro—oxidant [43]
activity
Nanocapsules and Preserve antioxidant activity [111]
nanospheres
Improve the stability [114]
Prolong the release [111,113,114]
Improv.e the .SOII.I.bility and [118-120]
Polymeric nanoparticle bioavailability
Improve the release [120]
Cyclodextrins Improve the stability and [76,126,127]

bioavailability

3. Exploring the Role of x-Lipoic Acid in Therapeutic Nanoplatforms

a-lipoic acid has been studied in numerous works in combination with several types
of nanoparticles. The formulations have been shown to enhance either the effects of
nanoparticles or a-lipoic acid antioxidant properties, both in cellular systems and in mouse
models of different pathologies.

3.1. Renewing Tissues: Nanoparticles and a-Lipoic Acid in Regenerative Medicine

The application of nanotechnology to non-healing wounds aims to facilitate healing
and tissue repair and avoid complications like infections.

The potential benefits of therapies based on a mixture of nanoparticles and antioxidant
agents on tissue regeneration have been demonstrated by Leu et al. The topical application
of a mixture containing gold nanoparticles, the antioxidant epigallocatechin gallate, and
a-lipoic acid significantly enhanced the proliferation and migration of skin cells and
accelerated wound healing in mice [128]. The same combination was also investigated in the
treatment of diabetic ulcers, reducing the expression of the receptor for advanced glycation
end-products, enhancing angiogenesis, and exerting anti-inflammatory effects [129].

Moreover, wound healing was improved by the treatment with o-lipoic acid conju-
gated with hexagonal boron nitride and boron carbide nanoparticles, exhibiting regener-
ative and antioxidant properties. «-lipoic acid has also been demonstrated to improve
the antimicrobial properties of boron nitride and boron carbide nanoparticles against
Staphylococcus aureus and Escherichia coli strains [130].

Finally, o-lipoic acid-capped silver nanoparticles introduced into alginate-based aero-
gels demonstrated improved biological properties, including higher antioxidant capacity
and anti-inflammatory activity, compared to a commercial dressing made of alginate
containing colloidal silver [131].
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3.2. Exploring the Use of a-Lipoic Acid-Containing Nanoparticles in Tumour Fighting

In cancer nanomedicine, x-lipoic acid has found application in three primary as-
pects: (1) the exploitation of its intrinsic antitumor activity when nanoformulated; (2) the
development of tumour environment-responsive nanoparticles, taking advantage of the
characteristics of its disulfide bond; (3) its action as a linker to enhance the binding strength
of tumour-targeting ligands on the surface of nanoparticles.

As reviewed elsewhere, o-lipoic acid has different powerful effects against cancer
cells, such as inducing apoptosis and suppressing proliferation, and cancer stemness. More-
over, it shows potential in mitigating chemotherapy-induced side-effects and overcoming
chemoresistance [49,132].

a-lipoic acid can be nanoformulated and investigated for its potential effects against
tumour cells. For example, Usama et al. proposed the synergistic activity of «-lipoic acid
with simvastatin, a statin with direct cytotoxic activity against different types of tumour
cells. The synthesised «-lipoic acid-simvastatin nanoparticles demonstrated a significant
increase in the cellular uptake and cytotoxicity of the statin in breast carcinoma cells [133].

The disulfide bond of a-lipoic acid can be exploited to prepare stimuli-responsive
nanoparticles, specifically systems that respond to the reducing environment found in
tumour cells. In fact, it is well known that the concentration of glutathione in its reduced
form (GSH) is significantly higher in cancer cells, and it can trigger the reduction of the
a-lipoic acid dithiolane ring, facilitating the release of the chemotherapeutics.

For example, a-lipoic acid was esterified to phosphatidylcholine to produce stimuli-
responsive cross-linked liposomes for the intracellular delivery of doxorubicin. The system
demonstrated a high serum stability and reduced-responsive drug release, resulting in an
in vitro anticancer activity comparable to the free doxorubicin. Moreover, the liposomal
formulation improved the pharmacokinetic profile of doxorubicin, which was maintained
in the blood circulation for a longer time [134]. Also, x-lipoic acid was conjugated to a
tocopheryl moiety to produce stimuli-responsive nanovesicles designed for the delivery of
doxorubicin. The nanovesicles efficiently encapsulated doxorubicin, and released it in a
glutathione-responsive manner. Moreover, the system proved to be biocompatible and to
have an anticancer activity superior to doxorubicin alone in drug-resistant cancer cells [135].
Also, a-lipoic acid was conjugated to xylan to produce redox-sensitive nanoparticles aimed
to deliver the anticancer drug niclosamide. The platform exhibited good stability and
biocompatibility as well as higher anticancer activity compared to the free drug [136].

Additionally, dual targeting delivery systems have been developed, combining the
stimuli-responsive behaviour of a-lipoic acid and other tumour-specific targets or tumour-
specific environmental conditions (see Table 2). In this category, several works exploit
the concept of charge-reversible nanoplatforms, capable of adjusting their surface charge
according to the surrounding environment [137]. They exhibit either a negative or a neutral
charge under physiological pH conditions to prevent adsorption to serum proteins that can
induce opsonization, complement activation, and rapid clearance. To achieve this feature,
specific functional groups, such as the imidazole moiety and maleic anhydride [138-141],
or coatings like polyethylene glycol, have been introduced [138,141,142]. Consequently,
charge-reversible nanosystems exhibit enhanced plasma stability and can accumulate in
tumour tissues. Once it has reached the tumour microenvironment, the acidic pH triggers
the charge switch and the positively charged surface facilitates the cellular internalisation
of the delivery platform.

In other works, tumour-specific ligands were introduced to improve the targeting of
the delivery systems, such as binders of the tumour-overexpressed receptors [138,143-148].

After internalisation, drug release was achieved by the activity of high glutathione
intracellular concentration on x-lipoic acid.
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Table 2. a-lipoic acid-based dual responsive drug delivery systems in cancer treatment.

Tumour Target Molecule Nanoplatform Goal Reference
Acidic pH and Dimethylmaleic acid—PEG Polymeric . .
Overexpressed ASGPR * and lactobionic acid nanoparticle Delivery of Doxorubicin [138]
Overexpressed ASGPR Pullulan and folic acid Polymer.lc Delivery of Paclitaxel [148]
and folate receptor nanoparticle
Overexpressed folate Folic acid Sﬂ.l ca hybrid . Delivery of Doxorubicin [143]
receptor Magnetic nanoparticles
Histidine Polymeric nanoparticle Delivery of Doxorubicin [139]
Dimethylmaleic anhydride = Polymeric nanoparticle Delivery of Doxorubicin [140]
Acidic pH Histidine—PEG Liposomes Delivery of VEGE ™ [141]
P p siRNA and Etoposide
PEG Albumm—b.ased Delivery of Doxorubicin [142]
nanocarrier
S . . Delivery
(izfeélxre:eesp;:g; Hyaluronic acid Polymeric nanoparticle 17a-Methyltestosterone [134]
P Hyaluronic acid Polymeric nanoparticle Delivery of Doxorubicin [135]
Tumour esterase Chlorambucil Polymeric nanoparticle Delivery of Doxorub.lcm and [136]
overexpression Chlorambucil
ocv 33 receptor cRGD peptide ** Micelle Delivery of Doxorubicin [137]

overexpression

* asialoglycoprotein receptor; ** cyclic arginyl-glycyl-aspartic acid peptide; *** vascular endothelial growth factor.

Thiols are commonly used as ligands for attaching drugs to the surface of nanoparti-
cles, such as gold nanoparticles. Using linkers with multiple thiols, such as «-lipoic acid,
increases the binding strength between the nanoparticles’ surface and the ligands. Also,
a-lipoic acid’s carboxylic group can be directly functionalised with chemotherapeutics,
spacers, and tumour-specific targets. The following works, mainly focused on the func-
tionalisation of gold nanoparticles, describe the use of a-lipoic acid for these purposes.
Ghorbani et al. used x-lipoic acid as a linker to attach curcumin to the surface of Fe3Oy,
resulting in a novel, particularly potent medicinal compound with increased cytotoxicity
compared to curcumin alone [149]. Also, promising antimetastatic activity was shown
by linking a tumour-associated carbohydrate antigen to gold nanoparticles through an
analogue of a-lipoic acid, the iso-a-lipoic acid. Moreover, the advantage of having an achi-
ral linker as iso-a-lipoic acid lies in the simplified design, synthesis, and characterisation
of the nanosystem [150]. «-lipoic acid was used to link folic acid and doxorubicin to the
surface of gold nanoparticles to obtain a targeted delivery system for the chemotherapeutic
drug. The approach resulted in enhanced cell penetration and the prolonged release of
doxorubicin [151]. a-lipoic acid was used in the development of gold tumour-targeting
nanoparticles capable of responding to the acidic intracellular environment and aggre-
gating to amplify nanoparticle retention within tumour cells. Specifically, in the work of
Cheng, a-lipoic acid was used to link a biotin-end-derived PEG moiety to the gold surface.
As a result, the nanoplatform exhibited stealth properties and active targeting ability [152].
A similar approach was used to conjugate doxorubicin and anti-PD-L1 antibody on the
gold nanoparticle surface, through an o-lipoic acid-PEG-N-hydroxysuccinimide linker. The
thiol groups of a-lipoic acid interacted with the gold surface, while it formed an amide
bond with the N-hydroxysuccinimide moiety binding the cancer-targeting ligands [153].

Wang and collaborators modified star poly(lactic-co-glycolic acid) ends with «-lipoic
acid to obtain a new nanoparticle with enhanced loading capacity, reduced drug leakage,
and efficient uptake in melanoma cells [154,155].
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3.3. Exploring Miscellaneous Applications of Nanoparticles and «-Lipoic Acid

The combination of a-lipoic with nanomaterials, including metal and polymeric
nanoparticles, was also investigated in other therapeutic areas.

Indeed, Tudose et al. covalently immobilised x-lipoic acid onto the surface of silver
nanoparticles—decorated silica nanoparticles, and they evaluated the antioxidant, cytotoxic,
and antimicrobial activities of these new nanoparticles. They found that the functionali-
sation of silver nanoparticles—decorated silica nanoparticles with o-lipoic acid enhanced
the specificity of the interaction with mammalian cell lines and antioxidant activity, while
reducing cytotoxicity, suggesting its potential for modulating the cell cycle to achieve
desired therapeutic effects [156].

The mixture of a-lipoic acid with gold nanoparticles showed a superior neuroprotec-
tive effect compared to each compound alone in vivo, with the inhibition of brain damage
induced by radiation in rats [157]. The combination of x-lipoic acid with PEGylated gold
nanoparticles proved to counteract oxidative stress in osteoporosis development. -lipoic
acid-gold nanoparticles were biocompatible, and effectively removed reactive oxygen
species and promoted osteoblast proliferation [158].

The impact of «-lipoic acid in combination with caffeine-loaded chitosan nanoparticles
was evaluated against obesity and its hepatic and renal complications in rats. The treatment
was shown to mitigate weight gain and improve hepatic and renal function, reducing
biochemical markers and histopathological alterations [159]. The same nanosystem was
also tested for its ability to mitigate cardiovascular complications induced by obesity in
rats. Treatment with a-lipoic acid and caffeine-loaded chitosan nanoparticles alleviated
cardiac complications and the cardioprotective effect of the combined treatment, was
more evident than that of the two agents used individually [160]. A nanosphere matrix
made of zein (a water-insoluble plant protein derived from maize) and «-lipoic acid
was employed to encapsulate Vardenafil, a medication used for the treatment of erectile
dysfunction [161]. a-lipoic acid has indeed previously been shown to significantly improve
sexual function and quality of life in both animals and human investigations [162]. In the
work of Ahmed [161], «-lipoic acid was stabilised by the interaction with the zein polymer;
moreover, the bioavailability, delivery, and effects of Vardenafil were improved thanks to
the nanoformulation.

4. Protective Role of x-Lipoic Acid against Nanoparticle Cytotoxicity

Different studies have shown that o-lipoic acid can inhibit the intrinsic cytotoxicity
of various types of nanoparticles. Two strategies have been used by researchers: on one
hand, directly conjugating «-lipoic acid to the surface of the nanoparticle, and on the other
hand, mixing «-lipoic acid with the nanoparticles before application. Using «-lipoic acid in
conjunction with various types of nanoparticles has been demonstrated to limit many of
the cytotoxic effects induced by the nanoparticles themselves (see Figure 4).

4.1. -Lipoic Acid and Silver Nanoparticle Cytotoxicity

Asis already known, silver nanoparticles possess potent antimicrobial activity, but they
can exert cytotoxic effects [163,164]. Hajtuch et al., comparing uncoated silver nanoparticles
with a-lipoic acid silver nanoparticles, found that silver nanoparticles coated with «-lipoic
acid maintained their antimicrobial properties, while improving their biosafety. In fact, «-
lipoic acid silver nanoparticles were found to be biocompatible with Huvec cells, red blood
cells, and platelets [165]. Also, Cotton and collaborators mitigated silver nanoparticles’
toxic effects by capping them with a-lipoic acid. The protective effect of a-lipoic acid
was investigated on human gingival fibroblasts in comparison to ionic silver and clinical
antiseptics (chlorhexidine and silver diamine fluoride). The authors found that x-lipoic
acid-capped silver nanoparticles exhibited notably lower toxicity than the clinically utilised
controls, while keeping their antimicrobial properties intact [166]. In another study, the
damage induced on rat testes by silver nanoparticles was attenuated by mixing them
with «-lipoic acid [167]. The authors demonstrated that the co-treatment mitigated the

259



Antioxidants 2024, 13, 706

biochemical, oxidative, and apoptotic changes induced by silver nanoparticles. These
kinds of nanoparticles, when administered, can damage the blood-brain barrier function
and induce neurotoxicity; the co-treatment with «-lipoic acid was demonstrated to be
favourable in ameliorating the neurotoxic side effects of silver nanoparticles by reducing
the induced apoptosis, inflammation, and oxidative stress [168]. The co-treatment with
a-lipoic acid and silver nanoparticles was also used to mitigate adverse effects of these
nanoparticles in the treatment of pancreatic ductal adenocarcinoma. «-lipoic acid, in fact,
reduced the production of reactive oxygen species (ROS) induced by the silver nanoparticles
themselves, protecting non-malignant cells from oxidative stress [169].
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Figure 4. The impact of x-lipoic acid on mitigating the cytotoxic effects induced by various metal
nanoparticles. ALT: alanine aminotransferase; AST: aspartate transaminase; MDA: malondialdehyde;
GSSG: glutathione disulfide; GSH: glutathione; iNOS: inducible nitric oxide synthase. Created with
BioRender.com (accessed on 3 June 2024).

4.2. w-Lipoic Acid and Gold Nanoparticle Renal and Hepatic Toxicity

Exposure to gold nanoparticles can induce hepatic oxidative damage and toxicities; it
has been shown that the co-administration of «-lipoic acid with gold nanoparticles has pro-
tective effects, suppressing oxidative stress and inflammation [170]. Gold nanoparticles can
also have nephrotoxic effects: o-lipoic acid has been demonstrated to reduce nanoparticle
kidney damage, suggesting that combining natural antioxidants with gold nanoparticles
may offer a potential strategy to prevent nanoparticle-induced toxicity [170-172].

4.3. «-Lipoic Acid and the Inhibition of Toxicity Induced by Other Types of Nanoparticles

a-lipoic acid exhibited hepatoprotective functions against zinc oxide nanoparticle toxi-
city, decreasing liver damage and the expression of metabolic disorder markers, which were
up-regulated by the treatment with zinc oxide nanoparticles [173]. The co-administration of
a-lipoic acid also significantly mitigated the cardiotoxic effects of zinc oxide nanoparticles
by reducing serum cardiac injury markers, pro-inflammatory biomarkers, nitric oxide, and
vascular endothelial growth factor levels, as well as cardiac calcium concentration and
oxidative DNA damage, indicating its potential as s protective agent against ZnO-NP-
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induced cardiac tissue injury [174]. Moreover, a-lipoic acid displayed a therapeutic role
after the exposure to lead and zinc oxide nanoparticles, attenuating the biochemical alter-
ations in neurological, immunological, and male reproductive organs of rats, suggesting
its potential as a protective agent against their adverse effects [175]. Cobalt nanoparticles
can be generated from cobalt-containing implants and they can induce ferroptosis-like cell
death through, among other things, increasing intracellular reactive oxygen species. Cobalt
nanoparticle adverse effects have been mitigated by the co-administration of «-lipoic acid,
which effectively counteracts the adverse effects induced by CoNPs, thus stabilising the
cell’s antioxidant capacity and preventing ferroptosis-like cell death [176]. o-lipoic acid
was also shown to be a promising hepatoprotective agent against copper-nanoparticle-
induced oxidative damage; its administration mitigated hepatic damage, maintaining an
antioxidant status [177].

5. Poly(a-Lipoic Acid)-Based Polymeric Nanoparticles: Insights and Perspectives

The 1,2-dithiolane ring contained in «-lipoic acid can undergo ring-opening polymer-
ization (ROP) to produce poly(disulfide)s [178]. ROP [179] is the approach most used to
propagate x-lipoic acid polymerization and obtain its cross-linking. ROP can be achieved
by using different methods: elevated temperatures, photo-initiated radical polymerization,
and thiolate compounds (see Figure 5).
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Figure 5. ROP of a-lipoic acid can be obtained thanks to three different strategies; by temperature, by
irradiation, and by thiolate initiation. All these protocols were used to prepare poly(c-lipoic acid)
nanoparticles, which were then tested for their abilities to fight various pathologies or pathological
environments, and to enhance different types of therapies. Created with BioRender.com (accessed on
3 June 2024).

All these approaches have been used to produce nanoparticles based on the polymer-
ization of «-lipoic acid.

It is interesting to note how heat and light are often listed as factors that destabilise -
lipoic acid (see Introduction), but if used properly, they are good alternatives for achieving
polymerization. On the other hand, ROP initiated using a thiolate monomer represents
a promising approach due to the mild conditions it requires and the better control of
the polymerization process [180]. The advantages and limitations of each strategy are
summarised in Table 3.
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Table 3. Advantages and limitations of the most common methods used to synthesise poly(a-lipoic
acid) nanoparticles [181].

Method

Mechanism

Advantages

Limitations

Solvent-free bulk

Potential degradation
Uncontrollable (often

Thermal polymerization Free radical polymerization COI‘IC.hUOI‘IS . results in a mixture of
Rapid above the melting R
point poly(x-lipoic acid) and

cyclic monomers)

Mild conditions

Stability of the thiolate

Thiolate-initiated Thiol-disulfide exchange Controllable initiator
polymerization & (homogeneity) e  Control of temperature
Rapid and light exposure
Potential degradation
Photo-initiated Uncontrollable (often
Free radical polymerization =~ e  Mild conditions results in a mixture of

polymerization poly(a-lipoic acid) and

cyclic monomers)

5.1. Poly(a-Lipoic Acid) Nanoparticles Obtained by Thermal Polymerization

Poly(o-lipoic acid) nanoparticles, synthesised via thermal polymerization, were em-
ployed alongside various drugs to augment their anticancer efficacy. The general method
applied in the studies outlined in this section involves polymerizing x-lipoic acid at a
temperature above its melting point, then utilising the resulting poly(x-lipoic acid) to
create the desired nanoparticles.

For instance, Yang et al. synthesised a PEGylated poly(x-lipoic acid) copolymer and
assembled it into nanoparticles in aqueous solution. The nanoparticles showed the ability
to load doxorubicin with high efficiency, and the doxorubicin-loaded nanoparticles were
efficiently internalised in 4T1 cancer cells, where doxorubicin was released, displaying its
antiproliferation ability. Moreover, these nanoparticles exhibited improved antitumoral
efficacy in a mouse model, while causing fewer toxic effects on healthy organs [182]. The
same nanoparticles were co-loaded with paclitaxel and doxorubicin and both were studied
in a cellular and an animal model for osteosarcoma. The authors found that the dual-
drug-loaded nanoparticles were effectively taken up by osteosarcoma cells, releasing drugs
intracellularly in response to an acidic pH and the reductive environment of cancer cells.
Moreover, the co-loaded nanoparticles exhibited improved biodistribution into the tu-
mour in mice, resulting in a more effective inhibition of tumour growth compared to free
drugs [183]. A similar strategy was used to develop pH-responsive nanovesicles from a
PEGylated poly(a-lipoic acid) copolymer to deliver the chemotherapeutics doxorubicin
and gefitinib for the treatment of ovarian cancer. The drugs were efficiently encapsulated
and released intracellularly in a pH-responsive manner, inducing the apoptosis of cancer
cells [184]. Liu and collaborators conjugated poly(a-lipoic) nanoparticles to combretastatin
A4, a potent vascular disrupting agent, resulting in a specific accumulation of combretas-
tatin A4 in tumour cells and in a prolonged apoptosis of cancer cells because of its long
retention time [185]. Also, they used the same approach with the cytotoxic drug honokiol
and another vascular disrupting agent, 5,6-dimethylxanthenone-4-acetic acid, obtaining a
nanoparticle with high antitumor potency against a murine model of breast tumour [186].

Poly(e-lipoic acid) nanoparticles obtained thanks to elevated temperatures were also
tested for their potential ability to treat spinal cord injury. The antibiotic minocycline was
encapsulated in polymeric nanoparticles, and loaded with methylprednisolone, a drug
used to inhibit inflammation after traumatic spinal cord injury. The combined nanopar-
ticle was biocompatible and exhibited a potent anti-inflammatory activity, able to inhibit
proinflammatory cytokine release in a microglia cell line treated with LPS [187].
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The encapsulation of Venetoclax, a Bcl2 inhibitor, in polymeric nanoparticles has been
demonstrated to enhance its effects when administered freely. It inhibits the production of
pro-inflammatory cytokines in a murine model of lung injury by inducing the apoptosis
of infiltrated neutrophils [188]. Also, the antioxidant properties of the natural compound
quercetin were enhanced through encapsulation in polymeric nanoparticles. This encap-
sulation favoured its chemical stability and slow release, and the antioxidants properties
of encapsulated quercetin have been shown to be improved with respect to its crystalline
form in a rat model of acute liver injury [189].

Rhein (an anthraquinone with anti-inflammatory activity) and geraniol (a bioactive
compound) were loaded onto poly(x-lipoic acid) acid nanoparticles, showing an enhanced
antimicrobial activity against Salmonella infection, compared with free drugs. Additionally,
co-loaded nanoparticles were also able to suppress the production of pro-inflammatory
cytokines and to maintain the gut microbiota homeostasis [190]. With the aim of tackling
Salmonella infection, characterised by the production of high levels of H,S, PEGylated
a-lipoic acid was thermally polymerized and polymeric nanoparticles were loaded with
the antibiotic compound ciprofloxacin. The nanoplatform, besides demonstrating excellent
stability in vitro and biocompatibility toward mammalian cells, selectively delivered the
antibiotic to the inflammation site, thus improving its efficacy [191].

5.2. Poly(a-Lipoic Acid) Nanoparticles Obtained by Thiolate-Initiated Polymerization

Matile and colleagues examined the reactivity of cyclic disulfides in disulfide-exchange
polymerization. They concluded that «-lipoic acid’s disulfide bond length and the torsion
angle of the thiolane ring exhibited the optimal reactivity to achieve optimal and controlled
polymerization [192]. In most of the studies detailed in this paragraph, the process begins
with the formation of nanoparticles containing «-lipoic acid, followed by the induction of
polymerization using a thiolate initiator to yield poly(x-lipoic acid) nanoparticles.

Cross-linked a-lipoic acid nanocapsules using 1,4-dithiothreitol (DTT) thiolate have
been employed to encapsulate two precursors of combretastatin (a compound displaying
strong inhibitory activity on tumour cell growth) and a copper catalyst. Encapsulation
ensured that the prodrug was not prematurely activated. Within the tumour tissue, the
high concentration of GSH induces the breakdown of poly(«-lipoic acid) nanoparticles,
releasing prodrugs and catalysts and inducing the death of only tumour cells [193]. The
polymerization of x-lipoic acid was used to project nanoparticles based on a conjugate of
lipoic acid and hyaluronic acid; these cross-linked nanoparticles were used to encapsulate
and then deliver doxorubicin specifically to breast cancer and myeloma and leukaemia
cells [194]. DTT was also used to induce the polymerization of x-lipoic acid contained in
a dimeric surfactant-like amphiphilic molecule: this molecule can form nanoaggregates,
due to the hydrophobic head of «-lipoic acid and the hydrophilic tail of gemini surfactant.
Nanoaggregates were then stabilised thanks to a-lipoic acid polymerization and loaded
with doxorubicin: the nanonetwork was selectively cytotoxic against cancer cells with
respect to normal cells [195].

Mancin and collaborators showed that o-lipoic acid polymerization could be realised
through a single-step synthesis using 1-octanethiol as initiator, producing cross-linked
poly(x-lipoic acid) nanoparticles loaded with dye and protected by PEG directly from small
molecule precursors [196]. Interestingly, they conducted a comparison on the long-term
stability of nanoparticles synthesised with a thiolate initiator versus those formed without
any initiators. The results highlighted that nanoparticles produced through thiol-initiated
ROP resulted in the formation of more rigid and stable nanoparticles. Also, x-lipoic
acid preserved its antioxidant activity within the nanoformulation, demonstrating in vitro
efficacy in mitigating damages caused by post-ischemic reperfusion [197]. The potential
of these nanoparticles as cardiomyocyte-targeted drug was validated in rats, revealing
their specific accumulation in the heart without inducing any toxicity in cardiomyocytes.
Furthermore, the nanoparticles were tested in vitro as a delivery system for nucleic acids
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in cardiomyocytes, demonstrating their ability to enter this specific cell type and release
their cargo in the perinuclear area [198].

Conversely to the previous works described in this section, Gu et al. first induced the
polymerization of «-lipoic acid using cysteine hydrochloride, and then prepared poly(o-
lipoic acid) nanoparticles through ultrasonic emulsification. The newly obtained nanoplat-
form was employed for the delivery of docetaxel, demonstrating specific drug targeting in
cancer cells and preventing unspecific drug release [199].

5.3. Poly(a-Lipoic Acid) Nanoparticles Obtained by UV light

In the case of irradiation-induced polymerization, as well, the majority of studies first
involve the synthesis of nanoparticles containing x-lipoic acid, followed by its polymerization.

A new pH-responsive nanodrug based on a form of camptothecin (an inhibitor of
topoisomerase) was loaded into cross-linked R(+)-«-lipoic acid nanoparticles, enhancing
the anticancer activity of camptothecin, stabilising the drug, and achieving a higher drug
concentration in the HT29 tumour cells [200].

UV cross-linked R(+)-a-lipoic acid nanoparticles were used to anchor quaternary
ammonium salts provided with long alkyl chains, which have the ability to destabilise cell
membranes. Their link to -lipoic acid nanoparticles ensured that their activity occurs only
within the cell, following the dissolution of the nanocontainer due to the cytosolic redox
environment. As a result, they exerted a selective cytotoxic activity only to the tumour
environment [201].

Two «-lipoic acid monomers were modified, one with a disulfide Zn-coordinated
dipicolylamine analogue, known to boost protein transfection efficiency, and the other
with a guanidinium side chain, mimicking the structure of cell-penetrating peptides. The
modified monomers were then polymerized by irradiation, and the new compound showed
enhanced delivery efficacy for nucleic acids compared to commercial transfection reagents,
demonstrating potential for both gene therapy and immunotherapy applications [202].

Chemodynamic therapy is a kind of therapy based on inducing high concentrations
of hydroxyl radical (one of the most toxic radicals) from hydrogen peroxide through the
Fenton or Fenton-like reaction which can be catalysed by iron-containing compounds. The
high concentration of hydroxyl ions in turn induces lipid peroxidation and consequent
cell death through ferroptosis. This type of therapy is highly specific but requires high
concentrations of iron, which is toxic to non-tumour cells [203]. With the aim of specifically
delivering iron into tumour cells, an iron-doped cross-linked «-lipoic acid nano-aggregate
was developed. Inside the tumour cells the new nanocompound was able to self-supply
H,0, and accelerate Fe3* /Fe?* conversion, thus increasing ROS levels [204]. For the same
purpose, UV cross-linked «-lipoic acid nanoparticles were utilised to anchor copper, which
can catalyse the Fenton reaction even at neutral or slightly acidic pH levels. By conjugating
copper to «-lipoic acid nanoparticles, the authors achieved a nanoplatform capable of
consuming less copper, facilitated by the ability of dihydrolipoic acid to reduce Cu®* to
Cu", thus maintaining the production of hydroxyl radicals for a longer period compared to
iron [205].

In another study, PSMA (prostate-specific membrane antigen) was cross-linked to
poly a-lipoic acid nanoparticles, with a frans-cyclooctene functionalized lysine linker also
added. In this way, the authors obtained a nanoplatform specific for prostate cancer cells,
with pro-apoptotic activity given by the o-lipoic acid’s ability to inhibit Bcl2 and equipped
with pre-targeting for tetrazine (which can selectively conjugate with trans-cyclooctene),
thus enabling radiotherapy, suggesting a promising therapeutic approach for metastatic
castration-resistant prostate cancer [206].

Poly(a-lipoic acid) nanoparticles were also employed to load indole-3-methanol, a
natural compound capable of activating Phosphatase and tensin homolog (PTEN). PTEN is
a well-known tumour suppressor, whose expression is found to be three times lower in
triple-negative breast cancer cells. The designed nanoplatform delivered indole-3-methanol
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to tumour cells, where its PTEN-activating ability was enhanced by the co-presence of
a-lipoic acid, leading to the specific apoptosis of tumour cells [207].

Interestingly enough, the polymerization of x-lipoic acid induced by irradiation has
also been used to stabilise and finely control the size of gold nanoparticles. In this case, Cely-
Pinto and co-authors first induced the polymerization of o-lipoic acid through irradiation;
then, they mixed poly(x-lipoic acid) with tetralone (a photoinitiator for gold reduction)
and HAuCly, and irradiated the solution again; this way, they obtained stabilised gold
nanoparticles with a diameter of 20-40 nm [208].

5.4. Harnessing Poly(n-Lipoic Acid) in Hydrogel Engineering

Hydrogels are three-dimensional networks of hydrophilic polymers capable of re-
taining large amounts of water within their structure. These materials exhibit a unique
combination of properties, including high water content, softness, and flexibility, resem-
bling natural tissues [209,210]. Hydrogels can be synthesised from a variety of polymers,
including «-lipoic acid.

For example, both a coenzyme salt polymer (poly(sodium «-lipoate)) and a poly(«-
lipoic acid) were incorporated in an elastomer adhesive patch. The patch had hydrogen
bonding cross-links between poly(x-lipoic acid) and poly(sodium «-lipoate), which pre-
vented poly(x-lipoic acid) depolymerization. This design enabled the sustainable delivery
of bioactive «-lipoic acid and provided durable adhesion to oral mucosal wounds due
to the adhesive action of poly(sodium «-lipoate). In mouse and mini-pig models of oral
ulcers, the adhesive patch showed promising therapeutic effects. In fact, it accelerated ulcer
healing by regulating the inflammatory environment of damaged tissue, maintaining oral
microbiota stability, and promoting faster re-epithelialization and angiogenesis, showing
promising therapeutic properties for treating oral ulcers [211]. Qi et al. projected an elastic
patch made of methacrylated gelatin in combination with a poly(«-lipoic acid). Also,
in this case, the crosslinking between poly(«-lipoic acid) and the methacrylated gelatin
prevented poly(a-lipoic acid) depolymerization and slowed down its dissociation in water,
enabling durable adhesion to oral periodontal tissue and the continuous release of bioactive
small molecules in periodontitis wounds [212]. Hydrogels of poly(x-lipoic acid-co-sodium
lipoate) were obtained by inducing the polymerization of the «-lipoic acid by heating in the
presence of sodium bicarbonate. These green hydrogels maintained the ROS scavenging
ability and they have been demonstrated to reduce inflammation in a rat spinal injury
model, promoting the functional recovery of the spinal cord [213]. Hydrogels comprising
poly(c-lipoic acid) and poly(ethylene glycol) were utilised as drug delivery vehicles to
encapsulate doxorubicin, which was shown to be selectively released within the tumour
microenvironment due to the presence of disulfide bonds in the hydrogel and the reducing
conditions found in the tumour [214]. Additionally, a multifunctional supramolecular
polymer hydrogel was engineered by merging gold nanostars with insulin through the
ring-opening polymerization of o-lipoic acid. This hydrogel demonstrated the capacity to
expedite the healing process of diabetic wounds infected by S. aureus, showcasing remark-
able antibacterial efficacy under near-infrared irradiation (attributed to gold nanostars) and
redox balance regulation (attributed to o-lipoic acid) [215].

Pluronic F127 has gained attention in the development of wound healing hydrogel
due to the possibility of easily adjusting the phase transition temperature. In fact, F127
undergoes a sol-gel thermo-reversible transition within the range of room temperature to
physiological temperatures. However, F127 hydrogel rapidly dissolves in physiological
conditions, thereby limiting their efficacy. The functionalization of the copolymer was
investigated as a strategy to target this drawback.

For instance, the thiol/disulfide exchange reaction was employed to produce an
injectable self-healing cross-linked hydrogel. «-lipoic acid-functionalized PEG reacted with
thiol-modified F127 to form a dynamic thermoresponsive hydrogel with a rapid sol-gel
transition ability at body temperature [216]. Also, a-lipoic acid was linked to Pluronic
F127, resulting in a co-polymer that self-assembled in micelles. Subsequently, the hydrogel
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formation was obtained by the photo-induced cross-linking of «-lipoic acid. The hydrogel
exhibited biocompatibility, optimal mechanical properties, and temperature-dependent
swelling properties, and provided the release of bovine serum albumin in a reducing
environment [217]. A similar approach was used by Wang et al., who conjugated «-lipoic
acid to Pluronic F127 to create an injectable tissue-adhesive hydrogel. The exposure of the
hydrophobic dithiolane ring of o-lipoic acid facilitated the formation of bigger micelles
compared to F127 alone, promoting the hydrophobic aggregation. Moreover, x-lipoic
acid was used to enhance the biocompatibility by preventing the potential toxicity of the
aldehyde groups of F127. The micelles were combined with Ce3*/tannic acid /ulinastatin
nanoparticles with LPS- and ROS-scavenging activity to obtain a wound-healing-promoting
hydrogel. The nanohydrogel demonstrated excellent injectability and tissue adherence
at physiological temperatures. Moreover, upon UV irradiation, the initially semisolid
hydrogel solidified, providing tight tissue adherence. The application of the nanohydrogel
on wounds suppressed inflammation and facilitated the healing process [218]. Eventually,
an injectable hydrogel with near-infrared, antioxidant, and antiinflammatory properties was
developed, incorporating «-lipoic acid-modified palladium nanoparticles into a sodium
alginate hydrogel crosslinked with calcium ions [219].

6. Conclusions and Future Perspectives

a-lipoic acid has been extensively studied as a dietary supplement, with a current high
impact and growing market. Moreover, it has been investigated in different therapeutic
contexts, showing encouraging outcomes in both preclinical and clinical studies.

However, «-lipoic acid use has faced challenges, such as sensitivity to external factors,
instability, and poor bioavailability, which affect its pharmacokinetic and pharmacological
profile. Nevertheless, certain fundamental aspects are still debated and poorly understood,
such as the impact of each enantiomer in the therapeutic activity and the paradoxical
pro-oxidant activity despite its being a well-established antioxidant. Thus, additional
investigation should be undertaken to elucidate these issues.

Nanotechnology has emerged as a promising strategy to target these limitations
and offers the possibility of an efficient formulation of a-lipoic acid. Furthermore, o-
lipoic acid represents a promising scaffold for derivatisation and is used in the design of
delivery nanoplatforms for different drugs and therapeutic areas. This review highlights
numerous ways in which research on a-lipoic acid and nanotechnology has sought to
address some of the challenges encountered when working with this compound. Although
nanotechnological platforms incorporating x-lipoic acid have shown promise, many studies
have focused solely on investigating the effects of nanoformulated «-lipoic acid at low
concentrations or short exposure times, not considering the side effects observed with
prolonged exposure to a-lipoic acid alone. Furthermore, the potential long-term side effects
of the materials used to encapsulate «-lipoic acid (such as surfactants and copolymers)
have often not been considered, and few studies provide data on the pharmacokinetic
and pharmacodynamic properties of the new nanoplatforms. Further data also need
to be obtained regarding the chemical degradation of the new nanoplatforms once in
circulation and how they are eliminated from the body. Finally, many studies have been
conducted using cellular models, while few studies utilise disease models in small animals,
highlighting the need for further studies, including clinical trials testing nanoformulations
of a-lipoic acid, to validate their effectiveness as formulations and delivery systems for
a-lipoic acid.
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