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Introduction

Polymer-lipid hybrid nanoparticles
co-encapsulating fucoxanthin and carbon
dots for targeted anti-inflammatory therapy
in Alzheimer’s disease

J. Horacio Silvestre-Martinez,®® Lorna G. Yafiez-Algandar,®®
Karina del Carmen Lugo-Ibarra*® and Ana B. Castro-Cesefia (&) **4

Alzheimer's disease (AD) is a long-term brain disorder characterized by the buildup of proteins like
amyloid-beta (Ap) and Tau. This disease process can start up to 20 years before symptoms such as
memory loss, language problems, changes in personality, and eventually dementia appear. Currently, AD
has no cure, and available treatments only ease symptoms, making it a major global health concern.
Developing new therapies is urgently needed. Nanomedicine presents promising solutions, especially for
overcoming challenges like delivering drugs across the blood—brain barrier (BBB). In this study, we
explored polymer-lipid hybrid nanoparticles (NPs) decorated with transferrin (Tf) to help them cross the
BBB. These NPs were loaded with carbon dots (CDs) and fucoxanthin (Fx), which have antioxidant and
anti-inflammatory qualities that may benefit neurodegenerative disease treatment. The resulting nano-
particle formulation (NPs-CDFx) had encapsulation efficiencies of 45% for Fx and 10% for CDs, with an
average particle size of about 88.74 nm. The safety of these NPs was tested using an in vitro model with
lipopolysaccharide (LPS) stimulated rat astrocytes, where high cell viability (92.18%) was observed. gPCR
analysis showed that NPs-CDFx significantly lowered the expression of genes linked to neuroinflammation
and disease progression, such as APP, GFAP, and S100p. To further confirm delivery, the NPs were injected
into five-day-old zebrafish larvae, where confocal microscopy detected the CDs' fluorescence in the
brain, indicating successful targeted delivery across the BBB. Overall, these findings suggest that the
nanoparticles can efficiently deliver therapeutic agents to the brain, reduce neuroinflammatory gene
expression, and demonstrate the effectiveness of polymer-lipid hybrid nanoparticles for targeted brain
drug delivery.

of dementia and primarily affects people over 65 years of age.”
In 2019, some 55 million people were estimated to have

Alzheimer’s disease (AD) is a chronic neurodegenerative dis-
order characterized by progressive memory loss, personality
changes, and cognitive decline." It is the most common cause
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dementia across the world, a figure predicted to increase to
139 million by 2050.% One of the most accepted theories of AD
is the amyloid cascade, characterized by the abnormal
accumulation of beta amyloid (Af) and tau protein,” which
overactivates microglial cells (microglia and astrocytes) produ-
cing proinflammatory molecules, such as cytokines, chemo-
kines and reactive oxygen species (ROS), causing neuroinflam-
mation and oxidative stress.” These pathological conditions
modulate amyloid precursor protein (APP) processing, glial
fibrillary acidic protein (GFAP) and S100 calcium-binding
protein B (S100p), increasing toxicity.>” These molecular
changes in the brain occur gradually and often develop up to
20 years before symptoms appear.®

Many aspects of the disease remain incompletely understood.
Traditional therapies for AD focus on symptoms and aim to
improve behavior and cognitive function, examples include
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and Memantine.
9-11

Rivastigmine, Donepezil, Galantamine
However, they do not significantly alter disease progression.
Among recent therapeutic advances, three anti-amyloid mono-
clonal antibodies have been developed: Donanemab,
Aducanumab (discontinued), and Lecanemab. These therapeutic
agents have received approval from the U.S. Food and Drug
Administration (FDA) and are used to reduce Ap; however, their
clinical benefit remains modest and safety concerns persist.’>™**
In addition to these approaches, other therapeutic and diagnos-
tic strategies have been explored, including stem cell therapy,
gene-related interventions, transdermal drug delivery, ultra-
sound-assisted delivery or imaging methods, blood-derived bio-
markers, cerebrospinal fluid analysis and neuroimaging.'"***>¢
Despite their potential, these strategies present specific limit-
ations depending on the approach, including safety risk, elev-
ated costs, technical complexity, absence of standardized proto-
cols and a partial understanding of AD, which collectively
hinder their widespread clinical implementation.

Most pharmacological agents for AD focus on symptomatic
treatment of the disease, making early diagnosis and treat-
ment vital in improving the quality of life of AD patients. Many
aspects of the disease remain incompletely understood.
Several hypotheses about AD pathogenesis propose that an
ideal prevention or treatment strategy should simultaneously
target AP aggregation, neuroinflammation, and oxidative
stress.'” Crossing the blood-brain barrier (BBB), low drug solu-
bility, and low bioavailabiility are the main challenges when
developing treatments for neurodegenerative diseases."®

Numerous strategies have been explored for their potential
pharmaceutical applications, with particular interest in com-
pounds derived from the sea. Among these, one major caroten-
oid present in algae is fucoxanthin (Fx)."® Fx has shown relevance
in immune modulation, exerts anti-inflammatory effects by the
activation of NRF2 pathway in macrophages,® blocks protein
kinase B (Akt)/nuclear factor-kappaB (NF-kB), mitogen-activated
protein kinase (MAPKs)/transcription factor (AP)-1 pathways in
BV-2 microglial cells*" and inhibits NLRP3 inflammasome acti-
vation and NF«B in astrocytes,”” despite these advances, no
studies have reported the impact of Fx on reactive astrocyte
markers. In this context, the fucoxanthin used in these studies is
extracted from algae, rather than commercial sources,* although
Fx is found in these natural sources, its extraction is a compli-
cated process due to variations in content between batches,
limited purity, and the use of environmentally harmful solvents,
among other factors.>*>> Additionally, Fx low water solubility
and poor blood brain barrier permeation limit their potential
applications when developing a treatment for AD.>®

One way to avoid these challenges is through the use of
nanotechnology and drug delivery systems (DDS), there are
different approaches using nanoparticles (NPs) when it comes
to treat AD: lipid-based, polymeric, metal-based, carbon-based,
mesoporous silica, as well as dendrimers, hydrogels and conju-
gates, which focuses on enhancing drug efficiency, delivery,
improving solubility and reduced toxicity.>”>° Particularly, poly-
meric-lipid nanoparticles, which are biocompatible, offer
chemical modifications, enhance bioavailability and drug
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efficacy, while reducing toxicity.’>*' In this DDS, the drug is
encapsulated in the polymeric core and lipids form an outside
membrane, stabilizing the NP, preventing fast release of the
drug, and increasing circulation half-time in vivo.**** To ensure
targeted delivery, this DDS can be modified with surface
ligands; since the transferrin receptor is highly expressed on
brain capillary endothelial cells (BCECs) lining the BBB, using
transferrin-conjugated NPs could increase therapeutic
efficacy.’**® Despite its advantages, this DDS cannot be moni-
tored using conventional imaging techniques during in vivo
studies. One way to overcome this challenge is to incorporate a
fluorescent molecule or nanoparticle. In this regard, CDs are
novel materials with unique properties such as fluorescence,
very small particle size (<10 nm), low cost, and biocompatibil-
ity.>® Furthermore, CDs alone have shown promising effects in
the context of AD, including the inhibition of tau and Af
protein aggregation downregulation of proinflammatory cyto-
kine levels, and efficacy enhancement when co-administered
with other drugs.*’*' Previously, transferrin conjugation has
been employed with carbon dots (CDs), where fluorescence
allows for brain visualization and evaluates biodistribution in a
zebrafish model.>>** Given these specific research needs, the
zebrafish serves as a good neurological model due to its genetic
similarity to humans, transparent embryology, and capacity for
cost-effective, high-throughput screening. Crucially, its blood-
brain barrier is structurally and functionally homologous to that
of mammals, providing a unique platform for accurately evaluat-
ing such neurospecific drug delivery and efficacy.**™*

The encapsulation of CDs in NPs represents a promising
platform to integrate therapeutic delivery with diagnostic capa-
bilities, so the present study explores for the first time the
synergistic effect of Fx encapsulation combined with CDs
within a DDS, as a possible theranostic strategy for neuroin-
flammatory conditions to treat AD. This work explores the
anti-inflammatory effects of transferrin (Tf)-functionalized
polymer-lipid hybrid nanoparticles loaded with CDs and Fx.
This co-encapsulation contributed to improved cytocompatibil-
ity, enhanced loading efficiency of the therapeutic compound,
and reduced particle size, so to assess the therapeutic poten-
tial of this formulation, we determined the encapsulation
efficiency, cell viability which increased when both therapeutic
agents were co-encapsulated, and also resulted in a reduced
particle size, evaluating four key genes involved in neuroin-
flammation (APP, GFAP, S100p and IL-6) using a lipopolysac-
charide (LPS)-stimulated rat astrocyte model. To the best of
our knowledge, no previous studies have reported the effect of
commercial Fx and CDs on astrocyte inflammatory markers.
Additionally, the presence of Tf and CDs allowed us to demon-
strate the targeted delivery of the nanoparticles in the brain of
a zebrafish, using confocal scanning microscopy.

Materials

The following reagents were used for the transferrin conju-
gation reaction: CHO-PEG2000-COOH (CLS-PEG) (Nanosoft

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Polymers, USA; 3042-2000), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide  (EDC)  (Sigma-Aldrich, = USA;  E7750),
N-hydroxysuccinimide (NHS) (Sigma-Aldrich, USA; 130672),
holo-transferrin (Sigma-Aldrich, United States of America
(USA); T0665), Microsep™ Advance filters (Cytiva/Pall Life
Sciences, USA; MCP010C46). For the synthesis of NPs the fol-
lowing reagents were used: citric acid monohydrate (C1909,
Sigma Aldrich), fucoxanthin (HY-N2302, MedChemExpress),
sodium hydroxide (NaOH, Fermont, 36902), poly(lactic-co-gly-
colic acid) (PLGA, Nanosoft Polymers, USA; 11088-20-50K), soy
lecithin (HSPC) (Nanosoft Polymers, USA; 26372), Phosphate-
buffered saline 1X (PBS), TRIzol® (Sigma-Aldrich, USA; 93289)
for RNA extraction and tricaine (HY-W011777, MedChemExpress)
to anesthetize the fish.

Methods

CLS-PEG-COOH conjugation with holo-transferrin

EDC (100 mM, 100 pL) and NHS (100 mM, 200 pL) solutions were
added to the CLS-PEG (1 mM, 600 pL) solution and sonicated for
10 min. Then, transferrin (2 mg mL™", 600 pL) was added and left
under stirring at 200 rpm for 24 h at 22 °C. To concentrate the
solution, remove excess water and eliminate free molecules,
Microsep™ Advance filters with a molecular weight cut-off
(MWCO) of 10 kDa were used to wash the solution by centrifu-
gation at 9000 rpm for 12 min. The resulting solution was resus-
pended in 1 mL of water and stored for 24 h —80 °C, finally it was
lyophilized for another 24 h, at a vacuum pressure of 0.011 mbar
and —56 °C, in a FreeZone 1 lyophilizer (Labconco, USA).

Carbon dots synthesis

Carbon dots were synthesized from the thermolysis of 25 g of
citric acid monohydrate, in a Lindberg/Blue M oven (Thermo
Fisher Scientific) at 180 °C for 40 h.*® Once cooled and pulver-
ized a brown-orange powder was obtained. A pH 4 solution
was obtained by mixing 3 g of CD with 6.6 mL of deionized
water, to neutralize the CD solution 5 mL of 5 M NaOH were
added. The reaction was carried out at 50 °C in a water bath,
with constant stirring at 700 rpm for 40 min. This process
modulates the size of the CDs, then the solution was frozen at
—80 °C for 24 h and then lyophilized for 31 h.*’

Hybrid lipid polymeric nanoparticles synthesis

The PLGA-HSPC-CLS-PEG-Tf lipid-polymer hybrid NPs (NPs)
were synthesized using a modified nanoprecipitation and self-
assembly methodology reported elsewhere.’>*® Briefly, 20 pL
of the CDs 5 mg mL ™" and 4 pL of Fx 1000 uM were added to
the 400 pL PLGA solution, either alone or combined. The
aqueous phase consisted of 12.5 pl of HSPC (1 mg mL™") and
200 pl of CLS-PEG-Tf (1 mg mL™") added to 1500 pl of 4%
EtOH in a capped amber vial, at 200 rpm and 65 °C to ensure
the lipids remained liquid. The organic solution was added to
the aqueous lipid solution dropwise (1 mL min™") at 200 rpm.
2400 pl of MiliQ water was then added, followed by sonication
for 5 min in an MH 2800 series ultrasonic bath (Branson
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Ultrasonics, USA). Finally, washes were performed to remove
free molecules and concentrate the solution using 10 kDa
Microsep™ Advance filters and centrifugation at 12 000g for 3,
6, 12, and 18 min. The nanoparticles were physicochemically
characterized by the following techniques:

Fourier Transform Infrared Spectroscopy (FTIR) was used to
analyze the chemical composition and determine the func-
tional groups of lyophilized NPs, powdered precursors (HSPC,
CLS-PEG, Tf, CLS-PEG-Tf, PLGA, and CD), and liquid Fx were
analyzed in a Cary 630 spectrophotometer (Agilent
Technologies, USA) on ATR mode with a spectral range of 4000
to 500 cm™", a resolution of 2 cm™, and 16 scans.

Dynamic light scattering (DLS) was used to determine the
hydrodynamic diameter, polydispersity index (PDI), and zeta
potential (¢) of the NPs were studied using a Zetasizer Nano-Zs
(Malvern Instruments, UK). NPs were used at a concentration
of 100 pg mL ™", with a refractive index of 0.142, PBS as the dis-
persant, and a temperature of 25 °C in a DT1050 cell. Zeta
potential was measured with a DTS1070 cell.

Transmission electron microscopy (TEM) was used to deter-
mine the size of the NPs, 10 pL of a solution of the NPs were
deposited on a 400-mesh copper grid with a Formvar/carbon
membrane for 1 min. Then, the excess was absorbed with
filter paper, following a negative staining with 10 pL of a 2%
uranyl acetate and incubating for 1 min. After incubation, the
excess was removed with filter paper and air-dried at 25 °C for
2 h. The analysis was performed using a Hitachi H-7500 trans-
mission electron microscope (Hitachi, Ltd, Japan) at an accel-
erating voltage of 80 kV.

Photoluminescence of the CDs and NPs was analyzed in a
Hitachi F-7000 model 5J1-0003 fluorescence spectrophoto-
meter, NPs were prepared at a concentration of 1 mg mL™,
while the CDs were prepared in different concentrations in
MiliQ water and sonicated for 30 min before measuring.
Excitation spectra were obtained in the 280-500 nm range with
emission wavelengths of 400, 450, 500, 550, and 600 nm.
Emission spectra were measured in the 350-700 nm range
with excitation wavelengths of 330, 350, 380, 400, and 450 nm.

Encapsulation of fucoxanthin and CD in hybrid nanoparticles

To break the NPs, 800 pl of 95% methanol was added per gram
of lyophilized NPs, the solution was incubated for 1 h in the
dark. Finally, the solution was centrifuged at 12 000g for
1 minute before measurement.

The concentration of Fx loaded into the hybrid NPs was
determined using a standard calibration curve (1 to 10 pM of
free Fx), obtained by reading the optical density (OD) at
450 nm in an Epoch plate reader (BioTek, USA).*

The concentration of CDs was determined using a cali-
bration curve (10 to 100 pug mL ') by measuring the photo-
luminescence in a fluorescence spectrophotometer at an exci-
tation wavelength of 370 nm.

In both cases, the concentration of the compounds was
obtained according to the formula:

ODencapsulated - ODsample - ODblank (1)
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where ODencapsulatea COrresponds to the sample (ODgampie)
minus the reading from methanol used as blank (ODp;ani)-

Cell cultures

Human neonatal foreskin dermal fibroblasts, CCD-1112Sk
(American Type Culture Collection, USA; CRL-2429) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% anti-
biotic-antimycotic (AA) incubated in a humidified atmosphere
with 5% CO2 at 37 °C.

The RA-005 rat astrocyte cell line (IXCells Biotechnologies)
was cultured using astrocyte basal medium supplemented
with FBS, 1% AA, and astrocyte growth supplement (MD-0039,
IXCells Biotechnologies) with the same culture conditions
described above.

LPS stimulation

Cells were cultured to 80% confluence before assays. An
in vitro inflammation model was implemented by adding lipo-
polysaccharide (LPS) to the cell culture to induce the pro-
duction of proinflammatory genes. Previous studies by other
authors have evaluated different concentrations of LPS,**! we
choose 100 ng mL™" of LPS, as it activates inflammatory signal-
ing pathways and maintains cytocompatibility,>® in order to
evaluate the treatments that were applied another 24 h.
Cytocompatibility was measured by MTT, 7500 cells were
seeded per well in a 96-well plate and incubated for 24 h at
37 °C, 5% CO,, to allow the cells to adhere to the plate. After
this time, the medium was removed from each well and
replaced with medium prepared with the treatments for
another 24 h of incubation.

Citocompatibility was measured by MTT, 7500 cells were
seeded per well in a 96-well plate and incubated for 24 h at
37 °C, 5% CO,, to allow the cells to adhere to the plate. After
this time, the medium was removed from each well and
replaced with medium prepared with the treatments for
another 24 h of incubation. A 100 pL of 1x PBS (pH 7.4) were
used to wash and avoid the contribution of colour from the
treatment, then, 90 pL of medium and 10 pL of MTT (5 mg
mL ") were added to incubate at 37 °C, 5% CO2 for four h.
Finally, 100 pL of 0.01 M hydrochloric acid (HCl) with 10%
sodium dodecyl sulfate (SDS) was added as a solubilizing solu-
tion and incubated for 18 h, after which the plate was read at
570 nm. The percentage of cell viability was calculated using
the following eqn (2):

ODsample — ODplank

Citocompatibility (%) = ODoorc; — ODijon
contro! ank

x 100 (2)

where: ODgample is the value of the treated wells, ODpjany is the
value of the wells containing the MTT solution without cells,
OD.ontrol cOrresponds to the untreated wells.

Gene expression

Extraction of mRNA was performed with TRIzol® following the
protocol suggested by supplier. Sample quality and quantity
were measured in a Nanodrop 2000 spectrophotometer

RSC Pharm.

View Article Online

RSC Pharmaceutics

(Thermo Fisher Scientific Inc., USA). 0.2% agarose gel was
used to confirm integrity of the mRNA samples. The qPCR
reactions were performed with the Kit GoTaq® 1-Step RT-qPCR
System (A6020, PROMEGA), on a MicroAmp™ 96 well optical
reaction plate (Thermo Fisher), covered with MicroAmp™
optical adhesive film (Thermo Fisher), the reactions were
carried out in a 7500 qPCR system (Applied Biosystems, USA)
using a 274" method.>?

Zebrafish microinjection

All animal experiments were approved by the Bioethics Committee
of the Centre for Scientific Research and Higher Education of
Ensenada, Baja California. The experiments were conducted
according to the approved protocol (ORGA_ACUA 2023_10).

Zebrafish (wild type) were obtained from a local supplier
and maintained in a 20 L rectangular fish tank with a recircu-
lating water system, at 27 °C and pH 7.4, NH3/NH," ~0 ppm
(mg L"), NO,” ~0 ppm (mg L"), and NO;~ 0 ppm (mg L™).
The fish were kept on a 14 h light cycle, followed by 10 h of
darkness. Fish health was checked daily, and maintenance was
performed every two days by changing 50% of the water and
checking parameters weekly. Zebrafish reproduction was done
to obtain eggs, which were manually cleaned and incubated at
27 °C until microinjection at 5 days post fertilization (dpf).

To optimise larval handling, a 2% agarose gel was prepared
using a groove mold (Z-Molds, World Precision Instruments).
Specifically, 25 mL of system water were combined with 0.5 g
of agarose and microwaved at 10 second intervals until a clear
solution was achieved. The solution was then poured into a
100 mm plate, and the mold was positioned prior to complete
solidification.

The Manual Microsyringe Pump (MMP, World Precision
Instruments) microinjection equipment was prepared accord-
ing to the user manual, loading 1 mL of NP solution (Empty,
Fx, CD, and CDFx) before anesthetizing the fish with tricaine
(0.168 mg mL™") for 1 minute, and then injecting 16 nL of NPs
solution with a pre-pulled glass tip (TIP10FLT), using a non-
injected group as control, all the experiments were done in
triplicate (3 larvae per sample). After injection, the larvae were
transferred to a resting plate and allowed to incubate at 27 °C
for 5 h before imaging by confocal microscopy (FV1000
Fluoview, Olympus, filter 430-460 nm).

Results and discussion
CLS-PEG-COOH conjugation with holo-transferrin

In this work, we synthesized polymeric-lipid hybrid nano-
particles conjugated with Tf and loaded with fucoxanthin and
CDots, considering that Tf receptor is highly expressed on
brain capillary endothelial cells (BCECs) lining the BBB,>**> Tf
being present on this nanoparticles aims to facilitate drug
accumulation on the brain, this strategy could increase drug
uptake into the brain as seen in previous reports.** To confirm
the conjugation, FTIR spectra of free CLSPEG, Tf and CPEGT{
were measured. CLSPEG peaks found correspond to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stretching vibration of the C-H bonds are found at 2880 cm ™"
and a peak at 1100 cm™' corresponding to the stretching
vibration of the -C-O-C- bonds.’®*” Free Tf bands were attrib-
uted to amide II at 1540 cm™', amide I at 1653 cm™' and
amine I bond at 3294 cm™". The CPEGTf molecule showed the
characteristic peaks of Tf, which were found at 1541 cm™,
1637 cm™" and 3283 cm™" respectively (Fig. 1a). This small
shift suggests a chemical conjugation between the carboxylic
groups from the CLS-PEG and Tf.>*>°

NPs physicochemical and morphological characterization

Four different types of nanoparticles were synthesized: empty
NPs, NPFx, NPCD, and NPCDFx. The presence of their individ-
ual components was confirmed using FTIR spectroscopy.
Characteristic absorption peaks included the PLGA carbonyl
bonds at 1740 cm™',°® HSPC fatty acid chains at 2917 and
2850 cm™',®' and several peaks corresponding to the pre-
viously described CPEGTT (Fig. 1b).

The hydrodynamic diameter (D) of the nanoparticles
varied: empty NPs measured 543.8 + 45.5 nm, NPFx were
185.6 + 7.9 nm, NPCD were 123.8 + 3.73 nm, and NPCDFx were
126.3 + 7.8 nm. All nanoparticle formulations exhibited a nega-
tive C-potential ranging from —8.86 to —11.9 mV, indicating
no major changes in surface composition, also, this negative
value could help avoid unspecific electrostatic interactions
with the cell membrane.®® The polydispersity index (PDI) indi-
cates the size distribution of the NPs, a value >0.7 correspond
to a polydisperse sample,®® in this case, our NPs ranged from
0.166 to 0.679, which is within the expected range for hybrid
polymeric lipid nanoparticles®* (Fig. 2a).

Fluorescence spectroscopy characterization of the CDs
revealed a distinct emission peak at 465 nm (blue region)
upon excitation at 370 nm. To verify the encapsulation
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efficiency, the fluorescence intensity of the CDs liberated from
the NPs was compared to 10 pg of free CDs (Fig. 2b). Analysis
of the supernatant collected confirmed that a significant frac-
tion of CDs was removed (Fig. S1, SI), ensuring that the fluo-
rescence signal detected in the final NPCDFX formulation is
attributable to CDs retained within the nanoparticles.
Furthermore, control measurements of Fx at the same exci-
tation wavelength (1., = 370 nm) showed no spectral inter-
ference, confirming that the emission at 465 nm is exclusively
attributed to the CDs.

Encapsulation efficiency (EE) of Fx was 27.5% (2.75 pM)
when loaded alone. Co-encapsulation with CDs increased the
EE of Fx to 45% (4.5 uM). Similar EE of fucoxanthin has been
found in PLGA-PEG nanoparticles, this drug delivery system
EE is 48.44%,"° the main difference with our NPs is the lipidic
membrane conjugated with transferrin. Similarly, CDs alone
showed an EE of 6% (6 pg), which increased to 10% (10 pg)
when co-encapsulated with Fx (Fig. 2c).

TEM micrographs revealed spherical nanoparticles sur-
rounded by a lipid layer. The average size observed was
223 nm for Empty NPs (Fig. 2d), 208 nm for NPFx (Fig. 2e),
and 88 nm for NPCDFx (Fig. 2f). These results suggest that the
co-encapsulation of Fx and CDs produces a synergistic effect
and can be explained by the nature of the compounds, Fx is an
hydrophobic carotenoid and can be entrapped in the PLGA
hydrophobic core, there is a relation between hydrophobic
compounds promoting a reduction in NPs size,’>°® while car-
boxyl groups from CDs give an hydrophilic property and nega-
tive, promoting CDs entrapment between the polymeric core
(negative) and the hydrophilic inner lipid membrane.®” This
electrostatic interaction reinforces the stability of the NPs,
allowing a higher EE, regulated hydrodynamic diameter, and
reduced overall nanoparticle size.*®°°
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Fig. 1 FTIR spectroscopy characterization of the components and nanoparticle assembly. (a) Spectra of the precursors and the conjugation
product: CLSPEG, Tf, and CPEGTf. Successful formation of the CPEGTf conjugate is confirmed by the appearance of the amine stretching band at
3283 cm™, the amide | band at 1637 cm™, and the amide Il band at 1541 cm™™. (b) Spectra of the nanoparticles (NPs) and their structural com-

ponents, characteristic functional groups from each precursor are observed: the carbonyl band at 1750 cm

-1

(PLGA), phospholipid signals at

2920 cm~* and 2850 cm™* (HSPC), and the persistence of the previously described amine and amide bands from the CPEGTf conjugate, confirming

its presence within the NPs.
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Fig. 2 Physicochemical, optical, and morphological characterization of the nanoparticles. (a) Hydrodynamic diameter (Dy,) ¢-potential, and polydis-
persity index (PDI) of the formulations. Empty NPs exhibit a significantly larger size compared to those encapsulating Fx and CDs. (b) Fluorescence
emission spectra (lex = 370 nm); the peak at 465 nm confirms the presence of CDs within the NPCDFx system. The intensity of CDs released from
the NPs is compared against 10 ug of free CDs to verify encapsulation, while the Fx control shows no spectral interference. (c) Encapsulation
efficiency (EE %) of loaded NPs; the co-encapsulation of both therapeutic agents in NPCDFx leads to an increase in EE for both Fx and CDs. (d—f)
TEM micrographs of (d) empty NPs, (e) NPFx, and (f) NPCDFx. The images reveal a well-defined spherical morphology with a polymeric core and
lipidic shell, highlighting a marked size reduction upon the incorporation of Carbon Dots.

Cell viability of NPs in rat astrocytes

Rat astrocytes (RA-005, iXCells Biotechnologies) were employed
to assess the cytocompatibility of both the NPs and the free
compounds, using the concentrations previously established
in the encapsulation efficiency (EE) experiments. The astro-
cytes were seeded at a density of 7500 cells mL™" in 96-well
plates and pre-treated with 100 ng mL™" of LPS to induce an
inflammatory environment.

Upon exposure to the different treatments, only the
NPCDFx formulation showed a 92.18% viability, which indi-
cates a protective role under inflammatory stress. In contrast,
the other formulations (empty NPs, NPFx, and NPCD) resulted
in significantly reduced cell viability, suggesting cytotoxic
effects likely due to either the nanoparticle composition, lack
of synergistic protection, or concentration-dependent toxicity
(Fig. 3a).

These findings suggest that the co-encapsulation of Fx and
CDs not only enhances encapsulation efficiency but also con-
tributes to maintaining cell viability under inflammatory con-
ditions, this effect could result from the antioxidant activity of

RSC Pharm.

the CDs and anti-inflammatory properties of the Fx, promoting
cell survival by mitigating LPS-induced inflammation.”*”°
Gene expression of four key proinflammatory markers (APP,
IL-6, GFAP, and S100f) was evaluated using quantitative PCR
(qPCR). These genes were selected based on their well-estab-
lished association with neuroinflammatory processes, as well
as their previous use in related investigations conducted
within our research group. In the case of APP mutations in
PSEN1 or PSEN2, in astrocytes, alter the proteolytic processing
of APP, increasing the ratio and promoting amyloid accumu-
lation in the brain, and also the proinflammation. The GFAP is
a biomarker of astrocyte activation that has been proposed as
a biomarker of AD and is correlated with the density of Af
plaques. And for S100p, this protein is abundantly expressed
in astrocytes, its levels increase during neuroinflammation
and are associated with APP processing.®*

Rat-specific primers were evaluated to ensure optimal para-
meters, including melting temperature, amplicon length (bp),
GC content (%G/C), and overall specificity (Table S1, SI), as
required by the qPCR kit used (GoTag® 1-Step RT-qPCR
System, Promega) (Fig. 3b). Inflammation was confirmed by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 In vitro cytocompatibility and anti-inflammatory efficacy in RA-005 rat astrocytes. (a) Cell viability assessment of free bioactive compounds
and NP formulations; among all treatments, only NPCDFx demonstrated high cytocompatibility (92.18% viability), while other formulations fell below
the 70% threshold. (b) Validation of the LPS-induced inflammation model, showing a significant upregulation of IL-6 and S100p gene expression. (c)
Quantitative PCR (RT-qPCR) analysis of pro-inflammatory and glial markers in LPS-stimulated astrocytes. APP expression was significantly inhibited
by Fx, NPFx, and NPCDFx. Pro-inflammatory cytokine IL-6 was downregulated exclusively by NPFx. GFAP expression was modulated by all nano-
particle systems, with NPCDFx exhibiting the highest potency. S100p relative expression was reduced by Fx, NPCD, and NPCDFx. These results
suggest that the synergistic effect of the hybrid system enhances the inhibitory mechanism of fucoxanthin on the NF-«xB pathway, effectively redu-
cing reactive astrocyte markers. Data is presented as + SD, n = 3 per group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA fol-
lowed by Dunnett's post-hoc test). Abbreviations: relative quantitation (RQ).

the elevated relative expression (RQ) of IL-6 and S100p genes
following stimulation with 100 ng mL™" of LPS (Fig. 3c), this
immune response given by microglia and reactive astrocytes
is necessary to keep homeostasis in the brain, however, sus-
tained inflammatory conditions helps the development of
neurodegenerative diseases.”’ Results on APP relative
expression showed a reduction by Fx, NPFx, and NPCDFx
treatments. There are some studies highlighting Fx ability to
delay oligomer formation of AB,>®’> however there is no
background about Fx reducing APP at mRNA level. IL-6 was
significantly reduced only by the NPFx treatment, Fx and
NPCD showed no difference, any other treatments signifi-
cantly increased the relative expression. GFAP expression
was downregulated by all NP-based treatments, these results
could be correlated with the slow release of the compounds
from the hybrid NPs,**”? studies on post-surgery mice indi-

© 2026 The Author(s). Published by the Royal Society of Chemistry

cates that Fx reduces the number of GFAP positive cells due
to the activation of NF-E2-related factor 2 (Nrf2) inducing an
antioxidant response,’? in the case of CDs encapsulated,
this study indicates a reduction in expression when adminis-
tered through a NP formulation. NPCDFx treatment com-
bines the effect of Fx and CDs, further reducing the relative
expression of GFAP. S100f expression was increased when
CDs alone are evaluated but not when encapsulated in the
NPs, expression was also reduced in the Fx and NPCDFx.
Among all formulations, NPCDFx significantly downregu-
lated the expression of APP, GFAP, and S100f at the mRNA
level, these results suggests that administration through
slow release from NPs and the synergistic effect of both com-
pounds, confers a strong anti-inflammatory potential, this
effect on the reduction of the APP, GFAP and S100p has not
been reported previously (Fig. 3c).
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Zebrafish as BBB model microinjection of NPs

Control larvae micrographs did not exhibit fluorescence
(Fig. 4a). Similarly, larvae injected with Empty NPs and NPFx
showed no detectable fluorescence (Fig. 4b and c, respect-
ively). In contrast, NPCD-injected larvae exhibited fluo-
rescence localized in a structure within the forebrain
(Fig. 4d). To enhance visualization of brain distribution,
frontal micrographs were taken of larvae injected with
NPCDFx. The resulting fluorescence signal confirmed suc-
cessful delivery and presence of the NPs in the brain region
(Fig. 4e).

The emission resulted from the concentration of CDs suc-
cessfully encapsulated within NPs, which was sufficient to
enable tracking of their distribution in the larva zebrafish.
Based on our observation and experimentation, the fluo-
rescence intensity associated with the encapsulated CDs was
comparable to the obtained 10 pg of free CDs.

Inflammation induced by the addition of lipopolysacchar-
ide (LPS) to primary rat astrocytes, lead to a significant upregu-
lation of proinflammatory markers such as IL-6, APP, S100p,
and GFAP, which are indicative of reactive astrocyte states com-
monly associated with neurodegenerative conditions.”
Treatment with the hybrid nanoparticles resulted in a marked

View Article Online
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reduction in the expression of GFAP, APP, and S100p. While
previous studies have reported an inhibitory effect of CDs on
APP, we did not observe this effect; instead, the contribution
of CDs was limited to reducing NP size and allowing higher
encapsulation of both therapeutic agents. This, in turn,
enhanced the concentration and effect of Fx, our results
suggest that Fx an anti-inflammatory effect as reported on
other studies,*® and inhibits IkB phosphorylation, thereby pre-
venting the translocation of the NF-«xB transcription factor into
the nucleus.”®”® Although this study focused on IL-6—which
did not show a significant reduction—the observed downregu-
lation of APP and glial markers suggests a potent anti-inflam-
matory effect (Fig. 5). Future research should evaluate TNF-
and IL-1p to further elucidate the scope of this inhibitory
mechanism. Importantly, the nanoparticles are conjugated
with transferrin, a ligand that facilitates receptor-mediated
transcytosis across the blood-brain barrier (BBB).>* In vivo
studies in zebrafish suggest that the nanoparticles have the
ability to target the BBB, as evidenced by the detectable fluo-
rescence of the CDs within brain tissue, confirming both suc-
cessful delivery and brain targeting. This multifunctional
nanosystem offers a compelling approach for delivering thera-
peutic agents to the central nervous system and modulating
astrocyte-mediated neuroinflammation.

NPCDFx

a— Brain

— Eyes

C

o‘

Fig. 4 Confocal fluorescence micrographs of Danio rerio 5 hours post-microinjection: (a) control, (b) empty NPs, (c) NPFx, (d) NPCD, and (e)
NPCDFx (frontal view). Distinct photoluminescence is exclusively observed in larvae treated with formulations containing CDs (d and e), with a high
signal localization in the brain parenchyma. These results suggest that the nanoparticles, functionalized with transferrin, successfully reach the BBB

and achieve targeted cerebral accumulation.
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Fig. 5 Graphical representation of the proposed mechanism for the theranostic effect of hybrid nanoparticles in LPS-induced reactive astrocytes.
Polymeric hybrid nanoparticles, functionalized with transferrin (Tf) for blood—brain barrier (BBB) targeting, may facilitate the accumulation of the
bioactive compounds within the brain: fucoxanthin (Fx) and carbon dots (CDs). In LPS-induced reactive astrocytes, Fx acts by inhibiting the phos-
phorylation of IkB, thereby preventing the nuclear translocation of the NF-«B transcription factor. This inhibition results in the significant downregu-
lation of pro-inflammatory and glial activation markers, specifically GFAP, S1008, and APP. Simultaneously, the intrinsic fluorescence (FL) of the CDs
enables in vivo tracking of NPs’ distribution within the brain, as demonstrated in the Danio rerio model. Abbreviations: lipopolysaccharide (LPS), toll-
like receptor (TLR), inhibitor kappa B kinase (IKK), inhibitor kappa B (IkB), transcription factor p65 (p65), transcription factor (p50), phosphorylation
(P), ubiquitination (Ub), glial fibrillary acidic protein (GFAP), S100 calcium-binding protein B (S100p) and amyloid precursor protein (APP). Created in

BioRender.

This work contributes to the generation of new knowledge
by investigating the synergistic effect of Fx encapsulation and
CDs against neuroinflammation. In addition, it addresses one
of the major challenges in neurodegenerative diseases and tar-
geted therapy: the BBB. This may facilitate drug delivery,
enhance drug bioavailability at the target site, and improve
therapeutic efficacy. Furthermore, a potential theranostic
nanoparticle could be developed through the encapsulation of
CDs, whose fluorescence properties could be exploited for
diagnosis and monitoring of therapeutic response. In
addition, further studies are required to validate these findings
in more complex biological models and in vivo systems. Some
limitations remain, including the scalability of production pro-
cesses from laboratory to industrial settings, shelf life studies,
and regulatory barriers that may hinder clinical translation.

Conclusions

In this study, polymeric-lipid hybrid nanoparticles functiona-
lised with transferrin (Tf) were developed and thoroughly
characterised for the co-encapsulation of carbon dots (CDs)
and fucoxanthin (Fx). Physicochemical analysis revealed a

© 2026 The Author(s). Published by the Royal Society of Chemistry

stable nanoparticle structure with an optimal hydrodynamic
diameter of approximately 88 nm for the NPCDFx formulation,
where electrostatic interactions between components sup-
ported an encapsulation efficiency of 45% for Fx and 10% for
CDs. Biologically, the NPCDFx system displayed excellent cyto-
compatibility, achieving 92.18% cell viability in rat astrocytes
subjected to LPS-induced inflammatory stress, and outper-
formed both the free molecules and alternative combinations.
This notable cytoprotection corresponded to a strong anti-
inflammatory response, evidenced by downregulation of key
neuroinflammation markers—APP, GFAP, and S100pf—a result
not previously reported for this synergistic system. While brain
accumulation was visualized via CDs fluorescence, suggesting
Tf-mediated targeting, further studies are required to confirm
the integrity of the NPs after crossing the BBB. To advance
clinical translation and expand the therapeutic potential of
this nanosystem, several research directions are
ommended: diversification of animal models to assess phar-
macokinetics and biodistribution in rodents (mice or rats),
enabling validation of BBB penetration in more complex vascu-
lar frameworks and quantification of long-term brain accumu-
lation; optimisation of the formulation by adjusting the
polymer-lipid ratio or exploring alternative PEG derivatives to

rec-
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refine Fx release kinetics and improve colloidal stability for
better shelf life; elucidation of underlying molecular mecha-
nisms by investigating signalling pathways such as NF-xB or
Nrf2, to uncover further therapeutic targets; and development
of advanced imaging protocols to harness CD fluorescence for
early diagnosis of neurodegenerative diseases alongside thera-
peutic delivery. Altogether, these findings establish NPCDFx as
a promising multifunctional platform for treating and moni-
toring neuroinflammatory disorders, thus paving the way for
innovative, targeted nanomedicine approaches for central
nervous system diseases.
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