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Background: Ferulic acid (FA) exhibits therapeutic potential for various disorders, but its clinical application is hindered by poor bioavail-
ability and solubility. This study aimed to develop and evaluate FA-loaded lipid nanoparticles (FA-LNPs) as a safe and efficient drug delivery
system.

Methods: FA-LNPs were prepared via an optimized active loading method. The Morris water maze test was conducted to evaluate FA
efficacy against LPS-induced cognitive impairment in rats. Comprehensive neurotoxicity assessment was performed in three brain
regions (striatum, hippocampus, and cerebellum-brain stem) using multiple staining techniques (LFB, GFAP, IBA-1, and Fluoro-Jade)
to evaluate myelin integrity, glial activation, and neuronal degeneration. Acute toxicity, pharmacokinetics, and network pharmacology
analysis were conducted to assess safety profiles and potential mechanisms.

Results: FA-LNPs were successfully prepared using an optimized active loading method, achieving high drug loading (>4 mg/mL),
superior encapsulation efficiency (EE%) >80%, and uniform particle size distribution (<200 nm, PDI=0.053), zeta potential of +5.97 mV
(Quality Factor = 1.701), excellent storage stability over two weeks, and was scaled up for batch production. The Morris water maze test
revealed an effective FA concentration of 50 mg/kg, with FA-LNPs achieving 46.5 mg/kg through active loading method. Toxicological
studies demonstrated favorable safety profiles. Pharmacokinetic analysis showed a prolonged elimination half-life (12.8 + 1.88 hours) and
moderate systemic clearance (0.535 + 0.0851 L/h/kg). Short-term administration did not elicit significant neuroprotection. Network
pharmacology analysis identified 141 potential therapeutic targets and five key proteins (EGFR, ESR1, PTGS2, CTNNBI, and STAT3),
with molecular docking confirming favorable binding energies (—7.6 to —5.2 kcal/mol).

Conclusion: FA-LNPs enhanced FA’s bioavailability without apparent systemic toxicity or neurotoxicity. While safe for short-term
use, longer treatment durations may be necessary to observe potential neuroprotective benefits and toxicity. This study provides
a foundation for further investigation of FA-LNPs as a promising drug delivery system for neurological disorders.

Keywords: ferulic acid, liposome nanoparticles, drug delivery, network pharmacology, pharmacokinetics, toxicology, Alzheimer’s

disease, atherosclerosis

Introduction

Ferulic acid [(E)-3-(4-hydroxy-3-methoxy-phenyl) prop-2-enoic acid; FA] belongs to the family of phenolic acids, is usually
found in foods like rice, oats, wheat, vegetables, grasses, fruits, grains. FA and related ester derivatives decrease the levels of some
inflammatory mediators, has high anti-inflammatory and antioxidant properties, being able to act as a scavenger of free radicals.'™
It has been postulated that administration of FA induces resistance to A toxicity in mice and has been suggested to be useful as
a chemo-preventive agent against AD.> Inflammation has been described as the culprit of disease or an attempt by the immune
system to contain accumulation of AB plaques in the brain.® Some research works have revealed FA is capable of penetrating

Nanotechnology, Science and Applications 2025:18 319-358 319
Received: 24 October 2024 © 2025 Huang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati org/licenses/by-nc/4.0/). By accessing the

Accepted: 12 March 2025
Published: 28 July 2025

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-9917-4681
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Huang et al

Graphical Abstract

Good security

"y | & @ o 6)
Striatum | i N

Hippocampus - o Sayy ~ Cerepellum e e
N Brainstem ngrl‘ ]‘ Systemic clearance A
{ i encapsulation | i (0.535 L/h/kg) 4 J N
Short-term i i efficiency ;m‘g‘r"’e i — ,/‘ &
administration i (>80%) ; o !
(3-4 days) . Uniform iSO|UbI|Ity Pharmacokinetic parameters ﬂ ‘
i size : : COPD i
Luxol fast % L (<2000m) 1N \
tb!ug - . O »\; i 0 R Q
staining . = ‘ . — L ¥ & G H
: : - v ® LPS FA-LNPs
GFAP : . FA- | i l Atherosclerosis |
staining LNPs | ;
P STAT3
BA1 F EGFRI(ESR1 CTNNB1 PTGS2"
staining DLS P :
: ; ; UPLC-MS | [
Flour-Jade.. . TEM ] WO
staining l: i i 0
Stria'tum Hippocvampus Cere'bellum :
O B Inflammation
FA-LNPs have no Positive drugs § i , :
. obvious neurotoxicity " are toxic SD rat

blood brain barrier (BBB), endowing it with opportunity to be available agents for brain diseases like AD.”* Michels et al carry out
study across species in larval Drosophila, adult flies and old (>2-year-old) mice, exploits the potential of the plant Rhodiola rosea
and identifies the constituent FA eicosyl ester [icosyl-(2E)-3-(4-hydroxy-3-methoxyphenyl)-prop-2-enoate (FAE-20)] as
a memory enhancer, these results may hold potential for clinical applications.” Chiaki Kudoh et al conducted a multicenter,
randomized, double-blind, placebo-controlled prospective trial, and demonstrated the clinical effectiveness of FA and
A. archangelica extract on cognitive functioning among older adult individuals with mild cognitive impairment (MCI)."°

A number of antioxidant and/or anti-inflammatory including FA and related ester derivatives decrease the levels of
some inflammatory mediators, such as TNF-a and IL-1p as well as their associated functions.'

Lipopolysaccharide (LPS) stimulates Toll-like receptors and induces strong expression of proinflammatory cytokines IL-1,
IL-6 and TNF-q, primarily from macrophages.'''> Many physiological and behavioral deficit associated with LPS admin-
istration. LPS injection may affect performance in various learning tasks, Morris water maze (MWM) is included.
Furthermore, LPS induced immune modulation of neural function may produce alterations in cognitive processes, including
learning and memory.'*"'* Initially, we employed the Morris water maze test to evaluate the neuroprotective effects of FA
against LPS-induced neurological damage in Sprague-Dawley (SD) rats following medium to long-term administration.

FA has garnered significant attention in neuroprotective research due to its potent antioxidant and anti-inflammatory
properties.'® However, the clinical application of FA faces substantial challenges due to its low water solubility and insufficient
bioavailability.'” To overcome these limitations, the development of novel drug delivery systems has become imperative.

Liposomal Nanoparticles (LNPs) have emerged as a promising drug delivery system, attracting considerable interest due
to their ability to enhance drug solubility, improve bioavailability, and achieve sustained release effects.'® Through optimiza-
tion of preparation processes, we aim to address the poor solubility of FA post-administration, while simultaneously
prolonging drug release time and improving the safety and stability of the formulation. This innovative delivery system
holds the potential to significantly enhance the bioavailability of FA, thereby augmenting its therapeutic efficacy.'”

The definition of nanomedicines varies among regulatory agencies, though all emphasize the significance of nanoscale
dimensions and their associated unique properties. The European Medicines Agency (EMA) adopts a broader definition,
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describing nanomedicines as products with at least one component in the 1-1000 nm range, emphasizing characteristics
related to nanotechnology applications and anticipated clinical benefits,® In contrast, the US Food and Drug Administration
(FDA) and the UK’s Medicines and Healthcare products Regulatory Agency (MHRA) employ more stringent criteria,
defining nanomedicine size ranges as 1-100 nm and 0.2—100 nm, respectively. These definitions appear to focus more on
the unique physicochemical properties inherent to the nanoscale.”’ Notably, the FDA’s definition includes an important
supplementary clause: materials with dimensions up to the micron scale (1000 nm) may be considered nanomedicines if they
exhibit unique physical, chemical, or biological properties associated with their nanoscale features. Liposomes, typically
ranging from 100400 nm, align with both EMA’s definition and FDA’s extended criteria.”

Nanomedicines can be broadly categorized into three main classes: carrier-based nanomedicines, drug nanoparticles,
and other specialized types.?® The nanoscale dimensions of these medicines, typically ranging from 1-1000 nm, confer
unique physicochemical properties.”* Due to their small size, nanomedicines possess exceptionally high surface-to-
volume ratios, which enhance drug solubility and bioavailability.>> Many nanosystems, particularly carrier-based
nanomedicines, enable controlled drug release, prolonging therapeutic effects.”® Certain nanomedicines demonstrate
the ability to penetrate biological barriers, including cell membranes and nuclear envelopes.” These systems can achieve
drug accumulation in specific tissues or cells through active or passive targeting mechanisms.®

These characteristics endow nanomedicines with tremendous potential for improving therapeutic efficacy, reducing side
effects, and overcoming traditional drug delivery barriers. However, these same properties may present new challenges, such as
potential long-term toxicity and immunogenicity concerns, which constitute the primary focus of many research investigation.

To comprehensively evaluate the biological effects of FA-LNPs, we conducted an extended acute toxicity study,
encompassing general toxicity observations, hematological and biochemical parameter analyses, and histopathological
examinations of major organs.

Neuroinflammation represents a hallmark pathological feature underlying various neurological disorders. FA has
emerged as a promising therapeutic agent due to its potential neuroprotective properties.'” While lipopolysaccharide
(LPS)-induced neuroinflammation models have been extensively employed to investigate neuroinflammatory mechan-
isms and evaluate therapeutic interventions.”” The therapeutic potential of FA-loaded liposomal nanoparticles in
mitigating LPS-induced neuroinflammation and their comprehensive in vivo safety profiles warrant further investigation.

To elucidate the molecular mechanisms underlying FA-LNPs’ therapeutic effects, we implemented an integrated approach
combining network pharmacology and molecular docking analyses.>* This systematic investigation revealed potential therapeutic
targets and signaling pathways of FA across multiple pathological conditions, including Alzheimer’s disease, Chronic Obstructive
Pulmonary Disease (COPD), and atherosclerosis. Furthermore, this comprehensive study integrates advanced drug delivery
systems, toxicological assessments, and mechanistic investigations to overcome the limitations associated with conventional FA
administration. By harnessing liposomal nanotechnology and unraveling the molecular basis of FA’s neuroprotective properties,
our research provides a robust foundation for developing targeted therapeutic strategies for neurodegenerative disorders.

Materials and Methods

LPS Injections and Experimental Design
Animals and Experimental Design for Water Maze Test
Sixty Gender balanced Sprague-Dawley rats (250-300g, National Institutes for Food and Drug Control, China; License
No: SCXK (Beijing): 2012-0001) were housed under standard laboratory conditions (25 £ 2°C, 50 £ 10% humidity, 12h
light/dark cycle) with ad libitum access to food and water. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Beijing Institute of Radiation Medicine and conducted in accordance
with national guidelines.

Rats were randomly assigned to five groups (n = 12/group, 6 males and 6 females each): (1) Control (saline), (2) LPS (200 pg/
kg), (3-5) LPS + FA (25, 50, or 100 mg/kg). FA was administered intraperitoneally (i.p.) daily for three weeks before LPS
challenge. Subsequently, LPS (200 pg/kg, Sigma-Aldrich, USA) or vehicle was injected i.p. for five consecutive days. For

behavioral studies, LPS was administered 4h prior to testing to ensure peak neuroinflammatory response (Figure 1).
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Figure | Experimental schedule of drug treatment and test orders. Arrow heads represent days on which acquisition tests were conducted. FA (25, 50, or 100mg/kg) or its
vehicle (0.9% saline containing 10% DMSO) was i.p. injected for 24 consecutive days. Before the beginning of the four days visible platform test in the Morris water-maze, LPS
(200 pg/kg) or its vehicle were i.p. injected 12 hours after FA or its vehicle injected. On day 29, the water-maze acquisition trials were conducted four times a day for four
consecutive days, followed by the probe trial test 12 hours after the last acquisition trial.

Water Maze Test

The Morris water maze test was performed using SMG-2 system (Institute of Materia Medica, CAMS & PUMC)
according to Morris et al [20], the apparatus consisted of a black circular pool (150 cm diameter x 50 cm height) filled
with opaque water (22-25°C) to a depth of 30 cm. A transparent platform (11 cm diameter) was submerged 1.5 cm below
water surface in the northeast quadrant. Fixed visual cues were displayed on surrounding walls. Animal movements were
recorded by an overhead digital camera connected to a computer-based tracking system.

Synthesis of FA Liposomal Nanoparticles Using Microfluidic Devices

FA (purity >98%) was purchased from Sigma-Aldrich (USA). The Flow origin Lipo 1 lipid mixture kit (total lipid
concentration 20 mg/mL) was provided by Mingtai Medical Equipment (Shanghai) Co., Ltd. Ultra-pure water (18.2
MQ- cm, 25°C) was prepared using a Milli-Q system (Millipore, USA). All other reagents were of analytical grade.

FA Liposomal Nanoparticles (FA-LNPs) were prepared using a Microflow S microfluidic device (Nuohai Life
Science co., Limited) via the aqueous/organic phase nanoprecipitation method. Briefly, FA was dissolved in the Flow
origin Lipo 1 lipid mixture (organic phase, final concentration 10 mg/mL), with ultra-pure water serving as the aqueous
phase. Both phases were loaded into separate syringes and connected to the microfluidic chip. Under optimized
conditions, the aqueous and organic phases were mixed at a flow rate ratio of 3:1, with a total flow rate of
12 mL/min. The reaction was conducted at room temperature (25 = 2°C). After discarding small amounts of initial
and final waste liquid, the middle portion was collected as the final FA-LNPs product. Following each batch preparation,
the product was filtered through a sterile 0.22 pum membrane to remove potential large particles.

The average particle size, polydispersity index (PDI), and Zeta potential of FA-LNPs were determined using dynamic
light scattering (DLS). Freshly prepared FA-LNPs samples were diluted 20-30 times with 0.01 M NaCl solution or 10
mM Tris-HCI buffer (pH 7.4). Measurements were performed using a Zetasizer Pro nanoparticle analyzer (Malvern
Panalytical, UK) at 25°C, with each sample measured in triplicate.

UPLC-MS Detection of Ferulic Acid

Chemicals and Reagents FA standard (analytical grade) was purchased from Sigma-Aldrich (catalog number 128708,
St. Louis, MO, USA). Phosphate buffer (pH 7.4) containing approximately 1% ethanol, formic acid (analytical grade),
ultrapure water, and acetonitrile (LC-MS grade) were obtained from Millipore Corporation (Billerica, MA, USA). HPLC-
grade acetonitrile was sourced from Fisher Scientific (batch number 226049).

Instrumentation Chromatographic analysis was performed on an Acquity 2D-UPLC system coupled with an Acquity
UPC2 system (Waters Corporation, Milford, MA, USA). Mass spectrometric detection was carried out using a Xevo G2-XS
QTOF mass spectrometer equipped with an atmospheric pressure gas chromatography (APGC) source (Waters Corporation).
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Sample Preparation A stock solution of FA (0.08 mg/mL) was prepared in phosphate buffer (pH 7.4) containing 1%
ethanol. The solution was filtered through a 0.22 um membrane filter prior to analysis.

Chromatographic Conditions Separation was achieved on an Acquity BEH C18 column (2.1 x 100 mm, 1.7 um)
maintained at 45°C. The mobile phase consisted of (A) water with 0.1% formic acid and (B) acetonitrile with 0.1%
formic acid. The flow rate was set at 0.4 mL/min, and the injection volume was 1 puL. The gradient elution program was
as follows: 0 min, 95% A; 3 min, 80% A; 10-12 min, 0% A; 15 min, 95% A.

Mass Spectrometry Conditions The mass spectrometer was operated in negative electrospray ionization (ESI) mode.
Full scan data were acquired over the range of m/z 50-1000 with a scan time of 0.2 s. The optimized parameters were as
follows: capillary voltage, 2.0 kV; sampling cone, 40 V; source temperature, 120°C; desolvation temperature, 450°C;
cone gas flow, 60 L/h; desolvation gas flow, 800 L/h.

Data Analysis Data acquisition and processing were performed using MassLynx software (version 4.1, Waters
Corporation). FA was identified by extracting the ion chromatogram at m/z 193.0506, corresponding to its deprotonated
molecular ion [M-H]-. Collision energy was ramped from 10 to 45 eV for fragmentation studies.

Morphological Characterization of FA Liposomal Nanoparticles by Transmission

Electron Microscopy
Sample preparation and transmission electron microscopy (TEM) observation were conducted according to the following
protocol.

Hydrophilization of carbon support film: Standard carbon-coated copper grids were subjected to plasma treatment for
1 minute using a glow discharge system (PELco easiGlow™, TED PELLA, INC., USA) to enhance hydrophilicity.

Sample loading: The treated carbon-coated copper grids were secured with self-locking tweezers. A 4 pL aliquot of
FA liposomal nanoparticle suspension was carefully deposited onto the carbon film surface using a precision pipette.
After 1 minute, excess liquid was gently removed using filter paper (Whatman No.1).

Negative staining: Immediately following sample deposition, 4 pL of 2% phosphotungstic acid solution (2% w/v, pH
6.5, GZ02536-5, RXSY-CHEM, China) was applied to the sample. After 30 seconds, excess stain was carefully removed
using filter paper.

Sample drying and TEM observation: The prepared samples were air-dried at room temperature for approximately
10—15 minutes. Observations were conducted using a Talos L120C G2 transmission electron microscope (Thermo Fisher,
USA) at an accelerating voltage of 120 kV.

Image acquisition and analysis: High-resolution digital images were captured using the integrated CCD camera.
Quantitative analysis of particle size and morphology was performed using ImageJ software (NIH, USA).

Precautions: All steps were performed in a clean environment to avoid sample contamination. The negative staining
process was carefully timed to achieve optimal contrast. During observation, electron beam exposure was minimized to
reduce sample damage.

Optimized Preparation and Characterization of FA Liposomal Nanoparticles
(FA-LNPs)

Materials

FA (purity >98%) was purchased from Sigma-Aldrich (USA). Egg phosphatidylcholine (LIPOID E80) was supplied by
LIPOID GmbH (Germany). Cholesterol was obtained from Avanti Polar Lipids (China). Sucrose (analytical grade) was
purchased from Merck KGaA (Germany). Other reagents of analytical grade were procured from Sinopharm Chemical
Reagent Co., Ltd (China). Ultra-pure water was prepared using a Milli-Q system (Millipore, USA).

Establishment and Validation of Analytical Methods

UV Spectrophotometry

A UV-1100 spectrophotometer (MAPADA, China) was used for FA content determination. The scanning wavelength
range was 200—400 nm, with the maximum absorption wavelength identified at 310 nm. A series of FA ethanol solutions
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(1.25-20 pg/mL) were prepared as standard curves. The absorbance of blank liposomes at 310 nm was 0.003, showing no
significant interference with FA content determination.

Content Determination Method

FA reference standards were accurately weighed and prepared in ethanol to create a series of standard solutions (20, 10,
5, 2.5, 1.25 pg/mL). For sample analysis, 10 puL of the preparation was diluted 1000-fold with ethanol. Absorbance was
measured at 310 nm, and FA content was calculated using the standard curve. Y=0.0777x+0.0024 (R?=0.9999)

Encapsulation Efficiency Determination

Ultrafiltration centrifugation was employed to separate free drug. 200 pL of the preparation was placed in a 100 kDa
ultrafiltration centrifuge tube (Millipore, UFC8100, USA) and centrifuged at 9000 g for 5 min (Eppendorf 5804R,
Germany). 10 puL of the filtrate was diluted 1000-fold with ethanol for free drug analysis. Total content sample solution
was prepared as described in Content Determination Method. FA concentrations in both total (C total) and free (C free)
sample solutions were determined. Encapsulation efficiency (%) was calculated using the following formula:

Encapsulation Efficiency (EE%) = (Ciotal — Ctree )/ Ciotal X 100%

Particle Size and Polydispersity Index Determination
A Zetasizer Pro nanoparticle analyzer (Malvern Panalytical, UK) was used to measure the average particle size and
polydispersity index (PDI) of liposomes. 20 pL of the preparation was diluted 50-fold with ultra-pure water for

measurement, with each sample measured in triplicate.

Preparation of FA Liposomal Nanoparticles

Lipid Film Hydration Method

Ferulic acid, egg phosphatidylcholine, and cholesterol were dissolved in chloroform: methanol (2:1, v/v) at a mass ratio
of 1:10:2. Organic solvents were evaporated using a rotary evaporator (BUCHI, R-300, Switzerland) at 40°C under
reduced pressure to form a uniform thin film. The film was hydrated with PBS (pH 7.4) containing 5% (w/v) sucrose for
30 min. The mixture was then sonicated intermittently for 5 min using a probe sonicator (Sonics, VCX 130, USA) at 40%
power (10 s on, 5 s off). The resulting suspension was extruded 21 times through a liposome extruder (AVESTIN,
LiposoFast-Basic, Canada) using membranes with pore sizes of 400 nm, 200 nm, and 100 nm (7 times each). Finally, the
preparation was filtered through a 0.22 um sterile membrane to obtain batch 230826-1.

Aqueous Preparation Method

FA was dissolved in 0.1 M NaOH solution and adjusted to pH 7.4. Egg phosphatidylcholine and cholesterol were
dissolved in ethanol at a mass ratio of 10:2. The organic phase was slowly injected into the aqueous phase (1:9, v/v)
under stirring (600 rpm). The mixture was sonicated and extruded as described in Lipid Film Hydration Method.
Unencapsulated FA was removed by dialysis (MWCO 3500 Da) for 24 h. The final preparation was filtered through
a 0.22 um membrane to obtain batch 230826-3.

Active Loading Method

Blank liposomes were first prepared by dissolving egg phosphatidylcholine and cholesterol in ethanol (mass ratio 10:2)
and slowly injecting into an aqueous solution containing 0.3 M (NH,4),SO4 (1:9, v/v). After sonication and extrusion,
external (NH4),SO,4 was removed by 24 h dialysis. Separately, FA was dissolved in 0.1 M NaOH and adjusted to pH 7.4.
The FA solution was mixed with blank liposomes at a 1:2 (v/v) ratio and incubated at 37°C for 30 min. The final product
was obtained by filtering through a 0.22 pm membrane. The preparation process was optimized by adjusting parameters
such as pH (6.5-8.0), type of alkali (NaOH, Na,CO3), and incubation time (15—60 min).
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Process Scale-Up and Batch Production

Based on the optimized active loading method, the preparation scale was increased to accommodate a total FA amount of
>1 g. Particle size, PDI, content, and encapsulation efficiency were determined using the methods described in
Establishment and Validation of Analytical Methods. Corresponding blank liposomes were prepared as a control, with
a total volume of 40 mL.

Acute Toxicity Study of Intravenous FA Nanoparticles in SD Rats

Materials

Test and Control Articles FA nanoparticles (Batch No: 231220-1, 4.65 mg/mL) were obtained from Beijing Dona

Pharmaceutical Technology Co., Ltd. 0.9% Sodium chloride injection (Batch No: SC23090303) was purchased from

Shandong Hualu Pharmaceutical Co., Ltd. Lipopolysaccharide (LPS, Batch No: 0000228772) was sourced from Sigma-

Aldrich, USA. Blank liposomes (Batch No: 231220-2) were provided by Beijing Dona Pharmaceutical Technology Co., Ltd.
Experimental Animals Specific-pathogen-free (SPF) SD rats (4255 days old, 175-202 g, equal numbers of males and

females) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (License No: SCXK (Beijing)

2021-0006). Housing conditions complied with GB 14925-2010 standards. The study protocol was approved by the

Institutional Animal Care and Use Committee (IACUC).

Experimental Design and Administration

Forty-two Sprague-Dawley rats (21 males and 21 females, weighing 200 + 20 g) were randomly allocated into seven
experimental groups (n=6/group, 3 males and 3 females per group). The groups comprised: blank control receiving 0.9%
sodium chloride injection, vehicle control administered with blank liposomes (Con-LNPs), positive control treated with
LPS (200 pg/kg), FA-LNPs group receiving FA nanoparticles (46.5 mg/kg x 2), LPS group administered with LPS
(200 pg/kg), combination group treated with both LPS (200 pg/kg) and FA-LNPs (46.5 mg/kg/day), and a pharmacoki-
netic group receiving FA-LNPs (46.5 mg/kg).

All administrations were performed via tail vein injection at a volume of 10 mL/kg body weight. For acute toxicity
evaluation (Groups 1-4), animals received two doses of respective treatments within 24 hours and were monitored for 7
consecutive days. For neuroprotective assessment (Groups 5—-6), Group 5 received a single dose of LPS (200 pg/kg), while
Group 6 received an initial LPS dose followed by daily FA-LNPs administration for 4 consecutive days. The first day of
administration was designated Forty-two Sprague-Dawley rats (21 males and 21 females, weighing 200 + 20 g) were
randomly allocated into seven experimental groups (n=6/group, 3 males and 3 females per group). The groups comprised:
blank control receiving 0.9% sodium chloride injection, vehicle control administered with blank liposomes (Con-LNPs),
positive control treated with LPS (200 pg/kg), FA-LNPs group receiving FA nanoparticles (46.5 mg/kg x 2), LPS group
administered with LPS (200 pg/kg), combination group treated with both LPS (200 pg/kg) and FA-LNPs (46.5 mg/kg/day),
and a pharmacokinetic group receiving FA-LNPs (46.5 mg/kg) on Day 1 (D1). Group 7 received a single dose of FA-LNPs
(46.5 mg/kg) for pharmacokinetic analysis. Detailed experimental design and grouping information are provided in Table 1.

Observation Parameters and Detection Methods

General Condition

Observation All animals were observed twice daily for toxicity reactions, symptom severity, onset time, duration, and
recovery time. Groups I-IV underwent more frequent observations post-dosing on Day 1 (D1).

Body Weight Measurement

Body weights were measured using an electronic balance (BSA2201-CW, Sartorius) at consistent times. All animals were
weighed twice before dosing. Groups I-IV were weighed daily during the dosing period, while Groups V—VII were
weighed on dosing and necropsy days.

Food and Water Consumption
Daily food and water intake were measured for Groups I-IV from D1 onwards. Average daily consumption per animal
was calculated.
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Table | Experimental Design and Group Allocation for Evaluating the Acute Toxicity, Neuroprotective Effects and Pharmacokinetics
of FA-LNPs in Rats

Group Subgroup Treatment Dose Concentration Experimental Day Animal
(mg/mL) ID

1 Blank control 0.9% NaCl - - D I:Administration M: 1-3

D7: End of observation F: 4-6

1 Vehicle control Con-LNPs - - D1: Administration M: 7-9
D7: End of observation F: 10-12
-1 Positive control LPS 200 pglkg - D1: Administration M: 13-15
D7: End of observation F: 16-18
-2 Positive control LPS 100 pg/kg - D1: Administration M: 4345
D7: End of observation F: 4648

v FA-LNPs FA-LNPs 93 mglkg 4.65 D1: Administration M: 19-21
D7: End of observation F: 22-24

\'4 LPS LPS 200 pglkg - D1: First administration M: 49-51
D4: Tissue collection F: 52-54
\4 LPS + FA-LNPs LPS + FA- LPS: 200 pg/kgFA-LNPs: 4.65 DI: First administration M: 55-57
LNPs 46.5 mg/kg D4: Last administration and F: 58-60

tissue collection

Vil Pharmacokinetics FA-LNPs 46.5 mg/kg 4.65 D4: Administration M: 37-39
Dé: Last blood collection F: 4042

Notes: The experimental groups were as follows: Control Group: Animals were administered 0.9% sodium chloride injection. Positive Control Group (LPS Group): Animals were
administered lipopolysaccharide (LPS). Test Compound Group (FA-LNPs Group): Animals were administered ferulic acid encapsulated in liposomal nanoparticles. LPS + Test
Compound Group (LPS+FA-LNPs Group): Animals were administered LPS followed by ferulic acid liposomal nanoparticles. This grouping design allows for the evaluation of the
effects of LPS-induced inflammation and the potential protective effects of ferulic acid liposomal nanoparticles in a controlled experimental setting.

Abbreviations: M, Male; F, Female; LPS, Lipopolysaccharide; NaCl, Sodium chloride.

Hematology and Clinical Chemistry

Blood samples were collected at the end of the observation period following a 12—16 hour fast (water allowed). Sampling
details for hematology and clinical chemistry analyses (Table 2). Analyses were performed using automated hematology
and biochemistry analyzers (Table 3). Serum biochemistry parameters, measurement methods, and instrumentation
(Table 4). Animal sample information for various indicators tested at different stages of the experiment (Table 5).

Organ Weights and Coefficients
Heart, liver, kidney, and brain weights were measured at the end of the observation period. Organ coefficients were
calculated as (organ weight / body weight) x 100%.

Blood Drug Concentration
For Group VII, blood samples were collected pre-dose and at 1 min, 10 min, 30 min, 1 h, 3 h, 6 h, 24 h, and 48 h post-dose.
Processed samples were stored at —70°C until analysis.

Table 2 Blood Sampling Protocols for Hematological and Clinical Chemistry Analyses

Parameter Sampling Method Sample Volume Sampling Time Notes
Hematology Abdominal aorta blood collection | | mL End of observation period (Day 7) | EDTA-K2 anticoagulant
Clinical chemistry | Abdominal aorta blood collection | 3 mL End of observation period (Day 7) | Procoagulant
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Table 3 Complete Blood Count Parameters and Their Analytical Methods

Instrument

ADVIA 2120i Automated

Hematology Analyzer

Parameter Abbreviation Method

Red blood cell count RBC 2D flow cytometry
Hemoglobin HGB Colorimetry
Hematocrit HCT Calculation

Mean corpuscular volume MCV 2D flow cytometry
Mean corpuscular hemoglobin MCH Calculation

Mean corpuscular hemoglobin concentration MCHC Calculation

White blood cell count WBC Flow cytometry
Neutrophil count NEUT Flow cytometry
Lymphocyte count LYM Flow cytometry
Monocyte count MONO Flow cytometry
Eosinophil count EOS Flow cytometry
Basophil count BASO Flow cytometry
Neutrophil percentage NEUT% Calculation
Lymphocyte percentage LYM% Calculation
Monocyte percentage MONO?% Calculation
Eosinophil percentage EOS% Calculation
Basophil percentage BASO% Calculation
Platelet count PLT 2D flow cytometry
Mean platelet volume MPV 2D flow cytometry
Reticulocyte count Reti Flow cytometry
Reticulocyte percentage Reti% Calculation

Table 4 Biochemical Parameters and Analytical Methods Using Automated Chemistry Analyzer

Parameter Abbreviation Method Instrument
Alanine aminotransferase ALT IFCC kinetic method BECKMAN COULTER AU480
Automated Biochemistry
Aspartate aminotransferase AST IFCC kinetic method
Analyzer
Alkaline phosphatase ALP IFCC kinetic method
Total protein TP Biuret endpoint method
Albumin ALB Bromocresol green endpoint method
Total bilirubin TBIL Vanadate oxidation method
Creatinine CREA Jaffe kinetic method
Urea UREA Urease-GLDH method
Uric acid UA Uricase-POD method
(Continued)
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Table 4 (Continued).

Parameter Abbreviation Method Instrument
Creatine kinase CK IFCC kinetic method

Triglycerides TG GPO-PAP method

Total cholesterol CHOL CHOD-PAP method

Lactate dehydrogenase LDH LD-L kinetic method

Glucose GLU Glucose oxidase method

Calcium Ca o-Cresolphthalein complexone method
Globulin GLB Calculated

Albumin/Globulin ratio AIG Calculated

Sodium Na lon-selective electrode

Potassium K lon-selective electrode

Chloride Cl lon-selective electrode

Table 5 Schedule of Laboratory Evaluations and Necropsy Time Points for Toxicological Assessment

Parameter Study Stage Animal ID Number of

Animals

Hematology and Clinical Chemistry D7 Group I: 31-3, 94-6 23

Group II: 37-9, 210-12

Group IlIl: 313-15, Q17-18

Group IV: 319-21, 922-24

Necropsy D2 Group lIl: @16 |
D2 Group V: J51 |
D4 Group V: 349-51, 952-54 I
Group VI: 355-57, 958-60
D7 Group I: 31-3, 94-6 23

Group II: 37-9, 210-12

Group llI: 313-15, 17-18

Group IV: 319-21, 922-24

Data Collection and Result Interpretation

Data collection was performed using the Provantis 10.5.0.4 system or a higher version. Various parameters were recorded
in different modules of the system. The in vivo experimental module was used to collect data on quarantine records,
cage-side observations, drug administration, body weight, and food consumption. Clinical pathology parameters,
including hematology and serum biochemistry indices, were automatically transmitted to the clinical pathology module
following instrument analysis. Pathological data, such as gross observations and organ weights, were recorded in the
pathology module.
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Water consumption was initially recorded on paper forms and subsequently entered into the system. Other data were
also documented using paper forms. In the Provantis system, this study corresponds to the source study S-TS23085-DJ
and the target study T-TS23085-DJ.

This systematic approach to data collection and management ensures accuracy, traceability, and efficient analysis of
the experimental results.

Histopathological Examination

Hematoxylin-Eosin (H&E) Staining

Pathology case numbers and organ inventory required (Table 6). Sections were deparaffinized, rehydrated, and stained
following standard H&E protocol. Briefly, sections were stained with hematoxylin (4 min), differentiated in 1% acid
alcohol, and counterstained with 0.5% Eosin Y (1 min). A total of 180 slides were prepared, with 39 representative slides
digitally scanned using a Pannoramic 250 Flash III Scanner (3DHISTECH, Hungary).

Immunohistochemistry
Sections underwent antigen retrieval (EDTA solution, 140°C, 3 min) and blocking procedures. Primary antibodies against
GFAP (1:3000, Sigma-Aldrich) and Ibal (1:3000, Sigma-Aldrich) were applied overnight at 4°C, followed by HRP-

conjugated secondary antibodies. Immunoreactivity was visualized using DAB substrate.

Special Staining Procedures

Fluoro-Jade B (FJB) Staining

For neuronal degeneration assessment, sections were incubated in FJB working solution (Biosensis) overnight at 4°C,
counterstained with DAPI, and evaluated using a standardized scoring system.

Luxol Fast Blue (LFB) and Cresyl Violet Staining
Sections were stained with Solvent Blue 38 solution (60°C, 2h), differentiated in lithium carbonate solution, and
counterstained with Cresyl Violet acetate.

Table 6 Pathology Case Numbers and Organ Inventory Required

Group | Subgroup Treatment Dose Animal ID Number of Organs
Animals Collected
Male Female
1 Acute toxicity Blank control - 1-3 4-6 6 Heart, Liver,
Kidney, Brain
I Acute toxicity Vehicle control - 7-9 10-12 6 Heart, Liver,
Kidney, Brain
-1 Acute toxicity High-dose positive | LPS: 200 pg/kg 13-15 16-18 6 Heart, Liver,
control Kidney, Brain
-2 Acute toxicity Low-dose positive | LPS: 100 pg/kg 43-45 46-48 6 Heart, Liver,
control Kidney, Brain
v Acute toxicity FA-LNPs 93 mg/kg 19-21 22-24 6 Heart, Liver,
Kidney, Brain
\ Pharmacological LPS 200 pglkg 49-51 52-54 6 Brain
pathology
A\ Pharmacological LPS + FA-LNPs LPS: 200 pg/kg FA-LNPs: 55-57 58-60 6 Brain
pathology 46.5 mg/kg
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Image Analysis and Quantification

Immunoreactivity was visualized using DAB substrate and counterstained with hematoxylin. All sections were digitized
using a Pannoramic 250 scanner (3DHISTECH, Hungary). Three specific brain regions were examined: striatum,
hippocampus, and cerebellar-brainstem areas, as defined by “The Mouse Brain in Stereotaxic Coordinates - 4th
Edition” (Figure 2). Quantitative assessments included GFAP-positive area percentage, Iba-1-positive area ratio and
cell rate, gray/white matter distribution in LFB staining. FJB staining was evaluated using a semi-quantitative scoring
system. The scoring criteria were as supporting information Table 7. Two independent pathologists, blinded to treatment
groups, evaluated all histological samples.

Network Pharmacology Analysis

The potential mechanism of FA was investigated through network pharmacology approach. Briefly, FA-related targets
were predicted using SwissTargetPrediction and Super-PRED databases (n=176). Disease-associated targets were
collected from GeneCards, OMIM, CTD, and DisGenet databases using keywords “Alzheimer’s Disease”, “COPD”,
“AECOPD”, and “Atherosclerosis” (n=47,043). The intersection analysis identified 141 common targets.

The compound-target-disease network was constructed using Cytoscape 3.9.0. The protein-protein interaction (PPI)
network was generated via STRING database (minimum interaction score=0.400) and the top 5 hub targets were
identified based on degree values. GO and KEGG pathway enrichment analyses were performed using DAVID platform
(P<0.05, Q<0.05).

For molecular docking, the 3D structures of FA and key target proteins were obtained from PubChem and RCSB PDB
databases, respectively. AutoDock was employed for docking simulation after proper protein preparation. The binding
modes were analyzed using Discovery Studio.

Statistical Methods

Statistical Analysis for Expanded Acute Toxicity Study of Intravenous FA Nanoparticles in SD Rats

All statistical analyses were performed using two-tailed tests with a significance level set at 0.05. Mean, standard
deviation SD, and sample size N for all group results were calculated using the Provantis system SAS 9.4 statistical
software for parameters including body weight, organ weight, clinical pathology indices, and other relevant indicators.
Data analysis followed this procedure:

First, Shapiro—Wilks test and Levene’s test were used to assess normality and homogeneity of variance. If both tests
were non-significant P > 0.05, one-way ANOVA was performed. For significant ANOVA results P < 0.05, Dunnett’s test
was used for multiple comparisons.

If normality and/or homogeneity of variance tests failed P < 0.05, data were log-transformed and retested. If post-
transformation tests were non-significant P > 0.05, one-way ANOVA was conducted. For significant results P < 0.05, data
underwent rank transformation.

After rank transformation, Kruskal-Wallis test was applied. For significant Kruskal-Wallis test results P < 0.05,
Wilcoxon test was used for multiple comparisons.

Log transformation was not performed on data containing negative values. For data with zero values, these were
replaced with one-tenth of the smallest positive value before log transformation. Statistical comparisons were not
performed for sample sizes less than 3.

Cage-side observations were not statistically analyzed but presented as individual data and/or frequency counts.

Other Statistical Analyses

Data are presented as mean =+ standard error of the mean (SEM). Statistical analyses were performed using GraphPad
Prism software (version 8.0, GraphPad Software Inc., San Diego, CA, USA). Comparisons between groups were made
using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test or two-way ANOVA followed by
Sidak’s multiple comparisons test. P < 0.05 was considered statistically significant.
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Figure 2 The core brain regions for observation. The core brain regions of interest for observation encompassed the striatum, hippocampus, and cerebellar-brainstem
areas, we referenced Figures 27, 47, and 79 from “The Mouse Brain in Stereotaxic Coordinates - 4th Edition” (Paxinos and Franklin, 2012) as illustrated in Figure 2 (A—C).
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Table 7 Scoring Criteria for Fluoro-Jade B Staining in Neuronal Degeneration
Assessment

Score | Criteria

0 No neuropathology

| Minimal/very few neuropathological changes (1-10% of neurons stained)

2 Mild neuropathology (11-25% of neurons stained)
3 Moderate neuropathology (26—45% of neurons stained)
4 Severe neuropathology (>45% of neurons stained)

Results
Effects of FA on LPS Induced Memory Impairments

Spatial learning and memory were assessed using the Morris water maze test. During the four-day training phase (4 trials/
day), all groups showed progressive improvement in escape latency (Figure 3A and B). LPS-treated rats exhibited
significantly longer escape latency but shorter swimming distance compared to controls, indicating LPS-induced
bradykinesia (Figure 3C and D).

In the probe trial (24h after the last training session), LPS administration significantly impaired spatial memory, as
evidenced by decreased time spent in the target quadrant, reduced swimming distance, slower swimming speed, and
fewer platform area crossings. FA pretreatment effectively prevented these LPS-induced cognitive deficits
(Figure 3E-H).

Characterization of FA-LNPs

UPLC-MS Analysis and TEM Observation

The molecular composition of FA-LNPs was characterized using UPLC-MS analysis. A characteristic peak at m/z 193.0501
with a retention time of 3.09 min confirmed the presence of ferulic acid (FA) in the nanoparticles (Figure 4 and Table 8).
Transmission electron microscopy (TEM) imaging revealed an average particle size of approximately 80 nm (Figure 5),
consistent with dynamic light scattering (DLS) measurements (Z-Average diameter: 83.85 nm, PDI = 0.053) (Figure 6). These
results demonstrate the successful synthesis of FA-LNPs with uniform size distribution and well-defined morphology.

Zeta Potential and Stability

The zeta potential measurements were performed using a Zetasizer (DTS1070 cell) at 25°C. The nanoparticles were
dispersed in water (dispersant RI = 1.33, viscosity = 0.88 cP, dielectric constant = 78.5). The samples were prepared
using polystyrene latex (RI = 1.59, absorption = 0.01) as the material.

The zeta potential was measured at +5.969 mV with a conductivity of 0.0128 mS/cm, suggesting moderate stability of
the nanoparticle system. The wall zeta potential was 14.31 mV, with a zeta deviation of 5.444 mV. The quality factor of
1.701 further confirmed the reliability of the measurements. Despite the relatively low zeta potential value, the
nanoparticle formulation demonstrated excellent stability over two weeks, with no significant changes in size or
polydispersity, which could be attributed to the optimized preparation process and the unique surface properties of the
nanoparticles (Figure 7).

Scale-Up and Optimization of FA-LNP Preparation

Microfluidic Technology

FA-LNPs prepared via microfluidic technology demonstrated exceptional uniformity, with a Z-Average diameter of 83.85
nm and a remarkably low PDI of 0.053. This approach enables rapid evaluation of formulation feasibility through precise
control of particle formation parameters.’' However, the drug concentration achieved by this method was insufficient for
in vivo administration, highlighting its utility as a screening tool rather than a production method.
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Figure 3 Effects of FA on LPS-induced spatial cognitive deficits in the water-maze test in rats. (A) Representative searching swimming paths by rats with different treatments
after four days acquisition session in the escape latency test. (B) Escape latency to find the submerged platform during 4 consecutive days of training. LPS administration
(200 pg/kg) significantly impaired spatial learning, demonstrated by increased escape latency compared to control group. Pretreatment with ferulic acid (FA) at 25, 50, and
100 mg/kg dose-dependently attenuated this LPS-induced learning deficit. All groups showed effective learning as indicated by significantly reduced escape latency between
Day | and Day 4. Data are presented as individual data points with means * SEM (n=12/group). Statistical analysis was performed using two-way ANOVA followed by Sidak’s
multiple comparisons test. * p<0.05 indicates significant differences between Day | and Day 4 within the same group, demonstrating effective training; © p<0.05 indicates
significant difference between control and LPS groups on Day 4, demonstrating LPS-induced cognitive impairment; # p<0.05 indicates significant differences between LPS
group and FA treatment groups, demonstrating the protective effects of FA against LPS-induced cognitive dysfunction. (C) Representative searching swimming paths by rats
with different treatments in the probe trial test. Control group rats swam concentrating the hidden platform area, LPS-treated rats swam primarily around the pool; this was
reversed by FA pretreatment. (D) Effects of FA on the escape latency to reach the hidden platform. LPS overall decreased escape latency, which is altered by FA. E to
H. Effects of FA pretreatment in the probe trial test with or without LPS stimulation in rats. (E) Distance swum in the target quadrant, (F) Number of crossing the hidden
platform area, (G) Mean swimming speed in the probe trial test, (H) Duration in the hidden platform area. LPS decreased the swimming distance, the crossings, swimming
speed and duration in the target quadrant, which were all reversed by FA (25, 50, or 100 mg/kg), whereas not in a strict dose-dependent manner. Values represent means *
S.EMM. (=12 per group); * p<0.05, ** p<0.01, *¥* p<0.001 vs control group; * p<0.05, ™ p<0.01, ** p<0.001 vs LPS group; ¥ p<0.05 for comparisons between different FA
dosage groups (specifically indicating significant differences between FA 25 mg/kg vs FA 50 mg/kg or FA 100 mg/kg groups).

Lipid Solubilization Method

Initial attempts using the lipid solubilization method resulted in large, non-uniform particles (batch 230826—1) with low
encapsulation efficiency (3.10 mg/mL vs theoretical 5 mg/mL). Rapid turbidity formation and FA precipitation upon
hydration rendered this method unsuitable for FA-LNP development (Table 9).

Aqueous Preparation Method
The aqueous method also proved ineffective, as a significant portion of FA remained unencapsulated. Post-dialysis FA

concentrations were excessively low, failing to meet preparation criteria (Table 10).

Active Loading Method

The active loading method enabled efficient FA encapsulation, achieving a concentration >4 mg/mL and encapsulation
efficiency >80%. The optimized process yielded uniform particles (size <200 nm, PDI <0.2) suitable for animal
administration (Tables 11-13). FA-LNPs exhibited a zeta potential of +5.97 mV, indicating moderate colloidal stability.
The quality factor of 1.701 further confirmed the reliability of the measurements. The nanoparticles showed excellent
storage stability over two weeks, with no significant changes in size or polydispersity.

Significance of Preparation Methods and Nano-Toxicity Considerations

The comparison of preparation methods highlights the superiority of the active loading approach in achieving high
encapsulation efficiency and uniform particle size. The zeta potential results (+5.97 mV) further support the stability and
suitability of FA-LNPs for in vivo applications. The sub-100 nm size of our FA-LNPs, potential nanotoxicity
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Figure 4 UPLC-MS analysis of the FA. (A) Representative chromatograms showing: base peak ion chromatogram of blank control (upper panel), base peak ion
chromatogram of sample (middle panel), and extracted ion chromatogram at m/z 193.0501 (lower panel). (B) Full-scan mass spectrum (m/z 50-1200) of the sample at
retention time 3.09 min. (C) Zoomed mass spectrum (m/z 100-300) of the sample at retention time 3.09 min.

Nanotechnology, Science and Applications 2025:|

8

https:

335



Huang et al

Table 8 Mass Spectrometric Analysis Data of Ferulic Acid-Loaded Lipid Nanoparticles (FA-LNPs)

Mass Calc. Mass | mDa | PPM | DBE | i-FIT | Norm | Conf (%) | Formula

193.0501 193.0501 0.0 0.0 6.5 2844 | 0.052 94.97 CI0H904

considerations include: Enhanced cellular uptake and tissue penetration, potential interaction with biological barriers,

biodistribution and clearance patterns, and cellular internalization mechanisms.

Acute Toxicity Study of Intravenously Administered FA Nanoparticles in SD Rats
This comprehensive study evaluated the extended acute toxicity and pharmacokinetics of FA-LNPs following intrave-
nous administration, providing crucial evidence for their potential clinical application.

Cage-Side Observations

During the study period, one female animal in the 200 pg/kg LPS group was found dead on the second day post-
administration. Similarly, apart from the deceased animals, no notable abnormalities were observed during cage-side
observations of male and female animals in the blank control group, Con-LNPs group, in the 200 pg/kg LPS group, both
male and female animals exhibited hunched posture and piloerection (Supplementary Table O1: Individual Data for

Paraventricular Observation).

Body Weight

During the study period, compared to the concurrent same-sex blank control group, male animals in the 200 pg/kg LPS
group exhibited a significant decrease in body weight from day 2 to day 6 (P<0.05 or 0.01), No consistent or statistically
significant changes in body weight were observed in animals from the other dose groups (Supplementary Table 02: Body
Weight Statistical Data).

Food and Water Consumption

During the study period, compared to the concurrent same-sex blank control group, both male and female animals in the
positive control group (LPS 200 pg/kg) exhibited reduced food and water consumption on days 1~2. These parameters
returned to levels comparable to the blank control group by day 3 of the recovery period (Supplementary Table 03: Food

Consumption Statistical Data; Supplementary Table 04: Water Intake Statistical Data).

Figure 5 Transmission electron microscopy (TEM) characterization of ferulic acid-loaded liposomal nanoparticles (FA-LNPs). (A—C) Representative TEM micrographs at
different magnifications showing spherical FA-LNPs with an average diameter of 80 nm. Samples were prepared by 3-fold dilution in phosphate buffer (pH 7.4). Scale bars:
500 nm and 50nm.

336 https: Nanotechnology, Science and Applications 2025:18


https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx
https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx
https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx
https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx
https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx
https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx
https://www.dovepress.com/article/supplementary_file/500407/500407-supplementary-tables_.docx

Huang et al

Size Distribution Report by Intensity

v2.2

V. N
Malvern

Sample Details

Sample Name:
SOP Name:

General Notes:

6-2-10mg 1

size measurement.sop

File Name: Huanghhao.dts Dispersant Name: Water
Record Number: 25 Dispersant RI: 1.330
Material RI: 1.59 Viscosity (cP): 0.8872
Material Absorbtion: 0.010 Measurement Date and Time: June 2, 2023. 11:10:39
System
Temperature (°C): 25.0 Duration Used (s): 60
Count Rate (kcps): 339.8 Measurement Position (mm): 4.65
Cell Description: Disposable sizing cuvette Attenuator: 11
Results
Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 83.85 Peak 1: 89.37 100.0 23.22
Pdl: 0.053 Peak 2: 0.000 0.0 0.000
Intercept: 0.954 Peak 3: 0.000 0.0 0.000
Result Good
Size Distribution by Intensity
s R 04 D AR G S RS SRR G D T
o 20 bt oxvi Eie
= \
8 \
5{’, 15
2
2 10
2
£
e o v s sssrsedmsrsnoovn e o\t s
0 :
0.1 1 10 1000 10000
Size (d.nm)
— Record 25: 6-2-10mg 1 Record 26: 6-2-10mg 2
— Record 27: 6-2-10mg 3

Malvern Panalytical
www. malvernpanalytical. con

Zetasizer Ver. 8.00.4813
Serial Number : MAL1166268

File name: HuangHao. dts
Record Number: 25
June 2, 2023 13:14:13

Figure 6 Dynamic Light Scattering (DLS) measurements of Ferulic Acid. The ferulic acid-loaded liposomes exhibited an increased hydrodynamic diameter compared to
empty liposomes, with an approximate increase of |10 nm in saline and 5 nm in Tris buffer. The FA liposome nanoparticles synthesized using the microfluidic device
demonstrated remarkable uniformity in size distribution, characterized by a Z-Average diameter of 83.85 nm and a low polydispersity index (PDI) of 0.053.
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Derived Mean Count Rate (kcps)  3.71E+04 - - 3.7ME+04 3.71E+04
Reference Beam Count Rate (kcps) 2861 - - 2861 2861
Quality Factor 1.701 - - 1.701 1.701
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Figure 7 Zeta potential and stability analysis of FA-LNPs. Zeta potential distribution of FA-LNPs, showing a mean value of +5.969 mV, indicating moderate colloidal stability.
Stability profile of FA-LNPs over two weeks, demonstrating no significant changes in particle size or polydispersity index (PDI). The optimized preparation process and
unique surface properties contribute to the excellent stability of the nanoparticle formulation.
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Table 9 Physicochemical Characteristics of FA-Loaded Liposomes Prepared by
Thin-Film Hydration Method

Batch No. Concentration Concentration Particle Size PDI
(mg/mL) (mg/mL) (nm)
230826-1 3.10 66.92 328 0.687

Table 10 Physicochemical Characteristics of FA-Loaded Liposomes Prepared
by Aqueous Method

Batch No. Concentration Concentration Particle Size | PDI
(mg/mL) (mg/mL) (nm)
230826-3 0.43 53.10 260.4 0.357

Table 11 Characterization of FA-Loaded Liposomes Prepared by Active Loading

Method Across Multiple Batches (230826-2 to 230826-9)

Batch No. Concentration Concentration Particle Size PDI
(mg/mL) (mg/mL) (nm)

230826-2 4.8l 37.21 141.4 0.039
230826-2-2 4.80 45.09 Not detected

230826-4 0.43 53.10 143.2 0.04
230826-5 3.56 61.82 182.9 0.212
230826-6 351 52.09 144.1 0.081
230826-7 4.38 59.31 143.1 0.056
230826-8 3.98 52.00 Not detected

230826-9 2.94 59.06 167.6 0.178

Table 12 Physicochemical Characterization of FA-Loaded Liposomal Nanoparticles

Parameter Method Result
Drug content HPLC 4.65 mg/mL
Encapsulation efficiency Ultrafiltration centrifugation-HPLC 86.35%
Mean particle size Dynamic light scattering d=128.9 nm
Polydispersity index (PDI) Dynamic light scattering 0.018

Table 13 Physicochemical Characterization of Blank Liposome
Nanoparticles
Parameter Method Result
Mean particle size Dynamic light scattering d=128.9 nm
Polydispersity index (PDI) Dynamic light scattering 0.018
Nanotechnology, Science and Applications 2025:18 https: 339
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Clinical Pathology Examination

At the end of the observation period (D7), male animals in the vehicle control group showed decreased reticulocyte count
and percentage. The positive control group (LPS 200 pg/kg) demonstrated elevated PLT, PCT, UA, and K levels, with
decreased MCH. Female animals in the FA-LNPs group exhibited increased MPV (Supplementary Table 05: Hematology

Statistical Data; Supplementary Table 06: Serum Biochemistry Statistical Data).

Organ Weight

At the end of the observation period (D7), compared to the concurrent same-sex blank control group, male animals in
both the vehicle control (Co-LNPs group) and positive control (LPS 200 pg/kg) groups showed statistically significant
decreases in heart weight (P<0.05 or 0.001). No notable abnormalities were observed in organ coefficients
(Supplementary Table 07: Organ Weight Statistical Data).

Gross Necropsy Observations
Male animal No. 43 in the LPS 200 pg/kg group exhibited bilateral yellow discoloration of the kidneys. No other
apparent macroscopic lesions were observed.

Pharmacokinetic Parameters

Following intravenous administration of FA-LNPs at 46.5 mg/kg, the C.x of FA in male and female SD rats was
420,000 + 29,513 and 318,667 £+ 86,639 ng/mL, respectively. The AUC,_, values were 80,414 + 10,778 and 93,885 +
13,429 h*ng/mL for males and females, respectively, with no significant gender differences observed (Table 14).

The mean residence time (MRT_) was 2.83 £+ 0.792 h, while the elimination half-life (t;,,) was 12.8 + 1.88 h. The
systemic clearance (CLz/F) was 0.535 + 0.0851 L/h/kg. The discrepancy between MRT and t1/2 suggests that FA
nanoparticles may follow a multi-compartment model in SD rats, with the terminal elimination half-life (t1/2p) being
substantially longer than the MRT.

The apparent volume of distribution (Vz) was 9.73 + 1.25 L/kg, indicating that the drug is primarily distributed in
plasma and extracellular fluid, with limited penetration across cell membranes (Table 15).

Pathological and Neurotoxicity Assessment
This study aimed to evaluate the neurotoxicity of FA liposome nanoparticles (FA-LNPs) and preliminarily explore their
intervention effects on lipopolysaccharide (LPS)-induced neurological damage. Our findings reveal the complex role of
FA-LNPs in an LPS-induced neuroinflammation model and their potential neuroprotective properties.
Histopathological analysis indicated no significant abnormalities in major organs (liver, kidney, heart, and brain)
following FA-LNPs administration alone. See Figure 8A. However, LPS injection induced a systemic inflammatory
response, leading to pathological changes in multiple organs, particularly the liver and heart, See Figure 8B—E.
Regarding the nervous system, H&E (Figure 8F) and Luxol Fast Blue staining (Figure 9) showed no apparent
abnormalities in brain tissue structure or cellular morphology across control, LPS, and LPS+FA-LNPs groups.
Nevertheless, immunohistochemistry analyses revealed significant LPS-induced neuroinflammatory responses.

Table 14 The Ratio of C,,,x and AUC,_, of FA
Between Different Gender Groups

Dose 46.5 mglkg

Sex Female Male

Crnax ng/mL | Mean | 318667 | 420000
Ratio | 1.318

AUC,.. | h*ng/mL | Mean 93885 80414

Ratio | 0.857
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Table 15 Main Pharmacokinetic Parameters of FA in SD

Rats After Intravenous Administration

Dose 46.5 mglkg

Sex Female Male
AUCO0-t h*ng/mL 93885+13429 8041410778
AUCO0-» | h*ng/mL 9536113799 8195711959
MRTO-t h 2.80+0.676 2.87+1.05
MRTO0-~ h 3.77%1.05 4.02+2.06
tl/2 h 12.9£1.37 12.6+2.62
Tmax h 0.0167+0.00 0.0167+0.00
CLz/F L/h/kg 0.495+0.0746 0.576+0.0875
Vz L/kg 9.12+0.828 10.3£1.45
Cmax ng/mL 318667486639 420000+29513
Cco ng/mL 3634724105864 | 529000+35283

GFAP staining results demonstrated a significant increase in astrocyte activation in the LPS group compared to the
control group (p < 0.01), indicating successful induction of neuroinflammation, Interestingly, the LPS+FA-LNPs group
showed no significant difference in GFAP expression levels compared to the LPS group (p > 0.05). This finding suggests
that FA-LNPs did not significantly inhibit LPS-induced astrocyte activation under the experimental conditions of this
study. See Figure 10A and B.

Similarly, IBA-1 staining results showed significant microglial activation by LPS (p < 0.05), while FA-LNP treatment failed
to effectively suppress this activation in the short term (p > 0.05). However, this discrepancy may be attributed to factors such as
short treatment duration, dosing regimen, or bioavailability of FA-LNPs (Figure 11A and B). Fluoro-Jade staining further
confirmed LPS-induced neurodegenerative changes (p < 0.05). Notably, despite intervention with FA-LNPs, the treatment group
exhibited a subtle but concerning trend of exacerbated neurodegenerative changes compared to the LPS group, albeit without
achieving statistical significance (p < 0.05). This unexpected observation suggests not only an absence of neuroprotective effects
but potentially a marginally detrimental impact of FA-LNPs on neurodegeneration (Figure 12A and B). These findings
underscore the critical importance of rigorously evaluating nanomaterial-based interventions and caution against presumptive
neuroprotective strategies.

Network Pharmacology Analysis of Ferulic Acid
To explore the potential mechanisms of FA in treating multiple diseases (Alzheimer’s disease, COPD, acute exacerbation
of COPD, and atherosclerosis), a comprehensive network pharmacology analysis was performed. Utilizing
SwissTargetPrediction and Super-PRED databases, 176 potential FA targets were identified. Disease-related targets
(n=47,043) were collected from GeneCards, OMIM, CTD, and DisGenet databases. Venn diagram analysis revealed
141 common targets between FA and disease targets (Figure 13A).

A compound-disease-target network was constructed using Cytoscape 3.9.0, illustrating the multi-target therapeutic
potential of FA. The protein-protein interaction (PPI) network, generated via STRING database, comprised 141 nodes
and 794 edges (average degree=11.3), see Figure 13B and C. Five hub targets were identified based on degree values:
EGFR, ESR1, PTGS2, CTNNBI, and STAT3, suggesting their crucial roles in FA’s therapeutic effects’>* (Table 16).

GO enrichment analysis revealed 504 terms (59 cellular components, 324 biological processes, and 121 molecular
functions). The targets were mainly enriched in plasma membrane, cytoplasm, and transcription factor complexes, with
critical processes including single-carbon metabolism, exogenous stimuli response, and B-amyloid cellular response.
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KEGG pathway analysis identified 118 significantly enriched pathways (p<0.05), notably nitrogen metabolism, AGE-
RAGE signaling, and ROS-related chemical carcinogenesis.***> See Figure 13D and E.

Molecular docking analysis demonstrated favorable binding affinities between FA and the five key targets (Table 17),
with binding energies ranging from —7.6 kcal/mol (PTGS2) to —5.2 kcal/mol (CTNNBI1), see Figure 14. These findings
collectively suggest FA’s multi-target therapeutic potential through regulation of diverse biological pathways.*®

Discussion
Ferulic Acid Attenuates LPS-Induced Neuroinflammation and Associated Behavioral

Deficits

Inflammation is one major causative factor associated with several age-related and chronic diseases, such as AD and
diabetes.*”*® It is widely recognized that oxidative stress has a key role to be implicated in the onset and progression of
many different pathologies, among which neurodegenerative diseases and metabolic ailments.>® Among phenolic acids,
FA has recently been proposed as a potential neuroprotective agent. Indeed, it seems to ameliorate AD pathology by

Con

Con-LNPs

LPS 200pg/kg
LPS 200pg/kg

Figure 8 Continued.
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Figure 8 Histopathological examination of major organs in rats across different treatment groups. (A) Representative histopathological images of major organs in control
groups (H&E staining). (al-cl) Blank control group: normal liver architecture with intact lobular structure and hepatic cords (al); kidney showing clear cortical and medullary
structures, with one animal exhibiting mild, diffuse hyaline droplet accumulation in renal tubules (bl); and normal cardiac tissue with well-preserved endocardium,
myocardium, and epicardium (cl). (a2-c2) Vehicle control group (Con-LNPs): liver displaying normal architecture without pathological changes (a2); kidney with clear
demarcation of cortical and medullary regions and no apparent abnormalities (b2); and heart tissue showing normal myocardial structure with distinct cardiomyocytes and
intercalated discs (c2). Scale bar = 50 um or 100 pm. (B) Representative histopathological changes in liver tissues of rats in LPS 200 pg/kg group. (al) Liver section showing
mild congestion (white arrow), increased sinusoidal cells (yellow arrow), mononuclear cell infiltration in the confluent area (green arrow), and focal hepatocellular necrosis
with inflammatory cell infiltration (black arrow). (a2) Liver section demonstrating pigment deposition (Orange arrow) in Kupffer cells and hepatocytes. (a3) Liver section
exhibiting hepatocellular vacuolation (purple arrow). Scale bars = 50 pm. H&E staining. (C). Representative histopathological changes in kidney and heart tissues of rats in
LPS 200 pg/kg group. (al) Kidney section showing normal renal architecture with well-preserved cortical and medullary structures, intact glomeruli and tubules (40%
magnification). (bl) Heart section exhibiting multifocal myocardial alterations, including focal fibrosis with fibroblast proliferation and collagen deposition (light blue arrow),
myocardial degeneration/necrosis characterized by widened interstitium, myofibril dissolution, increased cytoplasmic eosinophilia, and nuclear pyknosis (dark blue arrow),
and myocardial hemorrhage (white arrow) (20x magnification). (b2) Higher magnification view of heart section from animal No. |6 showing detailed myocardial fibrosis and
degeneration/necrosis (20% magnification). Note: Kidney tissue from animal No. 16 was excluded due to autolysis. Scale bars = 100 pm (bl, b2) and 50 pm (al). H&E
staining. (D) Representative histopathological changes in liver, kidney, and heart tissues of rats in LPS 100 pg/kg group. (al) Liver section showing mild multifocal
hepatocellular necrosis with inflammatory cell infiltration (black arrow), characterized by focal destruction of hepatic cords and inflammatory cell infiltration (40%
magnification). (a2) Kidney section exhibiting mild multifocal tubular dilation (blue arrow), with preserved cortical and medullary structures and intact glomeruli (10x
magnification). (b) Heart section from animal No. 43 displaying normal cardiac architecture with intact endocardium, myocardium, and epicardium, showing no significant
pathological changes (20% magnification). Scale bars = 50 um (al), 200 um (a2), 100 um (a3) H&E staining. (E) Representative histopathological examination of major organs
from rats treated with FA-LNPs (46.5 mg/kg x 2) for 7 days. (a) Liver section showing normal hepatic architecture without pathological changes (40 magnification). (b)
Kidney section demonstrating moderate renal pelvic dilation (blue arrow) (6x magnification). (c, d) Heart sections exhibiting mild, multifocal myocardial degeneration/
necrosis characterized by slightly widened interstitium, myofibril dissolution, and cytoplasmic vacuolation (dark blue arrow) (c), and mild, multifocal myocardial hemorrhage
(white arrow) (d) (both at 20% magnification). Scale bars = 50 um (a), 5000 um (b), and 100 um (c, d). H&E staining. FA-LNPs: ferulic acid -modified liposome nanoparticles.
(F) Representative histopathological examination of brain tissues from rats across different treatment groups. (al-e4) Photomicrographs showing striatum (al-el),
hippocampus (a2-e2), cerebellum (a3-e3), and brainstem (a4-e4) from rats treated with: blank control group (al-a4), Con-LNPs group (bl-b4), LPS 200 pg/kg group (cl-
c4), LPS 100 pg/kg group (d1-d4), and FA-LNPs (46.5 mg/kg x 2) (el-e4). All brain regions displayed normal architecture across treatment groups, with preserved cellular
morphology in cerebral cortex, and no evidence of cellular disarray, apoptosis, hemorrhage, or inflammatory responses in the striatum, hippocampus, cerebellum, and
brainstem. Note: Brain tissue from animal No. 16 in the high-dose LPS group was excluded due to autolysis. All images were taken at 100% magnification. Scale bars =
100 pm. H&E staining.

Abbreviations: LNPs, liposome nanoparticles; LPS, lipopolysaccharide; FA-LNPs, ferulic acid-modified liposome nanoparticles.

preventing neurodegeneration in several brain regions; FA has been shown to inhibit Ap oligomer aggregations, against
APB(1-42) toxicity and to exert antioxidant, anti-inflammatory, and anti-apoptotic effects.***?

FA treatment interfered with the TLR4/MD2 complex binding site, a down-regulation by FA of nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), TNF-a, IL-1PB, has been observed following NF-kB inhibition in LPS-treated
mice.*> LPS also be used for hypoxia stimulation, in a mouse high-altitude cerebral edema model. Keli Yao et al
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Figure 9 Histopathological analysis of rat brain tissues following repeated intravenous administration of FA liposome nanoparticles (FA-LNPs). Representative images of
brain sections from (A[-C4) control group, (DI-F4) LPS group (200 pg/kg), and (GI-14) LPS + FA-LNPs group (200 pg/kg LPS + 46.5 mg/kg FA-LNPs). No significant
histopathological changes were observed across all groups. H&E staining revealed normal brain structure with intact meninges, cortical layers, and white matter. LFB staining
showed no evidence of demyelination in any group. There was no perivascular cuffing or meningeal infiltration of lymphocytes and macrophages observed in any of the
examined sections. This comprehensive histopathological analysis suggests that repeated intravenous administration of FA-LNPs does not induce detectable neuropatho-
logical changes in rat brain tissues, even in the presence of LPS-induced inflammation.
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Figure 10 GFAP immunostaining analysis and quantitative assessment of astrocyte activation in rat brain tissues. (A) GFAP immunostaining analysis of astrocyte activation in
rat brain tissues. (al-i3) Representative images of GFAP immunostaining in the control, LPS (200 pg/kg), and LPS+FA-LNPs (200 ug/kg LPS + 46.5 mg/kg FA-LNPs) groups.
Scale bar: 2000 um (2x), 500 pm (10%) and 100 pm (40%). (B) Quantification of GFAP-positive area ratio (GFAP-positive area / total brain tissue area) across different
treatment groups. Data are presented as mean + SEM. **p < 0.0] compared to the control group. ns: not significant compared to the LPS group. n = 6 per group. GFAP
staining revealed significant astrocyte activation in the LPS group compared to the control (p < 0.01), indicating successful induction of neuroinflammation. The LPS+FA-LNPs
group showed no significant difference in GFAP expression compared to the LPS group (p > 0.05), suggesting that FA-LNPs did not significantly inhibit LPS-induced astrocyte
activation under these experimental conditions. Images were captured at 400% magnification using a 3DHISTECH P250 scanner and analyzed with Quant Center software.
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Figure 11 Evaluation of FA-LNPs on LPS-Induced microglial activation in rat brain using Iba-1 immunostaining analysis. (A) Iba-1 immunostaining analysis of microglial
activation in rat brain tissues. (al-i3) Representative images of Iba-| immunostaining in the control, LPS (200 ug/kg), and LPS+FA-LNPs (200 ug/kg LPS + 46.5 mg/kg FA-
LNPs) groups. Scale bar: Scale bar: 2000 um (2x), 500 um (10x) and 100 pm (40x%). (B) Quantification of Iba-|-positive area ratio (Iba-|-positive area / total brain tissue area)
across different treatment groups. Quantification of Iba-|-positive cell ratio (number of Iba-|-positive cells / total number of brain cells) across different treatment groups.
Data are presented as mean = SEM. *p < 0.05 compared to the control group. n = 6 per group. Iba-1 staining demonstrated significant microglial activation in the LPS group
compared to the control (p < 0.05). FA-LNPs treatment did not effectively suppress this activation in the short term (p > 0.05), as evidenced by both area ratio and cell ratio
analyses. Images were captured at 400% magnification using a 3DHISTECH P250 scanner and analyzed with Quant Center software.
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Figure 12 Fluoro-Jade B (F|B) staining showing neurodegeneration in rat brain tissues following LPS and FA-LNP treatments. (A) Representative images of FJB staining in rat brain
tissues. Scale bar: 2000 pm (2x), 500 pm (10x) and 100 um (40x%). (B) Quantification of FJB-positive neurons using a semi-quantitative scoring system. Bars represent mean + SEM (n =
6 per group). *p < 0.05 compared to control group; ns: not significant compared to LPS group (one-way ANOVA followed by Tukey’s post-hoc test). FJB staining was performed to
evaluate neuronal degeneration. Deparaffinized and rehydrated sections were incubated with F|B working solution overnight at 4°C, counterstained with DAPI, and coverslipped. Images
were acquired using a Pannoramic 250 slide scanner. FJB-positive neurons were scored using a 5-point scale (0—4) based on the percentage of stained neurons, where 0 indicates no
neuropathology and 4 indicates severe neuropathology (>45% of neurons stained). LPS treatment significantly increased FJB-positive neurons compared to the control group (*p < 0.05),
indicating enhanced neurodegeneration. FA-LNPs treatment showed no significant difference compared to the LPS group (ns, p > 0.05), suggesting that FA-LNP treatment did not
effectively attenuate LPS-induced neurodegeneration.
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Figure 13 Network pharmacology analysis revealing the potential mechanisms of FA. (A) Venn diagram illustrating the overlap between FA targets and disease-related
genes. (B) Compound-disease-target network analysis showing the interactions between FA (green diamond), diseases (red diamonds), common targets (purple triangles),
and specific targets (grey circles). (C) Protein-protein interaction (PPl) network of common targets consisting of 141 nodes and 794 edges, where node size represents
degree value and edge thickness indicates interaction confidence score (minimum required score = 0.400). (D) Top 10 significantly enriched Gene Ontology (GO) terms
(p<0.05, q<0.05) across biological process (BP), cellular component (CC), and molecular function (MF) categories. Bar length represents -logl0(p-value), color intensity
indicates significance level, and bar width shows gene count. (E) Top 20 significantly enriched KEGG pathways (p<0.05), highlighting key pathways including nitrogen
metabolism, AGE-RAGE signaling, metabolic pathways, and ROS-related chemical carcinogenesis. Bar representation follows the same format as in (D).

Abbreviations: FA, ferulic acid; AGE-RAGE, advanced glycation end products-receptor for AGE; ROS, reactive oxygen species.

indicate that FA treatment may protect against neuronal death through the inhibition of miRNA-9 induction in the rat
hippocampus following hypoxic-ischemic damage.***

It has been suggested that infections, inflammatory processes may be causative factors in emotional disorders,
including anxiety and depression.*®*” LPS injection resulted in significant impairment of memory function,*® the present
study was designed to examine the AD-like behavior and depressive-like response following intraperitoneal injections of
LPS (200 pg/kg).

As shown in Figure 3H and F, the time spent in the plat form area and the number of crossing the plat form area of
LPS group and 25 mg/kg FA group were significantly decreased compared with control group. It indicated that LPS-

treated groups experienced high levels of memory deficit or depression. Moreover, AD or depression-like behavior
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Table 16 Degree Scores of Key
Hub Proteins in the FA-Related PPI
Network Identified by STRING

Database
Target Degree Score
EGFR 49
ESRI 47
PTGS2 45
CTNNBI 44
STAT3 44

Table 17 Molecular Docking Results of FA with Key Target Proteins

Entry Ligand Protein Name PDB ID Binding Energy
(kcal/mol)

| Ferulic Acid | EGFR 5ug9 —6.7

2 Ferulic Acid | ESRI 7nfb -74

3 Ferulic Acid PTGS2 5f19 7.6

4 Ferulic Acid | CTNNBI 7afw -5.2

5 Ferulic Acid STAT3 6njs -5.8

Abbreviations: EGFR, Epidermal Growth Factor Receptor; ESRI, Estrogen Receptor I;
PTGS2, Prostaglandin-Endoperoxide Synthase 2; CTNNBI, Catenin Beta |; STAT3, Signal
Transducer and Activator of Transcription 3; PDB, Protein Data Bank.

induced by LPS treatment cannot be dissociated from length and speed to find the plat form in this experiment, especially
the length to find the plat form. In this regard, the rats of the LPS groups showed depression and anxiety condition with
regard to the swimming speed and length. Our data revealed that decreasing of the time spent in the plat form area and
the number of crossing the plat form area of LPS treated rats could not only be interpreted in terms of AD, but also fear
and anxiety. Anxiety-like behavior could be related to diminished exploration in the swimming pool. In the present
experiment, the significant decreases induced by LPS including distance swum in the target quadrant, number of crossing
the hidden platform area, mean swimming speed in the probe trial test and duration in the hidden platform area,
reflect AD or depression-like behavior in LPS-treated rats (Figure 3E-H). LPS has been established as an effective
initiator of nigrostriatal dopaminergic neuronal death and produces AD symptoms in experimental animals.**>
However, it is suggested that LPS exposure increased anxiety like behaviors and stress response in adult rats.’’

Interestingly, anxiety-like behavior is commonly seen as an symptom of AD.*?

Microfluidic Technology as a Screening Platform for Lipid Nanocarrier Development
Our study validates microfluidic technology as an efficient screening platform for plant-derived compound formulations.
While not directly measuring drug loading efficiency, this approach enables rapid evaluation of formulation feasibility
through precise control of particle formation parameters.>’ The distinct physicochemical properties observed between
FA-LNPs (80£3.2 nm, PDI=0.053) provided valuable early indicators for subsequent development prioritization.
Among various microfluidic methods, hydrodynamic focusing has emerged as the predominant approach since its
initial application by Jahn et al.>® Recent advances in microfluidic devices incorporating micromixers or electroformation
systems have demonstrated particular promise.”* These systems enable precise control over lipid-drug mixing through
defined flow rates of organic and aqueous phases, resulting in uniform particle formation through rapid solvent dilution.
The microfluidic approach offers several advantages, including uniform particle size distribution, reproducibility, and
process controllability through adjustable parameters (flow rates, ratios, and concentrations). Despite limitations in industrial
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Figure 14 Molecular docking analysis revealing the binding modes of FA with key target proteins. (A—E) Two-dimensional (left panels) and three-dimensional (right panels)
representations of FA interactions with (A) EGFR (PDB: 5ug9), (B) ESRI (PDB: 7nfb), (C) PTGS2 (PDB: 5f19), (D) CTNNBI (PDB: 7afw), and (E) STAT3 (PDB: 6njs). Hydrogen
bonds are shown as green dashed lines, while hydrophobic and 1-17 stacking interactions are depicted in pink and Orange, respectively. Protein surface electrostatic potential is
represented by different colors (red: negative, blue: positive, white: neutral). Binding energies were calculated ranging from —7.6 kcal/mol for PTGS2 to —5.2 kcal/mol for CTNNBI.
Abbreviations: FA, ferulic acid; EGFR, epidermal growth factor receptor; ESRI, estrogen receptor |; PTGS2, prostaglandin-endoperoxide synthase 2; CTNNBI, beta-

catenin; STAT3, signal transducer and activator of transcription 3; PDB, Protein Data Bank.
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scalability due to manufacturing complexity and throughput constraints, successful implementation in COVID-19 vaccine

production by Pfizer/BioNTech and Moderna demonstrates its potential for large-scale applications.”” >’

Multi-Technique Analytical Validation Strategy

Our comprehensive characterization approach integrated complementary analytical techniques to ensure robust formula-
tion assessment. UPLC-MS/MS enabled precise molecular identification and quantification for drug loading and
encapsulation efficiency evaluation, while DLS and TEM provided detailed insights into particle size distribution and
morphology. This systematic approach aligns with established guidelines for nanomedicine characterization, particularly
crucial for lipid nanoparticles where complex physicochemical properties necessitate thorough validation.®

Evolution and Optimization of Liposome Preparation Methods

Our systematic evaluation of three preparation methods revealed distinct advantages and limitations for each approach.
The conventional lipid film hydration method (Lipid Solubilization Method) demonstrated poor physical stability and
suboptimal loading efficiency (3.10 mg/mL vs theoretical 5 mg/mL). These issues are consistent with recent studies
highlighting the difficulties in encapsulating hydrophilic compounds using traditional liposome preparation methods.*’
The aqueous preparation method (Aqueous Preparation Method) also showed limitations, particularly in encapsulation
efficiency, a common challenge in liposomal drug delivery systems.®’

In contrast, the active loading method (Active Loading Method) demonstrated significant advantages, achieving
efficient encapsulation and producing uniform liposomes. This aligns with recent advancements in active loading
techniques for liposomal formulations.®*®> The method’s success in achieving high encapsulation efficiency (over
60%) is particularly noteworthy, as it addresses a key challenge in liposomal drug delivery.

The active loading method emerged as the optimal approach, achieving superior drug loading (>4 mg/mL) and
encapsulation efficiency (=80%), highlighting the critical importance of method selection in liposome development.

Further experiments confirmed the reliability and scalability of the active loading method, producing liposomes with
excellent parameters (FA concentration =4.98mg/mL, encapsulation efficiency (EE% =94.79%, particle size =131.4 nm,
and PDI =0.126). These characteristics are crucial for effective drug delivery and are in line with current standards in
nanomedicine.**

The physical stability of FA-LNPs was evaluated through zeta potential measurements under standardized conditions
(25°C, water as dispersant). The nanoparticles exhibited a positive zeta potential of +5.97 mV with a quality factor of
1.701. Although this zeta potential value is relatively low compared to the conventional stability threshold (30 mV), the
formulation demonstrated remarkable stability in practice (more than 2 weeks).

The success of the active loading method in this study contributes to the growing body of evidence supporting its use
in liposomal drug formulation. Recent studies have shown similar success with other challenging compounds, suggesting
that this approach may have broad applicability in nanomedicine.®’

Recent advances in liposome preparation techniques have demonstrated significant improvements in drug incorpora-
tion and stability.°® Notably, the development of multifunctional envelope-type nano devices (MEND) showed promising
results, with octaarginine-modified formulations exhibiting 1000-fold higher transfection efficiency compared to con-
ventional DNA/PLL complexes.®’

The active loading technique, particularly effective for hydrophilic drugs, can enhance entrapment efficiency from
30-50% to >90% through transmembrane gradients.®®%° However, despite these advantages, industrial-scale implemen-
tation remains challenging due to manufacturing complexity.”®

The ongoing evolution of liposome preparation methods reflects a critical balance between formulation optimization
and manufacturing feasibility. Future developments should focus on streamlining preparation processes while maintain-
ing product quality, ultimately enhancing therapeutic outcomes through improved drug delivery efficiency.”!

However, while the active loading method shows promising results, further research is needed to fully understand its
mechanisms and potential long-term stability issues. This aligns with current trends in nanomedicine research, which
emphasize the importance of understanding the fundamental principles underlying nanoparticle formation and stability.”*
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Nanotoxicological Perspective

Our comparative analysis revealed distinct formulation outcomes driven by compound-specific physicochemical proper-
ties. FA-LNPs demonstrated robust characteristics with successful scale-up to 40 mL, consistent size distribution, and
high encapsulation efficiency (=80%), while enhancing pharmacokinetic parameters and reducing toxicity risks for
natural compounds.®®

Over the past two decades, nanodrug delivery systems have emerged as a focal point in pharmaceutical and materials
science research, showing immense potential in improving drug targeting, bioavailability, and therapeutic efficacy,
particularly in oncology and neurological disorders.”?

However, significant gaps remain in understanding their in vivo pharmacokinetics and tissue distribution character-
istics, limiting their clinical application.”* Cheng et al highlighted that nanodrugs exhibit markedly different in vivo
behaviors compared to traditional small molecule drugs, including complex metabolic processes and unique tissue
distribution patterns.”> Certain nanoparticles demonstrate prolonged retention in reticuloendothelial system organs,
potentially leading to unexpected toxicity or altered therapeutic efficacy.’®

The physicochemical properties of nanomaterials significantly influence their in vivo behavior, though specific
mechanisms remain incompletely understood.”” Blanco et al emphasized the importance of establishing quantitative
relationships between nanomaterial characteristics and biological behavior for rational design of safe nanodrug delivery
systems.?®

The pioneering work of Oberdorster et al in nanotoxicology revealed that nanomaterials may exhibit distinct
toxicological properties from their bulk counterparts, necessitating new evaluation methods. Their research highlighted
specific concerns, such as nanoparticle penetration into the central nervous system via olfactory neurons, warranting
particular attention to neurotoxicity.”® Fadeel et al further demonstrated the crucial role of thorough material character-
ization in nanotoxicology, showing strong correlations between specific physicochemical properties and toxicity
profiles.”’

Recent advances in nanomedicine safety assessment, as discussed by Choi and Frangioni, emphasize comprehensive
evaluation of both short-term and long-term toxicity, including acute, chronic, and potential carcinogenic effects.®
Understanding nanoparticle biodistribution has become crucial for safety and efficacy assessment, driving the develop-
ment of more precise in vivo tracking methods. Fadeel and Garcia-Bennett’s research extensively explored how surface
properties influence toxicity and biocompatibility, emphasizing the importance of understanding nanoparticle-cell inter-
actions, cellular uptake mechanisms, and potential induction of oxidative stress and inflammatory responses.®' This
integrated understanding of physicochemical properties and their biological implications continues to shape the devel-

opment of safer and more effective nanotherapeutics.

Acute Toxicity Studies of FA-LNPs

This comprehensive study evaluated the extended acute toxicity and pharmacokinetics of FA-LNPs (FA-LNPs) following
intravenous administration, providing crucial evidence for their potential clinical application.

The cage-side observations revealed generally good overall condition in all groups except the positive control
(Supplementary Table 01). The mortality of two female animals in the LPS group on the second day post-administration

likely relates to LPS-induced acute inflammatory response, consistent with previous reports on LPS toxicity.** The
hunched posture and piloerection observed in the LPS and LPS+ FA-LNPs groups are typical signs of discomfort
associated with inflammatory reactions."

Body weight and food/water intake changes were primarily concentrated in the positive control group. Male animals
exhibited significant weight loss (P<0.05 or 0.01) 2—-6 days post-administration, with reduced food and water intake in

the first 1~2 days (Supplementary Table 02 to Table 04). These changes, likely due to LPS-induced systemic inflamma-

tion, were reversible, with parameters returning to levels comparable to the blank control by the third day of recovery.
This pattern aligns with previous studies on LPS-induced sickness behavior.®?

Clinical pathology results indicated limited impact of FA-LNPs on most hematological and biochemical parameters
(Supplementary Table 05 to Table 06). The observed decrease in reticulocyte count and percentage in male animals of the
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vehicle control group may suggest a mild effect of liposomes on the hematopoietic system, a phenomenon reported in
some liposomal formulations.®* The alterations in PLT, PCT, UA, K levels, and MCH in male animals of the positive
control group likely reflect LPS-induced systemic inflammation and potential renal effects, consistent with known LPS
toxicity profiles.®> Based on histopathological examination results (as shown in Figure 8A—F), we systematically
evaluated the effects of various treatment groups on major organs in rats. The liver, kidney, and heart tissues of control
groups (blank control and Con-LNPs) maintained normal histological architectures without significant pathological
alterations (Figure 8A), indicating that the carrier nanoparticles themselves caused no tissue damage to these vital
organs. The absence of demyelination (LFB staining, Figure 9) further supports the neurological safety profile of FA-
LNPs, highlighting their potential as CNS-targeted delivery systems without neuropathological risks.

Pharmacokinetic Characteristics of FA-LNPs

The pharmacokinetic profile of FA-LNPs provides valuable insights into their in vivo behavior. At a dose of 46.5 mg/kg,
male and female SD rats showed Cmax values of 420,000 = 29,513 and 318,667 £ 86,639 ng/mL, and AUCO-t values of
80,414 + 10,778 and 93,885 + 13,429 h*ng/mL, respectively, with no significant gender differences (Supporting
Table 14). This suggests similar absorption and distribution characteristics in both sexes, a favorable attribute for
potential clinical applications.®¢

The mean residence time (MRTO-t) of 2.83 + 0.792 hours, coupled with an elimination half-life (t1/2) of 12.8 +
1.88 hours, indicates a multi-compartmental model in SD rats. The terminal elimination half-life (t1/2p) being sig-
nificantly longer than the MRT suggests potential for prolonged drug action, a characteristic that could enhance
therapeutic efficacy.”’

The systemic clearance (CLz/F) of 0.535 + 0.0851 L/h/kg indicates moderate drug clearance, while the apparent
volume of distribution (Vz) of 9.73 + 1.25 L/kg suggests primary distribution in plasma and extracellular fluid with
limited transmembrane permeability (Supporting Table 15). This distribution profile may help reduce drug accumulation
in non-target organs, potentially minimizing toxicity risks.*®

This study demonstrates that FA-LNPs exhibit good safety profiles and acceptable pharmacokinetic characteristics at
the given dose. The pharmacokinetic data reveal favorable in vivo behavior, potentially enhancing the therapeutic
efficacy of FA.

Temporal Dynamics and Neuroprotective Trends

Our integrated findings establish ferulic acid-loaded lipid nanoparticles (FA-LNPs) as a biocompatible nanoplatform with
context-dependent neuroprotective properties. Comprehensive histopathological evaluation demonstrated no significant
abnormalities in major organs following FA-LNP administration alone,® while preserving cytoarchitecture across
experimental groups. This structural preservation persisted even under LPS-induced inflammatory conditions,*’ demon-
strating formulation stability comparable to advanced antioxidant carriers.”®"'

The temporal dynamics of FA-LNP effects present intriguing observations. Our immunohistochemistry analyses revealed
significant LPS-induced neuroinflammatory responses, with GFAP staining showing substantial astrocyte activation (p <0.01)
(Figure 10A and B) **** and IBA-1 staining indicating significant microglial activation, see Figure 11A and B. While acute-
phase glial activation showed limited response to intervention with FA-LNPs, Fluoro-Jade staining revealed that FA-LNP
treatment did not effectively attenuate LPS-induced neurodegenerative changes, and even showed a subtle trend towards
increased neurodegeneration, although this did not reach statistical significance. This unexpected observation suggests the
need for careful optimization of treatment parameters and thorough safety evaluation of nanoparticle-based interventions in
neurological conditions. See Figure 12A and B.

This temporal discordance may reflect nanoparticle biodistribution kinetics influenced by inflammatory BBB

4 91

alterations,”® selective modulation of specific inflammatory pathways,

5

or enhanced phagocytic clearance through
controlled microglial activation.’

From a translational perspective, while our results indicate that FA-LNPs did not significantly alleviate LPS-induced
neuroinflammation within the four-day experimental period, the preserved safety profile positions FA-LNPs as a clinically
viable candidate. However, therapeutic optimization requires addressing temporal intervention windows,”® formulation
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engineering through surface modifications,”” and potential synergistic combinations with immunomodulators.”® These
considerations are particularly important given the complex nature of neuroinflammatory responses.

Network Pharmacology and Molecular Docking Analysis Reveal Multiple

Therapeutic Targets of Ferulic Acid

The network pharmacology analysis identified 176 potential targets of FA using SwissTargetPrediction and Super-PRED
databases. The intersection of these targets with 47,043 disease-related targets obtained from GeneCards, OMIM, CTD,
and DisGenet databases revealed 141 common targets (Figure 13A and B). This significant overlap suggests that FA may
exert its therapeutic effects by modulating multiple disease-related pathways, consistent with the multi-target nature of
many natural compounds.”

PPI network analysis using the STRING database revealed a highly interconnected network of 141 nodes and 794
edges, indicating substantial functional relationships among the identified targets. The average degree value of 11.3
suggests these targets may be involved in critical biological processes. Five key targets were identified based on their
high degree values: EGFR, ESR1, PTGS2, CTNNBI, and STAT3 (Figure 13C). These targets may play crucial roles in
mediating FA’s therapeutic effects and warrant further investigation.®

GO enrichment analysis provided insights into the biological processes, cellular components, and molecular functions
associated with FA’s targets. The analysis revealed 504 GO terms, including 59 cellular components, 324 biological
processes, and 121 molecular functions (Figure 13D). Notably, FA’s targets were primarily localized in the plasma
membrane, cytoplasm, and transcription factor complexes, suggesting diverse cellular effects. Key biological processes
included regulation of single-carbon metabolic processes, response to exogenous stimuli, inflammatory response, and
cellular response to beta-amyloid, indicating FA’s potential in modulating fundamental disease-related pathways.>*

KEGG pathway enrichment analysis identified 118 significantly enriched pathways (p < 0.05). The most significantly
enriched pathways included nitrogen metabolism, AGE-RAGE signaling pathway in diabetic complications, metabolic
pathways, and chemical carcinogenesis-reactive oxygen species (Figure 13E). These findings suggest that FA may exert
its therapeutic effects through modulation of multiple interconnected pathways, consistent with the complex nature of the
diseases studied.®

Molecular docking analysis provided further insights into the binding affinity of FA with the five key targets identified
(Figure 14A-D). The binding energies ranged from —7.6 kcal/mol (PTGS2) to —5.2 kcal/mol (CTNNBI1), indicating
moderate to strong binding affinities. These results support the potential direct interactions between FA and these key
targets, providing a molecular basis for FA’s observed therapeutic effects.*®

While network pharmacology and molecular docking provide valuable insights, these computational approaches have
limitations. Further experimental validation, including in vitro and in vivo studies, is necessary to confirm the predicted

interactions and their biological significance.

Conclusion
This comprehensive investigation provides compelling evidence for the therapeutic potential of FA-LNPs while high-
lighting critical considerations for their development and application. Through systematic formulation development, we
successfully established FA-LNPs using an optimized active loading method, achieving superior encapsulation efficiency
(=80%) and uniform particle size (<200 nm, PDI=0.126). The implementation of microfluidic technology proved
valuable as an efficient screening platform for early-stage formulation development, while our multi-technique analytical
validation strategy integrating UPLC-MS, DLS, and TEM ensured robust characterization of the nanoformulation.
Toxicological and pharmacokinetic assessments revealed favorable safety profiles and drug behavior characteristics. FA-
LNPs demonstrated acceptable acute toxicity with minimal systemic effects, while exhibiting advantageous pharmacokinetic
parameters including extended elimination half-life (t1/2 = 12.8 + 1.88 hours), moderate systemic clearance (CLz/F = 0.535 +
0.0851 L/h/kg), and appropriate volume of distribution (Vz = 9.73 + 1.25 L/kg). Notably, the gender-independent pharma-
cokinetic behavior suggests consistent therapeutic effects across populations.
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In the context of neuroprotection, FA-LNPs showed the ability to preserve tissue cytoarchitecture under inflammatory
conditions, though with complex temporal dynamics in neuroinflammatory response. Network pharmacology analysis
identified 141 potential therapeutic targets and revealed five key molecular targets (EGFR, ESR1, PTGS2, CTNNBI,
STAT3), with significant pathway enrichment in inflammation, oxidative stress, and metabolic regulation, providing
crucial mechanistic insights into FA’s therapeutic actions.

While these findings establish FA-LNPs as a promising therapeutic platform, several aspects warrant further
investigation, including optimization of temporal intervention windows and dosing regimens, exploration of surface
modifications for enhanced targeting, and evaluation of potential synergistic combinations with other therapeutic agents.
Additionally, long-term safety and efficacy studies will be essential for clinical translation. The integration of advanced
formulation techniques with comprehensive pharmacological analyses provides a solid foundation for the future devel-
opment of targeted nanomedicine approaches in treating complex disorders, potentially offering new therapeutic
strategies for challenging medical conditions.
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