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ABSTRACT: The aim of the research was to develop novel gallic
acid (GA)-modified amphiphilic nanoparticles of polyethylenimine
(PEI)—polypropylene carbonate (PPC)—PEI (PEPE) and com-
prehensively assess its properties as an antiperiodontitis nano-
particle targeting the Toll-like receptor (TLR). The first step is to
evaluate the binding potential of GA to the core trigger receptors
TLR2 and TLR4/MD2 for periodontitis using molecular docking
techniques. Following this, we conducted NMR, transmission
electron microscopy, and dynamic light scattering analyses on the
synthesized PEPE nanoparticles. As the final step, we investigated
the synthetic results and in vitro antiperiodontitis properties of GA-
PEPE nanoparticles. The investigation revealed that GA exhibits
potential for targeted binding to TLR2 and the TLR4/MD2
complex. Furthermore, we successfully developed 91.19 nm
positively charged PEPE nanoparticles. Spectroscopic analysis indicated the successful synthesis of GA-modified PEPE. Additionally,
CCKS8 results demonstrated that GA modification significantly reduced the biotoxicity of PEPE. The in vitro antiperiodontitis
properties assessment illustrated that 6.25 uM of GA-PEPE nanoparticles significantly reduced the expression of pro-inflammatory
factors TNF-a, IL-1p, and IL-6. The GA-PEPE nanoparticles, with their targeted TLR binding capabilities, were found to possess
excellent biocompatibility and antiperiodontitis properties. GA-PEPE nanoparticles will provide highly innovative input into the
development of anti- periodontitis nanoparticles.
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B INTRODUCTION

Periodontitis is a chronic multifactorial inflammatory disease
characterized by the progressive destruction of periodontal
tissues, which greatly threatens people’s health."” The
membrane-bound toll-like receptors (TLRs) are a subset of
the innate immune system’s pattern recognition receptors
(PRRs).” Among them, TLR2 identifies lipoproteins, while
TLR4 recognizes lipopolysaccharides, both of which activate

methacrylate) (PMMA), poly(é-caprolactone)-pluronic-poly-
(e-caprolactone) (PCFC), poly(caprolactone) (PCL), and
poly(lactic acid) (PDL), and can even be combined with
hydrophilic poly(ethylene glycol) (PEG) to form more complex
nanoparticles.'>~'? PEI is extensively utilized in the synthesis of
ampbhiphilic copolymers with hydrophobic polymers, leading to
the formation of nanoparticles. Notably, nanoparticles derived
from the hydrophobic polylactic acid-hydroxyacetic acid
copolymer (PLGA)-PEI have exhibited promising applications

downstream NF-xB inflammatory pathways and the p38
mitogen-activated protein kinase (MPK) signaling pathway,
contributin% to the periodontitis and other inflammatory
response.” The TLR4-MD2 complex i critical for recognizing
LPS undergoing homodimerization as a key to exerting an innate
immune response.’ Correspondingly, targeted anti-inflamma-
tory strategies against TLRs are essential for managing
inflammation effectively.”'’

Nanoparticles loaded with drugs are at the forefront of
research to enable anti-inflammatory strategies.'' ~'> Polyethy-
lenimine (PEI) is a hydrophilic polymer characterized by a linear
or branched structure.'* Due to its self-assembly behavior, PEI
demonstrates significant potential for nanoparticle formation
with various hydrophobic polymers, including poly(methyl
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in immunomodulation, siRNA delivery, DNA transfection,
exosome delivery, and loading of tumor-targeting drugs.”’~>*
This versatility is attributed to the high number of amino groups
in PEI, which facilitates modifications. However, the highly
positively charged structure of these amines renders cells more
susceptible to damage, rendering PEI notoriously cyto-
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toxic.”*™* As a result, reducing the cytotoxic effects of PEL is a
primary consideration in the design of PEI nanoparticles.”*

Poly(propylene carbonate) (PPC) is a biodegradable polymer
that arises from the copolymerization of greenhouse gas CO2
and propylene oxide (PO).”***” The excellent biocompatibility
properties of PPC can be attributed to its nontoxic, non-
polluting, and degradable nature.’>" As a result, PPC has found
diverse applications in medicine delivery.”>*> PPC is strongly
hydrophobic®* and the establishment of hydrophilic and
hydrophobic self-assembled nanoparticles greatly extends the
drug delivery application of PPC. Chitosan-PPC-based nano-
particles have demonstrated exceptional antimicrobial perform-
ance,”” while self-assembling PPC nanoparticles have exhibited
superior capability in delivering doxorubicin.*

Gallic acid is a naturally occurring polyphenolic compound
known for its outstanding antioxidant and anti-inflammatory
properties.** ">’ However, it suffers from rapid metabolism, low
bioavailability, poor solubility, and instability. Consequently,
nanoparticle delivery of gallic acid presents an opportunity to
overcome these traditional pharmacokinetic challenges.” "'

Computer docking simulations have been widely used to
analyze the targeting relationship between drugs and molecules
Autodock software simulated the docking ability of peroxisome
proliferator-activated receptor-y with drug candidates, confirm-
ing the drug potential of plant-derived phenolics phloretin and
phloridzin as insulin sensitization properties.*” Meanwhile, the
ability of drugs targeting mutant HER2 receptors was verified
with the help of computer docking methods and potential drugs
for malaria treatment were screened.*”** At a deeper level of
molecular docking and molecular dynamics simulations, the
conformational effects induced by antigenic mutations in the
nucleus of proliferating cells and even the mechanisms that
inhibit mismatch repair can be fully elaborated."*® Most
notably, the molecular dynamics perspective helps to under-
stand the subsequent effects of mutations in important
molecules, leading to the development of personalized targeted
drugs.”’

This study utilized a molecular docking method to assess the
potential of GA to bind to TLR2/TLR4. Additionally, a novel
GA-modified PEI-PPC-PEI (PEPE) amphiphilic nanoparticle
was developed to facilitate a new delivery mode of GA. In this
nanoparticle, PEI and PPC act as hydrophilic and hydrophobic
chain segments, respectively. By modification of the amino
group of the PEI segment with GA, the toxicity was reduced
while achieving targeted binding for anti-inflammatory action.
Notably, our study is the first to comprehensively characterize
the physicochemical properties and antiperiodontitis effects of
GA-PEPE nanoparticles, thereby providing a theoretical basis
for the targeted anti-inflammatory treatment of pulpitis.

B METHODS AND MATERIALS

Materials. Propylene oxide (PO) obtained from the Jilin
Shenhua Group was dried under 3 A molecular sieve until the
water content was below 50 ppm. CO,, sourced from
Changchun Juyang Gas, had a water content below 50 ppm.
Polyethylenimine (PEI) (Mw: 1800) was purchased from
Kemike Biomedical Technology Co (Wuhan, China). Succinic
anhydride, dicyclohexylcarbodiimide (DCC), 4-dimethylami-
nopyridine (DMAP), and N-hydroxy succinimide (NHS) were
procured from Yuanye Bio-Technology Co (Shanghai, China).
99% purity Rhawn gallic acid (99% purity) was purchased from
Yien Chemical Technology (Shanghai, China). Additionally, all
solvents utilized in this study were obtained from the Institute of

Applied Chemistry (Changchun, China). Vikase dialysis
membranes with a molecular weight cut off (MWCO) of
8000—14000 and MWCO of 1000 were purchased from Rialai
Biological Instrument consumables distributor (Beijing, China).
All materials were used as received without further purification
except for dialysis bags, which underwent appropriate pretreat-
ment before use.

Molecular Docking between GA and Toll-Like Re-
ceptor (TLR). The molecular structures of gallic acid were
obtained using PubChem (compound CID: 370), while the
protein structures of the TLR2 (PDB ID: 1FYW) and TLR4/
MD2 complex (PDB ID: 2764) were retrieved from the PDB
database. The protein structure was then processed by using
PyMOL to remove water molecules and ligands. Further
processing of ligands and receptors, such as adding hydrogen
atoms and determining active pockets, was carried out by using
AutoDock Tools. The binding modes were analyzed using
AutoDock4 software with “Genetic Algorithm” as the docking
parameter. The 10 lowest binding energy modes were selected
by the “ranked by energy” function of AutoDockTools. Finally,
the model with the lowest binding free energy was selected, and
PyMOL was used for providing visualization into the potential
binding ability of gallic acid and TLR2/TLR4.

Synthesis of Polypropylene Carbonate (PPC). The PPC
was synthesized through the utilization of a combinatorial
catalyst system consisting of double metal cyanide catalyst
(DMC) and colorless rare earth ternary (RET), as indicated in
prior research.”® The 200 mL portion of propylene oxide (PO)
and the combinatorial catalyst were introduced into a 500 mL
pretreated autoclave, ensuring the absence of oxygen and water.
The copolymerization of carbon dioxide (CO,) and PO was
then initiated at 4 MPa and 70 °C. Following a 10 h reaction
duration, the copolymerization process was halted by the
addition of a methanol solution containing 5% dilute hydro-
chloric acid. The resulting white polymeric product (PPC) was
subsequently subjected to drying at 40 °C under a vacuum until
a constant weight was achieved.

Synthesis of HOOC—PPC—COOH. The reaction com-
menced with dissolving PPC (6.32 g, 0.0004 mol) in 100 mL of
dichloromethane (DCM) followed by the addition of succinic
anhydride (0.2 g, 0.002 mol) and 4-dimethylaminopyridine
(0.244 g, 0.002 mol) to the solution. The reaction mixture was
then subjected to 24 h at 40 °C under magnetic stirring.
Subsequently, the product was precipitated with excess
methanol and purified using a vacuum drying oven to remove
the remaining solvent. This purification process was repeated
three times to ensure purity of the products. Lastly, the products
were utilized in determining the acid value by titration with
potassium hydroxide ethanol.

Synthesis of Amphiphilic Polymer PEI-PPC—PEI. The
synthesis of block copolymers began with the dissolution of 5.06
g (032 mmol) of HOOC-PPC—COOH in 100 mL of
dimethylformamide (DMF), in accordance with previous
research.”” Dicyclohexylcarbodiimide (DCC) (263.7 mg, 1.28
mmol) and N-hydroxysuccinimide (NHS) (147.2 mg, 1.28
mmol) were added to the polymer solution and left to react
under magnetic stirring for 24 h at room temperature. Following
this, the polymer solution was introduced into polyethylenimine
(PEI) (1.28 mmol) in DMF and allowed to react for another 24
h under magnetic stirring. The filtration process was used to
remove insoluble dicyclohexylurea from the reaction mixture.

Also, polymer product was then isolated by precipitation into
excess diethyl ether under vigorous stirring. Subsequently, the
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product was dissolved in dimethyl sulfoxide (DMSO) and
subjected to dialysis against excess deionized distilled water
using a dialysis membrane (MWCO:8000—14000 DA). This
purification procedure was repeated twice to ensure the removal
of the impurities. The hydrogen spectra of the PEI-PPC—PEI
copolymer were analyzed in CDCl; as a medium using
AVANCE NEO 400 M HZ NMR (Bruker, Karlsruhe, German).
Avance Neo parameters are provided in Table S1.
Preparation of PEI-PPC—PEI Nanoparticle Solution.
The PEI-PPC-PEI nanoparticles were prepared by dissolving
100 mg (about S pmol) of PEI-PPC—PEI in S mL of DMF,
followed by the dropwise addition of this mixture into 20 mL of
PBS (pH 7.4, ServiceBio, Wuhan, China) under magnetic
stirring. The resulting suspension was dialyzed in PBS for 24 h
using a dialysis membrane (MWCO: 1000 DA) to achieve a
nanoparticle concentration of 200 M in the PBS solution.
Synthesis of Gallic Acid-Modified PEI-PPC—PEI Nano-
particles. Gallic acid-modified PEI-PPC—PEI (GA-PEPE)
nanoparticles were prepared in a series of steps using a DMF-
PBS system. First, 4 mL of DMF solution containing 100 mg of
PEPE was added dropwise to 20 mL of PBS solution under
swirling conditions to form PEPE nanoparticle DMF/PBS
solution. Then, 1 mL of DMF containing 10 mg of gallic acid was
added dropwise to the above PEPE nanoparticle DMF/PBS
solution, and the resulting mixture was stirred for 24 h. This
allowed the gallic acid to react with the amino groups on the
surface of the hydrophilic PEL. The nanoparticles were then
dialyzed in PBS using a dialysis membrane (MWCO: 1000 Da)
for a further 24 h. This concentration of the GA-PEPE solution
was diluted in the medium to match the GA-modified
concentration reviewed in the literature above. Figure 1 shows
the scheme of the study. It is worthy to note that the previous
work showed that 100 4uM (0.017g/1) GA has sgi§niﬁcant anti-

inflammatory activity and proper cell viability.” By compre-

hensively considering the concentration ratio of biotargeted
molecule-modified nanoparticles and nanoparticle loaded
drugs,”*** the study finally determined the GA content for
modifying PEPE (Mpgpg:Mg, = 10:1).

In addition, to elucidate the reaction principle of GA and
PEPE, a mixture of S mg of PEPE and 5 mg of GA was reacted in
5 mL of a DMF—water mixture (Vpym: Vigater = 1:4) for 24 h. The
reaction was then dried under vacuum at 40 °C, and the
hydrogen spectrum was detected using AVANCE NEO 400 M
HZ NMR in DMSO-dg. A mixture of 1 g of PEI and 1 g of GA
was stirred in water for 24 h at room temperature and then dried
under vacuum before comparing the IR spectra of the products
and reactants using an INVENIO-R FTIR spectrometer
(Bruker, Karlsruhe, Germany).

Characterization of PEI-PPC—PEI Nanoparticles. For
the observation of morphology and size distribution, a drop of
the sample solution (concentration = 20 M) was placed onto a
100-mesh copper grid coated with carbon. About 1 min after
deposition, the grid was tapped with a filter paper to remove
surface water. The samples were air-dried before measurement.
Transmission electron microscopy (TEM) was performed on a
JEOL JEM 200FS electron microscope (Akishima, Japan) to
further analyze the morphology and size of the nanoparticles.
The particle size distribution (nanometers) and zeta potential
(mV) of the prepared nanoparticles were determined by
dynamic light scattering (DLS) using Zeta Sizer Nano Series
(Malvern Instruments, UK). The measurements were con-
ducted at 25 °C, and the results were presented based on the
data obtained from 90° scattering angles.

Macrophage Cell culture. The RAW 264.7 macrophage
cell line (Sigma-Aldrich, St. Louis, Missouri, USA) was cultured
in a high glucose Dulbecco’s modified Eagle’s medium
(DMEM) (ServiceBio, Wuhan, China) supplemented with
10% (v/v) fetal bovine serum (FBS) (Tianhang bio, Hangzhou,
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China). The cell culture process was conducted in a humidified
incubator maintained at 37 °C with 5% CO, monitoring.

Cell Viability Analysis. The cells were initially seeded into
96-well plates at a concentration of 1 X 10° cells/mL and
incubated in 100 yL of DMEM for 24 h. Following this
incubation period, the original medium was replaced with a
combined solution of 100 L. DMEM medium and 33 pL of
either nanoparticle PBS solution (ranging from 12.5 M to 200
uM) or GA PBS solution (ranging from 0.025 g/L to 0.4 g/L).
The resulting PEPE/GA-PEPE nanoparticles (ranging from
3.125 uM to 50 uM) and the gallic acid solution (ranging
from0.00625 g/L to 0.1 g/L) were used as experimental groups
in the CCK8 test. The concentration of GA matches the
concentration used to synthesize GA-PEPE. The cells were then
subjected to another 24 h incubation period. Additionally, a
control group was established, in which cells were cultured in
100 uL of DMEM medium with 33 uL of pure PBS, and a blank
group was maintained with noncellular pure DMEM medium.

Fluorescence of Live/Dead Staining for Raw264.7.
Raw264.7 cells were also seeded in 24-well plates with 1 X 10°
cells per well and continuously incubated in 1 mL of DMEM for
24 h. Then, the original medium was replaced with a combined
solution of 1 mL DMEM medium and 333 uL of either
nanoparticle PBS solution (ranging from 12.5 to S0 uM) or GA
PBS solution (ranging from 0.025 to 0.1 g/L). The resulting
PEPE/GA-PEPE nanoparticles (ranging from 3.125 to 12.5
#M) and the gallic acid solution (ranging from 0.00625 to 0.025
g/L) were used as experimental groups in the live/dead test.
Therefore, cells were washed three times with PBS, and the
viability of cells was detected by a calcein-rAM/PI double
staining kit (Abbkine, Beijing, China) in accordance with
manufacture protocols. The results were examined by an
inverted fluorescence microscope (Olympus, Tokyo, Japan).
The PI-positive cells are red and represented dead cells.

Real-Time Quantitative Polymerase Chain Reaction
(PCR) for Antiperiodontitis Evaluation. RAW264.7 cells in
DEME were seeded in a 6-well plate at a density of 1 X 10° cells/
well and cultured for 24 h in a 5% CO, incubator at 37 °C.
Subsequently, after the cells reached 80% binding rate, the
original media was replaced with fresh FBS-free media
containing 1 ug/mL LPS from Porphyromonas gingivalis
(InvivoGen, France) to establish a periodontitis cell model.
This medium was then incubated for another 24 h with 666 uL
of nanoparticle solution (from 12.5 to 50 uM) or GA PBS
solution (ranging from 0.025 to 0.1 g/L) added at the same
culture condition. The concentration settings were consistent
with cell death staining. After this, 666 uL of PBS and DMEM
medium containing 1ug/mL were added to culture raw264.7 as
the inflammatory group. In addition, to establish a control
group, DMEM medium without FBS and LPS but with 666 uL
of PBS were added.

Following this, the cells were washed twice with PBS and lysed
using the TRIZOL reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) to isolate the total RNA. The
purity and concentration of the RNA were subsequently
assessed using a Nanodrop One (Thermo Fisher Scientific,
Waltham, MA, USA). For the quantification of mRNA levels, a
quantitative reverse transcription PCR (qRT-PCR) technique
was employed. Initially, 1 ug of RNA was subjected to cDNA
synthesis using UnionScript First-strand cDNA Synthesis Mix
for gPCR and dsDNase (Genesand Biotech Co, Beijing, China).
This involved incubation at 37 °C for 2 min, followed by reverse
transcription at 55 °C for 15 min and enzyme inactivation at 85

°C for S min. The UnionScript First-strand cDNA Synthesis Mix
used during this process contained UnionScript reverse
transcriptase with its buffer, Rnasin, dNTPs, Oligo(dT)20VN,
and random primers. Subsequently, real-time qPCR was carried
out on 25 ng of cDNA using a QuantStudio 1 Plus Real-Time
PCR system (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA) with GS AntiQ qPCR SYBR Green FAST
MIX (Genesand Biotech Co, Beijing, China) and 0.5 M of each
of the forward and reverse primers for TNF-a, IL-6, IL-1/, and
p-actin obtained from Sangon Biotech Co. (Shanghai, China).
The primer sequences used were referenced to published studies
and are detailed in Table $2.°"°*

Statistical Analysis. The data for the anti-inflammatory
array characterization were all presented as mean + SEM. To
ensure a normal distribution of the data, a histogram was utilized
to visually inspect the data points for each group. Following
visual confirmation of the normal distribution, the data were
then subjected to analysis. Specifically, CCKS8 results were
analyzed using two-way ANOVA, while the qPCR results for
each gene were analyzed using one-way ANOVA. Subsequently,
the Dunnett multiple comparisons test was applied to the
results, using GraphPad Prism (v.9, GraphPad Software, San
Diego, CA, USA). Any pairwise comparisons exhibiting an
adjusted p-value of <0.05 were deemed statistically significant.

B RESULTS AND DISCUSSION

Molecular Docking with Gallic Acid. The protein
structure of TLR2 (PDB ID: 1FYW) and the TLR4/MD2
complex (PDB ID: 2764) was obtained from the PDB database,
and the docking pattern with the lowest binding affinity (kcal/
mol) was visualized with PyMOL (Table 1). The obtained

Table 1. Binding Energy Rank

rank binding affinity of TLR2 binding affinity of TLR4“

1 —3.65 -3.4

2 —-2.73 —-2.49
3 -3.32 —2.49
4 -3.09 —-2.18
5 —-2.87 —-2.35
6 —2.84 —2.26
7 —2.66 —-2.25
8 -2.56 —2.25
9 -2.55 —2.21
10 —-2.53 —-2.17

“Binding affinity of gallic acid and TLR2/TLR4, kcal/mol.

results showed that TLR2 and GA formed four hydrogen bonds,
including SER-784, LYS-783, and ASP-642 (affinity: —3.65
kcal/mol) (Figure 2A). TLR4/MD2 complex and GA also
formed four hydrogen bonds, including GLU-593, TRP-590,
and LEU-568 (affinity: —3.4 kcal/mol) (Figure 2B). Molecular
docking demonstrated the feasibility of targeted binding of GA
and TLRs, with the o- benzene-triol structure and carbon—
oxygen double bond of GA playing an important role.
Synthesis of PEI-PPC—PEIl. Initially, PPC diols were
synthesized through the ring-opening polymerization of CO,
and PO. Then, the two terminal hydroxyl groups of PPC were
modified to carboxyl groups using succinic anhydride.
Verification of the successful synthesis of HOOC-PPC—
COOH was achieved through acid value determination, as
outlined in Table 2. Following this, the amphiphilic block
polymers of PEI-PPC—PEI were synthesized via the DCC/
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LYS-783

LEU-568

Figure 2. Binding model with the lowest affinity of GA and TLRs. (A) GA binds with TLR2; (B) GA binds with the TLR4/MD2 complex.

Table 2. Acid Value of PPC and HOOH-PPC-COOH

polymers acid value” (mg KOH/g)
PPC 2.6921
HOOC-PPC-COOH 6.5905

“Acid values measured by potassium hydroxide ethanol titration.

NHS method in conjunction with branched PEI (Mw:1800) in
DME solvent. The resultant polymers were then purified
utilizing a dialysis membrane with an MWCO of 8000—
14000. Table 3 shows the molecular weights with PDI of PPC

Table 3. Molecular Weight of PPC and PEI-PPC—PEI

polymer Mn (kg/mol)” PDI*
PPC 15.8 1.28
PEI-PPC—PEI 19.4 1.94

“The results were measured by GPC.

and PEI-PPC—PEI polymers measured by the GPC method.
The acid value and molecular weight results were in approximate
agreement. PEI-PPC—PEI was characterized using '"H NMR of
the CDCl; solvent (Figure 3A). The NMR spectra indicated
signals at 4.19 ppm of “peak d” and 5.04 ppm of “peak e”, which
were attributed to the hydrogen of CH, and CH groups,
respectively, within the PPC’s polycarbonate segments of PEI—
PPC—PEI Additionally, signals at 3.55 ppm of “peak ¢” and 3.60
ppm of “peak f” were assigned to the hydrogen of CH, and CH
groups within the PPC’s polyether segments of PEI-PPC—PEL
Notably, the characteristic peak at 2.56 ppm of “peak b”
corresponding to PEI's amino signal was evident in the NMR
spectra of PEI-PPC—PEI However, it is worth mentioning that
the methylene signal (1.97 and 1.27 ppm) of PEI may be masked
by a cluster of methyl signaling in “a peak” originating from the

PPC (1.32 ppm).””> Based on the resulting data, it can be
concluded that the successful synthesis of the PEI-PPC-PEI
amphiphilic block copolymer was achieved.

Synthesis of Gallic Acid-Modified PEI-PPC—PEI Nano-
particles. The formation of the GA-PEPE nanoparticles was
evaluated carefully. Figure 3B shows the NMR hydrogen spectra
of GA, GA-PEPE, and PEPE in DMSO-d,. The integration ratios
of the signal peaks for the carboxyl group (“h” peak: 12.2 ppm),
para-hydroxyl group (“j” peak: 8.81 ppm), interstitial hydroxyl
group (“k” peak: 9.16 ppm), and neighboring benzene ring
hydrogen (“i” peak: 6.93 ppm) of GA were determined to be
1:1:2:2. Upon inspection of the hydrogen spectrogram of GA-
PEPE, the carboxyl signal peak was absent. The three hydroxyl
signal peaks exhibited deformation into a broad, flat, dwarf peak
(“1” peak: 9.53 ppm), with an integration ratio of approximately
3:2 with the benzene ring hydrogen (“i” peak: 6.93 ppm). The
amino signal peak at 2.55 ppm also displayed some alteration.
The presence of stretching vibrations of C=0 bonds (1650
cm ™), N—H bond bending vibration (1505 cm™'), and C—N
bond stretching vibration (1238 cm™) in FTIR of PEI-GA were
observed, which cannot be found in PEI and GA’s FTIR (Figure
4).

Frankly speaking, the original intention at the initial stage of
the study was to load GA via PEPE nanoparticles for drug
delivery of GA. Following the process outlined in the previous
literature,”** the drug-loaded nanoparticles exhibited signifi-
cant discoloration, attributable to the interaction between the
amino group on the PEI block and the benzene ring of GA.>
However, after the dialysis procedure for the fabrication of GA-
PEPE nanoparticles, the discoloration persisted. This observa-
tion forces us to face the fact that GA reacts with PEPE.

According to the infrared spectroscopy and NMR hydrogen
spectrum results, the amino group of PEI amidated with the
carboxyl group of GA. The pyrogallol structure of GA is believed
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Figure 3. "H NMR spectra of PEPE and GA-PEPE. (A) 'H NMR spectra of PEPE in CDCl,. The respective characteristic peaks of PEland PPC can be
seen; (B) 'H NMR spectra of PEPE, GA-PEPE, and GA in DMSO-d,. The disappearance of the carboxyl peaks and the merging of the phenolic
hydroxyl peaks were observed. The group of peaks at 7.95, 2.89, and 2.73 ppm are residual DMF stray peaks.

to facilitate the amidation reaction between the carboxyl groups
in this system and the PEI amino groups in an aqueous
3936 This is consistent with the disappearance of
the carboxyl peak in NMR and the formation of amide bonds in
the FTIR analysis. The distortion and consolidation of the
hydroxyl signal peak results from the hydrogen bonding between
the hydroxyl group of GA and the amino group of PEPE.*”**
The reaction to modify the PEI amino group typically requires
special reaction conditions, such as under the DCC/NHS
system or other catalytic conditions.””** However, GA offers a
more convenient path to modify PEPE nanoparticles under

environment.

14480

catalytic-free conditions compared with conventional modifica-
tion methods. In general, this study successfully prepared GA-
PEPE nanoparticles suitable for antiperiodontitis applications.
Characterization of PEI-PPC—PEIl and GA-PEPE Nano-
particles. We prepared a PBS solution of the nanoparticles by
dialysis. The solution showed an overall light blue milky or
brown color and could stimulate the Tyndall effect (Supple-
mentary Figure). TEM imaging of PEI-PPC—PEI nano-
particles showed segmented copolymer-formed nanoparticles
with spherical morphology (Figure SA). Figure SB shows the
average size distribution of PEPE and GA-PEPE nanoparticles
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bending vibration (1505 cm™"), and C—N bond stretching vibration

(1238 cm™) in FTIR of PEI-GA were observed.

by the intensity three times. The results of the PEPE particles
size tests of the DLS are in the following sequence: Z-average
91.19 + 0.952 nm with 0.129 + 0.123 PDL The zeta potential
result was +8.99 + 2.39 mV. While the results of the GA-PEPE
particles size tests of the DLS are in the following sequence: Z-
average 197 + 1.229 nm with 0.181 + 0.006 PDI The zeta
potential result was +6.07 + 1.02 mV. The PEPE particle sizes of
the TEM results and DLS results are relatively close to each
other, which indicates that the nanoparticles were not affected
by too much hydration during their formation. Nanoparticles of
20—200 nm are usually considered suitable for targeting cells.”’
The positively charged PEPE nanoparticles are due to the highly
cationic structure of PEI. Modification of GA resulted in an
increase in the particle size of the nanoparticles along with a
decrease in the value of the positive charge on the surface.
Considering the structure of positively charged nanogarticles,
raw264.7 macrophages are more conducive to uptake. Vo2 1t is
worth emphasizing that different from the traditional electro-
static adsorption binding explanation, the formation of protein
corona plays an indispensable role in the high uptake
characteristics of positively charged nanoparticles.”> The
modified nanoparticles can also produce more complex uptake
characteristics because of the variation of the potential and
protein corona.”***% As the degree of GA grafting introduced
by free-radical-induced amidation increases, the particle size of
the nanoparticles increases accordingly. Similar results were
observed in the present study. Importantly, the antioxidant
properties and cytotoxicity also changed proportionally.”® The
physicochemical and biological properties of GA-PEPE under
different modification conditions deserve further attention.
Cytocompatibility Results of CCK8 and Live/Dead
Staining for Nanoparticles. The results of the CCK8 assay
demonstrated that PEPE nanoparticles exhibited cytotoxicity in
raw264.7 cells at all concentrations tested (Figure 6A), with
significant differences observed in all groups compared to the
control group (p < 0.0001). The lowest concentration of GA
(0.00625 g/L) did not show significant cytotoxicity (p > 0.05).
For higher four kind of concentrations of GA, this difference

became more pronounce (p < 0.01 for 0.0125 g/L; p < 0.0001
for 0.025 g/L, 0.05g/1, 0.1 g/L). In the case of GA-PEPE,
concentrations of 3.125, 6.25, and 12.5 yM showed no
significant cytotoxicity compared to the control group (p >
0.05). However, as the concentration of GA-PEPE increased to
25 and 50 uM, the cell viability of raw264.7 was significantly
reduced (p < 0.0001). Around the experimental group at the
lowest three concentrations, the results of cell live and death
staining were used to compensate for the shortcomings of CCK8
experiment.®” Figure 6B—D shows the results of the cell staining.
Relatively significant cell death was observed in GA-PEPE at
12.5 uM compared to the control group, while the degree of cell
death in PEPE at 3.125 uM was lower than that in CCKS8. In the
GA concentration group matched with GA-PEPE, significant
cell death was observed at 0.00625 0.0125, and 0.025 g/L GA,
which was consistent with CCKS8 results.

Our findings indicated that GA-PEPE significantly mitigated
the cytotoxicity of GA and PEPE. The reduction of cytotoxicity
of the GA component on GA-PEPE stems from the modifying
effect of the carboxyl group. The GA-modified PAMAM
nanoparticles exhibit the same toxicity modifying effect.®
Although biocompatible PPC with superior biocompatibility
was used to synthesize PEPE nanoparticles, the cytotoxicity
originating from PEI cannot be ignored. The hydrophilic PEI
chain segments, the “shells” of the nanoparticles, exhibit
cytotoxicity due to the highly positively charged structure of
the surface. Such cytotoxicity is manifested in DNA damage.*
The toxicity of PEI greatly limits the potential of PEI
nanoparticles for gene delivery and gene therapy.”® It is well
established that modifying PEI nanolparticles with amines
significantly reduces their cytotoxicity.” ~”> The modified PEI
nanoparticles have better performance in DNA/RNA delivery
and tumor therapy.”*”’° Therefore, low cytotoxicity GA-PEPE
is easy to modify and has a broader application prospect in gene
targeted therapy and anti-inflammatory strategies.

Anti-Inflammation Characterization of Gallic Acid-
Modified PEI-PPC—PEI Nanoparticles by RT-qPCR. After
considering the superior cytocompatibility of GA-PEPE below
12.5 uM and the reported anti-inflammatory dose response
information of GA,**’” the experimental groups with the three
lowest concentrations (3.125—12.5 M PEPE/GA-PEPE and
0.00625—0.025 g/L GA) were set up for anti-inflammatory
evaluation. Lipopolysaccharide from Porphyromonas gingivalis
was successfully used to induce a cellular model of periodontitis.
The anti-inflammatory capacity of GA-PEPE was evaluated by
measuring the mRNA levels of pro-inflammatory factors IL-6,
TNF-a, and IL-1/ using RT-qPCR (Figure 7A). The addition of
LPS as well as PBS significantly increased the relative levels of
pro-inflammatory factors (TNF-a: p < 0.05, IL-6 and IL-1: p <
0.0001) compared to the control group. A total of 3.125 uM GA-
PEPE performed the characteristic of certain anti-inflammation
property with reduction in IL-6 and IL-1f (IL-6: p < 0.0001 and
IL-16: p < 0.05), although the reduction in TNF-a was not
significant (TNF-a: p > 0.05). The anti-inflammatory properties
of 6.25 uM GA-PEPE were very significant (TNF-a: p < 0.001,
IL-6: p < 0.0001 and IL-1/3: p < 0.001). However, GA-PEPE at
12.5 yM demonstrated significant anti-inflammatory capacity
only in the IL-6’s relative level (p < 0.0001). Compared to the
inflammation model group, 12.5 uM of GA-PEPE instead
demonstrated upregulation of TNF-a and IL-15 (p < 0.0001)
levels. After GA treatment (Figure 7B), the expression of TNF-a
and IL-1/ decreased significantly compared with the inflamma-
tory group (p < 0.0001), but the change of IL-6 was not
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Figure S. TEM image of PEPE and size distribution of PEPE and GA-PEPE. (A) TEM figure of PEPE. (B) Size distribution of PEPE and GA-PEPE.

significant. Meanwhile, after 0.025 g/L treated, the anti-
inflammatory activity of TNF-a and IL-1/ decreased and the
expression of IL-6 was upregulated. Figure 7C shows that the
expression of inflammatory factors after PEPE treatment was
significantly increased compared with that in the inflammatory
group (p < 0.01). Only 3.125 and 6.25 uM PEPE showed no
significant changes in IL-1/5 and TNF-q, respectively (p > 0.05),
while 3.125 yM PEPE decreased TNF-a levels to a certain
extent (p < 0.01).

In this study, we successfully induced a macrophage model of
inflammation by stimulating TLR2 and TLR4. Unlike conven-
tional LPS, Porphyromonas gingivalis’ LPS has the unique ability
to activate both TLR2 and TLR4, thereby inducing inflamma-
tion.”® The molecular docking simulation has expanded the pool
of potential drug aimed at targeting TLRs, showcasing strong

binding energy interactions in research within the same field.””
Alternatively, developing modified nanoparticles to retain the
structure of o-triphenol could serve as a novel approach for
treating periodontitis by targeting TLRs.”” Therefore, GA-
modified PEPE nanoparticles have been developed to achieve
antiperiodontitis strategies targeting TLR. GA-loaded nano-
particles require additional attention to the release character-
istic, and the GA-modified PEPE nanoparticles developed in this
study are based on the strategy of biocoupled nanoparticles with
more efficient drug loading capacity.®**

The anti-inflammatory properties of GA were generally
demonstrated in the current study, but the changes in IL-6
showed inconsistent results.*>** Additional validation results
from translational genomics are necessary. Considering that the
anti-inflammatory effects of 3.125 and 6.25 yuM GA-PEPE were

https://doi.org/10.1021/acsomega.4c00261
ACS Omega 2024, 9, 14475—-14488


https://pubs.acs.org/doi/10.1021/acsomega.4c00261?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00261?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00261?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00261?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A B Control 3.125 yM GA-PEPE  6.25 uyM GA-PEPE  12.5 uM GA-PEPE
khkkk kkkk kkkk
| | g
Kk Kk *kkk g
r I r $
. Akkk ns hkkk lg’
15 kkkk Ins ek . PEPE
[ l—
il ns ns O GA-PEPE
1.0 ’_‘ ,—| B ca
0.5 [ [ m
0.0 T H
SRR SIS OS89 88.8
C Control 0.00625 g/l GA 0.0125 g/l GA 0.025 g/l GA Control 3.125 yM PEPE

INV-uldd|ey

L

abisapy

.
]

IV-ulddjed
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also proven, it is necessary to discuss the potential anti-
inflammatory mechanism of GA-PEPE. GA has been demon-
strated to mitigate the expression of inflammatory cytokines
induced by lipopolysaccharides (LPS) in macrophages. This
effect is achieved through the inhibition of NLRP3 inflamma-
some activation and regulation of the NF-«B signaling pathway,
both of which are closely linked to toll-like receptors (TLRs).
Additionally, GA promotes the upregulation of nuclear factor
E2-related factor 2 (Nrf2) and concurrently lowers the
production of reactive oxygen species (ROS).””””*7% In
addition, immunofluorescence detection using corresponding
antibodies to label macrophages with M1 pro-inflammatory
phenotype or M2 anti-inflammatory phenotype is conducive to
exploring the inflammatory state.*® Although a decrease in M1
phenotype and an increase in M2 phenotype have been observed
in numerous anti-inflammatory studies involving GA, recent
studies suggest that GA may be involved in inhibition of M2
phenotype to alleviate tissue fibrosis.”” "' The anti-inflamma-
tory effects of GA-PEPE are likely due to its antioxidant
polyphenol structure and its targeting of the TLR anti-
inflammatory pathway. Further exploration is necessary to

14483

understand the changes in the macrophage phenotype in this
study and its connection to the inflammatory status.

We observed that the anti-inflammatory effect of GA-PEPE
increased with an increasing concentration. The trend was
consistent, as the GA concentration increased in the same
manner. However, when the concentration reached 12.5 uM, a
decrease in the anti-inflammatory effect was noted, accom-
panied by an upregulation of the expression of TNF-a and IL-
1p. This phenomenon suggests a concentration-dependent
relationship in the effectiveness of GA, where low concen-
trations exhibit anti-inflammatory properties, whereas high
concentrations display heightened cytotoxicity and may even
lead to cell necrosis.”””® Combining the results of CCKS
analysis and cell viability staining in the PEPE group revealed a
noteworthy escalation in cell death in accordance with
concentration levels, aligned with observed alterations in IL-6
and IL-1p5.

IL-1f is closely linked to pyroptosis and plays a key role in
activating necroptosis, while TNF-a is known as an initiator of
necroptosis with a positive feedback influence on the
process.”*”> Caspase-8 deficiency or inhibition can trigger
necroptosis.”* A study blocking Caspase-8 showed significant
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Figure 7. Relative levels of pro-inflammation factors for evaluating anti-inflammation properties of GA-PEPE nanoparticles. (A) Relative levels of
TNF-a; (B) relative levels of IL-6; (C) relative levels of IL-1/3. Data were referenced to the expression level of the inflammation group (LPS group) and
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ok

L p < 0.0001.

changes in the expression pattern of IL-1/3, while TNF-a and IL- pyroptosis can form pore-induced intracellular traps (PITs), a
6 changed inconsistently.”® Another idea that should not be structure that can be effective in controlling pathogenic
overlooked is that IL-15- and TNF-triggered macrophage infections.”” This suggests that cell death regulates the
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expression of these pro-inflammatory factors, making them not
always consistent with the expression trends in the traditional
inflammatory paradigm. We combined the results of cell death
staining with CCK8 and found that 12.5 uM GA-PEPE actually
had a considerable degree of cell death, although the type of
death was not clear. The integration of CCK8 data, cell live—
dead staining observations, and RT-qPCR findings suggests the
plausibility of inferring that the atypical fluctuations in
inflammatory factors may be linked to cellular demise.

Elucidating the shortcomings of this process is essential.
There is alack of more direct test evidence that shows that PEPE
targets TLRs. Next, it was not in time to elucidate the possible
targeting of necroptosis-like pathways activated by high
concentrations of PEPE. In vivo studies have more directly
assessed the biological distribution and pharmacokinetics of
nanoparticles.”” The size, potential, and modification of targeted
molecules all clearly affect the biological distribution of
nanoparticles.””” At the same time, the biodegradability of
nanoparticles ensures the ability of renal excretion, ensuring the
premise of safe pharmacokinetics.””'%’ Because GA-PEPE has
special targeted modification and good PPC degradability, it will
be very valuable to study its biological distribution and
pharmacokinetics.'”"

Overall, GA-PEPE nanoparticles are promising anti-inflam-
matory nanoparticles. Applying precise targeting strategies and
modeling the pharmacokinetics of nanomedicines on perio-
dontitis are opportunities and challenges for GA-PEPE in future
work.”®'%% Meanwhile, determining the changes in the
molecular conformation of TLR under the influence of PEPE
is a priority of future work.

B CONCLUSIONS

In this study, the potential binding ability of gallic acid and the
TLR2 or TLR4 complex was analyzed by molecular docking.
Meanwhile, an amphiphilic block copolymer of PEI-PPC—PEI
was synthesized. This amphiphilic block copolymer can self-
assemble to form nanoparticles with a particle size of about
91.19 nm. Finally, the PEPE nanoparticles were modified with
gallic acid. Cellular experiments showed that gallic acid
modification could significantly improve the biocompatibility
of PEPE nanoparticles. Also, 6.25 M of GA-PEPE significantly
reduced the relative levels of inflammatory macrophage pro-
inflammatory factors TNF-a, IL6, and IL-13. GA-PEPE has
shown very promising antiperiotitis potential; however, the
exact mechanism of how GA-PEPE affects TLRs is unclear,
which will be explored in depth in subsequent studies.
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