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Chronic inflammatory diseases such as diabetic wounds and osteoarthritis are significant threats to human
health. Failure to scavenge longstanding excessive reactive oxygen species (ROS) is an important cause of chronic
inflammatory diseases, yet existing treatments that provide long-lasting therapeutic effects are limited. Here,
procyanidin capsules were synthesized in a simple one-step way using calcium carbonate as a template. The
biosafety of procyanidin capsules in vitro and in vivo was monitored by cytotoxicity and pathological sections. The
therapeutic effect of procyanidin capsules in diabetic wounds and osteoarthritis was accessed by pathological
evaluation combined with the quantification of inflammatory markers. The data showed that procyanidin cap-
sules could long-term scavenge excessive ROS and effectively promote articular cartilage repair in osteoarthritis,
accelerating diabetic wound healing. Lastly, transcriptome analysis suggested that procyanidin capsules
commonly regulated adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) signaling in diabetic
wounds and osteoarthritis. This study provides a straightforward protocol for creating procyanidin capsules,
while presenting a promising new therapeutic option for long-term scavenging ROS in chronic inflammatory
diseases.

Osteoarthritis

challenge due to their chronicity and tendency to become complex and
recalcitrant, it can result in skin itching and may lead to tissue ulceration

1. Introduction

At the sites of chronic inflammatory disease lesions persist exces-
sively produced reactive oxygen species (ROS) including hydrogen
peroxide (H202), singlet oxygen (102), superoxide anion (037), and
hydroxyl radical (*OH) [1-3]. Uninterrupted overproduced ROS trigger
tissue continuous inflammatory reaction and injury. The longstanding
redundant ROS not adequately and timely cleared by the ROS scav-
enging system act as critical mediators of chronic inflammatory diseases
such as diabetic wounds and osteoarthritis [4,5]. Diabetic wounds are
prevalent among patients with diabetes and constitute a significant
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and even amputation [6]. Osteoarthritis as another prevalent chronic
disease affecting over 500 million individuals globally will not only
cause swelling and pain of joints but also lead to joint deformity and
limb paralysis in serious cases [7]. However, the course of diabetic
wounds and osteoarthritis as well as many other chronic inflammatory
diseases often extends over several months or even years, and existing
treatments fail to consistently remove long-term excessive ROS from the
site of inflammatory lesions [8,9].

Based on the main functions of ROS in cells, organelles, and related
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clearance enzymes, corresponding categories of biomaterials have been
developed to scavenge ROS [10-12]. Wen et al. developed lanthanide
nanoparticles equipped with a peptide coating that effectively prevented
the additionally generated production of ROS in macrophages [13].
Ouyang et al. employed the sulfur trioxide-pyridine technique to pro-
duce polysaccharides-based biomaterials that effectively attenuated the
decrease in mitochondrial membrane potential, ultimately leading to a
reduction in ROS levels associated with kidney stone-induced inflam-
mation [14]. Shi et al. have devised a strategy to develop a few-layered
niobium carbide (Nb2C) nanostructure that could effectively adsorb
excessive ROS to improve osteolytic inflammatory response [15]. The
above-mentioned biomaterials provide valuable references for ROS
clearance research, but most of these systems can only achieve imme-
diate and short-term ROS clearance, and cannot have long-term and
sustained effects, which limits their application in chronic diseases.
Numerous studies have shown that consuming fruits and vegetables
regularly can lead to better health and lower risk of chronic diseases [16,
17]. One of the reasons is natural polyphenols from fruits and vegetables
that can timely eliminate excessive ROS [18-20]. Maintaining the habit
of consuming fruits and vegetables for a long time can reduce many
ROS-related chronic inflammatory diseases [21,22]. The development of
polyphenolic biomaterials that simulate daily intake of fruits and veg-
etables has drawn significant attention among researchers due to the
potential to deliver polyphenols in a sustained manner. Some
polyphenol-based biomaterials exhibit good long-term ROS scavenging
ability. Liu et al. conjugated tannic acid with phenylboronic
acid-modified polyphosphazene and poly (vinyl alcohol) to develop a
nanoparticle hydrogel that effectively removed excessive ROS from
diabetic wounds for up to 14 days compared to the Tegaderm control
group [23]. Chen et al. designed and developed a novel double-layered
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poly (lactic-co-glycolic acid) (PLGA)/sodium hyaluronate (HA) micro-
needle system as a long-acting formulation of polyphenols for the
effective and sustained management of atopic dermatitis [24]. Although
these polyphenolic biomaterials prolonged ROS scavenging clearance
time, the preparation of these polyphenols is somewhat complex and
incorporates non-natural compounds such as nitriles, which impedes
their potential clinical applications. The current research objectives aim
to simplify the synthesis process and minimize the presence of
non-polyphenolic compounds in the synthetic materials, thereby
enhancing biocompatibility and increasing the likelihood of long-term
reduction in ROS and mitigating chronic inflammation.

Herein, we design a novel type of procyanidin capsules with good
biocompatibility and excellent long-term ROS scavenging ability. Based
on the template removing measure, the procyanidin (PC) was mixed
with calcium carbonate (CaCOs), then the CaCO3 template was removed
rapidly by hydrogen chloride (HCl), and procyanidin capsules were
prepared (Fig. 1A). The method is particularly simple and the whole
reaction process only takes one step. The stability and long-lasting ROS
scavenging ability of procyanidin capsules, as well as the therapeutic
effects and potential molecular targeted signaling of procyanidin cap-
sules on diabetic wounds and osteoarthritis have been evaluated in
detail (Fig. 1B and C). Our results demonstrated that procyanidin cap-
sules were stable under multiple conditions and could effectively clear
ROS for a long time to combat chronic inflammatory diseases.

2. Materials and methods
2.1. Materials

Sodium carbonate anhydrous (NaCOs3), calcium chloride anhydrous

HCI

PC@CaCoO;

Capsule

C

T

*OOH

Fig. 1. Procyanidin capsules combats chronic inflammation via ROS scavenging. (A) Schematic diagram of the preparation routes of procyanidin capsules. (B)
Schematic of procyanidin capsules treatment in streptozotocin (STZ) induced diabetic wounds or surgically constructed osteoarthritis model. (C) procyanidin

capsules could long-term scavenge ROS including eOH, ¢OOH, and Hy05.
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(CaCly), procyanidin (PC), hydrogen peroxide (H205), hydrochloric acid
(HCI), xylenol orange, and sodium hydroxide (NaOH) were purchased
from Aladdin Industrial (Shanghai, China). The total antioxidant ca-
pacity assay and superoxide assay kits were purchased from Beyotime
Biotechnology (Shanghai, China). The 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging capacity assay Kkit, 2,2"-azino-bis(3-ethyl-
benzothiazoline-6-sulfonate) ABTS radical scavenging capacity assay
kit, 4',6-diamidino-2-phenylindole dihydrochloride (DAPI), TRITC-
phalloidin and 2,7-dichlorodihydrofluorescein diacetate (DCF-DA),
radioimmunoprecipitation assay (RIPA) lysate (R0010), PMSF (P0100),
BCA protein concentration determination kit (PC0020) were obtained
from Solarbio Science (Shanghai, China). Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo Molecular Technologies (Shanghai, China).
Anti-mouse ELISA kits for IL-6 and TNF-a were obtained from Thermo
Fisher Scientific (Beijing, China). All reagents and materials were used
without further purification. RAW 264.7 and DC2.4 cells were obtained
from the Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Antibodies: anti-Pckl (K007662P), anti-Prkaa2
(K106707P), and anti-GAPDH (K000026M) were from solaria (Beijing,
China). Male 6-week-old C57BL/6 mice were purchased from Shanghai
SLAC Laboratory Animal (SLAC). All animal experiments were approved
by the Wenzhou Medical University Institutional Animal Care and Use
Committee.

2.2. Synthesis of procyanidin capsules

Pure calcium carbonate (CaCO3) was synthesized as described [25].
Briefly, 0.33 M NayCOs3 and 0.33 M CaCl, were mixed in equal volumes
in a conical flask. After stirring for 40 s at 1200 rpm, the formed particles
were collected through centrifugation at a speed of 1000 rpm for 3 min,
and subsequently subjected to three thorough washes with deionized
water. The pure CaCO3 was freeze dried. To prepare the procyanidin
capsules, procyanidin was dissolved in deionized water and adjusted to
pH 8.0 with 2 M NaOH, the concentration of procyanidin solution was
60 mg/mL. Pure CaCO3 microparticles (~10 mg) were dispersed in 3 mL
above the procyanidin solution. After shaking for 12 h, 24 h, 48 h, and
72 h, the PC coated CaCO3 (PC@CaCO3) microparticles were collected
by centrifugation (1000 rpm, 5 min), then washed three times with
deionized water. The capsules were obtained by incubating the
PC@CaCOs3 microparticles in 1 M HCI solution for 10 s to remove the
CaCO3 core completely. The spherical capsules were collected by
centrifugation (3000 rpm, 5 min) and washed at least five times with
deionized water. The procyanidin capsules were used in all the following
experiments. Procyanidin capsules made from polystyrene microspheres
or silica sphere templates were prepared by the same method, except
that the CaCOs3 templates were replaced, and the incubation period was
72 h. Tetrahydrofuran was used to remove the templates, and hydro-
fluoric acid was used to remove the silica templates.

2.3. Characterization of procyanidin capsules

UV-vis spectra were obtained by an ultraviolet-visible-near red
spectrophotometry (CARY 5000, USA). Sample absorbance was detected
on a Lambda 25 spectrophotometer (PerkinElmer, USA). The surface
morphology and dispersibility of the spherical capsules were charac-
terized by scanning electron microscopy (SEM, FESEM, SU8010 HITA-
CHI), transmission electron microscopy (TEM, FEI Talos F200S
microscope), optical microscopy (OM, NIKON Ni-U), and confocal laser
confocal microscopy (CLSM, Nikon Al). The formation of capsules was
characterized by Fourier transforms infrared (FTIR) spectroscopy
(Bruker TENSOR II) and X-ray photoelectron spectroscopy (Thermo-
Electron ESCALAB 250). Scavenging of ROS and active nitrogen and
superoxide radical was detected by total antioxidant capacity, ferrous
oxidation-xylenol (FOX), superoxide scavenging capacity, DPPH free
radical scavenging, ABTS free radical scavenging assay kits, and super-
oxide scavenging capacity assay kits. All scavenging assays were carried
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out with kits according to the manufacturer instructions.
2.4. Invitro and in vivo biocompatibility

Cytotoxicity was measured in RAW 264.7 and DC2.4 cells using a
CCK-8 kit. Briefly, the cells were cultured in 96-well plates (5 x 10°
cells/well) for 24 h. Procyanidin capsules were then added at concen-
trations of 0.01, 0.03, 0.06, 0.12, 0.25, and 0.5 mg/mL and incubated for
24 or 48 h. CCK-8 reagent (10 pL) was added and incubated for ~ 2 h.
Then the absorbance was measured at 450 nm using a spectrophotom-
eter. Cell internalization was evaluated by CLSM. RAW 264.7 and DC2.4
cells were cultured in 24-well plates (5 x 10* cells/well) for 24 h, then
120 pg/mL procyanidin capsules were added and incubated for 24 h.
The cells were fixed with 4 % paraformaldehyde for 10 min, per-
meabilized with 0.5 % Triton X-100, then stained with rhodamine
phalloidin for 60 min following another 10 min DAPI staining before
observation.

To evaluate the biocompatibility of the capsules in vivo, a wound was
made on the backs of C57BL/6 mice, and then treated with 25 mg/kg
capsules. Controls were treated with 0.9 % NaCl. After 7 days, the mice
were sacrificed and the major organs (heart, liver, spleen, lung, and
kidney) were collected for hematoxylin and eosin (H&E) staining.

2.5. Intracellular Hy02 scavenging assay

RAW 264.7 cells were cultured in DMEM containing 10 % FBS and 1
% penicillin streptomycin. DC2.4 cells were cultured in RPMI 1640
containing 10 % FBS and 1 % penicillin streptomycin. All cells were
incubated in a CO2 incubator at 37 °C. RAW 264.7 and DC2.4 cells were
cultured in 96-well plates (5 x 102 cells/well) for 24 h, and then treated
with 0.12, 0.25, and 0.5 mg/mL capsules. After 12 h (RAW 264.7) and
24 h (DC2.4) treatment, the medium was replaced with medium con-
taining 0.5 mM Hy05 and incubated for 30 min. The medium was
replaced with fresh medium and incubated for 24 h, then assayed with
CCK-8 reagent. Samples treated with 0.5 mM H50, alone served as the
control.

2.6. Intracellular ROS assay

Intracellular ROS levels were measured by 2',7-dichloroflurescein
diacetate (DCF-DA) assays in RAW 264.7 and DC2.4 cells. The cells were
cultured in 24-well plates (5 x 10* cells/well) for 24 h, then 500 pg/mL
H20, was added for about 30 min before replacing the medium with
fresh medium containing procyanidin capsules (500 pg/mL). After in-
cubation for another 24 h, DCF-DA (10 pM) was added for 30 min.
Lastly, the cells were washed with culture medium and stained with
DAPI before CLSM visualization and fluorescence quantitation using
ImagelJ.

2.7. Cell migration

DC2.4 cell migration was measured by scratch wound assay. Briefly,
DC2.4 cells were cultured in 6-well plates (1 x 10° cells/well) and
incubated for 24 h, then divided into four groups: the control group, the
H,0; group, the capsules group and the Hy,O; plus capsules group. The
H20; group and H,0- plus capsules group were treated with 500 pg/mL
H>0;, for 30 min, while the control and capsules groups were subject to
treatment with fresh medium. A wound was artificially created on the
cell monolayers by utilizing a 200 pL pipette tip to scratch them, sus-
pended cells and debris were removed with PBS before adding fresh
DMEM or DMEM-capsules. Wound area was measured at O h and 24 h
under an optical microscope and the degree of scratch closure was
calculated. The migration ratio was quantified using ImageJ software
(National Institutes of Health, Bethesda, MD) and calculated as % Cell
migration = (So — St)/So x 100 %, where S is the scratch area at 0 h and
St is the scratch area remaining at 24 h.
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2.8. Osteoarthritis model establishment and treatment

C57BL/6 mice (six weeks, male, ~20 g) were anesthetized with 0.3
% sodium pentobarbital for abdominal anesthesia (mg/kg). The OA
model was established by removing the medial meniscus of the knees by
quick resection, and then the wound was closed with absorbable sutures.
24 mice were randomly divided into four groups (six mice per group) as
follows: the normal group (20 pL 0.9 % NaCl), the sham group (medial
meniscectomy, and 20 pL 0.9 % NacCl), the PC group (medial menis-
cectomy and 20 pL PC solution (10 mg/kg), and the capsules group
(medial meniscectomy and 20 pL sphere capsules (10 mg/kg). All groups
were treated once after surgery, all mice were euthanized 4 weeks after
surgery, and knees were collected for H&E staining.

2.9. Diabetic wounds model establishment and treatment

The diabetic wounds model was established in previous reports [26,
27]. C57BL/6 mice were intraperitoneally injected with 100 mg/kg
streptozotocin (STZ, Sigma-Aldrich) for 7 consecutive days and fed a
normal diet. Glucose levels were monitored daily with a glucose meter.
Mice with sustained blood glucose levels >250 mg/dL were considered
as diabetes. About 2 weeks after initiation of STZ, the diabetic mice were
anesthetized with 0.3 % sodium pentobarbital and a full-thickness
cutaneous wound model was created. The backs of the mice were
depilated, and full-thickness wounds (diameter 8 mm) were applied. The
treatment groups were the same as described above. Mice were eutha-
nized after 14 days and skin samples 8 mm around the wounds were
collected for H&E staining.

2.10. Transcriptome analysis

Trizol reagent was used to extract total RNA from samples obtained
from each in vivo model. Dynabeads Oligo (dT) (Thermo Fisher, CA,
USA) were used in two rounds of purification to extract mRNA from total
RNA. We performed 2 x 150-bp paired-end sequencing (PE150) on an
[llumina Novaseq™ 6000 sequencer (LC-Bio Technology, Hangzhou,
China) according to manufacturer protocols. Reads were aligned to the
Mus musculus reference genome using HISAT2 after filtering with
Cutadapt. Expression levels of all transcripts and the FPKM (fragment
per kilobase of transcript per million mapped reads) value were obtained
using StringTie and Ballgown [28]. Differential expression analysis be-
tween groups was performed with DESeq2 software, and the standard
for differentially expressed genes was a false discovery rate below <0.05
and absolute fold change >2 [29]. Differentially expressed genes were
analyzed for GO functions and KEGG pathway enrichment analysis [30].
The gene set enrichment analysis (GSEA) was utilized to assess the
enrichment of two chronic inflammatory models in the KEGG pathway
gene sets from a comprehensive standpoint (NES>1, NOM p-value<
0.05 and FDR g-value <0.25) [31]. STRING database (https://string-db.
org/, version 12.0) collaborates with cytoscape in the construction and
topology analysis of PPI networks [32,33]. MCODE plugin [34] is uti-
lized to calculate the PPI subnetwork which is marked in yellow.

2.11. qRT-PCR validation

The mRNA expression of Lep, Pckl, Prkaa2 and GAPDH were
examined by qRT-PCR validation analysis. The total RNA was extracted
by employing an RNAsimple Total RNA Kit (TianGen, Beijing, China),
and the extraction protocol was carefully followed to ensure optimal
quality control. Thermal Cycler (BioRad, USA) was used to conduct
reverse transcription. Quantitative reverse-transcription polymerase
chain reaction (qQRT-PCR) reactions were executed and subsequently
analyzed utilizing a 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA) based on the comparative cycle threshold (Ct)
(2-AACt) method.
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2.12. Western blot

Post-maturation, Raw 247.6 cells were exposed to 500 pg/mL Hy0,
for approximately 3 h, followed by a 24 h incubation with 500 pg/mL
procyanidin capsules. Prepare the protein extraction solution in accor-
dance with the standardized ratio of RIPA 1 mL to PMSF 10 pL.
Concurrently, set forth the necessary materials required, such as the SDS
loading buffer and other essential reagents. Following PBS-mediated cell
washing, the cells were transferred to a pre-cooled cracking working
fluid ice bath for a duration of 10 min. Subsequently, the cells were
removed using a cell scraper and transferred to a centrifuge tube for
further cracking in the same ice bath for 5-10 min. Once cracking was
deemed complete, the cells were centrifuged at a speed of 12000g at a
temperature of 4 °C for a duration of 5 min. The concentration of protein
in supernatant was measured by BCA kit. Add the corresponding volume
of SDS loading buffer to the supernatant, boiling water denaturation.
The protein sample was electrophoretically separated using a 12 %
polyacrylamide gel and subsequently transferred to a PVDF membrane
using a wet transfer methodology. The membrane was then sealed using
a 5 % skim milk background and incubated with the corresponding
primary antibodies against Pckl, Prkaa2, and GAPDH overnight at an
appropriate temperature. Subsequently, the membrane was incubated
with secondary antibodies for 1.5 h. Then, the membrane was processed
for color development and visualization to determine the relative
expression abundance.

2.13. Statistical analysis

All quantitative data are presented as the mean + standard error
(SE). Statistical comparisons amongst groups were performed utilizing
one-way ANOVA, with subsequent analysis conducted via Tukey’s test
(GraphPad Prism 5, GraphPad Software, San Diego, USA). Significant
differences were categorized as meeting a predetermined minimal sig-
nificance level of p < 0.05, and denoted * p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.

3. Results and discussion
3.1. Preparation of procyanidin capsules

Microcapsules are promising long-acting biomaterials with excellent
stable physicochemical characteristics and nanostructure [35], hence
we selected microcapsules to achieve long-term ROS scavenging ability.
Procyanidin (PC) was incubated with the CaCO3 template to obtain
procyanidin capsules after removing the CaCOs. Optical microscopy
revealed transparent circles, indicating that the procyanidin capsules
were spherical and uniformly dispersed in solution (Fig. 2A). CLSM
imaging of pure water and procyanidin solutions showed that the PC
solution was a clear green (Fig. S1A), while the pure water was colorless
(Fig. S1B), so the green circles depicted within the CLSM image
confirmed successful capsules formation (Fig. 2B). The SEM images in
Fig. 2C revealed a collapsed morphology, with folds and creases, and the
capsules were approximately 3 pm (Fig. 2D). Permeability of the pro-
cyanidin capsules was investigated by incubation with FITC-dextran of
different molecular weights (Fig. 2E). CLSM images show that the pro-
cyanidin capsules were permeable to FITC-dextran 40 kDa (Fig. 2E1)
and impermeable to FITC-dextran 500 kDa (Fig. 2E2), suggesting that
the capsules can transport drugs with molecular weights greater than 40
kDa. Furthermore, stability was also tested by storing procyanidin
capsules in pure water, PBS, 0.9 % NaCl, and DMEM for 9 days. SEM
imaging showed that the capsules retained the morphology and were
thus stable in all solutions, particularly in 0.9 % NaCl solution, which
was amenable for further in vivo and in vitro experimentation (Fig. 2F).
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Fig. 2. The preparation behavior of procyanidin capsules. (A) OM, (B) CLSM and (C) SEM images of procyanidin capsules. (D) The size distribution of procyanidin
capsules by SEM images. (E) CLSM images of procyanidin capsules against FITC dextran with Mw of (1) 40 kDa and (2) 500 kDa. The scale bars in (1) and (2) are 5
pm. (F) Stability of capsules in the solution of (1) pure water, (2) PBS solution, (3) 0.9 % NaCl and (4) DMEM. The scale bars in (A), (B) and (E) are 5 pm, in (C) and

(F) are 3 pm.
3.2. Characterization and ROS scavenging assay of procyanidin capsules

The formation of procyanidin capsules was investigated by FTIR
spectra, which showed the absorbance band of PC and the capsules al-
ways appeared as two absorbance bands at 1500-1600 cm ™! and 1600-
1670 cm ! representing C=C stretching vibrations of the benzene ring
(Fig. 3A) [36]. The absorbance band of capsules near 1690 cm! rep-
resented carbonyl groups of amides, indicating the high degree of sim-
ilarity between PC and capsule structures [37]. XPS spectra indicated
the presence of carbon elements (66.56 %), oxygen elements (33.41 %)
and calcium element (0.03 %) in the capsules (Fig. 3B and C). The
plasma-mass spectrometry (ICP-MS) was used to detect the presence of
calcium ions in the capsules and the results indicated that the procya-
nidin capsules were composed of procyanidin and did not contain cal-
cium (Fig. S2). To further investigate the mechanism of capsules
formation, we incubated the procyanidin solution with CaCO3 for 12 h,
48 h, and 72 h to observe changes in the formed capsules (Fig. 3D). The
capsules wall became thicker over time. At 48 h, spherical capsules
started to form, and they were abundant at 72 h. To examine the
structure, the spherical capsules were ultrasonicated for 10 min to
destroy the structure and imaged by SEM, which showed the capsules
were partially disrupted (Fig. 3E). The disrupted areas were enlarged to
reveal that the interior of the capsules was not hollow but more like a
dense network (Fig. 3F).

We speculate that the mechanism underlying procyanidin capsules
formation involves the initial adsorption of PC onto the CaCO3 template
followed by progressive penetration of PC into the template interior as
incubation time is extended. When HCI is added, the CaCO3 dissolves

away and the deposited procyanidin instantly forms a cross-linked
network. The capsules are a multilayered cross-linked network with
walls that thicken and pores that shrink with extended adsorption time.
When the procyanidin adsorption time is sufficiently long, spherical
capsules form, most likely due to the dense internal cross-linked network
allowing the capsules to remain spherical rather than collapsing under
dry conditions. Polystyrene microspheres and silica spheres were used as
templates to explore the universality of this method of preparing pro-
cyanidin capsules (Fig. 3G). The procyanidin solution was incubated
with the two templates for 72 h, then procyanidin capsules were syn-
thesized by using tetrahydrofuran to remove the polystyrene micro-
spheres templates and using hydrofluoric acid to remove the silica
templates, respectively (Fig. 3G). SEM images confirmed the successful
synthesis of capsules utilizing polystyrene microspheres and silica
spheres as templates. This demonstrated that the preparation method is
not limited to CaCO3 templates, thereby making the method of prepar-
ing procyanidin capsules universally applicable.

FRAP assay detects the change of oxidized ferric ions to ferrous ions
to estimate total ROS scavenging capacity [38]. The DPPH assay detects
the change of free DPPH radicals to stable DPPH molecules to specif-
ically evaluate radical scavenging ability [39]. The FOX assay detects
the purple product formed when xylenol orange binds ferric ions to
specifically evaluate hydrogen peroxide (H202) scavenging ability [40].
These three methods were employed to assess the ROS scavenging
ability of procyanidin capsules in a systematic manner. Vitamin C (Vc),
PC solution, and capsules were placed at room temperature in an
oxygenated environment for one day, the free radical scavenging ability,
H,0, scavenging ability and DPPH radical scavenging ability of V¢, PC
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Fig. 3. The characterization and ROS scavenging assay of procyanidin capsules. (A) FTIR spectra of PC and procyanidin capsules. (B) XPS spectra of procyanidin
capsules. (C) The element percentage of PC capsules by XPS spectra. (D) SEM images of procyanidin capsules which were prepared by incubating PC and CaCO3 for
about (1) 12 h, (2) 48 h, and (3) 72 h. Scale bars: 5 pm. (E) (1) SEM images of procyanidin capsules which were prepared by incubating PC and CaCOj for three days
and sonicated for 10 min under ultrasonic conditions. (2) The magnified image of (1). Scale bars: 3 pm. (F) TEM image of procyanidin capsules which were prepared
by incubating PC and CaCOj3 for three days and sonicated for 10 min under ultrasonic conditions. Scale bars: 3 pm. (G) SEM images of procyanidin capsules which
were prepared by incubating PC with (1) PS templates, and (2) SiO, templates for 12 h. Scale bars: 5 pm. (H) The accumulative release curves of PC by procyanidin
capsules at pH 7.4 and 5.5 in vitro. (I) Free radical scavenging ability, (J) HyO, scavenging ability and (K) DPPH radical scavenging ability of Vc, PC and capsules. The
data on the left of VC, PC and procyanidin capsules in (H), (I) and (J) represent short-term ROS scavenging ability (1 day), and the right represents the long-term
scavenging ability (2 month). (P values: ****P < 0.0001, all the values are expressed as mean + SD, n = 3).

and capsules were similar, indicating that the capsules had good ROS
scavenging ability (Fig. 3I-K, left). The scavenging effects of the pro-
cyanidin capsules on superoxide anions and ABTS free radicals were
3.79 and 1.67 times higher than the PC solution, and the superoxide
anion-scavenging ability was even higher than Vc (Fig. S3). Then, we
evaluated the long-term ROS scavenging ability of Vc, PC, and capsules
after room temperature storage for 2 months. the free radical scavenging
ability, HyO, scavenging ability and DPPH radical scavenging ability of

procyanidin capsules were 13.22, 20.14, and 12.36 times higher than
those of Vc (Fig. 3I-K, right). The results showed that the capsules
structure formed by PC is more stable, and procyanidin capsules can
exert ROS scavenging ability for a longer period of time than Vc or PC.

To explore the mechanisms behind the long-lasting ROS scavenging
effect of procyanidin capsules, we carried out an in-depth study on the
manner in which these capsules release PC. Notably, PC can be released
slowly by procyanidin capsules for up to 70 days under physiological pH
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7.4 conditions, and this release process was much slower at a lower pH
5.5 (Fig. 3H). Lysosomes perform key functions such as secretion, cell
signaling, plasma membrane repair, and energy metabolism. Typically,
cells uptake capsules through endocytosis and then transport them to the
lysosomes for specialized functions [41,42]. Lysosomal enzymes such as
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the vacuolar-type ATPase (V-ATPase) established an electrochemical
gradient to maintain a low acidic pH environment in lysosomes [43,44].
Upon endocytosis, cargo molecules such as procyanidin capsules un-
dergo slow disassembly and release PC within this acidic environment
[45]. Fig. 3H showed that PC was obviously released slower by
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procyanidin capsules under lower pH conditions that mimic lysosomes
in vitro. We propose that procyanidin capsules could effectively
long-term scavenge ROS by gradually releasing PC within the acidic
lysosomal environment after endocytosis.

3.3. Procyanidin capsules scavenge intracellular ROS safely and
effectively

The cytotoxicity of procyanidin capsules was evaluated by CCK-8
assay, which showed the cell viability of both RAW 264.7 and DC2.4
was higher than 90 % at different concentrations of procyanidin cap-
sules for 24 h (Fig. 4A and B). Even treated with high concentration
procyanidin capsules (500 pg/mL) for 48 h, the viability of two cells
remained >80 %. The results indicated extremely low cytotoxicity and
good biocompatibility of procyanidin capsules which was consistent
with our previous findings [46]. To evaluate the intracellular distribu-
tion, procyanidin capsules incubated with RAW 264.7 and DC2.4 for 24
h were imaged by CLSM. The uptake green capsules were largely located
in the cytoplasm and were not observed in other organelles, including
the cell membrane (red) and nucleus (blue) (Fig. 4C and D). The
commonly used intracellular ROS green fluorescent probe DCFH-DA was
utilized to assess the scavenging ability of procyanidin capsules in the
previous two cell lines. As shown in Fig. 4E and F, cytoplasmic ROS
induced by H,0, was reduced by procyanidin capsules from 5.38 x 103
t0 1.09 x 10® in RAW 264.7 and from 6.36 x 10% to 3.46 x 10° in DC2.4
(Fig. 4G and H). Consistently, the viability of RAW 264.7 and DC2.4 was
significantly improved by procyanidin capsules compared to the HyO5
group (Fig. 41 and J). Moreover, the migration of DC2.4 cells was
significantly suppressed by hydrogen peroxide and partially rescued by
procyanidin capsules (Fig. 4K and L). The results confirmed procyanidin
capsules exhibited minimal toxicity and side effects on cellular function,
and could effectively eliminate ROS in cells.

3.4. Long-term ROS scavenging ability of procyanidin capsules in
osteoarthritis and diabetic wounds

To evaluate the long-term ROS scavenging ability of procyanidin
capsules in vivo, osteoarthritis and diabetic wound models were built
and treated with procyanidin capsules. In the osteoarthritis model,
procyanidin capsules ameliorated the synovial membrane degeneration
induced by surgery (Fig. 5A). Quantitative polymerase chain reaction
analysis of IL-6 and TNF-« in the joint showed decreases of 10 % and 36
% (PC) and 78 % (procyanidin capsules) compared to the control
(Fig. S4). In diabetic wounds model, procyanidin capsules accelerated
skin wound healing from 3 to 14 days compared to the control (Fig. 5B).
Histological analysis of 14 days impaired skin regions revealed that the
length of the undetached scabbed regions of procyanidin capsules group
was visibly shorter than the control group or the PC treated group
(Fig. 5C). The IL-6 and TNF-a in the wound sections were showed by
immunohistochemical staining (Fig. 5D) and quantitative analyses
showed the two levels were decreased in the capsules group compared to
the control or PC group (Fig. 5E and F). Furthermore, the biosafety of
procyanidin capsules was assessed through H&E staining that showed no
significant alteration in the heart, liver, spleen, lung, and kidney after
the capsules treatment (Fig. 5G). The results showed that procyanidin
capsules can safely and effectively alleviate symptoms of two repre-
sentative and chronic types of inflammation in vivo.

3.5. The AMP-activated protein kinase (AMPK) signaling was identified
as the common signaling regulated by procyanidin capsules in
osteoarthritis and diabetic wounds

We utilized transcriptome to investigate ROS scavenging related
DEGs regulated by procyanidin capsules in osteoarthritis or diabetic
wounds. After mapping clean reads to the Mus musculus reference
genome, 309 DEGs (222 up-regulated and 87 down-regulated) were
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figured out in osteoarthritis, while 79 DEGs (59 up-regulated and 20
down-regulated) were detected in diabetic wounds (Fig. 6A and B). GO
enrichment analysis of osteoarthritis revealed large amounts of DEGs in
the biology process cluster in immune function, and in the cellular
component the expression of myosin-related genes were substantially
observed, with the expression of myosin heavy polypeptide 8 (Myh8),
actinin alpha 3 (Actn3) and myosin binding protein C (Mybpc2) was
significantly up-regulated by procyanidin capsules (Fig. 6C). Previous
studies have shown crocin [47] or baicalin [48] could alleviate osteo-
arthritis accompanied by increasing the expression of myosin heavy
chain Ila. In diabetic wounds we found the enrichment of the comple-
ment activation and the membrane attack complex (Fig. 6D). The
complement system, which is a critical component of our innate immune
system, plays a pivotal role in protecting the body from foreign invaders
[49]. The membrane attack complex serves as an integral part of the
immune system’s swift and efficient first line of defense and soluble
complement proteins C5b, C6, C7, C8, and C9 form the complex by
sequential assembly [50,51].

Further Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis showed peroxisome proliferator-activated receptor
(PPAR), NF-kappa B (NF-kB), cytokine-cytokine receptor interaction and
AMP-activated protein kinase (AMPK) signalings were significantly
enriched in osteoarthritis (Fig. 6E). In diabetic wounds, glucagon, in-
sulin and AMPK signalings were significantly enriched (Fig. 6F). AMPK
emerged as a common and substantial enrichment signaling in both
osteoarthritis and diabetic wounds regulated by procyanidin capsules.
Gene Set Enrichment Analysis (GSEA) can discern whether a given set of
genes is significantly enriched in one of two distinct biological states
from a global view [31]. GSEA data further confirmed that the AMPK
signaling was significantly up-regulated in both two models, with 25
leading core enrichment genes in osteoarthritis or 45 core genes in
diabetic wounds, and 18 common core genes shared by the two models
(Fig. 6G and H). Taken together, the above data suggested that AMPK
signaling was the most commonly regulated signaling by procyanidin
capsules in osteoarthritis and diabetic wounds.

3.6. The molecular network of the key AMPK signaling members
regulated by procyanidin capsules

Aberrant mitochondrial activation is a major source of excessive
ROS, and activation of AMPK signaling inhibits mitochondrial activation
to scavenge ROS [52]. The previous results confirmed the ability of
procyanidin capsules to scavenge ROS in vitro and in vivo (Figs. 4 and 5).
Here we constructed a protein-protein interaction (PPI) network of DEGs
from osteoarthritis and diabetic wounds based on STRING database and
visualized by cytoscape to characterize the molecular network regulated
by procyanidin capsules. The yellow marked nodes representing DEGs of
the AMPK signaling formed the important parts of the network (Fig. 7A
and B), and the results further confirm that the AMPK signaling was an
important molecular signal co-regulated by procyanidin capsules in
osteoarthritis and diabetic wounds (Fig. 6).

In addition to phosphoenolpyruvate carboxykinase 1 (Pckl) and
leptin (Lep) which were shared by the AMPK signaling in two networks,
we also discovered AMP-activated catalytic subunit alpha 2 (Prkaa2)
was significantly up-regulated in osteoarthritis (1.66-fold change) or
diabetic wounds (1.99-fold change) with both g-value less than 0.01.
Then we detected the protein expression of the three common members
from the AMPK signaling in osteoarthritis and diabetic wounds.
Compared to normal chondrocytes, AMPK phosphorylation levels were
significantly lower in osteoarthritis chondrocytes [53]. Activation of
AMPK, a crucial regulator of glucose homeostasis, has been identified as
a promising therapeutic approach for treating type 2 diabetes mellitus
and other related metabolic disorders [54]. Lep enhances the develop-
ment of osteoarthritis by acting on the cartilage, inducing both
pro-inflammatory and pro-catabolic effects [55]. Our results indicate
that besides down-regulating expression of Lep in osteoarthritis,
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Fig. 6. Transcriptome landscape of DEGs regulated by procyanidin capsules. Volcano plot displaying DEGs between procyanidin capsules and the control group in
osteoarthritis model (A) and diabetic wounds (B). GO enrichment analysis of DEGs in osteoarthritis (C) and diabetic wounds (D). KEGG enrichment analysis of DEGs
in osteoarthritis (E) and diabetic wounds (F). GSEA analysis of AMPK signaling gene set in osteoarthritis (G) and diabetic wounds (H).

procyanidin capsules boosted the expression of Pckl and Prkaa2 in
osteoarthritis (Fig. 7C), and promoted the expression of Pck1, Lep and
Prkaa2 in diabetic wounds (Fig. 7D). Several studies have shown that the
increase of Pckl and Prkaa2 expression in osteoarthritis can lead to a
positive effect on the disease [53,56], our results suggested that the
improvement of osteoarthritis by procyanidin capsules may be due to
the up-regulation of Pck1 and Prkaa2 (Figs. 5A and 7C). In diabetic mice,
over-expression of Pckl and Prkaa2 can improve diabetic nephropathy
[57] and diabetic cardiomyopathy [58], and high levels of Lep can
inhibit hyperglycemia [59]. Through transcriptome and qRT-PCR vali-
dation, we demonstrated that procyanidin capsules commonly
up-regulated three AMPK signaling members to improve diabetic
wounds (Figs. 5B and 7D).

AMPK activity and ROS production are highly interconnected, as
ROS production largely depends on the activity of mitochondria [52].
The transcriptomes and WB of two chronic inflammatory have demon-
strated that procyanidin capsules can activate AMPK signaling to
improve inflammatory damage. Previously, we validated that the pro-
cyanidin capsules can notably decrease the intracellular ROS levels in

10

RAW 264.7 and DC2.4 cell lines by green fluorescent probe DCFH-DA
(Fig. 4G and H). Here, we observed the expression of Pckl and
Prkaa2, crucial genes of the AMPK signaling, in RAW 264.7 cells.
Significantly decreased levels of the gene and protein expressions of
Pckl and Prkaa2 were observed in RAW 264.7 cells treated with HyOo
when compared with control cells. The expression of Pckl and Prkaa2
increased considerably in cells that were supplemented with procyani-
din capsules (Fig. 7E-G). It can be seen that the intracellular ROS levels
are negatively correlated with the expression levels of Pck1 and Prkaa2.
Our results suggest that procyanidin capsules can scavenge ROS by
activating AMPK signaling and exert long-lasting anti-inflammatory ef-
fects in osteoarthritis and diabetic wounds (Fig. 7G). These effects can be
achieved with a single treatment, and does not result in significant
pathological damage to various organs (Fig. 5G).

4. Conclusion

In conclusion, the present study has successfully developed a simple
method for production of procyanidin capsules. The prepared
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procyanidin capsules demonstrated remarkable chemical stability,
enabling them to efficiently scavenge excessive ROS through slow-
release procyanidin. Furthermore, procyanidin capsules exhibited
promising therapeutic efficacy in osteoarthritis and diabetic wounds.
These results suggest that procyanidin capsules could be a promising
candidate for the treatment of chronic inflammatory diseases. As such,
future research efforts will focus on exploring the feasibility of
employing similar or alternative methodologies for the synthesis of
other polyphenolic biomaterials and evaluating the effectiveness of
these constructed polyphenolic biomaterials in mitigating chronic in-
flammatory diseases.
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