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a b s t r a c t

Diabetic retinopathy (DR) is a prevalent microvascular complication of diabetes and the leading cause of
blindness and severe visual impairment in adults. The high levels of glucose trigger multiple intracellular
oxidative stress pathways, such as POLDIP2, resulting in excessive reactive oxygen species (ROS) pro-
duction and increased expression of vascular cell adhesion molecule-1 (VCAM-1), hypoxia-inducible
factor 1a (HIF-1a), and vascular endothelial growth factor (VEGF), causing microvascular dysfunction.
Dihydromyricetin (DMY) is a natural flavonoid small molecule antioxidant. However, it exhibits poor
solubility in physiological environments, has a short half-life in vivo, and has low oral bioavailability. In
this study, we present, for the first time, the synthesis of ultra-small Fe-DMY nano-coordinated polymer
particles (Fe-DMY NCPs), formed by combining DMY with low-toxicity iron ions. In vitro and in vivo
experiments confirm that Fe-DMY NCPs alleviate oxidative stress-induced damage to vascular endo-
thelial cells by high glucose, scavenge excess ROS, and improve pathological features of DR, such as
retinal vascular leakage and neovascularization. Mechanistic validation indicates that Fe-DMY NCPs can
inhibit the activation of the Poldip2-Nox4-H2O2 signaling pathway and downregulate vital vascular
function indicators such as VCAM-1, HIF-1a, and VEGF. These findings suggest that Fe-DMY NCPs could
serve as a safe and effective antioxidant and microangio-protective agent, with the potential as a novel
multimeric drug for DR therapy.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction population [1]. The global prevalence of DR is projected to reach up
According to the Global Burden of Disease Study report, diabetic
retinopathy (DR) is the predominant microvascular complication of
diabetes, and it is a significant cause of blindness and severe visual
impairment in adults, particularly in the middle-aged and elderly
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to 22.27% in 2045. This poses a significant burden, both in terms of
disease and economics, on society. There is an urgent need to
investigate effective preventive or therapeutic measures to curb DR
progression [2]. Although significant progress has been made, the
exact mechanism underlying the development of DR is still un-
known. Recent studies have revealed that the DNA polymerase
delta interacting protein 2 (POLDIP2)-mediated signaling pathway
becomes active in a high glucose environment, leading to the
overexpression of recombinant nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4), which in turn generates excess
reactive oxygen species (ROS). This ultimately results in the upre-
gulation of vascular cell adhesion molecule-1 (VCAM-1), hypoxia-
inducible factor 1a (HIF-1a), and vascular endothelial growth
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factor (VEGF) expression [3]. Furthermore, increased ROS levels
trigger redox pathways in vivo, leading to substantial and irrepa-
rable oxidative damage. Additionally, excessive VEGF expression is
a major factor in the promotion of retinal neovascularization and
microvascular leakage [4]. Although laser photocoagulation, intra-
vitreal drug injection, and vitrectomy are the primary ophthalmic
treatment methods for moderate to severe DR patients, the
development of drugs remains insufficient [5]. However, early
intervention and timely management offer the most significant
benefits in controlling the progression of DR, reducing the rate of
blindness and avoiding severe vision loss. Additionally, they can
enhance the quality of life for affected patients.

Dihydromyricetin (DMY) is a naturally occurring flavonoid found
in Ampelopsis grossedentata. It exhibits pharmacological effects
such as anti-inflammatory, antioxidant, and anti-angiogenic activ-
ities, indicating its potential to inhibit diabetes progression and treat
associated complications [6]. However, the clinical application of
DMYposes several challenges that require resolution, such as its low
solubility, short half-life (t1/2) in vivo, poor oral bioavailability, and
limited studies on its effectiveness in treating DR. Previous research
has indicated that the oral bioavailability of DMYwas merely 4.02%.
Additionally, after oral administration of a 20 mg/kg body weight
doseofDMYin rats, thepeakconcentration (cmax)was1.63±3.62ng/
mL, with a t1/2 of 3.70 ± 0.99 h, reached after 2.67 h [7]. The limited
efficacyofDMYdrugdeliverymethods is a significant impediment to
further research. However, the use of organic ligands to create
nanoscale coordination polymers (NCPs) or ultrasmall coordination
polymer nanodots provides a potential solution. This approach al-
lows for the synthesis of polymeric particles from smallmolecules of
natural bioactive products, resulting in enhanced bioavailability and
extended in vivo release time. Additionally, these particles exhibit
easily modifiable structures and broad transformation potential,
making them highly promising for biomedical applications [8]. Liu
et al. [9] developed self-assembled NCPs containing cisplatin and
oxaliplatin precursors derived from zinc ions. Their findings indi-
cated that these modified nanomaterials were intrinsically biode-
gradable, with high drug-carrying capacity. Moreover, the Zn-NCPs
exhibited better antitumor efficacy in comparison to the free drugs.
Using a reversed-phase microemulsion technique at room temper-
ature and a surfactant-assisted process under microwave heating at
120 �C, Taylor et al. [10] synthesized and obtainedmanganese-based
nanoscalemetal-organic frameworks. Thismaterial serves as amore
biocompatible and less toxic magnetic resonance imaging (MRI)
contrast agent than conventional Gd3þ. Their research showed that
these frameworks effectively delivered high doses of Mn2þ both
in vitro and in vivo. Furthermore, they enhanced the signal of cells in
T1-weighted images,making themanexcellent tool for targetedMRI
imaging. Studies investigating Cu complex-based NCPs loaded with
disulfiram [11], ion-based 1,5-bis[(l-proline-1-yl)diazen-1-ium-1,2-
diol-O2-yl]-2,4-dinitrobenzene (BPDB)-NCPs [12], and self-
assembled Zn-ion ligated NCPs carrying siRNAs and cisplatin [13]
have shown that NCPs can enhance nano-therapies by offering a
convenient denaturing modification and sustained drug release.
Iron-based nanoscale coordination polymers (INCPs) have been
particularly successful in transforming drugs within the pharma-
ceutical industry [14]. INCPs have garnered significant interest in the
field of polymorphic materials and biomedicine due to their excel-
lent biocompatibility and diverse range of functions [15,16]. There-
fore,modifyingDMYNCPs basedon the structure of INCPsmay serve
as an effective drug deliverymethod to enhance biological activity of
DMY in vivo. This approach has the potential to overcome the chal-
lenges associated with unstable efficacy and susceptibility to inac-
tivation that hinder drug research progress.

The objective of this study was to synthesize ultrasmall Fe-DMY
NCPs by coupling DMY with low-toxic iron ions. As novel iron-
1327
based organic ligand nanoscale polymer particles, their bioavail-
ability and safety were evaluated, and their antioxidant and anti-
angiogenic effects were assessed in addition to their efficacy in
alleviating DR. In vitro experiments were conducted to assess the
ability of Fe-DMY NCPs to reduce ROS levels in high glucose-
induced human umbilical vein endothelial cells (HUVEC). In vivo
experiments were conducted using a DR rat model to evaluate the
anti-angiogenic and oxidative stress protective effects of Fe-DMY
NCPs through oral administration. Furthermore, safety assess-
ments were performed to determine their toxicity on major target
organs. Western Blot (WB) and enzyme-linked immunosorbent
assay (ELISA) assays were used to investigate the effects of Fe-DMY
NCPs on the Poldip2-Nox4-H2O2 pathway, as well as VCAM-1, HIF-
1a, VEGF, and other indicators of vascular function in endothelial
cells induced by high glucose levels in the retina of DR rats. Our
research is designed to advance the clinical development of artifi-
cial nano-polymermaterials made from natural products andmetal
ions. This approach will offer new insights into the treatment of DR
and other oxidative stress-related diseases by delivering natural
small molecule drugs more efficiently through nanoscale polymer
modifications.

2. Material and methods

2.1. Materials and reagents

DMY, polyvinylpyrrolidone (PVP), methanol, iron chloride
hexahydrate (FeCl3$6H2O), 2,20-azinobis (3-ethylbenzothiazoline-
6-sulfonic acid ammonium salt) (ABTS), 2,2-diphenyl-1-
picrylhydrazyl (containing 10%e20% benzene) (DPPH), methylene
blue (MB), 2-phenyl-4,4,5,5-tetramethy-limidazoline-3-oxide-1-
oxyl (PTIO), HCl, and NaHCO3 were purchased from Aladdin
Biochemical Technology (Shanghai, China). HUVEC and HUVEC-
specific culture were obtained from Pronosai Life Sciences
(Wuhan, China). Trypsin (0.25% and 3%), live cell freezing solution,
TRIzol reagent, Poldip2 (human, monkey, and rat) ELISA Kit, Nox4
(human, monkey, and rat) ELISA Kit, VCAM-1 (human, monkey, and
rat) ELISA Kit, HIF-1a (human, monkey, and rat) ELISA Kit, and VEGF
(human, monkey, and rat) ELISA Kit were purchased from Thermo
Fisher Scientific Inc. (Shanghai, China). Poldip2 antibody, Nox4
antibody, VCAM-1 antibody, HIF-1a antibody, and VEGF antibody
were purchased from Affinity Biosciences (Beijing, China). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
kit was obtained fromBeyotime Biotech. Inc. (Shanghai, China). Pre-
stained protein marker, goat anti-rabbit IgG (HþL) highly cross-
adsorbed secondary antibody, and chemiluminescent substrates
were purchased from Thermo Fisher Scientific Inc.. Slit lamp mi-
croscope image acquisition equipment was purchased from
Shanghai Huanxi Medical Co., Ltd. (Shanghai, China). 40,6-
diamidino-2-phenylindole, dihydrochloride, and dihydroethidium
were purchased from Beyotime Biotech. Inc.. Frozen slicer equip-
ment was purchased from Leica Microsystems (Shanghai, China).

2.2. Synthesis of Fe-DMY NCPs

To prepare the Fe-DMY NCPs, 66 mg of PVP was dissolved in
5 mL of methanol and sonicated for 5 min. Next, 20 mg of
FeCl3$6H2O was dissolved in 1 mL of methanol, sonicated for 5 min,
and slowly added drop by drop to the PVP-methanol solution, while
stirring rapidly for 5 min. This solution A was then mixed with
solution B, obtained by adding 1mL of methanol dropwise to 10 mg
of DMY and sonicated for 5 min. The reaction was stirred for 3 h to
obtain solution C, and then dialyzed overnight with pure water to
obtain solution D. The dialyzed solution D was collected and sub-
jected to ultracentrifugation in an ultrafiltration tube (4,000 rpm,
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5 min) to obtain solution E, which was a highly concentrated
sample of pure Fe-DMY NCPs solution. The concentration of Fe-
DMY NCPs was determined by measuring the iron content with
inductively coupled plasma atomic emission spectrometry.

2.3. Characterization

Transmission electron microscopy (TEM) images were captured
using an FEI Tecnai F20 TEMwith an accelerating voltage of 200 kV.
The zeta potential of Fe-DMY NCPs in aqueous solutions was
measured using the Zetaview (Particle Metrix GmbH, Inning am
Ammersee, Germany), based on the classical microelectrophoresis
technique. This measurement was carried out byWuhan Servicebio
Biotechnology Co., Ltd. (Wuhan, China). Ultraviolet-visible-near
infrared (UV-vis-NIR) spectra were acquired by a UV-vis-NIR
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA), and Fe-DMY NCPs concentrations were determined using
inductively coupled plasma atomic emission spectrometry. Infrared
spectroscopy was conducted using BRUKER VERTX 70
(400e4000 cm�1) (Bruker Corporation, Billerica, MA, USA) and X-
ray photoelectron spectroscopy (XPS) analysis was performed by
Shanghai Microspectrum Testing Technology Group Co., Ltd.
(Shanghai, China).

2.4. ROS scavenging assay

2.4.1. ABTS assay
To activate the ABTS radical, the 7 mM ABTS solution was

incubated with 2.45 mM potassium persulfate overnight. Fe-DMY
NCPs were mixed with the ABTS radical solution at working con-
centrations of 0, 10, 20, 30, 40, and 50 mg/mL and incubated for
10 min. The absorption of ABTS radicals at 734 nm was measured,
and the scavenging efficiency of ABTS radicals was calculated using
the following equation: ABTS clearance efficiency (%) ¼ ((AABTS �
ASample)/AABTS) � 100%, where AABTS represents the absorbance of
ABTS without additional treatment, and ASample represents the
absorbance of ABTS after the addition of Fe-DMY NCPs.

2.4.2. DPPH assay
A solution of 1 mg of DPPH in 24mL of ethanol was sonicated for

5 min, and Fe-DMY NCPs were added at final concentrations of 0,
25, 50, 75, 100, and 125 mg/mL. The mixture was then incubated for
30 min, and the absorption of DPPH was measured at 519 nm. The
efficiency of DPPH removal was determined using the following
formula: removal efficiency of DPPH (%) ¼ ((ADPPH � ASample)/
ADPPH) � 100%, where ADPPH represents the absorbance of DPPH
without any additional treatment, and ASample represents the
absorbance of DPPH after the addition of Fe-DMY NCPs.

2.4.3. MB assay
To evaluate the $OH radical scavenging ability of Fe-DMY NCPs,

the Fenton reaction was employed to generate $OH radicals, which
candiscolorMB. The absorbanceof residualMB canbeused to assess
the scavenging ability of Fe-DMY NCPs. Fe-DMY NCPs were mixed
withMB solution at final concentrations of 200,150,100, 50,10, and
0 mg/mL. Then, the Fenton reaction solution containing H2O2 and
Fe2þ was added and incubated for 30 min, and the degradation rate
of MB was measured. The scavenging efficiency of $OH radicals was
calculated by the following equation: $OH scavenging efficiency
(%)¼ (ASample/AMB)� 100%, where AMB represents the absorbance of
MB without additional treatment, and ASample represents the
absorbance of MB after the addition of Fe-DMY NCPs.
1328
2.4.4. PTIO assay
1 mg of PTIO was added to 20 mL of distilled water and soni-

cated for 5 min. Fe-DMY NCPs were added to PTIO radical solution
at final concentrations of 0, 50, 100, 150, 200, and 250 mg/mL and
incubated for 30 min. The absorption of PTIO was measured at
557 nm, and the removal efficiency of PTIOwas calculated using the
following equation: removal efficiency of PTIO (%) ¼ ((APTIO �
ASample)/APTIO) � 100%, where APTIO represents the absorbance of
PTIO without additional treatment, and ASample represents the
absorbance of PTIO after the addition of Fe-DMY NCPs.
2.5. Cell culture and the establishment of a high glucose-induced
vascular endothelial cell model

In this study, we utilized HUVEC to establish an in vitro model
for vascular endothelial cells. HUVECs are adnexal cells originating
from the human umbilical vein/vascular endothelium and are
commonly employed for investigating vascular endothelial injury
repair and function, as well as for modeling studies on DR. To
cultivate HUVECs, this study employed HUVEC cell-specific me-
dium comprising Ham's F-12K (PM150910), 0.1 mg/mL heparin,
0.03e0.05 mg/mL endothelial cell growth supplement, 10% fetal
bovine serum (164210e50), and 1% P/S (PB180120), which was
kept at 2�8 �C in the dark. The cells were divided into two groups:
the normal group (without high glucose induction) and the DR
model group (with high glucose induction). The normal group was
cultured in Ham's F-12K medium (PM150910) containing
1260 mg/L (7 mM) D-glucose, while both groups were incubated in
a humidified environment at 37 �C with 5% CO2 and 95% air. The
medium was changed every two to three days, and the cells were
routinely harvested with a 0.25% trypsin solution.
2.6. Establishment of a high glucose-induced vascular endothelial
cell model and setup of Fe-DMY NCPs administration groups

The cells were cultured until they reached a density of 80%e95%.
D-glucose was then added to the culture medium to induce a high
glucose state, with a glucose concentration of 30 mmol/L, and
incubated for 48 h. Afterward, varying doses of Fe-DMY NCPs (DR
control (DC) þ Fe-DMY NCPs group) or the same amount of cell
cultures (DC group) were added according to the group. This was
done to observe any morphological changes, perform functional
tests, and investigate the effect of drug intervention.
2.7. In vitro cytotoxicity as well as cell viability studies

To evaluate the effect of Fe-DMY NCPs on cell viability and
cytotoxicity, we utilized the Cell Counting Kit-8 (CCK-8) assay.
HUVEC were seeded at a density of 8 � 104 cells/mL in 96-well
plates and cultured in a humidified atmosphere at 37 �C with 5%
CO2 and 95% air for 24 h. The mediumwas then replaced with fresh
medium containing different concentrations (0, 10, 20, 40, 80, and
160 mg/mL) of Fe-DMY NCPs, and cells were incubated for another
24 h. The cells were washed with pre-warmed phosphate-buffered
saline (PBS) twice, and then 100 mL of fresh medium containing
10 mL of CCK-8 diluted culture mediumwas added to each well and
incubated for 2 h. The relative viability of cells was calculated by
measuring the absorbance of CCK-8 at 450 nm using a Spectra M2
microplate instrument (Molecular Devices, San Francisco, CA, USA)
(n ¼ 6 per group).
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2.8. 20,70-dichlorodihydrofluorescein diacetate (DCFH-DA) staining:
for confocal imaging and flow cytometry detection

IntracellularROS levelsweremeasuredusing theDCFH-DAprobe,
which is non-fluorescent and can penetrate the cell membrane.
Upon esterase hydrolysis, DCFH-DA produces DCFH, which cannot
pass the cell membrane, enabling the probe to load efficiently into
the cell. ROS oxidize DCFH to generate fluorescence, which can be
detected to determine intracellular ROS levels. DCFH-DAwas diluted
to 10 mmol/Lwith a serum-freemediumat a ratio of 1:1000. The cells
were incubated and collected to make a concentration of 1e20
million cells/mL andplaced in a cell incubator at 37 �C for20min. The
samples were mixed by gentle inverting every 3e5 min to facilitate
interactions between the probe and cells. The cells were washed
three times with serum-free cell medium to remove excess DCFH-
DA, and 4',6-diamidino-2-phenylindole (DAPI) staining solution
was added and left for 15 min at room temperature, followed by
three washes with PBS containing 0.1% Tween-20 for 10 min each.
The fluorescence intensity of each well was measured using a Skan
LUX multifunctional enzyme labeler, flow cytometer, or laser
confocal microscope. The fluorescence spectrum of 20,70-dichloro-
fluorescein (DCF) is similar to that of fluorescein isothiocyanate
(FITC) and can be detected using the parameter settings of FITC. The
fluorescence intensity before and after stimulationwas measured in
real time or at corresponding time points using 488 nm excitation
wavelength and 525 nm emission wavelength.

2.9. Tube formation assay

For angiogenesis experiments, we used the m-Slide angiogenesis
from ibidi GmbH (Planegg, Germany) as a cell culture plate. The day
before the experiment, Advanced BioMatrix Matrigel (low growth
factor) (Shanghai Nova Pharmaceutical Technology Co., Ltd.,
Shanghai, China) was melted overnight in a 4 �C refrigerator. On the
day of the test, 10 mL of Advanced BioMatrix Matrigel (low growth
factor) was added to each well of the hard ratio angiogenesis slice,
quickly rotated and diffused, and then placed in a 37 �C incubator for
30 min. When the cells were in the logarithmic growth phase, they
were collected at 70%e90% density, centrifuged at 1,200 rpm, and
resuspended inaspecialmedium,and thecelldensitywasadjusted to
2� 105 cells/mL. Then, 50 mL of the cell suspensionwas added to each
well (n ¼ 4 per group), incubated in a CO2 incubator at 37 �C, and
imageswere collected by invertedfluorescencemicroscopy after 0, 2,
4, and 8 h. The neovascular area, the density of neovascularization,
relative neovascular branching junction density, relative neovascular
length, average length of relative neovascularization, and relative
average neovascular lacunarity were determined. The relative neo-
vascular area (%)was calculated as neovascular area/neovascular area
of the DC group. The density of neovascularization (%)was calculated
as the area of neovascularization/total area. The relative neovascular
branching junction density (%) was calculated as neovascular
branching junction density/neovascular branching junction density
in the DCgroup. The relative neovascular length (%)was calculated as
totalneovascular length/totalneovascular length in theDCgroup.The
average length (%) of relativeneovascularizationwascalculatedas the
average length of neovascularization/average length of neo-
vascularization in the DC group. The relative average neovascular
lacunarity (%)was calculated as the average lacunarity of new vessels
(%) divided by the average lacunarity of new vessels in the DC group.

2.10. DR rat model and its intervention method

Eight-week-old male SD rats of specific pathogen-free grade
were used to establish the DR rat model, with a total duration of 14
weeks of intervention. After acclimatization for 1 week, the rats
1329
were fasted for 12e16 h, and a 1% dilution standard solution of
streptozotocin (STZ) was prepared, followed by the addition of
0.1 mol/L sodium citrate buffer (pH 4.5). The solution was injected
within 30min under light-proof conditions. A tail vein glucose level
of 20 mmol or higher, combined with increased water intake, food
intake, and rapid weight loss, i.e., the classic “three more, one less”
symptoms, indicated successful induction of diabetes. The treat-
ment group was administered high-dose (60 mg/kg) and low-dose
(10 mg/kg) Fe-DMY NCPs by gavage every three days, while the
normal control (NC) and DC groups received an equal amount of
saline. Weekly measurements were taken of blood glucose, body
weight, water consumption, and food intake. All animals were
housed under standard laboratory conditions (ventilated room,
25 ± 1 �C, 60% ± 5% humidity, 12 h light/dark cycle), with standard
rat feeding and husbandry conditions, and access to standard water
and food (Experimental Animal License No.: SYXK-2013e100). All
experimental procedures were performed in accordance with the
Guiding Principles for the Care and Use of Animals (China), also
known as the “China Three Rs Principles” and approved by the
Laboratory Animal Ethics Committee of Anhui Medical University
(Approval No.: LLSC20200503).

2.11. Distribution level measurement of Fe-DMY NCPs by high-
performance liquid chromatography (HPLC)

To determine the in vivo distribution and concentration of Fe-
DMY NCPs (or DMY concentration) after oral administration, we
investigated their variation in the retina and plasma of STZ-induced
DR rats. Retinal tissue (of both eyes) and plasma (100 mL) samples
were collected from DR rats on day 3, 7, and 14 after high-dose
(60 mg/kg) gavage administration to measure the levels of Fe-
DMY NCPs (samples chelated with ethylenediaminetetraacetic
acid (EDTA)) using HPLC at 4 �C and 17,000 g. After removing the
supernatant by centrifugation for 15 min, the standards were
diluted to 100 mg/mL using 75% aqueous methanol. Sample con-
centrations were calculated using MassHunter Workstation Quan-
titative analysis software with the standard response and the
corresponding concentration as the standard curve. The assay was
conducted by Nanjing Qinke Information Technology Co., Ltd.
(Najing, China).

2.12. Assessment of Poldip2, Nox4, VCAM-1, HIF-1a, and VEGF in the
retina of animal models

Standard procedures were followed to collect venous serum,
including natural clotting at room temperature for 20min, followed
by centrifugation at 1,000 g at 4 �C for 10 min. The resulting su-
pernatant was collected and stored in small Eppendorf (EP) tubes
at �20 �C under low temperature ambient conditions. Each indi-
cator was assessed using the corresponding ELISA kit as per the
manufacturer's instructions, and the assay was performed using
the LUX multifunctional enzyme labeling instrument (n ¼ 6 per
group) (Thermo Fisher Scientific Inc).

2.13. Western blot

2.13.1. Cell protein extraction
The protein lysate was prepared using a mixture of radio-

immunoprecipitation assay buffer (RIPA), phosphatase inhibitor,
and protease inhibitor in which the ratio of RIPA to phosphatase
inhibitor to protease inhibitor was 100:1:1. After aspirating the cell
culture medium, the cells were washed with PBS three times. The
protein lysate was then added to the culture flasks, and the cells
were homogenized on ice. The resulting mixturewas centrifuged at
12,000 rpm for 10 min, and the supernatant was collected.
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2.13.2. Tissue protein extraction
The protein lysate was prepared using a mixture of RIPA,

phosphatase inhibitor, and protease inhibitor in which the ratio of
RIPA to phosphatase inhibitor to protease inhibitor was 100:1:1.
Tissue blocks were cut and homogenized, and protein lysis solution
was added to the mixture. The solutionwas then ground on ice and
centrifuged at 12,000 rpm for 10 min to collect the supernatant.

2.13.3. Protein electrophoresis
The prepared SDS-PAGE was assembled in the electrophoresis

tank, and electrophoresis buffer was added with a sample volume
of 10 mL per well and 3 mL of pre-stained protein marker. Electro-
phoresis was conducted at 80 V for 50 min, and when the pre-
stained protein marker reached the separation gel, electropho-
resis was increased to 120 V for approximately 90 min until the
protein marker reached the bottom of the separation gel. Electro-
phoresis was then stopped.

2.13.4. Transfer membrane
The separator gel was cut, and pre-cooled transfer solution was

added. Then, a suitable size of polyvinylidene fluoride membrane
(PVDF) membrane was selected and placed between two layers of
sponge, followed by three sheets of filter paper. The separator gel
and PVDF membrane were arranged in a “sandwich” configuration
with three sheets of filter paper and two layers of sponge in be-
tween, and the assembly was filled with pre-cooled transfer solu-
tion. The wet transfer was carried out at room temperature with a
current of 200 mA for 90e160 min.

2.13.5. Closure
A 10% skim milk solution was prepared and incubated on a

shaker at room temperature for 2 h.

2.13.6. Incubation of primary and secondary antibodies
The primary antibody was incubated on the shaker overnight at

4 �C, at a ratio of 1:10,000. Following Tris-buffered saline with
Tween-20 (TBST) rinsing, the secondary antibody labeled with
horseradish peroxidase (HRP) was added at a ratio of 1:10,000 and
incubated on the shaker at room temperature for 60 min.

2.13.7. Color development
The A and B solutions of the enhanced chemiluminescence

substrate are typically combined in a 1:1 ratio. Solution A contains a
peroxidase-conjugated secondary antibody that binds to the pri-
mary antibody bound to the target protein, while solution B con-
tains the chemiluminescent substrate. This A and B mixture is then
applied to the PVDF membrane containing the transferred proteins
and incubated at room temperature for 2 min. After this incubation
period, the membrane can be exposed to X-ray film or a digital
imaging system and developed in a dark room.

2.14. Retinal fundus vascular staining imaging (Evans blue leak
test)

The rats were injected with Evans blue dye through the jugular
vein and allowed to circulate for 30 min. After deep anesthesia, the
rats were sacrificed by cervical dislocation, and the inner and outer
canthus were then carefully cut open to fully expose the eyeballs.
The eyeballs were then quickly and skillfully removed using curved
forceps at the base of the eye. The tissues were fixed in 4% para-
formaldehyde (POM) for 30 min at 25 �C in the dark, and the retina
was separated layer by layer in the POM environment. The resulting
free retinas were transferred onto slides and examined for leakage
using a Leica SP5 confocal microscope (Leica Microsystems GmbH,
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Wetzlar, Germany) with a fluorescence excitation wavelength
similar to that of Alexa Fluor 647, which is a near-infrared fluo-
rescent dye with an excitation wavelength of around 650 nm.
Retinal vascular analysis metrics were determined as described
earlier, and calculations were performed accordingly.

2.15. Retinal hematoxylin and eosin (HE) staining

The retina was excised utilizing the aforementioned technique
and sectioned following paraffin embedding. Subsequently, the
sections were sequentially immersed in xylene I for 10 min, xylene
II for 10min, anhydrous ethanol I for 5min, anhydrous ethanol II for
5 min, 95% alcohol for 5 min, 90% alcohol for 5 min, 80% alcohol for
5min, and 70% alcohol for 5min, followed by a distilled water rinse.
The sections were then stained with Harris hematoxylin for
3e8min, rinsedwith tap water, differentiatedwith 1% hydrochloric
acid alcohol for a brief period, and rinsed again with tap water.
Afterward, they were returned to blue with 0.6% ammonia and
rinsed with running water. Next, the sections were stained with an
eosin staining solution for 1e3 min. They were then placed in 95%
alcohol I for 5 min, 95% alcohol II for 5 min, anhydrous ethanol I for
5 min, anhydrous ethanol II for 5min, xylene I for 5 min, and xylene
II for 5 min. The sections were removed from the xylene to dry
partially and were sealed with neutral gum. Image acquisition and
section analysis were conducted using upright microscopes (Nikon
Eclipse E100) and an imaging system (Nikon DS-U3) (Nikon Pre-
cision (Shanghai) Co., Ltd., Shanghai, China).

2.16. Preparation of ROS frozen sections and determination of ROS
levels

Four sets of 14-week-old rats (n¼ 4) were randomly chosen and
promptly sacrificed. Ocular tissues were excised and transferred to
50 mL empty centrifuge tubes, which were then flash-frozen in
liquid nitrogen and transported to Wuhan Servicebio Biotech-
nologywithin 6 h. ROS digitized section imageswere obtained from
Wuhan Servicebio Biotechnology, and ImageJ was utilized for
subsequent data and graphical analysis.

2.17. Biosafety testing of Fe-DMY NCPs

Four sets of 14-week-old rats (n ¼ 4) were sacrificed, and their
major organs (heart, liver, spleen, kidney, lung, brain, and eye) were
preservedunder suitable conditions for future testing. Organ sections
were subjected to HE staining by Wuhan Servicebio Biotechnology.

2.18. Statistical analysis

Quantitative results were reported as the mean ± standard error
of measurement, with each mean representing the mean of all
experimental groups analyzed. A blinded counter was responsible
for generating comparisons for statistical analyses. The differences
between groups were evaluated for statistical significance using
one/two-way analysis of variance (ANOVA) followed by Tukey's
post-test. Statistical significance was established at *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, and ####P < 0.0001.

3. Results

3.1. Synthesis and characterization of Fe-DMY NCPs

A simple yet stable method was used to synthesize Fe-DMY
NCPs (Fig. 1A). Initially, a solution of DMY in methanol was pre-
pared, and a mixture of iron ions and PVP solution was gradually



Fig. 1. Synthesis and characterization of Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs). (A) Schematic diagram of the synthesis process of Fe-DMY NCPs.
(B) Transmission electron microscopy (TEM) image of Fe-DMY NCPs. (C) Frequency distribution of Fe-DMY NCPs size (measured by TEM). (D) Fourier transform infrared (FTIR)
spectrograms of DMY and Fe-DMY NCPs samples. (E) X-ray photoelectron spectroscopy (XPS) analysis of the total spectrum of Fe-DMY NCPs with high resolution. (F�H) XPS for
high-resolution analysis of Fe2p regions (F), O1s regions (G), and C1s regions (H) spectra of Fe-DMY NCPs. RT: room temperature; PVP: polyvinylpyrrolidone; BE: binding energy.
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added to the DMY solution to facilitate the gradual growth of Fe-
DMY NCPs. A rapid color change from light chartreuse to dark
black was observed, indicating a successful coordination reaction
between the iron ions and the phenolic group of DMY. To enable
solute transfer, Fe-DMY NCPs were ultrafiltered in sterile water
overnight, followed by ultracentrifugation to remove excess free
iron ions, resulting in a pure solution of Fe-DMY NCPs with
significantly improved water solubility. TEM revealed that Fe-DMY
NCPs were predominant ultra-small particles with sizes less than
10 nm (Fig. 1B). Particle size analysis indicated that the particle
diameter of Fe-DMY NCPs ranged from 0 to 10 nm (Fig. 1C). The
zeta potential of Fe-DMY NCPs was estimated to be negatively
charged, demonstrating the stability of Fe-DMY NCPs at room
1331
temperature in an aqueous solution, with an average zeta poten-
tial of �18.37 ± 0.75 mV (Fig. S1). These properties suggest that
Fe-DMY NCPs exhibit good stability and biodistribution in blood.

Fourier transform infrared spectroscopy (FTIR) analysis indicated
a decrease in the infrared intensity of the HO�C stretching band of
Fe-DMY NCPs between 1150 and 1200 cm�1 compared to DMY,
implying a successful coordination reaction of Fe3þ with the HO�C
group of DMY (Fig. 1D). XPS analysis revealed the presence of
Fe2p, O1s, and C1s peaks at 709.51, 531.02, and 284.79 eV, respec-
tively (Figs.1EeH), with amolar ratio of approximately 2:1 of DMY to
ferric ions in the sample. Through coordination reactions, we have
successfully synthesized a novel nanoscale polymer based on the
natural product DMY, which has significantly enhanced solubility.
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3.2. Free radical scavenging ability and antioxidant capacity of Fe-
DMY NCPs

Taking into account the natural radical scavenging and antiox-
idant activity of DMY, we assessed the in vitro radical scavenging
ability of Fe-DMYNCPs. The mechanistic schematics are depicted in
Fig. 2A, and the results demonstrated a robust free radical scav-
enging ability of Fe-DMY NCPs (Figs. 2B�E).

$OH radicals possess extremely potent oxidizing properties and
rank as the secondmost potentoxidant in nature afterfluorine. They
can be viewed as the neutral form of the hydroxyl group that loses
electrons (OH�) and mediate the development of numerous dys-
functions and diseases due to their extreme reactivity [17]. Hence,
Fig. 2. Reactive oxygen species (ROS) scavenging ability of Fe-dihydromyricetin (DMY) n
scavenging process by Fe-DMY NCPs. (B�E) Ultraviolet-visible (UV-vis) spectroscopy abso
sulfonic acid ammonium salt) (ABTS) (C), 2,2-diphenyl-1-picrylhydrazyl (containing 10%e2
(PTIO) (E) treated with Fe-DMY NCPs at different concentrations. (F) ROS scavenging ratio
trum (664 nm). (G) ABTS radical scavenging ratio (%) of Fe-DMY NCPs based on the characte
ratio (%) of Fe-DMY NCPs based on the characteristic peak of DPPH UV-vis absorption sp
characteristic peak of PTIO UV-vis absorption spectrum (557 nm). The inset shows phot
mean ± standard error of mean.
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we initially assessed the scavenging ability of Fe-DMY NCPs against
$OH radicals. MB reagent belongs to the p-sulfur azobenzene
chromogenic agent and contains an intermediate valence sulfur
atom in itsmolecule,which exhibits a strong affinity to $OH radicals.
It reacts with $OH radicals generated by the Fenton reaction to
produce colorless MB$OH, which is a widely used $OH radical
trapping agent. Our experimental findings indicated that under the
protection of Fe-DMY NCPs, the MB solution remained almost un-
changed and did not become colorless, suggesting that Fe-DMY
NCPs can effectively scavenge $OH radicals. The calculated absor-
bance value at 664 nm indicated that Fe-DMY NCPs exhibited a
scavenging efficiency of over 90% for $OH radicals when the dose
exceeded 100 mg/mL (Fig. 2F).
ano-coordinated polymer particles (NCPs). (A) Schematic representation of the ROS
rbance spectra of methylene blue (MB) (B), 2,20-azinobis (3-ethylbenzothiazoline-6-
0% benzene) (DPPH) (D), and 2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl
(%) of Fe-DMY NCPs based on the characteristic peak of MB UV-vis absorption spec-
ristic peak of ABTS UV-vis absorption spectrum (734 nm). (H) DPPH radical scavenging
ectrum (519 nm). (I) PTIO radical scavenging ratio (%) of Fe-DMY NCPs based on the
ographs of the ROS scavenging experimental subgroups. Data are presented as the



Fig. 3. Dose-response effects of Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) on high glucose-induced human umbilical vein endothelial cells (HUVEC)
and in vitro reactive oxygen species (ROS) scavenging ability of Fe-DMY NCPs. (A) Cell Counting Kit-8 (CCK-8) assay to detect the cell viability of high glucose-induced HUVEC after
treatment with different doses of Fe-DMY NCPs for 0.5 h. (B) Dose-response curves and calculation of median effective dose (ED50) values of high glucose-induced HUVEC after 0.5 h
of treatment with different doses of Fe-DMY NCPs. (C) Time-dose-activity relationship curves for different doses of Fe-DMY NCPs after 0.5, 1, 6, 12 and 24 h of treatment in high
glucose-induced HUVEC. (D) Morphological changes of HUVEC after 0.5 h in normal control (NC), diabetic retinopathy (DR) control (DC), and DC þ Fe-DMY NCPs (200 mg/mL)
observed by inverted microscopy. (E) Fluorescence microscopy images of HUVEC stained with 20 ,70dichlorofluorescin diacetate (DCFH-DA) and 40 ,6-diamidino-2-phenylindole
(DAPI) after different treatments. Fe-DMY NCPs concentrations in the different groups were: DC þ Fe-DMY1, 200 mg/mL; DC þ Fe-DMY2, 100 mg/mL; DC þ Fe-DMY3, 50 mg/mL;
and DC þ Fe-DMY4, 10 mg/mL. (F) Mean fluorescence integral optical density (IOD) calculated from the DCFH-DA fluorescence images quantified in Fig. 3E. (G) Fluorescence enzyme
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Likewise, the ABTS radical scavenging assay revealed that Fe-
DMY NCPs significantly decolorized the green ABTS reagent and
scavenged ABTS radicals with an efficacy of over 90% at low doses
(40 mg/mL) (Fig. 2G).

The DPPH radical is a commonly used stable radical detection
reagent, and our findings demonstrated that the absorbance value of
DPPH at 519 nmgradually decreased in the presence of various doses
of Fe-DMYNCPs. The scavengingefficiencyofDPPHradicals exceeded
90% when the dose of Fe-DMY NCPs was above 100 mg/mL (Fig. 2H).

The PTIO radical is another commonly used stable radical in
aqueous buffer solutions of different pH levels. The solution was
initially purple in color, and the color gradually faded after the addi-
tion of various doses of Fe-DMY NCPs. The alteration in absorbance
value was determined at 557 nm, and Fe-DMY NCPs could scavenge
over 90% of PTIO radicals when the dose exceeded 200 mg/mL (Fig. 2I).

In conclusion, Fe-DMY NCPs exhibit robust antioxidant proper-
ties and possess the ability to scavenge various free radicals,
including $OH radicals. Therefore, they have the potential to serve
as effective scavengers of ROS.

3.3. Fe-DMY NCPs scavenge excessive ROS production from high-
glucose-induced vascular endothelial cells and promote the recovery
of cell viability

Persistent hyperglycemia is the primary factor underlying the
pathogenesis of DR and causes several vascular lesions, including
retinopathy. The dysfunction and pathology of retinal vascular
endothelial cells are characteristic features of DR. Hyperglycemia
triggers multiple intracellular oxidative stress pathways, such as
Poldip2, resulting in excessive production of ROS and oxidative
stress damage, which is believed to be a potential major mecha-
nism involved in the development of DR [18].

The high glucose-induced HUVEC model is a commonly used
cell model for DR. In this study, we mainly focused on investigating
vascular dysfunction and alleviation of DR, with a specific emphasis
on neovascularization. HUVECs are preferable to other types of
endothelial cells for this study as they exhibit excellent and stable
vascular endothelial cell functions (such as oxidative stress, pro-
liferation, adhesion, and angiogenesis) under high glucose induc-
tion and have higher purity and accessibility. To determine the
effective dose of Fe-DMY NCPs administration, we utilized the CCK-
8 assay to evaluate the activity of high glucose-induced HUVEC at
various doses of Fe-DMY NCPs. The results of the CCK-8 assay
demonstrated a significant increase in the cellular activity of
HUVEC after treatment with different doses of Fe-DMY NCPs for
0.5 h (Fig. 3A), and the median effective dose (ED50) of Fe-DMY
NCPs was determined to be 35.39 mg/mL by plotting the dose-
response curve (Fig. 3B). We subsequently plotted time-dose-
activity relationship curves using high doses of Fe-DMY NCPs af-
ter treatment in high glucose-induced HUVEC for 0.5, 1, 6, 12, and
24 h, indicating a time-dependent increase in cell activity (Fig. 3C).
Inverted microscopic observations of morphological changes in
HUVEC after 0.5 h in NC, DC, and DC group treated with Fe-DMY
NCPs (200 mg/mL) (Fig. 3D) suggested that Fe-DMY NCPs could
restore the vascular endothelial morphology that was altered due
to high glucose-induced spherical changes and improve relative
cell survival.
spectra measurements of ROS levels in HUVEC stained with DCFH-DA after different treatme
mL; DC þ Fe-DMY2, 100 mg/mL; DC þ Fe-DMY3, 50 mg/mL; and DC þ Fe-DMY4, 10 mg/m
treatments. Fe-DMY NCPs concentrations in the different groups were: DC þ Fe-DMY1, 200 m
mL. (I) Mean fluorescence intensity (MFI) calculated according to Fig. 3H. Data are present
ference between the administered (intervention) group and the DC group, and ####P < 0.000
one-way analysis of variance (ANOVA). OD: optical density.
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To assess the efficacy of Fe-DMY NCPs in scavenging ROS from
high glucose-induced vascular endothelial cells, we utilized DCFH-
DA and DAPI to stain HUVECs after treatment. DCFH-DA is
commonly used to detect intracellular ROS through fluorescent
microscopy at 488 nm excitation wavelength/525 nm emission
wavelength. After induction with 30 mmol/L glucose (or Fe-DMY
NCPs at different doses) for 48 h, intense DCF fluorescence was
observed in the vascular endothelial cells of the DC group due to the
overproduction of ROS, while Fe-DMY NCPs treatment resulted in a
significant decrease in ROS levels that showed dose-dependency
(Fig. 3E). The mean fluorescence integral optical density (IOD)
values were quantified from DCFH-DA fluorescence images and
demonstrated that Fe-DMYNCPs effectively scavenged intracellular
ROS (Fig. 3F), as confirmed by measuring the luminescence in-
tensity of ROS using the LUX multifunctional enzyme labelling in-
strument (Fig. 3G). Flow cytometry was also employed to quantify
the level of cellular DCF fluorescence, which further confirmed a
dose-dependent decrease in DCF fluorescence intensity with Fe-
DMY NCPs (Figs. 3H and I).

These results collectively establish the capacity of Fe-DMY NCPs
to counteract high glucose-induced impairment in vascular endo-
thelial cell function, enhance cell viability, and effectively scavenge
intracellular ROS in a dose-dependent manner.

3.4. Fe-DMY NCPs regulate proteins associated with oxidative stress
and endothelial dysfunction in vitro

Elevated levels of ROS initiate the redox pathway, and our pre-
vious findings have revealed that the Poldip2-Nox4-H2O2 signaling
pathway is activated in HUVEC induced with high glucose and in
diabetic rats induced with STZ. This pathway has been significantly
linked with increased levels of oxidative stress in the retina [3].
Prior research has demonstrated that increased expression of Pol-
dip2 in models of DR results in elevated levels of ROS and VCAM-1
expression, leading to an inflammatory response in rat brain
microvascular endothelial cells [19]. A previously published study
demonstrated that retinal hypoxia in DR models led to upregulated
expression of HIF-1a, which subsequently stimulated the produc-
tion of VEGF [20]. Therefore, Poldip2, Nox4, VCAM-1, HIF-1a, and
VEGF are considered as important markers associated with DR. As
per our previous findings [3], these markers were upregulated in
the DC group. Thus, we aimed to investigate the impact of Fe-DMY
NCPs on the function and redox levels of high glucose-induced
HUVECs in vitro. WB is a widely used and validated method for
the detection, analysis, and quantification of target proteins,
providing reliable results for protein expression in vivo and in vitro.
On the other hand, ELISA are commonly used to quantify antigens
in samples and are considered as the gold standard for the quan-
titative detection of biological samples.

Therefore, we established a DR model in vitro by inducing high
glucose levels in HUVEC and treating them with 200 mg/mL of Fe-
DMY NCPs for 48 h. The protein levels of five important in-
dicators, namely, Poldip2, Nox4, VCAM-1, HIF-1a, and VEGF, were
measured using WB and ELISA. The WB analysis results revealed
that the DC group had significantly higher levels of Poldip2, Nox4,
VCAM-1, HIF-1a, and VEGF compared to the NC group (Fig. 4A).
However, after treatment with Fe-DMY NCPs, the levels of all these
nts. Fe-DMY NCPs concentrations in the different groups were: DC þ Fe-DMY1, 200 mg/
L. (H) Flow cytometric quantification of HUVEC stained with DCFH-DA after different
g/mL; DC þ Fe-DMY2, 100 mg/mL; DC þ Fe-DMY3, 50 mg/mL; and DC þ Fe-DMY4, 10 mg/
ed as mean ± standard error of mean, ****P < 0.0001 represented the significant dif-
1 represented the significant difference between the NC group and the DC group using



Fig. 4. Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) reduce high glucose concentration-induced endothelial cell dysfunction and oxidative stress in vitro.
(A) Expression of DNA polymerase delta interacting protein 2 (Poldip2), recombinant nicotinamide adenine dinucleotide phosphate oxidase 4 (Nox4), vascular cell adhesion
molecule-1 (VCAM-1), hypoxia-inducible factor 1a (HIF-1a), and vascular endothelial growth factor (VEGF) in different groups of human umbilical vein endothelial cells
(HUVEC) by Western blot (WB) experiments. (B�F) Quantification of Poldip2 (B), Nox4 (C), VCAM-1 (D), HIF-1a (E), and VEGF (F) expression in HUVEC from different groups of WB
experiments in Fig. 4A. (G�K) Expression of Poldip2 (G), Nox4 (H), VCAM-1 (I), HIF-1a (J), and VEGF (K) in different groups of HUVEC was detected by enzyme-
linked immunosorbent assay (ELISA). One-way analysis of variance (ANOVA) data represent the mean ± standard error of mean. * represented the significant difference between the
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indicators significantly decreased (Figs. 4B�F). The ELISA results
were consistent with those of theWB analysis (Figs. 4G�K). Overall,
Fe-DMY NCPs effectively reduced the oxidative stress-induced
cellular damage caused by high glucose, inhibited the Poldip2-
Nox4-H2O2 signaling pathway, downregulated important in-
dicators such as VCAM-1, HIF-1a, and VEGF, and improved endo-
thelial cell function.

3.5. Fe-DMY NCPs inhibit angiogenesis in high glucose-induced
vascular endothelial cells in vitro

The findings of both WB and ELISA experiments indicated that
VEGF levels were considerably elevated in the DC group. VEGF has
been identified as a significant factor in the onset of DR, and neo-
vascularization is a critical feature of PDR, which is believed to be
strongly correlated with an increase in VEGF in the retina. Thus, we
proceeded to investigate the potential of Fe-DMY NCPs to prevent
angiogenesis in high glucose-induced HUVEC in vitro.

Tubular structures are a key characteristic of neovascularization
[21] and involve the sprouting and thickening of the surrounding
extracellular matrix. The angiogenesis assay is a commonly utilized
approach to rapidly and accurately quantify angiogenesis both
in vitro and in vivo. In this assay, HUVECs are seeded onto a matrix
gel containing specific angiogenic factors, which ultimately leads to
the formation of a three-dimensional meshwork [22]. The inverted
micrographs of HUVEC at 8 h after different treatments are shown
in Fig. 5A. Compared to the NC group, the DC group formed a
complete vascular meshwork, with an increase in the number of
sprouting nodes, length/area of vessels, and significant circular
thickening of the extravascular matrix. Conversely, high doses of
Fe-DMY NCPs inhibited tubule formation. We further quantified
vessel area (Fig. 5B), neovascular density (Fig. 5C), number of
branching nodes (Fig. 5D), relative neovascular length (Fig. 5E),
average length (Fig. 5F), and average neovascular lacunarity (pore
sparseness) (Fig. 5G). Our results indicated that neovascular den-
sity, number of branching nodes, and total/average length of neo-
vascularization were significantly higher in the DC group. The
sparseness of pore size was significantly lower than in the NC
group, and treatment with Fe-DMY NCPs significantly recovered
these indicators and inhibited the tendency of tubule formation.

Our experimental findings show that the ability of vascular
endothelial cells to form tubes under high glucose conditions was
significantly increased, which confirms the role of high glucose in
promoting angiogenesis, as previously reported in other studies
[3,23]. However, Fe-DMY NCPs were found to effectively inhibit
tube formation in a dose-dependent manner in high glucose-
induced endothelial cells.

3.6. Fe-DMY NCPs treatment in vivo distribution and effects on
body weight, serum glucose, and major clinical symptoms of
hyperglycemia in DR rats

In this study, we conducted in vivo experiments using the STZ-
induced rat DR model. Schematic diagrams of the experimental
procedures are presented in Fig. 6A. After 14 weeks of continuous
treatment and monitoring, we performed routine ocular examina-
tions using slit lamp microscopy on the NC group, the STZ-induced
DC group, and the high (60 mg/kg) and low (10 mg/kg) Fe-DMY
NCPs oral treatment groups (Fig. 6B). We detected Fe-DMY NCPs
(samples chelated with EDTA) in both retina and plasma (Fig. S2)
administered (intervention) group and the diabetic retinopathy (DR) control (DC) group, and
DC group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****/####P < 0.0001, compared with DC gr
treatment group (200 mg/mL); Fe-DMY NCPs concentrations in the different groups were: D
DC þ Fe-DMY4, 10 mg/mL.
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after gavage administration. To compare the distribution levels and
concentration changes of Fe-DMY NCPs (samples chelated with
EDTA) in retinal tissue (both eyes) and plasma (100 mL), we analyzed
the samples on day 3, 7, and 14 after high-dose gavage adminis-
tration (60mg/kg) in DR rats. The results showed that Fe-DMY NCPs
were effectively distributed in both plasma and retinal tissues after
oral administration, and DMY concentrations in plasma and retinal
tissues remained stable above 50 mg/mL and 20 mg/mL, respectively,
within 14 days after gavage. These findings indicate that Fe-DMY
NCPs can significantly improve the bioavailability of DMY and
effectively reach and accumulate in the retina.

The DC group showed mature cataract symptoms due to hy-
perglycemia, possibly resulting from metabolic disturbances.
However, the high-dose group of Fe-DMY NCPs significantly
improved cataract symptoms, while the low-dose group partially
alleviated them. Weekly monitoring of blood glucose, body weight,
water, and food intake (Figs. 6CeF) showed that the DC group
exhibited typical signs of excessive drinking and eating, decreased
body weight, and significantly higher blood glucose levels than the
NC group. Oral administration of Fe-DMY NCPs alleviated elevated
blood glucose levels and the main clinical symptoms associated
with hyperglycemia. Previous studies have shown that DMY can
lower blood glucose and lipids and regulate metabolic disorders
[24,25], which may be a possible explanation for the similar bio-
logical activity of Fe-DMY NCPs.

3.7. Fe-DMY NCPs alleviate the pathological changes of DR

As stated earlier, DR is characterized by the microangiopathy of
the retina, which is the underlying pathological process [26].
Microvascular dysfunction and structural damage may result in
increased vascular permeability, leading to retinal edema and
exudation. The progression of DR to the proliferative stage can lead
to neovascularization of the optic disc and retina [27].

The histological analysis of the retinas using HE staining
revealed that the NC group had an intact retinal structure, with
closely spaced and normal cells (Fig. 7A). However, in the DC group,
the outer nuclear layer (ONL) and inner nuclear layer (INL) were
thinned, the granular layer was not well defined, and the retinal
ganglion cell layer was edematous with sparse and disorganized
cells. The high-dose Fe-DMY NCPs group showed a significant re-
covery in retinal structure and normal morphology, while the low-
dose Fe-DMY NCPs group exhibited a mild improvement (Fig. 7A).

Retinal tissue was obtained from each rat group. Fundus reti-
nography with Evans blue staining and inverted fluorescence mi-
croscopy were performed on the extracted tissue (Fig. 7B). The
vascular images were analyzed using AngioTool, a widely cited and
well-recognized tool for vascular analysis [28]. The results indicate
that the rats in the DC group showed typical DR changes, such as
distinct vascular leakage fluorescence signals, localized areas of no
perfusion, and partially observable neovascularization. However,
the pathological changes were alleviated in the high-dose Fe-DMY
NCPs group, while the low-dose Fe-DMYNCPs group exhibited only
a slight improvement in symptoms.

Quantitative analysis of the retinal tissue corroborated the
findings. The Fe-DMY NCPs treatment showed a recovery in the
thickness of the ONL layer (Fig. 7C), INL layer (Fig. 7D), and the
entire retinal layer (Fig. 7E), indicating that it reduced damage to
the retinal structures. Analysis of retinal vessels indicated that the
area of neovascularization (Fig. 7F), vessel density (Fig. 7G), branch
# represented the significant difference between the normal control (NC) group and the
oup using one-way ANOVA; ns: not significant. DC þ Fe-DMY: DC with Fe-DMY NCPs
C þ Fe-DMY1, 200 mg/mL; DC þ Fe-DMY2, 100 mg/mL; DC þ Fe-DMY3, 50 mg/mL; and



Fig. 5. Tube formation assay of Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) on human umbilical vein endothelial cells (HUVEC) in vitro. (A) Inverted
micrographs of HUVEC after different treatments after 8 h. (B) Quantitative analysis of relative neovascular area (%) for each group after different treatments. Relative neovascular
area (%) ¼ neovascular area/neovascular area of the diabetic retinopathy (DR) control (DC) group. (C) Quantification of density of neovascularization (%) after different treatments in
each group. Density of neovascularization (%) ¼ area of neovascularization/total area. (D) Quantification of relative neovascular branching junction density (%) in each group after
different treatments. Relative neovascular branching junction density (%) ¼ neovascular branching junction density/neovascular branching junction density in DC group. (E)
Quantification of relative total neovascular length (%) in each group after different treatments. Relative neovascular length (%) ¼ total neovascular length/total neovascular length in
the DC group. (F) Quantification of relative average length (%) of neovascularization in each group after different treatments. Average length (%) of relative
neovascularization ¼ average length of neovascularization/average length of neovascularization in the DC group. (G) Quantification of relative average neovascular lacunarity (%) for
each group after different treatments. Relative average neovascular lacunarity (%) ¼ average lacunarity of new vessels (%)/average lacunarity of new vessels in the DC group (%). The
Boxplot shows the maximum, minimum, median, upper and lower quartiles of each group. * represented the significant difference between the administered (intervention) group
and the DC group, and # represented the significant difference between the normal control (NC) group and the DC group. *P < 0.05 and ****/####P < 0.0001 compared with DC group
using one-way analysis of variance (ANOVA). Fe-DMY NCPs concentrations in the different groups were: DC þ Fe-DMY1, 200 mg/mL; DC þ Fe-DMY2, 100 mg/mL; DC þ Fe-DMY3,
50 mg/mL; and DC þ Fe-DMY4, 10 mg/mL.
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Fig. 6. Procedure of in vivo experiments and effects of Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) treatment on body weight, serum glucose, and food
and water intake of rats. High dose: 60 mg/kg and low dose: 10 mg/kg. (A) Schematic diagram of in vitro experimental procedures. (B) Photographs of the ocular surface of rats in
different groups. (C�F) Changes in body weight (C), blood glucose (D), water intake (E), and food intake (F) were measured in Sprague-Dawley (SD) rats in different groups during 14
weeks of continuous feeding. Data are expressed as mean ± standard error of mean. Diabetic retinopathy (DR) control (DC) þ Fe-DMY (high): DC group treated with high-dose Fe-
DMY NCPs (60 mg/kg). DC þ Fe-DMY (low): DC group treated with low-dose Fe-DMY NCPs (10 mg/kg). NC: normal control group.
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node density (Fig. 7H), total vessel length (Fig. 7I), and average
vessel length (Fig. 7J) significantly increased, while the sparsity of
vessels (Fig. 7K) decreased in the DC group. However, high-dose Fe-
DMY NCPs treatment considerably improved the recovery of these
indexes to relatively normal levels, and low-dose treatment
showed slight improvement.
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3.8. Fe-DMY NCPs reduce the levels of ROS and H2O2 in DR rats

To evaluate the efficacy of Fe-DMYNCPs in scavenging retinal ROS
invivo,weutilizeddihydroethidiumprobes to label frozen sectionsof
retinal tissues and then stained the cell nuclei with DAPI. The
immunofluorescence photographs obtained (Fig. 8A) indicated that



Fig. 7. Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) alleviate the pathological changes of diabetic retinopathy (DR). (A) Hematoxylin and eosin (HE)
staining photographs of rats in different groups. Red arrows and dotted circles indicate cataract symptoms. (B) Evans blue vascular staining photographs of the retinas of rats in
different groups. (C�E) Comparative analysis of the thickness of the outer nuclear layer (ONL) layer (C), inner nuclear layer (INL) (D), and the thickness of the entire retinal layer (E)
(n ¼ 4 per group). (F) Quantification of vascular area (% of DR control (DC) group) in different groups. Vascular area (% of DC group) ¼ vascular area/vascular area of DC group. (G)
Quantification of vessel density (% of DC group) in different groups. Density of vessels (%) ¼ area of vessels/total area. Vessel density (% of DC group) ¼ vessel density/vessel density
of DC group. (H) Quantification of vascular node density (% of DC group) in different groups. Vessel node density (% of DC group) ¼ vessel node density/vessel node density of DC
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the retinal ROS fluorescence intensity was significantly higher in the
DC group than in the NC group. However, treatment with Fe-DMY
NCPs, at both high and low doses, effectively reduced the fluores-
cence intensity of ROS. This finding was confirmed by further quan-
titative analysis of the IOD (Fig. 8B) andmean density (Fig. 8C) of ROS.
Additionally, we measured the levels of H2O2 in both serum (Fig. 8D)
and retinal tissue (Fig. 8E) in the different groups. Our results
demonstrated that H2O2 levels in both serum and retinal tissue were
significantly increased in the DC group. However, treatment with
high and lowdoses of Fe-DMYNCPs significantly decreased the levels
of H2O2 in both serum and retinal tissue.

3.9. Fe-DMY NCPs regulate proteins associated with oxidative stress
and endothelial dysfunction within retinal tissues in vivo

To validate the ability of Fe-DMY NCPs to regulate proteins
linked with oxidative stress and endothelial dysfunction in retinal
tissues in vivo, we extracted retinal tissue proteins from the NC, DC,
and Fe-DMY NCPs-treated DC groups (60 and 10 mg/kg), and
analyzed the target protein content by WB and ELISA assays. The
levels of major indicators, such as Poldip2, Nox4, VCAM-1, HIF-1a,
and VEGF were significantly increased in the DC group, whereas Fe-
DMY NCPs treatment significantly recovered all five indicators. The
ELISA results supported these findings. Fe-DMY NCPs inhibited the
activation of the Poldip2-Nox4-H2O2 signaling pathway,
downregulated essential indicators of vascular function like VCAM-
1, HIF-1a, and VEGF. This led to the improvement of retinal vascular
function, a reduction in the level of oxidative stress in DR, and the
inhibition of retinal angiogenesis. These results confirmed the
ability of Fe-DMY NCPs to regulate proteins associated with
oxidative stress and endothelial dysfunction in retinal tissues
in vivo, thus, further validating the in vitro experiments (Fig. 9).

3.10. Biosafety evaluation

To evaluate the safety of Fe-DMY NCPs, we conducted HE
staining of the heart, liver, spleen, lungs, kidneys, and brain from
rats in different groups (Fig. 10). Our findings revealed no notable
pathological changes in these major organs of rats treated with Fe-
DMY NCPs. Consistent with previous research, our study provides
evidence of the biosafety of Fe-based nano-polymers with DMY
[29]. In summary, our study showed that Fe-DMYNCPs, whichwere
synthesized using non-toxic iron ions and the natural product DMY,
can potentially act as a safe and effective antioxidant in treating DR.
As a novel nano-polymeric drug, Fe-DMY NCPs hold promise for
clinical use in the future.

In fact, the safety of Fe-based nanomaterials has been exten-
sively evaluated, and the low toxicity properties of Fe-ion appli-
cations can be explained by several aspects.

Iron is an essential micronutrient component that is abundant
in the body and plays a vital role in maintaining various physio-
logical functions, such as immune function and hematopoiesis.
However, iron deficiency is prevalent in many physiological and
pathological conditions [30], particularly in developing countries. It
should be noted that iron is also themost deficient micronutrient in
the body [31]. Iron-based nanoparticles (NPs) are preferred over
other metal-based drug carriers as they have a wide range of
group. (I) Quantify the total vessel length (% of DC group) in different groups ¼ total vess
different groups (% of DC group) ¼ average length of vessels/average length of vessels in
different groups. Relative average vessels lacunarity (%) ¼ average vessels lacunarity (%)/av
represent mean ± standard error of mean (n ¼ 8 per group). * represented the significan
represented the significant difference between the normal control (NC) group and the DC gro
DC þ Fe-DMY (high): DC treated with high-dose Fe-DMY NCPs (60 mg/kg). DC þ Fe-DMY (lo
IPL: inner plexiform layer; OPL: outer plexiform layer.
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applications, from environmental remediation to nanomedicine.
Additionally, they can also be used as novel iron supplements for
food and feed. In contrast to traditional drugs such as ferrous sul-
fate and ferrous gluconate, which are used to alleviate symptoms of
iron deficiency, iron-based NPs cause fewer side effects despite
their high-water solubility and bioavailability. Such drugs are
known to cause adverse gastrointestinal reactions and other sig-
nificant side effects [32]. Iron NPs have become a popular choice for
micronutrient supplementation in food fortification due to their
high bioavailability, low side effects, and synthetic stability. Unlike
conventional iron supplements such as ferrous sulfate and ferrous
gluconate, iron NPs do not alter the sensory properties of food
[33,34]. Recently, iron NPs have even been recommended as direct
dietary supplements for preventing iron deficiency, and their use
has been suggested for food fortification purposes [35]. The doses of
Fe-DMY NCPs used in our experiments are significantly lower than
both the recommended daily intake of Fe as dietary supplements
and the WHO-recommended daily Fe intake [36].

Moreover, compared to free iron ions, numerous in vivo models
have confirmed that orally ingested iron NPs display increased
safety [37e39], reduced embryotoxicity, and cause no significant
damage to the intestinal epithelium or organs involved in iron
accumulation, such as the liver [36]. Additionally, these studies
found no significant histological alterations or excessive iron
accumulation in organs [39]. A wealth of topical literature has been
published on the toxic effects of iron NPs, examining a range of
models from human cells and mammals [39,40], to alternative
models such as Xenopus [41] and zebrafish [42]. These studies
investigate the cytotoxicity, genotoxicity, neurotoxicity, and
developmental toxicity of iron NPs. In particular, several in vitro
[43,44] and in vivo experiments in mammals [45,46] have been
conducted to evaluate the low toxicity of iron NPs. Parallel studies
on human cell lines and rats have reported thatmany ironNPs, such
as iron phosphate (FePO4) NPs, are safe for uptake [39]. This safety
could be attributed to the aggregation properties of iron NPs, a
reduction in effective surface area, and a decrease in reactivity,
resulting in minimal metal ion release in vivo [36]. These consistent
findings support the outcomes of our safety assessment of Fe-DMY
NCPs in cellular assays (CCK-8 assay, Fig. 3) and in vivo studies on
rats (HE tissues staining, Fig. 10). The precise mechanism remains
unclear and might be associated with specific physicochemical
properties, such as size and charge.

In conclusion, the low toxicity of iron ions has been corrobo-
rated by a multitude of comparable published studies, with
numerous well-established investigations employing iron-based
NCPs for drug delivery applications. Upon intravenous adminis-
tration of iron carboxylate nanoscale metal-organic frameworks in
Wistar rats, researchers noted that negative signals in the liver and
spleen diminished over time. This suggests that iron-based NCPs
can undergo degradation and clearance in vivo with minimal
accumulation [47]. This finding is analogous to the outcomes re-
ported by Hu et al. [12], who established that Fe(III)-based
nanoscale coordination polymers, a BPDB conjugated with Fe3þ,
exhibited a notable degree of biosafety in non-cancerous cells. It is
noteworthy that Liu et al. [48] employed the MTT assay to
demonstrate that the Fe3þ self-assembled polyethylene glycol-
modified nanoscale coordination polymer exhibits negligible
el length/total vessel length in DC group. (J) Quantify the average length of vessels in
DC group. (K) Quantification of relative average vessels lacunarity (% of DC group) in
erage in DC group vessels lacunarity (%). One-way analysis of variance (ANOVA), data
t difference between the administered (intervention) group and the DC group, and #

up. *P < 0.05, **P < 0.01, ###P < 0.001, and ****/####P < 0.0001, compared with DC group.
w): DC group treated with low-dose Fe-DMY NCPs (10 mg/kg). CGL: cell ganglion layer;



Fig. 8. Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) reduce the levels of reactive oxygen species (ROS) and H2O2 in diabetic retinopathy (DR) rats. (A)
Immunofluorescence graph showing ROS levels in the retinas of different groups of rats. (B, C) Calculation of integral optical density (IOD) levels (B) and mean density (C) of ROS in
the retinas of different groups of rats in Fig. 8A. (D, E) Levels of H2O2 in serum (D) and retinal tissue (E) in different groups. One-way analysis of variance (ANOVA), data represent
mean ± standard error of mean (n ¼ 4 per group). * represented the significant difference between the administered (intervention) group and the DC group, and # represented the
significant difference between the normal control (NC) group and the DC group. *P < 0.05, **P < 0.01, ###P < 0.001, and ****/####P < 0.0001, compared with DC group; ns: not
significant. DC þ Fe-DMY (high): DC group treated with high-dose Fe-DMY NCPs (60 mg/kg). DC þ Fe-DMY (low): DC group treated with low-dose Fe-DMY NCPs (10 mg/kg). DAPI:
4',6-diamidino-2-phenylindole.
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Fig. 9. Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) regulate proteins associated with oxidative stress and endothelial dysfunction in rats. (A) Expression
of DNA polymerase delta interacting protein 2 (Poldip2), recombinant nicotinamide adenine dinucleotide phosphate oxidase 4 (Nox4), vascular cell adhesion molecule-1 (VCAM-1),
hypoxia-inducible factor 1a (HIF-1a), and vascular endothelial growth factor (VEGF) in the retinas of different groups of rats byWestern blot (WB) experiments. (B�F) Quantification
of Poldip2 (B), Nox4 (C), VCAM-1 (D), HIF-1a (E), and VEGF (F) expression in the retinas of different groups of rats of WB experiments in Fig. 9A. (G�K) Expression of Poldip2 (G),
Nox4 (H), VCAM-1 (I), HIF-1a (J), and VEGF (K) in the retinas of different groups of rats by enzyme-linked immunosorbent assay (ELISA) experiments. One-way analysis of variance
(ANOVA), data represent mean ± standard error of mean (n ¼ 5 per group). * represented the significant difference between the administered (intervention) group and the DC
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Fig. 10. Safety assessment of Fe-dihydromyricetin (DMY) nano-coordinated polymer particles (NCPs) in vitro. Hematoxylin and eosin (HE) stained sections of heart, liver, spleen,
lung, kidney, and brain from different groups of rats after 14 weeks of continuous treatment. DC þ Fe-DMY (high): diabetic retinopathy (DR) control (DC) group treated with high-
dose Fe-DMY NCPs (60 mg/kg). DC þ Fe-DMY (low): DC group treated with low-dose Fe-DMY NCPs (10 mg/kg). NC: normal control group.
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cytotoxicity in HUVEC cells, which were used as representative
subjects in the study. The authors also utilized the sulfosalicylyl
method to obtain these results [48]. Conversely, Li et al. [49]
demonstrated that Fe-CNPs, which act as multifunctional photo-
thermal agents, exhibit minimal cytotoxicity in normal cells within
the tested concentration range. In the meantime, Christodoulou et
al. [50] have established that MIL-100(Fe), a mesoporous iron (III)
carboxylate, can serve as an effective and biodegradable drug de-
livery vehicle, exhibiting negligible toxicity both in vitro and
in vivo. Furthermore, repeated dosing of MIL-100(Fe) did not pro-
duce any adverse side effects.

In the category of metal-organic framework materials (MOFs),
our Fe-DMYNCPs, based on iron NPs, are generally considered to be
safe and less toxic. Although we acknowledge that chronic diseases
group, and # represented the significant difference between the normal control (NC) group
with DC group. DC þ Fe-DMY: DC group treated with high-dose Fe-DMY NCPs (60 mg/kg).
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such as DRmay lead to iron deficiency, the experimental doses used
in our study have shown that Fe-DMY NCPs have low cytotoxicity
and safety in rat models, consistent with the excellent performance
of orally administered iron NPs in similar cases. However, it is
crucial to consider the potential risk of chronic iron accumulation
and its possible effects on cellular and organ function, including
retinal disease due to iron overload in the retina. Therefore, regular
screening for micronutrient levels is necessary to ensure safety.

When assessing the risk of potential drug accumulation in the
retina, it is important to note that metal ion-based NCPs, as
described previously, are typically designed for slow and sustained
drug release [51e53], especially when used for ocular drug delivery.
However, the safety and potential biological interactions of such
formulations still require further evaluation through long-term
and the DC group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****/####P < 0.0001, compared
Dose high: 60 mg/kg. Dose low: 10 mg/kg.
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intervention studies. It is also important to consider the potential
implications of the major components (iron and DMY) involved in
this drug delivery system, which may affect metabolic pathways. In
addition, the accumulation of iron in retinal tissues may lead to
excessive production of lipid peroxides, triggering oxidative stress
and programmed cell death, including ferroptosis [54]. In inter-
feron-g-induced human retinal pigment epithelial cell (ARPE-19)
death, themain characteristics of ferroptosis are observed, including
Fe2þ and ROS accumulation and depletion of glutathione (GSH) [55].

Zhou et al. [56] have demonstrated that DMY can regulate a
sirtuin 3-dependent mechanism to reduce metabolic stress,
enhance mitochondrial respiration, and alleviate hyperglycemia.
Furthermore, Le et al. [24] showed through metabolomics studies
that DMY has the ability to regulate 24 metabolic pathways,
including glucose metabolism and the tricarboxylic acid cycle. DMY
was found to significantly promote glucose uptake, improve
glucose transporter protein 1 transport, and enhance insulin
sensitivity, ultimately maintaining glucose homeostasis in vivo.
According to previous research, DMY was found to offer protection
to HUVECs from oxidative stress damage caused by excessive ROS.
This is achieved through the regulation of mitochondrial pathways
and inhibition of superoxide dismutase and malondialdehyde ac-
tivities. There is also a possibility that DMY may affect glutathione
peroxidase (GPX) expression during this process [57]. Yang et al.
[58] have reported that ferroptosis induced by sodium iodate in
retinal pigment epithelium cells is regulated by the FSP1-CoQ10-
nicotinamide adenine dinucleotide (NADH) and GSH-GPx-4 path-
ways, as GPx-4 has been identified as a major regulator of ferrop-
tosis. Additional investigations have demonstrated that mice with
traumatic brain injury had elevated iron levels, disruption of iron
metabolism, and increased expression of genes related to ferrop-
tosis, which were associated with a reduction in GPX activity and
accumulation of ROS [59]. Hence, the involvement of Fe-DMY NCPs
in metabolic pathways, particularly those associated with ferrop-
tosis and antioxidant enzyme expression (notably GPX), could be
crucial. Therefore, it may be necessary to consider these factors in
future mechanistic investigations and therapeutic assessments.

4. Conclusions

This study presents the synthesis and validation of ultra-small
Fe-DMY NCPs particles by coupling DMY with low-toxicity iron
ions. This novel iron-based organic ligand nanoscale polymeric
particle exhibits excellent radical scavenging activity. In vitro ex-
periments demonstrate that Fe-DMY NCPs can alleviate oxidative
stress damage to vascular endothelial cells caused by high glucose,
scavenge intracellular ROS overproduction, improve endothelial
cell function, and inhibit angiogenesis. In vivo experiments show
that oral administration of Fe-DMY NCPs can alleviate the elevated
blood glucose levels and major clinical symptoms associated with
hyperglycemia in diabetic rats, as well as alleviate the pathological
features of DR, such as retinal vascular leakage and neo-
vascularization, and reduce the levels of ROS and H2O2 in retinal
tissues. Mechanistically, Fe-DMY NCPs can inhibit the activation of
the Poldip2-Nox4-H2O2 signaling pathway and downregulate
important vascular function indicators, such as VCAM-1, HIF-1a,
and VEGF, improving retinal vascular function, reducing oxidative
stress in DR, and inhibiting retinal angiogenesis. Fe-DMY NCPs
could be a novel polymeric drug with therapeutic potential for DR
as a safe and efficient antioxidant and microangio-protective agent.
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