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ABSTRACT: Diabetic kidney disease (DKD) represents a major
diabetes-related complication and is among the most important
causes  of  end-stage  renal  disease  (ESRD).  Current  therapies
mainly  focus  on  glycemic  control  but  seldom  reverse
established  renal  injury.  Berberine  (BBR)  shows  promise  for
DKD  through  glucose-lowering,  anti-inflammatory,  and
antioxidant  effects,  yet  its  translation  is  limited  by  poor
bioavailability  and  rapid  metabolism.  Here,  we  developed  ZIF-
BBR-BPNs,  a  nanoparticle  system that  encapsulates BBR in  a
zeolitic  imidazolate  framework  (ZIF)  core  and  applies  an
epigallocatechin  gallate  (EGCG)  coating  to  improve  stability,
systemic  exposure,  and  renal  enrichment.  In  vitro,  ZIF-BBR-
BPNs decreased  oxidative  stress,  inflammatory  activation,  and
apoptosis,  helping maintain glomerular  endothelial  cell  integrity
and  function.  In  vivo,  the  formulation  reduced  albuminuria  and
improved  renal  inflammation,  fibrosis,  and  glomerular  damage,
with  stronger  effects  than  free  BBR or  metformin.  Notably,  the
formulation  increased  systemic  exposure  and  enabled  passive
renal  accumulation,  supporting sustained therapeutic activity at
injury sites.  Overall,  this multi-target  strategy against  metabolic
stress,  oxidative  injury,  inflammation,  and  fibrosis  enhances  BBR  efficacy  and  supports  ZIF-BBR-BPNs  as  a  promising
candidate for DKD therapy.
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 1    Introduction
Diabetic kidney disease (DKD) develops in the setting of persistent
hyperglycemia and manifests as a gradual decline in renal structure
and function [1, 2]. It accounts for a substantial proportion of end-

stage  renal  disease  (ESRD)  cases  worldwide  [3].  Current  clinical
management  strategies  primarily  emphasize  stringent  glycemic
control to mitigate the direct cytotoxic effects of hyperglycemia on
renal  cells  and  to  slow  the  progression  of  renal  fibrosis  [4, 5].
Although  glucose-lowering  agents  effectively  reduce  blood  glucose
levels  and  may  delay  early  functional  decline,  they  generally  exert
limited  effects  on  preventing  or  reversing  progressive  damage  to
renal  microarchitecture,  particularly  in  the  presence  of  established
glomerulosclerosis  and  tubulointerstitial  fibrosis  [6, 7].  Although
metformin remains a standard first-line antidiabetic drug, evidence
for a kidney-reparative effect  in established DKD is  limited,  and it
has  not  been  demonstrated  to  reverse  structural  injury  or  recover

 
 

Received: March 8, 2026; Revised: April 15, 2026
Accepted: April 20, 2026

✉Address  correspondence  to Zhipeng Gu, guzhipeng2019@scu.
edu.cn; Fang Liu, liufangfh@163.com 

Open Access
 

Research Article
 

94908761 (1 of 16) Nano Research, 2026, 19, 94908761

https://orcid.org/0000-0003-4533-6539
https://orcid.org/0000-0003-1121-3004
https://orcid.org/0000-0003-4533-6539
https://orcid.org/0000-0003-1121-3004
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://doi.org/10.26599/NR.2026.94908761
mailto:guzhipeng2019@scu.edu.cn
mailto:guzhipeng2019@scu.edu.cn
mailto:liufangfh@163.com
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761
https://www.sciopen.com/article/10.26599/NR.2026.94908761


renal  function  independent  of  glycemic  control  [8, 9].  DKD
progression  reflects  multiple  pathogenic  inputs  beyond
hyperglycemia,  including  dyslipidemia,  persistent  inflammation,
oxidative  injury,  and  disordered  renal  metabolism  [10, 11].
Accordingly,  there is growing interest in therapeutic strategies that
extend beyond glucose control alone and instead integrate glycemic
regulation  with  lipid  modulation  and  direct  renoprotective  effects
[12].  Pharmacological  interventions  capable  of  simultaneously
improving metabolic homeostasis and attenuating renal injury may
therefore  offer  a  more  effective  and  holistic  approach  to  delaying
DKD progression and preserving kidney function [13, 14].

Berberine  (BBR)  is  a  natural  isoquinoline  alkaloid  that  has
attracted attention as a candidate intervention for DKD because of
its  metabolic  benefits  and  potential  renal  protection  [15, 16].  In
addition  to  its  glucose-lowering  activity,  BBR  shows  anti-
inflammatory and antioxidant actions and has also been reported to
exert  antitumor  effects,  mechanisms  closely  linked  to  DKD
development  and  progression  [17, 18].  Accumulating  preclinical
evidence  indicates  that  BBR  can  effectively  mitigate  DKD
progression by improving renal function, suppressing inflammatory
responses,  and  attenuating  extracellular  matrix  accumulation  and
renal fibrosis [19, 20]. In db/db mouse models, BBR treatment not
only  improved  systemic  metabolic  profiles  but  also  markedly
reduced  renal  lipid  accumulation,  highlighting  its  ability  to
modulate dysregulated lipid metabolism and protect renal structure
and  function  in  DKD  [21].  Consistently,  a  recent  meta-analysis
confirmed  that  BBR  significantly  ameliorates  renal  function,
reduces  proteinuria,  and  suppresses  renal  fibrosis  across  multiple
animal  models  of  DKD,  underscoring  its  robust  renoprotective
effects despite current limitations in clinical translation [22−24]. In
addition,  emerging studies  suggest  that  BBR confers  renal  benefits
through modulation of gut microbiota composition and reduction
of  uremic  toxin  production  in  chronic  kidney  disease,  further
supporting its pleiotropic mechanisms of action in renal protection
[25, 26].  Despite  these  promising  therapeutic  effects,  the  clinical
application  of  BBR  remains  substantially  constrained  by  its  poor
oral bioavailability, rapid systemic metabolism, and lack of effective
kidney-specific  accumulation  [27, 28].  Furthermore,  its  toxicity  is
route-dependent;  while  intraperitoneal  and  intravenous
administration exhibit relatively median lethal dose (LD50) in mice,
intragastric administration shows no obvious toxicity, confining its
safe  use  primarily  to  the  oral  route  [29].  Therefore,  developing
strategies  to  overcome  these  pharmacokinetic  and  targeting
limitations  is  both  necessary  and  of  considerable  clinical
significance.  Nanotechnology-based  delivery  systems  have  been
proposed as a viable solution, as nanoparticle encapsulation of BBR
can  enhance  its  stability,  prolong  circulation  time,  and  allow  co-
delivery  or  surface  assembly  of  additional  therapeutic  agents
[30−32]. By encapsulating BBR within nanocarriers, it is possible to
shield  the  drug  from  premature  degradation,  prolong  its  systemic
circulation,  and  facilitate  targeted  delivery  to  the  site  of  injury,
thereby  maximizing  therapeutic  index  while  minimizing  off-target
effects [33−35].

Among  various  delivery  platforms,  zeolitic  imidazolate
frameworks  (ZIFs)  have  emerged  as  attractive  carriers  for  drug
delivery  because  of  their  highly  ordered  porous  architecture,  large
surface  area,  tunable  composition,  and  favorable  loading  capacity
for  small-molecule  therapeutics  such  as  BBR  [36−39].  Recent
studies have further highlighted the versatility of ZIF-based systems

in  improving  cargo  protection,  microenvironment  responsiveness,
and  therapeutic  performance,  supporting  their  growing  use  in
advanced  biomedical  delivery  platforms  [40−43].  More
importantly,  the  coordination  between  zinc  ions  and  imidazole
ligands  can  provide  a  protective  framework  that  helps  shield
encapsulated drugs  from premature  degradation or  loss  of  activity
during delivery [44−46]. However, because ZIFs are relatively acid-
sensitive,  oral  administration  generally  requires  additional  surface
protection to reduce gastric erosion, preserve nanoparticle integrity,
and  maintain  downstream  drug  bioavailability  [47−50].  This
consideration is particularly important because orally administered
nanoparticles must first pass through the acidic gastric environment
before  intestinal  absorption,  and  insufficient  stability  at  this  stage
may  lead  to  premature  carrier  disruption  and  drug  leakage.  To
address  this  limitation,  we  introduced  an  epigallocatechin  gallate
(EGCG)-based shell onto the particle surface [51−55]. As a natural
polyphenol,  EGCG  possesses  potent  antioxidant  activity  and
excellent interfacial versatility, and polyphenol-based materials have
been increasingly explored in biomedical systems because they can
simultaneously  provide  structural  stabilization  and  bioactive
microenvironment modulation [56−60]. In addition to its capacity
to  scavenge  reactive  oxygen  species  (ROS),  EGCG  may  synergize
with the pharmacological actions of BBR, while also stabilizing the
nanoparticle surface and improving resistance of the ZIF core to the
harsh  gastric  environment  during  oral  administration  [47, 61].
Therefore,  the  combination  of  a  ZIF  core  and  an  EGCG  shell
provides  a  rational  oral  nanoplatform  for  improving  the  stability,
delivery  efficiency,  and  therapeutic  efficacy  of  BBR  in  diabetic
kidney disease.

Guided  by  this  rationale,  we  developed  a  novel  polyphenol-
modified  nanosystem,  ZIF-BBR-BPNs,  specifically  designed  to
amplify the renoprotective potential of berberine in the treatment of
DKD (Fig.  1).  To systematically assess the therapeutic efficacy and
underlying mechanisms of this platform, we first characterized the
structural integrity and protective shielding effects conferred by the
EGCG-coated  ZIF  core.  Subsequently, in  vitro studies  were
conducted using glomerular endothelial cells to investigate whether
the  synergistic  combination  of  BBR  and  EGCG  could  effectively
mitigate oxidative stress and restore endothelial function. To further
validate its clinical relevance, we employed the db/db mouse model
to assess the systemic pharmacokinetic advantages and the targeted
renal  accumulation  of  ZIF-BBR-BPNs.  Specifically,  we  focused  on
its  capacity  to  alleviate  hallmark  DKD  pathologies,  including
albuminuria,  glomerular  basement  membrane  thickening,  and
chronic  inflammation.  By  comparing  its  performance  with  free
BBR  and  clinical  metformin,  this  study  aims  to  establish  whether
this  multi-targeted  nanoparticle  strategy  can  overcome  the
pharmacological  bottlenecks  of  BBR  and  provide  a  superior
therapeutic outcome for DKD.

 2    Experimental

 2.1    Materials
BBR,  2-methylimidazole  (2-MIM,  99%),  zinc  nitrate  hexahydrate
(ZnNO3·6H2O, 99%),  methanol  (CH3OH, 99.9%),  and Cy5-Amine
chloride  hydrochloride  (Cy5)  were  purchased  from  Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). EGCG (98%)
was  sourced  from  DASF  Bio-Technology  Co.,  Ltd.  (Nanjing,
China).  1,4-Phenylenediboronic  acid  (BA,  98%),  1,1-diphenyl-2-
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picrylhydrazyl (DPPH, 97%), 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS, 98%) were acquired from Energy Chemical
(Anhui, China).

 2.2    Animals
Male  db/m  mice  (C57BL/6J  background)  and  db/db  mice  (leptin
receptor-deficient,  DKD  model)  were  purchased  from  Cyagen
Biosciences.  Mice  were  housed  in  a  specific  pathogen-free  (SPF)
environment with a 12 h light/12 h dark cycle schedule at 22 ± 2 °C,
and  free  access  to  food  and  water.  All  animal  experiments  were
approved by the Institutional Animal Care and Use Committee of
West  China  Hospital,  Sichuan  University  (Approval  No.
20250808006)  and  were  performed  in  accordance  with  the  Guide
for the Care and Use of Laboratory Animals.

 2.3    Preparation of ZIF-BBR-BPNs
ZIF-BBR  was  first  synthesized  following  a  standard  metal-organic
framework  assembly  protocol,  after  which  a  BPNs  coating  was
introduced through the  co-coordination of  EGCG and BA on the
particle  surface.  Specifically,  2-MIM  (20  mmol)  and  BBR
(200  mmol)  were  dissolved  in  methanol  (100  mL),  while
ZnNO3·6H2O (10 mmol)  was  separately  dissolved in an additional
100  mL  of  methanol.  The  two  solutions  were  combined  and
allowed to stand at 25 °C for 12 h, yielding a yellow precipitate. The
resulting  solid  was  collected  by  centrifugation,  washed  repeatedly
with  methanol,  and  freeze-dried  to  obtain  ZIF-BBR.  Then  10-mL
dispersion  of  ZIF-BBR  (1  mg/mL)  was  prepared  for  subsequent
coating. In parallel, EGCG (80 mg) and BA (29 mg) were dissolved
in 40 mL of methanol. This solution was added dropwise to the ZIF-

 

Figure 1    Schematic of ZIF-BBR-BPNs construction, preparation, and multi-targeted therapeutic mechanism of ZIF-BBR-BPNs for DKD therapy. (a) Engineering of ZIF-
BBR-BPNs featuring  a  ZIF core  for  BBR encapsulation and an EGCG-based metal-phenolic  network coating.  (b)  Systemic  administration,  prolonged circulation,  and
passive  targeted  accumulation  of  ZIF-BBR-BPNs  in  the  injured  kidney.  (c)  The  multi-targeted  therapeutic  effects  of  the  nanoplatform,  including  systemic  metabolic
regulation (hypoglycemic and lipid-lowering) and direct renal cell protection through anti-inflammatory, anti-fibrotic, and anti-apoptotic pathways.
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BBR  dispersion  under  continuous  stirring  and  allowed  to  react  at
room temperature for 12 h, producing a black precipitate. The final
product  was  isolated  by  centrifugation,  washed  three  times  with
methanol, and dried to afford ZIF-BBR-BPNs.

 2.4    Characterization of ZIF-BBR-BPNs
The  surface  morphologies  of  ZIF-BBR-BPNs  were  acquired  on
Nova  Nano  scanning  electron  microscopy  (SEM)  450  microscope
and transmission electron microscopy (TEM, Talos F200i, Thermo
Scientific),  and  the  elemental  mapping  of  B,  N,  O,  Zn,  and  C  in
specific  sample  regions  was  collected  using  the  energy  dispersive
spectroscopy (EDS) attached to the TEM. Dynamic light scattering
(DLS)  and  zeta  potential  measurements  were  characterized  by  a
Malvern  Zetasizer  Nano  ZS  particle  analyzer.  Fourier-transform
infrared  spectroscopy  (FT-IR)  spectra  were  performed  with
PerkinElmer  spectrum  one  B  system  using  KBr  pellets  methods
with  the  resolution  of  4.0  cm−1.  X-ray  photoelectron  spectroscopy
(XPS) measurements were performed with a VG ESCALAB MKII
spectrometer.  XPSPEAK  software  (version  4.1)  was  used  to
deconvolute the wide-scan and narrow-scan XPS spectra of Zn 2p,
B 1s, C 1s, O 1s, and N 1s.

 2.5    In vitro release behavior of ZIF-BBR-BPNs
The  release  of  BBR  from  ZIF-BBR-BPNs  was  evaluated  in
simulated gastric fluid (SGF) and phosphate-buffered saline (PBS).
A  standard  calibration  curve  was  generated  by  recording  the
absorbance  of  BBR  at  350  nm  with  a  microplate  reader  across  a
series  of  known  concentrations.  For  release  assays,  dispersions  of
ZIF-BBR-BPNs  were  loaded  into  dialysis  bags  (molecular  weight
cut-off: 500 Da) and immersed separately in SGF and PBS. Samples
of  the  external  medium  were  collected  at  1  h  intervals  during  the
initial phase and at 5 h intervals thereafter, and the absorbance was
measured  at  350  nm.  BBR  concentrations  and  cumulative  release
profiles were calculated using the established calibration curve.

 2.6    In vitro antioxidant assessment of ZIF-BBR-BPNs
The  radical-scavenging  capacities  of  ZIF-BBR and  ZIF-BBR-BPNs
were  assessed  using  DPPH  and  ABTS  assays  in  ethanol  and
aqueous media, respectively. Fresh DPPH solution in ethanol (1.0 ×
10−3 M) and ABTS solution in water (7.0 × 10−3 M) were prepared
prior  to  testing.  For  the  DPPH  assay,  samples  (ZIF-BBR  or  ZIF-
BBR-BPNs)  were  mixed  with  300  µL  of  DPPH  solution  and
brought  to  a  final  volume  of  3.0  mL  with  ethanol.  After  mixing,
absorbance at 517 nm was recorded at indicated time points up to
30 min. For the ABTS assay, 100 µL of ABTS radical cation solution
was  combined  with  the  prepared  samples  and  diluted  to  3.0  mL
with  deionized  water  (2900  µL).  The  absorbance  at  714  nm  was
then monitored at indicated incubation times up to 30 min.

 2.7    In vitro cell experiments
Human renal glomerular endothelial cells (HRGECs) were cultured
in  Dulbecco's  modified  Eagle  medium  (DMEM)  supplemented
with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin
at  37  °C  in  a  5%  CO2 incubator.  For  high  glucose  and  high
cholesterol  (HG+HC)-induced  injury,  cells  were  treated  with
DMEM  containing  25  mM  glucose  +  100  μg/mL  cholesterol  for
48  h.  Compared  with  high  glucose  alone,  the  HG+HC  condition
was  used  to  better  mimic  the  glucolipotoxic  microenvironment  of
DKD,  in  which  hyperglycemia  is  accompanied  by  lipid  metabolic
stress.  For  H2O2-induced  injury,  cells  were  treated  with  800  μM

H2O2 for  24  h.  Cells  were  divided into  groups:  (1)  normal  control
(NG:  5.5  mM  glucose);  (2)  injury  model  (HG+HC  or  H2O2);
(3)  BBR  low  dose  (30  μM);  (4)  BBR  high  dose  (90  μM);  (5)  ZIF-
BBR-BPNs low dose  (30  μM equivalent  BBR);  (6)  ZIF-BBR-BPNs
high dose (90 μM equivalent BBR).

 2.8    Cell viability assay
Cells  were  plated  in  96-well  plates  and  exposed  to  the  indicated
treatments. Cell viability was quantified using a Cell Counting Kit-8
(CCK-8) kit following the supplier's protocol.

 2.9    Apoptosis detection
Cells  were  seeded  in  6-well  plates  and  treated  as  described  above.
After  treatment,  cells  were  collected,  rinsed  with  PBS,  and  stained
with  Annexin  V-FITC  and  propidium  iodide  (PI)  for  15  min  at
room  temperature  in  the  dark.  Apoptotic  cells  were  analyzed  by
flow cytometry (Beckman CytoFLEX).

 2.10    ROS detection
Cells  were  seeded  in  6-well  plates  and  treated  as  described  above.
The  2',7'-dichlorodihydrofluorescein  diacetate  (DCFH-DA)  probe
was then added, and the cells were incubated at 37 °C for 30 min.
Fluorescence  signals  were  subsequently  captured  using  a
fluorescence microscope (Leica DMI8, Wetzlar, Germany).

 2.11    In vivo efficacy assessment in db/db mice
Nine-week-old  db/db  mice  were  randomly  divided  into  4  groups
(n =  6  per  group):  (1)  db/db  vehicle  group  (gavaged  with  normal
saline); (2) BBR group (gavaged with free BBR, 150 mg/kg); (3) ZIF-
BBR-BPNs  group  (gavaged  with  ZIF-BBR-BPNs,  150  mg/kg
equivalent  BBR);  (4)  metformin  group  (gavaged  with  metformin,
150 mg/kg). Age-matched db/m mice (n = 6) served as the normal
control group. All treatments were administered for 4 weeks.

 2.12    General physiological indicators
Body weight: The body weight of each mouse was measured weekly
using an electronic balance. Measurements were taken at the same
time of day (morning) to minimize diurnal variation. Fasting blood
glucose  (FBG):  Mice  were  fasted  for  6  h  before  blood  collection.
Blood samples were collected from the tail  vein, and glucose levels
were  measured  using  a  calibrated  glucometer  (e.g.,  Accu-Chek,
Roche). Measurements were performed weekly, at the same time of
day for consistency.

 2.13    Renal function assessment
Urine  samples  were  collected  at  the  end  of  the  treatment.  Urine
albumin  concentration  was  measured  by  enzyme-linked
immunosorbent assay (ELISA), and urine creatinine concentration
was  determined  using  a  creatinine  assay  kit  (Shanghai  ZCIBIO
Technology Co., Ltd.). Urine albumin/creatinine ratio (UACR) was
calculated as the ratio of urine albumin to urine creatinine.

Inflammatory  cytokine  detection:  The  levels  of  tumor  necrosis
factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) in serum were
measured  using  ELISA  kits  according  to  the  manufacturer's
instructions.

Histopathological  analysis:  Renal  tissues  were  fixed  in  4%
paraformaldehyde  for  24  h,  embedded  in  paraffin,  and  cut  into
4  μm  sections.  Sections  were  stained  with  hematoxylin-eosin
(H&E),  periodic  acid-Schiff  (PAS),  and  Masson's  trichrome,
respectively.  H&E  staining  was  used  to  observe  glomerular
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structure;  PAS  staining  was  used  to  evaluate  mesangial  matrix
expansion;  Masson  staining  was  used  to  assess  renal  interstitial
fibrosis. For transmission electron microscopy (TEM), renal cortex
samples  were  fixed  in  2.5%  glutaraldehyde,  embedded  in  epoxy
resin,  cut  into  ultra-thin  sections  (50  nm),  stained  with  uranyl
acetate and lead citrate, and observed using a TEM (JEM-2100).

In  vivo distribution  of  ZIF-BBR-BPNs:  Cy5-labeled  ZIF-BBR-
BPNs were obtained by introducing Cy5 during the post-synthetic
modification process. Specifically, 2 mL of a 1 mg/mL Cy5 solution
was  added  to  10  mL  of  the  prepared  1  mg/mL  ZIF-BBR-BPNs
dispersion.  The  mixture  was  stirred  for  24  h  to  allow  efficient
conjugation,  followed  by  centrifugation  and  repeated  washing  to
yield  the  purified  Cy5-labeled  ZIF-BBR-BPNs.  Eight-week-old
db/m and db/db mice (n = 3 per group) were orally gavaged with
Cy5-labeled  ZIF-BBR-BPNs  (150  mg/kg  equivalent  BBR). In  vivo
fluorescence imaging was performed at 0.5, 1, 2, 6, 12, and 24 h post-
administration using Bruker Spectral Instruments Imaging (Bruker
SII). At 6, 12 and 24 h post-administration, mice were euthanized,
and  major  organs  (kidney,  liver,  spleen,  heart,  lung  and  pancreas)
were  harvested. Ex  vivo fluorescence  intensity  of  each  organ  was
measured using the same imaging system.

 2.14    Measurement of berberine concentration
BBR  concentration  was  quantified  using  a  competitive  ELISA  kit
(PK186243-96T, Shanghai Bohu Biotechnology Co., Ltd.) following
the  manufacturer's  instructions.  Samples  and  standards  were
incubated  in  anti-BBR  antibody-coated  plates  together  with
horseradish peroxidase (HRP)-labeled antigen, and absorbance was
read at 450 nm.

 2.15    Immunohistochemistry
Paraffin-embedded  sections  were  deparaffinized  and  rehydrated,
followed by antigen retrieval. Sections were incubated with primary
antibodies  at  4  °C  overnight:  anti-F4/80  (1:600,  Proteintech,
Chicago,  USA),  anti-ICAM-1  (1:300,  Abiowell,  Wuhan,  China),
anti-Collagen IV (1:200, Thermo Fisher Scientific, Waltham, USA),
and  anti-α-SMA  (1:400,  Boster,  Wuhan,  China).  Then  sections
were  incubated  with  an  HRP-conjugated  secondary  antibody
(1:500) for 1 h at room temperature. Diaminobenzidine (DAB) was
used  for  color  development,  and  hematoxylin  was  applied  for
counterstaining.

 2.16    Western blot analysis
Cells or renal tissues were lysed in radioimmunoprecipitation assay
(RIPA)  lysis  buffer  supplemented  with  protease  and  phosphatase
inhibitors.  Protein  concentration  was  determined  using  a
bicinchoninic  acid  (BCA)  protein  assay  kit.  Equal  amounts  of
protein  were  separated  by  10%  SDS-PAGE  and  transferred  to
polyvinylidene  fluoride  (PVDF)  membranes.  After  blocking  with
5% non-fat milk for 1 h at room temperature, the membranes were
incubated overnight at 4 °C with the following primary antibodies:
anti-eNOS  (1:1000,  Abclonal,  Wuhan,  China);  anti-p-eNOS
(1:1000, Abclonal, Wuhan, China); anti-Syndecan-1 (1:500, Huaan,
Hangzhou, China); anti-BAX (1:1000, Proteintech, Wuhan, China);
anti-BCL2  (1:1000,  Proteintech,  Wuhan,  China);  anti-Caspase-3
(1:500,  Huaan,  Hangzhou,  China);  anti-Active  Caspase-3  (1:500,
Huaan, Hangzhou, China); and anti-β-tubulin (1:5000, ZSGB-BIO,
Beijing, China). After washing, membranes were incubated with an
HRP-labeled  secondary  antibody  (1:5000)  for  1  h  at  room
temperature.  Signals  were  developed  using  an  enhanced

chemiluminescence  (ECL)  substrate,  and  band  densities  were
quantified in ImageJ (NIH, Bethesda, MD, USA) with β-tubulin as
the loading control.

 2.17    Statistical analysis
All  data  were  expressed  as  mean  ±  standard  deviation  (SD).
Statistical  analysis  was  performed  using  GraphPad  Prism  10.0
software  (GraphPad  Software,  San  Diego,  CA,  USA).  Differences
between  groups  were  analyzed  using  one-way  analysis  of  variance
(ANOVA)  followed  by  Tukey's  post-hoc  test. P <  0.05  was
considered statistically significant.

 3    Results and discussion

 3.1    Preparation and characterization of ZIF-BBR-BPNs
ZIF-BBR  was  synthesized  by  encapsulating  BBR  using  a
conventional  metal-organic  framework  strategy  with  2-MIM  and
ZnNO3·6H2O,  followed  by  surface  coating  with  EGCG  and  p-
phenyldiboronic  acid  (BA)  to  obtain  ZIF-BBR-BPNs  (Fig.  2(a)).
Comprehensive  characterization  confirmed  the  successful
preparation of both components.  SEM revealed that ZIF-BBR and
ZIF-BBR-BPNs  exhibited  well-defined  rhombic  dodecahedral
morphologies  (Fig.  2(b) and  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM)).  DLS  measurements  indicated
uniform  particle  sizes  for  both  ZIF-BBR  and  ZIF-BBR-BPNs,
approximately  150  nm,  with  a  slight  increase  after  BPNs  coating,
consistent  with  successful  surface  modification  (Fig.  2(c)).  Zeta
potential  analysis  showed  that  ZIF-BBR-BPNs  had  a  surface
potential  of  approximately −10  mV,  attributed  to  the  ionizable
phenolic  hydroxyl  and  boronic  acid  groups  of  the  BPNs  coating
(Fig.  2(d)),  suggesting  good  colloidal  stability,  favorable  for  long-
term storage  and subsequent  biological  applications.  Transmission
electron microscopy (TEM) further confirmed the morphology and
size  of  ZIF-BBR-BPNs,  showing  a  BPNs  coating  thickness  of
~ 5 nm (Fig. 2(e) and Fig. S2 in the ESM). Elemental mapping by
TEM revealed the presence of B, N, O, Zn, and C elements in ZIF-
BBR-BPNs,  confirming  both  successful  BBR  encapsulation  within
the  ZIF-8  framework  and  effective  BPNs  surface  modification
(Fig.  2(f)).  Additionally,  quantitative  analysis  revealed  a  BBR
loading  content  of  27%  in  the  ZIF-BBR-BPNs,  indicating  their
strong potential  for efficient  drug delivery (Fig.  2(g)).  Because oral
nanoplatforms must  first  withstand the acidic  gastric  environment
before  intestinal  absorption,  we  next  evaluated  the  stability  and
release  behavior  of  ZIF-BBR-BPNs in  SGF and PBS.  As  shown in
the release profiles calculated from a standard calibration curve, the
BBR release rate was moderately enhanced under acidic conditions
compared  with  neutral  conditions  (Fig.  2(h) and  Fig.  S3  in  the
ESM). After 24 h, approximately 37% of BBR was released at SGF,
whereas ~ 29% was released at PBS, indicating an overall slow and
sustained  release.  Notably,  although  an  initial  release  occurred
under  acidic  conditions,  a  substantial  amount  of  BBR  remained
protected  within  the  ZIF  matrix,  ensuring  sufficient  drug
availability for subsequent therapeutic action.

Then, Fourier-transform infrared (FTIR) spectroscopy displayed
strong  hydroxyl  peaks  around  ~  3500  cm−1 and  pronounced
carbonyl  peaks  at  ~  1600  cm−1 in  ZIF-BBR-BPNs,  indicative  of
successful  BBR loading and BPNs coating (Fig.  2(i) and Fig.  S4 in
the  ESM).  XPS wide-scan  spectra  revealed  characteristic  core-level
peaks  of  Zn  2p,  B  1s,  O  1s,  C  1s,  and  N  1s  in  ZIF-BBR-BPNs,
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derived  from  both  ZIF-BBR  and  the  EGCG/BA  coating  (Fig.  2(j)
and Fig. S5 in the ESM). High-resolution Zn 2p spectra confirmed
the integrity of the ZIF-8 framework (Fig. 2(k)), while B 1s spectra
verified  the  presence  of  dynamic  boronate  ester  bonds  between
EGCG  and  BA,  demonstrating  the  successful  formation  of  the
BPNs  coating  (Fig.  2(l)).  The  antioxidant  activity  of  ZIF-BBR and
ZIF-BBR-BPNs  was  further  evaluated  using  DPPH  and  ABTS
radical  scavenging  assays.  As  shown  in Figs.  2(m)−2(n),  the

scavenging capacity of both nanoparticles increased over time. For
example, at 30 min, the DPPH scavenging ability reached ~ 50% for
ZIF-BBR and ~ 70% for ZIF-BBR-BPNs. The enhanced antioxidant
activity  after  BPNs  coating  is  attributed  to  the  superior  ROS-
scavenging  capability  of  EGCG.  Overall,  these  results  demonstrate
the  successful  fabrication  of  BBR-loaded  ZIF-BBR  nanoparticles
with  a  functional  BPNs  coating.  The  resulting  ZIF-BBR-BPNs
exhibit  efficient  drug  loading  and  controlled  release,  along  with

 

Figure 2    Preparation and characterization of ZIF-BBR-BPNs. (a) Schematic illustration of the synthetic process of ZIF-BBR-BPNs. (b) SEM image of ZIF-BBR-BPNs. (c)
DLS size distributions of ZIF-BBR and ZIF-BBR-BPNs. (d) Zeta potential analysis of ZIF-BBR-BPNs. (e) TEM image and (f) elemental mapping of ZIF-BBR-BPNs. (g)
Drug-loading content of ZIF-BBR and SEM image of ZIF-BBR-BPNs after soaking in SGF. (h) Release of BBR after soaking in SGF and PBS. (i) FTIR spectra of BBR, ZIF-
BBR,  and ZIF-BBR-BPNs.  (j)  XPS wide-scan spectrum of  ZIF-BBR-BPNs.  (k)  Zn 2p and (l)  B 1s  high-resolution XPS spectra  of  ZIF-BBR-BPNs.  (m) DPPH and (n)
ABTS radical-scavenging activities of ZIF-BBR-BPNs.
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excellent radical scavenging activity, providing a robust foundation
for subsequent in vivo applications.

 3.2    ZIF-BBR-BPNs  protect  glomerular  endothelial  cells
from DKD injury
Cell  viability  assays  showed  that  ZIF-BBR-BPNs  (dosed  at  BBR-
equivalent  concentrations)  were  non-toxic  to  HRGECs  at
physiological doses, whereas higher concentrations reduced viability
(Fig. 3(a)), indicating a favorable therapeutic window for ZIF-BBR-
BPNs.  H2O2 exposure  decreased  HRGEC  viability  in  a

concentration-dependent  manner  (Fig.  3(b)).  Critically,  in  H2O2-
injured  HRGECs,  ZIF-BBR-BPNs  restored  viability  dose-
dependently:  50  μM ZIF-BBR-BPNs rescued  viability  from ~ 50%
(H2O2-only control) to nearly 100% (Fig. 3(c)),  confirming efficacy
against oxidative stress-mediated endothelial damage. Consistently,
flow  cytometry  (Fig.  3(d))  and  its  quantification  (Fig.  S6  in  the
ESM)  showed  that  H2O2 markedly  increased  HRGEC  apoptosis,
which  was  dose-dependently  attenuated  by  BBR,  with  ZIF-BBR-
BPNs exhibiting superior anti-apoptotic efficacy.

The  antioxidant  effects  of  ZIF-BBR-BPNs  were  further
 

Figure 3    ZIF-BBR-BPNs protect HRGECs in DKD-like injury models. (a) HRGEC viability at 24 h after ZIF-BBR-BPNs treatment (BBR-equivalent, μM). (b) HRGEC
viability at 24 h after H2O2 exposure (μM). (c) HRGEC viability at 24 h in Control, H2O2, and H2O2 + ZIF-BBR-BPNs (μM). (d) Representative flow cytometry plots of
apoptosis under H2O2 with NC (negative control), H2O2, free BBR (30/90 μM), or ZIF-BBR-BPNs (30/90 μM). (e) Representative ROS images (DCFH-DA, bright field,
merge) under H2O2 (4 h) with the indicated treatments (scale bars: 100 μm). (f) Representative ROS images (DCFH-DA, bright field, merge) under HG+HC (high glucose
and high cholesterol) with the indicated treatments (scale bars: 100 μm). (g) Representative Western blots of p-eNOS, eNOS, and Syndecan-1 under HG+HC (β-tubulin
loading control). (h) Representative Western blots of apoptosis proteins (Caspase-3, Cleaved Caspase-3, BCL2, BAX) under HG+HC (β-tubulin loading control). Data are
presented as mean ± SD. In panel (b), *P < 0.05 and ***P < 0.001 vs. the 0 μM H2O2 group. In panel (c), **P < 0.01 and ***P < 0.001 vs. the H2O2 group.
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confirmed  by  intracellular  ROS  measurements.  Both  H2O2 and
HG+HC  stimulation  robustly  elevated  ROS  levels  in  HRGECs
(Figs.  3(e) and 3(f)),  whereas  ZIF-BBR-BPNs significantly  reduced
ROS fluorescence intensity in both models, indicating potent ROS-
scavenging  activity.  Given  the  central  role  of  oxidative  stress  in
DKD  progression,  this  strong  antioxidant  capacity  provides  a  key
basis for the multi-target therapeutic actions of ZIF-BBR-BPNs. At
the  molecular  level,  Western  blot  analysis  under  HG+HC
conditions  showed  that  HG+HC  downregulated  phosphorylated
eNOS,  total  eNOS,  and  the  endothelial  marker  Syndecan-1
(Fig.  3(g)),  while  ZIF-BBR-BPNs  effectively  restored  their
expression,  as  confirmed  by  quantitative  analysis  (Fig.  S7  in  the
ESM), suggesting preservation of endothelial function via activation
of  eNOS  signaling  and  maintenance  of  the  glomerular  filtration
barrier.

Furthermore,  HG+HC  induced  a  pro-apoptotic  shift  in
apoptosis-related  proteins,  characterized  by  increased  Cleaved
Caspase3  and  BAX,  and  decreased  BCL2  (Fig.  3(h)).  ZIF-BBR-
BPNs  reversed  these  alterations,  inhibiting  caspase  activation  and
rebalancing the  BCL2/BAX ratio,  thereby suppressing mitochond-
rial  pathway-mediated  apoptosis.  Collectively,  these in  vitro data
demonstrate  that  ZIF-BBR-BPNs  protect  HRGECs  from  DKD-
related  injury  through  a  coordinated  strategy  of  enhancing  cell
viability,  mitigating  oxidative  stress,  inhibiting  apoptosis,  and
activating  eNOS  signaling  to  preserve  endothelial  function,  thus
providing  comprehensive  cytoprotection  against  glomerular
endothelial injury in DKD.

 3.3    ZIF-BBR-BPNs improve systemic and renal outcomes
in DKD mice
To  evaluate  the  therapeutic  efficacy  of  ZIF-BBR-BPNs,  db/db
(DKD  model)  and  db/m  (control)  mice  underwent  a  4-week
treatment  regimen,  as  outlined  in Fig.  4(a).  Metabolic  profiling
revealed that db/db mice had significantly higher body weight than
db/m  controls;  however,  no  significant  weight  differences  were
observed  among  the  db/db  treatment  groups  during  the
intervention (Fig. 4(b)). As expected, db/db mice exhibited marked
hyperglycemia,  but  elevated  fasting  blood  glucose  levels  were
significantly  reduced  by  treatment  with  BBR,  ZIF-BBR-BPNs,  or
metformin  (Figs.  4(c) and 4(d)).  Dyslipidemia  in  db/db  mice,
characterized by increased serum triglycerides, total cholesterol, and
LDL-cholesterol,  showed  a  trend  toward  improvement  in  all
treatment  groups,  although  these  changes  did  not  reach  statistical
significance (Figs. S8(a)–S8(c) in the ESM).

Notably,  ZIF-BBR-BPNs  provided  more  pronounced
renoprotection than free BBR or metformin when renal injury was
assessed.  uACR  was  dramatically  elevated  in  db/db  mice,  but  all
treatments  reduced  this  elevation.  Importantly,  ZIF-BBR-BPNs
achieved the largest decline, corresponding to approximately a 40%
reduction  relative  to  the  db/db  group  (Fig.  4(e)).  Although  serum
creatinine  remained  unchanged  (Fig.  4(f)),  blood  urea  nitrogen
(BUN) and the sensitive renal injury marker serum cystatin C (Cys-
C)  were  significantly  elevated  in  db/db  mice,  but  were  notably
reversed  by  BBR  and  ZIF-BBR-BPNs  (Figs.  4(g) and 4(h)).  In
parallel, serum levels of the pro-inflammatory cytokines TNF-α and
IL-1β,  which  were  significantly  elevated  in  db/db  mice,  were
effectively  reduced  by  ZIF-BBR-BPNs,  BBR,  and  metformin,  with
ZIF-BBR-BPNs  showing  particularly  strong  anti-inflammatory
activity (Figs. 4(i) and 4(j)).

A  key  pathological  feature  of  DKD,  glomerular  basement
membrane (GBM) thickening, was evident in db/db mice and was
significantly attenuated by all  treatments, particularly by ZIF-BBR-
BPNs  and  BBR  (Fig.  4(k)).  Consistent  with  this,  histopathological
and  ultrastructural  analyses  revealed  pronounced  renal  injury,
collagen  deposition,  and  glomerular  lesions  in  db/db  mice,  as
observed  in  H&E,  Masson  trichrome,  and  PAS  staining.  These
signs  of  renal  damage  were  markedly  ameliorated  following
treatment,  with  ZIF-BBR-BPNs  conferring  the  most  robust
structural protection (Fig. 4(l)).

 3.4    Enhanced  systemic  exposure  and  passive  renal
accumulation of ZIF-BBR-BPNs in vivo
Having  demonstrated  that  ZIF-BBR-BPNs  markedly  ameliorate
metabolic  abnormalities  and  renal  injury  in  db/db  mice,  we  next
examined  their in  vivo distribution  to  gain  insight  into  the
mechanisms underlying the enhanced therapeutic efficacy. Whole-
body  and  organ/tissue  fluorescence  imaging  was  performed  in
Control  and  DKD  mice  following  oral  administration  of  Cy5-
labeled  ZIF-BBR-BPNs. In  vivo fluorescence  imaging  showed
stronger  and more  sustained  Cy5  signals  in  DKD mice  compared
with Control mice over time, with detectable fluorescence persisting
up to 12 h after oral gavage (Fig. 5(a)). Ex vivo fluorescence imaging
of  major  organs  harvested  at  6,  12,  and  24  h  further  confirmed
significantly  higher  fluorescence  intensity  in  the  kidneys  of  DKD
mice  (Fig.  5(b)).  Consistently,  fluorescence  imaging  of  kidney
sections  revealed  pronounced  Cy5  signal  accumulation  in  DKD
renal  tissues,  whereas  only  weak  signals  were  observed  in  Control
mice (Fig. 5(c)). This enhanced renal exposure is consistent with the
superior  renoprotective  outcomes  observed in  vivo and  suggests
that  disease-associated  physiological  alterations  may  favor  renal
deposition  of  the  nanoformulation.  In  DKD,  glomerular  barrier
injury, including endothelial glycocalyx damage, GBM remodeling,
and  increased  vascular  permeability,  may  facilitate  nanoparticle
access  to  injured  renal  tissue.  In  addition,  the  inflammatory  renal
microenvironment  may  promote  an  enhanced  permeability  and
retention  (EPR)-like  retention  effect,  thereby  favoring  prolonged
intrarenal  localization  of  circulating  nanocarriers.  Altered
interactions with renal uptake pathways may also contribute to this
process.

To further elucidate the basis for this distribution pattern, serum
concentration-time  profiles  of  BBR  were  evaluated  following  oral
administration  of  free  BBR  and  ZIF-BBR-BPNs  (Fig.  5(d)).  ZIF-
BBR-BPNs  exhibited  markedly  increased  circulating  BBR  levels
over  time  compared  with  free  BBR,  indicating  improved  oral
bioavailability  and  prolonged  systemic  exposure.  The  observed
enhancement in plasma exposure can be attributed to the improved
pharmacokinetic  properties  conferred  by  the  ZIF-based
nanoformulation. Encapsulation of BBR within the ZIF framework,
together  with  the  EGCG  coating,  enhances  drug  stability  during
gastrointestinal  transit  and  systemic  circulation,  thereby  reducing
premature  degradation  and  clearance.  The  resulting  elevation  in
systemic  availability  facilitates  passive  accumulation  of  BBR  in
highly perfused and injury-prone organs such as the kidney, which
may  be  sufficient  to  amplify  its  therapeutic  action  under  diabetic
conditions without the need for active targeting mechanisms.

Notably,  enhanced  plasma  exposure  and  sustained  renal
presence  of  ZIF-BBR-BPNs  provide  a  plausible  explanation  for
their superior efficacy in reducing albuminuria,  inflammation, and
structural  renal  damage  compared  with  free  BBR.  This
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Figure 4    ZIF-BBR-BPNs ameliorate metabolic and renal injury in db/db DKD mice. (a) Schematic of the experimental design. Db/m (control) and db/db (DKD) mice
received daily oral gavage of vehicle, BBR, ZIF-BBR-BPNs, or metformin for 4 weeks (n = 6). The kidney and glomerulus (therapeutic target) are illustrated on the right.
(b) Time-course changes in body weight and (c) fasting blood glucose from 9 to 13 weeks of age. Endpoint metabolic and renal injury indices, including (d) fasting blood
glucose at the 13th week, (e) urinary albumin-to-creatinine ratio (uACR), (f) serum creatinine, (g) BUN, (h) serum cystatin C (Cys-C), (i) serum TNF-α, (j) serum IL-1β,
and (k) GBM thickness. (l) Representative renal histopathological staining and ultrastructural images, including H&E staining, Masson's trichrome staining, PAS staining,
and TEM. The boxed areas in the PAS and TEM panels indicate the magnified regions. Scale bars: 100 μm for H&E, Masson, and PAS; 2 μm and 500 nm (zoomed) for
TEM. Data in panels (d)–(k) are presented as mean ± SD. *P < 0.05 and ***P < 0.001 vs. db/m group; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. db/db group.
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interpretation is further supported by our in vitro findings, in which
ZIF-BBR-BPNs  more  effectively  alleviated  cellular  injury  under
oxidative and metabolic stress conditions, suggesting that improved
drug  exposure  and  formulation-enabled  stabilization  jointly
contribute to the amplified renoprotective effects  observed in vivo.

Compared with free BBR, this superior efficacy is likely attributable
to several formulation-related advantages. Encapsulation within the
ZIF  framework  helps  protect  BBR  from  premature  degradation
during  oral  delivery,  while  the  EGCG-based  surface  modification
improves  stability  in  the  gastric  environment  and  may  provide

 

Figure 5    In vivo and ex vivo fluorescence distribution of Control and DKD mice following oral gavage of Cy5-labeled ZIF-BBR-BPNs. (a) Schematic illustration of the
experimental design. Control and DKD mice were orally gavaged with Cy5-labeled ZIF-BBR-BPNs, and in vivo fluorescence imaging was performed at 0.5, 1, 2, 6, 12, and
24 h post-gavage. The organs analyzed include liver (Li), heart (H), lung (Lu), spleen (S), kidney (K), and pancreas (P). (b) Upper section: In vivo fluorescence imaging of
Control and DKD mice at 0.5, 1, 2, 6, 12, and 24 h after oral gavage of Cy5-labeled ZIF-BBR-BPNs. Lower section: Ex vivo fluorescence imaging of isolated organs (Li, H,
Lu, S, K, P) from Control and DKD mice at 6, 12, and 24 h post-gavage. (c) Fluorescence imaging of kidney tissue sections (6 h post-gavage) from Control and DKD
mice: Cy5 channel (visualizing Cy5-labeled ZIF-BBR-BPNs), DAPI channel (staining cell nuclei), and Merge channel (overlap of Cy5 and DAPI signals). The right panels
show the corresponding fluorescence intensity distribution spectra of the kidney tissue sections. (d) Plasma concentration-time profile of BBR after oral administration of
free BBR and ZIF-BBR-BPNs.
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additional  antioxidant  support.  Together,  these  features  help
explain  the  enhanced  therapeutic  performance  of  ZIF-BBR-BPNs
in DKD mice.

 3.5    Attenuation  of  renal  inflammation,  fibrosis,  and
endothelial injury by ZIF-BBR-BPNs
To clarify the mechanistic basis of the renoprotective effects of ZIF-
BBR-BPNs,  we  examined  renal  inflammation,  fibrosis,  and

associated  molecular  pathways  in  db/db  mice.  Immunohi-
stochemical  staining  and  quantitative  analysis  revealed  marked
upregulation  of  the  macrophage  marker  F4/80  and  the  adhesion
molecule  intercellular  adhesion  molecule-1  (ICAM-1)  in  db/db
kidneys,  indicating  enhanced  inflammatory  infiltration  and
endothelial  activation  (Figs.  6(a) and 6(b)).  In  parallel,  fibrosis-
associated  markers,  including  Collagen  IV  and α-SMA,  were
substantially  increased,  reflecting  progressive  fibrotic  remodeling.

 

Figure 6    ZIF-BBR-BPNs attenuate renal inflammation, fibrosis, and pathway dysregulation in db/db DKD mice. (a) Representative IHC staining of kidney sections for
F4/80, ICAM-1, Collagen IV, and α-SMA in db/m, db/db, and db/db mice treated with BBR, ZIF-BBR-BPNs, or metformin. Insets show enlarged boxed regions (scale
bars:  100 μm).  (b)  Quantification of  positive  staining area  (%;  mean ± SD).  ***P <  0.001 vs.  db/m; #P <  0.05, ##P <  0.01,  and ###P <  0.001 vs.  db/db.  (c)  Representative
Western blots of p-eNOS, eNOS, and Syndecan-1 in renal tissues (β-tubulin loading control). (d) Representative Western blots of Caspase 3 and Cleaved Caspase 3 in
renal tissues (β-tubulin loading control).
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Treatment  with  ZIF-BBR-BPNs  robustly  suppressed  all  of  these
markers,  showing  significantly  greater  attenuation  of  renal
inflammation  and  fibrosis  than  free  BBR  or  metformin.  At  the
molecular  level,  Western  blot  analysis  demonstrated  pronounced
reductions  in  phosphorylated  eNOS,  total  eNOS,  and  the
glomerular  endothelial  glycocalyx  marker  Syndecan-1  in  db/db
kidneys  (Fig.  6(c)),  consistent  with  endothelial  dysfunction  and
glycocalyx  disruption.  Notably,  ZIF-BBR-BPNs  effectively  restored
the  expression  of  these  proteins  (Figs.  S9(a)–S9(c)  in  the  ESM),
indicating  preservation  of  endothelial  function  and  structural
integrity. In parallel,  db/db kidneys exhibited a marked increase in
cleaved Caspase-3, indicative of enhanced apoptotic activity, which
was  significantly  reversed  following  ZIF-BBR-BPNs  treatment
(Fig.  6(d) and Fig.  S10 in  the  ESM),  supporting a  protective  effect
against renal cell apoptosis.

These in  vivo molecular  and  histological  improvements  are
consistent  with  our  earlier in  vitro findings  under  oxidative  and
metabolic  stress  conditions  and  align  with  the  observed in  vivo
distribution behavior of ZIF-BBR-BPNs. The enhanced therapeutic
efficacy of ZIF-BBR-BPNs can be attributed, at least in part, to the
improved  pharmacokinetic  profile  conferred  by  the  ZIF-based
nanoformulation,  which  increases  systemic  exposure  and  enables
sustained renal presence of BBR.

The  favorable in  vivo behavior  of  ZIF-BBR-BPNs  may  also  be
related  to  the  gradual  disassembly  of  the  nanoplatform  during
gastrointestinal  transit  and/or  after  systemic  uptake,  which  could
enable  sustained  release  of  berberine  while  allowing  progressive
degradation or clearance of the carrier components. Such a process
may contribute to the improved systemic exposure and prolonged
therapeutic  activity  observed  in  the  present  study.  The  detailed in
vivo fate of the ZIF core and EGCG-based shell,  however, remains
to be further clarified.  This  prolonged availability  may amplify  the
intrinsic  anti-inflammatory,  antifibrotic,  and cytoprotective actions
of BBR, thereby contributing to the pronounced mitigation of renal
injury  observed  in  DKD  mice.  A  limitation  of  this  study  is  that
uncoated  ZIF-BBR  and  EGCG-alone  control  groups  were  not
included in the in vivo efficacy experiments.  As a result,  while our
findings  support  the  therapeutic  advantage  of  the  integrated  ZIF-
BBR-BPN  system,  the  independent  contribution  of  the  EGCG-
based coating to the enhanced in vivo efficacy remains to be further
clarified.  In  addition,  EGCG  itself  may  also  contribute  to  the
observed  therapeutic  effects  through  its  intrinsic  antioxidant  and
cytoprotective  properties.  Therefore,  the  superior  efficacy  of  ZIF-
BBR-BPNs may reflect not only improved delivery and stability of
BBR, but also a potential supportive contribution from the EGCG-
based surface modification. Collectively, these findings indicate that
ZIF-BBR-BPNs  exert  multifaceted  renoprotection  by  simultan-
eously  suppressing  inflammation  and  fibrosis,  preserving
endothelial integrity, and inhibiting apoptosis.

 3.6    Renoprotective  mechanisms  and  biocompatibility  of
ZIF-BBR-BPNs in DKD
These in  vivo molecular  and histological  improvements  align with
our  earlier in  vitro findings  under  oxidative  and  metabolic  stress
conditions, supporting the observed in vivo distribution behavior of
ZIF-BBR-BPNs.  The  enhanced  therapeutic  efficacy  of  ZIF-BBR-
BPNs  can  be  attributed  to  the  improved  pharmacokinetic  profile
conferred by the ZIF-based nanoformulation (represented as purple
polyhedrons  in Fig.  7(a)),  which  increases  systemic  exposure  and
enables sustained renal presence of BBR.

This prolonged renal availability of BBR (delivered by ZIF-BBR-

BPNs) amplifies its bioactivities via several mechanisms: Initially, it
reduces  ROS  overproduction,  normalizing  the  expression  of
apoptosis-related  molecules  by  up-regulating  the  anti-apoptotic
protein BCL2 and down-regulating the pro-apoptotic protein BAX.
This leads to the inhibition of cytochrome C release and subsequent
Caspase 3 activation, thereby preventing glomerular endothelial cell
apoptosis.  Additionally,  ZIF-BBR-BPNs  upregulate  eNOS
expression,  restoring  nitric  oxide  production  and  alleviating  ROS-
induced  endothelial  dysfunction.  The  nanoformulation  also
suppresses  the  activation  of  nuclear  factor-kappa  B  (NF-κB),
attenuating  inflammation.  Beyond  these  effects,  ZIF-BBR-BPNs
contribute  to  a  reduction in fibrosis,  partly  by modulating α-SMA
expression,  which  is  associated  with  fibroblast  activation  in  renal
tissue.  This  is  further  supported  by  a  reduction  in  ICAM-1
expression  and  mitigation  of  hyperglycemia,  lipid  accumulation,
and elevated pro-inflammatory cytokines (IL-1β and TNF-α) in the
glomerular  vascular  lumen.  Moreover,  ZIF-BBR-BPNs  help  lower
blood  glucose  levels,  reduce  lipid  accumulation,  and  improve  the
circulation of inflammatory factors, collectively enhancing the anti-
inflammatory  and  antifibrotic  efficacy  of  BBR.  Additionally,  the
nanoformulation  upregulates  Syndecan-1,  preserving  the  integrity
of the renal barrier. This sustained availability of BBR enhances its
intrinsic anti-inflammatory, antifibrotic, and cytoprotective actions,
significantly contributing to the mitigation of renal injury observed
in DKD mice.  Collectively,  these  findings  highlight  that  ZIF-BBR-
BPNs  provide  multifaceted  renoprotection  by  simultaneously
suppressing  inflammation  and  fibrosis,  preserving  endothelial
integrity, and inhibiting apoptosis.

To  further  assess  the  clinical  potential  of  ZIF-BBR-BPNs,  we
evaluated their biocompatibility in normal db/m mice, focusing on
vital  organ  function,  systemic  inflammation,  and histopathological
integrity. The experimental design for this evaluation is outlined in
Fig. S11 in the ESM. Mice received either a single oral dose of ZIF-
BBR-BPNs  (BBR-equivalent  doses  of  50,  100,  or  200  mg/kg)  with
sample  collection  at  24  h,  or  daily  administration  for  4  weeks,
followed  by  endpoint  analysis.  Throughout  both  phases,  all  mice
showed  normal  behavior,  stable  body  weight,  and  no  mortality.
Serum  biochemical  analysis  demonstrated  that  neither  single  nor
repeated  dosing  caused  significant  changes  in  liver  function
markers  (alanine  aminotransferase  (ALT),  aspartate
aminotransferase (AST)) or renal function indicators (BUN, serum
creatinine)  at  any  dose  level  (P >  0.05  vs.  control; Fig.  7(b)).
Additionally,  after  4  weeks  of  treatment,  serum  levels  of  pro-
inflammatory  cytokines  (IL-1β,  IL-6  and  TNF-α)  remained
comparable to controls (P > 0.05; Fig. 7(c)), indicating no induction
of  chronic  systemic  inflammation.  Histopathological  analysis
supported  these  findings,  showing  normal  tissue  architecture  in
major  organs  (heart,  liver,  spleen,  lung,  kidney,  pancreas)  with  no
signs of inflammation, necrosis, fibrosis, or structural abnormalities,
both  24  h  after  a  single  dose  (Fig.  7(d))  and  after  4  weeks  of
repeated dosing (Fig. 7(e)). These results demonstrate that ZIF-BBR-
BPNs exhibit excellent biocompatibility in healthy db/m mice. The
absence  of  adverse  effects  on  organ  function,  systemic
inflammation,  and tissue  integrity — even at  high  doses  and with
prolonged  administration — provides  strong  preclinical  evidence
for  their  favorable  safety  profile,  supporting  their  potential  for
clinical translation in DKD therapy.

 4    Conclusions
Collectively,  these  findings  suggest  that  ZIF-BBR-BPNs  may
provide  an  effective  nano-enabled  approach  for  DKD.  By
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Figure 7    The renoprotective mechanisms and safety evaluation of ZIF-BBR-BPNs in the context of DKD. (a) The renoprotective mechanisms of ZIF-BBR-BPNs in the
context of DKD. Acute and chronic toxicity evaluation of ZIF-BBR-BPNs in db/m mice: (b) Acute serum biochemistry (24 h): ALT, AST, BUN, and serum creatinine.
(c) Chronic endpoints (4 weeks): ALT, AST, BUN, creatinine, and inflammatory cytokines, including IL-1β, IL-6, and TNF-α. (d) Representative H&E staining of major
organs (heart, liver, spleen, lung, kidney, and pancreas) after acute dosing (scale bars: 100 μm). (e) Representative H&E staining of major organs after chronic dosing (scale
bars: 100 μm). Data are presented as mean ± SD (n = 6). ns., no significant difference compared with the control group (P > 0.05).
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encapsulating BBR in a zeolitic imidazolate framework and coating
it  with  EGCG,  this  nanoparticle  system  significantly  enhances  the
stability, bioavailability, and renal accumulation of BBR. The multi-
targeted  effects  of  BBR,  including  antioxidant,  anti-inflammatory,
and  anti-apoptotic  actions,  are  amplified  by  ZIF-BBR-BPNs,
resulting  in  substantial  improvements  in  renal  function  and
reductions in inflammation, fibrosis, and glomerular injury in DKD
mouse models. Furthermore, ZIF-BBR-BPNs demonstrate superior
efficacy compared with free BBR and metformin, providing a more
effective  and  holistic  approach  to  DKD  management.  Together,
these  results  support  ZIF-BBR-BPNs  as  a  promising  oral
nanoplatform  for  DKD  therapy,  with  potential  translational  value
for improving the delivery and therapeutic performance of natural
compounds in chronic kidney disease. Further studies on long-term
safety, formulation scalability, and in vivo fate will help advance its
future clinical translation.

 Electronic  Supplementary  Material: Supplementary  material
(detailed  SEM/TEM  micrographs,  standard  calibration  curves,
FTIR and XPS spectra, as well as quantitative data for apoptosis and
Western  blot  analysis)  is  available  in  the  online  version  of  this
article at https://doi.org/10.26599/NR.2026.94908761.
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