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Abstract   Multiresponsive hydrogels, capable of responding to more than one external stimulus, have demonstrated great utility in biomedical
applications.  This  study  presents  a  facile  method  for  preparing  an  injectable,  dual  redox/pH-responsive  hydrogel  system  based  on  poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) for the controlled delivery of pharmacologically active bevacizumab (BEV). The
hydrogel system was fabricated via a one-step physical crosslinking process by mixing PEDOT:PSS with BEV, leveraging electrostatic interactions,
hydrogen bonding, and ionic crosslinking. The resulting PEDOT@BEV system exhibited a homogeneously porous structure, robust mechanical
stability, and good biocompatibility. Under acidic (pH=5) or alkaline (pH=10) conditions, especially when coupled with elevated reactive oxygen
species (ROS) levels, the as-prepared PEDOT@BEV achieved rapid BEV release. This may be attributed to PEDOT oxidation and charge repulsion. In
contrast, BEV release remained stable under physiological conditions (pH=7.4, 0 mmol/L H2O2). In vitro results supported that the resulting PE-
DOT@BEV demonstrated potent anti-angiogenic efficacy, significantly inhibiting cellular migration and tube formation of human retinal vascular
endothelial cells (HRVECs). The vascular endothelial growth factor expression was further reduced. In a mouse model of corneal neovasculariza-
tion, the PEDOT@BEV system enabled the continuous controlled release of BEV for over 14 days. It exhibited superior anti-angiogenic efficacy
compared to free BEV treatment,  more effectively reducing neovascularization and corneal  inflammation.  The designed platform in this  work
demonstrated versatility by successfully incorporating other therapeutic antibodies (e.g., rituximab, trastuzumab), highlighting its potential for
tailored drug delivery in oncology and neovascular  diseases.  The outcome of  this  study offers  a promising strategy for  spatiotemporally  con-
trolled drug release in response to specific microenvironmental cues.
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INTRODUCTION

Hydrogels  are  water-swollen  polymer  networks  with  tunable
physicochemical  properties  that  are  extensively  applied  in
biomedical  fields  ranging  from  tissue  regeneration  to  disease
therapy.[1] They  enable  controllable  drug  release,  and  possess
tunable physical properties, which allow them to protect drugs
from degradation and respond to external stimuli.[2]

Stimuli-responsive hydrogels are a specialized subclass ca-
pable  of  undergoing  structural  and  mechanical  transforma-
tions  in  response to  environmental  cues.  This  kind of  hydro-
gel  holds  immense  promise  across  diverse  pharmaceutical
and  biomedical  applications.[3,4] Their  unique  ability  to  dy-

namically adapt to triggers such as pH,[5] temperature,[6] ionic
strength,[7] reduction  potential,[8] or  their  combinations,[9]

makes them suitable for controlling drug delivery systems by
optimizing  drug  loading  and  release,  prolonging  circulation
time, and enabling accurate targeting.

Single-stimuli responsive hydrogels can be limited in thera-
peutic  efficacy  since  the  disease  microenvironment  is  often
defined  by  a  combination  of  multiple  factors.[10] The  tumor
microenvironment,  for  example,  is  characterized by  an aber-
rantly low pH arising from an increased metabolic rate and el-
evated levels of reactive oxygen species (ROS).  This is due to
the  high  concentrations  of  reducing  agents,  which  create  a
distinct  biochemical  "fingerprint"  that  can  be  exploited  for
targeted  therapy.[11] Dual  stimuli-responsive  nanocarriers
such  as  those  responsive  to  both  pH  and  redox
conditions,[12,13] have  been  developed  to  overcome  prema-
ture  drug  release  at  diseased  sites  and  achieve  more  intelli-
gent delivery.[14] A common design strategy involves incorpo-
rating  pH-labile  chemical  bonds  (e.g.,  imine,  ester,  or  amide
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bond[5])  and  ROS-responsive  functional  groups  (e.g.,  phenyl-
borate, thioketal, thioether, or ferrocene[15]) into the polymer
structure  or  into  polymer/drug  conjugates.  However,  many
synthetic  methods  rely  on  complex  multi-step  polymeriza-
tion  processes  or  chemical  conjugation  approaches  that  can
compromise pharmaceutical performance.

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS)  is  a  commercial  conducting  polymer  (CP)  sup-
plied  as  an  aqueous  dispersion  of  colloidal  gel  particles.  It
forms  a  poly-ion  complex via electrostatic  interactions  be-
tween  PEDOT+ cations  and  PSS– anions,  where  PEDOT
molecules aggregate on the PSS chains.[16] Changes in pH can
shift  bipolarons  on  the  PEDOT  chain  to  polarons  by  altering
the  local  environment  of  the PEDOT  cations.[17,18] Further-
more, the redox properties of CPs contribute to their sensitivi-
ty  towards  ROS,  which  is  beneficial  for  drug  delivery
carriers.[19−21] PEDOT  has  been  used  merely  as  an  additive
blended into  other  hydrogel  systems as  reported elsewhere.
This  approach  can  lead  to  heterogeneous  distribution  and
may limit  the responsive performance within the drug deliv-
ery system.

In this study, we present a novel single-injection PEDOT hy-
drogel platform, specifically designed as a carrier for the con-
trolled  delivery  of  bevacizumab  (BEV).  The  hydrogel  was
facilely  synthesized  through  the  physical  crosslinking  of
PEDOT with drugs, while engineered to exhibit simultaneous
pH- and ROS-responsive drug release. Both the in vitro and in
vivo profiles of sustained BEV release from the hydrogel were
investigated.  Additionally,  the  platform  can  incorporate
other  therapeutic  antibodies  such  as  trastuzumab  (TRZ)  and
rituximab  (RTX),  highlighting  its  potential  for  tailored  drug
delivery  in  the  treatment  of  oncology  and  neovascular  dis-
eases.

EXPERIMENTAL

Materials
PEDOT:PSS  was  obtained  from  Agfa-Gevaert  N.V.  (Shanghai,
China).  BEV  was  purchased  from  Rochester  Diagnostics  GmbH
(Sandhofer, Germany). TRZ was sourced from Shanghai Henlius
Biopharmaceutical  Co.,  LTD.,  (Shanghai,  China).  RTX  was  ac-
quired from CHIA TAI Tianqing Pharmaceutical Group Co.,  Ltd.,
(Jiangsu,  China).  Bovine  serum  albumin  (BSA)  was  obtained
from Solarbio (Beijing, China).

Synthesis of PEDOT@BEV Hydrogel
The precursor was prepared by mixing a 0.02 g/mL PEDOT solu-
tion with BEV at a volume ratio of 1:1. The mixture was vortexed
and left  overnight.  It  was  then injected into  saline  to  form the
PEDOT@BEV  hydrogel.  The  PEDOT@TRZ  and  PEDOT@RTX  hy-
drogels  were  prepared  using  a  similar  procedure  but  with  a
PEDOT to drug volume ratio of 5:1.

Characterization of Hydrogels

Fourier transform infrared (FTIR)
PEDOT, BEV, and PEDOT@BEV hydrogels were characterized by
FTIR using a Nicolet iN10 FTIR spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, USA).

Scanning electron microscopy (SEM)
Hydrogel  samples  were  freeze-dried  using  a  Freeze  dryer  (AL-

PHA  2-4  LDPLUS,  CHRIST)  and  sputter-coated  with  gold.  Their
morphologies were observed using SEM (Thermo fisher scientif-
ic, Waltham, MA, USA) at an accelerating voltage of 15 kV.

Rheological measurement
Hydrogel samples for rheological testing were prepared follow-
ing  the  same  procedure  described  above.  The  precursor  solu-
tion  was  vortexed  and  then  allowed  to  stand  for  1,  6,  or  12  h.
Rheological  measurements  were carried out  at  room tempera-
ture using a  TAAR2000 rheometer  equipped with a  40 mm di-
ameter parallel plate. The storage modulus (G') and loss modu-
lus  (G")  were  measured  as  a  function  of  angular  frequency
(0.1–100 rad/s) under a 1% strain.

Cytotoxicity Assay
The cytotoxicity  of  the hydrogels  was assessed by co-culturing
with  adult  retinal  pigment  epithelial  cells  (ARPE-19  cell  line,
Wuhan Pricella Biotechnology Co., Ltd.). Cell viability was evalu-
ated on day 1, 2, and 3 using a Cell Counting Kit-8 (CCK-8, Dojin-
do, Japan).

Optical  density  (OD)  was  measured at  450 nm using a  Mi-
croplate  Reader  (Molecular  Devices,  China),  and  cell  viability
was calculated as follows:

Cell viability (%) = OD450hydrogel

OD450control
× 100% (1)

where  OD450hydrogel is  the  absorbance  value  of  the  hydrogel
group at 450 nm，while OD450control is that of the control group.

In  addition,  cell  viability  was  determined  using  Calcein
AM/PI fluorescence staining, with live cells emitting green flu-
orescence  and  dead  cells  emitting  red  fluorescence.  To  ob-
serve the cytoskeletal structure, cells co-cultured with hydro-
gels for 3 days were stained with rhodamine phalloidin (for F-
actin)  and  DAPI  (for  nuclei)  according  to  a  previous
method.[22] Images  were  captured using an  inverted fluores-
cence microscope (Leica M205FA, Germany). The F-actin con-
tent was quantified by measuring the mean fluorescence in-
tensity for each group, with values normalized to the control
group.

Scratch Wound Healing Assay
A  scratch  wound  healing  assay  was  performed  using  human
retinal vascular endothelial cells (HRVECs, Shanghai Institutes for
Biological Sciences). HRVECs were seeded in 24-well plates at a
density of 3×104 cells per well and cultured to 100% confluence.
Linear scratches were created using a sterile 200 μL pipette tip
to generate cell-free gaps. Then, 1 mL serum-free medium con-
taining  one  of  the  following  was  added:  2.5  μL  of  0.02  g/mL
PEDOT solution, 2.5 μL BEV, or 5 μL PEDOT@BEV hydrogel. 1 mL
serum-free  medium  alone  was  used  as  the  control  group.
Wound healing rates were determined at 24 h using an invert-
ed  microscope  (BX53,  Olympus).  The  images  were  analyzed
using  ImageJ  software.  The  cell  migration  rate  was  calculated
using the following formula:

Cell migration rate (%) = AIn-0h − AW-24h

AIn-0h
× 100% (2)

where AIn-0h is  the initial  wound area at  0  h (μm2), Aw-24h is  the
wound area at 24 h (μm2).

HRVECs Tube Formation Assay
HRVECs were seeded at a density of 4×104 cells per well onto a
layer of 300 μL of matrigel (8.6 mg/mL). After 5 or 10 h of incu-
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bation  with  treatments  from  the  control,  PEDOT,  BEV,  and
PEDOT@BEV  groups,  the  degree  of  tube  formation  was  as-
sessed using an inverted microscope (CKX53, OLYMPUS).

In vitro Drug Release
60 μL  of  PEDOT@BEV precursor  was  injected into  5  mL of  PBS
solution  at  different  pH  values  (ranging  from  5  to  10)  contain-
ing  varying  concentrations  of  H2O2 (0,  5,  and  10  mmol/L).  The
concentration  of  released  BEV  was  measured  using  a  Bicin-
choninic  Acid  kit  (BCA-kit,  Dalian  Meilun  Biotechnology  Co.,
Ltd.), and the cumulative drug release percentage was calculat-
ed.

Western-blot Assay
ARPE-19 were seeded at a density of 1.5×105 cells per well and
treated with or without 20 mmol/L H2O2 for 24 h. Subsequently,
cells were treated with PEDOT@BEV or BEV for another 24 h. To-
tal  protein  was  extracted  using  RIPA  lysate  buffer  and  quanti-
fied. Proteins were separated by 10% SDS-PAGE and transferred
onto a  PVDF membrane (Millipore,  MA,  USA).  VEGF expression
was  detected  using  an  enhanced  chemiluminescent  system
(Thermo Fisher Scientific,  USA).  The western blot grayscale val-
ues were analyzed using Image J software (Alpha Innotech, San
Leandro, USA) for signal intensity.

Animal Study

Establishment of a corneal neovascularization (CNV) model
Male  BALB/c  mice  (2  months  old,  20  to  25  g)  were  purchased
from Vital River (Beijing, China). All animal experiments were in
compliance  with  the  principles  of  the  Declaration  of  Helsinki,
and were approved by Wenzhou Medical University Animal Ex-
perimentation  Ethics  Committee  (Approval  Number:
wydw2025-0593).

A CNV model was induced by alkali burn, applying 1 mol/L
sodium hydroxide to the cornea for  10 s.[23] Alkali-burn mice
were  randomly  divided  into  4  groups  (n=6  per  group).  Sub-
conjunctival  drug  injections  were  administered  on  day  1  as
follows: CNV group (5 μL of saline), PEDOT group (5 μL of 1%
PEDOT hydrogel), BEV group (5 μL of 5 mg/mL BEV solution),
and  PEDOT@BEV  group  (5  μL  of  PEDOT@BEV  hydrogel  con-
taining 2.5 μL of 2% PEDOT and 2.5 μL of 10 mg/mL BEV solu-
tion).  Adequate  general  and  local  anesthesia  was  adminis-
tered before and during all procedures.

Clinical corneal scores
Corneal  imaging  was  performed  using  a  slit-lamp  microscope
(Carl Zeiss, Jena, Germany) on day 1, 3, 7, and 14 post-treatment.
Corneal edema was scored: 0 (absent), 1 (present with visible iris
details),  2  (present  without  visible  iris  details),  and  3  (present
without visible pupil). Neovascularization was graded: 0 (none),
1 (vessels in peripheral cornea covering <1/3), 2 (covering <2/3),
and 3 (covering >2/3)[24]. Epithelial defects were assessed by flu-
orescein  staining.  A  1  μL  of  0.1%  sodium  fluorescein  solution
(Tianjin  Jingming  New  Technological  Development  Co.,  Ltd.,
Tianjin, China) was applied to each mouse eye. The cornea was
examined under cobalt blue light. Images were captured using
a  slit-lamp  microscope.  Epithelial  defects  were  scored:  0  (no
staining),  0.5  (slight  punctate  staining),  1.0  (diffuse  punctate
staining), 2.0 (staining covering <1/3), 3.0 (staining covering 1/3
to 2/3), and 4 (staining covering >2/3). The total clinical corneal
score  was  the  sum  of  the  edema,  CNV,  and  epithelial  defect
scores.

Measurement of corneal thickness
Optical  coherence tomography (OCT)  was  performed on anes-
thetized  mice  on  day  3,  7,  and  14  post-treatment  using  a  CIR-
RUS HD-OCT 5000 device (Carl  Zeiss Meditec,  Dublin,  CA,  USA)
to  assess  corneal  structure  and  thickness.  Corneal  thickness
measurements  from  OCT  images  were  analyzed  using  ImageJ
software.

Statistical Analysis
Statistical  analysis  was performed using GraphPad Prism 5 and
SPSS 26.0 software. All experiments were analyzed for at least 4
times,  and data  were presented as  mean ± standard deviation
(SD). Differences between the two groups were evaluated using
the  Student’s t-test.  Differences  among  three  or  more  groups
were  assessed  by  One-way  analysis  of  variance  (ANOVA).  A
p<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Synthesis and Characterization of PEDOT@BET
Hydrogels
The injectable PEDOT hydrogel was formed in a simple process
(Fig.  1a),  a  PEDOT  precursor  solution,  prepared  by  mixing
PEDOT:PSS with BEV, was injected into saline to form the hydro-
gel. The hydrogel network was established via non-covalent in-
teractions, including hydrogen bonding and electrostatic forces.
Within  the  PEDOT:PSS  system,  the  sulfonic  acid  groups  on  the
PSS  chains  act  as  hydrogen  bond  acceptors  for  amino  groups
on  BEV,  forming  intermolecular  hydrogen  bonds.[25] Further-
more, bivalent ions in the saline solution, such as Ca2+, act as ad-
ditional  ionic  crosslinkers  by  interacting  electrostatically  with
the PSS– chains.[26]

Additionally, as the isoelectric point of BEV is 7.82−8.70, the
protein carriers a net positive charge in physiological environ-
ments  (pH<7.82).[27] These  positive  charged  regions  interact
electrostatically  with  the  negatively  charged  PSS  chains,  fur-
ther stabilizing the network through ionic crosslinking.

The  drug  release  mechanism  from  CPs  is  primarily  driven
by changes in the redox state.[28] Under conditions of low pH
and elevated levels of ROS, PEDOT undergoes oxidation. Dur-
ing  this  process,  electrons  are  removed  from  the  PEDOT
chains,  generating polarons (Fig.  1b).  Simultaneously,  the in-
corporation of  anions  causes  the hydrogel  to  swell.  This  vol-
ume  expansion  weakens  the  physical  interactions  between
the hydrogel matrix and the encapsulated drugs,  thereby fa-
cilitating their release (Fig. 1c).[29]

When the pH increased above 8.7, BEV exists in its anionic
form.  The  interaction  between  BEV  and  PSS  shifts  to  repul-
sion,  which  promotes  drug  release.  During  this  process,  ion
migration within  the  PEDOT hydrogel  is  predominantly  gov-
erned by anions.

During the fabrication process, the concentration of BEV in
the precursor played a crucial role. When it reached 50%, Dot-
shaped  PEDOT@BEV  hydrogels  with  clear  outlines  were
formed  when  the  BEV  concentration  reached  50%  (Fig.  2a).
This  concentration was therefore selected for  all  subsequent
work,  unless  otherwise  specified.  The  formed  hydrogel  dis-
played a homogeneous and interconnected porous structure
(Fig. 2b). The formation of the PEDOT@BEV hydrogel was fur-
ther confirmed by FTIR analysis (Fig. 2c). The spectrum shows
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Fig.  1    Principle  of  PEDOT  hydrogel  synthesis  and  drug  release  mechanisms.  (a)  Formation  procedures  of  the  injectable  hydrogel;
(b) Redox process of PEDOT; (c) Drug release mechanism of the PEDOT hydrogels under acidic and alkaline conditions.
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a strong band at 1640 cm−1, attributable to the Amide I vibra-
tions  of  BEV.[30,31] Characteristic  bands  of  PEDOT  can  be  ob-
served  at  1530  and  1280  cm−1,  corresponding  to  C＝C  and
C―C  stretching  of  the  thiophene  ring,  respectively.[32] Ab-
sorptions  at  946,  862,  and  676  cm−1 were  assigned  to  C―S
bond  stretching  in  the  thiophene  rings.[33] A  band  at  1010
cm−1 corresponded to the ―SO3 group from PSS.[33] These re-
sults  confirmed  the  successful  formation  of  the  PEDOT@BEV
hydrogel. After a 6-h premixing period, the hydrogel exhibits
a  high  plateau  storage  modulus G'  between  1.8  and  4.9  kPa
(Fig. 2d), which exceeded the loss modulus G″ (approximate-
ly 600 kPa) across the entire frequency range tested. Rheolog-
ical  characterization  demonstrated  the  gel-like  behavior  of
the  PEDOT@BEV  hydrogel.  These  results  support  the  excel-
lent mechanical integrity of the PEDOT@BEV hydrogel, a fun-
damental property that supports its potential application as a
drug delivery system.

Cytocompatibility Evaluation of Hydrogel
We then evaluated the cytocompatibility of the PEDOT@BEV hy-
drogel  using  a  CCK-8  assay.  All  tested  proportions  of
PEDOT@BEV exhibited good cytocompatibility, with cell viabili-
ty  remaining  above  90%  cell  (Fig.  3a).  In  addition,  cell  viability
across  the four  groups (control,  PEDOT,  BEV,  and PEDOT@BEV)
remained above 90% throughout the entire experimental peri-
od  (Fig.  3b).  Live/dead  staining  showed  a  predominance  of  vi-
able cells  (green) with similar healthy proliferative morphology
in all  groups on day 1,  2,  and 3 (Fig.  3c).  Cytoskeleton staining
results  revealed that  ARPE-19 cells  adhered and spread well  in
the presence of the hydrogel, exhibiting a spindle-like morphol-
ogy  comparable  to  the  positive  control  group  (Fig.  3d).  The  F-
actin  content  in  each  group  was  similar  to  that  of  the  control
(Fig.  3e).  These  results  indicate  that  the  prepared  PEDOT@BEV

hydrogel  possesses  good  biocompatibility  as  a  drug  delivery
system.

Drug Release from PEDOT@BEV Hydrogels
The release of BEV from PEDOT@BEV hydrogels was investigat-
ed across  a  wide pH range and under  various  oxidative condi-
tions  (Fig.  4a).  Under  physiological  conditions  (pH=7.4  and  0
mmol/L  H2O2),  the  hydrogel  exhibited  minimal  drug  release
(Fig. 4b), demonstrating its stability in a normal environment. In
contrast, increasing H2O2 concentrations triggered drug release,
with  cumulative  release  reaching  8.34%  at  5  mmol/L  and
11.55% at 10 mmol/L by day 14, compared with only 7.68% at 0
mmol/L (Table 1 and Fig. 4c).

The hydrogels also exhibit enhanced release in acidic or al-
kaline environments. Under mildly acidic condition (pH=6.5, 0
mmol/L H2O2, Fig. 4d), the release ratio is low at around 6.07%
within the first  4 h and increases moderately to 13.21% over
14  days.  When  oxidative  stress  was  introduced,  release  was
further  promoted,  reaching  14.31%  (5  mmol/L)  and  19.11%
(10  mmol/L).  Under  more  severe  acidity  (pH=5.0, Fig.  4e),
drug  release  was  accelerated,  reaching  13.84%  (0  mmol/L),
17.50% (5 mmol/L), and 19.36% (10 mmol/L), primarily due to
oxidation-induced structural changes in PEDOT. Under the al-
kaline condition (pH=10.0, Fig. 4f), BEV behaves as an anionic
drug. Its release significantly enhances by electrostatic repul-
sion,  reaching  28.40%  (0  mmol/L),  29.83%  (5  mmol/L),  and
45.48% (10 mmol/L).

Overall,  PEDOT@BEV  hydrogels  exhibit  strong  responsive-
ness  to  both  pH  (5.0–10.0)  and  oxidative  stress.  Owing  to
their  multi-crosslinked  structure  and  tunable  release  mecha-
nism,  drug  release  could  be  finely  controlled  under  diverse
conditions.  These  features  highlight  the  potential  of
PEDOT@BEV hydrogels as versatile drug carriers for the treat-
ment of tumors and neovascular diseases.
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In vitro Angiogenic Study of PEDOT@BEV Hydrogels
Since BEV is a potent anti-angiogenic drug, the effects of the re-

leased  BEV  from  PEDOT@BEV  hydrogel  on  the  migration  and

tube formation of HRVECs were investigated. As shown in Figs.

5(a) and 5(b), both free BEV and PEDOT@BEV treatments signifi-

cantly  inhibit  HRVEC migration compares  with the control  and

the  pristine  PEDOT  hydrogel  groups.  HRVECs  are  able  to  form

capillary-like structures in Matrigel,  serving as an in vitro model

of angiogenesis. Figs. 5(c) and 5(d) show that abundant tubular

networks  formed  in  the  untreated  control  group.  In  contrast,

tube  formation  was  significantly  inhibited  following  treatment

with either BEV or PEDOT@BEV. After 5 h, tube formation in the

BEV and PEDOT@BEV groups was reduced to 68% and 42% of

the  control,  respectively.  The  inhibitory  effect  of  PEDOT@BEV

became more pronounced after  10 h,  with tube formation de-

clining further to 26%. These findings suggest that BEV released

from  the  PEDOT@BEV  hydrogel  effectively  suppresses  key  an-

giogenic processes, including migration and tube formation, in
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HRVECs in vitro.
BEV,  a  vascular  endothelial  growth  factor  (VEGF)  inhibitor

used  to  treat  various  cancers  and  ocular  diseases,  functions
by specifically  binding to VEGF and blocking its  activity.[34,35]

A western blot assay was performed to confirm that the BEV
released  from  the  PEDOT@BEV  hydrogel  retains  its  pharma-
ceutical activity. As shown in Figs. 5(e) and 5(f), elevated VEGF
expression under high oxidative stress conditions (20 mmol/L
H2O2)  was confirmed using the western-blot assay. However,
treatment  with  the  PEDOT@BEV  hydrogel  significantly  re-
duced  VEGF  expression  by  54.5%.  (*p<0.05).  This  indicates
that  the  PEDOT@BEV  hydrogel  effectively  decreases  the  an-
giogenic capacity of ARPE-19 cells.

Inhibition of Neovascularization by PEDOT@BEV
Hydrogels
An  alkali-burn  CNV  model  was  established  to  evaluate  the
in  vivo efficacy  of  the  PEDOT@BEV  hydrogel.  As  shown  in Fig.
6(a),  one  day  after  alkali  injury,  all  groups  exhibit  initial  CNV
growth  accompanied  by  corneal  opacity  and  edema.  Subse-
quently,  CNV continued to progress  toward the central  cornea

in  the  CNV  and  PEDOT  groups.  By  contrast,  the  BEV  and  PE-
DOT@BEV groups show decreased vessel growth, indicating ef-
fective  suppression  of  neovascularization.  Notably,  beginning
on  day  7,  the  anti-angiogenic  effect  in  the  PEDOT@BEV  group
was significantly  stronger  than that  in  the BEV group (Fig.  6b).
Corneal opacity and edema, common inflammatory signs asso-
ciated with CNV progression,  can be observed throughout  the
experiment. Over the 14-day treatment period, the PEDOT@BEV
group  exhibits  milder  corneal  edema,  attributable  to  its  sus-
tained drug release effect. The other 3 groups show similar and
more severe edematous responses (Fig. 6c).

In  addition,  alkali  burn-induced  corneal  epithelial  defects
were  monitored.  While  healing  occurred  gradually  over  14
days  in  all  groups,  the  PEDOT@BEV  group  shows  a  notably
faster repair rate (Figs. 6d and 6e). Composite scores incorpo-
rating all three parameters mentioned are summarized in Fig.
6(f).  The  PEDOT@BEV  group  achieves  the  lowest  cumulative
score.  Collectively,  these  findings  demonstrate  that  the  PE-
DOT@BEV  hydrogel  functions  as  a  promising  drug  delivery
system  for  the  sustained  release  of  BEV  and  effectively  miti-
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Fig. 4    Drug release profile of PEDOT@BEV. (a) Schematic diagram of drug release; (b) Drug release profile of PEDOT@BEV at 0 mmol/L H2O2 over
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Table 1    Cumulative release of BEV from PEDOT@BEV hydrogel under various conditions after 14 days.
 

mH2O2
 (mmol/L)

Cumulative release (%)

pH=5 pH=6.5 pH=7.4 pH=10

0 13.84% 13.21% 7.68% 28.40%
5 17.50% 14.31% 8.34% 29.83%

10 19.36% 19.11% 11.55% 45.48%
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gates CNV progression.

OCT is a powerful imaging technique that enables clear vi-

sualization of  the anterior  segment of  the eye,  including the

cornea, anterior chamber, and iris.[36] Representative OCT im-

ages  are  presented  in Fig.  7(a),  with  quantitative  corneal

thickness measurements summarized in Fig.  7(b).  At  14 days

post-treatment,  the  anterior  segment  anatomy  in  the  PE-

DOT@BEV group closely resembled that of the control group.

In  contrast,  abnormal  iris  folds  can  be  observed  in  the  CNV,

PEDOT, and BEV groups. Consistent with these structural ob-
servations, corneas in the CNV, PEDOT, and BEV groups exhib-
ited  marked  thickening  attributable  to  inflammatory  edema.
By contrast, the increase in corneal thickness was significant-
ly milder in the PEDOT@BEV group.

Extended Applications of PEDOT Hydrogel as Drug
Delivery Platform
The developed PEDOT hydrogel platform showed potential as a
ROS/pH dual-responsive drug delivery system. Beyond BEV, oth-
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Fig.  5    Anti-angiogenic  effects  of  PEDOT@BEV  hydrogels.  (a)  Representative  images  of  HRVECs  wound  closure  in  the  four  groups
(Control, PEDOT, BEV, and PEDOT@BEV) from the cell scratch assay at 0 and 24 h; (b) Statistical analysis of the migration area (%) in the
scratch  assay  (n=6);  (c)  Tube  formation  of  HRVECs  in  the  different  groups  after  5  and  10  h;  (d)  Statistical  analysis  of  the  HRVECs  tube
formation  percentage  (n=6);  (e)  Protein  levels  of  VEGF  measured  by  Western-blot  analysis;  (f)  Quantification  of  VEGF  levels  by
densitometry, normalized to GAPDH (mean ± SD; n=3. *p<0.05, **p<0.01, ***p<0.001).
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er antibody drugs such as RTX and TRZ could also be crosslinked

with  PEDOT  to  form  the  hydrogel  (Fig.  8).  Both  drugs  success-

fully  formed  three-dimensionally  interconnected  hydrogels

when  mixed  with  PEDOT  in  a  designed  ratio,  highlighting  the

broad potential  of  this  approach for  controlled drug release in

areas such as oncology and immunotherapy.
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Fig. 6    Anti-angiogenic effects of PEDOT@BEV hydrogels in a CNV model. (a) Representative images of CNV on day 1, 3, 7, and 14 post-
treatment; Quantitative scores for (b) CNV area and (c) cornea edema; (d) Representative images of sodium fluorescein staining on day 1,
3, 7, and 14 post-treatment; (e) Scores of corneal epithelial defects; (f) Total composite scores of three indicators above (mean ± SD, n=6
per group, ns: not statistically significant, *p<0.05, **p<0.01, ***p<0.001).
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CONCLUSIONS

This  injectable  PEDOT:PSS-based  hydrogel  platform  integrates
dual  redox  and  pH  responsiveness,  enabling  precise  control
over drug release in complex biological  environments.  The hy-
drogel  was  synthesized  in  a  single  step  through  physical
crosslinking, which enhances scalability and eliminates the need
for complex polymerization. Under acidic or alkaline conditions
and  elevated  ROS  levels,  the  release  of  BEV  was  accelerated
compared  with  neutral  conditions,  accurately  reflecting  the
pathological  characteristics  of  tumor  microenvironments.  In  a
mouse  CNV  model,  the  PEDOT@BEV  hydrogel  showed  im-
proved  controlled  release  and  superior  anti-angiogenic  effects
compared  to  BEV  treatment  alone.  Moreover,  the  platform’s
adaptability  to  other  antibody  therapeutics  (e.g.,  rituximab)
highlights its broad potential in personalized medicine. Overall,
this work advances the development of smart hydrogels for tar-
geted  drug  delivery,  particularly  for  treating  cancers  and  neo-
vascular  disorders  characterized  by  microenvironmental  trig-
gers such as low pH and high ROS.
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