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ABSTRACT: Burn  wounds  present  significant  challenges  for
traditional  dressings  due  to  excessive  exudate  secretion  and
persistent inflammation. To address these, the study developed
a  multifunctional  high-exudate-absorption  patch  (SPC@C)
loaded with bioactive curcumin nanoparticles for enhanced burn
wound  healing.  A  biomimetic  three-dimensional  nanoflower
hybrid  was  synthesized  through  a  mild  one-pot  self-assembly
process.  It  was  loaded  into  an  acrylamide-sodium  alginate
hydrogel and dried, producing the SPC@C patch. The exudate
absorption capacity, drug release characteristics, as well as anti-
inflammatory  and  antioxidant  properties  of  the  patch  were
systematically  studied.  Additionally,  the  pro-healing
performance and potential  mechanisms  in  vivo were evaluated
using  a  rat  burn  model.  SPC@C  absorbs  wound  exudate
rapidly,  transforming its  initially  dense internal  network  to  a  macroporous  structure,  thereby  facilitating  the  release of  the
bioactive  curcumin.  In  vitro,  SPC@C  exhibited  a  significant  capacity  to  scavenge  reactive  oxygen  species  (ROS)  and
mitigate  the  loss  of  mitochondrial  membrane  potential.  Furthermore,  it  suppressed  the  expression  of  pivotal  pro-
inflammatory cytokines (tumor necrosis factor-α and interleukin-1β) and modulated macrophage M1-to-M2 polarization.  In
vivo,  SPC@C significantly improved epidermal regeneration, angiogenesis,  and collagen deposition in burn tissues. RNA
sequencing analysis showed that in burn tissues, SPC@C releases curcumin to modulate antioxidant and anti-inflammatory
immunomodulation  by  regulating  the  AMPK/Sirt3/NF-κB  signaling  axis.  This  work  provides  a  theoretical  foundation  for
developing materials aimed at managing burn wound exudate and modulating the immune responses.

KEYWORDS: exudate absorption, anti-inflammatory, reactive oxygen species (ROS) scavenging, burn healing 

 

 1    Introduction
Burns  can  result  from  cold,  heat,  friction,  radiation,  chemical,  or
electrical sources in anyone at any time or place [1]. Burn wounds

are  typically  characterized  by  copious  exudate.  It  leads  to
complications,  such  as  wound  deterioration,  infection,  persistent
inflammation,  and  even  delayed  healing  process  [2−4].  Excessive
and  prolonged  wound  exudate  has  been  shown  to  macerate  the
peri‑ wound  skin,  degrade  key  extracellular  matrix  components,
and  sustain  a  pro-inflammatory  environment  that  hinders
re‑epithelialization [5]. In clinical practice, an ideal wound dressing
should remove timely this excessive exudate effectively. To address
this,  various  hydrophilic  wound  dressings,  such  as  medical  gauze,
porous  sponges,  and  gelatin,  have  been  clinically  employed  for
exudate  absorption  [6−10].  However,  these  dressings  have  slow
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absorption  rates  and  struggle  to  effectively  remove  accumulated
fluid,  contributing  to  suboptimal  healing  outcomes  [11, 12].
Moreover,  traditional  dressings  often  exhibit  limited  fluid-holding
capacity and are prone to leakage or strike-through, which increases
the  risk  of  secondary  infection  and  necessitates  frequent  dressing
changes [13]. Furthermore, these dressings lack effective capabilities
to  modulate  the  inflammatory  response  or  promote  tissue
regeneration [14]. Recent advances in exudate-absorptive polymeric
patches  have  demonstrated  that  rational  design,  based  on
hydrophilic  polymer  networks,  microporous  architecture,  and
directional fluid transport, can significantly enhance absorption rate
and  retention  capacity  [15−17].  Therefore,  developing  novel
dressings  that  can  manage  excessive  wound  exudate  and  regulate
the  wound  immune  microenvironment  potently  is  of  paramount
importance.

A defining characteristic  of  the burn wound microenvironment
is its aberrant metabolic activity, marked by disruptions in reactive
oxygen  species  (ROS)  and  cytokines.  This  imbalance  leads  to  a
disruption  of  redox  homeostasis  and  creates  an  inflammatory
milieu dominated by excessive ROS [18−20].  Sustained high levels
of  ROS  inhibit  the  functional  shift  of  macrophages  from  the
pro-inflammatory  M1  to  the  anti-inflammatory  M2  phenotype.
They  also  promote  the  aberrant  secretion  of  pro-inflammatory
cytokines,  exacerbating  the  inflammatory  cascade  [21−23].
Furthermore,  prolonged  exposure  to  a  ROS-enriched  milieu  can
impair  cellular  redox  balance  and  mitochondrial  functional
integrity.  This  consequently  hinders  critical  repair  processes
including  granulation  tissue  formation,  re-epithelialization,  and
collagen synthesis [24, 25]. Therefore, it is imperative to develop an
integrated intervention system incorporating both ROS-scavenging
and  anti-inflammatory  functionalities  to  reconstruct  a  pro-
regenerative microenvironment and accelerate wound healing.

Curcumin  (Cur),  a  natural  extract  from  turmeric,  functions  as
both  an  antioxidant  and  anti-inflammatory  agent,  making  it  a
promising  candidate  for  wound treatment  [26].  Specifically,  it  can
enhance  antioxidant  capacity  by  activating  the  nuclear  factor
erythroid  2-related factor  2  (Nrf2)  pathway to  scavenge  ROS [27],
and  effectively  promote  the  healing  process  by  suppressing  the
production  of  key  inflammatory  factors,  including  tumor  necrosis
factor-α (TNF-α)  and  interleukin-6  (IL-6)  [28].  Therefore,  drug
delivery  systems  incorporating  curcumin  have  been  demonstrated
to effectively mitigate excessive inflammation and oxidative stress in
wounds  [29−31].  However,  the  inherent  drawbacks  of  curcumin,
including poor water  solubility,  low chemical  stability,  and a  short
half-life, limit its bioavailability and ultimate therapeutic efficacy. To
address  this  challenge,  this  study  designed  a  novel  nanoflower
structure  based  on  nanodrug  delivery  theory,  aiming  to  improve
the delivery efficiency and therapeutic efficacy of curcumin.

In  this  study,  Cur  nanoparticle-loaded  nanoflowers  were
constructed  via  a  one-step  self-assembly  approach.  These
nanoflowers  were  functionally  integrated  with  a  high-exudate-
absorption patch (SPC@C) to synergistically promote burn wound
repair  (Scheme  1).  SPC@C  absorbed  wound  exudate  quickly,
triggering  a  structural  transformation  from  an  initially  dense
network  to  a  large-pore  topological  architecture,  thereby  releasing
bioactive  Cur. In  vitro experiments  confirmed  that  this  system
efficiently  scavenged  excess  ROS,  maintained  mitochondrial
membrane  potential  stability,  significantly  downregulated
expression  of  pro-inflammatory  cytokines,  and  promoted
macrophage  phenotypic  transition  from  M1  to  M2.  In  a  burn-
induced  animal  model,  SPC@C  markedly  enhanced  epidermal

regeneration,  neovascularization  density,  and  ordered  collagen
deposition. RNA-seq analysis revealed that its antioxidant and anti-
inflammatory  immune  regulatory  mechanism  involved  the
AMPK/Sirt3/NF-κB  signaling  axis.  This  work  provides  a  material
basis for developing intelligent dressings with dual functionalities of
exudate management and immunomodulation.

 2    Experimental

 2.1    Synthesis  of  bovine  serum  albumin  (BSA)-Cu@Cur
(BC) nanoflowers
To  synthesize  BC  hybrid  nanoflowers,  200  μL  of  120  mM  CuSO4

and 3 mg of Cur were added to 30 mL BSA, and the mixture was
gently  shaken  at  25  °C  for  15  h.  Centrifugation  at  10,000g for
10 min was then applied to collect the precipitates, yielding the final
product  for  storage  at −20  °C.  Drug  loading  capacity  and
encapsulation  efficiency  of  BC  nanoflowers  were  determined  by
ultraviolet–visible  (UV–vis)  spectroscopy.  The  morphology  of  the
BC nanoflowers composite was characterized by scanning electron
microscopy  (SEM)  (S-4800,  Hitachi,  Japan),  while  its  elementals
were  determined using energy dispersive  spectroscopy (EDS).  The
chemical states of the constituent elements were further analyzed by
X-ray  photoelectron  spectroscopy  (XPS)  (K-Alpha,  Thermo
Scientific,  USA).  The  hydrodynamic  size  distribution  of  BC
nanoflowers  was  measured  using  a  Malvern  Mastersizer  3000+
Ultra (Malvern Mastersizer, UK). The encapsulation efficiency and
loading  content  of  Cur  in  the  BC  nanoflowers  were  quantified
using a UV–visible spectrophotometer (P7, MAPADA, China).

 2.2    Preparation of SPC@C patches
Two types of 2.2% sodium alginate with an M/G ratio of 1:2 (MW =
100  kDa)  and  another  with MW =  20–50  kDa  (viscosity  15–
60  mPa·s)  were  mixed  at  a  1:1  ratio.  This  mixture  was  combined
with an equal volume of 13.5 wt.% acrylamide solution. 4 mL of the
resulting  mixture  was  combined  sequentially  with  30  μL  of  N,N'-
methylenebisacrylamide  (MBAA),  3.2  μL  of  N,N,N',N'-tetrame-
thylethylenediamine  (TEMED),  90.4  μL  of  ammonium  persulfate
(APS), 76.4 μL of CaSO4, and 4 mg of BC nanoflowers. The solution
was injected into a six-well plate mold and crosslinked for 24 h. The
resulting  hydrogel  was  air-dried  to  form  patches  (designated
SPC@C).  Prior  to  use,  a  mixture  of  2%  chitosan,  1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccini-
mide (NHS) was rapidly prepared and coated onto SPC@C patches
(25  μL/cm2).  The  functionalized  patch  was  then  applied  under
gentle  compression to  tissue  surfaces.  The  internal  morphology  of
patches  was  analyzed  by  SEM.  The  surface  chemical  bonds  of
patches  were  analyzed  by  Fourier  transform infrared  spectroscopy
(FTIR,  Spectrum3,  Perkinelmer,  USA)  with  a  scanning  range  of
400–4000 cm−1.

 2.3    Scavenging effect of SPC@C on intracellular ROS
RAW264.7  cells  were  seeded  in  confocal  dishes  (NEST
Biotechnology, cat. no. 801002) at a density of 3 × 105 cells/mL and
cultured for 24 h. The culture medium was replaced with complete
Dulbecco's  modified  Eagle  medium  (DMEM)  containing
lipopolysaccharide  (LPS,  100  ng/mL,  Servicebio,  China)  and
SPC@C  (diameter:  5  mm,  thickness:  2  mm),  with  the  materials
placed above the cells (without direct contact). The cells were then
incubated  for  an  additional  24  h.  After  that,  the  following
fluorescent staining was performed.
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ROS  detection  (DCFH-DA  method):  2',7'-dichlorodihydrofluo-
rescein  diacetate  (DCFH-DA)  (Elabscience)  was  diluted  with
phosphate-buffered saline (PBS) to a final concentration of 10 μM.
1 mL of the diluted solution was added to each dish,  and the cells
were  incubated  at  37  °C  for  30  min  in  the  dark.  After  thorough
washing, the cells were observed under a laser confocal microscope
(Olympus, FV1000, Japan).

Mitochondrial  membrane  potential  assay  (JC-1  method):
According to the manufacturer's instructions, 1 mL of JC-1 staining
working  solution  (Beyotime)  was  added  to  each  dish  and  mixed
gently. The cells were incubated in a cell culture incubator at 37 °C
for 20 min. The working solution was then aspirated, and the cells
were  washed  twice  with  JC-1  staining  buffer.  An  appropriate
amount  of  buffer  was  added  to  cover  the  cells,  and  images  were
captured using a laser confocal microscope.

To  simulate  an  oxidative  stress  model,  L929  cells  (1  ×
105 cells/mL)  were  exposed  to  100  μM  H2O2 in  the  presence  of
SPC@C (diameter: 5 mm, thickness: 2 mm) for 24 h. ROS detection
and  mitochondrial  membrane  potential  analysis  were  performed
identically  to  RAW264.7  experiments.  To  detect  mitochondrial
superoxide generation, we used the MitoSOXTM red probe (MX4313-
50UG,  Maokang).  The  final  concentration  of  the  probe  working
solution  was  500  nM.  Following  the  manufacturer's  instructions,
the probe was added to the cells. The cells were incubated at 37 °C

for 30 min in the dark. Then, the cells were washed three times with
PBS to remove unreacted probe. Finally, fluorescence was observed
under  a  laser  confocal  microscope  and  quantified  using  Image  J
software.

 2.4    Macrophage M1/M2 phenotype polarization assay
RAW264.7 cells were seeded into confocal dishes at a density of 1 ×
106 cells/well  in  2  mL  of  complete  DMEM  and  cultured  for  24  h.
Curcumin  (dissolved  in  dimethyl  sulfoxide  (DMSO),  10  μM)  was
used  as  the  positive  control.  Then,  the  cells  were  stimulated  with
LPS (100 ng/mL) and co-cultured with SPC@C patches (diameter:
5 mm, thickness: 2 mm) for 24 h. After stimulation, the cells were
fixed with 4% paraformaldehyde for 15 min at  room temperature,
and  blocked  with  5%  BSA  for  30  min.  The  cells  were  then
incubated with primary antibodies anti-CD206 (1:600, Proteintech)
and anti-CD86 (1:400, Proteintech) for 1 h. After that, the cells were
washed  three  times  with  PBS.  Finally,  fluorescence  was  recorded
using  a  laser  confocal  microscope  and  quantified  with  ImageJ
software.

 2.5    Animal experiments
All  experimental  procedures  involving  animals  were  reviewed and
approved  by  the  Laboratory  Animal  Ethics  Committee  of  the  Air

 

Scheme 1    Schematic  illustration  of  SPC@C  patch  fabrication  and  its  therapeutic  mechanism  for  accelerated  burn  healing.  (1)  Synthetic  route  of  SPC@C  patch:  BC
nanoflower formation, free radical polymerization of acrylamide/sodium alginate network, and calcium ion cross-linking. (2) Multimodal therapeutic mechanism: ROS
scavenging via curcumin release, macrophage polarization toward M2 phenotype, and promotion of angiogenesis and collagen deposition.
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Force  Military  Medical  University  (Approval  No:  2024kq-054).
Male  Sprague-Dawley  rats  (6-week-old,  150–200  g)  were  used  for
all in vivo experiments. Anesthesia during the study included 2.5%
isoflurane  administered  via  a  nose  cone,  and  euthanasia  was
performed  in  a  carbon  dioxide  anesthesia  resting  chamber  (YLS-
Q14,  Jinanyiyan,  China).  Postoperative  analgesia  (ibuprofen,
Fenbid,  Tianjin,  China)  was  administered  to  the  rats  in  drinking
water (200 μg/mL) from 1 h before surgery to 7 days after surgery.

 2.6    Establishment of deep burn wound model
Rats were anesthetized via inhalation of 2.5% isoflurane and placed
in  the  prone  position.  The  dorsal  hair  was  removed  using  an
electric clipper followed by depilatory cream, and the exposed skin
was  disinfected  with  povidone-iodine.  A  wax  carving  pencil
(J0806/SJK lab)  equipped with a  flat  circular  copper  tip  (diameter:
10  mm)  was  employed  to  create  the  burn  wounds.  To  ensure
consistent  wound depth,  the  probe  was  brought  into  contact  with
the  skin  without  additional  manual  pressure  and  maintained  at  a
constant  temperature  of  200  °C  for  10  s.  The  animals  were  then
randomly  assigned  to  four  groups  (n =  6  per  time  point):  control
group,  receiving  0.2  mL  of  sterile  normal  saline  topically;  Cofoe
group,  treated  with  Cofoe  dressings  (10  mm  diameter,  2  mm
thickness);  SPC  group,  treated  with  SPC  dressings  (10  mm
diameter,  2  mm  thickness);  and  SPC@C  group,  treated  with
SPC@C  dressings  (10  mm  diameter,  2  mm  thickness).  The  initial
application was performed immediately post-injury and designated
as  day  0,  and  the  dressings  were  subsequently  replaced  every  two
days.

 2.7    Hematoxylin  and  eosin  (H&E)  and  Masson's
trichrome staining
Animals  were  euthanized on days  3,  7  and 14,  and wound tissues
were  collected.  The  tissues  were  fixed  in  4%  paraformaldehyde
solution  for  24  h,  followed  by  dehydration  and  embedding  in
paraffin. The tissues were sectioned at an appropriate thickness and
soaked in a series of xylene solutions for deparaffinization. Samples
were then stained according to standard H&E and Masson staining
protocols  to  evaluate  tissue  re-epithelialization  and  collagen
deposition.  After  Masson  staining,  collagen  fibers  were  dyed  blue
and  the  intensity  of  their  expression  was  quantified  by  ImageJ
software.

 2.8    Immunofluorescence staining
Tissue sections underwent antigen retrieval in citrate buffer (pH 6.0,
G1202, Servicebio) at 95 °C for 20 min. The sections were blocked
with  10%  goat  serum  solution  (G1209,  Servicebio)  for  1  h.  The
sections were then incubated with primary antibodies overnight at
4 °C at the following dilution ratios: Anti-CD86 (1:200, GB115630,
Servicebio),  Anti-CD206  (1:500,  GB113497,  Servicebio),  Anti-Sirt3
(1:400,  YM8158,  Immunoway),  Anti-NF-κB  p65  (1:450,  10745-1-
AP,  Proteintech),  Anti-CD31  (1:200,  GB11063-2,  Servicebio),  and
Anti-Col I (1:1000, GB115707, Servicebio). After washing with PBS,
the  slides  were  incubated  with  the  corresponding  fluorophore-
conjugated  antibodies  for  2  h,  the  nuclei  were  stained  with  DAPI
(G1012,  Servicebio),  and  fluorescence  signals  were  photographed
under a confocal laser microscope.

 2.9    Statistical analysis
All  experimental  data  are  presented  as  the  mean  ±  standard
deviation  (SD).  All  statistical  analyses  were  conducted  using

GraphPad  Prism  8.0  software.  Comparisons  between  groups  were
performed  using  the t-test  (for  two  groups)  or  one-way  ANOVA
(for  three  or  more  groups),  followed  by  Tukey's  method  for
multiple  comparisons.  The  thresholds  for  statistical  significance
were defined as *P < 0.05, **P < 0.01, and ***P < 0.001.

 3    Results and discussion

 3.1    Synthesis and characterization of BC nanoflowers
To develop an antioxidant patch, we first prepared antioxidant BSA-
Cu@Cur  (BC)  hybrid  nanoflowers.  BC  hybrid  three-dimensional
nanoflowers  were  synthesized  via  a  mild  one-pot  self-assembly
biomimetic  process  without  additional  stabilizers.  Specifically,  a
copper  sulfate  solution  was  added  to  bovine  serum  albumin
solution, followed by dropwise addition of Cur dissolved in ethanol
(Fig.  1(a)).  Coordination  between  Cu2+ and  amide  groups  of  the
protein scaffold formed complexes, while Cur was loaded into these
complexes  through  self-assembly  to  create  BC  nanoflowers.  SEM
images  in Fig.  1(b) revealed  the  presence  of  distinct  three-
dimensional  layered  structures  in  the  hybrid  material,  similar  to
hydrangeas.  The  stereo  stratified  structure  enhanced  the  specific
surface  area  of  the  nanoflowers,  enabling  them  to  hold  larger
amounts  of  Cur.  Energy  dispersive  spectroscopy  (EDS)  confirmed
homogeneous distribution of Cu, C, O, and N elements throughout
the particle matrix (Fig. 1(c)).

During nanoflower growth, the protein template induced copper
sulfate  formation  to  construct  petal-like  scaffolds,  coalescing  from
the  periphery  toward  the  center  (Fig.  1(d)).  BSA-Cu  and  BC
nanoflowers exhibited distinct color transitions from blue to orange-
yellow upon aqueous dispersion (Fig.  1(e)). Figure  1(f) shows that
upon  the  addition  of  curcumin  during  the  synthesis  process,  BSA
induces the formation of a nanoflower scaffold, while curcumin self-
assembles into nanoparticles and distributes on the scaffold surface.
The preparation of curcumin-loaded nanoflowers was optimized by
adjusting the addition ratio of  BSA. The copper ion concentration
was maintained constant, while variations in the BSA concentration
led to the formation of BC nanoflowers with distinct morphologies.
At  a  BSA  concentration  of  0.1  mg/mL,  the  resulting  BC
nanoflowers  exhibited  a  pore  size  favorable  for  both  drug  loading
and  release.  Consequently,  this  concentration  was  selected  for  the
synthesis of BC nanoflowers in all subsequent experiments (Fig. S1
in  the  in  the  Electronic  Supplementary  Material  (ESM)).  Under
these conditions, BC nanoflowers exhibited negative surface charge
(−22.8 ± 0.81 mV) with an average hydrodynamic diameter of 3.8 ±
0.02  μm  (Fig.  S2  in  the  ESM).  These  flower-like  scaffolds  were
assembled from nanoscale building blocks, and their surfaces were
further  loaded  with  curcumin  nanoparticles  of  approximately
26.8 nm in size. As shown in Fig. 1(g) (UV–Vis) and Fig. S3 in the
ESM (FTIR), BC nanoflowers exhibited similar characteristic peaks
to Cur [32]. X-ray photoelectron spectroscopy (XPS) analysis of BC
(Fig.  1(h))  confirmed  the  presence  of  Cu,  C,  O,  and  N  elements,
thereby validating EDS results and confirming successful synthesis.
In  the  high-resolution  Cu  2p  spectrum  of  BC  (Fig.  1(i)),
characteristic  peaks  at  935  and  955  eV  represent  the  Cu  2p3/2 and
Cu  2p1/2 orbitals,  respectively.  Furthermore,  the  drug  loading
capacity  of  Cur  was  estimated  at  17.27%  ±  0.91%,  and  the
encapsulation  efficiency  of  the  nanoparticles  reached  54.89%  ±
2.05%. Overall,  these results demonstrate the successful fabrication
of  curcumin-loaded  BC  nanoflowers  with  favorable  structural
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features  and  drug  loading  properties,  establishing  a  robust
foundation  for  their  subsequent  application  in  burn  wound
management.

 3.2    Synthesis and mechanical properties of patches
In  this  study,  a  polyacrylamide  (PAM)-alginate  composite

patch  (SPC)  with  energy  dissipation  properties  was  integrated
with  a  positively  charged  polymer  adhesive  (chitosan).  The  SPC
patch  was  surface-engineered  via  1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide
(EDC/NHS) coupling chemistry to integrate chitosan as a bridging
network. This mechanism effectively enhanced the adhesion of the

 

Figure 1    Synthesis  and  characterization  of  BC  nanoflowers.  (a)  Schematic  diagram  of  the  synthesis  of  BC  nanoflowers.  (b)  Representative  SEM  images  of  BSA-Cu
nanoflowers. Scale bar: 10 μm (left panel), 2 μm (right panel). (c) EDS elemental mapping of BC nanoflowers showing distributions of Cu (green), C (red), O (blue), and
N (yellow). Scale bars: 5 μm. (d) Time-dependent SEM images documenting morphological evolution during the synthesis of BC nanoflowers. Scale bars: 2 μm. (e) Digital
photographs of  aqueous dispersions:  BSA-Cu nanoflowers  (left)  and BC nanoflowers  (right).  (f)  SEM images of  BC nanoflowers.  Scale  bar:  2  μm (left  panel),  300 nm
(right  panel).  (g)  UV–vis  absorption spectra  of  free  Cur,  BSA-Cu,  and BC nanoflowers.  (h)  XPS survey  spectrum of  BC nanoflowers.  (i)  High-resolution Cu 2p XPS
spectrum of BC nanoflowers.
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SPC patch to tissues. The synthesized hydrogel was dehydrated and
dried  to  form  the  SPC  patch  (Fig.  2(a)).  SEM  images  revealed  a
loosely  porous  microstructure  in  the  cross-section  of  the  hydrated
SPC  (Fig.  S4  in  the  ESM).  Upon  drying,  pore  size  decreased
significantly  while  density  increased  (Fig.  2(b)).  Persistent  wound
exudate is a major factor contributing to delayed burn healing [33].
Consequently, the fluid absorption of SPC in liquid was evaluated.
Water  contact  angle  indicated  that  SPC  exhibited  hydrophilic
properties  (water  contact  angle  ~  64.4°  ±  0.25°)  (Fig.  2(d)).  The
liquid absorption in deionized water showed that upon contact with
liquid, the SPC pores swelled rapidly, forming an expanded porous
structure  (Fig.  2(c)).  Pore  size  further  increased  progressively  with
absorption  time  (Fig.  2(e)).  SPC  demonstrated  exceptional  water
absorption,  achieving  a  rate  of  1275%  ±  16.59%  within  24  h,
substantially higher than commercial hydrocolloids (Cofoe) (56% ±
1.23%)  (Fig.  2(f)).  The  material  adheres  to  the  polar  groups  (e.g.,

–COOH, –NH2)  on  the  skin  surface  through  hydrogen  bonding
and electrostatic  interactions.  Upon absorption of  wound exudate,
the  polymer  network  of  the  hydrogel  is  progressively  expanded,
resulting  in  a  looser  structure  that  allows  the  material,  originally
tightly adhered to the tissue, to be easily detached (Fig.  2(h)).  This
sustained  absorption  capability  confirms  the  potential  of  the
SPC@C  patch  for  effectively  managing  persistent  wound  exudate.
This hydration-induced softening correlates with hydrogel network
expansion observed via SEM. We further evaluated the in vitro Cur
release  from  the  SPC@C  patch.  As  illustrated  in Fig.  2(g),  Cur
exhibited  a  burst  release  during  the  initial  12  h  (58.2%  ±  3.1%),
followed  by  gradual  deceleration  after  24  h.  These  results
demonstrate that  the Cur loaded in the patch possesses  sustained-
release characteristics, which is beneficial for prolonged therapeutic
efficacy.

Oscillatory  frequency  and  shear  strain  sweep  tests  were
 

Figure 2    Fabrication and physicochemical characterization of SPC hydrogel patches. (a) Digital photograph and macroscopic morphology of SPC patches. (b) Surface
microstructure analyzed by SEM. Scale bar: 500 μm. (c) Time-dependent SEM images of SPC patches after immersion in deionized water. Scale bars: 100 μm. (d) Water
contact angle (WCA) measurements. (e) Pore size distribution following hydration (n = 8). (f) The liquid absorption rate of SPC patches (n = 8). (g) Curcumin release
from  SPC@C  patches  (n =  10).  (h)  Schematic  illustrating  exudate  absorption  mechanism  in  burn  wounds.  (i)  Loading-unloading  tensile  tests  at  a  strain  of  30%  for
10  cycles  without  interval.  (j)  Lap  shear  stress-strain  curve  of  the  material  on  porcine  skin;  inset  shows  a  representative  image  of  the  lap  shear  test.  (k)  Bar  chart
summarizing the lap shear strength of the material on porcine skin (n = 3). (l) Force-displacement curve of the interfacial toughness between the material and porcine skin
under  a  180°  peel  force;  inset  shows  a  representative  image  of  the  180°  peel  test.  (m)  Interfacial  toughness  between  the  material  and  porcine  skin  (n =  3).  Data  was
presented as mean ± SD. Statistical analysis was performed by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.

Bai et al. Nano Research | Vol. 19, No. 8

Nano Research, 2026, 19, 94908787 94908787 (6 of 16)

https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787


conducted  to  characterize  the  hydrogels.  Within  the  tested
frequency  range,  the  storage  modulus  of  all  samples  was  higher
than  the  loss  modulus,  and  the  SPC-D hydrogel  exhibited  slightly
enhanced  stiffness  (Fig.  S5(a)  in  the  ESM).  Strain  sweep  results
revealed that all hydrogels displayed linear viscoelasticity under low
shear  strain  (γ =  0.1%–10%).  At  large  strains,  the  materials
transitioned  to  a  fluid-like  state,  accompanied  by  a  slight  peak  in
loss  modulus  (Fig.  S5(b)  in  the  ESM),  which  demonstrates  the
energy dissipation capacity of the hydrogels. The energy dissipation
and  structural  coordination  abilities  of  SPC@C  patches  were
analyzed  through  cyclic  loading-unloading  tensile  tests.  The
SPC@C hydrogel exhibited a dissipated energy of ~ 2.95 kJ/m3 after
10  consecutive  tensile  cycles  (Fig.  2(i)),  which  is  comparable  to  or
higher  than  many  reported  soft  hydrogels  under  similar  test
conditions.  This  moderate  yet  effective  energy  dissipation  capacity
enables  the  patch  to  withstand  repeated  mechanical  deformation
without  catastrophic  failure,  making  it  suitable  for  dynamic  tissue
environments.

Furthermore,  the  adhesion  strength  of  the  materials  to  porcine
skin  before  and  after  water  absorption  was  analyzed  [34, 35].
Porcine skin was chosen as the substrate based on its structural and
functional  similarities  to  human  skin  [36, 37].  The  lap  shear  test
results showed that SPC@C exhibited an adhesion strength of 70 ±
4.34 kPa, which was lower than that of SPC-D (111 ± 5.39 kPa) but
higher  than that  of  SPC-H (28.5  ±  4.07  kPa)  (Figs.  2(j) and 2(k)).
Effective  tissue  adhesion  is  a  fundamental  requirement  for
functional  wound  dressings.  Excessive  adhesion  strength  can
complicate dressing removal and damage tissue during replacement
[38]. Previous studies indicate that an optimal tissue adhesion range
of  45–180  J/m2 is  suitable  for  wound  management  [39, 40],
ensuring  secure  fixation  while  preventing  trauma  from  over-
adhesion.  Subsequently,  a  180°  peel  test  was  performed  to
investigate  the  influence  of  material  surfaces  on  the  adhesion
strength to porcine skin, as shown in Figs. 2(l) and 2(m). The SPC-
D  material  surface  exhibited  an  interfacial  toughness  of  147  ±
6.22  J/m2 (higher  than  that  of  SPC-H  under  hydrated  conditions,
16  ±  1.18  J/m2),  while  the  interfacial  toughness  of  SPC@C  was
slightly lower,  at  134 ± 5.24 J/m2,  indicating that  the materials  can
effectively adhere to tissue.

 3.3    Oxidative stress protection by SPC@C
To develop a multifunctional wound dressing with controlled drug
release  and  redox  modulation  capabilities,  we  engineered  a
composite  system  (SPC@C).  This  composite  structure  can
continuously release Cur and exert its antioxidant function. Before
evaluating  its  wound-healing  efficacy in  vivo,  we  comprehensively
assessed  its  biocompatibility  and  migration  properties in  vitro.
Results  demonstrated  favorable  cell  viability  in  the  SPC@C  group
(Figs.  S6(a)–S6(c)  in  the  ESM),  with  no  significant  apoptosis
detected  after  48  h  of  culture.  Furthermore,  scratch  assays
confirmed  that  SPC@C  significantly  enhanced  cell  migration
compared to the control group (Figs. S7(a) and S7(b) in the ESM).

Excessive accumulation of ROS in burn wounds causes oxidative
damage  to  surrounding  cells  and  tissues  [41].  Moreover,
persistently  elevated  ROS  levels  increased  pro-inflammatory
cytokines secretion, establishing a vicious cycle of inflammation that
exacerbates  tissue  damage  and  impedes  wound  healing  [42, 43].
Consequently,  scavenging  elevated  ROS  levels  is  crucial  for
restoring cellular  function and facilitating tissue regeneration.  This
study  evaluated  the  protective  effects  of  SPC@C  against  oxidative

stress using H2O2-stimulated L929 cells. As shown in Fig. 3(a), H2O2

treatment significantly increased intracellular fluorescence intensity,
indicating  elevated  ROS  levels.  In  contrast,  SPC@C  markedly
reduced  ROS-associated  fluorescence  intensity.  Quantified
dichlorofluorescein  (DCF)  fluorescence  intensity  (Fig.  3(b))  and
three-dimensional surface plots visualizing spatial ROS distribution
(Fig.  3(c))  collectively  confirmed the  ROS scavenging  capability  of
SPC@C.  Furthermore,  we  assessed  the  intracellular  antioxidant
defense  system,  specifically  superoxide  dismutase  (SOD)  and
catalase  [44, 45].  qPCR analysis  revealed  that  SPC@C significantly
upregulated  mRNA  expression  of  both  catalase  (CAT)  and
superoxide  dismutase  2  (SOD2)  (Figs.  3(g) and 3(h)).  SPC@C
demonstrated  significant  cytoprotective  effects  against  H2O2-
induced  oxidative  stress  by  effectively  scavenging  ROS  and
enhancing  endogenous  antioxidant  defenses  (upregulating
SOD/CAT expression).

Mitochondria serve as a  primary site  for the generation of  ROS
[46].  Mitochondrial  membrane  potential  (MMP)  stability  is  a
crucial indicator for assessing mitochondrial status [47]. A decrease
in MMP is characterized by increased green fluorescence intensity,
which  indicates  mitochondrial  dysfunction.  In  this  study,  H2O2-
stimulated cells showed enhanced green fluorescence derived from
J-monomer,  suggesting  excessive  ROS  accumulation  and
mitochondrial  dysfunction.  By  contrast,  the  SPC@C  patch
effectively  downregulated  the  green  fluorescence  intensity  and
regulated  the  transition  of  J-monomer/J-aggregate,  thereby
alleviating  oxidative  mitochondrial  damage  (Figs.  3(d) and 3(e)).
Further  Image  J  analysis  revealed  a  significantly  lower  red/green
fluorescence  ratio  in  the  H2O2-treated  group  compared  to  the
control  group.  SPC@C  effectively  increased  this  ratio  (Fig.  3(f)),
demonstrating that it  inhibited the H2O2-induced MMP decline in
L929. MitoSOX Red, a specific mitochondrial superoxide indicator,
was used to detect mitochondrial superoxide levels within cells [48].
Following SPC@C treatment, mitochondrial superoxide production
was  significantly  reduced  (Figs.  3(i) and 3(j)).  Collectively,  these
results  demonstrate  that  SPC@C exhibits  ROS-scavenging activity,
restores  impaired  endogenous  antioxidant  defenses,  and  mitigates
oxidative  mitochondrial  damage  by  eliminating  mitochondrial
superoxide and recovering MMP.

 3.4    The anti-inflammatory effect of SPC@C
Macrophages  can  polarize  into  distinct  functional  phenotypes  in
response  to  different  microenvironmental  cues,  primarily  the
classically activated (M1) and alternatively activated (M2) subtypes
[49].  M1  macrophages  promote  inflammation,  whereas  M2
macrophages  are  involved  in  immune  regulation  and  tissue
remodeling  [50].  Upon  inflammatory  stimulation,  macrophages
can  undergo  a  dysregulation  in  the  balance  between  their  pro-
inflammatory and anti-inflammatory functions. This dysregulation
exacerbates  ROS  generation  and  sustains  a  pro-inflammatory
microenvironment,  which  subsequently  impedes  the  wound
healing  process  [51].  Therefore,  we  employed  qPCR  analysis  to
evaluate  the  anti-inflammatory  capacity  of  SPC@C  after  co-
incubation  with  macrophages.  Expression  of  inflammation-related
genes was assessed in macrophages stimulated with LPS (Fig. 4(a)).
The  significant  upregulation  of  TNF-α and  IL-1β mRNA
following  24  h  of  LPS  treatment,  as  shown  in Figs.  4(b) and 4(c),
confirmed  the  successful  polarization  of  macrophages  toward  a
pro-inflammatory  M1  phenotype.  In  contrast,  SPC@C
treatment  effectively  suppressed  these  pro-inflammatory  genes
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Figure 3    SPC@C-mediated  ROS  scavenging  and  oxidative  stress  mitigation.  (a)  Representative  confocal  images  of  intracellular  ROS  in  L929  fibroblasts  under  H2O2

stimulation  detected  by  DCFH-DA.  Scale  bars:  40  μm.  (b)  Quantified  DCF  fluorescence  intensity  (n =  3).  (c)  Three-dimensional  surface  plots  visualize  spatial  ROS
distribution. (d) The mitochondrial membrane potential (ΔΨm) was determined by JC-1 staining. JC-1 forms J-aggregates (red fluorescence) in mitochondria with high
ΔΨm,  whereas  it  exists  as  J-monomers  (green  fluorescence)  when  ΔΨm is  low.  Scale  bars:  40  μm.  (e)  Co-localization  analysis  of  ΔΨm (red:  J-aggregates;  green:
J-monomers).  (f)  JC-1 aggregate-to-monomer fluorescence intensity  ratio  (n =  3).  Relative  mRNA expression of  (g)  CAT and (h)  SOD2 post-H2O2 challenge (n =  3).
(i) Mitochondrial superoxide detection using MitoSOXTM Red. Scale bars: 40 μm. (j) Quantified MitoSOXTM fluorescence intensity (n = 3). Data was presented as mean ±
SD. Statistical analysis was performed by one-way ANOVA. ns, no significance; *P < 0.05, **P < 0.01, and ***P < 0.001.

Bai et al. Nano Research | Vol. 19, No. 8

Nano Research, 2026, 19, 94908787 94908787 (8 of 16)

https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787
https://www.sciopen.com/article/10.26599/NR.2026.94908787


while  concurrently  elevating  the  expression  of  the  anti-
inflammatory  markers  IL-10  and  Arg-1  (Figs.  4(d) and 4(e)).
Immunofluorescence  staining  revealed  that  in  LPS-stimulated
macrophages,  SPC@C  simultaneously  downregulated  CD86  and
upregulated  CD206  expression  (Figs.  4(f)−4(i)),  showing  a  similar
trend  to  the  control  group.  Collectively,  these  results  indicate  that
the  control  group  represents  a  physiologically  quiescent,  non-
inflammatory  state.  Importantly,  SPC@C  not  only  reversed  LPS-

induced  M1-type  inflammation  but  also  actively  polarized
macrophages toward an anti-inflammatory M2-like phenotype that
exceeds  the  basal  state.  The  comparable  immunofluorescence
trends  between  the  control  and  SPC@C-treated  groups  suggest
restoration  of  a  homeostatic  anti-inflammatory  state,  whereas  the
qPCR  data  confirm  that  SPC@C  does  not  merely  maintain  the
basal state but actively promotes M2 polarization.

ROS  act  as  a  key  mediator  governing  the  activation  of
 

Figure 4    SPC@C  patches  promote  M1-to-M2  macrophage  polarization.  (a)  Schematic  mechanism  of  SPC@C-mediated  anti-inflammatory  effects  in  LPS-stimulated
macrophages.  Relative  mRNA  expression  of  (b)  TNF-α,  (c)  IL-1β,  (d)  Arg-1,  and  (e)  IL-10  in  RAW264.7  macrophages  after  LPS  treatment  (n =  3).  (f)
Immunofluorescence  staining  of  CD206  (M2  marker)  in  treated  macrophages.  Scale  bars:  50  μm.  (g)  Immunofluorescence  staining  of  CD86  (M1  marker)  in  treated
macrophages. Scale bars: 50 μm. Quantified fluorescence intensity of (h) CD206 and (i) CD86 (n = 4). (j) Dual-immunofluorescence of CD206 (red) and CD86 (green) in
macrophages in the wound beds of SPC@C-treated Sprague-Dawley rats. Scale bars: 100 μm. (k) CD206 fluorescence intensity index (n = 3). (l) CD206/CD68 cell ratio
quantification (n = 3). Data was presented as mean ± SD. Statistical analysis was performed by one-way ANOVA. ns, no significance; *P < 0.05, **P < 0.01, and ***P <
0.001.
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inflammatory  signaling  pathways  within  macrophages  [52, 53].
To  assess  the  impact  of  SPC@C  on  intracellular  ROS,  we
employed  confocal  laser  scanning  microscope  in  LPS-stimulated
macrophages.  As  depicted  in  Fig.  S8  in  the  ESM,  LPS  markedly
enhanced the intracellular ROS. Notably, cells treated with SPC@C
significantly  attenuated  this  fluorescence.  Further  evaluation  of
MMP  in  macrophages  revealed  that  LPS-treated  cells  exhibited
increased  green  fluorescence  and  decreased  red  fluorescence.
However,  SPC@C effectively  ameliorated  these  alterations  (Fig.  S9
in  the  ESM).  These  results  indicate  that  SPC@C  alleviates
inflammation  by  mitigating  excessive  ROS  accumulation  and
restoring  MMP  in  macrophages  under  inflammatory  conditions.
Additionally,  rat  subcutaneous  implantation  revealed  abundant
CD206-positive  macrophages  around  the  implant  site  in  the
SPC@C  group,  as  compared  with  the  control  group  (Fig.  4(j)).
Meanwhile,  the  CD206/CD86  ratio  was  also  increased  (Figs.  4(k)
and 4(l)),  indicating  enhanced  polarization  of  M2  macrophage
phenotypes  in  the  local  microenvironment.  During the  early  stage
of  tissue  repair,  appropriate  activation  of  M1  macrophages  is
essential  for  clearing  inflammatory  mediators,  removing  necrotic
tissue  and  foreign  debris,  and  initiating  a  normal  inflammatory
response. The upregulation of CD206, in turn, reflects a timely shift
of macrophages toward the pro-regenerative M2 phenotype, which
supports  cell  proliferation,  matrix  deposition,  and  tissue
remodeling.  The simultaneous elevation of  both markers  does  not
indicate an aberrant pro-inflammatory status, but rather a balanced
and  sequential  immune  microenvironment  characterized  by
moderate  initial  inflammation  followed  by  efficient  reparative
polarization. Collectively, these results demonstrate that the SPC@C
patch elicits moderate M1 activation to initiate normal host defense
and tissue clearance, while effectively promoting M2 polarization to
facilitate tissue repair.

 3.5    Therapeutic effects of SPC@C on skin regeneration
To  evaluate  the  therapeutic  effects  of  SPC@C  patch  on  wound
healing,  a  full-thickness  rat  burn  model  (diameter:  10  mm)  was
created  (Fig.  5(a)).  Macroscopic  observations  were  conducted  at
days  0,  3,  7,  and  14.  Representative  images  revealed  a  markedly
accelerated rate of wound closure in all treatment groups relative to
the control (Figs. 5(b) and 5(c)). Calculation of the wound healing
rate revealed that the SPC patch alone enhanced the wound healing
rate  by  9.73%  ±  1.34%  compared  to  the  control  group,  while  the
SPC@C-treated group enhanced the wound healing rate by 28.69%
±  0.66%  (Fig.  5(d)).  To  further  evaluate  the  effects  of  SPC@C  on
burn  healing,  histological  analyses  were  performed  via  H&E  and
Masson's staining (Figs. 5(e) and 5(f)). On day 7, the control group
remained  a  large  wound  with  intense  inflammatory  responses.  In
contrast,  the  SPC@C-treated  wound  was  significantly  reduced  in
size,  with  alleviated  inflammatory  infiltration  and  wound  edges
contracting  toward  the  center  (Fig.  5(g)).  On  day  14,  all  patch-
treated wounds displayed more pronounced re-epithelialization and
changes in skin thickness compared with control group (Fig.  5(i)).
Notably,  the  SPC@C  group  achieved  the  highest  level  of  re-
epithelialization  (approaching  the  morphology  of  normal  skin)
along with a significant reduction in skin thickness (Fig. 5(h)). This
reduction  in  thickness  indicates  that  SPC@C  accelerates  the
transition  from  proliferative  granulation  tissue  to  mature  collagen
deposition, thereby promoting epidermal maturation.

High-magnification histological images revealed that the control

group  had  limited  granulation  tissue  formation  accompanied  by
extensive inflammatory cell infiltration. In contrast, SPC@C-treated
wounds showed almost complete resolution of inflammation, with
abundant  collagen  deposition  and  the  formation  of  new  hair
follicles (Fig. 5(f)). Quantitative analysis demonstrated that collagen
fibers in the SPC@C group were well-arranged, with a content 2.2-
fold  higher  than  that  of  the  control  (Fig.  5(j)).  In  summary,
histological results confirm that the SPC@C patch accelerates burn
wound  healing  by  effectively  reducing  tissue  inflammation,
promoting  re-epithelialization,  and  enhancing  structural  collagen
deposition.

 3.6    The transcriptomic analysis of burn wounds
To  investigate  the  underlying  mechanistic  of  SPC@C  patch-
mediated  burn  healing,  we  conducted  transcriptomic  analysis  of
skin wound tissues on day 7 post-treatment.  Comparative analysis
revealed 932 differentially expressed genes (DEGs) between SPC@C-
treated  and  control  group,  with  804  upregulated  and  128
downregulated  DEGs  (Fig.  6(a)).  The  heatmap  analysis  of  DEGs
demonstrated  statistically  significant  differences  between  the  two
groups  (Fig.  6(b)).  These  indicated  that  the  SPC@C  patch
significantly  affected  gene  expression  in  burn  tissues.  Gene
Ontology  (GO)  analysis  revealed  that  downregulated  biological
processes  were  predominantly  associated  with  immune  cell
migration  and  immune  responses  (Fig.  S10(a)  in  the  ESM).
Conversely,  upregulated  GO  terms  primarily  involved  metal  ion
binding,  ion  transmembrane  transport,  and  metabolic  processes
(Fig.  S10(b)  in  the  ESM).  Kyoto  Encyclopedia  of  Genes  and
Genomes  (KEGG)  pathway  enrichment  analysis  demonstrated
significant  downregulation  of  inflammation-related  pathways  in
SPC@C-treated  wounds,  including  Cytokine-cytokine  receptor
interaction, TNF signaling pathway, NF-κB signaling pathway, and
IL-17 signaling pathway (Fig. S11(a) in the ESM). This attenuation
of excessive inflammation mitigates tissue damage and establishes a
pro-repair  microenvironment  characterized  by  reduced
inflammatory activity. Furthermore, SPC@C treatment upregulated
pathways  governing:  metabolic  processes,  signal  transduction
(calcium  signaling  pathway,  AMPK  signaling  pathway,  and
peroxisome  proliferator-activated  receptor  (PPAR)  signaling
pathway),  and  structural  remodeling  (extracellular  matrix  (ECM)
receptor−receptor  interactions)  (Figs.  6(c)−6(e)).  These  changes
enhance  energy  supply  and  tissue  reconstruction,  promoting  the
transition from the inflammatory to proliferative phase. Consistent
with these findings, Gene Set Enrichment Analysis (GSEA) revealed
significant  positive  enrichment  of  genes  related  to  the  AMPK
signaling  pathway  and  nicotinamide  adenine  dinucleotide  (NAD)
binding  (Fig.  S11(b)  in  the  ESM).  AMP-activated  protein  kinase
(AMPK)  activation  enhances  the  expression  and  activity  of  its
downstream  target  Sirt3  [54].  Immunofluorescence  analysis
confirmed increased Sirt3 expression and reduced NF-κB activation
(Figs. 6(f)−6(i)), validating functional activation of the AMPK-Sirt3-
NF-κB  axis  in  treated  wounds.  Specifically,  AMPK  activation
enhanced  energy  supply  and  antioxidant  activity  by  improving
mitochondrial  function  through  Sirt3.  It  alleviated  inflammatory
responses  by  inhibiting  NF-κB,  thereby  creating  a  favorable
environment  for  tissue  repair.  Collectively,  these  transcriptomic
findings  systematically  elucidate  the  dual  mechanism  of  SPC@C
patches.  They both mitigate excessive inflammatory responses and
promote tissue repair processes.
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Figure 5    Therapeutic efficacy of SPC@C patches in rat burn healing. (a) Experimental timeline of dorsal burn wound interventions. (b) Representative images of wound
closure.  (c)  Wound  margin  tracings  at  days  0,  3,  7,  and  14  post-injury.  (d)  Quantified  wound  healing  rates  (n =  4).  (e)  H&E-stained  sections  showing  epidermal
regeneration and granulation tissue formation. Scale bars: 1 mm (small images), 200 μm (magnified images). (f) Histological analysis of collagen deposition (blue) detected
by  Masson's  trichrome  staining  at  day  14.  Scale  bars:  2  mm  (left  panel),  200  μm  (right  panel).  Quantitative  analysis  of  the  number  of  (g)  inflammatory  cells,  (h)  the
epidermal thickness, (i) granulation tissue thickness, and (j) collagen deposition (n = 3). Data was presented as mean ± SD. Statistical analysis was performed by one-way
ANOVA. Tukey's method for multiple comparisons. ns, no significance; *P < 0.05, **P < 0.01, and ***P < 0.001.
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 3.7    The  molecular  mechanism  underlying  accelerated
burn wound healing
Building on the demonstrated in vitro anti-inflammatory activity of
SPC@C,  we  further  validated  its  therapeutic  efficacy  using  animal
models in  vivo.  Immunohistochemical  analysis  revealed  a
significant reduction in IL-1β expression and a marked increase in
IL-10  positivity  in  SPC@C-treated  groups  (Fig.  7(a)).  Image  J
quantification revealed 52% ± 1.34% relative coverage area decrease
in  IL-1β and  61% ±  1.69% increase  in  IL-10  compared  to  control
group  (Figs.  7(b) and 7(c)).  In  addition,  the  expression  of
inflammation-related  genes  was  evaluated  by  qPCR.  As  shown  in
Figs. 7(f) and 7(g), the mRNA expression of Il-1β was significantly
decreased,  while  the IL-10 was  increased  in  the  SPC@C  group.
These  findings  demonstrate  the  potent  anti-inflammatory  efficacy
of SPC@C in vivo.

Given  that  sustained  oxidative  stress  in  burn  wounds
perpetuates inflammation, macrophages predominantly exhibit pro-
inflammatory  M1  phenotypes  [55].  Immunofluorescence  analysis
revealed  that  SPC@C  exerted  a  significant  regulatory  effect  on
macrophage  polarization.  On  day  3,  the  fluorescence  intensity  of
the M1 marker CD86 in SPC@C-treated wounds was significantly
enhanced,  while  the  M2  marker  CD206  showed  no  significant
change  (Fig.  7(d)).  Studies  have  indicated  that  an  early  active
inflammatory response in the wound healing was conducive to the

transition  to  the  proliferative  phase.  However,  persistent
inflammation in the later stage hinders tissue repair [55]. On day 7,
SPC@C  treatment  markedly  increased  CD206  fluorescence
intensity  while  reducing  CD86  signals  (Fig.  7(d)).  Quantitative
analysis indicated that the CD206/CD86 ratio in the SPC@C group
was 3.8 times higher than in the control group (Fig. 7(e)), indicating
accelerated  M1-to-M2  phenotypic  conversion.  These  findings
demonstrate that SPC@C treatment facilitates the critical transition
from  inflammatory  to  proliferative  healing  phases.  The  SPC@C
patch plays a pivotal role in reprogramming macrophage responses
during  early  inflammation  resolution,  thereby  creating  a
regenerative microenvironment conducive to tissue repair.

To  elucidate  the  underlying  molecular  mechanisms,  we
investigated  the  expression  of  Sirt3,  a  master  regulator  of
antioxidant  defense,  in  a  rat  burn  model  [56].  Notably,
SPC@C-treated  wound  tissues  exhibited  enhanced  Sirt3
immunofluorescence  intensity  alongside  concomitant  reduction in
NF-κB  p65  signal,  compared  to  untreated  burn  controls
(Figs.  7(h)−7(k)).  Elevated  Sirt3  expression  activated  downstream
SOD2  [57],  thereby  enhancing  cellular  antioxidant  capacity.
Consistent  with  this  pathway, in  vitro analysis  confirmed
significantly  intensified  SOD2  fluorescence  following  SPC@C
treatment compared with the control group (Fig. S12 in the ESM).
qPCR analysis of animal tissues revealed upregulation of Sirt3 gene
expression  (Fig.  7(l)),  and  downregulation  of NF-κB  p65 gene

 

Figure 6    Transcriptomic profiling of burn wound tissues. (a) Differential gene expression: upregulated (red) and downregulated (yellow) genes (|log2(Fold change)| > 1,
adj. p < 0.05) (n = 3). (b) Heatmap of significantly DEGs. (c) KEGG pathway enrichment analysis of DEGs in SPC@C-treated wounds. (d) Circos plot visualizing enriched
KEGG pathways. (e) Heatmap of genes related to anti-oxidant, anti-inflammation, and immune regulation in the comparison between the control group and the SPC@C
group. (f) Immunofluorescence of Sirt3 in cells. Scale bars: 20 μm. (g) Quantified Sirt3 fluorescence intensity (n = 5). (h) NF-κB p65 immunofluorescence in cells. Scale
bars: 20 μm. (i) Quantified NF-κB p65 fluorescence intensity (n = 5). Data was presented as mean ± SD. Statistical analysis was performed by one-way ANOVA. ns, no
significance; *P < 0.05 and ***P < 0.001.
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Figure 7    Immunohistochemical  analysis  of  burn  wound.  (a)  Representative  immunohistochemistry  of  IL-1β and  IL-10  on  day  3  wound  tissues.  Scale  bars:  100  μm.
Quantified coverage area of (b) IL-1βand (c) IL-10 (n = 3). (d) Dual immunofluorescence staining of CD86 and CD206 macrophages in wounds at days 3 and 7. Scale
bars:  100  μm.  (e)  CD206/CD86  fluorescence  intensity  ratio  (n =  3).  Relative  mRNA  expression  of  (f) IL-1β and  (g) IL-10 by  qPCR  (n =  3).  Immunofluorescence  of
(h) Sirt3 and (i) NF-κB p65 in day 7 wounds. Scale bars: 100 μm. Quantified fluorescence intensity of (j) Sirt3 and (k) NF-κB p65 (n = 3). Relative mRNA expression of (l)
Sirt3 and (m) NF-κB by qPCR (n = 3). Data was presented as mean ± SD. Statistical analysis was performed by one-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.
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expression  (Fig.  7(m)).  These  gene  changes  aligned  with
immunofluorescence  characterization.  Collectively,  SPC@C
synergistically  attenuates  oxidative stress  and inflammation via  the
concerted action of activating the Sirt3/SOD2 antioxidant axis and
suppression of NF-κB-mediated inflammatory signaling, ultimately
promoting angiogenesis and tissue regeneration.

Impaired  angiogenesis  represents  a  pivotal  determinant  of
dysfunctional wound repair during the proliferative phase [58]. To
quantitatively evaluate this process, immunofluorescence analysis of
CD31 vessels was systematically performed. As shown in Fig. S13 in
the  ESM,  wounds  treated  with  SPC@C  exhibited  substantially
stronger  CD31  fluorescence  intensity  compared  to  controls.
Collagen  deposition  plays  a  pivotal  role  in  the  remodeling  phase,
facilitating  skin  repair  and  reinforcing  tissue  tensile  strength  [59].
Consequently,  subcutaneous  collagen  deposition  and
reorganization  serve  as  critical  indicators  of  wound  healing
progression.  To  evaluate  collagen  remodeling  following  SPC@C
patch  treatment,  we  performed  immunofluorescence  staining  for
collagen alpha-1(I) chain (Col I) (Fig. S14 in the ESM). The treated
groups  exhibited  significantly  enhanced  collagen  deposition
compared  to  controls,  which  showed  only  minimal  accumulation.
These  findings  collectively  indicate  that  the  SPC@C  patch
effectively  modulates  the  inflammatory  and  proliferative  phases  to
promote  tissue  remodeling  in  burn  wounds,  thereby  facilitating
comprehensive acceleration of burn tissue regeneration.

 4    Conclusions
This  study  designed  an  SPC@C  hydrogel  patch  with  dual
functionalities  of  ROS  scavenging  and  immunomodulation.  By
integrating  Cur-loaded  BC  nanoflowers,  polyacrylamide,  and
sodium alginate, this patch constructed a multifunctional composite
dressing  system.  The  SPC@C  patch  absorbed  excess  wound
exudate,  inducing  pore  expansion  within  the  polymeric  network
that  facilitates  controlled  release  of  Cur  nanoparticles.  These
nanoparticles  effectively  scavenged  excessive  ROS.  Concomitantly,
SPC@C  orchestrated  macrophage  phenotypic  polarization  toward
the  M2  phenotype  while  downregulating  pro-inflammatory
cytokine  expression  (TNF-α and  IL-1β).  In  Sprague-Dawley  rat
models  with  deep  partial-thickness  burns,  the  SPC@C  patch
significantly  accelerated  wound  healing  through  inflammation
attenuation,  enhanced  angiogenesis,  and  stimulated  collagen
deposition.  RNA  sequencing  confirmed  that  SPC@C  patch
synergistically  promoted  tissue  regeneration  by  activating  the
Sirt3/SOD2  antioxidant  axis  and  inhibiting  the  NF-κB
inflammatory  pathway.  This  dual-functional  design  provides  a
promising  candidate  for  clinical  translation  in  burn  wound
management.

 Electronic  Supplementary  Material: Supplementary  material  (the
optical  absorption  properties  of  the  nanoparticles  measured  by
UV–vis  spectrophotometry  in  the  range  of  300–600  nm;  the
micromorphology  and  elemental  distribution  of  the  materials
observed using SEM coupled with EDS; and analyze of the surface
chemical composition and elemental valence states by XPS (0–1200
eV))  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2026.94908787.
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