
Received:  1  December  2025  .  Revised:  4  May  2026  .  Accepted:  5  May  2026  

©  The  Author(s)  2026.  Published  by  Oxford  University  Press.

 This  is  an  Open  Access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution-NonCommercial  License  (https://creativecommons.org  /licenses/by-nc/4.0/),  which  permits

 non-commercial  re  -use,  distribution,  and  reproduction  in  any  medium,  provided  the  original  work  is  properly  cited.  For  commercial  re  -use,  please  contact  reprints@oup.com  for  reprints  and  translation

 rights  for  reprints.  All  other  permissions  can  be  obtained  through  our  RightsLink  ser  vice  via  the  Permissions  link  on  the  article  page  on  our  site—for  further  information  please  contact

 journals.permissions@oup.com.  

           

         

             

Burns & Trauma, 2026, 14, tkag035 

https://doi.org/10.1093/burnst/tkag035 

Published: 12May 2026

Review

Bio-enhanced silk fibroin-based scaffolds for chronic 
diabetic foot ulcers
Victoria Cubina Lopez1, Jewelia Durant1,2, Katherine R. Hixon 1,2,*

1Thayer  School  of  Engineering,  Dartmouth College,  15  Thayer  Drive,  Hanover,  NH  03755,  United  States
 

2Geisel  School  of  Medicine,  Dartmouth  College,  1  Rope  Ferr  y  Road,  Hanover,  NH  03755,  United  States
 

*Corresponding  author.  E-mail:  katherine.r.hixon@dartmouth.edu

Abstract  

Diabetic  foot  ulcers  (DFUs)  represent  a  growing  clinical  challenge,  driven  by  an  aging  global  population  and  the  increasing

 prevalence  of  diabetes.  Affecting  millions  worldwide,  DFUs  remain  one  of  the  most  serious  complications  of  diabetes,

 frequently  progressing  to  infection,  amputation,  and  elevated  mortality.  Standard  treatments  typically  include  pressure

 offloading,  circulation  improvement,  infection  control,  and  topical  wound  care;  however,  many  chronic  DFUs  fail  to  respond

 to  these  inter  ventions  due  to  persistent  inflammation,  impaired  vascularization,  and  microbial  burden.  These  challenges  have

 accelerated  interest  in  regenerative  medicine  approaches,  including  stem  cells,  growth  factors,  and  skin  substitutes.  Among

 these,  skin  substitutes  have  shown  particular  promise;  among  Food  and  Drug  Administration-approved  options,  products

 such  as  the  collagen-Manuka  honey-hydroxyapatite  patch  from  SweetBio  (Apis ®  )  have  demonstrated  improved  outcomes  in

 patients  with  chronic  ulcers.  Silk  fibroin  (SF),  a  natural  biopolymer with  established  clinical  use,  has  emerged  as  a  promising

 platform  for  chronic  wound  management  due  to  its  biocompatibility,  tunable  degradation,  and  capacity  for  controlled  bio-

 additive  deliver  y.  SF  scaffolds  can  be  fabricated  through  various  methods  tailored  to  wound-healing  applications:  electrospun

 fibrous  mats  with  high  surface  -area-to-volume  ratio,  freeze  -dried  porous  constructs  with  interconnected  architecture,  and

 hydrogels  designed  for  controlled  drug  deliver  y.  In  this  review,  we  critically  examine  how  SF  scaffolds  enhanced  with  bio-

 additives  modulate  cellular  responses,  redirect  dysregulated  healing  pathways,  accelerate  wound  closure,  and  promote  tissue

 regeneration  in  diabetic  wounds.  We  synthesize  recent  advances  in  preclinical  and  clinical  studies,  identify  key  translational

 barriers,  and  outline  future  directions  for  advancing  SF-based  dressings  toward  clinical  adoption.  Collectively,  this  review

 positions  bio-enhanced  SF  scaffolds  as  next-generation,  disease  -informed  candidates  for  improving  outcomes  in  chronic

 DFU  care.
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Highlights
 

• Chronic  diabetic  foot  ulcers  (DFUs)  are  driven  by  persistent  inflammation,  impaired  vascularization,  and  microbial  burden

 that  standard  care  fails  to  resolve. 

• Silk  fibroin  (SF)  scaffolds  (i.e.  electrospun  mats,  freeze  -dried  constructs,  and  hydrogels)  enable  tunable,  controlled

 deliver  y  of  bio-additives  to  dysregulated  wound  environments.  

• Bio-enhanced  SF  scaffolds  accelerate  wound  closure,  modulate  inflammator  y  and  angiogenic  pathways,  and  promote

 tissue  regeneration  across  preclinical  diabetic  wound  models. 

• Clinical  translation  is  limited  by  regulator  y  complexity,  manufacturing  scalability,  and  the  lack  of  clinically  relevant  wound

 models;  smart  and  responsive  SF  systems  represent  a  priority  direction  for  future  work  . 
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Background  

Epidemiolog  y  and  burden  of  diabetic  foot

 ulcers  

Diabetes  mellitus  comprises  a  heterogeneous  group  of  disorders
 characterized  by  absolute  or  relative  impairments  in  insulin  pro  -
 duction  or  action  [ 1,  2].  A  s  of  May  2024,  the  United  States  Centers
 for  Disease  Control  and  Prevention  estimated  that  38.4  million
 Americans,  or  11.6%  of  the  population,  are  living  with  diabetes,
 while  worldwide  prevalence  exceeds  830  million  individuals  [ 3,  4].
 Global  projections  are  even  more  concerning,  with  type  II  diabetes
 alone  anticipated  to  affect  1.3  billion  people  by  2050  [ 5].  Type  II
 diabetes,  which  accounts  for  90%  of  all  cases,  is  strongly  linked  to
 aging  populations,  increased  urbanization,  and  obesogenic  envi-
 ronments  [ 6].
 

The  systemic  impact  of  diabetes  is  profound,  as  the  disease
 markedly  increases  the  risk  of  cardiovascular  disease,  peripheral
 vascular  disease,  stroke,  neuropathy,  renal  failure,  retinopathy,
 blindness,  and  limb  amputations  [ 7,  8].  Among  its  many  com-
 plications,  diabetic  foot  ulcers  (DFUs)  represent  one  of  the  most
 debilitating  and  costly.  DFUs  develop  primarily  as  a  consequence
 of  peripheral  neuropathy,  vascular  insufficienc  y,  and  repetitive
 mechanical  trauma,  affecting  ∼15%–25%  of  individuals  with  dia-
 betes  and  1.6  million  patients  each  year  in  the  United  States  [ 9].
 These  open  sores  or  wounds  cause  discomfort  ,  loss  of  sensation,
 loss  of  motility,  and  reduced  quality  of  life,  while  also  ser  ving  as
 portals  for  soft  tissue  infection,  gangrene,  and  sepsis  [ 9].
 

The  clinical  consequences  of  DFUs  are  stark  ,  where  ∼50%  of
 all  foot  ulcers  become  infected,  15%–20%  of  moderate  to  severe
 infections  result  in  lower  limb  amputation,  and  five  -year  mortality
 approaches  30%,  rising  to  >70%  following  major  amputation  [ 9–
 12].  Beyond  the  human  toll,  DFUs  impose  a  significant  economic
 burden,  with  direct  healthcare  costs  in  the  United  States  alone
 estimated  at  $ 9–13  billion  annually  [ 13–  17].  Together,  these  epi-
 demiological  and  economic  data  underscore  DFUs  as  an  urgent
 and  escalating  public  health  challenge  requiring  more  effective
 therapeutic  strategies.
 

Challenges  and  limitations  with  current

 standard-of-care  

The  central  challenge  with  DFUs  is  their  development  into
 chronic,  non-healing  wounds.  A  “controlled”  wound  healing
 response  consists  of  four  subsequent  and  overlapping  phases:
 hemostasis,  inflammation,  proliferation,  and  remodeling.  Com-
 plications  within  the  wound  microenvironment  caused  by
 chronic  inflammation,  dysregulated  angiogenesis,  hypoxia-
 induced  oxidative  stress,  neuropathy,  advanced  glycation  end-
 products,  and  impaired  neuropeptide  signaling  can  all  lead  to
 chronic  diabetic  ulcers,  which  become  unresponsive  to  standard
 treatment  ( Figure  1)  [ 18].
 

A  s  illustrated  in  Figure  1a,  c,  and  e,  normal  wound  healing
 follows  a  coordinated  progression  in  which  clot  formation  and  an
 acute  inflammator  y  response  give  way  to  angiogenesis,  extracel-
 lular  matrix  (ECM)  deposition,  and  tissue  remodeling,  ultimately
 restoring  structural  and  functional  integrity.  By  contrast  ,  in
 impaired  healing  ( Figure  1b,  d,  and  f)  wounds  remain  trapped  in
 a  state  of  prolonged  and  excessive  inflammation,  often  driven  by
 

persistent  neutrophil  activity  and  damage  -associated  molecular
 patterns  such  as  reactive  oxygen  species  (ROS),  which  further
 exacerbate  local  tissue  damage.  Insufficient  angiogenesis  results
 in  a  hypoxic  wound  environment  ,  impairing  cell  proliferation
 and  amplifying  oxidative  stress.  These  factors  collectively  disrupt
 regeneration.  Inflammator  y  M1  macrophages  inhibit  fibroblast
 migration  and  collagen  deposition,  while  the  few  collagen  fibers
 that  are  deposited  are  disorganized  and  mechanically  weak  ,
 leaving  tissue  highly  vulnerable  to  re  -ulceration  and  infection.
 

Standard  treatments  for  DFUs  include  patient  education,  blood
 sugar  control,  pressure  offloading,  antiplatelet  agents  to  improve
 peripheral  vascular  circulation,  antibiotics  or  debridement  to
 prevent  or  control  infection,  and  topical  care  (e.g.  dressings)
 [ 7].  Wound  dressings  are  integral  to  effective  management  of
 DFUs,  ser  ving  both  to  protect  the  wound  from  bacterial  invasion
 and  to  accelerate  healing  [ 19].  DFUs  are  commonly  classified
 according  to  wound  depth  and  the  presence  of  necrotic  tissue,
 most  often  using  the  Wagner-Meggitt  Classification  of  Diabetic
 Foot  system  [ 7].  Importantly,  not  all  ulcers  present  the  same
 diagnosis  or  severity,  and  effective  treatment  must  be  tailored
 to  the  specific  stage  and  characteristics  of  each  wound.  Broadly,
 DFUs  can  be  categorized  as  either  shallow  or  deep  ulcers,  with  the
 latter  carr  ying  a  substantially  poorer  prognosis.  Deep  ulcers  often
 require  surgical  debridement  and  specialized  dressings,  and  are
 far  more  likely  to  enter  the  impaired  wound  healing  cascade.  Once
 in  this  state,  DFUs  become  resistant  to  conventional  treatment  and
 predispose  patients  to  severe  complications  including  infection,
 amputation,  and  even  death.  These  high-risk  wounds  underscore
 the  urgent  need  for  innovative  dressing  strategies  capable  of
 modulating  chronic  inflammation,  stimulating  angiogenesis,  and
 preventing  microbial  invasion—thereby  actively  redirecting  the
 healing  cascade  toward  its  normal,  regenerative  pathway.
 

Advantages  of  silk  fibroin-based  scaffolds

 for  treating  non-healing  DFUs 

Biomaterials  have  emerged  as  promising  candidates  for  address  -
 ing  the  complex  macro  -  and  micro  -environmental  challenges  in
 chronic  DFUs,  particularly  when  designed  to  provide  both  struc-
 tural  support  and  biological  signaling.  Their  inherent  tunability,
 biocompatibility,  biodegradability,  and  hydrophilicity,  combined
 with  the  ability  to  be  functionalized  with  bioactive  components,
 make  them  ideal  candidates  to  re  -establish  the  natural  healing
 cascade  [ 20– 24].
 

Among  the  many  biomaterials  explored  for  chronic  DFU  treat-
 ment  ,  silk  fibroin  (SF)  has  emerged  as  a  particularly  promising  can-
 didate.  Derived  from  silkworms  (Bombyx  mori  ),  SF  has  a  long  his  -
 tor  y  of  medical  use,  most  notably  as  suture  material  for  centuries
 [ 25].  In  more  recent  years,  advances  in  processing  have  enabled
 SF  to  be  converted  into  aqueous  solutions  and  reconstituted  into
 a  variety  of  biomaterial  formats,  including  sponges,  films,  hydro  -
 gels,  electrospun  mats,  and  even  three  -dimensional  (3D)-printed
 scaffolds.  This  versatility,  coupled  with  its  high  biocompatibility
 and  biodegradability,  has  positioned  SF  as  a  valuable  material  for
 tissue  engineering  and  wound  healing  applications.
 

In  the  context  of  wound  healing,  SF-based  materials  have
 demonstrated  capabilities  in  influencing  several  stages  of  wound
 healing.  They  can  modulate  inflammation,  stimulate  angiogenesis,
 enhance  fibroblast  and  keratinoc  yte  activity,  and  promote
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Figure  1  Normal  versus  impaired  wound  healing  across  the  three  phases.  (a)  Hemostasis/  inflammation  (normal):  platelet  aggregation  forms  a

 fibronectin-rich  provisional  matrix  while  chemoattractants  recruit  neutrophils  and  mast  cells,  which  release  pro-inflammator  y  cytokines  to  clear

 pathogens;  tissue  -resident  macrophages  are  activated.  (b)  Hemostasis/  inflammation  (impaired):  excessive  neutrophil  and  mast  cell  influx  sustains  a

 hyperinflammator  y  state,  causing  collateral  tissue  damage  and  prolonging  the  inflammator  y  phase.  (c)  Proliferation  (normal):  growth  factor-driven

 angiogenesis  restores  oxygenation;  infiltrating  monocytes  polarize  into  M1  and  M2  macrophages,  with  M2-derived cytokines,  growth  factors,  and

 proteases  directing  provisional  ECM  replacement  with  collagen,  supported  by  functional  fibroblasts,  yielding  granulation  tissue  and  keratinocyte

 coverage.  (d)  Proliferation  (impaired):  poor  angiogenesis  and  glycation-induced  hypoxia  drive  oxidative  stress,  skewing  polarization  toward  M1

 macrophages  and  impairing  fibroblast  function,  perpetuating  inflammation  and  inadequate  ECM  remodeling.  (e)  Remodeling  (normal):  macrophages,

 fibroblasts,  and  myofibroblasts  reorganize  collagen  via  balanced  MMP/TIMP  activity,  producing  tensile,  functional  scar  tissue.  (f)  Remodeling

 (impaired):  persistent  inflammation  and  dysfunctional  cell  populations  result  in  poor  collagen  reorganization,  yielding  mechanically  weak  skin  prone  to

 re  -injur  y  and  ulceration.  Figure  obtained  from  Holl  et  al.  [ 18].  ECM  extracellular  matrix  

ECM  remodeling.  Moreover,  SF  dressings  can  be  functionalized
 with  bioactive  agents  such  as  growth  factors,  antimicrobial
 compounds,  anti-inflammatories,  or  proteins,  thereby  further
 enhancing  their  therapeutic  effect  [ 26].  Evidence  from  in  vitro,
 in  vivo,  and  clinical  studies  in  diabetic  wound  models  further
 support  these  benefits.  SF-based  dressings  have  been  shown  to
 accelerate  re  -epithelialization,  improve  collagen  deposition,  and
 promote  vascular  regeneration,  underscoring  their  promise  as  a
 strateg  y  for  restoring  skin  integrity  and  function  in  chronic  DFUs
 ( Figure  2).  Taken  together,  these  findings  highlight  SF  as  a  versatile
 biomaterial  for  wound  healing,  particularly  in  chronic  DFUs,  where
 its  tunable  properties  and  capacity  for  biofunctionalization  may
 help  address  limitations  of  existing  dressings.
 

Review 

Chronic  wounds  

Pathophysiological  features  of  chronic  DFUs 

Wound  healing  is  a  highly  coordinated  process  involving  over-
 lapping  phases  of  hemostasis,  inflammation,  proliferation,  and
 remodeling  [ 27].  Under  physiological  conditions,  tightly  regulated
 c  ytokine  signaling,  controlled  ECM  turnover,  angiogenesis,  and
 

keratinoc  yte  migration  promote  timely  tissue  repair  [ 27].  Disrup  -
 tion  of  these  coordinated  events  results  in  impaired  healing  and
 the  development  of  chronic  wounds  with  diverse  etiologies  and
 underlying  pathophysiological  drivers,  most  commonly  including
 venous  stasis,  pressure,  diabetic,  and  ischemic  ulcers.
 

Chronic  wounds  are  characterized  by  prolonged  inflammation,
 excessive  protease  activity,  persistent  oxidative  stress,  and  micro  -
 bial  colonization.  Elevated  levels  of  matrix  metalloproteinases
 (MMPs)  and  neutrophil  elastase  degrade  newly  formed  ECM
 and  inactivate  endogenous  growth  factors,  while  sustained  ROS
 production  damages  cellular  components  and  impairs  angiogen-
 esis  [ 28].  Additionally,  bacterial  biofilms  contribute  to  immune
 dysregulation  and  antibiotic  resistance,  further  perpetuating  the
 inflammator  y  microenvironment  [ 29].
 

Diabetic  ulcers  represent  a  particularly  complex  subset  of
 chronic  wounds,  driven  by  systemic  metabolic  dysfunction  rather
 than  a  localized  or  single  -system  disease  process,  as  seen  in  most
 other  forms  of  chronic  wounds.  Among  these  diabetic  ulcers,  DFUs
 are  by  far  the  most  common  form  and  represent  a  significant
 burden  on  the  healthcare  system  at  the  national  and  global
 levels  as  discussed  in  the  “Background”  section  (Epidemiology
 and  burden  of  diabetic  foot  ulcers).  In  diabetes,  the  hallmark
 systemic  hyperglycemia  promotes  the  formation  of  advanced
 glycation  end  products,  microvascular  impairment  ,  endothelial
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Figure  2  Clinical  diagram  of  the  potential  of  SF  dressings  for  DFU  treatment  [created  with  BioRender.com].  DFUs  diabetic  foot  ulcers,  SF  silk  fibroin  

dysfunction,  and  peripheral  neuropathy,  all  of  which  contribute
 to  compromised  tissue  perfusion  and  mechanical  protection
 [ 30,  31].  At  the  cellular  level,  diabetic  wounds  exhibit  persistent
 pro  -inflammator  y  macrophage  polarization,  reduced  vascular
 endothelial  growth  factor  (VEGF)  signaling,  fibroblast  senescence,
 impaired  keratinoc  yte  migration,  and  diminished  collagen  depo  -
 sition  [ 32– 35].  Together,  these  abnormalities  create  a  protease  -
 rich,  oxidative,  and  poorly  vascularized  microenvironment  that
 actively  resists  endogenous  repair  mechanisms.
 

Understanding  these  pathophysiological  features  provides  a
 clear  mechanistic  rationale  for  developing  bioactive  SF-based
 scaffolds  to  support  healing  in  other  wise  compromised  wound
 environments.  The  material  design  for  DFU  treatment  must  not
 only  provide  structural  support  but  also  strategically  target  one
 or  more  dominant  pathological  domains,  such  as  protecting
 therapeutic  agents  from  degradation,  modulating  inflammation,
 reducing  oxidative  stress,  preventing  infection,  and  promoting
 angiogenesis.
 

Current  and  emerging  therapies  

Management  of  DFUs  remains  a  major  clinical  challenge  despite
 advances  in  wound  care.  Current  standard-of-care  treatments  for
 deep  ulcers  focuses  on  debridement  ,  infection  control,  pressure
 offloading,  and  maintaining  a  moist  wound  environment  [ 36].
 While  these  approaches  are  often  effective  for  early-stage  ulcers,
 they  are  frequently  insufficient  for  chronic,  non-healing  DFUs
 [ 9,  37].  Consequently,  various  bioengineered  and  adjunctive
 therapies  have  been  developed  to  enhance  tissue  regeneration
 and  accelerate  wound  closure. 

Several  commercially  available  skin  substitutes  are  Food
 and  Drug  Administration  (FDA)-approved  for  DFU  treatment  ,
 including  Apis ® (collagen-Manuka  honey-hydroxyapatite  patch)
 [ 38],  Apligraf ® (bi-layered  collagen  matrix  with  keratinoc  ytes  and
 fibroblasts)  [ 39],  and  TheraSkin ® (cr  yopreser  ved  human  split
 thickness  allograft)  [ 40,  41].  These  constructs  provide  cellular
 and  ECM  support  ,  along  with  native  growth  factors  that  aid  in
 promoting  granulation  tissue  formation  and  re  -epithelialization
 toward  complete  wound  healing.  Other  advanced  therapies,
 including  recombinant  growth  factor  gels  (such  as  Regranex ® 
[ 42,  43])  and  adjunctive  modalities  like  negative  pressure  wound
 therapy  or  hyperbaric  oxygen  therapy  [ 44,  45],  have  demonstrated
 clinical  benefit  in  select  patients  but  remain  limited  by  high  cost  ,
 

restricted  accessibility,  and  variable  efficac  y  in  chronic  DFUs
 [ 46,  47].
 

Several  biopolymer-based  dressings  (i.e.  alginate,  collagen,  and
 chitosan  hydrogels)  have  also  gained  FDA  approval  for  DFU  treat-
 ment  due  to  their  capacity  to  maintain  moisture  balance,  regulate
 oxygen  diffusion,  and  reduce  microbial  load  [ 21].  Within  this  class,
 bio  -enhanced  SF  dressings  are  emerging  as  investigational  alter-
 natives  rather  than  established  clinical  standards  [ 48].  Early  pilot
 studies  have  demonstrated  the  therapeutic  potential  of  bioac-
 tive  SF  scaffolds.  For  example,  Chouhan  et  al.  [ 49]  examined  the
 antimicrobial  effects  of  LL-37  incorporated  into  blended  SF  mats,
 while  Lin  et  al.  [ 50]  reported  significantly  faster  wound  closure
 using  a  SF  film  loaded  with  insulin-like  growth  factor-1  (IGF-1)
 compared  to  a  conventional  hydrocolloid  dressing.  These  studies
 demonstrated  promising  safety,  biocompatibility,  and  antibacte  -
 rial  activity,  although  large  -scale  randomized  human  trials  remain
 limited. 

Next-generation  DFU  therapies  aim  not  only  to  achieve  full
 wound  closure  but  also  to  reactivate  dysregulated  healing  path-
 ways  that  become  stalled  in  chronic  disease.  These  innovations
 include  mesenchymal  (MSC)  or  adipose  -derived  (ADSC)  stem  cell-
 based  therapies  [ 51],  nanoparticle  and  exosome  deliver  y  systems
 enabling  localized  bio  -additive  deliver  y  [ 52],  and  bio  -responsive
 “smart”  dressings  that  modulate  drug  release  in  response  to  pH,
 temperature,  or  ROS  within  the  wound  microenvironment  [ 53].
 

Within  this  regenerative  landscape,  SF  has  become  a  leading
 biomaterial  platform.  Its  molecular  structure  enables  tunable
 degradation,  strong  mechanical  integrity,  and  robust  function-
 alization  with  bioactive  additives.  Recent  preclinical  studies  show
 that  SF  scaffolds  enhanced  with  growth  factors  [e.g.  epidermal
 growth  factor  (EGF),  basic  fibroblast  growth  factor  (bFGF),  IGF-1],
 antimicrobial  peptides,  herbal  extracts,  or  antioxidants  signifi-
 cantly  improve  angiogenesis,  collagen  maturation,  bacterial  con-
 trol,  and  overall  wound  healing  in  diabetic  models.  Electrospun
 SF  nanofibrous  mats  [ 26],  hydrogels  [ 54],  and  porous  sponges
 [ 55,  56]  create  biomimetic  architectures  that  support  fibroblast
 proliferation  and  re  -epithelialization  while  preventing  microbial
 invasion.  Collectively,  these  approaches  reflect  a  paradigm  shift
 from  passive  wound  coverage  toward  active,  biomaterial-guided
 regeneration.
 

Despite  encouraging  outcomes,  most  SF-based  strategies
 remain  in  preclinical  or  early  translational  stages,  challenged
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by  manufacturing  scale  -up,  sterilization,  processing,  cost  ,  and
 regulator  y  classification  [ 26].  Continued  development  of  multi-
 functional  SF  scaffolds  that  deliver  controlled  therapeutic  cues
 while  accurately  mimicking  ECM  architecture  represents  a  critical
 and  promising  direction  for  future  treatment  of  chronic  DFUs.
 

The  source,  structure,  and  fabrication  of

 SF  scaffolds 

Types  and  general  structure  of  SF 

SF  has  become  a  widely  studied  natural  biomaterial  due  to  its
 biocompatibility,  mechanical  strength,  and  tunable  degradation
 profile.  Although  traditionally  associated  with  textile  production,
 SF’s  unique  molecular  architecture  and  protein  composition  make
 it  well-suited  for  biomedical  applications,  including  wound  heal-
 ing  and  tissue  regeneration.
 

Silk  is  produced  by  a  variety  of  organisms  (e.g.  silkworms
 and  spiders);  however,  this  review  focuses  on  SF  derived  from
 silkworms.  Silkworm  silk  is  typically  divided  into  two  types:
 mulberr  y,  derived  from  the  domesticated  Bombyx  mori  ,  and  non-
 mulberr  y,  obtained  from  wild  species  such  as  Antheraea  mylitta
 (Tasar),  Antheraea  assama  (Muga),  and  Samia  ricini  (Eri)  [ 26].
 These  silks  differ  in  their  fibroin  composition,  which  influences
 their  mechanical  strength,  degradation  rate,  and  biocompatibility
 [ 57,  58].  Given  its  favorable  properties,  silk  has  received  FDA
 approval  for  specific  medical  applications,  underscoring  its  safety
 and  versatility  as  a  biomaterial  [ 59].
 

Silk  from  the  domesticated  silkworm  (Bombyx  mori  )  consists
 of  two  primar  y  proteins:  an  inner  core  of  SF  (70%)  and  an  outer
 coating  of  sericin  (30%),  a  hydrophilic  protein  that  functions  as
 a  glue  -like  adhesive  [ 60].  For  biomedical  applications,  sericin  is
 typically  removed  due  to  its  immunogenicity,  leaving  SF  as  the
 principal  structural  protein  of  interest  .
 

SF  is  a  high-molecular-weight  protein  complex  composed  of
 a  ∼  350  kDa  heavy  chain  and  a  25  kDa  light  chain  [ 60],  linked  by
 a  disulfide  bond  between  Cys  -c20  of  the  heavy  chain  and  Cys  -172
 of  the  light  chain  [ 61].  Proper  assembly  and  secretion  of  fibroin
 depend  on  this  disulfide  bond  that  forms  between  the  heavy  and
 light  chains;  without  it  ,  silk  production  is  severely  disrupted.  In
 fact  ,  in  a  mutant  silkworm  lacking  this  disulfide  bond,  the  resulting
 cocoon  contained  <0.3%  fibroin  [ 62].  This  structure  is  further
 stabilized  by  a  25  kDa  glycoprotein,  P25,  which  associates  non-
 covalently  to  ensure  stability  during  fiber  formation  [ 61].
 

The  primar  y  sequence  of  SF  is  rich  in  glycine  (43%),  alanine
 (30%),  and  serine  (12%).  These  amino  acid  sequences  in  the
 heavy-chain  are  organized  into  alternating  hydrophobic  and
 hydrophilic  segments,  producing  repeating  motifs  such  as
 GAGAGS  and  GAGAGY  [ 60,  63,  64].  These  ordered  domains  are
 interspersed  with  less  structured  segments,  ∼42–44  amino  acids
 long,  and  a  25-residue  section  not  found  in  the  more  cr  ystalline
 areas,  creating  a  block-copolymer-like  architecture  that  facilitates
 both  elasticity  and  tensile  strength,  essential  for  the  integrity  of
 silk  fibers. 

SF  can  adopt  multiple  structural  conformations  depending
 on  processing  conditions  and  environmental  factors.  In  the
 native  state  within  the  silk  gland,  fibroin  exists  in  a  water-soluble
 silk  I  conformation.  During  fiber  spinning  or  after  exposure  to
 lab  -prepared  agents  (e.g.  methanol  or  potassium  chloride),  the
 protein  undergoes  a  conformational  shift  into  silk  II,  a  stable,
 

water-insoluble  structure  rich  in  anti-parallel  β  -sheets.  These
 β  -sheets  are  densely  packed  and  stabilized  through  hydrogen
 bonding  and  van  der  Waals  forces,  conferring  high  mechanical
 strength  and  resistance  to  degradation  ( Figure  3)  [ 60,  65,  66].
 

Bio-functional  significance  of  SF  structure 

A  defining  feature  of  SF  is  its  intrinsic  ability  to  stabilize  and  protect
 incorporated  bioactive  components.  This  protective  effect  arises
 from  the  hierarchical  structure  of  SF,  characterized  by  alternating
 hydrophobic  cr  ystalline  β  -sheet  domains  and  hydrophilic  amor-
 phous  regions  [ 59].  Upon  β  -sheet  formation,  the  tightly  packed
 cr  ystalline  domains  create  a  physically  crosslinked  network  that
 restricts  molecular  mobility  and  limits  water  penetration,  thereby
 shielding  encapsulated  proteins,  peptides,  and  small  molecules
 from  denaturation  and  enzymatic  degradation  [ 67,  68].
 

Hydrophobic  interactions  and  hydrogen  bonding  between  SF
 chains  further  contribute  to  structural  rigidity  [ 25,  69],  while  the
 mild  aqueous  processing  conditions  used  in  SF  scaffold  fabrica-
 tion  preser  ve  the  native  conformation  of  sensitive  biomolecules
 [ 70].  Additionally,  physical  entrapment  within  the  nanofibrillar
 matrix  reduces  exposure  to  external  proteases  and  oxidative
 stress  [ 70,  71].  This  combination  of  structural  confinement  and
 limited  diffusion  enables  SF  to  prolong  the  biological  activity
 of  growth  factors,  antimicrobial  agents,  and  anti-inflammator  y
 compounds,  particularly  in  hostile  microenvironments  such  as
 chronic  wounds  [ 72].
 

Importantly,  the  degree  of  β  -sheet  cr  ystallinity  can  be  tuned
 during  processing,  enabling  modulation  of  scaffold  degradation
 rate  and  therapeutic  release  kinetics  [ 73– 75].  This  tunability  is
 particularly  relevant  in  chronic  DFUs,  where  the  metabolically
 dysregulated  microenvironment  may  alter  scaffold  degradation
 dynamics  and  therapeutic  durability.  Although  SF  can  be  engi-
 neered  to  degrade  over  weeks  to  months,  most  diabetic  wound
 studies  report  only  short-term  follow-up  and  do  not  track  scaffold
 resorption  relative  to  the  slower  regeneration  timeline  character-
 istic  of  ischemic  or  neuropathic  ulcers  [ 48,  76– 78].  Accordingly,
 alignment  between  SF  degradation  and  long-term  DFU  healing
 remains  insufficiently  characterized  in  clinically  relevant  models
 [ 26,  76,  79].  Existing  in  vivo  work  suggests  that  SF  supports  tis  -
 sue  regeneration  with  minimal  chronic  inflammation,  scarring,
 and  fibrotic  encapsulation;  however,  long-term  biosafety  data—
 particularly  recurrence  rates,  immunogenicity,  systemic  exposure
 to  degradation  fragments,  scarring,  and  functional  restoration—
 remain  limited  and  require  further  investigation  [ 48,  80].
 

SF  extraction 

The  extraction  of  SF  from  Bombyx  mori  cocoons  is  a  multistep
 process  designed  to  remove  sericin  and  yield  a  purified  fibroin
 solution  suitable  for  biomedical  applications.  Degumming  typi-
 cally  involves  boiling  cocoons  in  sodium  carbonate  (Na

 2  CO
 3  )  for  a

 defined  duration,  followed  by  extensive  rinsing  to  remove  sericin
 [ 59].  The  degummed  fibers  are  then  dissolved  [commonly  using
 9.3  M  lithium  bromide  (LiBr)  at  elevated  temperature]  and  dialyzed
 against  deionized  water  to  remove  salts  and  obtain  an  aqueous
 SF  solution.  Additional  clarification  steps  (e.g.  centrifugation)  may
 be  used  to  remove  particulates  prior  to  downstream  processing
 ( Figure  4)  [ 81].
 

For  long-term  storage,  aqueous  SF  solutions  may  be  frozen
 and/or  lyophilized  to  yield  a  stable  powder  that  can  be  recon-
 stituted  in  appropriate  solvents  depending  on  the  intended
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Figure  3  Silk  proteins  and  chemical  structure  of  SF.  Adapted  from  Yankov  et  al.  [  65]  and  Ma  et  al.  [ 66].  SF  silk  fibroin  

Figure  4  Schematic  representation  of  SF  extraction  from  Bombyx  mori  cocoons.  The  process  includes  degumming  to  remove  sericin,  dissolution  in  LiBr,

 dialysis,  and  reconstitution  into  aqueous  SF  solution  [created  with  BioRender.com].  SF  silk  fibroin  

application  [ 81,  82].  This  versatile  extraction  process  enables  SF  to
 be  reconstituted  into  a  variety  of  scaffold  formats.  In  the  context  of
 wound  healing  and  DFUs,  SF  solutions  are  commonly  processed
 into  electrospun  mats,  hydrogels,  and  3D  porous  scaffolds  (e.g.
 sponges),  which  support  bioactive  loading  and  controlled  release
 of  therapeutic  agents.
 

Silk  fibroin-based  scaffold  fabrication  methods 

SF  can  be  fabricated  into  diverse  scaffold  formats  with  tunable
 mechanical,  structural,  and  biological  properties.  The  fabrication
 method  strongly  influences  scaffold  porosity,  degradation  rate,
 and  bioactivity,  which  can  determine  suitability  for  chronic  wound
 healing  applications  such  as  DFUs.  The  most  commonly  employed
 approaches  include  electrospinning,  hydrogel  formation,  and
 porous  sponge  fabrication  ( Figure  5).
 

Electrospun  mats  The  skin  is  a  multilayered  organ  composed
 of  the  epidermis,  dermis,  and  hypodermis,  with  respective
 thicknesses  ranging  from  ∼0.03–2  mm,  1–4  mm,  and  0.5–30  mm
 [ 83,  84].  Electrospinning  enables  the  creation  of  nanometer-
 to  millimeter-scale  fibrous  mats,  capable  of  structurally  and
 functionally  replicating  these  layers.  Because  electrospun  scaf-
 folds  closely  mimic  the  native  ECM,  they  have  gained  particular
 attention  for  skin  wound  healing  applications  [ 85].
 

Briefly,  electrospinning  involves  the  dissolution  of  a  polymer
 (such  as  SF)  in  a  volatile  solvent  which  is  subsequently  loaded  into
 a  syringe.  Under  high  voltage,  the  polymeric  solution  is  extruded
 toward  a  grounded  collector  at  a  desired  speed  (flow  rate).  The
 electric  field  induces  the  formation  of  continuous  polymeric
 nanofibers  across  the  working  distance  between  the  needle  and  a
 

grounded  target  ,  which  deposit  as  a  nonwoven  mesh  [ 85].  These
 resulting  nanofibrous  mats  possess  high  surface  -area-to  -volume
 ratios,  tunable  porosity,  and  pore  interconnectivity,  all  of  which
 facilitate  nutrient  ,  gas,  and  waste  exchange,  providing  an  ideal
 environment  for  cell  attachment  ,  infiltration,  and  proliferation
 [ 85– 87].
 

This  fabrication  technique  is  highly  versatile,  as  parameters
 such  as  voltage,  flow  rate,  solvent  composition,  or  collector  design
 can  be  tuned  to  precisely  control  fiber  diameter,  orientation
 and  overall  scaffold  architecture.  In  the  context  of  chronic  DFUs,
 electrospun  SF  scaffolds  offer  high  surface  area  that  enhances
 fibroblast  and  keratinoc  yte  attachment  ,  migration,  and  prolif-
 eration—essential  processes  in  wound  healing.  The  scaffold’s
 chemical  versatility  also  allows  for  incorporation  (loading  )  of
 bioactive  molecules  such  as  growth  factors,  antimicrobials,
 and  anti-inflammator  y  compounds,  further  enhancing  their
 therapeutic  potential  [ 88,  89].
 

Hydrogels  Hydrogels  are  3D,  water-rich,  crosslinked  polymer
 networks  capable  of  extensive  swelling  in  aqueous  environments
 [ 89].  These  scaffold  types  are  highly  valued  in  wound-healing
 applications  for  their  ability  to  maintain  a  moist  environment  ,
 absorb  exudate,  and  enable  sustained  deliver  y  of  therapeutic
 agents.  Specifically,  SF  hydrogels  offer  a  unique  combination  of
 biocompatibility,  tunable  mechanical  properties,  and  controllable
 degradation,  making  them  excellent  candidates  for  treating
 chronic  DFUs.  SF  hydrogels  can  be  fabricated  using  manual  or
 automated  techniques  depending  on  the  desired  structure  and
 function.  Traditionally,  SF  hydrogels  are  formed  manually  by
 preparing  an  aqueous  silk  solution  and  inducing  gelation  through
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Figure  5  SF  scaffold  fabrication  methods  and  final  scaffold  forms  for  application  in  DFU  treatment  [created  with  BioRender.com].  DFUs  diabetic  foot

 ulcers,  SF  silk  fibroin  

crosslinking.  For  more  complex  architectures,  3D  bioprinting  has
 emerged  as  a  promising  fabrication  method.  In  this  approach,  the
 SF  solution  is  combined  with  other  biomaterials  to  create  print-
 able  bioinks  that  are  extruded  layer-by-layer  to  build  customized
 structures  with  controlled  geometr  y  and  porosity,  enhancing
 precision  and  reproducibility.  Crosslinking  of  SF  hydrogels  can
 occur  physically  or  chemically,  both  of  which  induce  a  transition
 from  the  random  coiled  (silk  I)  structure  to  a  silk  II  β  -sheet
 conformation  [ 90].
 

Physical  crosslinking  involves  non-covalent  interactions  such
 as  hydrogen  bonding,  hydrophobic  interaction,  or  electrostatic
 attraction.  Techniques  to  achieve  physical  crosslinking  include
 pH  adjustment  ,  sonication,  vortexing,  exposure  to  electric  fields,
 and  photo  -crosslinking  [ 91,  92].  In  3D  printing,  shear-induced
 gelation,  pH  adjustment  ,  or  temperature  changes  can  initiate
 physical  crosslinking  within  or  immediately  at  the  nozzle  tip
 [ 93– 95].  This  allows  the  printed  filament  to  retain  its  shape  and
 stack  into  stable  3D  constructs.  Although  physical  crosslinking
 methods  are  simple  and  c  ytocompatible,  they  often  yield  hydro  -
 gels  with  limited  mechanical  strength  and  poorly  controlled
 porosity  [ 89,  96].
 

In  comparison,  chemical  crosslinking  allows  for  greater  control
 over  porosity,  swelling,  mechanical  strength,  and  biodegradabil-
 ity.  Functional  groups  within  SF  (–OH,  –NH

 2  ,  and  –COOH)  can  react
 with  chemical  crosslinkers  to  form  covalent  bonds  and  stable  net-
 works  [ 89].  However,  some  chemical  agents  have  been  associated
 with  c  ytotoxicity,  prompting  increasing  use  of  enzymatic  systems
 such  as  horseradish  peroxidase  (HRP)  with  hydrogen  peroxide  [ 97,
 98].  In  3D  printing,  chemical  crosslinking  may  occur  either  during
 extrusion  (co  -extrusion)  or  after  printing,  where  incubation  with
 

the crosslinker  allows  precise  control  over  gelation  kinetics  and
 final  mechanical  properties  [ 98].
 

Ultimately,  hydrogel  performance  depends  on  the  interplay
 of  gelation  kinetics,  pore  size,  and  stiffness.  These  parameters
 collectively  regulate  drug  release,  nutrient  diffusion,  and  cel-
 lular  infiltration—key  factors  for  chronic  wound  repair.  While
 gelation  kinetics  largely  governs  therapeutic  release  profiles,
 pore  size  and  mechanical  properties  influence  cell  infiltration
 and  migration  as  well  as  structural  support  within  the  scaffold
 [ 99].  Physical  crosslinking  methods  minimize  c  ytotoxicity  but
 offer  less  structural  control,  whereas  chemical  or  enzymatic
 crosslinking  can  produce  elastic,  porous  networks  that  sup  -
 port  tissue  ingrowth  and  angiogenesis  [ 100– 102].  Together,
 these  properties  make  SF  hydrogels  a  versatile  platform  for
 advanced  dressings  and  localized  therapeutic  deliver  y  in  DFU
 treatment  . 

Sponges  Porous  SF  sponges  can  be  fabricated  through  several
 techniques  such  as  solvent  casting  with  porogens,  freeze  -dr  ying,
 or  gas  foaming.  These  approaches  produce  3D  scaffolds  with  tun-
 able  pore  size,  high  porosity,  and  interconnected  networks  con-
 taining  features  essential  for  nutrient  exchange,  cell  infiltration,
 and  tissue  regeneration  [ 55,  56].
 

Solvent  casting  with  porogens  involves  dissolving  SF  in  a
 volatile  organic  solvent  to  form  a  uniform  solution,  into  which
 water-soluble  particles  are  dispersed  as  porogens.  The  mixture  is
 cast  into  molds  to  form  the  desired  scaffold  geometr  y  and,  after
 solvent  evaporation,  the  construct  is  immersed  in  a  solvent  that
 selectively  dissolves  the  porogens  without  affecting  the  polymer
 matrix.  The  leaching  of  porogens  leaves  behind  interconnected
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pores,  producing  a  highly  porous  structure  suitable  for  cell  growth
 and  vascularization  [ 56,  103].
 

Freeze  -dr  ying  or  lyophilization  is  among  the  most  widely  used
 methods  for  fabricating  3D  porous  SF  scaffolds.  The  process
 begins  by  preparing  an  aqueous  SF  solution,  which  is  then  poured
 into  a  mold  and  frozen  at  ultra-low  temperatures.  During  freezing,
 ice  cr  ystals  form  throughout  the  solution,  ser  ving  as  a  template
 for  the  pore  structure.  Subsequent  sublimation  under  reduced
 pressure  removes  ice  directly  as  vapor,  preser  ving  the  porous
 microstructure  created  by  the  ice  cr  ystals.  Pore  size  and  distribu-
 tion  can  be  finely  tuned  by  adjusting  parameters  such  as  freezing
 rate,  silk  concentration,  and  freezing  temperature,  allowing  opti-
 mization  for  cell  infiltration  and  mechanical  performance  [ 104].
 

Lastly,  gas  foaming  fabricates  3D  porous  scaffolds  without
 the  use  of  organic  solvents.  In  this  method,  the  polymer  is
 first  compressed  into  a  solid  form  (e.g.  disc  or  film)  and  then
 exposed  to  a  high-pressure  gas,  commonly  carbon  dioxide  [ 105].
 Under  high  pressure,  the  gas  diffuses  into  the  polymer  matrix
 and,  upon  rapid  depressurization,  nucleates  bubbles  that  form
 pores  within  the  material.  Although  gas  foaming  produces  high
 porosity  while  avoiding  c  ytotoxic  solvents,  it  often  yields  closed
 pores  with  limited  interconnectivity,  which  may  restrict  nutrient
 diffusion  and  cell  migration/  infiltration  [ 106,  107].  Nevertheless,
 gas  foaming  remains  a  valuable  strateg  y  when  solvent-free
 processing  is  desired.
 

Each  fabrication  method  offers  distinct  advantages  in  control-
 ling  pore  morpholog  y,  mechanical  properties,  and  biocompati-
 bility.  For  chronic  DFU  treatment  ,  freeze  -dried  SF  sponges  are
 especially  advantageous  because  of  their  highly  interconnected
 pore  networks  and  ability  to  incorporate  bioactive  molecules,  pro  -
 viding  both  structural  support  and  controlled  therapeutic  release
 for  enhanced  wound  healing. 

Multifunctional  applications  and  efficacy

 of  SF  scaffolds 

Bio-additives  for  enhancing  SF  scaffolds  in  chronic
 DFUs  treatment 

Impaired  healing  in  DFU  remains  a  critical  clinical  challenge.
 While  the  scaffold  formats  described  above  provide  essential
 structural  and  physical  support  ,  the  hostile  microenvironment  of
 chronic  DFUs,  characterized  by  persistent  inflammation,  oxidative
 stress,  and  bacterial  colonization,  often  exceeds  what  SF  alone  can
 address.  SF  scaffolds  have  therefore  been  increasingly  function-
 alized  with  bio  -additives  that  provide  targeted  biochemical  and
 biological  cues  to  redirect  dysregulated  healing  pathways.  Build-
 ing  on  the  DFU  pathophysiolog  y  and  SF  scaffold  design  principles
 outlined  previously,  we  highlight  representative  studies  demon-
 strating  how  specific  additive  classes—including  growth  factors,
 antimicrobial  agents,  anti-inflammator  y  compounds,  cells,  ECM
 proteins,  mimetic  peptides,  herbal  medicines,  and  genetic
 modification—enhance  SF-based  scaffolds  for  DFU  treatment  . 

Growth  factors  DFUs  are  characterized  by  poor  microcirculation,
 which  limits  endogenous  growth-factor  deliver  y  to  the  wound
 bed  [ 33].  Moreover,  most  growth  factors  have  short  half-lives
 in  vivo,  necessitating  sustained,  localized  release  for  effective
 therapy  [ 108,  109].  Controlled  deliver  y  from  SF  scaffolds  offers
 a  strateg  y  to  address  both  limited  bioavailability  and  rapid
 degradation  of  exogenously  administered  growth  factors  [ 110].
 

Figure  6  Wound  closure  over  13  days  in  diabetic  mice  treated  with

 phosphate  buffered  saline  (PBS;  control),  native  IGF-1,  commercial

 dressing  product  (hydrocolloid),  and  IGF-1-loaded  SF  film.  Scale

 bars:  5  mm.  Adapted  from  Lin  et  al.  [ 50].  IGF-1  insulin-like  growth  factor-1,

 SF  silk  fibroin  

Lin  et  al.  [ 50]  demonstrated  sustained  release  of  IGF-1  from
 SF  films  for  >30  days  at  37 ◦  C.  In  a  diabetic-mouse  model,  IGF-1-
 loaded  SF  films  significantly  accelerated  wound  closure  compared
 with  a  commercial  hydrocolloid  dressing,  producing  smoother
 wound  surfaces,  enhanced  granulation  tissue  formation,  and
 increased  angiogenesis  ( Figure  6).  The  authors  further  reported
 altered  IGF-1  receptor  signaling  consistent  with  enhanced  cell
 migration  and  proliferation,  suggesting  that  sustained  IGF-1
 presentation  from  the  SF  matrix  contributed  to  improved  healing
 outcomes. 

In  a  different  study  by  Sen  et  al.  [ 111],  EGF  was  loaded  into
 polyurethane  (PU)/SF  scaffolds  and  achieved  complete  wound
 healing  by  Day  16  with  reduced  microbial  load.  ECM  analysis
 showed  elevated  glycosaminoglycan  and  collagen  expression,
 while  markers  such  as  E-cadherin  and  MMP-9  confirmed  improved
 cell-matrix  interactions.  Chouhan  et  al.  [ 49]  further  enhanced
 electrospun  SF/poly(vinyl  alcohol)  (PVA)  mats  by  functionalizing
 them  with  EGF,  bFGF,  and  antimicrobial  peptide  LL-37.  These
 multifunctional  scaffolds  achieved  ∼85%–90%  wound  closure  by
 Day  14  in  diabetic  models,  with  increased  expression  of  collagen
 types  I  and  III,  elastin,  and  matrix-remodeling  enzymes,  as  well
 as  higher  wound-breaking  strength  (a  measure  of  healed  tissue
 tensile  strength)  compared  with  controls.  Importantly,  this  study
 illustrates  how  SF-based  matrices  can  support  the  concurrent
 deliver  y  of  multiple  growth  factors  while  maintaining  scaffold
 integrity  and  mechanical  performance.
 

Collectively,  these  studies  demonstrate  that  SF  scaffolds  can
 act  as  effective  deliver  y  vehicles  for  growth  factors  by  stabiliz-
 ing  labile  proteins  and  enabling  sustained  local  release  in  dia-
 betic  wound  environments.  However,  despite  encouraging  pre  -
 clinical  outcomes,  growth  factor-based  SF  dressings  remain  lim-
 ited  by  high  production  cost  ,  short  intrinsic  bioactivity  windows,
 and  potential  safety  concerns  related  to  supraphysiologic  dos  -
 ing  and  off-target  angiogenesis.  These  limitations  underscore  the
 importance  of  dose  optimization,  controlled  release  kinetics,  and
 careful  patient  selection  when  considering  growth  factor  incorpo  -
 ration  into  SF  scaffolds  for  DFU  treatment  . 
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Antimicrobial  agents  Bacterial  colonization  and  biofilm  forma-
 tion  are  major  impediments  to  DFU  healing  due  to  the  hyper-
 glycemic  environment  [ 112].  The  chronic  DFU  microenvironment
 promotes  persistent  infection,  impaired  immune  clearance,  and
 biofilm  formation,  all  of  which  delay  re  -epithelialization  and  gran-
 ulation  tissue  formation.  Therefore,  incorporation  of  antimicro  -
 bial  agents  into  SF  scaffolds  effectively  mitigates  infection  while
 supporting  regeneration.
 

In  the  study  by  Chouhan  et  al.  [ 49],  electrospun  SF/PVA  mats
 functionalized  with  the  antimicrobial  peptide  LL-37  inhibited
 Pseudomonas  aeruginosa  and  Staphylococcus  growth  and  biofilm
 development  .  Treated  wounds  contained  fewer  than  100  bacterial
 colonies  by  Day  5,  compared  with  >500  colonies  in  control
 wounds.  This  reduction  in  bacterial  burden  demonstrated  the
 ability  of  LL-37-functionalized  SF  scaffolds  to  suppress  infection
 under  diabetic  conditions  while  maintaining  compatibility  with
 wound  healing  processes.  Khan  and  colleagues  [ 113]  also  blended
 electrospun  SF  with  zinc  oxide  (ZnO)  nanoparticles  to  produce
 nanofibrous  membranes  exhibiting  both  antimicrobial  activity
 and  enhanced  angiogenesis  and  collagen  deposition.  The  SF/ZnO
 nanofiber  composites  provided  a  favorable  microenvironment
 for  tissue  repair,  supporting  wound  healing  despite  the  hostile
 diabetic  milieu.  Kandhasamy  et  al.  [ 114]  further  incorporated  the
 antibacterial  vitamin  K3-carnosine  peptide  into  electrospun  SF
 fibers  to  address  delayed  tissue  repair  and  elevated  infection  risk
 in  diabetic  wounds.  The  resulting  SF  nano  -scaffolds  exhibited
 potent  antibacterial  activity  and  significantly  enhanced  re  -
 epithelialization  and  granulation  tissue  formation  in  diabetic
 models. 

Lastly,  Nanordica,  a  single  -use  antimicrobial  dressing  with
 a  wound-contact  layer  composed  of  natural  silk  nanofibers,  is
 currently  enrolling  170  patients  in  a  Phase  I/II  clinical  trial  for  the
 treatment  of  DFUs  [ 115].  Its  antibacterial  platform  is  based  on  a
 synergistic  interaction  between  silver  and  copper  nanoparticles
 designed  to  enhance  broad-spectrum  antimicrobial  activity  [ 116,
 117].  In  a  2023  in  vivo  study,  the  dressing  demonstrated  efficac  y
 against  a  wide  range  of  antibiotic-resistant  bacteria  [ 117].  In
 infected  rat  wound  models,  it  achieved  26-fold  greater  bacterial
 inactivation  than  placebo  dressings  and  a  7.6-fold  greater
 reduction  than  AQUACEL ® Ag  Extra,  a  commercially  available
 antimicrobial  dressing  [ 117].  Histological  analysis  further  revealed
 enhanced  re  -epithelialization,  reduced  inflammation,  and  more
 mature  collagen  deposition  at  the  wound  site  [ 117].
 

Together,  these  studies  highlight  the  capacity  of  SF-based
 scaffolds  to  ser  ve  as  localized  antimicrobial  deliver  y  platforms
 that  reduce  bacterial  burden  while  preser  ving  a  regenerative
 wound  environment  .  However,  antimicrobial  incorporation
 introduces  important  translational  considerations,  including  the
 risk  of  antimicrobial  resistance,  dose  -dependent  c  ytotoxicity
 to  keratinoc  ytes  and  fibroblasts,  and  potential  disruption  of
 commensal  wound  microbiota.  Nanoparticle  -based  incorporation
 strategies,  such  as  those  employed  in  the  Nanordica  platform,  may
 help  modulate  ion-release  kinetics  while  mitigating  antimicrobial
 resistance  and  c  ytotoxicity.  Accordingly,  antimicrobial-loaded
 SF  scaffolds  may  be  most  appropriate  for  infected  or  heavily
 colonized  DFUs  and  should  be  carefully  designed  to  balance
 bactericidal  efficac  y  with  host-cell  compatibility.
 

Anti-inflammator  y  molecules  or  antioxidants  Persistent  inflam-
 mation  and  oxidative  stress  are  hallmarks  of  the  microenvi-
 ronment  of  chronic  DFUs  [ 118].  Excessive  ROS  and  prolonged
 

inflammator  y  signaling  impair  fibroblast  function,  angiogenesis,
 and  re  -epithelialization,  contributing  to  stalled  wound  healing.  To
 counteract  these,  anti-inflammator  y  and  antioxidant  compounds
 have  been  integrated  into  SF  scaffolds.  Agar  wal  et  al.  [ 119]  loaded
 curcumin  into  SF-PVA  or  SF-polycaprolactone  (PCL)  electrospun
 scaffolds.  Curcumin  is  a  naturally  occurring  phenolic  compound
 with  a  wide  range  of  natural  therapeutic  activity  including  anti-
 oxidant  ,  anti-inflammator  y,  and  reported  anti-cancer  properties,
 as  well  as  potential  benefits  in  diabetic  wound  healing  [ 120].
 When  incorporated  into  SF-based  electrospun  matrices,  curcumin
 exhibited  improved  stability  and  sustained  release  relative  to
 free  curcumin  formulations.  The  resulting  scaffolds  reduced
 inflammation  and  edema  while  promoting  more  organized  tissue
 architecture  and  accelerated  wound  closure  in  diabetic  models. 

A  team  led  by  Liu  et  al.  [ 121]  explored  the  effects  of  combin-
 ing  SF  with  gelatin  microspheres  as  a  carrier  for  neurotensin,  a
 neuropeptide  with  potent  anti-inflammator  y  and  immunomodu-
 lator  y  activity,  to  create  a  wound  dressing  for  the  treatment  of
 chronic  DFUs.  Neurotensin  is  a  bioactive  neuropeptide  that  acts
 on  mast  cells,  macrophages  and  other  immune  cells  to  stimulate
 c  ytokine  release  and  chemotaxis,  processes  essential  for  balanced
 immune  regulation  during  healing  [ 122,  123].  The  SF-neurotensin-
 gelatin  microsphere  scaffold  achieved  faster  wound  closure  with
 minimal  scarring  compared  with  control  treatments.  The  authors
 attributed  these  outcomes  to  sustained  neurotensin  release,  effi-
 cient  exudate  absorption,  and  promotion  of  endothelial  cell  and
 fibroblast  proliferation.
 

Islam  et  al.  [ 54]  developed  a  ROS  -scavenging  hydrogel  by
 incorporating  gallic  acid-functionalized  dendrimers  into  an  SF-
 PVA  network  crosslinked  via  gamma  radiation.  In  diabetic  rat
 wound  models,  the  functionalized  hydrogel  reduced  hydrogen
 peroxide  levels  by  ∼70%  within  24  hours  and  demonstrated  signif-
 icantly  greater  hydroxyl  radical  scavenging  compared  with  SF/PVA
 controls.  In  vitro  intracellular  ROS  levels  also  decreased,  indicating
 effective  mitigation  of  oxidative  stress.  These  effects  were  associ-
 ated  with  faster  wound  closure,  enhanced  re  -epithelialization,
 and  improved  granulation  tissue  maturation,  suggesting  that
 controlled  ROS  modulation  can  accelerate  healing  in  diabetic
 wounds  ( Figure  7).
 

Collectively,  these  studies  demonstrate  that  anti-inflammator  y
 and  antioxidant  bio  -additives  can  mitigate  excessive  oxidative
 stress  and  chronic  inflammation  when  delivered  via  SF  scaffolds.
 However,  ROS  also  play  essential  roles  in  early  host  defense
 and  cell  signaling,  where  excessive  or  prolonged  suppression
 may  interfere  with  physiological  repair  processes.  Accordingly,
 antioxidant-enriched  SF  scaffolds  are  likely  best  suited  for  later-
 stage  or  hyper-inflammator  y  DFUs,  where  inflammator  y  signaling
 and  oxidative  stress  dominate  over  antimicrobial  needs. 

Cells  Cells,  particularly  stem  cells  such  as  MSCs,  are  gaining  sub  -
 stantial  attention  as  bio  -additives  in  advanced  wound  care  strate  -
 gies.  Adipose  -derived  MSCs  (ADMSCs)  are  abundant  ,  easy  to  iso  -
 late,  and  capable  of  differentiating  into  multiple  skin-related  cells
 [ 124].  Beyond  direct  differentiation,  MSCs  contribute  to  wound
 repair  primarily  through  paracrine  signaling,  including  the  secre  -
 tion  of  pro  -angiogenic,  immunomodulator  y,  and  pro  -regenerative
 factors.  When  integrated  into  SF  scaffolds,  cellularized  constructs
 can  enhance  angiogenesis,  ECM  deposition,  and  overall  tissue
 regeneration.  However,  clinical  translation  remains  challenged  by
 potential  immune  responses  to  allogeneic  cells,  scalability,  and
 regulator  y  considerations.
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Figure  7  ROS  -scavenging  performance  of  gallic  acid-functionalized  dendrimer-enhanced  SF/PVA  (DSPVA)  hydrogels.  Reductions  in  hydrogen  peroxide

 (H
 2  O 2  ;  left  panel)  and  hydroxyl  radical  scavenging  capacity  measured  via  methylene  blue  (MB)/  iron  (Fe)/H  2  O 2   assay  (middle  panel),  and  corresponding

 wound-area  reduction  (%)  in  diabetic  mice  at  10  days  post-treatment  (right  panel).  Adapted  from  Islam  et  al.  [  54].  ROS  reactive  oxygen  species 

Figure  8  HUVEC  migration  in  scratch  assay.  Scratch  assays  showing  significantly  increased  HUVEC  migration  when  co-cultured  with  cellularized  adipose

 mesenchymal  stem  cells  (AD-MSCs)  or  decellularized  (D-Ad-MSCs)  SF  scaffolds  compared  to  acellular  SF  scaffold  controls.  Adapted  from  Navone

 et  al.  [ 128].  Ad-MSCs-SF  silk  fibroin  patch  cellularized  with  human  adipose  -derived  mesenchymal  stromal  cells,  D-Ad-MSCs-SF  silk  fibroin  patch  after

 human  adipose  -derived  mesenchymal  stromal  cells  removal  (decellularization),  HUVECs  human  umbilical  vein  endothelial  cells,  SF  silk  fibroin  

Decellularized  ECM-based  scaffolds,  by  contrast  ,  eliminate  the
 immunogenicity  of  live  cells  while  retaining  matrix-bound  bioac-
 tive  cues  and  the  native  ECM  architecture  for  the  future  desired  cell
 type  [ 125– 127].  Navone  et  al.  [ 128]  evaluated  both  cellularized  and
 decellularized  ADMSCs  SF  nanofibrous  patches  for  the  treatment
 of  chronic  wounds  in  diabetic  mice.  Importantly,  decellulariza-
 tion,  sterilization,  freezing,  and  storing  did  not  affect  the  SF  struc-
 ture  or  scaffold  integrity.  In  vivo  implantation  demonstrated  rapid
 wound-area  reduction,  with  both  cellularized  and  decellularized
 scaffolds  achieving  ∼40%  and  35%  closure,  respectively,  within
 3  days  and  complete  wound  closure  by  Days  9–10,  compared  with
 15–17  days  for  controls.  In  vitro  co  -culture  with  human  umbili-
 cal  vein  endothelial  cells  (HUVECs),  dermal  fibroblasts,  and  ker-
 atinoc  ytes  revealed  enhanced  endothelial  migration  and  release
 of  angiogenic  factors,  stimulating  robust  micro  -vessel  outgrowth
 ( Figure  8).
 

These  findings  suggest  that  SF  scaffolds  can  function  as  effec-
 tive  deliver  y  platforms  for  cell-derived  regenerative  signals  even  in
 the  absence  of  viable  transplanted  cells.  Decellularized  SF-based
 constructs  may  therefore  offer  a  translationally  attractive  alter-
 native  by  combining  many  of  the  regenerative  benefits  of  cell
 therapy  with  improved  safety,  shelf-life,  and  regulator  y  feasibility.
 Nonetheless,  further  studies  are  required  to  define  durability  of
 response,  scalability  of  manufacturing,  and  comparative  efficac  y
 relative  to  existing  acellular  advanced  wound  dressings.
 

Extracellular  matrix  proteins  and  protein  additives  Incorporat-
 ing  ECM  proteins  into  SF  scaffolds  can  enhance  their  biological
 

performance.  Bogadi  et  al.  [ 129]  reviewed  the  combined  use  of
 SF  with  sericin  across  various  formulations  for  diabetic  wound
 healing.  Although  sericin  is  often  removed  during  degumming  due
 to  immunogenicity  concerns,  studies  have  shown  that  sericin’s
 c  ytotoxicity  is  highly  dependent  on  purity,  molecular  weight  ,  and
 extraction  method  [ 130,  131].  When  appropriately  purified  and  for-
 mulated,  sericin  has  been  reported  to  exhibit  anti-inflammator  y
 activity  [e.g.  suppression  of  tumor  necrosis  factor-alpha  (TNF-
 α  )  and  interleukin-6  (IL-6)],  antioxidant  properties  through  free  -
 radical  scavenging,  antibacterial  effects  against  common  wound
 pathogens  (e.g.  Staphylococcus  aureus,  Escherichia  coli  ),  and
 favorable  moisture  -retention  capacity  [ 132– 134].  These  findings
 suggest  that  sericin,  when  carefully  controlled,  may  complement
 SF  by  contributing  biological  functionality  without  compromising
 scaffold  biocompatibility.
 

In  a  phase  I/II  clinical  trial,  Noda  et  al.  [ 135]  evaluated  a  SF-
 elastin  sponge  for  the  treatment  of  chronic  lower-limb  skin
 ulcers.  Despite  the  small  cohort  size  and  patient  attrition  at  early
 time  -points,  the  dressing  remained  intact  for  14  days  without
 bacterial  proliferation.  This  prolonged  residence  time  suggests  a
 potential  reduction  in  dressing-change  frequenc  y  compared  with
 conventional  options,  which  often  require  replacement  ever  y  3–
 7  days.  The  treatment  appeared  most  effective  after  the  initial
 post-debridement  exudative  period,  as  excessive  wound  fluid
 diluted  local  silk-elastin  concentration.  Accordingly,  the  authors
 recommended  delaying  application  for  2–3  days  following  surgical
 debridement  .  Overall,  the  SF-elastin  sponge  demonstrated  safety
 and  resistance  to  bacterial  growth,  although  larger,  controlled
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clinical  studies  are  required  to  define  efficac  y,  optimal  timing,  and
 comparative  benefit  relative  to  existing  advanced  dressings.
 

Mimetic-peptides  Mimetic  peptides  are  short  ,  synthetic  amino
 acid  sequences  designed  to  replicate  the  functional  domains  of
 larger  proteins  (e.g.  growth  factors  or  ECM  proteins)  to  trigger  tar-
 geted  biological  responses  while  minimizing  structural  complex-
 ity  and  immunogenic  risk  .  Compared  with  full-length  proteins,
 mimetic  peptides  offer  improved  stability,  lower  manufacturing
 cost  ,  and  more  predictable  structure–function  relationships.
 

Yang  et  al.  [ 136]  developed  and  evaluated  ultrathin  SF  nanosheets
 functionalized  with  a  pro  -sur  vival  integrin-binding  peptide
 for  diabetic  wound  treatment  .  The  peptide  -functionalized  SF
 nanosheets  enhanced  endothelial  and  epithelial  cell  adhe  -
 sion  and  sur  vival,  reflecting  effective  presentation  of  integrin-
 mediated  signaling  cues.  These  nanosheets  increased  angiogenic
 gene  expression  (VEGF,  CD31)  by∼  2.5-fold  at  Day  7.  In  vivo,  treated
 diabetic  wounds  achieved  near-complete  closure  with  visible
 hair  regrowth  by  Day  21,  indicating  improved  tissue  regenera-
 tion  rather  than  simple  wound  contraction.  Their  transparent  ,
 adhesive,  and  flexible  design  suggests  strong  potential  as  next-
 generation  SF-based  dressings  for  non-healing  DFUs.
 

This  study  highlights  the  advantage  of  combining  SF  matri-
 ces  with  mimetic  peptides,  where  the  scaffold  provides  structural
 support  and  controlled  presentation  while  the  peptide  delivers
 targeted  biological  signaling.  However,  mimetic  peptide  strate  -
 gies  remain  limited  by  challenges  in  optimizing  ligand  density,
 orientation,  and  long-term  signal  persistence  in  protease  -rich  dia-
 betic  wound  environments.  Future  studies  should  directly  com-
 pare  mimetic  peptide  -functionalized  SF  scaffolds  with  full-length
 growth  factor  deliver  y  to  clarify  relative  efficac  y,  durability,  and
 translational  value. 

Herbal  medicines  Herbal  medicines  provide  an  accessible  and
 biocompatible  class  of  bio  -additives  for  enhancing  SF  scaf-
 folds.  Xu  et  al.  [ 137]  fabricated  a  biodegradable  multifunctional
 nanofiber  membrane  by  electrospinning  SF,  poly-(L-lactide  -
 co  -caprolactone)  (PLCL),  and  Huangbai  Liniment  (Compound
 Phellodendron  Liquid;  CPL).  The  resulting  SF/PLCL/CPL  nanofiber
 membrane  exhibited  favorable  hydrophilicity,  degradation  behav-
 ior,  and  mechanical  properties,  promoting  fibroblast  compati-
 bility  while  inhibiting  bacterial  colony  formation.  In  vivo  studies
 demonstrated  that  the  functionalized  SF/PLCL/CPL  membrane
 improved  wound  healing  in  diabetic  mice.  Mechanistically,  the
 authors  reported  enhanced  activation  of  the  transforming  growth
 factor-β  (TGF-β  )  signaling  pathway  and  increased  myofibroblast
 formation,  consistent  with  accelerated  wound  contraction  and
 matrix  deposition.  The  scaffold  also  reduced  inflammator  y  sig-
 naling,  including  downregulation  of  IL-1β  and  TNF-α  expression,
 thereby  supporting  resolution  of  chronic  inflammation.
 

Additionally,  Inpanya  et  al.  [ 138]  investigated  wound  healing
 in  streptozotocin-induced  diabetic  rats  treated  with  a  blended
 SF/aloe  gel  film.  Their  formulation  improved  delayed  healing
 by  enhancing  fibroblast  attachment  and  proliferation,  while
 restoring  collagen  content  and  organization  to  levels  comparable
 with  normal  skin.  They  concluded  that  the  blended  SF/aloe  gel
 film  holds  strong  potential  for  treating  delayed  healing  associated
 with  diabetic  wounds. 

Collectively,  these  studies  suggest  that  incorporation  of
 selected  herbal  bio  -additives  into  SF  matrices  can  confer 

antimicrobial,  anti-inflammator  y,  and  pro  -regenerative  effects  in
 diabetic  wound  models.  However,  herbal  extracts  often  contain
 complex  and  variable  chemical  compositions,  raising  challenges
 related  to  batch-to  -batch  reproducibility,  dose  standardization,
 and  regulator  y  characterization.  Embedding  herbal  agents  within
 SF  scaffolds  may  partially  mitigate  these  issues  by  stabilizing
 active  components  and  enabling  controlled  local  deliver  y,  but
 further  work  is  required  to  define  pharmacokinetics,  safety
 margins,  and  translational  consistenc  y.
 

Genetic  modification  of  SF  In  addition  to  post-fabrication  incor-
 poration  of  bio  -additives,  genetic  engineering  of  SF  proteins  rep  -
 resents  an  emerging  upstream  strateg  y  for  introducing  therapeu-
 tic  functionality  directly  during  silk  biosynthesis.  Through  trans  -
 genic  modification  of  Bombyx  mori  ,  recombinant  bioactive  pro  -
 teins  or  peptide  motifs  can  be  fused  to  fibroin  sequences  and
 expressed  in  the  posterior  silk  gland  under  fibroin-specific  pro  -
 moters  [ 139,  140].  This  biosynthetic  approach  enables  production
 of  intrinsically  functionalized  SF  fibers  in  which  bioactive  motifs
 are  uniformly  integrated  throughout  the  material  matrix  rather
 than  surface  -bound  or  physically  entrapped  [ 141].
 

For  chronic  DFU  applications,  this  biosynthetic  strateg  y  offers
 several  theoretical  advantages.  Bioactive  sequences  such  as  cell-
 adhesion  motifs  (e.g.  RGD  peptides)  [ 142– 144],  antimicrobial
 peptides  [ 145,  146],  anti-inflammator  y  c  ytokine  mimetics  [ 147],
 or  growth  factor-derived  domains  [ 144,  148]  may  be  genetically
 incorporated  into  SF  to  enhance  cellular  attachment  ,  promote
 angiogenesis,  modulate  inflammation,  or  inhibit  bacterial  col-
 onization.  Unlike  post-fabrication  surface  grafting  or  blending,
 genetic  incorporation  ensures  stable  presentation  of  functional
 motifs  without  additional  chemical  crosslinkers  or  processing
 steps  that  may  compromise  scaffold  integrity  or  bioactivity
 [ 141,  144].
 

From  a  wound-healing  perspective,  genetically  engineered  SF
 scaffolds  could  provide  sustained  biological  signaling  in  the  hos  -
 tile  protease  -rich  and  oxidative  microenvironment  characteristic
 of  chronic  DFUs.  Embedding  therapeutic  motifs  directly  within
 the  SF  backbone  may  enhance  resistance  to  enzymatic  degrada-
 tion  while  preser  ving  biological  function  over  extended  healing
 timelines. 

Nevertheless,  challenges  remain  in  optimizing  recombinant
 protein  expression  without  disrupting  fibroin  assembly  or  com-
 promising  mechanical  performance  [ 149]. Large  or  structurally
 complex  fusion  proteins  may  interfere  with  β  -sheet  formation
 and  fiber  strength.  Additionally,  translational  considerations—
 including  regulator  y  oversight  of  genetically  modified  organisms,
 manufacturing  scalability,  and  batch-to  -batch  reproducibility—
 must  be  addressed  before  clinical  implementation  [ 150].  Overall,
 biosynthetic  genetic  modification  represents  a  complementar  y
 strateg  y  to  conventional  bio  -additive  loading  approaches.  By
 integrating  therapeutic  motifs  directly  into  the  SF  structure,  this
 method  expands  the  design  space  of  multifunctional  SF  scaffolds
 while  highlighting  the  need  for  careful  balance  between  biological
 functionality,  material  performance,  and  translational  feasibility.
 

Collectively,  these  studies  demonstrate  that  bio  -additives  can
 substantially  enhance  SF  scaffold  performance  in  diabetic  wound
 models;  however,  therapeutic  benefits  are  not  uniform  across
 additive  classes  and  translational  tradeoffs  must  be  considered.
 Growth  factor-loaded  SF  dressings  consistently  accelerate  re  -
 epithelialization  and  granulation  tissue  formation,  but  short  in
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vivo  half-life,  high  cost  ,  and  potential  risk  of  off-target  angiogen-
 esis  raise  important  questions  regarding  long-term  safety,  dosing
 control,  and  scalability  in  DFU  care.  By  contrast  ,  antimicrobial
 peptides  and  antibiotics  incorporated  into  SF  matrices  effectively
 reduce  bacterial  burden  and  biofilm  formation,  yet  repeated
 or  prolonged  exposure  may  promote  resistance  and/or  exert
 c  ytotoxic  effects  on  keratinoc  ytes  and  fibroblasts,  particularly  at
 higher  local  concentrations.  Antioxidant-enriched  SF  hydrogels
 and  composites  have  shown  improved  collagen  organization  and
 faster  closure  in  diabetic  models,  but  excessive  ROS  suppression
 could  theoretically  interfere  with  early  host-defense  signaling  and
 physiological  redox-dependent  repair  pathways.
 

Taken  together,  these  findings  support  a  decision-oriented
 approach  in  which  SF  bio  -additives  are  selected  and  dosed  based
 on  dominant  wound  pathophysiolog  y  (e.g.  perfusion  status,
 microbial  burden,  and  inflammator  y  state)  rather  than  a  one  -
 size  -fits  -all  strateg  y.  For  ischemic  ulcers  characterized  by  poor
 perfusion  and  limited  granulation  tissue,  incorporation  of  pro  -
 angiogenic  cues,  such  as  growth  factors  (VEGF,  bFGF),  stem  cells,
 or  angiogenic  peptides,  may  help  stimulate  neovascularization
 and  granulation  tissue  formation,  with  careful  dose  control
 to  avoid  aberrant  vessel  formation.  For  clinically  infected  or
 heavily  colonized  ulcers,  antimicrobial  additives  (e.g.  antibiotics,
 antimicrobial  peptides,  and  herbal  medicines)  embedded  within
 SF  matrices  can  reduce  bacterial  burden  and  biofilm  formation,
 but  should  be  balanced  against  resistance  risk  and  local  c  ytotox-
 icity;  combination  with  systemic  antibiotics  may  be  necessar  y
 when  clinically  indicated.  For  hyper-inflammator  y,  non-infected
 ulcers  characterized  by  persistent  exudate  and  stalled  healing,
 SF  enriched  scaffolds  incorporating  anti-inflammator  y  and/or
 antioxidant  agents  (e.g.  immunomodulator  y  neuropeptides,  ROS  -
 scavenging  moieties,  or  macrophage  -polarization  modulators)
 may  help  dampen  excessive  M1-biased  inflammation  and  oxida-
 tive  stress  while  preser  ving  sufficient  host-defense  activity.
 

With  respect  to  synerg  y,  emerging  research  suggests  that
 carefully  designed  combinations  can  act  cooperatively  rather
 than  merely  additively,  but  robust  comparative  evidence  remains
 limited.  For  example,  SF  nanofibers  co  -loaded  with  growth  factors
 and  antimicrobials  have  reported  improved  closure  time  and
 histological  architecture;  however,  many  studies  rely  on  small
 animal  cohorts,  short  follow-up,  and  limited  benchmarking
 against  advanced  standard-of-care  dressings,  limiting  conclusions
 regarding  clinical  superiority  [ 151,  152].  Accordingly,  future  work
 should  prioritize  head-to  -head  comparisons  against  clinically
 relevant  controls,  dose–response  optimization,  and  longer-term
 outcomes  (including  scar  quality  and  recurrence)  to  establish
 durable  benefit  and  translational  value. 

Beyond  silk  fibroin-based  scaffolds  for  chronic  DFUs
 treatment 

Although  SF-based  dressings  for  chronic  DFU  treatment  remain
 largely  in  pre  -clinical  or  early  translational  stages,  several  non-

 SF  bioactive  therapies  have  advanced  further  along  the  clinical
 pipeline,  providing  valuable  translational  context  .  In  2021  a
 randomized  Phase  III  clinical  trial  (N  =  236)  reported  that  ON101,  a
 topical  formulation  loaded  with  two  botanical  extracts  with  anti-
 inflammator  y  and  macrophage  -modulating  activity,  achieved
 a  significantly  higher  complete  healing  rate  than  conventional
 dressings,  specifically  for  “hard  to  heal”  ulcers  (Wagner  grade  ≥  2)
 [ 153].  In  2024,  a  clinical  study  comparing  a  synthetic  electrospun
 

fiber  matrix  (SEFM)  to  standard-of-care,  reported  higher  complete  -
 healing  rates  within  a  12-week  period  in  the  SEFM-treated  groups
 (74%  in  the  per-protocol  population)  compared  with  SOC  alone
 (33%)  [ 154].  Although  these  therapies  are  not  SF-based,  they
 provide  clinically  validated  evidence  that  bioactive  and/or  ECM-
 mimetic  platforms  can  improve  chronic  DFU  outcomes  and
 illustrate  key  development  milestones  for  translation.  In  addition,
 a  recently  early-phase  clinical  trial  is  evaluating  an  allogeneic
 fibroblast-based  topical  therapy  for  refractor  y  DFUs,  reflecting
 continued  momentum  toward  cell-  and  matrix-based  approaches
 in  the  clinic. Together,  these  advances  highlight  a  growing
 clinical  shift  toward  biologically  active,  mechanism-informed  DFU
 therapies  and  reinforce  the  translational  potential  of  SF-based
 scaffolds  as  they  move  toward  future  clinical  evaluation  [ 155].
 These  examples  also  illustrate  the  key  translational  milestones—
 scalable  good  manufacturing  practice  (GMP),  defined  mecha-
 nisms  of  action,  and  randomized  comparisons  with  standard-of-
 care—that  SF-based  platforms  must  achieve  to  reach  comparable
 clinical  validation,  as  discussed  further  in  the  “Current  limitations
 and  future  directions”  section. 

Wound  healing  mechanisms  of  SF 

SF  can  contribute  to  multiple  phases  of  the  wound-healing  pro  -
 cess,  from  hemostasis  through  remodeling,  by  providing  both  a
 provisional  matrix  and  biologically  interactive  cues.  During  the
 initial  hemostatic  stage,  SF  promotes  rapid  platelet  adhesion  and
 aggregation,  facilitating  clot  formation  through  activation  of  the
 coagulation  cascade  [ 79].  This  early  clot  not  only  halts  bleeding
 but  also  forms  a  provisional  matrix  that  stabilizes  the  wound  and
 supports  early  cellular  infiltration.
 

A  s  the  process  transitions  into  the  inflammator  y  and  prolif-
 erative  phases,  SF  provides  a  biomimetic  ECM-like  environment
 that  delivers  biochemical  cues  and  physical  scaffolding  to  support
 cell  adhesion,  migration,  and  proliferation  [ 156,  157].  Integrin-
 mediated  interactions  guide  keratinoc  yte  and  fibroblast  migration
 into  the  wound  bed,  initiating  re  -epithelialization  and  granula-
 tion  tissue  formation.  Simultaneously,  SF  supports  endothelial
 cell  migration  and  angiogenesis,  in  part  by  indirectly  enabling
 the  localized  and  sustained  release  of  angiogenic  factors  such  as
 VEGF  [ 48].  The  material  also  modulates  c  ytokine  and  other  growth
 factor  signaling,  enhancing  cellular  proliferation  and  coordinated
 tissue  regeneration  [ 79].
 

At  the  molecular  level,  SF  modulates  several  key  signaling
 pathways  central  to  inflammation  and  repair.  One  major  target  is
 the  nuclear  factor  kappa-light-chain-enhancer  of  activated  B  cells
 (NF- κ  B)  pathway,  which  activates  and  regulates  inflammation,
 cell  sur  vival,  and  tissue  remodeling  [ 158].  SF  interacts  with
 upstream  mediators  such  as  TNF  and  Toll-like  receptors  to
 activate  NF- κ  B,  thereby  increasing  the  expression  of  c  ytokines
 (e.g.  IL-1β  ,  IL-10),  growth  factors  (e.g.  VEGF,  EGF),  and  structural
 proteins  such  as  fibronectin  [ 26].  This  modulation  promotes  a
 balanced  inflammator  y  response  that  is  sufficient  to  clear  debris
 and  pathogens  while  preventing  excessive  inflammation  and
 tissue  degradation.  Beyond  NF- κ  B,  SF  may  then  engage  through
 additional  signaling  cascades  involved  in  wound  repair,  including
 Wnt  ,  Notch,  mitogen-activated  protein  kinase  (MAPK),  and  the
 AKT/mTOR  pathway  [ 26].  These  signaling  networks  coordinate
 processes  such  as  cell  growth,  migration,  sur  vival,  and  remodeling
 [ 159].  For  example,  MAPK  and  AKT/mTOR  signaling  enhance
 fibroblast  activity  and  angiogenesis,  while  TGF-β  ,  regulated
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Figure  9  Schematic  representation  of  the  wound-healing  mechanisms  of  SF  across  the  hemostatic,  inflammator  y,  proliferative,  and  remodeling  phases.

 SF  promotes  platelet  aggregation,  supports  cell  migration  and  angiogenesis,  and  modulates  key  signaling  pathways  (e.g.  NF-  κ  B,  MAPK,  AKT/mTOR)  to

 balance  inflammation  and  enhance  tissue  regeneration  [created  with  BioRender.com].  Adapted  from  Aldahish  et  al.  [ 26].  

in  part  by  NF- κ  B,  promotes  collagen  synthesis  and  matrix
 deposition  during  the  remodeling  phase  [ 160].  By  modulating
 these  interconnected  signaling  networks,  SF  fosters  a  healing
 environment  that  efficiently  transitions  from  inflammation  to
 tissue  remodeling,  thereby  preventing  the  chronic,  non-healing
 cascade  characteristic  of  diabetic  wounds  ( Figure  9).
 

Collectively,  these  mechanisms  support  SF  as  more  than  a  pas  -
 sive  structural  scaffold  (e.g.  bandage  or  gauze);  rather,  SF  can
 function  as  an  active  biological  modulator  of  wound  healing  that
 helps  shape  inflammation,  angiogenesis,  and  ECM  remodeling  in
 complex  ,  non-healing  wounds  such  as  chronic  DFUs.
 

Current  limitations  and  future  directions  

After  a  thorough  analysis  of  bio  -enhanced  SF  for  chronic  DFU
 treatment  ,  one  challenge  remains  clear  :  clinical  translation.
 Despite  extensive  preclinical  validation,  the  vast  majority  of  SF-
 based  bioactive  wound  dressings  remain  at  the  laborator  y  or  early
 translational  stage.  Among  the  studies  reviewed,  only  two  reached
 the  clinical  trial  stage,  and  even  those  trials  focused  primarily  on
 safety  with  only  preliminar  y  insights  into  efficac  y.
 

A  major  barrier  to  translation  is  the  lack  of  accurate,  sophisti-
 cated,  and  predictive  preclinical  models.  Commonly  used  rodent
 models,  particularly  mouse  and  rat  ,  fail  to  recapitulate  the  size,
 chronicity,  biomechanics,  vascular  insufficienc  y,  and  neuropathy
 

characteristic  of  human  DFUs.  A  s  a  result  ,  promising  preclinical
 outcomes  may  overestimate  therapeutic  performance  in  patients.
 Regulator  y  complexity  further  slows  progress.  Chemical  or  biolog-
 ical  modification  of  SF  to  enhance  therapeutic  performance  can
 alter  its  classification  and  trigger  additional  regulator  y  scrutiny.
 Multicomponent  bio  -enhanced  dressings,  particularly  those  com-
 bining  biomaterials,  biologics,  and/or  cells,  face  challenges  in  reg-
 ulator  y  designation  as  devices,  drugs,  or  combination  products,
 complicating  approval  pathways.
 

Scale  -up  manufacturing  of  natural  polymers  such  as  silk  from
 bench  to  bedside  presents  further  hurdles.  First  ,  batch-to  -batch
 variability  arises  from  differences  in  cocoon  source,  degumming
 conditions,  dissolution  protocols,  and  processing  parameters,
 all  of  which  influence  β  -sheet  content  ,  mechanical  properties,
 degradation  rate,  and  release  kinetics  [ 161].  Sterilization  meth-
 ods  such  as  gamma  irradiation,  ethylene  oxide  exposure,  or
 autoclaving  may  further  alter  SF  secondar  y  structure  or  scaffold
 architecture.  These  factors  complicate  shelf-life  determination,
 storage  stability,  and  reproducibility  under  GMP  conditions  [ 162].
 Lastly,  an  intrinsic  limitation  of  natural  polymers  is  the  difficulty  in
 precisely  controlling  molecular  weight  and  structural  uniformity,
 which  can  influence  degradation  profiles,  mechanical  properties,
 and  release  kinetics,  thereby  complicating  shelf-life  and  storage
 stability  [ 59].
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Bio  -enhanced  SF  scaffolds  also  face  challenges  related  to  the
 short  half-life  of  many  growth  factors,  mimetic  peptides,  and
 antioxidants,  which  degrade  rapidly  in  vivo.  Achieving  controlled
 and  sustained  release  remains  difficult  ,  particularly  within  the
 enzymatically  active,  oxidative,  and  microbially-rich  environment
 of  DFUs.  More  studies  are  needed  to  validate  sustained  (weeks  -
 long  )  release  profiles  without  premature  degradation  to  better
 reflect  clinical  healing  timelines  [ 163].  To  address  these  chal-
 lenges,  research  efforts  are  increasingly  focused  on  nanoparticles,
 microspheres,  and  other  secondar  y  carrier  systems  to  support
 sustained,  controlled  deliver  y.  However,  the  long-term  safety,
 biodistribution,  clearance,  and  off-target  effects  of  these  deliver  y
 vehicles  remain  insufficiently  characterized  [ 164,  165].
 

Interest  has  also  grown  in  “smart”  or  stimulus  -responsive  SF
 dressings  capable  of  releasing  therapeutic  agents  in  response  to
 internal  wound  cues  or  external  stimuli  such  as  pH,  temperature,
 ROS,  or  enzymatic  activity  [ 53].  While  these  approaches  hold
 tremendous  promise  for  improving  therapeutic  precision  and
 reducing  off-target  effects,  they  remain  largely  experimental.
 Translation  is  constrained  by  material  stability  in  wound  exudate,
 system  complexity,  cost  ,  and  regulator  y  burden  associated  with
 integrating  sensing,  deliver  y,  or  responsive  components  into  a
 biocompatible,  clinically-viable  format  [ 166].
 

Several  non-SF-based  therapies  have  advanced  further  than  the
 presented  Phase  I/II  trials  of  Nanordica  [ 115]  and  Noda  et  al.’s  silk-
 elastin  sponge  [ 135].  Examples  include  ON101  [ 167]  and  commer-
 cially  available  bioactive  dressings  such  as  Apis ® from  SweetBio
 [ 168],  which  have  followed  clear  development  pathways  involv-
 ing  scalable  GMP  manufacturing,  defined  mechanisms  of  action,
 early  human  safety  studies,  and  randomized  comparisons  with
 standard-of-care.  These  examples  highlight  the  translational  mile  -
 stones  that  SF-based  platforms  must  achieve  to  reach  comparable
 clinical  validation. 

Although  bio  -enhanced  SF  scaffolds  have  demonstrated
 consistent  and  robust  acceleration  of  wound  closure  in  diabetic
 animal  models,  they  should  currently  be  viewed  as  promising
 next-generation  candidates  rather  than  clinically  validated
 alternatives.  Critical  gaps  remain,  including  head-to  -head  com-
 parisons  with  approved  advanced  dressings,  pharmacoeconomic
 analyses,  standardized  usability  assessments,  and  long-term
 recurrence  data. 

Future  research  should  prioritize  the  development  of  physi-
 ologically  relevant  DFU  models  that  better  capture  chronicity,
 perfusion  deficits,  infection  burden,  neuropathy,  and  mechanical
 loading.  Advanced  platforms  such  as  bioengineered  skin  equiva-
 lents,  organ-on-a-chip  systems,  humanized  mouse  models,  and
 large  -animal  wound  models  may  improve  predictive  accurac  y
 and  translational  relevance  by  more  closely  recapitulating  the
 chronicity,  perfusion  deficits,  and  biomechanical  environment  of
 human  DFUs.  Several  groups  have  attempted  to  enhance  rodent
 DFU  models  by  incorporating  ischemia,  neuropathy,  or  infection
 [ 169,  170].  While  these  approaches  partially  recapitulate  delayed
 healing  and  impaired  angiogenesis,  rodents  still  heal  predom-
 inantly  by  wound  contraction  rather  than  re  -epithelialization,
 limiting  clinical  extrapolation.
 

Future  studies  should  also  incorporate  larger  wound  sizes
 and  extended  follow-up  periods  to  evaluate  long-term  outcomes
 including  scar  quality,  recurrence  rates,  tissue  integration,  and
 functional  restoration.  This  data  will  help  bridge  the  gap  between
 

bench  and  bedside,  and  will  be  essential  for  regulator  y  approval
 and  clinical  adoption.
 

Beyond  the  static  bio  -additive  incorporation  discussed  within
 this  review,  future  SF-based  DFU  dressings  may  incorporate
 microenvironment-responsive  (“smart”)  functionalities  capable
 of  modulating  therapeutic  deliver  y  in  response  to  wound-
 specific  cues  such  as  alkaline  pH,  elevated  ROS,  or  excessive
 protease  activity  [ 89,  171,  172].  Stimuli-responsive  SF  hydrogels
 have  demonstrated  proof-of-concept  efficac  y  in  diabetic  wound
 models,  where  pH  [ 173]  or  ROS  -triggered  [ 174]  systems  enhanced
 antibacterial  activity  or  antioxidant  effects,  respectively.  However,
 DFU  exudate  is  highly  protein-rich  and  protease  -abundant  ,
 which  may  induce  premature  degradation,  signal  instability,  or
 uncontrolled  therapeutic  release  in  responsive  systems  [ 172,
 175,  176].  Accordingly,  successful  future  smart  SF  dressings  must
 demonstrate  robustness,  manufacturability,  and  clear  therapeutic
 advantages  over  simpler  sustained-release  platforms  to  justify
 their  added  complexity.
 

Finally,  successful  translation  of  SF-based  DFU  therapies  will
 require  close  collaboration  across  materials  science,  bioengineer-
 ing,  molecular  biolog  y,  and  clinical  medicine.  Integrating  mecha-
 nistic  insight  with  scalable  manufacturing  and  clinically  meaning-
 ful  endpoints  will  be  critical  to  advancing  SF  scaffolds  from  exper-
 imental  constructs  to  practical  wound-care  solutions.  A  s  under-
 standing  of  DFU  pathophysiolog  y  deepens,  SF-based  platforms,
 if  rigorously  validated,  may  ultimately  contribute  to  more  per-
 sonalized,  stage  -specific  treatment  strategies  for  chronic  diabetic
 wounds. 

Conclusions 
Bio  -enhanced  SF  scaffolds  have  demonstrated  consistent  ,  repro  -
 ducible  acceleration  of  wound  closure  across  a  range  of  preclinical
 models,  positioning  them  as  compelling  candidates  for  next-
 generation  DFU  care.  The  chemical  and  structural  versatility  of
 SF—enabling  tunable  degradation,  sustained  bioactive  deliver  y,
 and  compatibility  with  diverse  additive  classes  including  growth
 factors,  antimicrobials,  antioxidants,  and  cell-derived  signals—
 makes  it  uniquely  suited  to  address  the  multifactorial  pathophysi-
 olog  y  of  chronic  DFUs.  However,  the  field  stands  at  a  translational
 inflection  point  .  The  gap  between  preclinical  promise  and  clinical
 validation  remains  substantial,  constrained  by  the  limited  pre  -
 dictive  accurac  y  of  current  wound  models,  regulator  y  complexity
 surrounding  multicomponent  biologic-device  constructs,  and  the
 practical  challenges  of  GMP-scale  manufacturing.  Closing  this
 gap  will  require  not  only  improved  preclinical  platforms  that
 better  recapitulate  human  DFU  chronicity,  perfusion  deficits,
 and  neuropathy,  but  also  rigorous  head-to  -head  comparisons
 with  approved  advanced  dressings  and  long-term  outcome  data
 including  recurrence  and  functional  restoration.  A  s  the  field
 matures,  the  most  impactful  SF-based  strategies  will  likely  be
 those  designed  around  wound  stage  and  dominant  pathophys  -
 iolog  y;  matching  the  scaffold’s  therapeutic  profile  to  the  patient’s
 wound  rather  than  applying  a  uniform  approach.  Achieving  this
 vision  will  demand  sustained  collaboration  across  biomaterials
 science,  wound  biolog  y,  and  clinical  medicine.  Ultimately,  the
 measure  of  success  for  these  platforms  will  not  be  technical
 sophistication  but  whether  they  reduce  amputation  rates,  restore
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function,  and  improve  quality  of  life  for  the  millions  of  patients
 living  with  chronic  diabetic  wounds.
 

Acknowledgements  
The  authors  would  like  to  thank  Dr.  Alexander  Boys,  A  ssistant
 Professor  of  Engineering  at  Dartmouth  College,  for  guidance
 and  encouragement  during  his  Biomaterials  course.  The  authors
 would  like  to  thank  Biorender  ( https://www.biorender.com/)  for
 its  help  in  figures  preparing.
 

Author  contributions 
Victoria  Cubina  Lopez  (Conceptualization  [equal],  Formal  anal-
 ysis  [lead],  Investigation  [lead],  Methodolog  y  [equal],  Vali-
 dation  [equal],  Visualization  [equal],  Writing—original  draft
 [lead]),  Jewelia  Durant  (Conceptualization  [equal],  Methodolog  y
 [equal],  Validation  [equal],  Visualization  [equal],  Writing—review
 &  editing  [supporting  ]),  and  Katherine  Hixon  (Conceptualization
 [equal],  Funding  acquisition  [lead],  Project  administration  [lead],
 Resources  [lead],  Super  vision  [lead],  Visualization  [equal],  Writ-
 ing—review  &  editing  [lead])
 

Conflicts  of  interest  
Not  applicable.
 

Funding  
This  study  was  supported  in  part  by  the  Hitchcock  Foundation
 (Dartmouth  Health)  through  a  Pilot  Research  Grant  (PI:  Katherine
 Hixon).
 

Ethics  approval  and  consent  to
 participate  
Not  applicable.
 

Consent  for  publication  
All  authors  consent  to  the  publication  of  this  review.
 

Patient  consent  form  
Not  applicable.
 

Data  and  software  citation 
Not  applicable.
 

Preprint  policy 
Not  applicable.
 

References  
1.  Pilla  SJ,  Rooney  MR,  McCoy  RG.  Disability  and  diabetes  in

 adults.  In  Lawrence  JM,  Casagrande  SS,  Herman  WH,  Wexler
 DJ,  Cefalu  WT  (eds).  Diabetes  in  America.  Bethesda,  MD:

 

National  Institute  of  Diabetes  and  Digestive  and  Kidney  Dis  -
 eases  (NIDDK),  2023.  Accessed  November  26,  2025.  http://
www.ncbi.nlm.nih.gov/books/NBK609951/. 

2.  Idrees  T,  Castro  -Revoredo  I,  Kantipudi  S,  Umpierrez  G.  Man-
 aging  diabetes  in  older  adults:  current  approaches  in  long-

 term  care  facilities.  Curr  Diab  Rep.  2025;25:27.  https://doi.
org  /10.1007/s11892-  025-  01583-  5.  

3.  Centers  for  Disease  Control  and  Prevention.  National
 Diabetes  Statistics  Report  .  Atlanta,  GA:  U.S.  Department  of
 Health  and  Human  Ser  vices;  2024.  Accessed  November  24,
 2025.  https://www.cdc.gov/diabetes/php/data-  research/
index.html. 

4.  NCD  Risk  Factor  Collaboration  (NCD-RisC) .  Worldwide  trends
 in  diabetes  prevalence  and  treatment  from  1990  to  2022:
 a  pooled  analysis  of  1108  population-representative  stud-
 ies  with  141  million  participants.  Lancet  .  2024;404:2077–93.
 https://doi.org  /10.1016/S0140-  6736(24)02317-  1. 

5.  GBD  2021  Diabetes  Collaborators  .  Global,  regional,  and
 national  burden  of  diabetes  from  1990  to  2021,  with  pro  -
 jections  of  prevalence  to  2050:  a  systematic  analysis  for
 the  Global  Burden  of  Disease  Study  2021.  Lancet  .  2023;402:
 203–34.  https://doi.org  /10.1016/S0140-  6736(23)01301-  6. 

6.  Saeedi  P,  Petersohn  I,  Salpea  P,  Malanda  B,  Karuranga  S,
 Unwin  N,  et  al.  Global  and  regional  diabetes  prevalence  esti-
 mates  for  2019  and  projections  for  2030  and  2045:  results
 from  the  International  Diabetes  Federation  Diabetes  Atlas,
 9th  edition.  Diabetes  Res  Clin  Pract  2019;157:107843.  https://
doi.org  /10.1016/j.diabres.2019.107843. 

7.  Packer  CF,  Ali  SA,  Manna  B.  Diabetic  foot  ulcer.  In  StatPearls.
 Treasure  Island,  FL:  StatPearls  Publishing,  2025.  Accessed
 November  24,  2025.  http://www.ncbi.nlm.nih.gov/books/
NBK499887/. 

8.  Jothivel  N,  Ponnusamy  SP,  Appachi  M,  Singaravel  S,
 Rasilingam  D,  Deivasigamani  K,  et  al.  Anti-diabetic  activity
 of  methanol  leaf  extract  of  Costus  pictus  D.  DON  in  Alloxan-
 induced  diabetic  rats.  J  Health  Sci.  2007;53:655–63.  https://
doi.org  /10.1248/jhs.53.655. 

9.  Armstrong  DG,  Tan  TW,  Boulton  AJM,  Bus  SA.  Diabetic  foot
 ulcers.  JAMA.  2023;330:62–75.  https://doi.org  /10.1001/jama.
2023.10578. 

10.  Petersen  BJ,  Linde  -Zwirble  WT,  Tan  TW,  Rothenberg  GM,  Sal-
 gado  SJ,  Bloom  JD,  et  al.  Higher  rates  of  all-cause  mortality
 and  resource  utilization  during  episodes  -of-care  for  diabetic
 foot  ulceration.  Diabetes  Res  Clin  Pract  .  2022;184:109182.
 https://doi.org  /10.1016/j.diabres.2021.109182. 

11.  Ndosi  M,  Wright-Hughes  A,  Brown  S,  Backhouse  M,  Lipsky
 BA,  Bhogal  M,  et  al.  Prognosis  of  the  infected  diabetic  foot
 ulcer  :  a  12-month  prospective  obser  vational  study.  Diabet
 Med.  2018;35:78–88.  https://doi.org  /10.1111/dme.13537. 

12.  Prompers  L,  Huijberts  M,  Apelqvist  J,  Jude  E,  Piaggesi
 A,  Bakker  K,  et  al.  High  prevalence  of  ischaemia,  infec-
 tion  and  serious  comorbidity  in  patients  with  diabetic  foot
 disease  in  Europe.  Baseline  results  from  the  Eurodiale
 study.  Diabetologia.  2007;50:18–25.  https://doi.org  /10.1007/
s00125-  006-  0491-  1. 

13.  Skrepnek  GH,  Mills  JL,  Armstrong  DG.  A  diabetic  emergenc  y
 one  million  feet  Long:  disparities  and  burdens  of  illness
 among  diabetic  foot  ulcer  cases  within  emergenc  y  depart-
 ments  in  the  United  States,  2006–2010.  PLoS  One  2015;10:
 e0134914.  https://doi.org  /10.1371/journal.pone.0134914. 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://www.biorender.com/
https://www.biorender.com/
https://www.biorender.com/
https://www.biorender.com/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
http://www.ncbi.nlm.nih.gov/books/NBK609951/
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://doi.org/10.1007/s11892-025-01583-5
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://www.cdc.gov/diabetes/php/data-research/index.html
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
http://www.ncbi.nlm.nih.gov/books/NBK499887/
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1248/jhs.53.655
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1016/j.diabres.2021.109182
https://doi.org/10.1111/dme.13537
https://doi.org/10.1111/dme.13537
https://doi.org/10.1111/dme.13537
https://doi.org/10.1111/dme.13537
https://doi.org/10.1111/dme.13537
https://doi.org/10.1111/dme.13537
https://doi.org/10.1111/dme.13537
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1007/s00125-006-0491-1
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914
https://doi.org/10.1371/journal.pone.0134914


16 Burns  &  Trauma,  2026,  Vol.  14,  tkag035  

14.  Lipsky  BA,  Senneville  É,  Abbas  ZG,  Aragón-Sánchez  J,  Diggle
 M,  Embil  JM,  et  al.  Guidelines  on  the  diagnosis  and  treat-
 ment  of  foot  infection  in  persons  with  diabetes  (IWGDF  2019
 update).  Diabetes  Metab  Res  Rev.  2020;36:e3280.  https://doi.
org  /10.1002/dmrr.3280. 

15.  Armstrong  DG,  Swerdlow  MA,  Armstrong  AA,  Conte  MS,
 Padula  WV,  Bus  SA.  Five  year  mortality  and  direct  costs  of
 care  for  people  with  diabetic  foot  complications  are  compa-
 rable  to  cancer.  J  Foot  Ankle  Res.  2020;13:16.  https://doi.org  /
10.1186/s13047-  020-  00383-  2. 

16.  Rice  JB,  Desai  U,  Cummings  AKG,  Birnbaum  HG,  Skornicki
 M,  Parsons  NB.  Burden  of  diabetic  foot  ulcers  for  medicare
 and  private  insurers.  Diabetes  Care.  2014;37:651–8.  https://
doi.org  /10.2337/dc13-  2176. 

17.  Baltzis  D,  Eleftheriadou  I,  Veves  A.  Pathogenesis  and  treat-
 ment  of  impaired  wound  healing  in  diabetes  mellitus:  new
 insights.  Adv  Ther.  2014;31:817–36.  https://doi.org  /10.1007/
s12325-  014-  0140-  x. 

18.  Holl  J,  Kowalewski  C,  Zimek  Z,  Fiedor P,  Kaminski  A,  Oldak
 T,  et  al.  Chronic  diabetic  wounds  and  their  treatment  with
 skin  substitutes.  Cells.  2021;10:655.  https://doi.org  /10.3390/
cells10030655. 

19.  Sood  A,  Granick  MS,  Tomaselli  NL.  Wound  dressings  and
 comparative  effectiveness  data.  Adv  Wound  Care  (New
 Rochelle).  2014;3:511–29.  https://doi.org  /10.1089/wound.
2012.0401.  

20.  Divyashri  G,  Badhe  RV,  Sadanandan  B,  Vijayalakshmi  V,
 Kumari  M,  A  shrit  P,  et  al.  Applications  of  hydrogel-based
 deliver  y  systems  in  wound  care  and  treatment  :  an  up  -to  -
 date  review.  Polym  Adv  Technol.  2022;33:2025–43.  https://
doi.org  /10.1002/pat  .5661.  

21.  Güiza-Argüello  VR,  Solarte  -David  VA,  Pinzón-Mora  AV,  Ávila-
 Quiroga  JE,  Becerra-Bayona  SM.  Current  advances  in  the
 development  of  hydrogel-based  wound  dressings  for  dia-
 betic  foot  ulcer  treatment  .  Polymers.  2022;14:2764.  https://
doi.org  /10.3390/polym14142764.  

22.  Alven  S,  Peter  S,  Mbese  Z,  Aderibigbe  BA.  Polymer-based
 wound  dressing  materials  loaded  with  bioactive  agents:
 potential  materials  for  the  treatment  of  diabetic  wounds.
 Polymers  (Basel).  2022;14:724.  https://doi.org  /10.3390/
polym14040724. 

23.  Bardill  JR,  Laughter  MR,  Stager  M,  Liechty  KW,  Krebs  MD,
 Zgheib  C.  Topical  gel-based  biomaterials  for  the  treatment  of
 diabetic  foot  ulcers.  Acta  Biomater.  2022;138:73–91.  https://
doi.org  /10.1016/j.actbio.2021.10.045. 

24.  Da  Silva  J,  Leal  EC,  Car  valho  E,  Silva  EA.  Innovative  functional
 biomaterials  as  therapeutic  wound  dressings  for  chronic  dia-
 betic  foot  ulcers.  Int  J  Mol  Sci.  2023;24:9900.  https://doi.org  /
10.3390/ijms24129900. 

25.  Vepari  C,  Kaplan  DL.  Silk  as  a  biomaterial.  Prog  Polym  Sci.
 2007;32:991–1007.  https://doi.org  /10.1016/j.progpolymsci.
2007.05.013. 

26.  Aldahish  A,  Shanmugasundaram  N,  Vasudevan  R,  Alqah-
 tani  T,  Alqahtani  S,  Mohammad  A  siri  A,  et  al.  Silk  fibroin
 nanofibers:  advancements  in  bioactive  dressings  through
 electrospinning  technolog  y  for  diabetic  wound  healing.
 Pharmaceuticals  (Basel).  2024;17:1305.  https://doi.org  /10.
3390/ph17101305.  

27.  Singh  S,  Young  A,  McNaught  CE.  The  physiolog  y  of  wound
 healing.  Surger  y  (Oxford).  2017;35:473–7.  https://doi.org  /10.
1016/j.mpsur.2017.06.004. 

28.  Schilrreff  P,  Alexiev  U.  Chronic  inflammation  in  non-healing
 skin  wounds  and  promising  natural  bioactive  compounds
 treatment  .  Int  J  Mol  Sci.  2022;23:4928.  https://doi.org  /10.
3390/ijms23094928. 

29.  Percival  SL,  McCarty  SM,  Lipsky  B.  Biofilms  and  wounds:
 an  over  view  of  the  evidence.  Adv  Wound  Care  (New
 Rochelle).  2015;4:373–81.  https://doi.org  /10.1089/wound.20
 14.0557. 

30.  Lee  J,  Yun  JS,  Ko  SH.  Advanced  glycation  end  products  and
 their  effect  on  vascular  complications  in  type  2  diabetes
 mellitus.  Nutrients.  2022;14:3086.  https://doi.org  /10.3390/
nu14153086. 

31.  Mauricio  D,  Gratacòs  M,  Franch-Nadal  J.  Diabetic  microvas  -
 cular  disease  in  non-classical  beds:  the  hidden  impact
 beyond  the  retina,  the  kidney,  and  the  peripheral  ner  ves.
 Cardiovasc  Diabetol.  2023;22:314.  https://doi.org  /10.1186/
s12933-  023-  02056-  3. 

32.  Louiselle  AE,  Niemiec  SM,  Zgheib  C,  Liechty  KW.  Macrophage
 polarization  and  diabetic  wound  healing.  Transl  Res.  2021;
 236:109–16.  https://doi.org  /10.1016/j.trsl.2021.05.006. 

33.  Okonkwo  UA,  DiPietro  LA.  Diabetes  and  wound  angiogen-
 esis.  Int  J  Mol  Sci.  2017;18:1419.  https://doi.org  /10.3390/
ijms18071419. 

34.  Ueda  N,  Saito  Y,  Ota  K,  Nagao  A,  Kasseki  D,  Chikenji  TS.
 The  role  of  cellular  senescence  in  wound  healing  of  diabetic
 skin.  J  Biochem.  2026;179:241–8.  https://doi.org  /10.1093/jb/
mvag006. 

35.  Li  H,  Chen  X,  Ren  K,  Wu  L,  Chen  G,  Xu  L.  Qualitative
 study  on  diabetic  cutaneous  wound  healing  with  radiation
 crosslinked  bilayer  collagen  scaffold  in  rat  model.  Sci  Rep.
 2023;13:6399.  https://doi.org  /10.1038/s41598-  023-  33372-  z. 

36.  Hoversten  KP,  Kiemele  LJ,  Stolp  AM,  Takahashi  PY,  Verdoorn
 BP.  Prevention,  Diagnosis,  and  Management  of  Chronic
 Wounds  in  Older  Adults.  Mayo  Clinic  Proceedings.  2020;
 95:2021–34.  https://doi.org  /10.1016/j.mayocp.2019.10.014. 

37.  Armstrong  DG,  Boulton  AJM,  Bus  SA.  Diabetic  foot  ulcers  and
 their  recurrence.  N  Engl  J  Med.  2017;376:2367–75.  https://
doi.org  /10.1056/NEJMra1615439. 

38.  Rodríguez  I,  Alvarez  A,  Massey  C,  Miller L,  Rannou  R,
 Croce  M,  et  al.  Novel  bioengineered  collagen  with  Manuka
 honey  and  hydroxyapatite  sheet  for  the  treatment  of  lower
 extremity  chronic  wounds  in  an  urban  hospital  wound  care
 setting.  Wounds.  2023;35:E35–8.  https://doi.org  /10.25270/
wnds/22034. 

39.  Veves  A,  Falanga  V,  Armstrong  DG,  Sabolinski  ML,  Apligraf
 Diabetic  Foot  Ulcer  Study .  Graftskin,  a  human  skin  equiva-
 lent  ,  is  effective  in  the  management  of  noninfected  neuro  -
 pathic  diabetic  foot  ulcers:  a  prospective  randomized  mul-
 ticenter  clinical  trial.  Diabetes  Care.  2001;24:290–5.  https://
doi.org  /10.2337/diacare.24.2.290. 

40.  Landsman  AS,  Cook  J,  Cook  E,  Landsman  AR,  Garrett  P,
 Yoon  J,  et  al.  A  retrospective  clinical  study  of  188  consec-
 utive  patients  to  examine  the  effectiveness  of  a  biologi-
 cally  active  cr  yopreser  ved  human  skin  allograft  (TheraSkin ® )
 on  the  treatment  of  diabetic  foot  ulcers  and  venous  leg
 ulcers.  Foot  Ankle  Spec.  2011;4:29–41.  https://doi.org  /10.
1177/1938640010387417. 

41.  Armstrong  DG,  Galiano  RD,  Orgill  DP,  Glat  PM,  Carter  MJ,
 Di  Domenico  LA,  et  al.  Multi-centre  prospective  randomised
 controlled  clinical  trial  to  evaluate  a  bioactive  split  thickness
 skin  allograft  vs  standard  of  care  in  the  treatment  of  diabetic

 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1002/dmrr.3280
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.1186/s13047-020-00383-2
https://doi.org/10.2337/dc13-2176
https://doi.org/10.2337/dc13-2176
https://doi.org/10.2337/dc13-2176
https://doi.org/10.2337/dc13-2176
https://doi.org/10.2337/dc13-2176
https://doi.org/10.2337/dc13-2176
https://doi.org/10.2337/dc13-2176
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.3390/cells10030655
https://doi.org/10.3390/cells10030655
https://doi.org/10.3390/cells10030655
https://doi.org/10.3390/cells10030655
https://doi.org/10.3390/cells10030655
https://doi.org/10.3390/cells10030655
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1002/pat.5661
https://doi.org/10.1002/pat.5661
https://doi.org/10.1002/pat.5661
https://doi.org/10.1002/pat.5661
https://doi.org/10.1002/pat.5661
https://doi.org/10.1002/pat.5661
https://doi.org/10.1002/pat.5661
https://doi.org/10.3390/polym14142764
https://doi.org/10.3390/polym14142764
https://doi.org/10.3390/polym14142764
https://doi.org/10.3390/polym14142764
https://doi.org/10.3390/polym14142764
https://doi.org/10.3390/polym14142764
https://doi.org/10.3390/polym14040724
https://doi.org/10.3390/polym14040724
https://doi.org/10.3390/polym14040724
https://doi.org/10.3390/polym14040724
https://doi.org/10.3390/polym14040724
https://doi.org/10.3390/polym14040724
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.1016/j.actbio.2021.10.045
https://doi.org/10.3390/ijms24129900
https://doi.org/10.3390/ijms24129900
https://doi.org/10.3390/ijms24129900
https://doi.org/10.3390/ijms24129900
https://doi.org/10.3390/ijms24129900
https://doi.org/10.3390/ijms24129900
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.1016/j.progpolymsci.2007.05.013
https://doi.org/10.3390/ph17101305
https://doi.org/10.3390/ph17101305
https://doi.org/10.3390/ph17101305
https://doi.org/10.3390/ph17101305
https://doi.org/10.3390/ph17101305
https://doi.org/10.3390/ph17101305
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/ijms23094928
https://doi.org/10.1089/wound.2014.0557
https://doi.org/10.3390/nu14153086
https://doi.org/10.3390/nu14153086
https://doi.org/10.3390/nu14153086
https://doi.org/10.3390/nu14153086
https://doi.org/10.3390/nu14153086
https://doi.org/10.3390/nu14153086
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1186/s12933-023-02056-3
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.3390/ijms18071419
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1093/jb/mvag006
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1038/s41598-023-33372-z
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1016/j.mayocp.2019.10.014
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.25270/wnds/22034
https://doi.org/10.25270/wnds/22034
https://doi.org/10.25270/wnds/22034
https://doi.org/10.25270/wnds/22034
https://doi.org/10.25270/wnds/22034
https://doi.org/10.25270/wnds/22034
https://doi.org/10.25270/wnds/22034
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.2337/diacare.24.2.290
https://doi.org/10.1177/1938640010387417
https://doi.org/10.1177/1938640010387417
https://doi.org/10.1177/1938640010387417
https://doi.org/10.1177/1938640010387417
https://doi.org/10.1177/1938640010387417
https://doi.org/10.1177/1938640010387417


Burns  &  Trauma,  2026,  Vol.  14,  tkag035  17

foot  ulcers.  Int  Wound  J.  2022;19:932–44.  https://doi.org  /10.
1111/iwj.13759.  

42.  Smiell  JM,  Wieman  TJ,  Steed  DL,  Perr  y  BH,  Sampson  AR,
 Schwab  BH.  Efficac  y  and  safety  of  becaplermin  (recombi-
 nant  human  platelet-derived  growth  factor-BB)  in  patients
 with  nonhealing,  lower  extremity  diabetic  ulcers:  a  com-
 bined  analysis  of  four  randomized  studies.  Wound  Repair
 Regen.  1999;7:335–46.  https://doi.org  /10.1046/j.1524-  475x.
1999.00335.x. 

43.  Zhao  XH,  Gu  HF,  Xu  ZR,  Zhang  Q,  Lv  XY,  Zheng  XJ,  et  al.  Effi-
 cac  y  of  topical  recombinant  human  platelet-derived  growth
 factor  for  treatment  of  diabetic  lower-extremity  ulcers:  sys  -
 tematic  review  and  meta-analysis.  Metabolism.  2014;63:
 1304–13.  https://doi.org  /10.1016/j.metabol.2014.06.005. 

44.  Löndahl  M,  Katzman  P,  Nilsson  A,  Hammarlund  C.  Hyper-
 baric  oxygen  therapy  facilitates  healing  of  chronic  foot  ulcers
 in  patients  with  diabetes.  Diabetes  Care.  2010;33:998–1003.
 https://doi.org  /10.2337/dc09-  1754.  

45.  Perren  S,  Gatt  A,  Papanas  N,  Formosa  C.  Hyperbaric  oxygen
 therapy  in  ischaemic  foot  ulcers  in  type  2  diabetes:  a  clinical
 trial.  The  Open  Cardiovascular  Medicine  Journal.  2018;12:80–
 92.  https://doi.org  /10.2174/1874192401812010080. 

46.  Barnes  RC.  Point  :  hyperbaric  oxygen  is  beneficial  for  diabetic
 foot  wounds.  Clin  Infect  Dis.  2006;43:188–92.  https://doi.org  /
10.1086/505207. 

47.  Bolton  LL.  Quality  randomized  clinical  trials  of  topical
 diabetic  foot  ulcer  healing  agents.  Adv  Wound  Care  (New
 Rochelle).  2016;5:137–47.  https://doi.org  /10.1089/wound.
2014.0571.  

48.  Mazurek  Ł,  Szudzik  M,  Rybka  M,  Konop  M.  Silk  fibroin  bio  -
 materials  and  their  beneficial  role  in  skin  wound  heal-
 ing.  Biomolecules.  2022;12:1852.  https://doi.org  /10.3390/
biom12121852. 

49.  Chouhan  D,  Janani  G,  Chakraborty  B,  Nandi  SK,  Mandal
 BB.  Functionalized  PVA-silk  blended  nanofibrous  mats  pro  -
 mote  diabetic  wound  healing  via  regulation  of  extracellu-
 lar  matrix  and  tissue  remodelling.  J  Tissue  Eng  Regen  Med  .
 2018;12:e1559–70.  https://doi.org  /10.1002/term.2581. 

50.  Lin  MJ,  Lu  MC,  Chang  HY.  Sustained  release  of  insulin-like
 growth  factor-1  from  Bombyx  mori  L.  silk  fibroin  deliver  y  for
 diabetic  wound  therapy.  Int  J  Mol  Sci.  2021;22:6267.  https://
doi.org  /10.3390/ijms22126267. 

51.  El  Hage  R,  Knippschild  U,  Arnold  T,  Hinterseher  I.  Stem
 cell-based  therapy:  a  promising  treatment  for  diabetic  foot
 ulcer.  Biomedicines.  2022;10:1507.  https://doi.org  /10.3390/
biomedicines10071507.  

52.  Liu  M,  Wei  X,  Zheng  Z,  Li  Y,  Li  M,  Lin  J,  et  al.  Recent
 advances  in  nano  -drug  deliver  y  Systems  for  the  Treatment
 of  diabetic  wound  healing.  Int  J  Nanomedicine.  2023;Volume
 18:1537–60.  https://doi.org  /10.2147/IJN.S395438. 

53.  Shi  Y,  Guo  S,  Tian  J,  Xie  X,  Shi  J,  Zhang  X,  et  al.  Biomaterials  -
 mediated  sequential  drug  deliver  y:  emerging  trends  for
 wound  healing.  Asian  J  Pharm  Sci  2025;20:101088.  https://
doi.org  /10.1016/j.ajps.2025.101088. 

54.  Islam  MR,  Manir  MS,  Razzak  M,  Mamun  MA,  Mortuza  MF,
 Islam  MJ,  et  al.  Silk-enriched  hydrogels  with  ROS  -scavenging
 dendrimers  for  advanced  wound  care.  Int  J  Biol  Macromol.
 2024;280:135567.  https://doi.org  /10.1016/j.ijbiomac.2024.
135567. 

55.  Zhang  Q,  Yan  S,  Li  M.  Silk  fibroin  based  porous  materials.
 Materials.  2009;2:2276–95.  https://doi.org  /10.3390/ma204

 2276. 
56.  Nazarov  R,  Jin  HJ,  Kaplan  DL.  Porous  3-D  scaffolds  from

 regenerated  silk  fibroin.  Biomacromolecules.  2004;5:718–26.
 https://doi.org  /10.1021/bm034327e. 

57.  Fang  G,  Sapru  S,  Behera  S,  Yao  J,  Shao  Z,  Kundu  SC,  et  al.
 Exploration  of  the  tight  structural–mechanical  relationship
 in  mulberr  y  and  non-mulberr  y  silkworm  silks.  J  Mater  Chem
 B.  2016;4:4337–47.  https://doi.org  /10.1039/c6tb01049k. 

58.  Schmidt  T,  Puchalla  N,  Schendzielorz  M,  Kramell  AE.
 Degumming  and  characterization  of  Bombyx  mori  and  non-
 mulberr  y  silks  from  Saturniidae  silkworms.  Sci  Rep.  2023;
 13:19504.  https://doi.org  /10.1038/s41598-  023-  46474-  5. 

59.  Nguyen  TP,  Nguyen  QV,  Nguyen  VH,  Le  TH,  Huynh  VQN,
 Vo  DVN,  et  al.  Silk  fibroin-based  biomaterials  for  biomedi-
 cal  applications:  a  review.  Polymers  (Basel).  2019;11:1933.
 https://doi.org  /10.3390/polym11121933. 

60.  Zhou  CZ,  Confalonieri  F,  Medina  N,  Zivanovic  Y,  Esnault  C,
 Yang  T,  et  al.  Fine  organization  of  Bombyx  mori  fibroin  heavy
 chain  gene.  Nucleic  Acids  Res.  2000;28:2413–9.  https://doi.
org  /10.1093/nar/28.12.2413. 

61.  Tanaka  K,  Kajiyama  N,  Ishikura  K,  Waga  S,  Kikuchi  A,  Ohtomo
 K,  et  al.  Determination  of  the  site  of  disulfide  linkage
 between  heavy  and  light  chains  of  silk  fibroin  produced
 by  Bombyx  mori  .  Biochim  Biophys  Acta  Protein  Struct  Mol
 Enzymol.  1999;1432:92–103.  https://doi.org  /10.1016/S0167
-  4838(99)00088-  6. 

62.  Gage  LP,  Manning  RF.  Internal  structure  of  the  silk  fibroin
 gene  of  Bombyx  mori.  I  The  fibroin  gene  consists  of  a
 homogeneous  alternating  array  of  repetitious  cr  ystalline
 and  amorphous  coding  sequences.  J  Biol  Chem.  1980;255:
 9444–50.  https://doi.org  /10.1016/S0021-  9258(19)70582-  1. 

63.  Yamaguchi  K,  Kikuchi  Y,  Takagi  T,  Kikuchi  A,  Oyama  F,
 Shimura  K,  et  al.  Primar  y  structure  of  the  silk  fibroin  light
 chain  determined  by  cDNA  sequencing  and  peptide  anal-
 ysis.  J  Mol  Biol.  1989;210:127–39.  https://doi.org  /10.1016/
0022-  2836(89)90295-  7. 

64.  Zhou  CZ,  Confalonieri  F,  Jacquet  M,  Perasso  R,  Li  ZG,  Janin
 J.  Silk  fibroin:  structural  implications  of  a  remarkable  amino
 acid  sequence.  Proteins.  2001;44:119–22.  https://doi.org  /10.
1002/prot  .1078. 

65.  Yankov  G,  Atanassova  V,  Karatodorov  S,  Stefanov  R,  Shu-
 manov  K,  Iordanova  E,  et  al.  Investigation  of  the  nonlin-
 ear  optical  properties  of  silk  fibroin  (SF)  using  the  Z-scan
 method.  Materials  (Basel).  2025;18:1052.  https://doi.org  /10.
3390/ma18051052. 

66.  Ma  L,  Dong  W,  Lai  E,  Wang  J.  Silk  fibroin-based
 scaffolds  for  tissue  engineering.  Front  Bioeng  Biotechnol.
 2024;12:1381838.  https://doi.org  /10.3389/fbioe.2024.13

 81838.  
67.  Zhao  M,  Qi  Z,  Tao  X,  Newkirk  C,  Hu  X,  Lu  S.  Chemical,  ther-

 mal,  time,  and  enzymatic  stability  of  silk  materials  with  silk
 I  structure.  Int  J  Mol  Sci.  2021;22:4136.  https://doi.org  /10.
3390/ijms22084136. 

68.  Li  AB,  Kluge  JA,  Guziewicz  NA,  Omenetto  FG,  Kaplan  DL.  Silk-
 based  stabilization  of  biomacromolecules.  J  Control  Release.
 2015;219:416–30.  https://doi.org  /10.1016/j.jconrel.2015.09.
037. 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://doi.org/10.1111/iwj.13759
https://doi.org/10.1111/iwj.13759
https://doi.org/10.1111/iwj.13759
https://doi.org/10.1111/iwj.13759
https://doi.org/10.1111/iwj.13759
https://doi.org/10.1111/iwj.13759
https://doi.org/10.1111/iwj.13759
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1046/j.1524-475x.1999.00335.x
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.1016/j.metabol.2014.06.005
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2337/dc09-1754
https://doi.org/10.2174/1874192401812010080
https://doi.org/10.2174/1874192401812010080
https://doi.org/10.2174/1874192401812010080
https://doi.org/10.2174/1874192401812010080
https://doi.org/10.2174/1874192401812010080
https://doi.org/10.2174/1874192401812010080
https://doi.org/10.1086/505207
https://doi.org/10.1086/505207
https://doi.org/10.1086/505207
https://doi.org/10.1086/505207
https://doi.org/10.1086/505207
https://doi.org/10.1086/505207
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.1089/wound.2014.0571
https://doi.org/10.3390/biom12121852
https://doi.org/10.3390/biom12121852
https://doi.org/10.3390/biom12121852
https://doi.org/10.3390/biom12121852
https://doi.org/10.3390/biom12121852
https://doi.org/10.3390/biom12121852
https://doi.org/10.1002/term.2581
https://doi.org/10.1002/term.2581
https://doi.org/10.1002/term.2581
https://doi.org/10.1002/term.2581
https://doi.org/10.1002/term.2581
https://doi.org/10.1002/term.2581
https://doi.org/10.1002/term.2581
https://doi.org/10.3390/ijms22126267
https://doi.org/10.3390/ijms22126267
https://doi.org/10.3390/ijms22126267
https://doi.org/10.3390/ijms22126267
https://doi.org/10.3390/ijms22126267
https://doi.org/10.3390/ijms22126267
https://doi.org/10.3390/biomedicines10071507
https://doi.org/10.3390/biomedicines10071507
https://doi.org/10.3390/biomedicines10071507
https://doi.org/10.3390/biomedicines10071507
https://doi.org/10.3390/biomedicines10071507
https://doi.org/10.3390/biomedicines10071507
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.2147/IJN.S395438
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ajps.2025.101088
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.1016/j.ijbiomac.2024.135567
https://doi.org/10.3390/ma2042276
https://doi.org/10.1021/bm034327e
https://doi.org/10.1021/bm034327e
https://doi.org/10.1021/bm034327e
https://doi.org/10.1021/bm034327e
https://doi.org/10.1021/bm034327e
https://doi.org/10.1021/bm034327e
https://doi.org/10.1039/c6tb01049k
https://doi.org/10.1039/c6tb01049k
https://doi.org/10.1039/c6tb01049k
https://doi.org/10.1039/c6tb01049k
https://doi.org/10.1039/c6tb01049k
https://doi.org/10.1039/c6tb01049k
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.1038/s41598-023-46474-5
https://doi.org/10.3390/polym11121933
https://doi.org/10.3390/polym11121933
https://doi.org/10.3390/polym11121933
https://doi.org/10.3390/polym11121933
https://doi.org/10.3390/polym11121933
https://doi.org/10.3390/polym11121933
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1093/nar/28.12.2413
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0167-4838(99)00088-6
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/S0021-9258(19)70582-1
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1016/0022-2836(89)90295-7
https://doi.org/10.1002/prot.1078
https://doi.org/10.1002/prot.1078
https://doi.org/10.1002/prot.1078
https://doi.org/10.1002/prot.1078
https://doi.org/10.1002/prot.1078
https://doi.org/10.1002/prot.1078
https://doi.org/10.1002/prot.1078
https://doi.org/10.3390/ma18051052
https://doi.org/10.3390/ma18051052
https://doi.org/10.3390/ma18051052
https://doi.org/10.3390/ma18051052
https://doi.org/10.3390/ma18051052
https://doi.org/10.3390/ma18051052
https://doi.org/10.3389/fbioe.2024.1381838
https://doi.org/10.3390/ijms22084136
https://doi.org/10.3390/ijms22084136
https://doi.org/10.3390/ijms22084136
https://doi.org/10.3390/ijms22084136
https://doi.org/10.3390/ijms22084136
https://doi.org/10.3390/ijms22084136
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037
https://doi.org/10.1016/j.jconrel.2015.09.037


18 Burns  &  Trauma,  2026,  Vol.  14,  tkag035  

69.  Qi  Y,  Wang  H,  Wei  K,  Yang  Y,  Zheng  RY,  Kim  IS,  et  al.  A  review  of
 structure  construction  of  silk  fibroin  biomaterials  from  single
 structures  to  multi-level  structures.  Int  J  Mol  Sci.  2017;18:237.
 https://doi.org  /10.3390/ijms18030237.  

70.  Tomeh  MA,  Hadianamrei  R,  Zhao  X.  Silk  fibroin  as  a
 functional  biomaterial  for  drug  and  gene  deliver  y.  Phar-
 maceutics.  2019;11:494.  https://doi.org  /10.3390/pharmac
 eutics11100494.  

71.  Promsuk  J,  Manissorn  J,  Laomeephol  C,  Luckanagul  JA,
 Methachittipan  A,  Tonsomboon  K,  et  al.  Optimizing  pro  -
 tein  deliver  y  rate  from  silk  fibroin  hydrogel  using  silk
 fibroin-mimetic  peptides  conjugation.  Sci  Rep.  2024;14:4428.
 https://doi.org  /10.1038/s41598-  024-  53689-  7. 

72.  Wani  SUD,  Zargar  MI,  Masoodi  MH,  Alshehri  S,  Alam  P,
 Ghoneim  MM,  et  al.  Silk  fibroin  as  an  efficient  biomaterial  for
 drug  deliver  y,  gene  therapy,  and  wound  healing.  Int  J  Mol  Sci.
 2022;23:14421.  https://doi.org  /10.3390/ijms232214421. 

73.  Johari  N,  Moroni  L,  Samadikuchaksaraei  A.  Tuning  the  con-
 formation  and  mechanical  properties  of  silk  fibroin  hydro  -
 gels.  Eur  Polym  J.  2020;134:109842.  https://doi.org  /10.1016/
j.eurpolymj.2020.109842. 

74.  Kar  ve  KA,  Gil  ES,  McCarthy  SP,  Kaplan  DL.  Effect  of  β  -sheet
 cr  ystalline  content  on  mass  transfer  in  silk  films.  J  Memb
 Sci.  2011;383:44–9.  https://doi.org  /10.1016/j.memsci.2011.
08.032. 

75.  Umuhoza  D,  Yang  F,  Long  D,  Hao  Z,  Dai  J,  Zhao  A.  Strategies
 for  tuning  the  biodegradation  of  silk  fibroin-based  materials
 for  tissue  engineering  applications.  ACS  Biomater  Sci  Eng.
 2020;6:1290–310.  https://doi.org  /10.1021/acsbiomaterials.
9b01781. 

76.  Lehmann  T,  Vaughn  AE,  Seal  S,  Liechty  KW,  Zgheib  C.
 Silk  fibroin-based  therapeutics  for  impaired  wound  heal-
 ing.  Pharmaceutics.  2022;14:651.  https://doi.org  /10.3390/
pharmaceutics14030651. 

77.  Deng  X,  Gould  M,  Ali  MA.  A  review  of  current  advance  -
 ments  for  wound  healing:  biomaterial  applications  and
 medical  devices.  J  Biomed  Mater  Res  B  Appl  Biomater.
 2022;110:2542–73.  https://doi.org  /10.1002/jbm.b.35086. 

78.  Zhang  X,  Shu  W,  Yu  Q,  Qu  W,  Wang  Y,  Li  R.  Functional  bioma-
 terials  for  treatment  of  chronic  wound.  Front  Bioeng  Biotech-
 nol.  2020;8:516.  https://doi.org  /10.3389/fbioe.2020.00516. 

79.  Indrakumar  S,  Dash  TK,  Mishra  V,  Tandon  B,  Chatterjee  K.
 Silk  fibroin  and  its  nanocomposites  for  wound  care:  a  com-
 prehensive  review.  ACS  Polym  Au.  2024;4:168–88.  https://doi.
org  /10.1021/acspolymersau.3c00050. 

80.  Thurber  AE,  Omenetto  FG,  Kaplan  DL.  In  vivo  bioresponses  to
 silk  proteins.  Biomaterials.  2015;71:145–57.  https://doi.org  /
10.1016/j.biomaterials.2015.08.039. 

81.  Rockwood  DN,  Preda  RC,  Yücel  T,  Wang  X,  Lovett  ML,  Kaplan
 DL.  Materials  fabrication  from  Bombyx  mori  silk  fibroin.  Nat
 Protoc.  2011;6:1612–31.  https://doi.org  /10.1038/nprot  .2011.
379. 

82.  Sashina  ES,  Bochek  AM,  Novoselov  NP,  Kirichenko  DA.
 Structure  and  solubility  of  natural  silk  fibroin.  Russ  J  Appl
 Chem.  2006;79:869–76.  https://doi.org  /10.1134/S107042720
 6060012. 

83.  Lotfollahi  Z.  The  anatomy,  physiolog  y  and  function  of  all  skin
 layers  and  the  impact  of  ageing  on  the  skin.  Wound  Pract  Res.
 2024;32:6–10.  https://doi.org  /10.33235/wpr.32.1.6-  10.  

84.  Oltulu  P,  Ince  B,  Kokbudak  N,  Findik  S,  Kilinc  F.  Measurement
 of  epidermis,  dermis,  and  total  skin  thicknesses  from  six
 different  body  regions  with  a  new  ethical  histometric  tech-
 nique.  Turk  J  Plast  Surg.  2018;26:56.  https://doi.org  /10.4103/
tjps.TJPS_2_17. 

85.  Xue  J,  Wu  T,  Dai  Y,  Xia  Y.  Electrospinning  and  electro  -
 spun  nanofibers:  methods,  materials,  and  applications.
 Chem  Rev  2019;119:5298–415.  https://doi.org  /10.1021/acs.
chemrev.8b00593. 

86.  Park  YR,  Ju  HW,  Lee  JM,  Kim  DK,  Lee  OJ,  Moon  BM,
 et  al.  Three  -dimensional  electrospun  silk-fibroin  nanofiber
 for  skin  tissue  engineering.  Int  J  Biol  Macromol.  2016;93:
 1567–74.  https://doi.org  /10.1016/j.ijbiomac.2016.07.047. 

87.  Sheikh  FA,  Ju  HW,  Lee  JM,  Moon  BM,  Park  HJ,  Lee  OJ,  et  al.
 3D  electrospun  silk  fibroin  nanofibers  for  fabrication  of  artifi-
 cial  skin.  Nanomedicine.  2015;11:681–91.  https://doi.org  /10.
1016/j.nano.2014.11.007. 

88.  Matthews  JA,  Wnek  GE,  Simpson  DG,  Bowlin  GL.  Elec-
 trospinning  of  collagen  nanofibers.  Biomacromolecules.
 2002;3:232–8.  https://doi.org  /10.1021/bm015533u. 

89.  Madappura  AP,  Madduri  S.  A  comprehensive  review  of
 silk-fibroin  hydrogels  for  cell  and  drug  deliver  y  applica-
 tions  in  tissue  engineering  and  regenerative  medicine.  Com-
 put  Struct  Biotechnol  J.  2023;21:4868–86.  https://doi.org  /10.
1016/j.csbj.2023.10.012. 

90.  Yin  Z,  Wu  F,  Xing  T,  Yadavalli  VK,  Kundu  SC,  Lu  S.  A  silk
 fibroin  hydrogel  with  reversible  sol–gel  transition.  RSC  Adv.
 2017;7:24085–96.  https://doi.org  /10.1039/C7RA02682J. 

91.  Cao  H,  Duan  L,  Zhang  Y,  Cao  J,  Zhang  K.  Current  hydro  -
 gel  advances  in  physicochemical  and  biological  response  -
 driven  biomedical  application  diversity.  Signal  Transduct
 Target  Ther.  2021;6:426.  https://doi.org  /10.1038/s41392-  021
-  00830-  x. 

92.  Bustamante  -Torres  M,  Romero  -Fierro  D,  Arcentales  -Vera  B,
 Palomino  K,  Magaña  H,  Bucio  E.  Hydrogels  classification
 according  to  the  physical  or  chemical  interactions  and  as
 stimuli-sensitive  materials.  Gels.  2021;7:182.  https://doi.org  /
10.3390/gels7040182. 

93.  Roehm  KD,  Madihally  SV.  Bioprinted  chitosan-gelatin  ther-
 mosensitive  hydrogels  using  an  inexpensive  3D  printer.  Bio  -
 fabrication.  2018;10:015002.  https://doi.org  /10.1088/1758
-  5090/aa96dd. 

94.  Highley  CB,  Rodell  CB,  Burdick  JA.  Direct  3D  printing
 of  shear-thinning  hydrogels  into  self-healing  hydrogels.
 Adv  Mater.  2015;27:5075–9.  https://doi.org  /10.1002/adma.
201501234.  

95.  Unagolla  JM,  Jayasuriya  AC.  Hydrogel-based  3D  bioprinting:
 a  comprehensive  review  on  cell-laden  hydrogels,  bioink
 formulations,  and  future  perspectives.  Appl  Mater
 Today.  2020;18:100479.  https://doi.org  /10.1016/  j.apmt  .20
 19.100479. 

96.  Kapoor  S,  Kundu  SC.  Silk  protein-based  hydrogels:  promis  -
 ing  advanced  materials  for  biomedical  applications.  Acta
 Biomater.  2016;31:17–32.  https://doi.org  /10.1016/j.actbio.
2015.11.034. 

97.  Zhou  H,  Wang  Z,  Cao  H,  Hu  H,  Luo  Z,  Yang  X,  et  al.
 Genipin-crosslinked  polyvinyl  alcohol/silk  fibroin/nano  -
 hydroxyapatite  hydrogel  for  fabrication  of  artificial  cornea
 scaffolds  -a  novel  approach  to  corneal  tissue  engineering.  J

 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/pharmaceutics11100494
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.1038/s41598-024-53689-7
https://doi.org/10.3390/ijms232214421
https://doi.org/10.3390/ijms232214421
https://doi.org/10.3390/ijms232214421
https://doi.org/10.3390/ijms232214421
https://doi.org/10.3390/ijms232214421
https://doi.org/10.3390/ijms232214421
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.eurpolymj.2020.109842
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1016/j.memsci.2011.08.032
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.1021/acsbiomaterials.9b01781
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.1002/jbm.b.35086
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.3389/fbioe.2020.00516
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1021/acspolymersau.3c00050
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1134/S1070427206060012
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.33235/wpr.32.1.6-10
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.4103/tjps.TJPS_2_17
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1016/j.nano.2014.11.007
https://doi.org/10.1021/bm015533u
https://doi.org/10.1021/bm015533u
https://doi.org/10.1021/bm015533u
https://doi.org/10.1021/bm015533u
https://doi.org/10.1021/bm015533u
https://doi.org/10.1021/bm015533u
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1016/j.csbj.2023.10.012
https://doi.org/10.1039/C7RA02682J
https://doi.org/10.1039/C7RA02682J
https://doi.org/10.1039/C7RA02682J
https://doi.org/10.1039/C7RA02682J
https://doi.org/10.1039/C7RA02682J
https://doi.org/10.1039/C7RA02682J
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/gels7040182
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1088/1758-5090/aa96dd
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1002/adma.201501234
https://doi.org/10.1016/j.apmt.2019.100479
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034
https://doi.org/10.1016/j.actbio.2015.11.034


Burns  &  Trauma,  2026,  Vol.  14,  tkag035  19

Biomater  Sci  Polym  Ed.  2019;30:1604–19.  https://doi.org  /10.
1080/09205063.2019.1652418. 

98.  Ferrero  F,  Periolatto  M,  Burelli  S,  Carletto  RA.  Silk  grafting
 with  chitosan  and  crosslinking  agents.  Fibers  Polym.  2010;
 11:185–92.  https://doi.org  /10.1007/s12221-  010-  0185-  7. 

99.  Annabi  N,  Nichol  JW,  Zhong  X,  Ji  C,  Koshy  S,  Khademhos  -
 seini  A,  et  al.  Controlling  the  porosity  and  microarchitecture
 of  hydrogels  for  tissue  engineering.  Tissue  Eng  Part  B  Rev.
 2010;16:371–83.  https://doi.org  /10.1089/ten.teb.2009.0639. 

100.  Naranjo  -Alcazar  R,  Bendix  S,  Groth  T,  Gallego  FG.  Research
 progress  in  enzymatically  cross  -linked  hydrogels  as
 injectable  systems  for  bioprinting  and  tissue  engineering.
 Gels.  2023;9:230.  https://doi.org  /10.3390/gels9030230. 

101.  Xu  J,  Liu  X,  Ren  X,  Gao  G.  The  role  of  chemical  and  physical
 crosslinking  in  different  deformation  stages  of  hybrid  hydro  -
 gels.  Eur  Polym  J.  2018;100:86–95.  https://doi.org  /10.1016/j.
eurpolymj.2018.01.020. 

102.  Rebers  L,  Reichsöllner  R,  Regett  S,  Tovar  GEM,  Borchers
 K,  Baudis  S,  et  al.  Differentiation  of  physical  and  chemi-
 cal  cross  -linking  in  gelatin  methacr  yloyl  hydrogels.  Sci  Rep.
 2021;11:3256.  https://doi.org  /10.1038/s41598-  021-  82393-  z. 

103.  Han  H,  Ning  H,  Liu  S,  Lu  Q,  Fan  Z,  Lu  H,  et  al.  Silk  bio  -
 materials  with  vascularization  capacity.  Adv  Funct  Mater.
 2016;26:421–32.  https://doi.org  /10.1002/adfm.201504160. 

104.  Rnjak-Kovacina  J,  Wray  LS,  Burke  KA,  Torregrosa  T,  Golinski
 JM,  Huang  W,  et  al.  Lyophilized  silk  sponges:  a  versatile  bio  -
 material  platform  for  soft  tissue  engineering.  ACS  Biomater
 Sci  Eng.  2015;1:260–70.  https://doi.org  /10.1021/ab500149p.  

105.  Zhou  C,  Ma  L,  Li  W,  Yao  D.  Fabrication  of  tissue  engineering
 scaffolds  through  solid-state  foaming  of  immiscible  poly-
 mer  blends.  Biofabrication.  2011;3:045003.  https://doi.org  /
10.1088/1758-  5082/3/4/045003. 

106.  Mi  HY,  Jing  X,  Turng  LS.  Fabrication  of  porous  synthetic
 polymer  scaffolds  for  tissue  engineering.  J  Cell  Plast  .  2015;
 51:165–96.  https://doi.org  /10.1177/0021955X14531002. 

107.  Tai  H,  Mather  ML,  Howard  D,  Wang  W,  White  LJ,  Crowe
 JA,  et  al.  Control  of  pore  size  and  structure  of  tissue  engi-
 neering  scaffolds  produced  by  supercritical  fluid  process  -
 ing.  Eur  Cell  Mater.  2007;14:64–77.  https://doi.org  /10.22203/
ecm.v014a07.  

108.  Chen  RR,  Mooney  DJ.  Polymeric  growth  factor  deliver  y
 strategies  for  tissue  engineering.  Pharm  Res.  2003;
 20:1103–12.  https://doi.org  /10.1023/a:1025034925152. 

109.  Nurkesh  A,  Jaguparov  A,  Jimi  S,  Saparov  A.  Recent  advances
 in  the  controlled  release  of  growth  factors  and  c  ytokines
 for  improving  cutaneous  wound  healing.  Front  Cell  Dev  Biol.
 2020;8:1–7.  https://doi.org  /10.3389/fcell.2020.00638. 

110.  Yucel  T,  Lovett  ML,  Kaplan  DL.  Silk-based  biomaterials  for
 sustained  drug  deliver  y.  J  Control  Release.  2014;190:381–97.
 https://doi.org  /10.1016/j.jconrel.2014.05.059.  

111.  Sen  S,  Basak  P,  Prasad  Sinha  B,  Maur  ye  P,  Kumar  Jaiswal  K,
 Das  P,  et  al.  Anti-inflammator  y  effect  of  epidermal  growth
 factor  conjugated  silk  fibroin  immobilized  polyurethane
 ameliorates  diabetic  burn  wound  healing.  Int  J  Biol  Macro  -
 mol.  2020;143:1009–32.  https://doi.org  /10.1016/j.ijbiomac.
2019.09.219. 

112.  Dar  witz  BP,  Genito  CJ,  Thurlow  LR.  Triple  threat  :  how  dia-
 betes  results  in  worsened  bacterial  infections.  Infect  Immun.
 2024;92:e0050923–3.  https://doi.org  /10.1128/iai.00509-  23. 

113.  Khan  A  U  R,  Huang  K,  Jinzhong  Z,  Zhu  T,  Morsi  Y,  Aldalbahi
 A,  et  al.  Exploration  of  the  antibacterial  and  wound  heal-
 ing  potential  of  a  PLGA/silk  fibroin  based  electrospun  mem-
 brane  loaded  with  zinc  oxide  nanoparticles.  J  Mater  Chem  B.
 2021;9:1452–65.  https://doi.org  /10.1039/D0TB02822C. 

114.  Kandhasamy  S,  Liang  B,  Yang  DP,  Zeng  Y.  Antibacterial
 vitamin  K3  carnosine  peptide  -laden  silk  fibroin  electrospun
 fibers  for  improvement  of  skin  wound  healing  in  diabetic
 rats.  ACS  Appl  Bio  Mater.  2021;4:4769–88.  https://doi.org  /10.
1021/acsabm.0c01650. 

115.  Nanordica  Medical  OU .  A  Randomized,  Double  Blind,  Active
 Controlled,  Parallel  Group  Clinical  Trial  to  Assess  the  Safety
 and  Efficac  y  of  Nanordica  Antibacterial  Wound  Dressing  in
 Patients  With  DFUs.  clinicaltrials.gov  Bethesda,  MD:  U.S.
 National  Librar  y  of  Medicine;  2025.  Accessed  March  5,  2026.
 https://clinicaltrials.gov/study/NCT06667752. 

116.  First-in-class  Wound  Care  Products.  Tallinn,  Estonia:
 Nanordica  Medical  OÜ.  Accessed  March  5,  2026.  https://
www.nanordica.com.  

117.  Vasiliev  G,  Kubo  AL,  Bondarenko  O,  Valkna  A.  EP183
 nanordica  medical  silk  fibroin  wound  dressing  with  syn-
 ergistic  antibacterial  effect  showed  better  wound  healing
 compared  to  popular  product  on  the  market  .  European
 Wound  Management  A  ssociation  (EWMA)  Conference,  May
 3–5,  2023,  Milan,  Italy.  J  Wound  Manag.  2023;24:130–0. 

118.  Wang  R,  Li  B,  Dong  M,  Zhu  H,  Jin  P,  Zou  Y.  Targeting  oxidative
 damage  in  diabetic  foot  ulcers:  integrative  strategies  involv-
 ing  antioxidant  drugs  and  nanotechnologies.  Burns  Trauma.
 2025;13:tkaf020.  https://doi.org  /10.1093/burnst  /tkaf020. 

119.  Agar  wal  Y,  Rajinikanth  PS,  Ranjan  S,  Tiwari  U,
 Balasubramnaiam  J,  Pandey  P,  et  al.  Curcumin  loaded
 polycaprolactone − /polyvinyl  alcohol-silk  fibroin  based
 electrospun  nanofibrous  mat  for  rapid  healing  of  diabetic
 wound:  an  in-vitro  and  in-vivo  studies.  Int  J  Biol  Macromol.
 2021;176:376–86.  https://doi.org  /10.1016/j.ijbiomac.2021.
02.025. 

120.  Venkatasubbu  GD,  Anusuya  T.  Investigation  on  curcumin
 nanocomposite  for  wound  dressing.  Int  J  Biol  Macromol
 2017;98:366–78.  https://doi.org  /10.1016/j.ijbiomac.2017.
02.002. 

121.  Liu  J,  Yan  L,  Yang  W,  Lan  Y,  Zhu  Q,  Xu  H,  et  al.  Controlled-
 release  neurotensin-loaded  silk  fibroin  dressings  improve
 wound  healing  in  diabetic  rat  model.  Bioact  Mater.
 2019;4:151–9.  https://doi.org  /10.1016/j.bioactmat  .2019.03.
001. 

122.  Brun  P,  Mastrotto  C,  Beggiao  E,  Stefani  A,  Barzon  L,  Sturniolo
 GC,  et  al.  Neuropeptide  neurotensin  stimulates  intestinal
 wound  healing  following  chronic  intestinal  inflammation.
 Am  J  Physiol  Gastrointest  Liver  Physiol.  2005;288:G621–9.
 https://doi.org  /10.1152/ajpgi.00140.2004. 

123.  Moura  JA,  Barlow  HJ,  Doak  SH,  Hawkins  K,  Muller I,  Clift  MJD.
 Exploring  the  role  of  fibrin  gels  in  enhancing  cell  migration
 for  vasculature  formation.  J  Funct  Biomater.  2024;15:265.
 https://doi.org  /10.3390/jfb15090265.  

124.  Nie  C,  Yang  D,  Xu  J,  Si  Z,  Jin  X,  Zhang  J.  Locally  admin-
 istered  adipose  -derived  stem  cells  accelerate  wound  heal-
 ing  through  differentiation  and  vasculogenesis.  Cell  Trans-
 plant  .  2011;20:205–16.  https://doi.org  /10.3727/096368910

 X520065.  

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1080/09205063.2019.1652418
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1007/s12221-010-0185-7
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.1089/ten.teb.2009.0639
https://doi.org/10.3390/gels9030230
https://doi.org/10.3390/gels9030230
https://doi.org/10.3390/gels9030230
https://doi.org/10.3390/gels9030230
https://doi.org/10.3390/gels9030230
https://doi.org/10.3390/gels9030230
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1038/s41598-021-82393-z
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1002/adfm.201504160
https://doi.org/10.1021/ab500149p
https://doi.org/10.1021/ab500149p
https://doi.org/10.1021/ab500149p
https://doi.org/10.1021/ab500149p
https://doi.org/10.1021/ab500149p
https://doi.org/10.1021/ab500149p
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1088/1758-5082/3/4/045003
https://doi.org/10.1177/0021955X14531002
https://doi.org/10.1177/0021955X14531002
https://doi.org/10.1177/0021955X14531002
https://doi.org/10.1177/0021955X14531002
https://doi.org/10.1177/0021955X14531002
https://doi.org/10.1177/0021955X14531002
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.22203/ecm.v014a07
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.1023/a:1025034925152
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.3389/fcell.2020.00638
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.jconrel.2014.05.059
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1016/j.ijbiomac.2019.09.219
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1128/iai.00509-23
https://doi.org/10.1039/D0TB02822C
https://doi.org/10.1039/D0TB02822C
https://doi.org/10.1039/D0TB02822C
https://doi.org/10.1039/D0TB02822C
https://doi.org/10.1039/D0TB02822C
https://doi.org/10.1039/D0TB02822C
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
clinicaltrials.gov
clinicaltrials.gov
https://clinicaltrials.gov/study/NCT06667752
https://clinicaltrials.gov/study/NCT06667752
https://clinicaltrials.gov/study/NCT06667752
https://clinicaltrials.gov/study/NCT06667752
https://clinicaltrials.gov/study/NCT06667752
https://www.nanordica.com
https://www.nanordica.com
https://www.nanordica.com
https://www.nanordica.com
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1093/burnst/tkaf020
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2021.02.025
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.ijbiomac.2017.02.002
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1016/j.bioactmat.2019.03.001
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.1152/ajpgi.00140.2004
https://doi.org/10.3390/jfb15090265
https://doi.org/10.3390/jfb15090265
https://doi.org/10.3390/jfb15090265
https://doi.org/10.3390/jfb15090265
https://doi.org/10.3390/jfb15090265
https://doi.org/10.3390/jfb15090265
https://doi.org/10.3727/096368910X520065


20 Burns  &  Trauma,  2026,  Vol.  14,  tkag035  

125.  Cheng  HW,  Tsui  YK,  Cheung  KMC,  Chan  D,  Chan  BP.  Decel-
 lularization  of  chondroc  yte  -encapsulated  collagen  micro  -
 spheres:  a  three  -dimensional  model  to  study  the  effects
 of  acellular  matrix  on  stem  cell  fate.  Tissue  Eng  Part  C
 Methods.  2009;15:697–706.  https://doi.org  /10.1089/ten.TEC.
2008.0635.  

126.  Chen  RN,  Ho  HO,  Tsai  YT,  Sheu  MT.  Process  development
 of  an  acellular  dermal  matrix  (ADM)  for  biomedical  appli-
 cations.  Biomaterials.  2004;25:2679–86.  https://doi.org  /10.
1016/j.biomaterials.2003.09.070.  

127.  Hoshiba  T,  Lu  H,  Kawazoe  N,  Chen  G.  Decellularized  matri-
 ces  for  tissue  engineering.  Expert  Opin  Biol  Ther.  2010;10:
 1717–28.  https://doi.org  /10.1517/14712598.2010.534079. 

128.  Navone  SE,  Pascucci  L,  Dossena  M,  Ferri  A,  Invernici  G,  Acerbi
 F,  et  al.  Decellularized  silk  fibroin  scaffold  primed  with  adi-
 pose  mesenchymal  stromal  cells  improves  wound  healing  in
 diabetic  mice.  Stem  Cell  Res  Ther  2014;5:7.  https://doi.org  /
10.1186/scrt396. 

129.  Bogadi  S,  Malayandi  R,  Vasanth  Raj  P,  Kumar  PS,  Par  vatha-
 neni  M,  Kumar  Kundu  M,  et  al.  Silk  fibroin  and  sericin:  mul-
 tifunctional  formulations  for  treating  diabetic  wound  heal-
 ing.  Eur  Polym  J.  2024;220:113465.  https://doi.org  /10.1016/j.
eurpolymj.2024.113465. 

130.  Shitole  M,  Dugam  S,  Tade  R,  Nangare  S.  Pharmaceutical
 applications  of  silk  sericin.  Ann  Pharm  Fr.  2020;78:469–86.
 https://doi.org  /10.1016/j.pharma.2020.06.005. 

131.  Aramwit  P,  Kanokpanont  S,  Nakpheng  T,  Srichana  T.
 The  effect  of  sericin  from  various  extraction  methods
 on  cell  viability  and  collagen  production.  Int  J  Mol  Sci.
 2010;11:2200–11.  https://doi.org  /10.3390/ijms11052200. 

132.  Sun  Y,  Shi  W,  Zhang  Q,  Guo  H,  Dong  Z,  Zhao  P,  et  al.  Multi-
 omics  integration  to  reveal  the  mechanism  of  sericin  inhibit-
 ing  LPS  -induced  inflammation.  Int  J  Mol  Sci.  2023;24:259.
 https://doi.org  /10.3390/ijms24010259.  

133.  Rahimpour  S,  Jabbari  H,  Yousofi  H,  Fathi  A,  Mahmoodi  S,
 Jafarian  MJ,  et  al.  Regulator  y  effect  of  sericin  protein  in
 inflammator  y  pathways;  a  comprehensive  review.  Pathol
 Res  Pract  .  2023;243:154369.  https://doi.org  /10.1016/j.prp.
2023.154369.  

134.  Kanyora  MG,  Kegode  TM,  Kurgat  J,  Kibogo  H,  A  sudi  G,
 Tanga  CM,  et  al.  Evaluating  antibacterial  and  antioxidant
 properties  of  sericin  recovered  from  cocoons  of  Bombyx
 mori,  Gonometa  postica  and  Samia  ricini  in  Kenya.  PLoS
 One.  2024;19:e0316259.  https://doi.org  /10.1371/journal.
pone.0316259. 

135.  Noda  K,  Kawai  K,  Matsuura  Y,  Ito  -Ihara  T,  Amino  Y,  Ushimaru
 M,  et  al.  Safety  of  silk-elastin  sponges  in  patients  with  chronic
 skin  ulcers:  a  phase  I/II,  single  -center,  open-label,  single  -arm
 clinical  trial.  Plast  Reconstr  Surg  Glob  Open.  2021;9:e3556.
 https://doi.org  /10.1097/GOX.0000000000003556.  

136.  Yang  H,  Lai  C,  Xuan  C,  Chai  M,  Liu  X,  Chen  Y,  et  al.
 Integrin-binding  pro  -sur  vival  peptide  engineered  silk  fibroin
 nanosheets  for  diabetic  wound  healing  and  skin  regenera-
 tion.  Chem  Eng  J.  2020;398:125617.  https://doi.org  /10.1016/
j.cej.2020.125617. 

137.  Xu  X,  Wang  X,  Qin  C,  Khan  AUR,  Zhang  W,  Mo  X.  Silk
 fibroin/poly-(L-lactide  -co  -caprolactone)  nanofiber  scaffolds
 loaded  with  Huangbai  liniment  to  accelerate  diabetic  wound
 healing.  Colloids  Surf  B  Biointerfaces.  2021;199:111557.
 https://doi.org  /10.1016/j.colsurfb.2021.111557. 

138.  Inpanya  P,  Faikrua  A,  Ounaroon  A,  Sittichokechaiwut  A,  Viy-
 och  J.  Effects  of  the  blended  fibroin/aloe  gel  film  on  wound
 healing  in  streptozotocin-induced  diabetic  rats.  Biomed
 Mater.  2012;7:035008.  https://doi.org  /10.1088/1748-  6041/7/
3/035008. 

139.  Kuwana  Y,  Sezutsu  H,  Nakajima  K,  Tamada  Y,  Kojima  K.  High-
 toughness  silk  produced  by  a  transgenic  silkworm  express  -

 ing  spider  (Araneus  ventricosus)  dragline  silk  protein.  PLoS
 One.  2014;9:e105325.  https://doi.org  /10.1371/journal.pone.
0105325. 

140.  Bitar  L,  Isella  B,  Bertella  F,  Bettker  Vasconcelos  C,  Harings
 J,  Kopp  A,  et  al.  Sustainable  Bombyx  mori’s  silk  fibroin
 for  biomedical  applications  as  a  molecular  biotechnolog  y
 challenge:  a  review.  Int  J  Biol  Macromol.  2024;264:130374.
 https://doi.org  /10.1016/j.ijbiomac.2024.130374. 

141.  Deptuch  T,  Dams  -Kozlowska  H.  Silk  materials  function-
 alized  via  genetic  engineering  for  biomedical  applica-
 tions.  Materials  (Basel).  2017;10:1417.  https://doi.org  /10.
3390/ma10121417. 

142.  Wohlrab  S,  Müller S,  Schmidt  A,  Neubauer  S,  Kessler  H,
 Leal-Egaña  A,  et  al.  Cell  adhesion  and  proliferation  on
 RGD-modified  recombinant  spider  silk  proteins.  Biomateri-
 als.  2012;33:6650–9.  https://doi.org  /10.1016/j.biomaterials.
2012.05.069. 

143.  Widhe  M,  Johansson  U,  Hillerdahl  CO,  Hedhammar M.
 Recombinant  spider  silk  with  cell  binding  motifs  for  specific
 adherence  of  cells.  Biomaterials.  2013;34:8223–34.  https://
doi.org  /10.1016/j.biomaterials.2013.07.058. 

144.  Saotome  T,  Hayashi  H,  Tanaka  R,  Kinugasa  A,  Uesugi  S,
 Tatematsu  K,  et  al.  Introduction  of  VEGF  or  RGD  sequences
 improves  revascularization  properties  of  Bombyx  mori
 silk  fibroin  produced  by  transgenic  silkworm.  J  Mater
 Chem  B.  2015;3:7109–16.  https://doi.org  /10.1039/C5TB00
 939A. 

145.  Ghalei  S,  Handa  H.  A  review  on  antibacterial  silk  fibroin-
 based  biomaterials:  current  state  and  prospects.  Mater
 Today  Chem.  2022;23:100673.  https://doi.org  /10.1016/j.
mtchem.2021.100673. 

146.  Pritchard  EM,  Valentin  T,  Panilaitis  B,  Omenetto  F,  Kaplan
 DL.  Antibiotic-releasing  silk  biomaterials  for  infection  pre  -
 vention  and  treatment  .  Adv  Funct  Mater.  2013;23:854–61.
 https://doi.org  /10.1002/adfm.201201636. 

147.  Tang  X,  Tian  C,  Zhang  X,  Chen  Y,  Luo  T,  Zhao  P,
 et  al.  Genetically  engineered  silk-based  core  -shell
 c  ytokine/sericin/carboxychitosan  composite  biomaterials
 for  enhanced  cell  proliferation  and  medical  applications.  Int
 J  Biol  Macromol.  2026;339:149903.  https://doi.org  /10.1016/
j.ijbiomac.2025.149903.  

148.  Long  D,  Cheng  X,  Hao  Z,  Sun  J,  Umuhoza  D,  Liu  Y,  et  al.
 Genetic  hybridization  of  highly  active  exogenous  functional
 proteins  into  silk-based  materials  using  “light-clothing”
 strateg  y.  Matter.  2021;4:2039–58.  https://doi.org  /10.1016/j.
matt  .2021.03.020. 

149.  Teulé  F,  Miao  YG,  Sohn  BH,  Kim  YS,  Hull  JJ,  Fraser  MJ.  et  al.
 Silkworms  transformed  with  chimeric  silkworm/spider  silk
 genes  spin  composite  silk  fibers  with  improved  mechanical
 properties.  Proc  Natl  Acad  Sci.  2012;109:923–8.  https://doi.
org  /10.1073/pnas.1109420109. 

150.  Yu  Y,  Chen  K,  Wang  J,  Zhang  Z,  Hu  B,  Liu  X,  et  al.  Custom-
 designed,  mass  silk  production  in  genetically  engineered

 

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1089/ten.TEC.2008.0635
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1016/j.biomaterials.2003.09.070
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1517/14712598.2010.534079
https://doi.org/10.1186/scrt396
https://doi.org/10.1186/scrt396
https://doi.org/10.1186/scrt396
https://doi.org/10.1186/scrt396
https://doi.org/10.1186/scrt396
https://doi.org/10.1186/scrt396
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.eurpolymj.2024.113465
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.3390/ijms11052200
https://doi.org/10.3390/ijms11052200
https://doi.org/10.3390/ijms11052200
https://doi.org/10.3390/ijms11052200
https://doi.org/10.3390/ijms11052200
https://doi.org/10.3390/ijms11052200
https://doi.org/10.3390/ijms24010259
https://doi.org/10.3390/ijms24010259
https://doi.org/10.3390/ijms24010259
https://doi.org/10.3390/ijms24010259
https://doi.org/10.3390/ijms24010259
https://doi.org/10.3390/ijms24010259
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1016/j.prp.2023.154369
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1371/journal.pone.0316259
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1097/GOX.0000000000003556
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.cej.2020.125617
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1016/j.colsurfb.2021.111557
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1088/1748-6041/7/3/035008
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1371/journal.pone.0105325
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.1016/j.ijbiomac.2024.130374
https://doi.org/10.3390/ma10121417
https://doi.org/10.3390/ma10121417
https://doi.org/10.3390/ma10121417
https://doi.org/10.3390/ma10121417
https://doi.org/10.3390/ma10121417
https://doi.org/10.3390/ma10121417
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2012.05.069
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1016/j.biomaterials.2013.07.058
https://doi.org/10.1039/C5TB00939A
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1016/j.mtchem.2021.100673
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1002/adfm.201201636
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.ijbiomac.2025.149903
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1016/j.matt.2021.03.020
https://doi.org/10.1073/pnas.1109420109
https://doi.org/10.1073/pnas.1109420109
https://doi.org/10.1073/pnas.1109420109
https://doi.org/10.1073/pnas.1109420109
https://doi.org/10.1073/pnas.1109420109
https://doi.org/10.1073/pnas.1109420109
https://doi.org/10.1073/pnas.1109420109


Burns  &  Trauma,  2026,  Vol.  14,  tkag035  21

silkworms.  PNAS  Nexus.  2024;3:pgae128.  https://doi.org  /10.
1093/pnasnexus/pgae128.  

151.  Karthikeyan  K,  Sekar  S,  Devi  MP,  Inbasekaran  S,  Laksh-
 minarasaiah  CH,  Sastr  y  TP.  Fabrication  of  novel  biofibers
 by  coating  silk  fibroin  with  chitosan  impregnated  with  sil-
 ver  nanoparticles.  J  Mater  Sci  Mater  Med.  2011;22:2721–6.
 https://doi.org  /10.1007/s10856-  011-  4462-  9.  

152.  Liu  Y,  Zhou  S,  Gao  Y,  Zhai  Y.  Electrospun  nanofibers  as
 a  wound  dressing  for  treating  diabetic  foot  ulcer.  Asian  J
 Pharm  Sci.  2019;14:130–43.  https://doi.org  /10.1016/j.ajps.
2018.04.004. 

153.  Huang  YY,  Lin  CW,  Cheng  NC,  Cazzell  SM,  Chen  HH,  Huang
 KF,  et  al.  Effect  of  a  novel  macrophage  -regulating  drug  on
 wound  healing  in  patients  with  diabetic  foot  ulcers:  a  ran-
 domized  clinical  trial.  JAMA  Netw  Open.  2021;4:e2122607.
 https://doi.org  /10.1001/jamanetworkopen.2021.22607.  

154.  Husain  K,  Malik  A,  Kirchens  J,  Choi  G.  A  prospective,  blinded,
 randomized  controlled  clinical  trial  evaluating  the  effect
 of  the  synthetic  electrospun  fiber  matrix  in  the  treatment
 of  chronic  diabetic  foot  ulcers.  FASTRAC.  2024;4:100362.
 https://doi.org  /10.1016/j.fastrc.2024.100362. 

155.  Rai  V,  Moellmer  R,  Agrawal  DK.  Role  of  fibroblast  plasticity
 and  heterogeneity  in  modulating  angiogenesis  and  healing
 in  the  diabetic  foot  ulcer.  Mol  Biol  Rep.  2023;50:1913–29.
 https://doi.org  /10.1007/s11033-  022-  08107-  4. 

156.  Kamalathevan  P,  Ooi  PS,  Loo  YL.  Silk-based  biomateri-
 als  in  cutaneous  wound  healing:  a  systematic  review.  Adv
 Skin  Wound  Care.  2018;31:565–73.  https://doi.org  /10.1097/
01.ASW.0000546233.35130.a9. 

157.  Lu  G,  Ding  Z,  Wei  Y,  Lu  X,  Lu  Q,  Kaplan  DL.  Anisotropic
 biomimetic  silk  scaffolds  for  improved  cell  migration  and
 healing  of  skin  wounds.  ACS  Appl  Mater  Interfaces.  2018;10:
 44314–23.  https://doi.org  /10.1021/acsami.8b18626. 

158.  Park  YR,  Sultan  MT,  Park  HJ,  Lee  JM,  Ju  HW,  Lee  OJ,  et  al.
 NF-  κ  B  signaling  is  key  in  the  wound  healing  processes  of
 silk  fibroin.  Acta  Biomater.  2018;67:183–95.  https://doi.org  /
10.1016/j.actbio.2017.12.006. 

159.  Krizanova  O,  Penesova  A,  Sokol  J,  Hokynkova  A,  Samadian
 A,  Babula  P.  Signaling  pathways  in  cutaneous  wound  heal-
 ing.  Front  Physiol.  2022;13:13.  https://doi.org  /10.3389/fphys.
2022.1030851.  

160.  Liu  Z,  Fang  Y.  Wound  healing  and  signaling  pathways.
 Open  Life  Sci.  2025;20:20251166.  https://doi.org  /10.1515/
biol-  2025-  1166. 

161.  Wray  LS,  Hu  X,  Gallego  J,  Georgakoudi  I,  Omenetto  FG,
 Schmidt  D,  et  al.  Effect  of  processing  on  silk-based  bio  -
 materials:  reproducibility  and  biocompatibility.  J  Biomed
 Mater  Res  B  Appl  Biomater.  2011;99:89–101.  https://doi.org  /
10.1002/jbm.b.31875. 

162.  Rnjak-Kovacina  J,  DesRochers  TM,  Burke  KA,  Kaplan  DL.
 The  effect  of  sterilization  on  silk  fibroin  biomaterial  prop  -
 erties.  Macromol  Biosci  2015;15:861–74.  https://doi.org  /10.
1002/mabi.201500013.  

163.  Ezike  TC,  Okpala  US,  Onoja  UL,  Nwike  CP,  Ezeako  EC,  Okpara
 OJ,  et  al.  Advances  in  drug  deliver  y  systems,  challenges  and
 future  directions.  Heliyon.  2023;9:e17488.  https://doi.org  /
10.1016/j.heliyon.2023.e17488. 

164.  Lotfipour  F,  Shahi  S,  Farjami  A,  Salatin  S,  Mahmoudian
 M,  Dizaj  SM.  Safety  and  toxicity  issues  of  therapeutically
 used  nanoparticles  from  the  oral  route.  Biomed  Res  Int  .
 2021;2021:9322282.  https://doi.org  /10.1155/2021/9322282. 

165.  Ma  X,  Tian  Y,  Yang  R,  Wang  H,  Allahou  LW,  Chang  J,
 et  al.  Nanotechnolog  y  in  healthcare,  and  its  safety  and
 environmental  risks.  J  Nanobiotechnol.  2024;22:715.  https://
doi.org  /10.1186/s12951-  024-  02901-  x. 

166.  Li  M,  Xia  W,  Khoong  YM,  Huang  L,  Huang  X,  Liang  H,
 et  al.  Smart  and  versatile  biomaterials  for  cutaneous  wound
 healing.  Biomater  Res.  2023;27:87.  https://doi.org  /10.1186/
s40824-  023-  00426-  2. 

167.  Chang  SC,  Lin  CW,  Chen  JC,  Wu  YH,  Chen  SG,  Huang  YY,
 et  al.  Effects  of  ON101  for  hard-to  -heal  diabetic  foot  ulcers
 in  a  randomized  phase  III  trial:  a  post  hoc  analysis.  Adv
 Wound  Care  (New  Rochelle).  2025;14:381–92.  https://doi.org  /
10.1089/wound.2023.0167. 

168.  APIS ® .  APIS  ® .  Accessed  March  5,  2026.  https://www.
recover  withapis.com

169.  Du  Y,  Wang  J,  Fan  W,  Huang  R,  Wang  H,  Liu  G.  Preclinical
 study  of  diabetic  foot  ulcers:  from  pathogenesis  to  vivo/vitro
 models  and  clinical  therapeutic  transformation.  Int  Wound  J.
 2023;20:4394–409.  https://doi.org  /10.1111/iwj.14311. 

170.  Rai  V,  Moellmer R,  Agrawal  DK.  Clinically  relevant  exper-
 imental  rodent  models  of  diabetic  foot  ulcer.  Mol  Cell
 Biochem.  2022;477:1239–47.  https://doi.org  /10.1007/s11010
-  022-  04372-  w.  

171.  Baptista-Silva  S,  Bernardes  BG,  Borges  S,  Rodrigues  I,  Fer-
 nandes  R,  Gomes  -Guerreiro  S,  et  al.  Exploring  silk  Sericin
 for  diabetic  wounds:  an  in  situ-forming  hydrogel  to  pro  -
 tect  against  oxidative  stress  and  improve  tissue  healing  and
 regeneration.  Biomolecules.  2022;12:801.  https://doi.org  /10.
3390/biom12060801. 

172.  Zhao  X,  Zhang  Y,  Huang  Z,  Wu  X,  Lin  J.  Innovative  therapies
 for  diabetic  foot  ulcers:  application  and  prospects  of  smart
 dressings.  Biomed  Pharmacother.  2025;191:118498.  https://
doi.org  /10.1016/j.biopha.2025.118498. 

173.  Cheng  X,  Wang  Y,  Qian  J,  Bai  R.  Injectable  silk  fibroin  hydro  -
 gel  encapsulating  pH-responsive  ZnS  nanoparticles  for  syn-
 ergistic  redox  modulation  and  diabetic  wound  healing.
 Biomater  Adv.  2026;182:214674.  https://doi.org  /10.1016/j.
bioadv.2025.214674. 

174.  Chan  L,  Lu  Y,  Taledaohan  A,  Wang  Y,  Wang  W,  Wang  Y.  A  silk
 fibroin/chitosan  hydrogel  with  ferulic  acid  derivatives:  pro  -
 moting  diabetic  wound  healing  through  immune  modula-
 tion  and  angiogenesis.  Int  J  Biol  Macromol.  2025;322:146744.
 https://doi.org  /10.1016/j.ijbiomac.2025.146744. 

175.  Wang  Q,  Liu  C,  An  J,  Liu  J,  Wang  Y,  Cai  Y.  Mechanisms  of
 microbial  infection  and  wound  healing  in  diabetic  foot
 ulcer  :  pathogenicity  in  the  inflammator  y-proliferative
 phase,  chronicity,  and  treatment  strategies.  Front
 Endocrinol.  2025;16:1–28.  https://doi.org  /10.3389/fendo.20

 25.1657928.  
176.  Jiang  P,  Li  Q,  Luo  Y,  Luo  F,  Che  Q,  Lu  Z,  et  al.  Current

 status  and  progress  in  research  on  dressing  management
 for  diabetic  foot  ulcer.  Front  Endocrinol  (Lausanne).  2023;
 14:1221705.  https://doi.org  /10.3389/fendo.2023.1221705. 

©  The  Author(s)  2026.  Published  by  Oxford  University  Press.  This  is  an  Open  Access  article  distributed  under the  terms  of  the  Creative  Commons Attribution-NonCommercial  License  (  https://creativecommons.org  /licenses/by-  nc/4.0/),  which  permits  non-commercial  re-use,  distribution,  and  reproduction  in
 any  medium,  provided  the  original  work  is  properly  cited.  For  commercial  re-use,  please  contact  reprints@oup.com  for reprints  and translation  rights  for  reprints.  All  other  permissions  can be  obtained  through  our  RightsLink  ser  vice  via  the  Permissions  link  on  the  article  page  on  our  site—for  further
 information  please  contact  journals.permissions@oup.com.  
Burns  &  Trauma,  2026,  14,  tkag035

 

https://doi.org  /10.1093/burnst/tkag035

Review  

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag035/8676643 by guest on 12 O
ctober 2026

https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1093/pnasnexus/pgae128
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1007/s10856-011-4462-9
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1016/j.ajps.2018.04.004
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1001/jamanetworkopen.2021.22607
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1016/j.fastrc.2024.100362
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1097/01.ASW.0000546233.35130.a9
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1021/acsami.8b18626
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.1016/j.actbio.2017.12.006
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.3389/fphys.2022.1030851
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1515/biol-2025-1166
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/jbm.b.31875
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1016/j.heliyon.2023.e17488
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1155/2021/9322282
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s12951-024-02901-x
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1186/s40824-023-00426-2
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://doi.org/10.1089/wound.2023.0167
https://www.recoverwithapis.com
https://www.recoverwithapis.com
https://www.recoverwithapis.com
https://www.recoverwithapis.com
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1111/iwj.14311
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.1007/s11010-022-04372-w
https://doi.org/10.3390/biom12060801
https://doi.org/10.3390/biom12060801
https://doi.org/10.3390/biom12060801
https://doi.org/10.3390/biom12060801
https://doi.org/10.3390/biom12060801
https://doi.org/10.3390/biom12060801
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.biopha.2025.118498
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.bioadv.2025.214674
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.1016/j.ijbiomac.2025.146744
https://doi.org/10.3389/fendo.2025.1657928
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://doi.org/10.3389/fendo.2023.1221705
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/burnst/tkag035

	 Bio-enhanced silk fibroin-based scaffolds for chronic diabetic foot ulcers
	Background
	Review
	Conclusions
	 Acknowledgements
	Author contributions
	Conflicts of interest
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Patient consent form
	Data and software citation
	Preprint policy


