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ABSTRACT:    Uncontrolled  hemorrhage  resulting  from  traumas  causes  severe  health
risks.  There  is  an  urgent  need  for  expeditious  hemostatic  materials  to  treat  bleeding
incidents. Here, we developed a natural protein-based hemostatic sponge extracted from
nonmulberry cocoons that exhibited rapid coagulation and effective absorption. We first
built a degumming and dissolution system suitable for the Dictyoploca japonica cocoons
to obtain regenerated silk fibroin (DSF). The DSF was then combined with carboxymethyl
chitosan (CMCS) by glutaraldehyde (GA) crosslinking to ensure the structural stability of
sponges.  The  resulting  DSF–CMCS–GA  exhibited  remarkable  hemostatic  properties,
displaying  the  highest  absorption  rate.  It  also  demonstrated  comparable  efficacy  to
commercial  hemostatic  sponges.  The  blood-clotting  index  and  hemolysis  test  showed
that  the  prepared  sponge  possessed  hemostatic  activity  and  good  hemocompatibility.
Compared  with  mulberry  silk  fibroin  hemostatic  sponges  (SF–CMCS–GA),
DSF–CMCS–GA  showed  slightly  better  effects,  making  them  a  potential  alternative  to
mulberry  silk.  In  conclusion,  our  study introduces the  use of Dictyoploca japonica silk
fibroin  for  hemostasis,  highlighting  the  exploitation  of  wild  silkworm  resources  and
providing an excellent  silk  fibroin-based hemostatic  sealant  for  acute accident  wounds
and biomedical applications involving massive hemorrhage.
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1    Introduction

The amount  of  blood in the body is  directly  proportional
to  body  weight  and  continuously  flows  and  circulates
within  the  cardiovascular  system  to  provide  an  adequate
supply  of  oxygen  and  nutrients  [1].  It  has  been  reported
that  blood  loss  reaches  20%  of  the  total  blood  volume,
blood  circulation  is  impeded  and  this  leads  to  a  drop  in
blood  pressure,  resulting  in  symptoms  like  dizziness  and
reduced urine output.  When the blood loss exceeds 40%,
it  can cause life-threatening conditions including cerebral
hypoxia  or  shock  if  a  timely  blood  transfusion  is  not
administered [2–4]. Uncontrolled bleeding has become the
second  leading  cause  of  trauma-related  deaths  in
accidents,  on  the  battlefield,  and  during  surgical
operations,  accounting  for  15%  of  trauma  deaths  [5‒6].
Therefore,  effective  hemostasis  plays  a  crucial  role  in
controlling  bleeding  and  significantly  reducing  mortality
rates.  Currently,  the  approaches  of  hemostasis  involve
vasoconstriction,  platelet  thrombosis,  and  blood  clotting
[7‒8].  Many  commercial  hemostatic  agents  have  been
developed  for  rapid  hemostasis,  such  as  Curspon®,
zeolite-based  QuickClot®,  Surgicel®,  and  fibrin-based
bandages  [9‒10].  However,  the  existing  hemostatic
products  have  limitations,  including  poor  hemostatic
function,  potential  side  effects,  inadequate  mechanical
properties,  and  weak  adhesion  to  tissue  surfaces  urge
people  to  develop  a  safe,  rapid,  and  effective  hemostatic
material to terminate bleeding problems.
Silk  fibroin  (SF),  a  natural  protein  material  isolated

from  silkworm  cocoons,  has  remarkable  mechanical
properties,  biocompatibility,  biodegradability,  and  easy
availability, making it suitable for biomedical applications
[11–13].  Over  the  past  few  decades,  a  wide  range  of

SF-based  biomaterials,  including  particles,  films,
nanofibrous  mats,  and  three-dimensional  (3D)  scaffolds,
have been extensively studied and developed [14–16].  In
addition,  SF  has  been  used  as  a  hemostatic  agent  in
several  studies.  SF-based  biomaterials  have  been
extensively  applied  in  various  forms  in  different
hemostatic  applications  [17–19].  The  efficacy  of
degummed  natural  silk  as  a  biomaterial  for  sutures  and
support  structures  led  to  its  approval  by  the  FDA  for
clinical  use  in  1993.  Based  on  the  source  of  silkworm
species,  SF  can  be  divided  into  mulberry  SF  and
nonmulberry SF. In recent years, there has been a growing
interest  among researchers  in  exploring  nonmulberry  SF.
Nonmulberry  silk  has  demonstrated  comparable
biocompatibility  to  mulberry  silk  in  in  vivo  experiments
[20–23].  Besides,  nonmulberry  SF  contains  unique
peptide  sequences,  such  as  arginine-glycine-aspartic  acid
(RGD),  which  efficiently  enhance  cell  adhesion  and
proliferation  [24–26].  The  β-sheet  conformation  in
nonmulberry  fibroin  consists  of  abundant  regular
(−alanine−)n  polypeptide  sequence  with  higher  binding
energy, thereby imparting higher mechanical properties of
nonmulberry  fibroin-based  biomaterials  [27‒28].  These
inherent  advantages  have  significantly  promoted  the
development  of  excellent  hemostatic  agents  based  on
nonmulberry fibroin.
Both  mulberry  silk  and  nonmulberry  silk  exhibit  a

distinct  core–shell  structure,  comprising  an  inner  core  of
SF and an outer sericin shell [29]. It has been reported that
residual  silk  sericin  can  potentially  induce  immune
rejection  responses  [30‒31].  Therefore,  the  complete
removal  of  silk  sericin  from silkworm cocoons  is  crucial
to  obtain  immunogenic-free  materials  suitable  for
biomedical  applications.  The  degumming and dissolution
system for extracting SF from mulberry silkworms is well
established  [32].  However,  the  isolation  procedure  of
nonmulberry  SF  remains  unclear,  posing  a  significant
challenge  in  the  development  and  utilization  of
nonmulberry SF in the field of biomedicine.
Herein,  we  present  an  effective  strategy  for  achieving

efficient  hemostasis  using  a  natural  nonmulberry  silk
fibroin derived from a Dictyoploca japonica (DSF)-based
sponge.  The  degumming  and  dissolution  of  the
Dictyoploca  japonica  system  suitable  for  SF  isolation
were  optimized.  Subsequently,  the  purified  SF  solution
from  Dictyoploca  japonica  was  combined  with
carboxymethyl  chitosan  (CMCS)  and  formed  a  cross-
linking  network  structure  using  glutaraldehyde  (GA)
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adhesive  to  fabricate  a  hemostatic  sponge
(DSF–CMCS–GA).  The  resulting  sponge  exhibited
impressive  liquid  (phosphate  buffered  saline  (PBS))
absorption  capacity,  rapid  blood  absorption  rate,  and
effective  blood  coagulation  performance.  Interestingly,
our  prepared  DSF–CMCS–GA  showed  comparable
hemostatic  effects  on  commercially  available  sponges.
Moreover,  it  displayed  reliable  blood  compatibility,
offering  a  robust  natural  SF-based  hemostatic  sponge
derived  from  nonmulberry  sources,  which  provides  a
viable alternative for managing acute wounds or cases of
severe hemorrhage. 

2    Experimental
 

2.1    Materials

Sodium  carbonate  (Na2CO3),  lithium  hydroxide
monohydrate  (LiOH·H2O),  ammonium  thiocyanate
(NH4SCN),  calcium  chloride  (CaCl2),  CMCS,  GA,  and
gelatin  sponge  were  purchased  from  Aladdin  Chemical
Reagent Co., Ltd., Shanghai, China. Anticoagulated rabbit
blood  was  procured  from  Beijing  Bersee  Science  and
Technology  Co.,  Ltd.  All  the  chemical  reagents  used  in
the  studies  were  of  analytical  grade  (AR),  and  the
experimental water was ultrapure/deionized water. 

2.2    Degumming and dissolution system of Dictyoploca
japonica silkworm cocoon

The cocoons of Dictyoploca japonica were cut into small
pieces and immersed in water for 1 h. Following this, the
soaked  cocoons  were  boiled  in  Na2CO3  solutions  with
various  concentrations  for  60 min.  Subsequently,  the  silk
fibers were subjected to washing with deionized water for
three times and drying at a temperature of 60 °C to obtain
the  degummed  Dictyoploca  japonica  silk  fibers.  The
degummed  silk  fibers  were  treated  with  LiBr,  CaCl2,
LiBr–urea,  ZnCl2,  LiBr–ZnCl2,  ZnCl2–ethanol–H2O,  and
LiSCN  solutions.  These  solutions  were  incubated  at  a
temperature  of  98 °C  for  a  duration  of  1 h  to  complete
solubilization.  Afterward,  the  SF solutions  were  dialyzed
in  dialysis  bags  (molecular  weight  (MW)  cutoff  14 000)
against deionized water for 3 d, with water changes every
8 h.  The  solutions  were  then  centrifuged  at  2500 r·min−1

for 15 min, and the supernatant was collected and stored at
4  °C  for  further  use.  The  concentration  of  the  resulting

solution  was  determined  using  the  bicinchoninic  acid
(BCA) assay. 

2.3    Degumming rate

To evaluate the removal of sericin from the cocoon of the
Dictyoploca  japonica silkworm, the degumming rate was
calculated using Eq. (1):
 

Degumming rate/% =
Mb−Ma

Mb
×100 (1)

where Mb  and Ma  are  weights  of  silk  fibers  before  and
after  the  degumming  treatment,  respectively.  The
experiments  were  conducted  three  times  and  the  results
were recorded. 

2.4    Dissolving rate

The dissolving rate was used to evaluate the dissolution of
silk fibers at various systems according to Eq. (2):
 

Dissolving rate/% =
M′b−M′a

M′b
×100 (2)

M′b M′awhere    and    are  weights  of  silk  fibers  before  and
after  the  dissolution,  respectively.  The  measurements
were conducted three times and the results were recorded. 

2.5    Preparation of DSF–CMCS–GA

The  sponge  was  developed  by  combining  the  DSF
solution with CMCS and crosslinking them using GA. In
brief, 100 mL of the DSF solution (4% (w/v)) was mixed
with  4 g  CMCS and  stirred  at  room temperature  for  2 h.
Subsequently,  0.2 mL GA was  added  to  the  solution  and
stirred  for  an  additional  2 h  at  room  temperature.  The
resulting  mixture  was  then  subjected  to  dialysis  against
deionized  water  for  3 d  with  regular  changes  of  water.
Finally, the pure mixture was pre-frozen at −80 °C for 4 h
and then freeze-drying for 48 h. 

2.6    Characterization of sponges

Morphological  analysis  was  performed  through  scanning
electron microscopy (SEM) by sputter-coating the sample
with  gold  and  capturing  images  using  a  Carl  Zeiss  Ultra
55  scanning  electron  microscope  instrument,  operated  at
an  acceleration  voltage  of  3.00 kV.  Fourier  transform
infrared  spectroscopy  (FTIR)  was  performed  using  the
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Thermo  Electron  Scientific  Nicolet  5700  instrument.
X-ray  diffraction  (XRD)  measurements  were  carried  out
in  a  scanning  range  from 5°  to  45°  at  a  scanning  rate  of
5(° )·min−1. 

2.7    Liquid absorption ratio of sponges

The liquid absorption capacity of sponges was assessed in
both  PBS  and  blood  and  quantified  using  the  absorption
rate.  The  liquid  absorption  rate  of  sponges  in  different
liquid media was calculated using Eq. (3):
 

Absorption rate/% =
M2−M1

M1
×100 (3)

where M1 was the weight of the sponges before absorbing
liquid,  and  M2  was  the  weight  of  the  sponges  after
absorbing  liquid.  The  experiments  were  conducted  in
triplicate. 

2.8    Hemostatic effect of DSF‒CMCS‒GA

In  the  experiment,  50 mg  of  the  sponge  was  placed  in  a
24-well plate. Subsequently, 1 mL of blood was added to
each  well.  The  absorption  of  blood  in  each  group  of
sponges  was  photographed  at  different  time  intervals
ranging from 1 to 4 min. For the hemostatic sponges, they
were  positioned  at  the  center  of  a  filter  paper  and  then
500 µL of  rabbit  blood was added drop by drop onto the
sponges. The area of each blood spot was measured when
the blood no longer spread on the filter paper. 

2.9    Blood clotting indices

The  blood-clotting  index  (BCI)  was  evaluated  following
the  previously  reported  method  [33].  In  brief,  sponges
weighing  40 mg  were  placed  in  1.5 mL  centrifuge  tubes
and  maintained  at  a  temperature  of  37 °C  for  10 min.
Subsequently,  0.1 mL  of  blood  and  0.02 mol·L−1  CaCl2
solution  were  added  to  the  tubes,  and  the  mixture  was
incubated  at  37 °C  for  1,  2,  3,  and  4 min,  respectively.
After  the  specified  incubation  time,  the  optical  density
(OD)  of  the  sample  was  measured  at  540 nm  using  a
microplate  reader.  The  blood  with  the  CaCl2  solution
served as the blank control. The BCI value was calculated
using the following equation:
 

BCI/% =
ODsample

ODcontrol
×100 (4)

where  ODsample  represented  the  OD value  of  the  sample,
and ODcontrol represented the OD value of the blank group.
The experiments were conducted in triplicate. 

2.10    Hemolysis evaluation

The  hemolysis  evaluation  of  DSF–CMCS–GA  was
performed according to the methodology described in the
previous  literature  [34].  Briefly,  500 µL  fresh  blood  was
centrifuged  at  1500 r·min−1  for  5 min.  The  resulting
precipitate  was  washed  and  diluted  10  times  with  PBS.
Subsequently,  10 mg  DSF–CMCS–GA  was  incubated
with  1 mL  diluted  blood  at  37 °C  for  1 h.  Following  the
incubation  period,  the  mixture  was  centrifuged  at
1500 r·min−1  for  15 min.  100 µL  supernatant  was
collected  and  the  OD  was  measured  at  a  wavelength  of
545 nm  using  a  microplate  reader.  PBS  and  deionized
water  were  used  as  negative  and  positive  controls,
respectively. The hemolysis rate was then calculated using
the following equation:

 

Hemolysis rate/% =
ODexperiment−ODnegative

ODpositive−ODnegative
×100 (5)

where  ODexperiment  represented  the  OD  value  of  the
experimental  group,  ODpositive  represented  the  OD  value
of  the  positive  control  group,  and  ODnegative  represented
the  OD  value  of  the  negative  control  group.  All  the
experiments were conducted in triplicate. 

2.11    Cytotoxicity test

To evaluate the cytotoxicity of the samples, sponges were
sterilized by ultraviolet  disinfection for  4 h.  Then,  20 mg
of each group was soaked in 10 mL Dulbecco’s modified
Eagle  medium  (DMEM)  with  10%  fetal  bovine  serum
(FBS) and 1% penicillin–streptomycin solution,  followed
by placement  in  an  incubator  for  12 h.  Subsequently,  the
sponge  supernatant  was  subjected  to  two  rounds  of
filtration by a 0.5 µm strainer. The L929 planting density
was  6000  cells  per  well  in  96-well  plants  and  then
incubated  for  24 h  before  replacing  the  original  DMEM
media  with  200 µL  sponge  extracts  of  each  group.  The
Cell Counting Kit-8 (CCK-8) solution was introduced into
individual  wells  at  24 h  time points.  After  incubation  for
1 h,  the  wavelength  of  490 nm  was  selected  to  test  the
absorbance. 
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3    Results and discussion
 

3.1    Preparation of Dictyoploca japonica SF

The  extraction  of  natural  regeneration  silk  fibroin  (DSF)
was  carried  out  using  nonmulberry  silkworm cocoons  of
Dictyoploca  japonica  silkworm.  Initially,  a  suitable
degumming and dissolution system was developed for the
Dictyoploca  japonica  silkworm cocoon.  In  this  regard,  a
degumming  method  involving  a  Na2CO3  solution  was
chosen. To determine the optimal degumming parameters,
different concentrations of Na2CO3 and various treatment
durations  were  employed  for  treating  the  Dictyoploca
japonica  silkworm  cocoon.  In  Fig.  S1(A),  we  observed
that  the  degumming  rate  of  the  cocoons  gradually
increased  from  (2.9±0.3)%  to  (26±1.4)%  as  the
concentration  of  Na2CO3  increased  from  0.5%  to
3.5%  (w/v).  The  degumming  rate  remained  stable  at
approximately  27%  and  showed  no  significant  change
when the Na2CO3 concentration reached 2% (w/v), which
was consistent with previous report [35]. As described in
the literature, sericin constitutes 25%–30% of silk protein.
Additionally,  the  optimal  degumming  time  was
determined.  By  using  a  Na2CO3  concentration  of  2%
(w/v),  the  degumming  rate  was  monitored  at  different
reaction  durations.  The  degumming  rate  increased  from
(12.8±0.6)%  to  (27.4±0.4)%  as  the  treatment  time
increased from 0.25 to 1.5 h. As shown in Fig. S1(B), the
degumming  rate  reached  a  plateau  period  after  1 h
incubation.  We  evaluated  the  morphological  changes  of
cocoons  under  different  Na2CO3  concentrations  and
various degumming durations using SEM. As depicted in
Fig. 1(A),  the  fiber  surface  initially  exhibited  cracks  and
some  attached  granules,  which  could  be  attributed  to  the
presence of residual silk sericin. However, as the Na2CO3

concentration  or  the  incubation  time  increased,  the  fiber
surface  gradually  became  smooth  and  the  fine  lines
appeared  more  uniform.  Nevertheless,  excessive
degumming,  resulting  in  broken  and  rough  fibers,  was
observed  at  high  concentrations  of  the  degumming agent
(> 3 wt.%)  or  longer  treatment  duration  (> 1.25 h).
Consequently,  we  established  the  optimal  degumming
conditions for Dictyoploca japonica silkworm cocoons as
2  wt.%  Na2CO3  at  98 °C  for  1 h,  which  were  used  for
subsequent experiments.
To obtain the regenerated SF solution, we explored the

dissolution  system  for  the  degummed  Dictyoploca
japonica silk fibers. We compared the dissolution rate and

dissolution  time  (Fig.  S2)  and  found  that  ZnCl2–
ethanol–H2O in  the  molar  ratio  of  1:2:8,  ZnCl2–ethanol–
H2O  (3:1:8)  and  LiSCN  systems  exhibited  good
dissolution  profiles  (Table  S1).  The  dissolution  rates
achieved  were  59%,  94%,  and  95%,  respectively,  as
shown in Fig. 1(B).  Both  the  ZnCl2–ethanol–H2O (3:1:8)
and  the  LiSCN systems  dissolved  silk  fibers  in  less  than
30 min. To purify the dissolved SF solution, we employed
a  dialysis  purification  process.  The  LiSCN  system
demonstrated  effective  purification  capabilities.
Therefore, we chose the LiSCN dissolution system for the
preparation of regenerated SF from Dictyoploca japonica
and  used  it  for  subsequent  experiments.  SEM  images
presented  in  Fig. 1(C)  also  confirmed  the  satisfactory
performance of the LiSCN dissolution system to generate
a SF solution. 

3.2    Characterization of Dictyoploca japonica SF

Based on the favorable biocompatibility of SF, we utilized
Dictyoploca japonica-derived regenerated SF to construct
a  hemostatic  sponge  in  combination  with  CMCS  and
crosslinked  using  GA  as  shown  in  Fig. 2(A)  (DSF–
CMCS–GA). To investigate whether different dissolution
systems  would  affect  the  intrinsic  properties  of  SF,  we
compared  the  effects  of  LiSCN  and  CaCl2  dissolution
agents  for  the  SF  solution  generation.  As  observed  in
SEM  images  presented  in  Fig. 2(B),  both  LiSCN  and
CaCl2 showed the ability to dissolve silk fibers. However,
the  LiSCN  agent  displayed  a  more  efficient  dissolution
capability,  resulting  in  a  lower  distribution  of  fibers
compared to  CaCl2  (Fig. 2(B)).  Importantly,  the  different
dissolution  agents  did  not  alter  the  structure  of  SF
(Fig. 2(C)).  XRD  analyses  revealed  that  all  forms  of  SF
exhibited  broad  peaks  near  22°,  indicating  their
amorphous structures. Furthermore, Dictyoploca japonica
SF showed a distinctive diffraction peak near 11.8°, which
can  be  attributed  to  its  α-helix  structure.  The  FTIR
analysis  confirmed  that  the  chemical  structure  of  SF
remained  unaffected  by  various  dissolution  agents
(Fig. 2(D)).  All  the  regenerated  SF  showed  absorption
peaks  at  1650,  1540,  and  1240 cm−1,  corresponding  to
amide I, amide II, and amide III, respectively. 

3.3    Characterization of sponges

The  hemostatic  sponge  was  developed  based  on
Dictyoploca  japonica  silk  fibroin  by  combining  with
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CMCS  and  crosslinking  using  GA.  The  successful
construction  of  the  DSF–CMCS–GA  sponge  was
confirmed  by  the  FTIR  spectrum,  as  shown  in Fig. 2(E).
CMCS  exhibited  four  distinct  absorption  peaks  at  1590,
1415,  1320,  and  1060 cm−1.  When Dictyoploca  japonica
SF was mixed with CMCS, the absorption peaks at  1415
and  1320 cm−1  remained,  while  the  absorption  peaks  at
1590 and 1060 cm−1 disappeared, indicating the influence
of  hydrogen  bonding.  Subsequently,  the  addition  of  the
crosslinker  GA caused  the  absorption  peak  at  1650 cm−1

to  shift  to  1620 cm−1,  indicating  a  transformation  of  the
sponge  structure  from  a  random  coil  to  a  β-sheet
conformation. It is widely recognized that the presence of

β-sheet  structure  in  proteins  significantly  enhances
mechanical  stability  and  silk  hydration,  making  them
favorable for liquid absorption, including blood.
SEM was  conducted  to  evaluate  different  formulations

of  sponges,  namely  DSF–CMCS,  DSF–CMCS–GA,
SF–CMCS,  SF–CMCS–GA,  DSF–GA,  and  SF–GA.  As
seen in Fig. 3, both DSF–GA and SF–GA groups showed
a lamellar  structure.  On the other hand,  DSF–CMCS and
SF–CMCS  groups  displayed  a  porous  network
distribution.  Interestingly,  DSF–CMCS–GA  and
SF–CMCS–GA  groups  showcased  a  staggered  porous
structure,  characterized  by  regular  shaped  holes  with
uniform size that were distributed throughout the sponge.
 

 

 
Fig. 1    The  preparation  of  DSF.  (A)  The  photograph  of  the  silkworm  cocoon,  the  Dictyoploca  japonica  (upper)  and  Mulberry
(below),  and  SEM images  of  the  cocoon  with  different  degumming  conditions.  Different  concentrations  (upper)  and  different  time
(below). (B) The photograph of the silk after degumming, the Dictyoploca japonica (upper) and Mulberry (below), and the SF solution
extraction procedure uses different solvent systems (n = 3). (C) SEM images of DSF and SF after dissolving in LiSCN. The inserted
photograph shows the solubility of DSF (left) and SF (right).
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3.4    Hemostatic performance of sponges

To  assess  potential  biomedical  applications  of
Dictyoploca japonica SF comparable to mulberry SF, the

hemostatic  effect  of  the  DSF–CMCS–GA  sponge  was
investigated.  As  a  comparison  group,  sponges  based  on
mulberry  SF  were  also  prepared.  Considering  the  crucial
role  of  liquid  absorption  in  hemostasis,  the  solution

 

 
Fig. 2    (A)  Schematic  illustration  for  the  preparation  of  SF-based  sponge.  (B)  SEM images  of  LiSCN-treated  DSF  (left),  LiSCN-
treated SF (middle), and CaCl2-treated SF (right). (C) XRD patterns of DSF and SF treated with LiSCN and CaCl2 solvent systems.
(D) FTIR spectra of DSF as well as SFs treated with LiSCN and CaCl2 solvent systems, respectively. (E) Conformational analyses of
sponges by FTIR spectroscopy.

 

 
Fig. 3    Photographic images of DSF-based sponge. Representative SEM images show the microtopography of various formulations
of SF-based sponge after lyophilization. The right side images show the magnified views.
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adsorption  capability  of  the  prepared  sponges  was
evaluated  using  PBS  and  fresh  rabbit  blood.  A
commercially available gelatin sponge served as a positive
control group. As the data shown in Figs. 4(A) and 4(B),
the PBS absorption rates for each group were (164±35)%,
(1885±269)%,  (122±18)%,  (1683±142)%,  (210±42)%,
(186±37)%,  and (1553±447)%,  respectively. Notably, the
PBS  absorption  rate  in  DSF–CMCS–GA  and  SF–
CMCS–GA  groups  was  approximately  15  times  higher
than those of other groups and even exceeded that  of the
positive  control  group.  Similarly,  DSF–CMCS–GA  and
SF–CMCS–GA  also  exhibited  superior  blood  absorption
effect, with DSF–CMCS–GA achieving the highest blood
absorption  rate  of  (1293±108)%  (Figs. 4(C)  and  4(D)).
Additionally,  the  blood  absorption  rate  of  the  DSF–
CMCS–GA or SF–CMCS–GA group is  even higher than
that of the gelatin sponge.

To  directly  visualize  the  hemostatic  ability  of  the  SF-
based  sponge,  a  blood  absorption  test  was  conducted
using  the  filter  method.  As  shown  in  Fig. 4(E),  the
DSF–CMCS–GA, SF–CMCS–GA, or Gel group absorbed
rapidly  and effectively  prevented  the  spreading  of  blood.
In  addition,  both  DSF–CMCS–GA  and  SF–CMCS–GA
hemostatic  sponges  showed  sufficient  mechanical
properties  to  maintain  their  initial  shape,  which  is
advantageous  for  the  removal  of  the  sponge  after
hemostasis.  The  quantitative  analysis  of  the  diffusion
areas  further  confirmed  the  superior  hemostatic  capacity
of  the  DSF–CMCS–GA  sponge  (Fig.  S3).  Remarkably,
DSF–CMCS–GA  exhibited  a  slightly  better  blood
absorption effect  in  preventing blood diffusion in  a  short
time,  when  compared  to  mulberry  SF-based
(SF–CMCS–GA)  or  gelatin  hemostatic  sponge  (positive
control). 

 

 
Fig. 4    DSF-based sponge for hemostasis. (A) Moisture absorption performance of SF-based hemostatic sponge and (B) the relative
PBS absorption rate. (C) Clotting photographs of DSF–CMCS–GA after contact with blood for 1, 2, 3, and 4 min. (D) The quantitative
blood absorption rate (n = 3). (E) Coagulation effect of DSF–CMCS–GA sponge after incubating with rabbit blood using filter-paper
method.
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3.5    Coagulation effect and hemocompatibility

The  BCI  is  a  vital  indicator  to  evaluate  the  tightness  of
blood clot, formation, and directly reflects the hemostatic
effect  induced  by  a  product  [36].  A  lower  BCI  value
signifies  an  improved  clotting  effect  and  efficient
hemostasis properties. Herein, the BCI of the Dictyoploca
japonica  SF-based  sponge  (DSF–CMCS–GA)  was
evaluated.  As  the  data  shown  in  Fig. 5(A),  both  DSF–
CMCS–GA  and  SF–CMCS–GA  groups  showed  lower
indices  than  those  of  the  groups  without  crosslinking
agent  (DSF–CMCS  and  SF–CMCS  groups).  Meanwhile,
the BCI of DSF–CMCS–GA decreased significantly with
the extended incubation time. Notably, the BCI values of
both  DSF–CMCS–GA  and  SF–CMCS–GA  were  even
lower  than  that  of  the  gelatin  sponge  (positive  control),
which is consistent with the results presented in Fig. 4.
The  hemocompatibility  of  the  prepared  sponges  was

further  assessed  using  a  hemolysis  assay.  The  results
shown  in  Fig. 5(B)  reveal  that  the  hemolysis  rates  of  all
groups  were  below  5%,  which  demonstrate  that  the
sponges meet the requirements of the hemolysis testing in
clinical product applications. These data strongly indicate
the successful construction of sponges based on a natural
protein derived from silk cocoon, which exhibits superior
hemostatic effects and good hemocompatibility.
The  cytocompatibility  of  the  hemostatic  materials  was

further  tested.  Figure  S4  shows  that  the  cell  viability  of
L929  cells  incubated  with  various  groups  are  more  than
90%.  These  results  revealed  that  the  hemostatic  sponges
possess good cytocompatibility. 

4    Conclusions

In summary, we have successfully developed a hemostatic
biomedical  application  nonmulberry  SF-based  sponge
with  promising  potential  for  hemostatic  biomedical
applications.  We  propose  that  SF  derived  from
Dictyoploca japonica silkworm can serve as an important
natural  protein  for  manufacturing  biomedical  products.
We  extensively  investigated  the  degumming  and
dissolution  processes  of  the  Dictyoploca  japonica
silkworm cocoon to extract  a  solution of  regenerated SF.
Through  optimization,  we  established  the  optimal
procedure  involving  the  cocoon  treatment  with  2 wt.%
Na2CO3  at  98 °C  for  1 h  and  dissolution  using  LiSCN,
which resulted in the preparation of pure regenerated SF.
Characterizations  of  regenerated  SF  and  the  resulting
hemostatic  sponges  derived  from  Dictyoploca  japonica
silkworm cocoon were  carried  out  using  techniques  such
as XRD, FTIR, SEM, and the blood absorption assay. The
resulting  hemostatic  sponges  exhibited  satisfactory
hemostatic  effects  even  comparable  to  commercially
available gelatin-based hemostatic sponges. Moreover, the
hemostatic  sponges  showed  well-defined
hemocompatibility,  and  we  presented  an  efficient
hemostatic  product  based  on  a  natural  protein  derived
from  the  Dictyoploca  japonica  silkworm  cocoon.  This
study  expands  biomedical  applications  of  wild-type  SF
and provides a promising approach for the development of
hemostatic agents.
 

 

 
Fig. 5    Blood  compatibility  assay.  (A)  The  BCI  evaluation  of  DSF‒CMCS‒GA.  (B)  Hemolytic  test  of  DSF‒CMCS‒GA.  The
inserted photograph shows the hemolysis  performance.  DI water was used as the positive control  and PBS was the negative control
(n = 3).
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