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ABSTRACT: To  tackle  the  severe  plastic  pollution,
degradable  materials  with  excellent  mechanical  properties
are  urgently  needed.  Silk  protein  materials  with  abundant
sources,  low  cost,  and  good  biocompatibility  can  be  ideal
candidates.  However,  due to  the destruction  of  the  original
hierarchical  structure  of  natural  silk  during  processing,  the
mechanical  properties  of  regenerated  silk  are  usually
significantly reduced. Here, we report a general strategy for
constructing  regenerated  silk  fibroin  composites  with  high
mechanical properties by introducing oriented nanoconfined
β-crystals. Specifically, regenerated silk was introduced into
the two-dimensional nanoconfined space of montmorillonite
nanosheets, and an alcohol reagent was used to induce its
secondary  structure  to  transform  from  random  coils/α-
helices/β-turns  to  β-sheets,  further  forming  β-crystals.
These  materials  exhibit  excellent  mechanical  properties  with  a  tensile  strength  of  452.31  ±  21.23  MPa  and  modulus  of
21.67 ± 0.24 GPa, superior to most plastics and polymer nanocomposites. In addition, these materials are biodegradable
and can be fabricated in large areas.
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 1    Introduction
In  recent  years,  the  environmental  problems  caused  by  plastic
pollution  have  attracted  considerable  attention  [1].  Plastics  go

through a  linear  cycle  from fossil  fuels  to  landfills,  causing serious
environmental  pollution  and  ecological  damage  [2].  Therefore,
there is an urgent need to find sustainable alternatives to synthetic
plastics.  The  development  of  biodegradable  products  from
renewable resources, such as natural biopolymers, is the best option
[3].  Among  the  many  natural  materials,  silk  has  always  been  of
great  interest  due  to  its  excellent  mechanical  properties  and  the
maturity of its industrial production [4].

Silk  is  a  natural  fiber  with a  hierarchical  structure,  consisting of
silk fibroin (SF) and its wrapped sericin protein [5], which contains

 
 

Received: November 27, 2025; Revised: January 7, 2026
Accepted: January 21, 2026

✉Address correspondence to Jin Huang, huangjin2018@buaa.edu.cn;
Mingjie Liu, liumj@buaa.edu.cn 

Open Access
 

Research Article
 

94908475 (1 of 10) Nano Research, 2026, 19, 94908475

https://orcid.org/0000-0002-8399-2134
https://orcid.org/0000-0002-8399-2134
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://doi.org/10.26599/NR.2026.94908475
mailto:huangjin2018@buaa.edu.cn
mailto:liumj@buaa.edu.cn
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475


eighteen  types  of  amino  acids.  Various  amino  acids  can  form  a
variety of secondary structures through hydrogen bond interaction,
such as α-helix, β-sheet, random coil, etc. [6]. In addition, β-sheets
can form β-crystal networks, in which β-crystals are interconnected
through  the  amorphous  chains  (α-helix  and/or  random coil).  The
semicrystalline structure  contributes  to  the strength,  which plays  a
key role in the mechanical properties of silk protein [7]. Natural silk
fiber has a modulus of 5–12 GPa, tensile strength of 400 MPa, and
tensile elongation at break of approximately about 22% [5]. In order
to  process  fiber  biopolymers  into  materials  suitable  for  the  target
application,  silk  fibrin  extracted  from  the  silkworm  cocoon  is
typically  regenerated  by  degumming,  dissolution,  and  dialysis
[8−11]. Regenerated silk solution allows silk fibroin to be processed
in the form of an aqueous solution, resulting in a variety of material
forms,  such  as  films,  electrospun  fibers,  gels,  etc.  [12].  However,
these  regenerated  silk  materials  have  a  significant  reduction  in
mechanical  properties  compared  to  natural  silk  due  to  the
destruction  of  the  original  hierarchical  structure  of  natural  silk
during processing.

In  recent  years,  many  empirical  strategies  have  been  tried  to
improve the mechanical properties of regenerated silk materials by
adding  nanofillers,  annealing,  solvent  treatment,  and  crosslinking
[13−17].  Tsukruk  and  co-workers  prepared  layered
nanocomposites  of  graphene  oxides  (GO)  and  regenerated  silk
fibroin  (RSF)  using  a  layer-by-layer  self-assembly  method  [18].
They also used water steam annealing to enable the assembly of silk
fibroin near the GO surface into nanofibrils. These materials exhibit
high  tensile  strength  and  toughness,  reaching  ~  460  MPa  and
~  2.1  MJ/m3,  respectively.  In  addition,  alcohol  reagents  contain  a
large  number  of  hydroxyl  groups,  which  can  also  break  the
hydrogen  bonds  formed  between  the  original  amino  acids  in  silk
fibroin,  thus  inducing  their  secondary  structure  transitions  [19].
Enzyme  pre-crosslinked  regenerated  silk  fibroin  hydrogels  were
post-treated with ethanol solution, and their strength and Young’s
modulus increased from 0.14 ± 0.02 to 0.70 ± 0.12 MPa and from
0.26  ±  0.04  to  2.51  ±  0.10  MPa,  respectively  [20].  To improve  the
toughness  of  RSF,  a  crosslinked  network  can  be  introduced  to
enhance its elongation at break. In physical crosslinking, silk fibroin
molecules are linked by non-covalent bonds, which can induce the
silk  fibroin  molecules  to  change  from  a  random  coil  structure  to
a β-folded conformation [21].  In contrast,  chemical  crosslinking is
the  construction  of  stable  crosslinking  between  the  chains  of
filipin  molecules  through  the  reaction  of  crosslinking  agents
with  specific  functional  groups  in  the  filipin  backbones  or  side
chains [13, 21−24].

Overall,  these  current  strategies  are  essentially  still  about
modulating  the  secondary  structure  of  silk  fibroin,  while  they  are
only empirical methods due to the lack of a clear law of mechanical
enhancement  of  secondary  structure.  There  are  many  natural
materials  with  high  mechanical  properties  in  nature  [25, 26]  (e.g.,
bones,  teeth,  and  shells),  which  have  highly  ordered  nanosheet
structures  and  continuous  organic  matrices.  By  studying  these
delicate structures,  it  can be concluded that the confinement effect
and  orientation  of  biomolecules  play  a  key  role  in  improving  the
strength, modulus, and fracture toughness of biomaterials [27−29].
This  inspired  us  to  find  an  alternative  approach  to  modulate  the
mechanical properties of regenerated silk fibroin materials.

Here,  we  utilized  the  superspreading  property  of  the  liquid  on
the  hydrogel  surface  to  induce  the  orientation  of  the
montmorillonite (MMT) nanosheets through the liquid shear flow,
forming  a  highly  oriented  layered  structure  of  montmorillonite
nanosheets,  and  introduced  the  regenerated  silk  protein  into  the

gap  between  the  montmorillonite  nanosheets.  The  interphase  is
formed by the strong interaction between the montmorillonite and
the regenerated silk fibroin. Moreover, the changes in the secondary
structure of regenerated silk fibroin in confined space were studied
by  taking  advantage  of  the  property  that  ethanol  can  induce
secondary  structure  transformation,  where  random  coils/α-
helices/β-turns  are  transformed  into  β-crystals  [30].  Due  to  the
strong  interaction  between  montmorillonite  nanosheets  and
regenerated  silk  fibroin  (hydrophobicity,  hydrogen  bonding,  etc.),
regenerated  silk  fibroin  can  form  a  continuous  interphase  on  the
montmorillonite  surface  and  highly  oriented  confined  β-crystals,
which  significantly  enhance  the  mechanical  properties  of  RSF
materials.  These  materials  exhibit  excellent  mechanical  properties
with a tensile strength of 452.31 ± 21.23 MPa and modulus of 21.67
± 0.24 GPa, which are superior to current silk fibroin materials.

 2    Experimental

 2.1    Preparation of regenerated silk fibroin solutions
The RSF aqueous  dispersion was  prepared from Bombyx mori (B.
mori) silkworm cocoons according to a further refined procedure as
described by Zhang et al. [31]. Briefly, B. mori cocoons, supplied by
Sericulture Factory (Ankang, Shanxi Province, China), were boiled
in 0.5 wt.% NaHCO3 solution at 100 °C for 30 min to remove the
outer layer of silk gelatin. The extracted silk fibroin was dissolved in
9.3 mol/L LiBr aqueous solution at 60 °C to form a yellowish thick
solution,  and  LiBr  was  removed  using  dialysis.  The  solution  was
centrifuged  to  obtain  a  clarified  SF  solution.  The  concentration  of
the  silk  SF  was  determined  by  dry  weighing.  This  solution  was
further adjusted to 0.5 wt.% SF in aqueous solutions.

 2.2    Preparation  of  polyacrylamide  (PAAm)  hydrogels
containing Ca2+ ions
PAAm  hydrogels  were  prepared  according  to  the  procedure
described by Zhao et al. [32].  Acrylamide (15 g,  monomer),  N,N’-
methylenebis(acrylamide)  (0.3  g,  crosslinker),  and  ammonium
persulfate  (0.3  g,  initiator)  were  sequentially  added  to  100  mL
distilled  water,  and  completely  dissolved.  N,N,N’,N’-
tetramethylethylenediamine  (300  μL,  catalyst)  was  added  to  the
prepared solution, and quickly poured into a mold to synthesize the
PAAm  hydrogel.  The  resulting  hydrogel  was  immersed  in
0.05 mol/L CaCl2 aqueous solution for complete swelling.

 2.3    Preparation of reaction solutions
The  polymer  and  nanofiller  solutions  were  prepared  separately.  A
2  wt.%  sodium  alginate  (SA)  solution  was  prepared  by  dissolving
2  g  of  SA  powder  (Sinopharm)  in  98  mL  deionized  water,  and  a
2  wt.%  nanosheet  solution  was  obtained  by  dispersing  MMT
(Cloisite  Na,  PGW)  nanosheets  in  deionized  water.  These  two
solutions were mixed with a 0.5 wt.% RSF solution prepared by the
method  described  above  in  different  ratios  to  prepare  various
reaction  solutions  with  different  mass  percentages  of  nanofillers.
The  detailed  mixing  ratios  are  listed  in  Table  S1  in  the  Electronic
Supplementary Material (ESM).

 2.4    Preparation  of  RSF/montmorillonite  nanocomposites
and post-treatment
The  reaction  solution  (~  3  mL)  was  dripped  onto  the  PAAm
hydrogel  soaked  with  calcium  ions.  The  reaction  solution  layer
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gelatinized rapidly  into  a  gel  by in  situ ionic  crosslinking of  SA as
Ca2+ ions  diffused  from  the  hydrogel  surface  into  the  liquid  film
during  the  superspreading  process.  This  gel  film  was  easily
separated  from  the  hydrogel  surface  in  a  water  bath.  A  trace
amount of Rhodamine B dye was added to the reaction solution to
facilitate observation and transfer of the thin gel film in water. It did
not  participate  in  any  chemical  reaction  and  was  removed  in
subsequent  washing  and  drying  steps,  having  no  effect  on  the
structure or properties of the final composite material. After the gel
films  were  dried  in  a  drying  oven  at  60  °C  and  atmospheric
pressure  for  5  h,  uniform  and  continuous  nanocomposite  films
without  defects  were  collected.  According  to  the  ratio  of
MMT/(MMT  +  RSF),  the  corresponding  nanocomposites  were
named as N-0%, N-10%, N-20%, N-30%, N-40%, and N-50%, e.g.,
N-30%  means  that  the  MMT/(MMT  +  RSF)  in  the  solution  was
30%. The specific  feeding ratios are listed in Table S1 in the ESM.
To  induce  the  formation  of  β-crystals  in  the  confined  space,  all
dried  films  were  further  immersed  in  80  vol.%  aqueous  ethanol
solutions for 30 min. The post-treated films were designated E-0%,
E-10%, E-20%, E-30%, E-40%, and E-50%, respectively.

 2.5    Morphology observation
All samples were bonded with conductive adhesive and coated with
gold  by  vacuum  sputtering  on  a  gold  target  for  30  s.  The  cross-
sectional  morphology  of  the  samples  was  observed  by  scanning
electron microscopy (SEM) at a voltage of 5 kV.

 2.6    Mechanical tests of nanocomposite films
Rectangular strips (1 mm wide and 10 mm long) of the laminated
samples  were  tested  at  a  rate  of  0.5  mm/min  using  a  Mark-10
Corporation  mechanical  strength  tester  (ESM  303)  to  obtain
stress–strain  curves.  The  thickness  of  all  samples  was  measured
using SEM’s Image J software.

 2.7    Fourier transform infrared (FTIR) spectroscopy
The infrared spectra of the samples in the wavelength range of 600
to  4000  cm−1 were  recorded  on  an  iCAN  9  FTIR  spectrometer
(Tianjin Neng Spectrum Technology Co., Ltd., China). The amide I
band  of  the  spectra  (1600–1700  cm−1)  was  back-convolved  using
PeakFit software for quantitative analysis of the secondary structure
content.  The  secondary  structure  content  was  quantified  by
deconvoluting  the  vibrational  peaks  of  the  amide  groups
(1600–1700 cm−1) of the spectra using PeakFit software.

 2.8    Atomic force microscopy (AFM)
The  topography  of  the  samples  was  obtained  by  tapping  mode
AFM  (Bruker  Multimode  8)  scanning  with  a  rectangular  silicon
cantilever  beam  (RTESP,  Bruker)  with  a  resonance  frequency  of
300 kHz, a spring constant of 40 N/m, and a tip radius of 10 nm.

 2.9    Small-angle X-ray scattering (SAXS)
The aggregation state of the nanofillers in the polymer matrix was
investigated by SAXS. The specific experimental parameters were as
follows:  the  thickness  of  the  sample  was  1  mm,  the  length  of  the
sample was 30 mm, the width of  the sample was a  long strip of  5
mm,  the  distance  between  the  sample  and  the  detector  was  5  m,
and the experimental time was 15 min.

 2.10    Enzymatic degradation
The  RSF  nanocomposites  were  weighed  and  placed  in  1  wt.%

phosphate  buffered  saline  (PBS)  solution,  and  the  shaker
temperature  was  set  at  35  °C.  The  enzyme  solution  was  replaced
every 3 days, and a control group of PBS solution without enzyme
was set up. The samples were freeze-dried and weighed to calculate
the  degradation  rate  after  1,  3,  5,  7,  10,  14,  18,  and  21  days  of
degradation, respectively.

 3    Results and discussion

 3.1    Preparation  strategy  of  regenerated  silk  fibroin
nanocomposites
Firstly, we used the common LiBr solubilization system to convert
fibrous  silk  fibroin  into  aqueous  solutions  of  RSF (Fig.  1(a)).  RSF,
MMT nanosheets, and SA were mixed to form a reaction solution,
and  this  solution  was  added  dropwise  to  the  surface  of  a  PAAm
hydrogel  containing  calcium  ions  (Ca2+).  During  this  process,  the
reactive  solution  droplets  will  undergo  super  spreading  behavior
(Fig.  1(b))  [32].  To  directly  observe  this  spreading  process,  we
recorded  the  spreading  behavior  of  the  droplets  on  the  hydrogel
surface using high-speed camera images. As shown in Fig. S1(a) in
the ESM, the droplets spread rapidly and completely within 600 ms
after  contacting  the  gel  surface,  which  can  shear-induce  the
nanosheets in the system to form highly oriented structures. At the
same time, SA in the reaction solution will combine with Ca2+ in the
PAAm  hydrogel  to  realize in  situ crosslinking  to  form  hydrogels
with highly oriented structures (Fig. 1(b)). These gels were dried in
a drying oven at 60 °C for 5 h to obtain RSF nanocomposites with
highly  oriented  laminar  structure,  seen  in  the  scanning  electron
microscope photographs (inset of Fig. 1(b)). It is worth mentioning
that these materials can also be prepared in large area, as shown in
Fig.  S1(b)  in  the  ESM.  Furthermore,  we  further  used  ethanol  to
induce secondary structure transformation, where random coils/α-
helices/β-turns are transformed into β-crystals.

 3.2    Characterization  of  MMT  nanosheet,  RSF,  and  RSF
nanocomposite morphology
AFM was used to characterize the morphology of MMT nanosheets
and  RSF  in  the  prepared  solutions.  MMT  nanosheets  are  mainly
stacked together by electrostatic interaction between layers, and the
surface  contains  abundant  hydroxyl  groups  [33]  (Fig.  2(a)).  As
shown in Fig. 2(c), the lateral size of the MMT nanosheets is on the
order of  several  hundred nanometers,  and the thickness measured
by  AFM  is  approximately  1.4  nm,  indicating  that  the  MMT
nanosheets  are  well  dispersed  in  the  solution,  with  no  stacking  or
aggregation  observed.  RSF  has  a  multi-level  secondary  structure,
which  is  manifested  by  amino  acid  sequences  (glycine–alanine–
glycine–alanine–glycine–serine  (GAGAGS))  [34]  consisting  of  β-
folded  secondary  structures  that  further  form  β-crystal  networks
(Fig. 2(b)). During the drying process, the RSF begins to aggregate.
Figure  2(d) shows  that  RSF  molecules  form  irregularly  sized
micelles  with  lengths  of  50–90  nm and heights  of  3–5  nm due  to
chain folding and hydrophobic interactions [35].

To characterize the morphology of the RSF nanocomposites, we
observed  their  cross-section  using  SEM  images.  As  shown  in
Fig.  2(e),  the  layered  structure  of  RSF  nanocomposite  becomes
more  pronounced  as  the  MMT  content  increases.  In  the  N-0%
sample without MMT nanosheets, the cross-section is uneven with
a thickness of about 3 μm. In the N-10% sample, a small amount of
nanosheets can be observed in the cross-section. As the nanosheet
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content  is  20–30,  these  samples  (N-20% and N-30%) show highly
ordered  laminar  structure.  The  section  of  the  N-50%  sample  also
has  an  obvious  layered  structure,  but  the  direction  of  the
nanosheets  in  the  middle  part  is  at  an  angle  to  the  horizontal
direction. This is due to the high percentage of MMT nanosheets in
the  composite  film,  forming  a  small  number  of  agglomerates.  To
verify  the  successful  introduction  of  RSF  into  the  nanoconfined
space  created  by  MMT  sheets  during  the  superspreading  process,
we  performed  energy  dispersive  X-ray  spectroscopy  (EDS)
characterization  of  the  N-30%  sample  (Fig.  S2  in  the  ESM).  We
clearly  observe  that  the  distribution  of  all  elements  is  showing  a
lamellar  structure.  N  and  Ca  elements  are  concentrated  in  the
nanosheets,  indicating  that  RSF is  successfully  introduced into  the
nanosheets and crosslinks are formed. The boundaries of Si element
distribution  are  highly  coincident  with  the  boundaries  of  lamellar
structure  of  RSF  nanocomposites,  which  indicates  that  the  Si
elements originate from MMT nanosheets.

We further used SAXS to investigate the orientation structure of
the  RSF  nanocomposites.  All  samples  containing  nanosheets
showed  anisotropic  characteristics  (Figs.  3(a) and 3(b)).  We
calculated  the  orientation  factors  of  the  RSF  nanocomposites  with
different  nanosheet  contents  [36],  which  were  all  around  0.8,
indicating that all the samples were highly oriented (Fig. 3(e)). The
slight  decrease  in  the  orientation  factor  with  increasing  MMT
content  is  likely  due  to  enhanced  nanosheet  interactions  at  high
contents,  which  introduce  minimal  local  deflections  or  ripples
during  film  formation,  even  in  structures  with  overall  high

orientation  [32].  This  is  consistent  with  some  irregular  layered
structures  observed  in  the  SEM  images  of  N-50%  samples
(Fig.  2(e)).  The  high  orientation  of  the  nanosheets  in  the  RSF
nanocomposites is  mainly due to the shear force generated during
the superspreading process.

To  analyze  the  effect  of  the  oriented  lamellar  structure  on  the
mechanical  properties,  we  systematically  characterized  the
mechanical behavior of samples with different nanosheet contents.
Figure  3(c) shows  the  stress–strain  curves  of  RSF nanocomposites
with  different  MMT  nanosheet  content.  It  is  clear  that  the
mechanical  properties  improve  significantly  with  increasing
nanosheet  content.  At  a  nanosheet  content  of  30%,  the  RSF
nanocomposite  shows  optimal  mechanical  properties.  As  the
nanosheet  content  is  further  increased,  the  mechanical  properties
instead show a decrease. Figure 3(f) further quantifies this trend by
showing  the  changes  in  strength  and  modulus  with  varying
nanosheet content. Strength and modulus reach their maximum at
30% nanosheet content and then decrease, but remain at a relatively
high  level  overall.  The  N-30%  sample  has  a  strength  of  237.12  ±
20.54 MPa and a modulus of 14.48 ± 0.05 GPa, which are about 5
and  2  times  that  of  pure  RSF,  respectively.  This  indicates  that  the
performance  of  the  RSF  nanocomposites  can  be  significantly
improved  by  optimizing  the  nanosheet  content.  The  strength  and
modulus  of  the  N-40% and  N-50% samples  are  much  lower  than
that  of  the  N-30%  sample,  which  is  due  to  the  high  content  of
nanosheets  in  these  systems,  where  partial  agglomeration  occurs.
We treated these nanocomposites with ethanol solutions to induce

 

Figure 1    Schematic  diagram  of  RSF  material  preparation  and  structural  changes.  (a)  Preparation  of  silk  fibroin  aqueous  solution.  (b)  The  general  strategy  for
constructing RSF nanocomposites with high mechanical properties by introducing oriented nanoconfined β-crystals.
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β-crystal  formation  of  RSF  and  further  improve  their  mechanical
properties  (Figs.  3(d) and 3(g)).  After  the  treatment  with  ethanol
solution,  the  mechanical  properties  of  RSF  nanocomposites  were
significantly  improved,  with  the  highest  strength  and  modulus
reaching  452.31  ±  21.23  and  21.67  ±  0.24  GPa,  respectively.
Compared  to  existing  reported  RSF  nanocomposites  [33, 37−40],
our materials exhibit superior strength and toughness (Fig. 3(h) and
Table  S2  in  the  ESM).  Furthermore,  compared  to  traditional
commercial  plastics  (e.g.,  poly(vinyl  chloride)  (PVC),  polyethylene
(PE),  polycarbonate,  styrene,  and  polymethylmethacrylate),  our
materials also show the optimal strength and modulus (Fig. 3(i) and
Table S3 in the ESM). This indicates that RSF nanocomposites with
highly oriented structures have great potential to replace plastics.

To reveal the mechanical enhancement of such a design for RSF
nanocomposites, we first investigated the role of confined effects of
nanosheet formation. The RSF molecule contains mainly four types
of  secondary  structures:  α-helix,  β-crystal,  β-turning,  and  random
coil,  and  these  secondary  structures  have  corresponding
characteristic  peaks  in  the  infrared spectra.  By performing Fourier
deconvolution on the  infrared absorption peaks  in  a  specific  wave
number  range,  the  relative  content  of  each  secondary  structure  in

RSF  nanocomposites  can  be  quantitatively  analyzed.  As  shown  in
Fig. S3(a) in the ESM, the characteristic peaks at 1242, 1332, 1525,
and 1651 cm−1 on the infrared spectrum are the random curling, α-
helix,  β-sheet,  and  random  curling/α-helix.  We  used  Peak  Fit
software  with  wave  numbers  between  1600–1700  cm−1 amide
absorption  peaks  for  peak  fitting  calculations  to  derive  the
secondary  structure  content  of  RSF  in  the  nanocomposites  with
different  MMT  sheet  contents  (Fig.  S3  in  the  ESM). Figure  4(a)
shows  the  variation  of  the  secondary  structure  content  of  RSF
nanocomposites  with  different  MMT  nanosheet  contents.  The  β-
sheet  content  in  the  composites  first  increases  and  then  decreases
with the nanosheet content. Moreover, RSF nanocomposites exhibit
higher thermal stability than pure RSF (Fig. 4(b)). We characterized
the aggregated state of MMT nanosheets using SAXS. As shown in
Fig.  4(c),  with  increasing  nanosheet  content,  the  intensity  peak
corresponding  to  the  average  interlayer  distance  (d)  shifts  to  the
high diffraction vector (q) region. According to the Bragg equation
d =  2π/q peak,  the  interlayer  distance  can  be  calculated  and
statistically  plotted  in Fig.  4(d).  The  nanosheet  content  was
increased  from  10%  to  50%,  and  the  interlayer  distance  was
decreased from 5.46 to 2.21 nm, indicating that the limiting domain

 

Figure 2    Structural diagrams of nanofillers, silk fibroin, and RSF. ((a) and (b)) Schematic presentation of MMT nanosheet and RSF structures. ((c) and (d)) AFM images
of the MMT nanosheets and RSF. (e) SEM images of RSF nanocomposites, scale bars: 1 μm.

Nano Research | Vol. 19, No. 6 Zhou et al.

94908475 (5 of 10) Nano Research, 2026, 19, 94908475

https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475
https://www.sciopen.com/article/10.26599/NR.2026.94908475


space size can be modulated by controlling the nanosheet content.
We  also  took  transmission  electron  micrographs  of  the  N-30%
sample.  As  shown  in Fig.  4(e),  the  MMT  nanosheets  are  well
oriented,  and  their  layer  spacing  is  consistent  with  that  obtained
from SAXS experimental calculations (4.23 nm). We labeled the β-
crystals  formed  in  the  interlayer  of  MMT  nanosheets,  and  used
Gatan Digital Micrograph software to perform a Fourier transform
of the selected area to measure the spacing of the β-crystals in the N-
30% sample,  which was  approximately  0.43  nm,  corresponding to

the  [200]/[210]  lattice  planes,  in  agreement  with  Refs.  [41, 42]
(Fig.  4(f) and  Fig.  S4  in  the  ESM).  Based  on  our  results,  we
proposed  the  oriented  nanoconfined  β-crystals  of  RSF
nanocomposites  to  enhance  mechanical  properties  (shown  in
Fig. 4(g)). When the MMT nanosheet content is low, the interlayer
distance  is  so  large  that  the  weak  interaction  is  not  sufficient  to
cause  the  RSF  segment  to  move.  As  the  MMT nanosheet  content
further  increases,  there  are  various  supramolecular  interactions
between  the  nanosheets  and  the  silk,  such  as  electrostatic,

 

Figure 3    Orientation and mechanical property characterization of pure RSF and RSF materials with alcohol treatment. (a) SAXS images of RSF nanocomposites with
different MMT nanosheet contents. ((b) and (e)) Plots of azimuthal angle (φ) and the orientation order parameter of RSF nanocomposites prepared by the superspreading
strategy.  ((c)  and  (f))  Tensile  stress–strain  curves  and  strength  and  modulus  of  RSF  nanocomposites  with  different  MMT  nanosheet  contents.  ((d)  and  (g))  Tensile
stress–strain curves and strength and modulus of RSF nanocomposites with different MMT nanosheet contents after alcohol solution treatment. ((h) and (i)) Mechanical
properties of RSF nanocomposites compared to current silk-based nanocomposites and commercialized plastics.
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hydrophilic,  and  hydrogen  bonding,  which  are  conducive  to  the
formation  of  the  β-folded  conformation.  Furthermore,  the  well-
aligned  MMT  nanosheets  form  two-dimensional  nanochannels
with tunable interlayer spacing (Figs. 4(d) and 4(g)). This confined
geometry physically restricts the conformational entropy of the RSF
chains,  promoting  their  alignment  and  facilitating  the  nucleation
and  directional  growth  of  β-sheets  along  the  nanosheet  surface.
Therefore, it is clear that this long-range ordered structure of MMT
nanosheets  and  confined  RSF  β-sheets  is  the  key  to  improving
mechanical properties of the nanocomposites. However, excessively
high  MMT  nanosheet  content  restricts  the  movement  of  the  RSF
chains,  resulting  in  a  decrease  in  the  β-sheet  content  and
mechanical  performance.  An  appropriate  nanosheet  content
provides effective physical  confinement and interfacial  area for the
formation  of  β-crystals,  without  causing  nanosheet  aggregation
(reducing  the  effective  interface)  and  excessively  restricting  the
chain segment movement required for structural reorganization.

While  the  current  strategy  of  constructing  oriented
nanoconfined  β-sheet  crystals  successfully  yields  regenerated  silk
fibroin  nanocomposites  with  outstanding  tensile  strength  and
modulus,  the  elongation  at  break  remains  relatively  limited,

reflecting  the  well-known  trade-off  between  strength  and  ductility
in  highly  aligned  polymer  nanocomposites  [26, 32, 33].  This
reduced  ductility  primarily  arises  from  the  dense,  continuous  β-
crystal  network  and  strong  interfacial  interactions,  which  facilitate
efficient  stress  transfer  but  restrict  large-scale  polymer  chain
mobility  and  plastic  deformation.  We  believe  that  several
approaches  can  be  explored  to  overcome  this  limitation  in  future
research.  The  first  method  is  to  introduce  hierarchical  structures,
such  as  combining  the  current  oriented  lamellae  with  a  more
ductile  elastomeric  phase,  thereby  controlling  the  partial
crystallization  to  balance  β-sheet  content  and  chain  mobility.  The
second method is to construct dual or interpenetrating networks to
achieve complementarity between the elastic polymer network and
the  rigid  crystal  network.  Third,  reversible  and  sacrificial  bonds,
such  as  metal-ligand  coordination  and  dynamic  covalent  bonds,
can  be  introduced  to  enhance  additional  energy  dissipation.  In
summary,  these  strategies  may  pave  the  way  for  developing  silk-
based  composites  with  high  strength,  high  modulus,  and  high
toughness, which is also part of our future work prospects.

We further  investigated the  mechanism of  mechanical  property
enhancement  of  RSF  nanocomposites  by  ethanol  solution

 

Figure 4    Characterization  of  secondary  structure  changes  in  pure  RSF  materials  with  the  confined  space.  (a)  Relative  content  of  each  secondary  structure,  (b)
thermogravimetric curves, (c) plots of diffraction vector, and (d) interlayer distances of RSF nanocomposites with different MMT nanosheet contents. ((e) and (f)) TEM
images of N-30% RSF nanocomposite and β-crystals. (g) Schematic diagram illustrating the oriented nanoconfined β-crystals between the aligned nanosheets at different
interlayer distances.
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treatment.  We  used  SEM  to  characterize  the  cross-sectional
morphology  of  RSF  composites  with  different  MMT  nanosheet
contents after ethanol solution treatment, as shown in Fig. S5 in the
ESM.  The  overall  morphology  of  all  samples  did  not  change
significantly  from  that  of  the  pretreatment  period  (Fig.  2(e)).
Figure  5(a) shows  the  wide-angle  X-ray  diffraction  (WAXD)
patterns  of  RSF  nanocomposites  before  and  after  ethanol  solution
treatment. The three diffraction peaks at 0.725 nm (12.2°), 0.45 nm
(19.7°), and 0.316 nm (28.2°) are attributed to the randomly curled
secondary  structure,  while  the  three  diffraction  peaks  at  0.469  nm
(18.9°), 0.43 nm (20.7°), and 0.36 nm (24.7°) are attributed to the β-
crystal secondary structure [41−43].

It  can  be  observed  that  the  crystallinity  of  the  treated  RSF
composites  is  significantly  improved.  In  the  pure  RSF  system  (N-
0%  and  E-0%),  although  the  content  of  β-crystals  increased
significantly  after  treatment  with  alcohol  solution,  the  β-crystals
could  not  be  transformed  into  ordered  crystals  due  to  the  lack  of
confinement  of  oriented  nanosheets  and  were  distributed  in  the
system  in  a  disordered  arrangement  (Fig.  5(c) and  Fig.  S6  in  the
ESM).  Imaging  the  orientation  of  β-sheet  nanocrystals  directly  at
the molecular level using transmission electron microscopy (TEM)

is  extremely  challenging.  We compared the  cases  where  the  X-ray
beam  was  parallel  and  perpendicular  to  the  film  plane  using
WAXD. When the X-rays were parallel to the film plane, a distinct
two-dimensional  scattering  feature  was  detected  (Fig.  S6  in  the
ESM).  This  anisotropy  suggests  that  the  nanocrystals  have  a
preferred in-plane orientation (Fig. 5(c)). In order to quantitatively
analyze the secondary structure transitions in the post-treated RSF
nanocomposites, we still used infrared spectroscopy to characterize
them (Fig. 5(b) and Fig. S7 in the ESM). The β-sheet content in all
RSF  nanocomposite  samples  after  treatment  was  about  2  times
higher  than  before  treatment.  In  addition,  N-0%  and  N-30%
samples before treatment had more obvious peaks representing α-
helix  at  1651  cm−1,  and  both  E-0%  and  E-30%  samples  after
treatment had obvious peaks representing β-sheet at 1624 cm−1. The
shift  of  the  wave number from 1651 to  1624 cm−1 proved that  the
ethanol solution could successfully induce the transformation of the
RSF secondary structure.

To  investigate  the  degradation  properties  of  RSF
nanocomposites,  we  selected  protease  XIV  and  used  phosphate
buffer solution without protease XIV enzyme as a control group to
study  the  degradation  of  three  RSF  nanocomposites  [44, 45],
namely,  N-0%,  N-30%,  and  E-30%,  over  a  period  of  21  days,  as

 

Figure 5    Characterization of the effects of alcohol treatment on the secondary structure changes and degradation performance of RSF materials. (a) WAXD patterns of
RSF  nanocomposites  before  and  after  treatment  with  alcohol  solution.  (b)  Relative  content  of  each  secondary  structure  of  RSF  nanocomposites  with  different  MMT
nanosheet  contents  after  treatment  with  alcohol  solution.  (c)  Schematic  representation  of  the  secondary  structure  evolution  of  RSF  nanocomposites  before  and  after
treatment with alcohol solution. ((d) and (e)) Degradation behavior of RSF nanocomposites in PBS buffer solutions with and without protease XIV enzyme. (f) Schematic
degradation mechanism of RSF nanocomposites.
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shown in Figs. 5(d) and 5(e). In the control group, after 21 days of
degradation,  the  mass  of  the  N-0%  and  E-30%  samples  was
maintained at more than 90%, while the N-30% sample lost about
20% of its mass, which could be attributed to the presence of loosely
bound RSF located on the surface of the MMT, dislodged under the
action  of  external  oscillations.  For  RSF nanocomposites  immersed
in the enzyme solution,  all  samples showed a significant mass loss
during  the  initial  degradation  stage,  which  could  be  attributed  to
the  disruption  of  the  randomly  curled  secondary  structure  in  the
RSF.  As  the  degradation  time  further  increased,  the  presence  of  a
large number of β-crystals slowed down the enzymatic degradation
process (Fig. 5(f)). It is worth mentioning that RSF nanocomposites
degrade significantly slower than pure RSF, which further suggests
that the confinement effect of nanosheets can improve the stability
of β-crystals.

 4    Conclusions
In  conclusion,  we  successfully  constructed  RSF  nanocomposites
with  a  highly  oriented  layered  structure  of  montmorillonite
nanosheets  by  super-spreading  strategy,  and  investigated  the
structural  changes  of  RSF  nanocomposites  under  different  layer
spacings. Their mechanical properties can be significantly enhanced
by  nanoconfined  β-crystals  of  RSF  in  the  two-dimensional
nanoconfined space of montmorillonite nanosheets. Meanwhile, we
treated  RSF  nanocomposites  with  an  alcohol  solution  to  further
increase  the  amount  of  their  nanoconfined  β-crystals.  These
materials  exhibit  excellent  mechanical  properties  with  a  tensile
strength of 452.31 ± 21.23 MPa and modulus of 21.67 ± 0.24 GPa,
superior  to  current  silk  fibroin  materials.  It  is  worth  mentioning
that  these  materials  have  good  degradability  in  the  presence  of
enzymes, and the large-scale preparation can be realized using our
superspreading strategy, which expands the practical application of
RSF nanocomposites.

 Electronic  Supplementary  Material: Supplementary  material
(further  details  of  the  spreading  process,  SEM  and  TEM
measurements,  FTIR  spectroscopy  measurements,  wide-angle  X-
ray  diffraction  measurements,  specific  experimental  ratios,  and
mechanical data) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908475.
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