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ABSTRACT 

Polysaccharide-based membranes with excellent mechanical properties are highly desired. However, severe 
mechanical deterioration under wet conditions limits their biomedical applications. Here, inspired by the 
structural heterogeneity of strong yet hydrated biological materials, we propose a strategy based on 
heterogeneous crosslink-and-hydration (HCH) of a molecule/nano dual-scale network to fabricate 
polysaccharide-based nanocomposites with robust wet mechanical properties. The heterogeneity lies in that 
the crosslink-and-hydration occurs in the molecule-network while the stress-bearing nanofiber-network 
remains unaffected. As one demonstration, a membrane assembled by bacterial cellulose nanofiber-network 
and Ca2 + -crosslinked and hydrated sodium alginate molecule-network is designed. Studies show that the 
crosslinked-and-hydrated molecule-network restricts water invasion and boosts stress transfer of the 
nanofiber-network by serving as interfibrous bridge. Overall, the molecule-network makes the membrane 
hydrated and flexible; the nanofiber-network as stress-bearing component provides strength and toughness. 
The HCH dual-scale network featuring a cooperative effect stimulates the design of advanced biomaterials 
applied under wet conditions such as guided bone regeneration membranes. 

Keywords: bioinspiration, heterogeneous crosslink-and-hydration, dual-scale network, nanocomposite 
membrane, wet mechanical properties, guided bone regeneration 
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animal-derived membranes may cause risks of im- 
mune rejection in vivo due to incomplete decellu- 
larization [16 ,18 ]. In recent years, many polysac- 
charides (such as cellulose, sodium alginate (SA), 
chitosan (CS), and chitin) have attracted increasing 
attention in the fabrication of new-style biomedi- 
cal membranes due to their excellent biocompati- 
bilit y, non-toxicit y, bioactivit y, and biodegradability 
[19 –22 ]. For instance, SA and CS, two common nat- 
ural polysaccharides derived from algae and crus- 
tacean shells, respectively, have been extensively uti- 
lized for tissue engineering and wound dressings, 
yet their mechanical properties are less satisfactory 
[21 ,23 –30 ]. 

To expand the applications of these 
polysaccharide-based membranes, nanofil lers 
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NTRODUCTION 

ith increasing demand for the repair of tissue
efects in the clinic, various biomaterials have
een developed to provide specific biological func-
ions [1 –6 ]. Among them, membrane materials are
articularly important for in vivo treatment, e.g.
ydrogel membranes for the repair of damaged ten-
ons [7 ,8 ], antiadhesion membranes for the pre-
ention of postoperative tissue adhesion [7 ,9 ,10 ], as
ell as barrier membranes for guided bone regen-
ration (GBR) [11 –13 ]. Currently, clinically used
iomedical membranes are mainly derived from an-
mal acellular tissues (such as small intestinal sub-
ucosa and porcine dermis) [14 –16 ] and colla-
en products like Bio-Gide membrane (the current

old standard in the clinic for GBR) [17 ]. However, 
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13 ,31 ] and chemical crosslinking [25 ,32 ,33 ] are
ften used to improve their mechanical proper-
ies. Though membranes with high mechanical
trength in a dry state have been successfully fab-
icated, their structures are unstable under wet
onditions. This is mainly attributed to the high
ydrophilicity of the fundamental polysaccharides
34 ]. Upon hydration, H2 O molecules penetrate
olymer matrices and compete for hydrogen bonds
etween polymer chains, leading to nonnegligible
welling and mechanical deterioration of materials
35 ,36 ]. Furthermore, in vivo applications are often
ccompanied by complex stress conditions, such as
tretching, suturing, and tearing [37 ]. Therefore,
n addition to possessing excellent biological func-
ions, ideal biomedical membranes should also have
ufficient strength and damage tolerance to resist
omplex stress under wet physiological conditions.
owever, achieving the combination of robust wet
echanical properties and biological functions
ithin polysaccharide-based membranes remains
hallenging. More specifically, how to improve the
et mechanical properties of polysaccharide-based
embranes is particularly critical and is worth
xploring. 
Nature often provides solutions to problems in

eality. Hydrated biological materials such as skin
nd fish scales, although composed of meager com-
onents, always exhibit superior mechanical prop-
rties and stability under wet physiological condi-
ions due to their hierarchical and heterogeneous
ber-based structures [38 ,39 ]. For example, tiny
lastic fibers and large collagen fibers that make
p the dermis of skin are spatially intertwined and
uspended in gel-like wet substances, the special
omposite structure and microenvironment allow
lastic fibers to endow skin with good flexibility
nd collagen fibers to endow skin with high ten-
ile strength, respectively [38 ]. The synergetic ef-
ect of elastic fibers and collagen fibers is remarkable.
verall, the site-specific attributes (such as compo-
ition, structural motif, and microenvironment) and
he resulting hierarchical and heterogeneous struc-
ures accompanied by excellent mechanical proper-
ies of biological materials provide abundant inspi-
ation for the design of high-performance materials
40 –42 ]. 
Herein, we propose a bioinspired mechani-

al reinforcement strategy based on heterogeneous
rosslink-and-hydration (HCH) of a molecule/nano
ual-scale network to fabricate polysaccharide-
ased nanocomposite membranes with robust wet
echanical properties (Fig. 1 a). The heterogene-

ty lies in that crosslink-and-hydration selectively
ccurs in the small molecule-scale network. Under
uch circumstances, the undisturbed nanoscale fiber
Page 2 of 12
network can bear stresses for providing mechan- 
ical robustness while the molecule-scale network 
makes the membrane flexible. As one demonstra- 
tion, a membrane comprising bacterial cellulose 
(BC) nanofiber-network and Ca2 + -crosslinked 
and hydrated SA (expressed as SA@Ca@H2 O) 
molecule-network is fabricated (Fig. 1 b and c). 
Systematic characterizations reveal that the mem- 
brane (expressed as SA@Ca@H2 O-BC mem- 
brane) exhibits shape flexibility (Fig. 1 d–h) and 
excellent wet mechanical properties compared 
with SA@Ca@H2 O membrane (with molecule- 
network) and BC@Ca@H2 O membrane (with 
nanofiber-network) (Fig. 1 i), reflecting the advan- 
tages of an HCH dual-scale network. With suitable 
functionalization, the HCH dual-scale network 
SA@Ca@H2 O-BC membrane exhibits biomedical 
application potential (such as GBR), demonstrated 
by in vitro cell tests and in vivo dog alveolar bone
repair experiments. 

RESULTS AND DISCUSSION 

Fabrication and characterization of HCH 

dual-scale network SA@Ca@H2 O-BC 

membrane 

SA molecules and BC nanofibers are spatially 
mixed in the liquid environment to preliminar- 
ily construct an interweaved composite structure 
(Fig. 1 a). After solvent evaporation, a SA-BC binary 
membrane can be obtained. By using a scanning 
electron microscope (SEM), SA and BC are found 
to be interpenetration-assembled in the membrane 
(Fig. 1 c), confirming the dual-scale network de- 
sign (including interweaving-coexisted obvious 
nanofiber-networks and comprehensible molecule- 
networks). Here, the mechanically optimized 
dual-scale network nanocomposite membrane 
( Fig. S1 in the online supplementary file) along 
with the single-scale network SA membrane and BC 

membrane is used to explore mechanical behaviors 
and mechanisms under wet conditions. We put 
these membranes into CaCl2 solution to stabilize 
corresponding networks (via Ca-COO and Ca-OH 

interaction) then dry them and put them into H2 O 

for hydration. From the Fourier Transform Infrared 
(FTIR) spectra ( Fig. S2), we can see that after intro- 
ducing Ca2 + , the characteristic peaks of COO and 
OH are shifted, which indicates that Ca2 + can affect 
COO and OH. The sequential steps of crosslinking 
and hydrating relate to the heterogeneous regulation 
that we are concerned with. 

All membranes can maintain structural integrity. 
The H2 O-absorption ratio of SA@Ca@H2 O- 
BC@Ca@H2 O membrane, SA@Ca@H2 O 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
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Figure 1. Structure, material and properties of heterogeneous crosslinked-and-hydrated (HCH) dual-scale network. 
(a) Schematic illustration of HCH dual-scale network designed by sequential procedures. (b) TEM image of BC nanofiber, 
showing a typical fibrous network structure. (c) SEM image of the cross-section of HCH dual-scale network SA@Ca@H2 O- 
BC membrane (SA : BC = 10 : 4), implying the dual-scale nanofiber-network and molecule-network. (d–g) Photographs 
of SA@Ca@H2 O-BC membrane processed into different shapes, presenting the membrane’s flexibility. (h) Photograph of 
SA@Ca@H2 O-BC membrane penetrated by needle and thread. No secondary crack exists near the needle-induced hole, 
demonstrating the membrane’s robustness. (i) Properties comparison of SA@Ca@H2 O-BC membrane, SA@Ca@H2 O mem- 
brane and BC@Ca@H2 O membrane, showing the superiority of HCH dual-scale network. ‘@Ca@H2 O’ is omitted for brevity. 
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embrane, and BC@Ca@H2 O membrane are
40.2%, 124.4%, and 443.4%, respectively ( Fig. S3).
he difference in H2 O-absorption capacity partly
ndicates the stronger coordination ability of Ca-
OO than Ca- OH, and further indicates that
a2 + mainly distributes in the SA molecule-
etwork to form an SA@Ca molecule-network.
he preformed SA@Ca molecule-network confined
mong the BC nanofiber-network can compact
he global system and restrict the BC nanofiber-
etwork from excessively absorbing H2 O. Thus,
A@Ca@H2 O-BC@Ca@H2 O can be simply
xpressed as SA@Ca@H2 O-BC. 
To study the role of Ca2 + and H2 O molecule

ynamic penetration, relevant models were con-
tructed. A previous study shows that the bond-
ng strength of bridging points (junctions) of the
Page 3 of 12
disordered network can determine the network’s 
mechanical properties [43 ]. Therefore, models with 
four cellulose-fibers (CFs) indicating the nanofiber- 
network’s bridging point are constructed (Fig. 2 a–c). 
The interspace of the CFs is designed to be larger
than the size of an H2 O molecule and compara- 
ble with the size of CF, which is roughly consistent 
with experimental practice considering the size and 
interspace of BC nanofibers (Fig. 1 b and c). Sim-
ulation reveals that when the stable SA@Ca is lo- 
cated in the interspace of CFs, outer H2 O molecules 
cannot massively flood into the interspace (Fig. 2 a 
and Fig. S4a). The result is different from that of 
pure CFs (H2 O molecules fil l the interspace of CFs)
(Fig. 2 b and Fig. S4b) and SA-CFs (H2 O molecules 
dissolve SA and disintegrate composite structure) 
(Fig. 2 c). 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
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Figure 2. H2 O molecule penetration simulations and mechanical superiority of SA@Ca@H2 O-BC membrane. (a–c) Simulated diagrams of SA@Ca-CFs 
(a), pure CFs (b) and SA-CFs (c) at 4 ns. The green, gray, brown and blue spheres represent Ca, SA, CF and H2 O, respectively. (d–f) Typical stress-strain 
curves, tensile strength, Young’s modulus and toughness of SA@Ca@H2 O-BC membrane, SA@Ca@H2 O membrane, and BC@Ca@H2 O membrane, 
showing the superiority of SA@Ca@H2 O-BC membrane. (g) Tensile strength stability of SA@Ca@H2 O-BC membrane, showing that the tensile strength 
of the membrane is relatively stable over a period of time. (h) Suture force of membranes. The inset shows the diagram details of the suture experiment 
(such as loading direction and sample size to be scratched). (i and j) Typical suture force-displacement curves of membranes. The suture force of 
SA@Ca@H2 O membrane and BC@Ca@H2 O membrane are too low, so we take them out separately to make Fig. 2 j. (k) Typical tear force-displacement 
curves of membranes. (l) Tear fracture energy of membranes. 
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We further show the H2 O penetration curve in
ig. S4c. It can be observed that pure CFs exhibit
 steeper penetration trend before 1 ns and contain
ore H2 O molecules in 4 ns (2.5 times as much
s SA@Ca-CFs). This suggests that pure CFs ex-
ibit a higher rate of H2 O penetration, with H2 O
olecules more easily entering the interspace of
Fs. Additionally, H2 O distribution is investigated
o better understand the final state of CFs@H2 O
nd SA@Ca@H2 O-CFs ( Fig. S4d and e). With the
adius of the circle increasing, the number of H2 O
olecules within CFs@H2 O is significantly greater,
hich means that the distribution of H2 O molecules
s closer to the center and that the interspace of pure
Fs is filled with bulk H2 O ( Fig. S4d and e). Princi-
ally, non-covalent interface plays a significant role in
he mechanical properties of materials [44 ,45 ] and
ulk H2 O in the interspace of CFs can hardly trans-
er stress [46 ]. As a result, pure CFs soaked in H2 O
Page 4 of 12
would exhibit poor mechanical properties compared 
with SA@Ca@H2 O-CFs. The simulation results of 
three kinds of material systems display different 
H2 O penetration situations and can support the ex- 
perimental differences in H2 O absorption. Overall, 
the formed SA@Ca@H2 O molecule-network can 
avoid severe interaction between H2 O and the BC 

nanofiber-network. In other words, the molecule- 
network serves as a barrier to massive H2 O pen- 
etration and can transfer stress efficiently between 
interfaces at the bridging points of BC nanofiber- 
network. 

Mechanical properties of HCH dual-scale 

network SA@Ca@H2 O-BC membrane 

Uniaxial tensile test is performed to investigate the 
loading capacity of the HCH dual-scale network 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
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Figure 3. Crack propagation of membranes under in-situ loading, presenting different cracks on the pre-notched materials. (a–c) Photographs of 
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A@Ca@H2 O-BC membrane under wet condi-
ions (Fig. 2 d). In contrast to the dry mechanical
esults, the BC@Ca@H2 O membrane here can
ardly resist external load; compared with the
A@Ca@H2 O membrane, the HCH dual-scale
et work SA@Ca@H2 O -BC membrane exhibits
xcellent strength (36.72 MPa), Young’s modulus
103.97 MPa) and toughness (9.89 MJ m−3 )
Fig. 2 e and f), although it has a relatively
igh H2 O-absorption ratio (140.2% vs 124.4%)
 Fig. S3). Moreover, the HCH dual-scale network
A@Ca@H2 O-BC membrane exhibits mechanical
tability during long-term (four weeks) immersion
n H2 O, indicating the equilibrium of crosslinking
nd hydrating within the HCH dual-scale network
Fig. 2 g) which is consistent with that of the simu-
ated dynamic penetration of H2 O molecules ( Fig.
4c). Not limited to uniaxial tensile tests, complex-
oaded suture and tear tests also demonstrate the me-
hanical superiority of the HCH dual-scale network
nder wet conditions. As shown in Fig. 2 h–j, the typ-
cal suturing load-displacement curve of the HCH
ual-scale net work SA@Ca@H2 O -BC membrane is
uch higher than the others; the suture pullout force
Page 5 of 12
is 0.96 N, outperforming the SA@Ca@H2 O mem- 
brane (0.1 N) and the BC@Ca@H2 O membrane 
(0.02 N). In addition, the tearing fracture energy 
of the HCH dual-scale network SA@Ca@H2 O- 
BC membrane is 4.36 mJ, which is higher than 
that of the BC@Ca@H2 O membrane (3.0 mJ) 
and the SA@Ca@H2 O membrane (0.81 mJ) 
(Fig. 2 k and l). 

We specifically study the crack propagation that 
relates to toughening mechanisms. Under in-situ 
tensile loading, different cracks can be found on 
the pre-notched materials (Fig. 3 , Movies S1–
S3). SA@Ca@H2 O membrane exhibits a smooth 
and straight crack with no bridge (Fig. 3 a, d–
f, Movie S1). On the contrary, the HCH dual- 
scale net work SA@Ca@H2 O -BC membrane ex- 
hibits large-scale crack deflection and extensive 
nanofiber bridge on the wake of the crack tip (Fig. 3 b,
g–j, Movie S2), which serves to dissipate crack tip 
stress and indicates extrinsic toughening [47 ,48 ]. Al- 
though the phenomenon of nanofiber bridging and 
interweaving is obvious (Fig. 3 c), BC@Ca@H2 O 

membrane is unable to resist crack propagation 
due to the severe penetration or lubrication by 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
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2 O molecules and, therefore, exhibits global catas-
rophic failure (white box in Fig. 3 c indicates pre-
ailure, Movie S3) which corroborates the tested me-
hanical results (Fig. 2 d–l). Overall, compared to the
ingle-scale network (SA molecule-network or BC
anofiber-network), the HCH dual-scale network
tructure can play the role of mechanical reinforce-
ent under wet conditions, endowing nanocompos-

tes with excellent wet mechanical properties. 
The heterogeneity-distributed Ca2 + is presumed

o lay the mechanical foundation of the HCH dual-
cale network nanocomposite. To further verify the
ole of Ca2 + , we replace H2 O (for hydration) with
BS solution (containing phosphates and monova-
ent metal ions) that can weaken Ca-COO coor-
ination via capturing Ca2 + [49 ,50 ]. Studies show
hat the H2 O-absorption ratio of the membrane in
BS (885.7%) is much higher than that in H2 O
140.2%) ( Fig. S5a). The higher swelling degree
nd lower mechanical properties of the membrane
n PBS ( Figs S5 and S6) indirectly confirm that
a2 + helps restrict massive H2 O penetration and
hat the resulting SA@Ca@H2 O molecule-network
ith little H2 O enables strong bridging points of
he BC nanofiber-network. The simulation of H2 O
olecules penetrating SA-CFs also clearly reflects
he role of Ca2 + . Specifically, once Ca2 + is removed,
2 O molecules can dissolve SA and disintegrate the
omposite structure (Fig. 2 c), thus weakening me-
hanical properties. 

niversality of the bioinspired 

echanical reinforcement strategy 
he bioinspired mechanical reinforcement strategy
an be extended from three aspects: molecule-
atrix de sign, nano-reinforcement design, and the
tyle of crosslink. For example, from the point of
iew of matrix design, SA can be replaced by pectin,
odium carboxymethyl cellulose, and chitosan; from
he point of view of reinforcement design, BC can
e replaced by lignocellulosic nanofibers, xonotlite
anofibers, and ultralong hydroxyapatite nanofibers;
rom the point of view of crosslink, Ca2 + can be
eplaced by genipin. It can be expected that many
igh-performance nanocomposite membranes can
e realized. Here, to further experimentally verify
he universality of the strategy mentioned above,
sing flexible xonotlite (CaSi) nanofibers ( Fig. S7a)
nstead of BC nanofiber reinforcements, we can
abricate another high-performance nanocomposite
embrane (SA@Ca@H2 O-CaSi). As shown in
ig. S7b and c, the SA@Ca@H2 O-CaSi nanocom-
osite membrane exhibits relatively excellent me-
hanical properties compared to the SA@Ca@H2 O
nd the CaSi@Ca@H2 O, highlighting the superior-
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ity of the HCH dual-scale network. Note that, the 
CaSi@Ca@H2 O membrane is highly fragile (too 
weak), and its mechanical data cannot be shown. 

Design of HCH dual-scale network 

SA@Ca@H2 O-BC membrane for GBR 

The HCH dual-scale network-enabled superior me- 
chanical properties under wet conditions make 
the SA-BC membrane a promising candidate for 
biomedical applications (from this subsection and 
beyond, we simplistically call SA@Ca@H2 O-BC as 
SA-BC). As a primary demonstration of the GBR 

membrane, the SA-BC membrane elucidates three 
unique structure-induced advantages. First, its suf- 
ficient strength and damage tolerance are essential 
to deal with complex stress conditions in vivo , in- 
cluding suturing and tearing. Specifically, it exhibits 
much better mechanical properties, compared with 
commercially used Bio-Gide membrane ( Fig. S8). It 
is worth mentioning that, compared with the previ- 
ously reported GBR membranes (such as polycapro- 
lactone (PCL)-based and gelatin-based materials), 
the tensile strength of the SA-BC membrane in wet 
environments shows an obvious advantage ( Fig. S9) 
[13 ,51 –54 ]. Second, its good mechanical stability 
under wet conditions is critical for bone regenera- 
tion, since the regeneration process is an extremely 
time-consuming task [55 –57 ]. Third, it exhibits ex- 
cellent flexibility, providing operability for bone re- 
generation within complex-shaped defects. 

To further evaluate the GBR potential of the SA- 
BC membrane, inspired by the bilayer design of the 
Bio-Gide membrane and previous work [13 ], the 
SA-BC membrane is decorated with a CS-nHAP 

(hydroxyapatite nanoparticle, Fig. S10) porous mi- 
crolayer (CS : nHAP = 1 : 1) via blade-coating and 
ice-templating techniques (Fig. 4 a–d and Fig. S11). 
Surface observation shows that nHAPs are stably 
embedded in the CS matrix ( Fig. S12). The CS- 
nHAP porous microlayer and SA-BC basal micro- 
layer are tightly interconnected due to the electro- 
static attraction between CS (NH2 ) and SA (COO) 
[58 ]. The porous microlayer can be tunable with 
specific thickness ( Fig. S13), providing a possibil- 
ity for customized design. For the designed bilayer 
membrane, the strong and tough SA-BC microlayer 
can provide fundamental mechanical support to pre- 
vent membrane perforation and rupture, it can also 
maintain the space for bone repair and serve as a ro-
bust barrier (towards soft tissue) to avoid adhesion 
and invasion of non-osteoblasts. The porous micro- 
layer (towards bone defect) can promote the adhe- 
sion and proliferation of osteoblasts to induce osteo- 
genesis. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
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iological evaluation of bilayer 
embrane 

o evaluate the biocompatibility of the bilayer mem-
rane, Cell Counting Kit-8 (CCK-8) assay and
ive/dead staining of rat bone-marrow stem cells
RBMSCs) on the porous surface are carried out
Fig. 4 e–h). The CCK-8 results show that with
rolonged co-culture time, the number of cells in-
reased gradually in all groups (Fig. 4 e). Moreover,
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there are no statistical differences in optical density 
(OD) value among experimental groups (SA-BC- 
CS-nHAP, SA-BC) and negative control group 
(without any membrane) at each observation time. 
These results indicate that the SA-BC membrane 
and the bilayer membrane possess excellent cyto- 
compatibility. As shown in Fig. 4 f–h, the results of
live/dead staining show that cell numbers increased 
with incubation time, also proving the cytocom- 
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atibility of the bilayer membrane. Subcutaneous
mplantation is performed to evaluate in vivo histo-
ompatibility. As shown in Fig. S14a, the membrane
s inserted between the skin and the muscle on the
ack of a rat, and the sample including the membrane
s taken for hematoxylin and eosin (H&E) staining at
 and 4 weeks after the operation. Figure S14b and c
hows that there is no obvious inflammatory reaction
round the membrane. Moreover, the density of in-
ammatory cells near the membrane decreases from
he second week to the fourth week, revealing the fa-
orable biocompatibility of the membrane. 
Different morphological surfaces impart the
embrane’s different cel l ad hesion abi lities. As
entioned above, it is expected that the porous layer

s beneficial to osteoblast adhesion while the smooth
urface can perform a barrier function and reduce
broblast attachment. Phalloidin/4′ ,6-diamidino-
-phenylindole (DAPI) staining of RBMSCs on the
orous surface and NIH 3T3 cells on the smooth
urface are conducted, followed by SEM obser-
ation, to verify cell adhesion. The SEM image
emonstrates that plenty of RBMSCs extend filopo-
ia or lamellipodia attaching to the porous layer of
he membrane (Fig. 4 i). The same phenomenon also
an be seen from the images of the Phalloidin/DAPI
taining (Fig. 4 j–l). By contrast, only isolated sparse
IH 3T3 cells are found on the smooth surface
 Fig. S15). Therefore, the bilayer membrane can
ssist osteoblast attachment due to the porous layer
nd its high surface-to-volume ratio. At the same
ime, the smooth surface reduces the interference of
broblasts. The simple bilayer structure design and
erived effects are good for bone repair. 
Though significant progress has been achieved in

he GBR field, bacterial infection is sti l l a common
omplication after GBR surgery, which is the major
eason for poor bone healing [53 ]. In this work, CS
n the porous layer is expected to endow the mem-
rane with bacteriostasis. Here, we utilize SA-BC
embrane, SA-BC-nHAP membrane and SA-BC-
S-nHAP membrane to co-culture with Staphylo-
occus aureus ( S. aureus ) and Escherichia coli ( E. coli ),
he main representative strains of Gram-positive bac-
eria and Gram-negative bacteria, respectively, for
4 hours. The bacteriostatic efficacy of the mem-
ranes is examined by measuring the OD value at
ifferent intervals. As shown in Fig. 4 m and n, the
D values of the SA-BC group slightly increased
ompared with the control group after co-incubating
ith these bacteria for 24 hours, which demonstrates
hat SA and BC have no obvious effect on the bacte-
iostatic activity of the membrane. When nHAP is
ntroduced, there is little change in OD values com-
ared with the SA-BC group, whereas the incorpora-
ion of CS shows improved bacteriostatic ability of
Page 8 of 12
the membrane. The specific mechanism of the an- 
tibacterial effect of CS may be related to the electro- 
static interaction between the positive charge of CS 
and the negative charge on the surface of bacterial 
cell membranes, which alters the permeability of the 
cell membrane, resulting in the leakage of proteins 
and other cellular contents, thus restricting bacteria 
growth [59 ,60 ]. 

In our experiment, nHAP is incorporated into a 
porous layer and is expected to promote osteogenic 
differentiation. Thus, for the sake of evaluating this 
ability, osteogenesis marker alkaline phosphatase 
(ALP) [61 ,62 ] is selected to investigate the differen- 
tiation of RBMSCs on the porous and smooth sur- 
faces of the membrane. Experimentally, RBMSCs are 
seeded on the porous surface (recorded as P group) 
and smooth surface (S group) of the membrane, 
and ALP-activity and ALP-staining are systemati- 
cally conducted. According to the results of quantita- 
tive ALP-activity (Fig. 4 o), the OD value of P group
is clearly higher (more than 2 times) than that of S
group on days 7 and 14. Moreover, from day 7 to 14,
the OD value of P group clearly increases while there 
is little change in S group. These results imply the 
P group shows higher ALP-activity. Visually, darker 
ALP-staining is observed in P group and the ALP- 
staining deepens with the culture time from the day 
7 to day 14 but there is no obvious change in S group
(Fig. 4 p), which is consistent with the results of ALP-
activity. All of the above suggests the enhancement of 
osteogenic differentiation of the porous layer, which 
is mainly ascribed to the Ca2 + released from the in- 
corporated nHAP [11 ,63 ]. 

Bilayer membrane for GBR in vivo 
To further detect the in vivo osteogenic potential 
of the bilayer membrane, a dog mandibular defect 
model is created. Bio-Gide membrane, the most 
commonly used GBR membrane in the clinic, is 
applied as a control. As shown in Fig. 5 a, osseous
defects (with a length of 15 mm (apical-coronal), 
a width of 10 mm (mesio-distal) and a thickness 
of the full layer of the mandible) are prepared and 
then filled with Bio-Oss (a commonly used bone 
filling material in the clinic). After that, the bone 
defects are covered with a SA-BC-CS-nHAP mem- 
brane and a Bio-Gide membrane, respectively. Fi- 
nally, the mucosa is sutured to cover both the de- 
fects and the membranes. During these procedures, 
the SA-BC-CS-nHAP membrane is easy to handle 
and fits closely with the surrounding tissue which is 
attributed to its excellent flexibility under wet con- 
ditions, while the Bio-Gide membrane is difficult to 
operate since it became curly when in contact with 
blood. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad333#supplementary-data
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Figure 5. Characterization of bone regeneration in vivo of the bilayer membrane. (a) Mandibular defect bone repair ex- 
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After six months, the dogs are sacrificed and
pecimens are collected for analysis. Typical two-
imensional (2D) micro-computed tomography
micro-CT) images and three-dimensional (3D)
mages qualitatively manifest that there is no distinct
ifference in the amount of newly-formed bone
bserved in the bone defects between SA-BC-CS-
HAP group and Bio-Gide group (Fig. 5 b and c).
everal indicators, including new bone volume frac-
ion (bone volume/total tissue volume, BV/TV),
he bone mineralization density (BMD) and the
one trabeculae number (Tb.N), can also suggest
hat both the SA-BC-CS-nHAP membrane and the
io-Gide membrane demonstrate similar ability
o quantatively form new bone tissue (Fig. 5 d–f).
urthermore, H&E staining and Van Gieson’s (VG)
taining are performed to visualize the regenerated
one. Judging from the staining results (Fig. 5 g–j),
he bone formation in the defect treated with the
A-BC-CS-nHAP membrane is similar to or slightly
ore than that treated with the Bio-Gide membrane.
ased on the areas of new bone formation and rem-
ant scaffold calculated from H&E staining and VG
taining (Fig. 5 k and l), it appears that both types
f membrane are equally effective in promoting
one formation. It seems that the histologic results
nd the BV/TV, BMD, and Tb.N obtained from
icro-CT analysis are consistent with each other.
ll of the above show that the bilayer-designed SA-
C-CS-nHAP membrane exhibits a great potential
or GBR. 

ONCLUSION 

ne mechanical reinforcement strategy based on
he HCH dual-scale network is proposed to fabricate
trong, tough and damage-tolerant nanocompos-
tes under wet conditions. As one demonstration,
he HCH dual-scale net work SA@Ca@H2 O -BC
anocomposite membrane is designed and fab-
icated. Multiple mechanical studies reveal that
he membrane exhibits excellent wet mechanical
roperties, which is superior to single-scale network
A@Ca@H2 O membrane and BC@Ca@H2 O
embrane. The SA@Ca@H2 O molecule-scale
etwork confined in the BC nanofiber-network
akes the nanocomposite membrane flexible,
hile the BC nanofiber-network bears stress for
echanical robustness. The roles of SA@Ca@H2 O
olecule-scale network and BC nanofiber-network
re reminiscent of those of small elastic fiber and
arge collagen fiber found in the dermis of skin
38 ], reflecting the synergetic effect endowed by the
CH dual-scale network. Based on the mechani-
ally robust nanocomposite membrane, we design a
ilayer structure used for GBR with the addition of a
Page 10 of 12
CS-nHAP porous microlayer. The dog mandibular 
defect repair experiment reveals that the SA-BC- 
CS-nHAP nanocomposite membrane with the 
integration of mechanical properties and biological 
f unctions ex hibits great application potential. GBR 

membrane as a primary demonstration shows that 
the mechanical reinforcement strategy based on the 
HCH dual-scale network would provide inspiration 
to design advanced biomaterials. 

METHODS 

Fabrication of SA@Ca@H2 O-BC, 
SA@Ca@H2 O and BC@Ca@H2 O 

membranes 
The mixed solution of SA and BC was prepared by 
mix ing 1 w t.% SA (prepared by dissolving 1 g SA
powder into 99 ml DIW and stirring until completely 
dissolved) and 0.5 wt.% BC at a weight ratio of 10 : 4.
Then, the solution was cast on the glass slice and 
the solvent was evaporated natural ly to al low the for- 
mation of a dense composite membrane. Further- 
more, the membrane was soaked into CaCl2 solution 
(1 wt.%) followed by rinsing and drying. Last, the 
membrane was soaked into DIW for hydration and 
preservation. For the fabrication of SA@Ca@H2 O 

membrane and BC@Ca@H2 O membrane, the pro- 
cedures of evaporation, crosslink, and hydration are 
equally required. 

Mechanical tests 
The tensile and suture pullout force tests of the BC- 
SA membrane were performed on an Instron 5565 
A system equipped with a 500 N load cell and 5 mm
fixture spacing for tensile tests and a 10 N load cell
for suture tests. All membrane samples for the ten- 
sile test were cut into rectangles with dimensions of 
50 mm × 3 mm and immersed into DIW, PBS and 
SBF solution, respectively, for 24 h before testing. 
The tests were performed at a speed of 0.1 mm/sec. 
During the measurement, a humidifier was used to 
maintain the humidity of the surrounding environ- 
ment. At the same time, by carefully dripping wa- 
ter on the samples constantly using a micro-dropper, 
the membranes were always in a state of liquid infil- 
tration. Thus, the membranes were completely wet. 
One side of the samples (20 mm length, 10 mm 

width and 130–165 μm thickness) for testing the su- 
ture pullout force was fixed with the clamp of the ma-
chine and the other side was fixed to another clamp 
using a 4–0 (Ethicon) nylon suture which was sewn 
2 mm from the edge of BC-SA membrane and the 
tensile speed was 10 mm/min. For the in-situ ten- 
si le test, al l samples (20 mm length, 10 mm width
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nd 140 ∼150 μm thickness) were prefabricated
ith cracks of approximately 2 mm in length in the
iddle, then tested under the in situ tensile apparatus
Dual Leadscrew Tensile tester, MT10677) at a
peed of 0.5 mm/sec. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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