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Sponges with Janus Character from Nanocellulose:
Preparation and Applications in the Treatment of
Hemorrhagic Wounds

Huan Cheng, Dongdong Xiao, Yujing Tang, Bijia Wang, Xueling Feng, Mujun Lu,
G. Julius Vancso,* and Xiaofeng Sui*

Abstract: The development of a rapid and effective hemostatic dressing is
highly desired in the treatment of hemorrhagic wounds. In this study, sponges
with Janus character are developed using cellulose nanofibers (CNFs) that
exhibit materials facets of different wettability characteristics using
heterogeneous mixing and freeze−drying. The bonding of the interface
between the hydrophilic and hydrophobic facets is achieved by using
interpenetrating chemical cross-linking between CNFs and organosilanes. The
hydrophilic layer absorbs water from blood and works synergistically with the
inherent hemostatic chitosan-rich complementary layer to accelerate blood
clotting, displaying both active and passive hemostatic mechanisms. The
hydrophobic layer prevents blood penetration into the construct and exerts
proper pressure on the wound. Compared with the hydrophilic control
samples and commercial gauzes, the Janus sponges can achieve effective
bleeding control with nearly 50% less blood loss in a femoral artery injury
model and prolong the survival time in a carotid artery injury model.
Compared with the only hydrophilic layer, the time to hemostasis of Janus
sponge are reduced from 165 ± 20 to 131 ± 26 s in femoral artery injury
model and from 102 ± 21 to
83 ± 15 s in liver femoral artery injury model.

1. Introduction

Bionanotechnology harvests materials of natural origin and uses
them in a broad range of applications. The field is based on
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the interface of nanotechnology,
bio(medical) technology, and biology.[1]

Nanomaterials of biological origin, in-
cluding nanocellulose, have gained a
prominent place in bionanotechnology.
Various forms of nanocellulose have be-
come highly promising nanomaterials
also in relation to the high concentra-
tion of chemical functional groups using
various substitution and modification
chemistries.[2] In the field of biomaterials,
especially in wound dressings, nanocellu-
lose is very popular because of its unique
advantages and easy processability. The
effect of nanocellulose-based composite
materials on wound healing, preventing
wound infection, and hemostatic proper-
ties were studied widely in recent years.[3]

In trauma, uncontrolled bleeding is a
severe problem that can have detrimental
consequences.[4] Therefore, it is necessary
to control bleeding quickly and effectively.[5]

For bleeding wounds, an urgent and ef-
fective treatment is to use a hemostatic
dressing to cover the wound and to exert

adequate pressure on the wound.[6] To induce clotting, hemo-
static dressings either initiate platelet activation and clotting fac-
tors, or concentrate platelets, erythrocytes, and clotting factors via
adsorbing water in blood.[6b]
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Hemostatic materials are classified as being active and passive
according to their mechanism of action. Active hemostatic mate-
rials activate platelets and the physiological coagulation cascade
in vivo, such as human plasma components like thrombin and
fibrin. Passive materials, such as gelatin and natural polysaccha-
ride, promote blood absorption, and create pressure on wounds
upon being swollen.[7] In order to achieve better hemostatic
performance, many recent studies focused on the rational of
combining active and passive hemostatic materials. Some exam-
ples include gelatin/thrombin loaded electrospun membranes,[8]

plant derived oxidized nanocellulose/silk fibroin/thrombin
scaffolds,[9] microporous starch with assembled thrombin,[10]

and thrombin-graphene sponge.[11] A variety of hemostatic
dressings have been developed to meet the above hemostatic
mechanisms. For example, Fan et al. employed a method to
tightly bind mesoporous single-crystal chabazite zeolites onto
the surface of cotton fibers. The as-prepared hemostatic materials
have superior performance when compared with most other clay
or zeolite-based inorganic hemostats, in terms of higher proco-
agulant activity, minimized loss of active components, and better
scalability for practical applications.[12] Hammond et al. coated
active clotting proteins, such as thrombin, onto a water-sorbing
gelatin sponge. These sponges promoted rapid hemostasis in a
porcine spleen bleeding model.[13] A series of graphene based
composite sponges were also reported for safe and effective
hemostasis.[14]

Functional materials with specific wettability[15] play an im-
portant role in hemostasis. For instance, Xu et al. described
a gauze dressing exhibiting Janus character by integrating su-
perhydrophobically modified gauzes with traditional superhy-
drophilic ones. Effective bleeding control and reduced blood loss
were achieved with these materials.[5] However, most of these sys-
tems rely only on concentrating blood to cause hemostasis.

Among the reported hemostatic dressings, natural
polysaccharide-based materials have received distinguished
attention due to their unparalleled inherent advantages. In
our previous work, cellulose nanofiber (CNF) chitosan hybrid
sponges with controllable structure and morphology were pre-
pared by a facile pathway.[16] CNFs, which are fundamental
building components for these sponges, are ecofriendly materi-
als with excellent mechanical properties and biodegradability in
nature.[17] Although there are still questions about the cytotoxic-
ity and/or biocompatibility caused by its nanofeatures, numerous
studies proved that it can be applied to the field of biomaterials.[18]

The CNFs formed a skeleton support in our sponges, and the
functional chitosan was coated onto the surface of the skeleton by
cross-linking with 𝛾-glycidoxypropyltrimethoxysilane (GPTMS).
The hybrid sponges were nontoxic and outperformed silicon
and gauze in promoting blood coagulation.[16] Encouraged
by these promising studies we continue with the design and
development of hemostatic sponges that combine the inherent
hemostatic property of chitosan and the physical barrier of Janus
structures.

Herein, we demonstrate a facile method to fabricate sponges
of Janus character, based on CNFs, by integrating heterogeneous
mixing and freeze−drying. Attributed to the unique cellular com-
posite framework composed of flexible CNFs and organosilanes,
the Janus structures we report on here present integrated fea-
tures of low bulk density, contrasting wettability of hydropho-

bic and hydrophilic facets, and excellent underwater mechan-
ical properties. More importantly, the sponges exhibit an out-
standing blood clotting performance of up to 50% reduction in
bleeding. Additionally, the sponges can also prolong the sur-
vival time in the carotid artery injury model. We anticipate that
these Janus sponges would provide a new and promising alterna-
tive for developing novel, high performance hemostatic wound
dressings.

2. Results and Discussion

2.1. Fabrication and Fourier Transform Infrared Spectroscopy
(FT-IR) Characterization

To satisfy the requirements of wound dressing, we designed a
sponge exhibiting a Janus structure using the following four de-
sign considerations: 1) the building blocks of flexible CNFs, the
functional organosilane binders, and chitosan should be assem-
bled into a 3D framework with well-interconnected open struc-
ture to guarantee the absorption of blood; 2) the sponge must
be partly or overall hydrophilic to ensure rapid liquid absorp-
tion; 3) the sponge should be noncytotoxic to ensure safe con-
tact with blood cells and body tissues; 4) the sponge should be
able to stop bleeding quickly to minimize the risk of blood loss;
and 5) the sponge may be able to block water and bacteria. A ver-
satile freeze−drying technique was used to provide the porous
framework. To satisfy the other design criteria, flexible CNFs with
good biocompatibility and biodegradability were chosen as build-
ing blocks and different organosilanes were used to change the
wettability. Finally, chitosan with excellent hemostatic property
was selected as a functional modifier.

The fabrication process of the sponges with Janus character is
illustrated in Figure 1a, which involves five main components:
CNFs, GPTMS, chitosan, vinyl trimethoxy silane (VTMS), and
deionized water. Generally, a CNFs/GPTMS/chitosan suspen-
sion and a CNFs/VTMS suspension were stirred at room tem-
perature for 4 h to hydrolyze the GPTMS and VTMS and allow
cross-linking to take place. Subsequently, the hydrophilic layer
suspension obtained was frozen into an ice gel, followed by pour-
ing the hydrophobic layer suspension onto the upper portion
of the ice gel. The mixture was allowed to stand at room tem-
perature for 30 min so that the interface melted and the con-
stituents mutually fixed. The final mixture was freeze-dried to
obtain the Janus structure. To further synchronous build-up of
stable bonding points among CNFs and organosilanes, the as-
prepared sponge was heated (take 110 °C for 30 min) to realize
cross-linking.

To enhance the bonding between the two constituents at the
relatively weak interface between the hydrophilic and hydropho-
bic layers, we used two organosilanes of GPTMS and VTMS as
cross-linkers. In the hydrophilic layer, GPTMS underwent hy-
drolysis and autocondensation to form oligomers that hydrogen-
bonded and reacted with cellulose and chitosan to form Si−O−C
bonds.[19] In addition, the epoxy groups on GPTMS would
also react with the amino groups on chitosan, forming stable
chemical cross-linkings.[20] Meanwhile, in the hydrophobic layer,
VTMS underwent hydrolysis and autocondensation to form
oligomers that hydrogen-bonded and reacted with the cellulose.
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Figure 1. Fabrication and chemical characterization of sponges with Janus character. a) Illustration of fabricating Janus sponges, proposed molecular
structure of cross-linking within Janus sponges b), and FT-IR spectrum of the hydrophilic and hydrophobic layers in the Janus sponge c).

Importantly, GPTMS and VTMS can then react with each other
to form Si−O−Si bonds at the interface. The proposed chemical
cross-linking within the Janus structured sponge is shown in
Figure 1b. The autocondensation of GPTMS and VTMS en-
hanced the mechanical properties of the Janus structured
sponges and avoided the dissolution of GPTMS and VTMS
during applications.

Figure 1c shows the FTIR spectra of the hydrophilic and hy-
drophobic layers of the Janus structures. The absorption peaks
at 1201, 905, and 855 cm−1 in the spectrum of hydrophilic layer
are attributed to the epoxy groups in the GPTMS,[21] while the ab-
sorption peaks at 1601 and 1411 cm−1 present in the spectrum of
hydrophobic layer demonstrate the presence of the vinyl groups
in the VTMS.[22]

2.2. Wettability and Morphology Characterization

The two sides of this Janus structured wound dressing exhibit
different wettability due to their inherently different affinity for
water. The abundant presence of vinyl groups in the hydropho-

bic layer causes it to exhibit a large contact angle of 137°, pro-
moting water droplets to be completely seated on its surface
(Figure 2a,b). On the other hand, the hydrophilic layer with abun-
dant amino and hydroxyl groups can quickly absorb the water
droplets. However, the absorbed water does not further penetrate
into the hydrophobic layer beyond the interface between the two
phases with different wettability, as shown in Figure 2b,c. The
interface is slightly stained by the blue dye in water, indicating
the cross-linking of GPTMS and VTMS causing changes in the
wettability of the layers.

The microstructures of the sponges were observed by scanning
electron microscopy (SEM). As can be seen form Figure 2d−f,
the Janus sponge exhibited a disordered morphology in the hy-
drophobic layer, a regular structure in the hydrophilic layer and
a transitional “interphase” structure at the interior interphase
boundary. The porous structures facilitate the clotting compo-
nents to enter the sponge and concentrate and accumulate in
the pores.[23] Due to the aggregation of the nanofibers and the
cross-linking of the organosilanes and nanofibers, there is no
obvious secondary pore structure and nanoscale features on
the thin sheets of the hydrophilic layer (Figure S2, Supporting
Information).
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Figure 2. Wettability a−c) and SEM images d−f) of hydrophobic layer, hydrophilic layer, and interface of the sponges with Janus character, respectively.

Figure 3. a) Compressive stress−strain curve, stability in water b), and flexibility of the Janus sponges c).

The formation mechanism of the unique hybrid structure is
ascribed to the synergistic effects of the templating ice crystals
used during freeze−drying and the phase separation and aggre-
gation of chitosan molecular chains. In the hydrophilic layer, dur-
ing the freeze−casting process, the gradual growth and fusion
of the ice crystals render the dissolved chitosan to concentrate
and aggregate among the ice crystals. The aggregated chitosan
would then drive the CNFs to move and settle down between the
ice crystals.[24] Finally, chitosan and GPTMS would be bonded
on the surface of the cellular walls together with the chemically
cross-linked cellulose. However, the hydrophobic layer exhibits
a disordered state since there is no soluble substance to drive
the arrangement of the cellulose. The following lyophilization
treatment allows the sponge layers to maintain their original 3D
framework structures by removing the ice crystal template.[25]

2.3. Mechanical Characteristics and Flexibility

Due to the interconnected cellular structure and the robust
bonding interaction among nanofibers, sponges have a very low
bulk density and excellent mechanical properties. The excellent
mechanical properties of the hydrophilic layer have been con-
firmed in our previous work.[16] After compounding with the hy-
drophobic layer, the mechanical properties of the sponge only
slightly changed. The compressive stress−strain curve of Janus
structure at the deformation of 80% is presented in Figure 3a.
It is noteworthy to mention that the sponge displayed a typi-
cal three-region stress−strain curve characteristic of traditional
honeycomb-structured foam materials in the loading process, in-
cluding an elastic region (ɛ < 10%) with a Young’s modulus of
47.0 kPa, a yield zone (10% < ɛ < 60%) with mildly increasing
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Figure 4. Cytocompatibility and hemostatic performance. a) Representative photos of the rats with the injured femoral artery wrapped with Janus type
sponge, hydrophilic layer, and hydrophobic layer, respectively. b) Biocompatibility of each components of Janus type sponge measured by their effects
on human fibroblast proliferation. c) Comparison of total blood loss absorbed by hydrophilic layer or Janus type sponges in the liver injury model and
the femoral artery injury model. Significant differences are marked by *p <0 .05.

stress, and a densification region (ɛ > 60%) with rapidly increas-
ing stress.[26] The Janus sponge exhibited 50% deformation when
compressed with a load of 120 kPa. As hemostatic dressings are
commonly used in aqueous environments and under pressure,
therefore, it is more critical to evaluate the underwater mechani-
cal properties of the Janus type sponges under these conditions.
As shown in Figure 3b−c, the Janus type sponges displayed supe-
rior stability and flexibility after being immersed in water for 24
h. More importantly, the squeezed sponge could quickly return to
its original state once it is placed in water (Figure S3, Supporting
Information).

2.4. Cytocompatibility and Hemostatic Performance

Good cytocompatibility is an essential requirement for wound
dressing materials. Materials with nanofeatures are considered
to have potentially harmful risks to cells.[27] Since CNFs have
nanolevel characteristics, its cytocompatibility needs to be stud-
ied. However, in this manuscript, due to the extrusion of ice
crystals and the cross-linking of organosilanes, CNFs have ba-
sically lost their nanofeatures. This greatly reduces the potential

toxicity due to the nanofeatures of the material. The cytocompati-
bility of the components of the Janus sponges described here with
human skin fibroblasts was evaluated. Results of in vitro cytotox-
icity shown in Figure 4b illustrated that none of the two com-
ponents exhibits toxicity and does not harm cell growth, mak-
ing the sponge a promising candidate for wound dressing with
good cytocompatibility. Importantly, this Janus sponge is a hemo-
static dressing for external use and will not apply to the wound
for a long time to cause cell adhesion and tissue growth, which is
essential for removal from the wound without secondary injury.
The Janus sponge is a potentially nonabsorbable dressing for ex-
ternal use, the degradability and swelling properties are not key
features and will not be evaluated.

To evaluate the hemostatic performance, a pure hydrophobic
layer, a pure hydrophilic layer, and a Janus sponge were used,
respectively. Liver injury and femoral artery injury models were
employed to measure total blood loss. Taking the femoral artery
injury model as example (Figure 4a), the hydrophilic layer and
the Janus sponge absorb blood quickly and completely. However,
the blood passes through the hydrophilic layer due to the absence
of a hydrophobic barrier. For the Janus sponge, only the inner hy-
drophilic layer is wetted by blood whereas the outer hydrophobic
layer remains essentially clean.
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Figure 5. Illustration showing wound repair assisted by the sponges described here with Janus character.

The total blood loss decreased by 29%, and by 49% in liver, and
femoral artery injury model, respectively, when the Janus sponge
was used (Figure 4c). Compared with the only hydrophilic layer,
the time to hemostasis of Janus sponge was reduced from 165 ±
20 to 131 ± 26 s in femoral artery injury model and from 102 ±
21 to 83 ± 15 s in liver femoral artery injury model. The effective
hemostasis and the remarkable decrease of blood loss are due to
the fact that the hydrophilic layer absorbs water in the blood and
accelerates the clotting with a synergistic effect supported by the
inherent hemostatic properties of chitosan, while the hydropho-
bic layer prevents further blood permeating and exerts proper
pressure. Chitosan can facilitate the interaction and aggregation
of platelets, improve the release of serotonin and thromboxane
A2, and promote the rapid formation of platelet thrombus. The
abundant amino and hydroxyl groups within the sponge can also
affect the complement system, allowing platelets to exert better
hemostasis.[28] Platelets can adhere well to the pore walls of the
hydrophilic layer, which has a good promoting effect on hemosta-
sis (Figure S4, Supporting Information). For the Janus sponges,
the second hydrophobic layer is only marginally wetted by blood
due to its hydrophobicity.

Although the hemostatic effect of only the hydrophilic control
sample is superior to that of the conventional gauze of the same
mass (total blood loss of 3.38 ± 0.54 g for common gauze, Figure
S5, Supporting Information), the hemostatic performance of the
Janus sponge is further improved compared to the hydrophilic
sponge used alone. For the carotid artery injury model with a
higher bleeding flow, although there is no remarkable decrease
in total blood loss using the Janus sponges, the survival time pro-
longs from 99 ± 36 s for the hydrophilic layer to 170 ± 60 s for
the Janus type sponges, corresponding to an increase of 73%. The
prolonged survival time could be ascribed to the blood repellence
of the hydrophobic layer as it competes against the suction of
blood by the hydrophilic layer, slowing down the bleeding. Ac-
cordingly, the use of Janus sponges might provide more rescue
time for prehospital patients or for the wounded in the battlefield.
The morphology of the Janus type sponge after use is shown in
Figure S6 (Supporting Information). The pores of the hydrophilic
layer are filled with dried blood clots.

In view of the results mentioned above, a scheme describing
the proposed wound repair mechanism is shown in Figure 5. We
further note that the material of these Janus sponges as a whole is
safe and nontoxic. The hydrophobic layer not only prevents blood

from penetrating, but also provides a waterproof layer and may
block the penetration of bacteria (Figure S7, Supporting Informa-
tion), reducing the possibility of infection during use. The Janus
sponge has a proper moisture permeability of 2530 ± 196 g m−2

day, which is beneficial to maintenance of a breathable and moist
wound environment.

3. Conclusions

In summary, we report on the successful development of a new
hemostatic wound dressing construct sponge obtained by the in-
tegration of heterogenous, microporous materials with different
wettability. Benefitting from the 3D fibrous cellular network that
consists of flexible CNFs and organosilanes, the sponges showed
Janus character that exhibited excellent underwater flexibility and
shape-memory behavior. The comprehensive advantages of the
unique Janus structure with different wettability on both sides,
supported by the hemostatic property of chitosan, endowed the
sponges with a 49% reduction of blood loss compared with only
a hydrophilic control sample and common gauze. We anticipate
that such Janus sponges have a great potential in emergency
hemostatic wound dressing applications.

4. Experimental Section
Materials: CNF suspension (solid content: 1.3 wt.%, raw material:

spruce wood pulp, carboxyl and aldehydes content: 0%, cellulose content:
86.08%, hemicellulose content: 13.68%, lignin content: 0.24%; homoge-
nized 12 times with the pressure 100 MPa) was provided by Tianjin Haojia
Cellulose Co., Ltd. (China) and was subjected to high pressure homog-
enization (APV-2000 Homogenizer, Germany) before use (homogenized
once with the pressure 500 bar). A transmission electron microscope im-
age of the CNFs after high pressure homogenization was provided as Fig-
ure S1 (Supporting Information). CNFs with diameters under 100 nm and
lengths in the micrometer range were dominant in the suspension. Chi-
tosan (CS, degree of deacetylation ≥ 95%, viscosity > 400 mPa s−1) was
obtained from Shanghai Macklin Biochemical Co., Ltd (China). GPTMS,
VTMS, and acetic acid (AcOH) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd (China). All reagents were analytical grade and used
without further purification. Deionized water was used in sample prepara-
tion.

Preparation—Hydrophilic Layer Suspension: Chitosan (0.13 g) was dis-
solved in 9.87 g of AcOH aqueous solution (1.0 wt.%) to prepare the chi-
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tosan solution (1.3 wt.%). An amount of 0.13 g of GPTMS was added
dropwise into 10 g of mixed suspension of CNF (1.3 wt.%) and chitosan
(1.3 wt.%), and the mixture was magnetically stirred for 4 h at ambient
temperature.

Preparation—Hydrophobic Layer Suspension: An amount of 0.13 g of
VTMS was added dropwise into 10 g suspension of CNF (1.3 wt.%), and
the mixture was magnetically stirred for 4 h at ambient temperature.

Preparation—Preparation of the Sponges: The hydrophilic layer sus-
pension was first frozen into an ice gel at −80 °C. Same amount of hy-
drophobic layer suspension was then poured onto the ice gel and allowed
to stand at room temperature (20 °C) for 30 min to allow the interface to
melt and mutually permeate. The resulting mixture was then frozen and
freeze-dried at −50 °C for 36 h by a freeze-drier (Labconco FD5-3, USA) to
yield a sponge which was heated to and maintained at 110 °C for 30 min to
promote cross-linking among cellulose, chitosan, and GPTMS. The cured
sponges were washed with deionized water and acetone to remove physi-
cally adsorbed GPTMS followed by vacuum drying at 30 °C for 24 h.

Characterization—SEM: Morphologies of the hydrophobic and the hy-
drophilic layer and the Janus sponges were observed by a Hitachi TM-
3030 SEM (Japan). Samples for SEM were prepared by ion sputtering with
an Au target by using an ion sputtering system (SBC-12, KYKY Technol-
ogy Development Ltd., China) in vacuum. The acceleration voltage was
15 kV.

The supplement SEM images of pore wall of the sponge were explored
by field emission scanning electron microscopy (FESEM) (SU8010, Hi-
tachi, Japan) at 15 kV after sputtering with an Au target by using an ion
sputtering system (SBC-12, KYKY Technology Development Ltd., China) in
vacuum.

Characterization—FT-IR: FT-IR was carried out on a Perkin Elmer
Spectrum Two in the wavenumber range of 3800−600 cm−1 at a resolution
of 4 cm−1.

Characterization—Mechanical Properties: The mechanical properties
of the sponge samples (diameter 37 mm, scale distance 9 mm) were
evaluated using a Youhong universal testing machine (China) at a com-
pression speed of 2 mm min−1. The thickness recovery S was defined as
the percentage of the original thickness according to Equation (1):

S (%) = 100 − 𝜀final (1)

where ɛfinal is the strain when the force detected reached 0 N.
Characterization—Wettability: Water contact angle was measured by

an optical contact angle analyzer (Attension theta, Biolin scientific, Fin-
land), and liquid drops (5.0 µL) on the surface of the sponge substrate
were recorded after 30 s. At least three points were chosen on each sam-
ple to calculate the average contact angle value.

Characterization—Cytocompatibility: The cytocompatibility of each
component of the Janus sponges was evaluated by extraction using hu-
man skin fibroblast (Shanghai Cell Library of Chinese Academy of Science,
Shanghai, China) proliferation using a Cell Counting Kit-8 (CCK-8) (Do-
jindo Molecular Technologies, Inc., Kumamoto, Japan) according to the
manufacturer’s protocol. In brief, fourth passage human fibroblasts were
counted and pre-seeded into 96-well plates (BD Falcon, Corning Inc., NY,
USA) with a density of 1000 cells per well in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum and cul-
tured at 37 °C in 5% humidified carbon dioxide (CO2) overnight. Then,
the culture medium was replaced by conditioned medium of each compo-
nents of the Janus sponge, which was prepared by immersing hemostatic
materials (0.8 g) in the aforementioned complete DMEM culture medium
(50 mL) under constant stirring at 37 °C for 48 h in advance. Cells incu-
bated with fresh complete DMEM medium were set as the positive control
group. Complete DMEM medium without cells is regarded as the blank
control. At 1, 3, 5, and 7 days, the culture media were aspirated, replaced
by fresh DMEM, and 10 µL of CCK-8 per well was added. After 2 h of in-
cubation at 37 °C in 5% humidified CO2, the absorbance at 450 nm was
measured using a microplate reader (Varioskan, Thermo Fisher Scientific
Inc., MA, USA).

Characterization—Animal Model: We guarantee that all operations in
experimental animals included in this study are in accordance with the na-

tional legislations on animal welfare and were supervised in this study by
the Institutional Animal Care and Use Committee of Shanghai Ninth Peo-
ple’s Hospital (Licence number: HKDL [2016]149). Eight-week-old male
Sprague-Dawley (SD) rats (150−200 g, Shanghai Sippr-BK Laboratory An-
imals Ltd., Shanghai, China) were used for hemostatic in vivo studies. The
sample size and group allocation were described below accordingly. They
were housed in a pathogen-free environment at temperatures of 20–22 °C,
humidity of 40–70% and day/night cycle of 12/12 h with free access to food
and water.

In general, the sponge was tailored into a round shape (diameter:
3 cm; thickness: 0.8 cm; weight: 0.8 g). The hemostatic efficacy of the
Janus sponges was evaluated in three representative models of liver injury
model, femoral artery injury model, and carotid artery injury model. Six
SD rats were randomly assigned for each sample in the respective animal
model. Anaesthesia before animal experiments was induced by inhalation
of isoflurane. After experiments, SD rats received euthanasia by inhalation
of CO2.

Characterization—Animal Model: Liver Injury Model: After disinfected
by iodine, SD rats’ upper abdominal region was incised longitudinally
along the linear alba for approximately 3 cm. The right lobe of liver was
extruded out of abdominal cavity and created a T-shape incision in the
central area by scalpel (longitudinal length: 1 cm, transverse length: 1
cm, depth: 0.2 cm) . Then round-shaped Janus sponges (hydrophilic side
toward liver), and single hydrophilic and hydrophobic layer of sponges
were applied to cover the liver incision immediately with a pressure.

Characterization—Animal Model: Femoral Artery Animal Model: After
disinfection and hair shaving, a 3 cm incision was created along the right
groin to expose the right femoral neurovascular bundle. The right femoral
artery was isolated from the femoral neurovascular bundle and cut at the
junction with inguinal ligament. The sponges were applied to the injury
immediately.

Characterization—Animal Model: Carotid Artery Animal Model: After
disinfection and hair shaving, a 2 cm longitudinal incision was created
in the middle of the neck, and underlying muscle layer to expose the tra-
chea. The right carotid artery was isolated and cut at the level of cricoid
cartilage. The sponges were applied to the injury immediately.

The hemostatic materials were weighed before and after hemostatic
application to measure the total blood loss, which was not performed
for sponges with single hydrophobic layer because its inability to absorb
blood. The bleeding site was observed every 20 s to determine whether
bleeding had been stanched. The period from the moment when the
wound was wrapped by hemostatic materials to the moment when bleed-
ing was stanched (no rebleeding within 10 s) was recorded as the hemosta-
sis time. The heartbeat of rats was monitored in carotid artery animal
model. The survival time was defined as the time from the injury creation
to the heartbeat termination. All hemostatic in vivo experiments were per-
formed by a professional surgeon who was blind to hemostatic materials
group allocation.

Characterization—Statistical Analysis: The data presented in this paper
were expressed as mean ± standard error. Six adult rats as a group were
assigned randomly for each sample in each animal model (n = 6). Ori-
gin 8.0 (OriginLab Corporation, USA) was used to perform the statistical
analyses and draw corresponding statistical graphs. Two-tailed Student’s
t-test or one-way analysis of variance with Tukey’s post hoc test was se-
lected according to different datasets. A p value of <0 .05 was regarded as
statistical significance.
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