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Current hemostatic agents or dressings are not efficient under extremely hot and cold environments due to
deterioration of active ingredients, water evaporation and ice crystal growth. To address these challenges, we
engineered a biocompatible hemostatic system with thermoregulatory properties for harsh conditions by
combining the asymmetric wetting nano-silica aerogel coated-gauze (AWNSA@G) with a layer-by-layer (LBL)
structure. Our AWNSA@G was a dressing with a tunable wettability prepared by spraying the hydrophobic nano-
silica aerogel onto the gauze from different distances. The hemostatic time and blood loss of the AWNSA@G were
5.1 and 6.9 times lower than normal gauze in rat’s injured femoral artery model. Moreover, the modified gauze
was torn off after hemostasis without rebleeding, approximately 23.8 times of peak peeling force lower than
normal gauze. For the LBL structure, consisting of the nano-silica aerogel layer and a n-octadecane phase change
material layer, in both hot (70 °C) and cold (—27 °C) environments, exhibited dual-functional thermal man-
agement and maintained a stable internal temperature. We further verified our composite presented superior
blood coagulation effect in extreme environments due to the LBL structure, the pro-coagulant properties of nano-
silica aerogel and unidirectional fluid pumping of AWNSA@G. Our work, therefore, shows great hemostasis
potential under normal and extreme temperature environments.

1. Introduction nutrients to the body’s tissues and organs, and it is vital for excreting

metabolic waste products [5]. In addition, blood maintains the systemic

Uncontrolled hemorrhage is a major obstacle for medical treatment.
When vascular damage occurs, platelets and coagulation factors in the
blood work together to form a coagulation to prevent bleeding. How-
ever, in harsh hot and cold environments, extremely cold stress may
impair the function of platelets and off-chart hot stress may weaken the
activity of coagulation factors. All these increase blood flow rates and
activate the fibrinolytic system and ultimately make hemostasis more
challenging [1-4]. Blood is essential for transporting oxygen and
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homeostasis by absorbing and distributing heat throughout the body
[6]. Excessive blood loss can cause a range of complications such as
hypothermia, coagulation disorders, perfusion deficit and shock [7,8],
leading to 15-25% of trauma deaths and over 50% of battlefield casu-
alties during the prehospital stage [9,10]. Therefore, it is significant for
the wounded to have emergent and efficient measures to control
bleeding. However, existing hemostatic agents or dressings have been
associated with poor hemostatic performance in hot/cold conditions,
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due to their lack of thermal management properties.

Mechanically pressing the wound with cotton gauze is a conven-
tional hemostatic measure [11]. However, in ultra-cold conditions, the
blood in the gauze forms ice crystals that can damage wound repair cells
and eventually adversely affect the patient’s prognosis [12,13]. Sealants
or glues such as fibrin, chitosan and modified sodium alginate serve as
efficient hemostatic agents by sealing arterial and tissue defects
[14-16]. Nevertheless, these water-rich hydrogels show the fast evap-
oration of water at severe high temperature and the accelerated for-
mation of ice crystals internally at severe low temperature, and thus
become ineffective in harsh environment [17-19]. Thrombin and
fibrinogen are essential in the intrinsic and extrinsic coagulation path-
ways, and their concentrations can greatly influence the stability and
structure of blood clots [20,21]. Several materials have been approved
by US Food and Drug Administration (FDA), such as Tissel®, Evicel®
and Artiss®, achieve efficient and rapid hemostasis, mainly due to their
high levels of thrombin and fibrinogen content [20,22]. However, due to
the denaturation of proteins at high temperatures [23,24], the functions
of fibrinogen and thrombin are degraded and therefore not applicable
for hemorrhage control in extremely thermal environments. Biomimetic
mineralized thrombin can maintain a high level of enzymatic activity in
extremely hot conditions at 70 °C [25]. The loading on
dopamine-treated gauze prevents its washing away by massive bleeding
and enables rapid hemostasis [25]. But the blood absorbing in the hy-
drophilic cotton gauze develops a strong gauze-clot complex, the
removal of which often cause pain or even secondary bleeding [26].
Given the limitations of the aforementioned materials, there is a
desperate need to develop novel and easily removed hemostatic mate-
rials with temperature regulation capabilities for application in harsh
hot/cold environments.

Herein, we aim to design and fabricate a highly effective and easy
peeling hemostatic material with thermal management performance
that can protect the wound microenvironment from extremely hot or
cold stress in the external surroundings. Due to the low thermal con-
ductivity and density, silica aerogels are superior choice for thermal
management [27,28]. They can keep cool in harsh hot environments by
blocking out heat conduction and keep warm in harsh cold environ-
ments by reducing energy loss [29]. However, aerogels are passive
barrier materials for insulating temperatures and they lack smart energy
management. Phase change materials (PCMs) are materials with phase
transformations that occur with temperature fluctuations by absorbing
heat or releasing latent energy [30,31]. Recently, a layer-by-layer (LBL)
structure, combined with a hydrophobic silica aerogel layer as exposed
to the outer surrounding and a PCM layer as inner layer, has been pro-
posed, showing efficient thermal management capabilities [32], but the
research in hemostasis, especially under harsh environments, has not yet
been reported. Zeolite and molecular brush materials, which are mainly
composed of silica, have demonstrated excellent hemostatic properties
through their characteristics of high porosity and specific surface area,
indicating the hemostatic potential of hydrophobic silica aerogel [33,
34].

In this work, it was hypothesized that hydrophobic methyl (CHs-)
tailored nano-silica aerogel with thermoregulatory properties can be an
efficient and easily removed hemostatic agent. Under this consideration,
we prepared a hemostatic composite material applicable to harsh
environment by spraying hydrophobic nano-silica aerogel onto gauze
and combining it with a LBL structure (Scheme). We first verified the
efficient hemostatic performance of the hydrophobic nano-silica aero-
gel-coated gauze in vitro and in vivo and then demonstrated the easy
peeling behavior of the modified gauze. Subsequently, we examined the
dual thermal management properties of the LBL structure, Finally, the in
vitro coagulation and hemostasis mechanism of the composite system,
containing the LBL structure and hydrophobic nano-silica aerogel-
coated gauze, was investigated in extreme environments.
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2. Materials and methods
2.1. Materials

Cotton gauze was bought from the commercial market in China.
Sodium silicate was obtained from Shanghai Macklin Biochemical. Co.,
Ltd, China. Hexamethyldisilylamine (HMDS) and hexamethyldisiloxane
(HMDSO) were purchased from Aladdin Biochemical. Co., Ltd, China.
Phase change microcapsules (MicroDelivery thermoregulation micro-
capsule) were obtained from Anhui Micro Delivery Smart Microcapsule
Sci & Tech Co. Ltd., China. Acetone and Sulfuric acid (98 wt %) were
provided by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
Calcein/PI Cell Viability/Cytotoxicity Assay Kit and lactate dehydro-
genase (LDH) Release Assay Kit were provided from Beyotime Biological
Reagent Co. Ltd, Shanghai, China. CCK8 Assay kit was bought from
MedChemExpresss LLC, Shanghai, China. Rat active coagulation factor
XII (FXIla) was bought from Hengyuan Biotech Co. Ltd, Shanghai,
China. Rat prothrombin fragment 1 + 2 (F1+2) ELISA Kit was purchase
from provided by Cusabio Biotech Co. Ltd, Shanghai, China. The digital
push & pull tester was purchased from Yueqing Handpi Instruments Co.,
Ltd, China. Male Sprague-Dawley (SD) rats (6-7 weeks old) were ob-
tained from Changzhou Cavens’ Lab Animal Co., Ltd, China. L929 cells
(Cat. No. CCL-1) were acquired from ATCC.

2.2. Fabrication of the hemostatic composite with thermal management
properties

Engineering of the composite hemostatic dressing with thermal
management performance has many steps, including synthesis of hy-
drophobic nano-silica aerogel, coating hydrophobic nano-silica aerogel
onto gauze, and fabrication of LBL structure.

2.2.1. Synthesis of hydrophobic nano-silica aerogel

Hydrophobic nano-silica aerogel was synthesized by a simplified
solvent-boiling process using sodium silicate as a precursor [32]. In
detail, 17 g of sodium silicate was dissolved in 34.3 ml of distilled water
to form a homogeneous solution. Then, the solution was slowly added
into stirred 24.8 ml of 40% sulfuric acid, and 10 M NaOH was applied
dropwise to adjust the pH. Allowing the precursor solution to stand for
10 min after the pH value reached 5 to form a hydrogel. The gel was
aged at 50 °C for 5 h, then crushed and mixed with HMDSO and HMDS,
and stirred in an 80 °C of water bath. After 30 min, white solids were
observed to form and float on the surface of the mixed liquid system. The
white solids were subsequently rinsed and atmospherically dried to
acquire nano-silica aerogel.

2.2.2. Preparation of cotton gauze coated with hydrophobic nano-silica
aerogel

0.5 g of nano-silica aerogel was added to 30 ml of acetone and
sonicated for 40 min to form the dispersion. Then the homogeneous
dispersion was sprayed onto the gauze surface by using a spray gun and
dried at 60 °C for 2 h. The spraying pressure was 2 MPa. The spraying
distance between the nozzle of spray gun and cotton gauze was varied
from 2 to 15 cm. To remove any loosely attached silica aerogel, the
gauze was exposed to compressed gas from the spray gun, washed in
distilled water and dried at 60 °C. The amount per unit area (APUA) of
nano-silica aerogel on gauze (mg/cm?) was calculated using the
formula:

APUA of nano-silica aerogel on gauze = (Wp- W,)/ S

where W,, Wy, and S mean original gauze weight before nano-silica
aerogel spraying, gauze weight after nano-silica aerogel spraying, and
surface area of gauze.
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2.2.3. Fabrication of a layer-by-layer (LBL) structure and its temperature
insulation performance test

The LBL structure consisted of a nano-silica aerogel layer and a PCM
layer, where the nano-aerogel layer was in touch with the heating/
cooling plate and the PCM was the inner layer. The thicknesses of the
nano-silica aerogel and PCM layers were 3 mm. A thermal camera
(Haikang, China) was used to monitor the temperature. We recorded the
temperatures at 5 points on the diameter of the circular sample and
calculated the average value (Fig. 10b).

2.3. Physicochemical characterizations of the hydrophobic nano-silica
aerogel and modified gauze

2.3.1. Structural characterization

The water contact angles (WCAs) were determined by a contact angle
meter (Powereach JC2000D1). The FTIR spectrum was recorded by a
Nicolet iN10 spectrometer. Size distribution was determined by a Mal-
vern size analyzer. The surface structure and elemental components
were observed by a scanning electron microscope (SEM) apparatus
(Hitachi Co., Ltd.) equipped with an analytical assembly for detecting
energy dispersive spectroscopy (EDS). The structural morphologies of
nano-silica aerogel were got by a transmission electron microscope
apparatus (TEM, Hitachi JEM-2100). The porous structure and specific
surface area (SSA) of the nano-aerogel were detected by the standard
Brunauer—Emmett—Teller (BET) approach, working on the basis of Ny
adsorption at pressures of 0.05 < P/Py < 0.3.

2.3.2. Water vapor transmission and water uptake of gauze

To test water vapor permeation, a Teflon tube filled with 10 ml of
deionised water was covered with our gauzes. Sealing the circumfer-
ential border firmly to avoid any penetration of water vapor through it.
After placed at 37 °C for 24 h, the water vapor transmission rate (WVTR)
was measured by weighing the mass loss of water in the Teflon tube. The
WVTR (g/m?%/day) was calculated according to the formula:

WVTR = Mp- My)/ A

where My, M,, and A mean the Teflon tube mass before evaporation of
water, the Teflon tube mass after evaporation of water, and the area of
the Teflon tube mouth (m?).

To measure water uptake, gauze with a size of 1.5 cm x 1.5 cm was
immersed in SBF, subsequently it was taken out and put on an absorbent
paper to remove excess water at set time interval. The gauze weight
before (W) and after (W,) immersion in SBF was determined, and water
uptake of gauze was calculated using the formula:

Water uptake (%) = (W, - Wp)/ Wy x 100%

2.3.3. Research on unidirectional fluid pumping effect of gauze in a
simplified model

A syringe was positioned over the gauze and supplied with green
fluorescence-tagged simulated body fluid (SBF) (1% sodium fluorescein)
at a rate of 120 p L/min via a micro syringe pump. To make the
fluorescence-labelled SBF visualizable, the fluid transport action of the
gauze was recorded under UV light exposure at 245 nm. The hydro-
phobic top layer of gauze was prepared by spraying hydrophobic nano-
silica aerogel at 2 cm.

2.4. Biocompatibility of gauze

Hemocompatibility was analyzed by viewing and measuring the
release of hemoglobin from erythrocytes [72]. Erythrocytes were ac-
quired by centrifuging whole blood at 150 g for 15 min. Subsequently,
erythrocytes were washed by PBS for three times and diluted to a 2%
(v/v) concentration. Afterwards, erythrocytes suspension was pipette to
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a centrifuge tube in touch with the gauze at 37 °C. After 1 h of incu-
bation, the mix was centrifuged. The OD of the supernatant at 540 nm
was measured by a microplate reader.

Cell compatibility of the hydrophobic silica aerogel coated-gauze
was assessed using two methods including CCK8 assay kit and Cal-
cein/PI cell viability/cytotoxicity assay kit according to the manufac-
ture’s instruction (an extraction approach and direct exposure test
between gauze and cells) [51,73]. Briefly, after sterilized by 75%
alcohol and 245 nm UV light irradiation, the gauze was placed in the
bottom of a 24-well cell culture plate. 1 ml of L929 cells suspension at a
density of 8 x 10* cells/mL was seeded onto the gauze surface and
cultivated in a humid incubator with 5% CO2 at 37 °C for 24, 48, and 72
h. Afterwards, remove the medium and wash the cells with PBS. 0.5 pL
of Calcein-AM and 0.5 pL of PI was mixed into 250 pL of buffer and then
co-incubated with the cells for 30 min. Lastly, live cells with green
fluorescence and dead cells with red fluorescence were observed by an
inverse fluorescent microscope. The fluorescence intensity was quanti-
fied with Image J. As for the CCK8 testing, 100 pL of L929 cells with a
density of 2 x 10* cells/mL was gently seeded in a 96-well plastic culture
plate. After 12 h, extracts of gauze were added in the wells and incu-
bated with cells for 24, 48, and 72 h. Then, CCK8 regents were applied
and cultured for 2 h, and the optical density (OD) of each well was
determined at 450 nm. Calculating cell viability according to Eq.:

Cell viability (%) = (ODa- ODb)/ (ODc- ODb) x 100%

where ODa is the optical density of well with 1929 cells and gauze ex-
tracts, ODc is the optical density of well with L929 cells, and ODbD is the
optical density of well without L929 cells.

Skin compatibility was examined by contacting our material with rat
skin for 12 h [26]. A rat was anesthetized and its back hair was removed.
The sample preparation for skin compatibility assessment was depicted
in Fig. 6e, with an 8 mm by 8 mm silica aerogel-coated gauze attached
onto a 16 mm by 16 mm normal gauze. Then, the sample was applied to
the skin of the rat’s back with medical adhesive tape. After 12 h, the
gauze was removed from the anesthetized rat and any differences be-
tween the skin areas under the silica aerogel-coated gauze and the
normal gauze were observed.

2.5. Hemostasis evaluation in vitro

In vitro, hemostasis was evaluated by blood coagulation index (BCI)
assay plasma clotting assay, detection kits and SEM observation.

2.5.1. Blood coagulation index assay

For blood clotting index (BCI) measuring, 15 mm by 15 mm gauzes
were placed in a Petri dish and pre-warmed at 37 °C. Following the
mixing of citrated blood and 0.2 M CaCl; in a 10:1 vol ratio to initiate the
clotting after mixing the citrated blood with 0.2 M CaCl, at a volume
ratio of 10:1 to initiate coagulation, 20 pL of recalcified blood was added
and sandwiched between the gauzes. Blood was allowed to coagulate for
1, 3, and 5 min at 37 °C, blocking coagulation by the addition adding of
10 ml of distilled water without destroying the clot. Non-clotted eryth-
rocytes would rupture hemolysis to release hemoglobin into the water.
OD of the hemoglobin solution at different clotting time, OD (t) was
determined by a spectrophotometer at 540 nm. The OD of 20 pL blood in
10 ml distilled water, OD (0) was used as reference. Blood coagulation
index (BCI) was calculated as OD (t)/0OD (0) [74].

For BCI measuring in harsh environments, the sample, consisted of a
gauze layer, a PCM layer and an aerogel layer, was placed on a heating
or cooling plate and recalcified blood was added to the gauze layer.
Here, the AWNSA@G comprised a layer of 2 cm coated gauze and two
layers of 10 cm coated gauze. Blood was allowed to coagulate between
the gauze for 1, 3, and 5 min and then the gauze was gently transferred
to a Petri dish and 10 ml of distilled water was added to terminate the
coagulation. The remaining procedures were as described previously.
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2.5.2. Plasma clotting assay

The procoagulant effect of gauze was also assessed by in vitro plasma
clotting [65]. Firstly, plasma was collected from fresh rat blood by
centrifugation at 2000 rpm for 20 min. Then, 1 ml plasma was trans-
ferred to a 2 ml centrifuge tube containing gauze (size: 15 mm by 15
mm) and 0.2 M CaCl, was added in a 10:1 vol ratio. The tube was
subsequently shaken at 37 °C. We define plasma clotting time as the time
required for plasma to transform from a liquid state to a fibrin clot.

2.5.3. Platelets on gauze

Platelets on gauze was analyzed by SEM and LDH assay [74].
Platelets-rich plasma (PRP) was derived from centrifuging the blood in
sodium citrate tube at 200 g for 15 min, and then 20 pL of PRP was
added to a 24-well plate that contains gauze with a size of 10 mm x 10
mm at 37 °C. After incubated for 30 min, the gauze was washed by PBS
for five times, and 500 pL of 1% Triton-100 was used to lyse platelets for
1 h. Lastly, the adhesive efficiency was analyzed by an LDH kit according
to the manufacturer’s instructions. For SEM observing, the sample was
fixed with 2.5% (v/v%) Glutaraldehyde/PBS solution for 4 h. Then, it
was rinsed twice with PBS, and subsequently dehydrated in a series of
10, 20, 40, 60, 80 and 100% (v/v%) ethanol/PBS solutions. Afterwards,
the gauze was dried at 37 °C and then sputtered with gold before testing
by SEM.

2.5.4. Activity of coagulation factors was detected by ELISA kits

The activity of coagulation factors in plasma was detected by ELISA
kits. The nano-silica aerogel was sprayed onto the bottom of the Petri
dish and then plasma was contacted with it for 5 min, with unsprayed
Petri dish as control. The concentration of activated coagulation factor
XII (FXIIa) was later determined by FXIla ELISA kit according to the
manufacturer’s instructions.

For the detection of prothrombin activity under extremely hot and
cold environments, plasma was exposed to —20, 70 and 37 °C for 1, 3
and 5 min, respectively, after which prothrombin fragment 1 + 2 con-
centrations were determined with an ELISA kit.

2.5.5. Blood clot on gauze was observed by SEM

The microscopic structure of blood clot on gauze was observed by
SEM. 2 cm coated gauze and 10 cm coated gauze were trimmed to a size
of 15 mm by 15 mm. Then, 20 pL of recalcified blood was added and
sandwiched between these two gauzes, with normal gauze as control.
After 5 min, the gauze was washed with PBS and fixed with 2.5% (v/v%)
Glutaraldehyde/PBS solution for 4 h. Afterwards, it was rinsed, dehy-
drated, and dried before SEM testing.

2.6. Hemostasis evaluation in vivo

All experiments performed in our research were complied with the
rules for the use and care of laboratory animals in Jiangnan University.
The study was granted approval by the Animal Ethics Committee of
Jiangnan University (Protocol JN. No 20220615S0801025). The
femoral artery injured model was prepared as following [75]. Rats were
randomly grouped and anesthetized by intraperitoneal injection of so-
dium pentobarbital at 40mg/kg. The fur was then removed from the
thigh of rat to allow exposure of the femoral artery. Pre-weighted gauze
was laid under the thigh. The artery then was transected by a scalpel.
After 3 s of bleeding, pre-weighted gauze was applied to the injury with
the consistent compression for 60 s. Successful hemostasis was achieved
when the area of blood-stained gauze didn’t enlarge and no additional
blood leaked out. To observe the microscopic morphology, the
blood-stained gauze after hemostasis was washed with PBS and fixed
with 2.5% (v/v%) Glutaraldehyde/PBS solution. Then, it was rinsed,
dehydrated, and dried before SEM testing.
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2.7. Measurement of peeling force

Rats were anesthetized by intraperitoneal injection of sodium
pentobarbital at 40mg/kg. The hair on back was removed with an
electrical razor and Veet® hair removal cream, then disinfected by 75%
alcohol. A 1 cm incision was made on each side of the rat’s dorsal
midline with a scalpel, and the gauze with a size of 15 mm by 30 mm was
applied to the wound. Here, the AWNSA@G was formed by a layer of 2
cm coated gauze and a layer of 10 cm coated gauze. The peak peeling
force was recorded using a digital push & pull tester at 1 h after
treatment.

2.8. Statistical analysis

The data are present as the mean + standard deviation (SD) and
analyzed by one-way analysis of variance (ANOVA) and student t-test. P
< 0.05 means significant difference. P < 0.05: *, P < 0.01: **, and P <
0.001: ***,

3. Results and discussion

3.1. Fabrication and characterization of hydrophobic modified nano-
silica aerogel

A wide variety of aerogels are available, among which inorganic
silica aerogel is the most used in thermal management. Nevertheless, its
application in hemostasis is rarely investigated. In our work, nano-silica
aerogel was synthesized in a simple and economic approach only by two
steps [32]. (1) By sol-gel method without ion-exchange, we prepared
silica hydrogel with sodium silicate as precursors. As shown in Fig. 1a,
the hydroxyl groups of the silica particles undergo a condensation re-
action to form a silica hydrogel. (2) Nano-silica aerogel was attained by
mixing silica hydrogel with superhydrophobic modification agents at
elevated temperature. In second process, HMDS and HMDSO convert
hydroxyl groups on the surface of silica hydrogel into methyl groups
(Fig. 1b), which was beneficial to inhibit the absorption of water and
prevent the collapse of pore structure. This hydrophobic improvement
will also lead to the potential hemostasis [35,36]. Subsequent to that,
the aqueous phase in the pores of the nano-silica aerogel was expelled
with the dispersion of residual HMDSO or HMDSO produced by the
oxidation of HMDS. Meanwhile, the previously generated sodium ions
dissolved in water were separated from the HMDSO/HMDS phase,
avoiding the extra step of sodium ion replacement. After completing the
above process, nano-silica aerogel was floated on top of the reaction
solution due to hydrophobic effect. We obtained hydrophobic
nano-silica aerogel with a high specific surface area of 355.3 m?%/g,
which was detected by energy dispersive X-ray spectroscopy (EDS) with
a sodium ion removal rate of 98.8% (Fig. 1c). We confirmed by FT-IR
that the Si—-OH group on the surface of the nano-silica aerogel was
partially replaced by the Si-(CH3)3 group (Fig. 1d). The peak at 2961
cm ™! matches the ~CHs group stretching vibrations and that at 845
em ™! is assigned to the Si-C bond, which proves the existence of the -Si
(CHg)3 groups [32,37]. The surface properties of the nanoparticles can
affect the agglomeration of the particles, and organosilanes modified
silica is more prone to agglomeration [38]. In our research, particle size
analysis showed that the prepared aerogel was homogeneous nano-
particles mainly due to ultrasonic dispersion (Fig. 1e). In contrast, SEM
observed some aggregation of silica aerogel nanoparticles and thus the
shape was not completely uniform (Fig. 1f and Fig. S1). Additionally, the
pore structure of the silica aerogel could not be identified by SEM
because of the physical weak phase interactions existing between sec-
ondary silica particles in porous silica prepared by sol-gel technology,
which is easily disrupted by high voltage electron beams [39,40]. We
also could not recognize significant pore structure of silica aerogel in the
TEM images (Fig. 1g and Fig. S2), which has been indicated in other
researches [41,42]. The nitrogen adsorption and desorption method was
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Fig. 1. (a) Condensation mechanism of silica particles; (b) surface modification reactions of silica particles; (c) EDS analysis (I was SEM image, II- IV were elemental
maps, and V was spectrum) of nano-silica aerogel; (d) FT-IR spectrum and image of water contact angles test (inset) for nano-silica aerogel; (e) particle size analysis
for the nano-silica aerogel; (f) SEM image of the nano-silica aerogel; (g) TEM image of the nano-silica aerogel; (h) nitrogen adsorption—desorption curve of the nano-

silica aerogel; (i) pore size distribution (PSD) of the nano-silica aerogel.

further employed to characterize porous structure of nano-silica aerogel.
Since the Ny adsorption-dissociation curves of nano-silica aerogel was
typical type IV curves according to IUPAC classification, suggesting that
they had the characteristics of mesoporous materials (Fig. 1h). The
thermal conductivity depends on the molecular vibrations in the air
[43]. The pore size of nano-silica aerogel was only 2-50 nm (Fig. 1i),
smaller than the mean free path of air (70 nm in the atmosphere) [32],
suggesting its excellent thermal insulation properties.

3.2. Preparation and characterization of hydrophobic nano-silica aerogel-
coated gauze

Inorganic materials and organic polymers are the two main cate-
gories of hemostatic materials commonly used today. Each of these
materials has limitations when used alone, including unstable perfor-
mance, poor environmental suitability, high cost, and potential safety
risks. Some efforts have been made to optimize the efficiency of hemo-
stasis, strengthening the advantages and minimizing the disadvantages
by combining polymers and inorganic materials [34]. Based on the silica
component, high surface area and porosity, and appropriate pore size,
nano-silica aerogel is prospective for utilization in uncontrolled hem-
orrhage. Furthermore, the hydrophobic nature of aerogel can be bene-
ficial in slowing down the bleeding rate by repelling blood. In our
research, hydrophobic nano-silica aerogel was sprayed onto the surface
of gauze at different distances to fabricate gauzes with variable wetta-
bility (Scheme b). The gauzes sprayed with aerogel at distances of 15,
10, 5 and 2 cm were assigned as 15 cm, 10 cm, 5 cm, and 2 cm.
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3.2.1. Chemical composition and surface structure of hydrophobic nano-
silica aerogel coated-gauze

The amount per unit area (APUA) of nano-silica aerogel on gauze
(mg/cmz) was examined, and the results demonstrated that the amount
of nano-silica aerogel on the gauze increased significantly as the spray
distance was reduced (Fig. 2a). We further determined the presence of
nano-silica aerogel on gauze by FT-IR, SEM and EDS. As shown in
Fig. 2b, with the decrease of spraying distance, the peak at 29061 cm™!
was gradually enhanced, indicating the increase of methyl groups from
nano-silica aerogel. Meanwhile, the peak at 845 cm ™! also strengthened,
indicating that the content of -Si (CH3)3 groups carried by nano-silica
aerogel on the gauze was also increased. The SEM images showed
obvious distinction between normal gauze and nano-silica aerogel-
coated gauze, where nanoparticles were immobilized on the cotton fi-
bers and could not fall from the fibers after repeated washing (Fig. 2c).
In addition, more nanoparticles adhered to silica aerogel-coated gauze
with a spray distance of 2 cm than 10 cm. We further analyzed the
chemical compositions of nano-silica aerogel-coated gauze by EDS. It
showed that silica was present on the surface of the coated gauze, while
the normal gauze was not (Fig. 2d and e). Moreover, silica content on
nano-silica aerogel-coated gauze with a 2 cm spraying distance was
significantly higher than a 10 cm spraying distance.

3.2.2. Wettability, water vapor permeation and water uptake of gauze
The wettability of the gauze is essential for the absorption of blood
and the adhesion of blood components. In this study, the wettability of
the gauze was evaluated by adding 20 pL of SBF. As shown in Fig. 3a and
Fig. S3, due to the siphoning effect of the gauze structure and the highly
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Fig. 2. (a) The amount per unit area (APUA) of nano-silica aerogel on gauze (n = 3); (b) FT-IR spectrums of hydrophobic nano-silica aerogel-coated gauzes with
varied spray distance; (¢) SEM image of hydrophobic nano-silica aerogel-coated-gauzes; (d) EDS analysis (I was SEM image, and II- IV were elemental maps) of
hydrophobic nano-silica aerogel-coated gauze; (e) quantitative analysis on the elemental composition of aerogel coated-gauze (n = 3).

hydrophilic nature of the cotton fibers, water droplets that fell on the
surface of normal gauze immediately diffused into the gauze. As the
spraying distance decreased, the spread of the water droplets on the
gauze gradually slowed down. At a spraying distance of 10 cm, it took
48 s for the droplets to spread into the gauze, and 76 s was required at 5
cm. However, when the spraying distance was 2 cm, the water droplets
were difficult to diffuse into the gauze. Similarly, the coating of the
nano-silica aerogel weakens the blood absorption efficiency of the
gauze. We further added 200 pL of rat blood dropwise to the gauze to
evaluate the effect of blood on the wettability of the gauze. In Fig. 3b,
normal gauze obviously absorbed blood quickly. However, the blood
spread slowly and was absorbed into the gauze fibers when it was
dripped onto the silica aerogel-coated gauze at a spraying distance of 15
cm. A small volume of blood diffused into the nano-silica aerogel-coated
gauze at a spraying distance of 10 cm. Furthermore, only a very minimal
area of gauze was wetted with blood after 5 cm spraying, and the gauze
couldn’t be wetted after 2 cm spraying. SBF absorption experiments also
showed that the water uptake of nano-silica aerogel-coated gauze
decreased as the spray distance was reduced (Fig. 3c). Proper water
vapor transmission is one of the important characteristics for wound
dressings [44], we found that, the vapor transmission rate of the gauze
was not influenced by the nano-silica aerogel coating (Fig. 3d).
Together, these results suggested that the gauze modified with hydro-
phobic nano-silica aerogel was promising for improving the efficiency of
hemostasis through controlling blood movement and reducing blood
loss.
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3.2.3. Unidirectional fluid pumping effect of the hydrophobic-hydrophilic
composite gauze

Biofluid management around the wound is a pre-requisite for wound
repair, including control of bleeding and removal of excess biofluids.
Conventional dressings can absorb wound fluid, but they inevitably
retain too much biofluid at the wound site owing to their inherent hy-
drophilicity [45]. The residual biofluid continues to hydrate the wound
and impairs the healing process [46]. Recently, asymmetric wetting
materials with varying wetting properties on different sides have shown
efficient biofluid management capabilities, for example, a single-sided
fluorinated cotton fabric membrane [471, poly-
caprolactone/quaternized chitosan/polyvinyl alcohol nanofibrous aer-
ogel [37], and hydrophilic cotton microfibers deposited with a
hydrophobic polyurethane nanofiber array [48]. Herein, we sprayed the
hydrophobic nano-silica aerogel onto the top layer of the gauze, while
the bottom layers remained hydrophilic, trying to construct an asym-
metric wetting dressing. To demonstrate the unidirectional fluid transfer
capacity of the modified gauze, a model with a continuous SBF (labelled
by sodium fluorescein) dropping out from a syringe via a micro-syringe
pump was established to simulate wound exudation. The transport
process of green SBF onto gauze was monitored by a camera under UV
light (A = 254 nm). As shown in Fig. 4a and Movie S1, when the droplets
fell onto the normal gauze, they spread rapidly and as the droplets
continued to fall, the whole layers of gauze were wetted with green SBF.
For the gauze with hydrophobic nano-silica aerogel spraying onto the
top layer (gauze with hydrophobic top layer), due to the strong repul-
sion of nano-silica aerogel, SBF hardly contacted with hydrophilic cot-
ton fibers and retained between the hydrophobic nano-silica
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Fig. 3. (a) SBF wettability of gauzes; (b) blood wettability of gauzes; (c) water uptake of gauzes (n = 3); (d) water vapor permeation rate of gauzes (n = 3).
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Fig. 4. (a) The transmission process of the SBF droplet (tagged with 1% sodium fluorescein) contacting with gauzes under UV light; (b) graphic illustration of the

unidirectional liquid pumping mechanism.

aerogel-coated gauze and the syringe (Movie S2). Considering the
capillary force of cotton fibers on fluid absorption, we increased its pore
size by removing part of the filaments of the hydrophobic layer of gauze
(gauze with hydrophobic top layer and big pores) (Fig. S4), so that the
SBF was able to contact with the hydrophilic cotton fibers of the bottom
layers, creating a hydrophobic-hydrophobic contact point. Droplet
containing green SBF could quickly pass through the hydrophobic layer
of the dressing and spread in the hydrophilic layer below (Movie S3).
During this process, the hydrophilic layers of the asymmetric wetting
material work as a pump [48], so it is called the self-pumping effect of
the asymmetric wetting gauze. As the dropping SBF continued, the
self-pumping process proceeded unidirectionally from hydrophobic to
hydrophilic side. Hydrophobic top gauze layer was not wetted by green
SBF, because of the repulsion by nano-silica aerogel and wicking by
capillary action of hydrophilic cotton fibers (Fig. 4b). This phenomenon
demonstrated the unique unidirectional fluid transport effect of asym-
metric wetting gauze.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2023.02.017.
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3.3. Biocompatibility of hydrophobic nano-silica aerogel-coated gauze

Good biocompatibility is a prerequisite for hemostatic applications
of the materials. The hemolysis assay is well established method for
assessing the hemocompatibility of biomaterials in vitro [49,50]. Diluted
erythrocyte suspension was added to the centrifuge tubes, containing
sprayed gauze at a distance of 2 cm for the experimental group or normal
gauze for the control group, and dH,0 or PBS was added to the centri-
fuge tubes for the positive control and negative control, respectively.
The macroscopical view of centrifugally obtained supernatants was
presented in Fig. 5a. The nano-silica aerogel-coated gauze group with a
spray distance of 2 cm showed pale yellow color similar to the normal
gauze group and the negative control group, while the positive control
group with the addition of dH;0 showed a bright red color due to he-
molysis. As demonstrated in Fig. 5b, the quantitative analysis of the
hemolysis rate showed that the hemolysis rate of nano-silica aerogel--
coated gauze was comparable to normal gauze, only 0.7%, which was in
compliance with confines of ASTMF756 (American Society for Testing
and Materials).

Cytocompatibility is also an important indicator for the toxicity
assessment of biomaterials in vitro [51,52]. In our research, extracts
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skin of the rat’s back; (g) skin aera after 12 h of contact with the prepared sample.

incubation and direct contact testing were used to assess the cyto-
compatibility of gauzes. The results demonstrated that L929 cells
maintained high cell viability after incubated with the extracts of
nano-silica aerogel-coated gauze for 24, 48 and 72 h, comparable to the
normal gauze (Fig. 5¢). Cells in direct contact with the nano-silica aer-
ogel-coated gauze also maintained the same good cell morphology and
viability as the normal gauze (Fig. 5d and Fig. S5).

In addition, in vivo skin compatibility was assessed by applying the
material onto the skin of rat’s back with clinical adhesive tape for 12 h
(Fig. 5e and f). Afterwards, the gauze was removed and the skin under
the nano-silica aerogel coated-gauze was observed to be the same as that
under the normal gauze, no swelling or erythema (Fig. 5g). These results
suggest the excellent biocompatibility of silica aerogel-coated gauze as
hemostatic agent.

3.4. Blood coagulation of gauze in vitro

BCI was used to determine the clotting ability of the gauze [26]. 20
L of recalcified whole blood was applied between gauzes and allowed
to clot over a period of time (Fig. 6a). Then, 10 ml of dH»0 was added to
block the clotting. Erythrocytes not caught in the clot would release free
hemoglobin into the water. Thus, a lower hemoglobin concentration
means a smaller BCI value and a stronger clotting capacity. Compared
with normal gauze, all nano-silica aerogel-coated gauzes showed lower
BCI values. Among them, the nano-silica aerogel-coated gauze with a
spray distance of 10 cm showed the lowest BCI value and therefore
fastest coagulation, regardless of whether the gauze was in contact with
recalcified blood for 1 min, 3 min or 5 min. For the nano-silica
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aerogel-coated gauze with a spray distance of 2 cm, its BCI value was
not significantly lower than that of normal gauze at 1 min, but at 5 min,
the BCI value was statistically smaller than normal gauze. It is possible
that due to the strong hydrophobicity of the nano-silica aerogel-coated
gauze with a 2 cm spraying distance, at 1 min the nano-silica aerogel and
the gauze were in less contact with the blood, making it hard to perform
its procoagulant effect. At 5 min, by contrast, the gauze was in sufficient
blood exposure and therefore capable of enhancing clotting (Fig. 6b). In
addition, we examined the effect of nano-silica aerogel-coated gauze on
the clotting time of plasma in vitro. The plasma clotting time of
nano-silica aerogel coated-gauzes with spray distance of 10 cm, 5 cm,
and 2 cm, was significantly shorter than normal gauze (Fig. 6¢—€). These
results demonstrate the remarkable in vitro blood coagulation properties
of nano-silica aerogel-coated gauze.

3.5. Hemostasis efficiency of gauze in vivo

3.5.1. Evaluation of hemostasis in injured femoral artery model

In trauma treatment, rapid control of bleeding in a very short period
of time remains one of the most demanding requirements [53]. We
found nano-silica aerogel-coated gauze with a spraying distance of 10
cm exhibited the best in vitro procoagulant effect, and gauze with a
spraying distance of 2 cm was strongly repulsive to blood, which may
facilitate in vivo hemostasis [36]. Then we evaluated their hemostasis
efficiency in injured femoral artery model in rats (Fig. 7a). The hemo-
static performance of different gauzes was quite variable (Fig. 7b-e,
Movie S4-7). After the femoral artery was transected, constant manual
pressure was applied on the wound with gauzes for approximately 60 s.
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Then, the top layers of gauze were removed, leaving only the bottom
layer attached to the wound, and the bleeding was observed. If the
wound was still bleeding, continued constant compression with gauzes.
At 10 min, removed all the gauze and observe whether it caused sec-
ondary bleeding. The hemostatic time of the nano-silica aerogel-coated
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gauze with 10 cm and 2 cm of spraying distance was 122 s and 132 s,
respectively, significantly lower than the 405 s of the normal gauze in rat
femoral artery injury model (Fig. 7d). Furthermore, as shown in Fig. 7e,
the blood loss of coated gauze with 10 cm and 2 cm of spraying distance
was about 0.1602 g and 0.1298 g respectively, both remarkably less than

Fig. 8. Erythrocytes on: (a) normal gauze; (b) nano-silica aerogel-coated gauze with a spray distance of 10 c¢m; (c) nano-silica aerogel-coated gauze with a spray
distance of 2 cm; (d) asymmetric wetting nano-silica aerogel-coated gauze (AWNSA@G).
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the 0.4528 g of normal gauze. However, secondary bleeding was found
after removal of the nano-silica aerogel-coated gauze at a spray distance
of 10 cm, similar to normal gauze. Due to the strong hydrophobicity of
the coated gauze with a 2 cm of spray distance, adhesions were pre-
vented and its removal didn’t cause rebleeding. But blood seeped out of
the interface between gauze and tissue when the strongly hydrophobic
gauze came into contact with the wound (Fig. 7b). In view of the effect of
asymmetric wetting properties in unidirectional fluid pumping, a com-
bination of 2 cm coated gauze and 10 cm coated gauze was considered to
form an asymmetric wetting nano-silica aerogel-coated gauze (AWN-
SA@G) for hemostasis in rat femoral artery injury. A layer of 2 cm
coated gauze was applied as an inner layer in direct touch with the
wound to prevent adhesions and secondary bleeding, while nine layers
of the 10 cm coated gauze were used as the upper layers to accelerate
clotting. Surprisingly, the hemostasis time and blood loss of the AWN-
SA@G were 80 s and 0.0655 g, which were both less than the 2 cm and
10 cm coated gauze applied alone. In addition, no blood was observed to
leak from the seam and secondary bleeding hardly happens when the
gauze was removed at 10 min. Unlike in vitro, where extra pores in the
strong hydrophobic layer are required to achieve the unidirectional fluid
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pumping effect of the asymmetric wetting gauze, blood can diffuse
across the strong hydrophobic layer into the weak hydrophobic layers of
the AWNSA@G without removing any filaments, mainly due to the ef-
fect of manual compression.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.02.017

3.5.2. Microstructure of gauze after applying to a rat femoral artery injury

Erythrocyte aggregates and fibrin networks are crucial components
of the blood clot in controlling hemorrhage [54]. During the clot for-
mation, fibrinogen is transformed into fibrin by thrombin. The fibrin
monomers then interconnect and aggregate to form fibrin polymer
network that entraps the erythrocytes and forms the clot [55]. To un-
derstand the interaction of erythrocyte, fibrin, blood clot and the silica
aerogel-coated gauze, the blood-stained gauze was investigated after
applying to a rat femoral artery injury model for 10 min. In Fig. 8a-d,
compared with normal gauze, significant blood clots were observed in
the cotton fibers or pores of the first and second layers of nano-silica
aerogel-coated gauzes, which were sprayed at a distance of either 2
cm or 10 cm or a combination of both. In addition, erythrocytes

d
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Fig. 9. (a) Illustration of the gauze applied onto the wound of the rat back; (b) schematic method for measuring peeling force; (c) the experimental procedure for
peeling the gauze from the wound site, (d) the peak peeling force of different gauzes (n = 3).
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entrapped by fibrin polymer network was adhered on fiber of silica
aerogel-coated gauzes and maintained normal concave disk shape,
suggesting that sprayed nano-silica aerogel does not affect the physio-
logical state of erythrocytes. These phenomena demonstrate the poten-
tial pro-coagulant effect of nano-silica aerogel-coated gauze.

3.6. Peeling force of the gauze

The removal of dressings after hemostasis is also one of the current
challenges for hemostatic materials [56]. When hydrophilic materials
are applied, the blood clot after hemostasis is firmly adhered to the
material and forced removal often tears the wound, causing pain and
secondary bleeding [26]. To verify the easy peeling of our modified
gauze, we created the back-bleeding model in rats. An incision was made
on each side along the midline of the rat’s back and gauze was attached

Bioactive Materials 26 (2023) 142-158

to it (Fig. 9a). After 1 h, the gauze was removed from the wound and the
maximum peeling force during this process was recorded (Fig. 9b). As
demonstrated in Fig. 9c and d, the peeling force of the 2 cm-coated gauze
and the AWNSA@G was approximately 11.3 and 23.8 times lower than
that of the normal gauze, respectively, and their removal did not cause
any tearing on the wound. Nevertheless, a slight stretching of the inci-
sion was observed with the removal of the 10 cm-coated gauze. In
contrast, normal gauze caused stronger wound tearing during removal.
Overall, our designed AWNSA@G was of easy peeling and minimized
tearing of the wound, avoiding pain and rebleeding.

3.7. Thermal management of the LBL structure in harsh environment

Aerogels usually have exceptionally low thermal conductivity
because of highly porous properties. They are passively insulated, and
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while combined with active temperature-regulating materials, they can
have optimal temperature regulation [57,58]. PCMs are capable of
absorbing or releasing latent energy from the substances over a limited
temperature range [59]. However, the thermal insulation performance
of PCMs relies on temperature and time, and they deliver minor and
transient cooling/heating alleviation during temperature changes.
While the composition of an aerogel layer with its low thermal con-
ductivity and a high latent heat PCM layer can present excellent thermal
insulation property with a prolonged working time. N-octadecane is a
widely used PCM for its chemically inert, uncorrosive, readily available
and free from unpleasant odors, with excellent thermal storage and
release capabilities [60-62]. Thus, in our work, microencapsulated PCM
of n-octadecane was applied to construct the inner layer of the LBL
structure.

The performances of our thermal insulation structure in harsh con-
ditions were examined (Fig. 10a and b). In extremely hot weather, 70 °C
of the ground temperature can be easily achieved during the summer
under constant sunlight radiation (Fig. 10c). Thus, to study the thermal
insulation capacity of the samples, the LBL structure was placed on a
heating plate heated to 70 °C and the temperature of the upper surface of
the samples was monitored with a thermal infrared imager, and time-
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temperature curve was plotted. As shown in Fig. 10d-f, the tempera-
ture difference (AT) between the top surface of LBL structure and the
heating plate could be up to 46 °C, indicating its excellent thermal
insulation property. In addition, it took about 12.5 min for the upper
surface temperature of the LBL structure to reach 37 °C, which is the
optimal reaction temperature for a majority of enzymes [63]. Such a
thermal conduction postponement is impressive as it completely meets
the requirement of the “10 min gold” for rescue rule [64,65].

To determine the thermal management performance of the samples
at extremely low temperature (—27 °C), the LBL structure were placed
on a cooling plate cooled to —27 °C. As presented in Fig. 10g-i, the AT
between the top surface of LBL structure and the cooling plate could
reach up to 21.8 °C. Furthermore, the time to drop to 0 °C for the top
surface temperature of the LBL structure was about 6.5 min. These re-
sults suggest that our design is highly effective for thermal management
in both extremely hot and cold environments, thus available to maintain
the relative stability of the wound microenvironment in harsh
surroundings.

Fig. 11. (a) Blood coagulation of composites in vitro
under harsh hot environment (70 °C) (n = 3); (b)
blood coagulation of composites in vitro under harsh
cold environment (—27 °C) (n = 3); (c) platelets
(indicated by red arrows) on normal gauze and
asymmetric wetting nano-silica aerogel-coated gauze
(AWNSA@GQG) observed by SEM; (d) platelets adhesion
determined by LDH assay (n = 3); (e) the effect of
nano-silica aerogel on activation of coagulation factor
XII (FXIIa) (n = 3); (f) in vitro coagulation of normal
gauze and AWNSA@G observed by SEM; (g) sche-
matic diagram of the hemostasis mechanism for
AWNSA@G; (h) thrombin activity in extreme hot and
cold environments (n = 3).
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3.8. Hemostasis mechanism of AWNSA@G and LBL composite in
extreme environments

We further validated the in vitro procoagulant effect of the AWN-
SA@G and LBL composite under extreme environments, with normal
gauze and LBL composite as a comparison. The composites were placed
on a heating or cooling plate and recalcified blood was then added to the
gauzes of the composites. Coagulation was terminated at 1, 3, and 5 min
respectively and the BCI was measured. As shown in Fig. 11a and b, the
BCI of AWNSA@G and LBL composite was lower than that of the normal
gauze and LBL composite in both harsh hot and cold conditions, indi-
cating the excellent hemostasis performance of our composite even in
extreme environments. Considering the physical effects of evaporation
and freezing of water in the blood, we did not use single AWNSA@G or
normal gauze as controls for the hemostasis test under harsh hot or cold
conditions.

It is well established that adherence and aggregation of platelets at
the injury site is a prerequisite for hemostasis [66,67]. Here, we exam-
ined the platelets on gauze by SEM and LDH assay. As shown in Fig. 11c,
platelets with pseudopods and greater platelet aggregations were
observed on AWNSA@G than on normal gauze. In addition, more LDH
releasing was detected in the nano-silica aerogel-coated gauze
(Fig. 11d), indicating that the AWNSA@G promoted platelets activation
and adhesion over normal gauze. Initiation of the coagulation pathway
is the final phase of hemostasis [68]. In this process, coagulation factors
response in a complicated reaction cascade to form fibrin clot and pre-
vent critical blood loss from the wound. Activation of coagulation factor
XII (FXIIa) is an important cause of the endogenous coagulation cascade
[69]. The outstanding hemostatic effects of silica-based materials,
including the minerals zeolite and kaolin, have been attributed to the
elevated concentration of FXIIa [70], and our nano-silica aerogel also
increased the level of FXIla (Fig. 11e). We further investigated the in
vitro coagulation of AWNSA@G with SEM, and found that erythrocytes
were entrapped in a fibrin network and a blood clot was formed in
AWNSA@G (Fig. 11f). Therefore, the hemostatic mechanism of our
AWNSA@G was illustrated in Fig. 11 g. When applying the gauze to a
bleeding wound, the strong hydrophobicity of the first layer of
nano-silica aerogel-coated gauze slowed down blood movement and
promoted platelets activation and adhesion, while the nano-silica aer-
ogel activated FXII, triggering the endogenous coagulation cascade.
Simultaneously, a short period of manual compression drained the
slowing blood flow to the weakly hydrophobic layer, allowing blood to
wet, absorb, wick, and diffuse into the gauze, facilitating fast
hemostasis.

In extreme environments, the protein components of coagulation
factors in plasma can be impaired by cold or thermal stimuli, causing a
reduction in the activity of coagulation factors and making hemostasis
particularly challenging [20]. Prothrombin (coagulation factor II), a
crucial factor for hemostasis, can be activated to create thrombin by the
intrinsic or extrinsic coagulation cascade reaction, and subsequently
transforming fibrinogen into fibrin monomer. When thrombin is
generated, prothrombin fragment 1 + 2 is also produced as a by-product
[71]. To clarify the effect of temperature on thrombin activity, plasma
was exposed to 37 °C, —20 °C, and 70 °C for 1 min, 3 min, and 5 min
respectively, and then the concentration of prothrombin fragment 1 + 2
was measured. We found that the concentrations of prothrombin frag-
ment 1 + 2 in plasma incubated at —20 °C and 70 °C were significantly
lower than that incubated at 37 °C (Fig. 11h), suggesting that thrombin
activity was dramatically reduced in extreme environments. While our
LBL structure, comprising a nano-silica aerogel layer and a PCM layer,
exhibited efficient thermal management by remarkably delaying heat
transfer. As a result, the LBL structure maintained the wound microen-
vironment at a relatively suitable temperature, protecting thrombin
from hot and cold stimuli and thus assisting the AWNSA@G to achieve
highly effective hemostasis in harsh conditions.
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4. Conclusion

To conclude, we have constructed a composite wound dressing with
thermal management performance for preventing bleeding wounds from
hot or cold stimuli and achieving efficient hemostasis. The composite
was a combination of AWNSA@G and a LBL structure, where the
asymmetric wetting gauze includes a strong hydrophobic layer close to
the wound and other weak hydrophobic layers, while the LBL structure
consists of a PCM layer and a nano-silica aerogel layer. Our in vivo and in
vitro results indicated that the composite wound dressing was ideal for
hemostasis in harsh environments because of its temperature manage-
ment property, less blood loss, shorter coagulation time and easy strip-
ping. This research expands the applications of nano-silica aerogel in
wound dressing design and has extensive implications for controlling
massive bleeding in extremely hot/cold conditions.
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