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Current hemostatic fabric often encounters the issue of blood seeping or
leaking through the fabric and at the junctions between the fabric and tissue,
leading to extra blood loss. Herein, we report a hemostatic nanofabric com-
posed of anionic and cationic nanofibers. Upon contact with wound, the
porous nanofabric can absorb the interfacial blood and self-seal to form a
compact physical barrier through interfiber bonding, preventing blood from
longitudinally penetrating the fabric. This process results in the encapsulation
of blood components within the electrostatically crosslinked nanofiber net-
work, creating a robust thrombus that reinforces the physical barrier. More-
over, this nanofabric exhibits strong tissue adhesiveness, inhibiting blood
seeping out at the seam of the fabric and tissue. Its hemostatic performance in
animal injuries surpasses that of standard cotton gauze and Combat Gauze™.
In the pig femoral artery injury, the blood loss from the nanofabric is only ca.
8% of that from Combat Gauze™. The nanofabric exhibits excellent biode-
gradability, hemocompatibility, cytocompatibility, antibacterial activity, and

wound healing promotion.

Uncontrolled bleeding from trauma and surgery is the leading cause of
death worldwide each year. In civil emergencies, the majority of
fatalities occur within 1h following blunt trauma, while penetrating
injuries can result in massive bleeding within 5 to 10 min? Timely and
efficient management of life-threatening bleeding can provide crucial
time for further treatment and greatly decrease mortality rates. Cur-
rently, sutures, staples, and clips are the most commonly used meth-
ods in clinical settings to close wounds for hemostasis. However, these
techniques are impractical outside of the surgical units and are rarely
used in emergency situations®. To overcome this challenge, non-
professional and easy-to-use hemostatic agents are imperative for
bleeding control in pre-hospital occasions.

To date, various hemostatic materials in the forms of fabric,
spongge, glue, hydrogel, and powder have been developed* ™. Hemo-
static fabric remains the foremost choice for all forms of hemostasis
due to its cost-effectiveness, scalability, wide applicability, and ease of
storage, transport, and use". The traditional hemostatic fabric is a
sterile cotton gauze. The high hydrophilicity and porous nature of

gauze allow for blood absorption and concentration of blood com-
ponents. However, due to the limited clotting capability of this medical
gauze, mechanical compression is necessary to facilitate stopping
bleeding. Using this method to control bleeding in delicate and
hemorrhage-prone organs, such as the heart, liver, and spleen, often
leads to secondary damage’. Procoagulants such as kaolin, CaCO;, and
zeolite have been incorporated into hemostatic fabric to improve
blood clotting”™. These nanoclays can expedite blood coagulation
reactions, resulting in rapid thrombus formation®. Despite this, blood
can still penetrate through the pores of the hemostatic fabric and
continue to seep, particularly in cases of hypertension. In order to
address this issue, various strategies have been explored to modify the
wettability of hemostatic fabric by applying a hydrophobic region™¢,
For instance, Xu et al. used a hydrophobic paraffin-based coating on
the back of a hydrophilic gauze'. Yap et al. developed a composite
fabric by incorporating hydrophobic poly(vinylidene fluoride) onto
carbon nanofibers"”. Furthermore, our group introduced a flexible long
hydrophobic alkyl chain terminated with a catechol group onto the
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cotton gauze®. While this hydrophobic modification can impede the
longitudinal penetration of blood through the hemostatic fabric, the
issue of blood seepage at the seam between the fabric and tissue is
frequently overlooked, leading to the wastage of valuable blood.

Herein, we aim to construct an advanced hemostatic nanofabric
that can rapidly and effectively seal wounds in all directions to prevent
blood outflow. The hemostatic nanofabric is composed of anionic and
cationic nanofibers. These oppositely charged nanofibers within the
hemostatic nanofiber fabric do not interact with each other after fab-
rication. However, upon contact with blood, the ionic nanofibers can
bond together. This interfiber-bonding process facilitates the self-
sealing of the hemostatic nanofabric, transforming its morphology
from porous to a compact structure, effectively preventing long-
itudinal blood penetration. Furthermore, the hemostatic nanofiber
fabric can firmly adhere to tissue, which can help prevent blood from
seeping out at the seam between the fabric and tissue. In vivo
hemostasis experiments have shown that the hemostatic nanofabric
exhibits rapid and effective wound sealing abilities across various
injury models, such as rat femoral artery injury, rat liver laceration, pig
femoral artery injury, and pig liver laceration. The hemostatic prop-
erties of this fabric surpass those of commercial hemostatic fabrics
including cotton gauze and Combat Gauze™. Moreover, the hemo-
static nanofiber fabrics display excellent hemocompatibility, cyto-
compatibility, and biodegradability. This eliminates the necessity for
removal from the body post-hemostasis, thereby minimizing the risk
of secondary wound injury and re-bleeding. The hemostatic nanofiber
fabric offers advantages such as instant water-triggered interfiber
bonding, tissue adhesiveness, biocompatibility, biodegradability,
antibacterial activity, low cost, and ease of use, making it a promising
hemostatic dressing for diverse medical applications.

Results

Preparation, morphology, and breathability of QCS@PVA/
CA@PVA nanofabric

The hemostatic nanofabric was prepared using the double-coaxial
electrospinning technique. As shown in Fig. 1a, quaternized chitosan
(QCS) serves as the sheath with polyvinyl alcohol (PVA) as the core,
resulting in cationic QCS@PVA nanofibers. Additionally, catechol-
modified sodium alginate (CA) acts as the sheath with PVA as the core,
leading to the formation of anionic CA@PVA nanofibers. The cationic
QCS@PVA nanofibers and anionic CA@PVA nanofibers were produced
separately from two individual coaxial injectors but collected onto the
same collection plate to create an anionic and cationic QCS@PVA/
CA@PVA nanofabric. PVA is chosen for the core layer to offer struc-
tural support and stability to the fabric, utilizing its favorable
mechanical property, biodegradability, and biocompatibility”’. Both
QCS and CA are polysaccharide derivatives known for their excellent
biocompatibility, biodegradability, nontoxicity, low-cost, and wide
availability?®. Moreover, QCS contains positively charged quaternary
amine groups, whereas CA contains negatively charged carboxyl
groups and tissue adhesive catechol groups. The presence of these
functional groups (e.g., quaternary amine, carboxyl, and catechol
groups) in QCS and CA, will facilitate the interaction between
QCS@PVA nanofibers and CA@PVA nanofibers upon contact
with water, as well as promote the interaction between these ionic
nanofibers and the tissue. In addition, other nanofiber fabrics were
also prepared as controls, including PVA nanofabric composed of
PVA nanofibers, QCS@PVA nanofabric composed of cationic
QCS@PVA nanofibers, and CA@PVA nanofabric composed of anionic
CA@PVA nanofibers.

Figure 1b shows the fluorescence microscopy image of the
QCS@PVA/CA@PVA nanofabric, where QCS and CA were labeled by
fluorescein isothiocyanate and Rhodamine B, respectively. The oppo-
sitely charged ionic fibers were observed to be randomly arranged
without interfiber bonding. QCS@PVA/CA@PVA nanofabric displayed

porous structures consisting of nanofibers with diameters ranging
from 100 to 400 nm (Fig. 1c). Additionally, TEM analysis showed that
both QCS@PVA nanofiber and CA@PVA nanofiber exhibited a core-
shell structure, with a core diameter of approximately 300 nm and a
shell thickness of around 10 nm, as illustrated in Fig. 1d, e. The tensile
stress and strain of QCS@PVA/CA@PVA nanofabric was respectively
up to 1.85 MPa and 162% (Supplementary Fig. 1). Furthermore, as show
in Fig. 1f, g, we observed that the QCS@PVA/CA@PVA nanofabric can
wrap around human fingers and can be tied into a bow. In addition, an
ideal hemostatic fabric should have good air permeability, allowing air
to freely penetrate the fabric. This enables the wound to receive suf-
ficient oxygen supply to inhibit the propagation of anaerobes". Thanks
to its porous structure, the QCS@PVA/CA@PVA nanofabric exhibited
good air permeability, with a water vapor transmission rate (WVTR) of
2186 g/m*d, which was as good as that of cotton gauze (2592 g/m?d)
and Combat Gauze™ (2458 g/m?d) (Fig. 1h, i).

Water blocking study I: Water-triggered interfiber bonding to
form compact barrier for inhibiting water penetration

To evaluate the water-blocking capabilities of the QCS@PVA/
CA@PVA nanofabric, an experiment was conducted using a glass
tube with a height of 200 mm and a diameter of 23 mm. One end of
the tube was covered with two layers of the QCS@PVA/CA@PVA
nanofabric, each with a thickness of 0.2 um. Red dyed deionized
water was introduced at the other end. Under the condition of being
free of any adhesive, QCS@PVA/CA@PVA nanofabric can adhere
securely to the glass wall. Even under continuous water injection, the
fabric remained securely in place without detachment. Furthermore,
no water seeped through the QCS@PVA/CA@PVA nanofabric. Even
after 90 min, the liquid-blocking performance of the QCS@PVA/
CA@PVA nanofabric was maintained, as demonstrated by the stable
liquid level observed under a water pressure of 19.6 kPa (Fig. 2a,
Supplementary Movie 1). For the control groups, PVA nanofabric,
QCS@PVA nanofabric, and CA@PVA nanofabric required a rubber
band for securement. Meanwhile, water can penetrate through the
PVA nanofabric, QCS@PVA nanofabric, and CA@PVA nanofabric
(Fig. 2a). At around 1 min into the experiment, tiny water droplets
were observed forming on the bottom surface of the PVA nanofiber
fabric (Supplementary Fig. 2). As time progressed, these droplets
merged together to form larger droplets, eventually succumbing to
gravity and falling off the surface. By the 90 min, the liquid level in
the tube decreased by ca. 60% (Fig. 2a). Similar poor liquid-blocking
performance were observed on the QCS@PVA nanofabric and
CA@PVA nanofabric (Fig. 2a and Supplementary Fig. 2). For the
commercial hemostatic fabric including cotton gauze and Combat
Gauze™, they also required a rubber band for securement. Upon
introduction of water into the glass tube, water quickly permeated
through the cotton gauze and Combat Gauze™ within 3s (Supple-
mentary Fig. 3). Blood penetrated these hemostatic fabrics in a
manner similar to that of water. As demonstrated in Supplementary
Fig. 4, blood was able to readily penetrate the PVA nanofabric,
QCS@PVA nanofabric, and CA@PVA nanofabric, but was effectively
blocked by the QCS@PVA/CA@PVA nanofabric. These results indi-
cate that the QCS@PVA/CA@PVA nanofabric exhibits excellent
inhibition of blood penetration. In general, the ability of liquid to
flow through fabric under gravity is directly linked to the size of the
fabric pores. The surface morphology of the fabrics before and after
wetted by water was examined using SEM. Cotton gauze and Combat
Gauze™ exhibited a variety of pores, including macropores with a
diameter of approximately 500 pm located among yarns and
micropores with a diameter of around 20 pm within fibers (Supple-
mentary Fig. 5), which facilitated water penetration. In contrast, the
PVA nanofabric, QCS@PVA nanofabric, and CA@PVA nanofabric
showed significantly smaller micropores with a diameter of around
10 pum compared to cotton gauze and Combat Gauze™ (Fig. 2b).
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Fig. 1| Fabrication of QCS@PVA/CA@PVA nanofabric via coaxial electrospin-
ning and their multiscale structural and property characterization.

a Schematic representation of the preparation of QCS@PVA/CA@PVA nanofabric
using double-coaxial electrospinning technology. b A merged image by overlaying
green (QCS) and red (CA) fluorescence microscope images of QCS@PVA/CA@PVA
nanofabric. ¢ SEM images of QCS@PVA/CA@PVA nanofabric. d, e TEM images of
QCS@PVA nanofiber and CA@PVA nanofiber. f, g Photographs of QCS@PVA/
CA@PVA nanofabric. h Schematic representation of the breathability of

50 nm

**p =0.0323
*p =0.0323
*p=0.0199
ns p = 0.8750
ns ;ﬂ1 0

QCS@PVA/CA@PVA nanofabric. i WVTR of cotton gauze, Combat Gauze™, PVA
nanofabric, QCS@PVA nanofabric, CA@PVA nanofabric, and QCS@PVA/CA@PVA
nanofabric. (n = 3 independent samples; Student’s ¢ test; two-tailed; error bars =
SD; data are presented as mean * SD; ns = not significant; *p < 0.05; *p < 0.01). In b-
e, the representative fluorescence microscope images, SEM images, and TEM
images are shown (at least three images were taken for each sample). In f, g images
from one representative experiment of three independent experiments are
presented.

Consequently, the water penetration rate of PVA nanofabric,
QCS@PVA nanofabric, and CA@PVA nanofabric was lower than that
of cotton gauze and Combat Gauze™. After water wetting, the PVA
nanofabric, QCS@PVA nanofabric, and CA@PVA nanofabric largely
maintained their porous nanofibrous structure, with slightly
increasing fiber diameter due to swelling and merging. However, the
QCS@PVA/CA@PVA nanofabric transformed into a compact

membrane without noticeable fibers and pores. This suggests that
the nanofibers of QCS@PVA/CA@PVA nanofabric can electro-
statically interact with each other in water to form a compact
structure that prevents water penetration. Moreover, the interfiber
bonding process was very fast, as shown in Supplementary Fig. 6,
after being wetted with water for 3s, the QCS@PVA/CA@PVA
nanofabric had already formed a compact structure. Such rapid
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Fig. 2 | Water-triggered interfiber bonding to form compact barrier for inhi- nanofabric, CA@PVA nanofabric, and QCS@PVA/CA@PVA nanofabric before and
biting water penetration. a Water penetrated through PVA nanofabric, QCS@PVA  after wetted by water. c Scheme representation of the water blocking mechanism of

nanofabric, and CA@PVA nanofabric, but was blocked by QCS@PVA/CA@PVA QCS@PVA/CA@PVA nanofabric. In a, images from one representative experiment
nanofabric. The water was dyed red by Rhodamine B. Yellow dashed lines mark the  of three independent experiments are presented. In b, the representative SEM
trajectory of liquid level descent. b SEM images of PVA nanofabric, QCS@PVA images are shown (at least three images were taken for each sample).
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morphology transformation can meet the needs of emergency
hemostasis. To investigate the structural evolution of QCS@PVA/
CA@PVA nanofabric upon hydration, comprehensive spectroscopic
analyses including XPS, FTIR, and Raman spectroscopy were sys-
tematically conducted. XPS analysis revealed a notable shift in
binding energies following water treatment: the binding energy
associated with the -N*(CH3)s groups of QCS decreased from
403.2 eV to 402.6 eV, while the binding energy corresponding to the
C=0 groups of CA increased from 533.3 eV to 534.7 eV (Supplemen-
tary Fig. 7a). These shifts in binding energy are attributed to the
establishment of electrostatic interactions between the COO~ groups
of CA and the -N*(CH3)3 groups of QCS, which alter the electronic
environments of the nitrogen and oxygen atoms*-*.. Furthermore,
the absorbance peak corresponding to the O-H and N-H stretching
vibration broadened and exhibited a redshift from 3404 cm™! to
3374 cm™! upon wetting, indicating the formation of new hydrogen
bonds between fibers>. The asymmetric stretching vibration of
COO~ showed a blueshift from 1648 cm™! to 1655 cm™1, while the C-H
bending vibration of -N*(CH3); broadened and redshifted from
1482 cm™! to 1478 cm™! (Supplementary Fig. 7b), providing further
evidence for the presence of electrostatic interactions between the
carboxyl groups of CA and the quaternary ammonium groups of QCS
upon water exposure’*. Additionally, Raman spectroscopy demon-
strated that the benzene ring deformation peak shifted from
1612 cm™! to 1615 cm™! upon wetting (Supplementary Fig. 7c), which
was attributed to the formation of cationic-mt interactions between
the catechol groups of CA and the amine groups of QCS*?. Overall,
the combined spectroscopic analyses demonstrated that water acts
as a molecular trigger, facilitating the formation of multiple inter-
molecular interactions, including hydrogen bonding, electrostatic
attraction, and cationic-tt interactions between QCS and CA. These
water-mediated interactions promote self-bonding between
QCS@PVA and CA@PVA nanofibers, resulting in a structural trans-
formation from a porous architecture to a compact, integrated net-
work (Fig. 2¢). This structural reorganization significantly enhances
the nanofabric’s barrier properties against water molecule penetra-
tion, establishing a robust water-resistant material system.

Water blocking study II: Wet tissue adhesion for preventing
water seepage at the fabric/tissue interface

As demonstrated above, QCS@PVA/CA@PVA nanofabric can adhere
to the glass. To investigate its adhesion properties on biological tis-
sues, QCS@PVA/CA@PVA nanofabric was applied to various wet
organs such as the heart, liver, spleen, lung, kidney, and small intestine.
As shown in Fig. 3a, the fabric adhered securely to these biological
tissues. Furthermore, when pressed onto the wet human wrist,
QCS@PVA/CA@PVA nanofabric could tightly adhere to it and adapt to
the bending and straightening motions without detachment (Fig. 3b).
To quantitatively assess the adhesion behavior of QCS@PVA/CA@PVA
nanofabric, its adhesion strength was measured using lap-shear tests
with wet porcine organs (Fig. 3c). The adhesion strength of the
QCS@PVA/CA@PVA nanofabric was 35 kPa for heart, 42 kPa for liver,
51kPa for lung, 61kPa for kidney, 32 kPa for muscle, and 21kPa for
porcine skin. Notably, the adhesion of the fabric to internal organs was
superior to its adhesion to skin, especially in the case of the kidney. The
differential adhesive performance of fabrics across various tissues is
primarily attributed to tissue-specific variations. The surfaces of visc-
eral tissues, such as kidneys, are generally smoother and moister than
the skin. This provides a larger contact area and a more uniform
interface for the adhesive material, thereby enhancing the adhesive
force””®. In contrast, the skin surface has a stratum corneum and
tiny uneven structures, which may reduce the direct contact area
between the material and the tissue. At the same time, the extracellular
matrix of visceral tissues contains rich components such as collagen
and glycosaminoglycans. These components can form strong

intermolecular forces with the functional groups (such as hydroxyl
groups, carboxyl groups, amino groups, etc.) in the adhesive
material”. In contrast, the stratum corneum of the skin surface is
mainly composed of hydrophobic keratin, which may limit the inter-
action between the adhesive material and the tissue. In addition, the
surface energy of visceral tissues is usually higher, especially in a moist
environment. This helps the adhesive material to form stronger
intermolecular forces (such as hydrogen bonds, electrostatic interac-
tions, etc.) with the tissue surface®. However, the stratum corneum of
the skin surface has a lower surface energy, which may limit the
interaction between the adhesive material and the skin. Based on the
influence of these factors, our material exhibits tissue-dependent
adhesive performance. These factors collectively influence the mole-
cular interactions between the fabric and tissues, resulting in tissue-
dependent adhesive performance. Furthermore, the adhesion
strength (21-61 kPa) of the QCS@PVA/CA@PVA nanofabric on tissues
exceeded that of commerecial fibrin glue (-10 kPa). In contrast, the PVA,
QCS@PVA, and CA@PVA nanofabrics showed poor tissue adhesion
behavior, with adhesion strength of below 10 kPa. The adhesion
strength of commercial hemostatic fabrics such as cotton gauze and
Combat Gauze™ were too weak to provide measurable adhesion data.
The microstructure of the interface between the QCS@PVA/CA@PVA
nanofabric and porcine tissues was observed using SEM (Supplemen-
tary Fig. 8). Apart from the compact structure of the QCS@PVA/
CA@PVA nanofabric, a tightly coherent interface was observed
between the fabric and the tissue, suggesting strong interfacial adhe-
sion. These above results demonstrated that QCS@PVA/CA@PVA
nanofabric possessed excellent tissue adhesion. The wet tissue adhe-
sion of the QCS@PVA/CA@PVA nanofabric is related to the following
factors: (I) absorption of the interfacial water. When the porous
QCS@PVA/CA@PVA nanofabric comes into contact with moist tissues,
it rapidly absorbs interfacial water. This process serves a dual purpose:
firstly, the elimination of interfacial water promotes direct contact
between the fabric and the tissue surface, enhancing interfacial
interactions”. Secondly, the absorbed water acts as an efficient plas-
ticizer, permeating the nanofabric matrix and significantly increasing
the mobility of polymer segments, particularly those of QCS and CA.
This enhanced segmental mobility facilitates greater chain flexibility
and deformation, allowing the polymer chains to achieve optimal
conformation with the tissue substrate surface, thereby improving
adhesion performance®. (ll) Interfacial interaction. The functional
groups (including hydroxyl, amine, carboxyl, and catechol moieties)
on the nanofabric can engage in molecular interactions with com-
plementary groups (amine, carboxyl, and sulfhydryl) on the tissue
surface. These interactions, encompassing hydrogen bonding, elec-
trostatic forces, and cation-Tt interactions, collectively confer tissue-
adhesive properties to the QCS@PVA/CA@PVA nanofabric® .

In addition, debonding-on-demand is a crucial factor to consider
when using hemostatic dressings, as it ensures that the removal of the
dressing does not cause any further harm to the wound. Fortunately,
debonding of the QCS@PVA/CA@PVA nanofabric can be achieved by
the addition of 0.9% NaCl solution at the interface between QCS@PVA/
CA@PVA nanofabric and tissue (Supplementary Fig. 9, Supplementary
Movie 2). NaCl solution can destroy the electrostatic interaction®.

Based on those above results, we find that the porous QCS@PVA/
CA@PVA nanofabric has the ability to self-seal upon contact with
water, forming a compact barrier that effectively inhibits water pene-
tration (Fig. 3d). Additionally, this compact barrier can firmly adhere to
tissue, which is beneficial in preventing water seepage at the fabric/
tissue interface. These characteristics contribute to the sealing wound
ability of the QCS@PVA/CA@PVA nanofabric. To explore the sealing
performance of the QCS@PVA/CA@PVA nanofabric, a porcine small
intestine was used as a model. The small intestine was filled with
orange PBS solution stained with methyl orange. As shown in Fig. 3e
and Supplementary Movie 3, a wound of 1.25 mm diameter was made

Nature Communications | (2025)16:4910


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60244-z

Intestine

Horizontality Downward

Absorbing
interfacial water

-

—
oy

=

&

R

SR 1 N

Tissue

Sealed intestine

5 cm
—

)

[$)]
o
(=]

****p < 0.0001

400

3

300

Normal arterial
blood pressure

200F

=
No data

100

Brust pressure (mm Hg

o@"%ﬂ” oxa" @’“ xo"“ (o
'b 2N 2
N s \>
o S
o
o®

—

>

N—
[$))]
o
(=]

400

300

200

100

Brust pressure (mm Hg)

o

on the small intestine using a syringe needle, followed by the place-
ment of one layer of QCS@PVA/CA@PVA nanofabric with a thickness
of 0.2 um on the wound. It was observed that there was no fluid
leakage around the fabric. Additionally, no fluid permeated through
the QCS@PVA/CA@PVA nanofabric. These findings highlight the
effective sealing performance of the QCS@PVA/CA@PVA nanofabric,
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which was further confirmed through a seal test conducted on a
damaged stomach (Fig. 3f). To investigate the capacity of withstanding
blood pressure of QCS@PVA/CA@PVA nanofabric, burst pressure was
measured with a home-made device. QCS@PVA/CA@PVA nanofabric
shows a remarkably higher average burst pressure (412 mm Hg) than
PVA nanofabric (85 mm Hg), QCS@PVA nanofabric (87 mm Hg), and
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Fig. 3 | Wet tissue adhesion for preventing water seepage at the fabric/tissue
interface. a Images of the adhesion behavior of QCS@PVA/CA@PVA nanofabric on
various pig organs (heart, liver, spleen, lung, kidney, and intestine). b Digital photos
of QCS@PVA/CA@PVA nanofabric adhering to the wet human wrist. ¢ Adhesion
strength of PVA nanofabric, QCS@PVA nanofabric, CA@PVA nanofabric, and
QCS@PVA/CA@PVA nanofabric on various pig organs. d Scheme representation of
the tissue adhesion mechanism of QCS@PVA/CA@PVA nanofabric. e, f In vitro
wound sealing of pig’s intestine and stomach using QCS@PVA/CA@PVA

nanofabric. g Bursting pressure of PVA nanofabric, QCS@PVA nanofabric, CA@PVA
nanofabric, and QCS@PVA/CA@PVA nanofabric on porcine skin. h Comparative
burst pressure of QCS@PVA/CA@PVA nanofabric and some recently reported wet
adhesives'****2"*¢_ Data are presented as mean +SD (n =3 independent samples).
Statistical comparisons for ¢, g were performed using two-tailed Student’s ¢ tests.
ns = not significant, *p < 0.05, *p < 0.01, **p <0.001, ***p < 0.000. In

a, b, e, f, images from one representative experiment of three independent
experiments are presented.

CA@PVA nanofabric (90 mm Hg) (Fig. 3g and Supplementary
Movie 4). Notably, the remarkably high burst pressure achieved by the
QCS@PVA/CA@PVA nanofabric significantly exceeded normal blood
pressure (120mmHg) and outperformed commercial wet-tissue
adhesives such as fibrin and cyanoacrylate glues, as well as recently
reported wet adhesives (Fig. 3h).

Hemocompatibility, cytocompatibility, biodegradation, and
antibacterial activity

The main components of the QCS@PVA/CA@PVA nanofabric are
chitosan, alginate, and PVA. These materials are commonly used as
promising biomaterials because of their exceptional biocompatibility
and biodegradability. Therefore, it is expected that QCS@PVA/
CA@PVA nanofabric would exhibit biocompatibility and biodegrad-
ability. To validate this assumption, the hemocompatibility and cyto-
compatibility of QCS@PVA/CA@PVA nanofabric were assessed.
Figure 4a shows the hemocompatibility assessment of cotton gauze,
Combat Gauze™, QCS@PVA/CA@PVA nanofabric. With increasing
concentrations of QCS@PVA/CA@PVA nanofabric from 0.5 mg/mL to
4 mg/mL, there was no noticeable change in the color of the super-
natant, which remained colorless similar to the PBS group. The
hemolysis ratios of QCS@PVA/CA@PVA nanofabric were lower than
those of cotton gauze and Combat Gauze™ (Fig. 4b), indicating
favorable hemocompatibility. Figure 4c shows the cytocompatibility
assessment of cotton gauze, Combat Gauze™, QCS@PVA/CA@PVA
nanofabric. The majority of cells in QCS@PVA/CA@PVA exhibited a
spindle green color, similar to the blank group, and the change in cell
count was consistent with the results of the cell viability test (Fig. 4d).
The cell viability of QCS@PVA/CA@PVA nanofabric was nearly 100%,
indicating that it is non-toxic to cells. The results from the cytotoxicity
evaluation and hemolysis ratio measurement confirm the biosafety of
QCS@PVA/CA@PVA nanofabric, making it a promising material for
hemostatic applications.

Degradation is an important index for hemostatic materials, as it
can prevent the need for secondary surgical removal of residual
materials following hemostasis. The QCS@PVA/CA@PVA nanofabrics
were subcutaneously implanted into rats to investigate their in vivo
biodegradation. As illustrated in Fig. 4e, f, a significant increase in
degradation (ca.75%) was observed after 7 days of implantation, with
almost no residual scaffolds remaining after 14 days. This finding
suggests that the QCS@PVA/CA@PVA nanofabrics exhibit excellent
biodegradability. Furthermore, the anti-inflammatory properties of
the QCS@PVA/CA@PVA nanofabric were assessed through H&E
staining and IL-6 expression analysis. H&E staining revealed a sig-
nificant accumulation of inflammatory cells at the tissue interfaces in
direct contact with the QCS@PVA/CA@PVA nanofabrics one day post-
implantation (Fig. 4g). Concurrently, high levels of IL-6 expression
were observed, indicative of mild inflammation triggered by a typical
foreign-body reaction (Fig. 4h). Importantly, the fluorescence intensity
of IL-6 progressively declined, and the inflammation subsided as the
QCS@PVA/CA@PVA nanofabrics degraded. This reduction suggests
that the material exhibits excellent biocompatibility in vivo, allowing
the immune system to adapt to its presence and ultimately cease the
production of an inflammatory response. The exceptional bio-
compatibility and biodegradability of the QCS@PVA/CA@PVA

nanofabric can be attributed to its primary components, namely
chitosan, sodium alginate, and PVA, all of which are well-known for
their favorable biological properties. According to the literature, the
degradation pathways of these components in the human body are as
follows: Lysozymes can cleave the -1,4-glycosidic bonds in chitosan,
breaking it down into glucosamine, which subsequently enters glyco-
lysis and the tricarboxylic acid cycle, ultimately participating in energy
metabolism®. For alginate, alginate lyase specifically targets the gly-
cosidic bonds between mannuronic acid and guluronic acid, progres-
sively degrading sodium alginate into smaller oligosaccharide
fragments. These fragments can be absorbed through the intestinal
wall or excreted in feces®**. As for PVA, its degradation primarily relies
on hydrolysis and excretion through the excretory system, with mac-
rophages encapsulating PVA via phagocytosis to facilitate its
breakdown™,

Skin sensitization represents a hypersensitivity reaction that
typically develops following prolonged or repeated exposure of the
immune system to chemical substances. The sensitization potential
of the QCS@PVA/CA@PVA nanofabric was evaluated using guinea
pigs. The results are presented in Supplementary Fig. 10 and Supple-
mentary Table 1. Physiological saline (0.9% NaCl) and 10% sodium
dodecyl sulfate (SDS) served as negative and positive controls,
respectively. Notably, guinea pigs exposed to the QCS@PVA/CA@PVA
nanofabric showed no clinical evidence of skin irritation, with
the absence of both erythema and edema throughout the observation
period. These observations were comparable to those recorded in the
negative control group. The experimental data conclusively demon-
strate that the QCS@PVA/CA@PVA nanofabric lacks sensitizing
potential and displays outstanding skin compatibility, suggesting its
suitability for biomedical applications requiring prolonged dermal
contact.

Moist wounds with low oxygen levels can promote bacterial
growth and increase the risk of inflammation. Therefore, antibacterial
properties are important for hemostatic materials. The antibacterial
activity of QCS@PVA/CA@PVA nanofabric was evaluated using a
colony-forming unit assay (CFU) with Gram-positive S. aureus and
Gram-negative E. coli. In Fig. 4i, the colony-forming units of E. coli and
S. aureus were compared after incubation with cotton gauze, Combat
Gauze™, and QCS@PVA/CA@PVA. A significant number of bacteria
were observed in the cotton gauze group, with antibacterial ratios as
low as 7% for E. coli and 18% for S. aureus (Fig. 4j, k), indicating a weak
antibacterial effect. While the Combat Gauze™ exhibited slightly bet-
ter antibacterial characteristics than cotton gauze, the antibacterial
ratios were only 30% for E. coli and 28% for S. aureus, suggesting a
limited antibacterial effect. In contrast, the QCS@PVA/CA@PVA
nanofabric group showed almost no bacteria, indicating effective
bacterial elimination by the QCS@PVA/CA@PVA nanofabric. SEM
was utilized to analyze the morphological alterations of S. aureus and
E. coli following treatment with the hemostatic fabric. As depicted
in Fig. 41, similar to the control group, the cotton gauze group exhib-
ited rod-shaped E. coli and cocci-shaped S. aureus. In the Combat
Gauze™ group, the majority of the bacteria maintained morphology,
with both S. aureus and E. coli surfaces displaying smooth textures.
Only a small number of bacteria appeared depressed and deformed.
Conversely, nearly all bacteria in the QCS@PVA/CA@PVA nanofabric
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group were observed to be collapsed and broken. These results indi-
cated that QCS@PVA/CA@PVA nanofabric displayed excellent anti-
bacterial activity. Moreover, the antibacterial activity QCS@PVA/
CA@PVA nanofabric exhibits superior antibacterial activity compared
to the commercial antibacterial hemostatic chitoGauze®, as shown in
Supplementary Fig. 11. The remarkable antibacterial activity of

N
oo

QCS@PVA/CA@PVA nanofabric is mainly due to the presence of
catechol groups and quaternary ammonium groups. Catechol groups
exhibit a high binding affinity to proteins on bacterial membranes,
while quaternary ammonium groups can adhere to the negatively
charged bacterial membrane. This interaction disrupts normal bac-
terial growth, ultimately functions as a bacteriostatic agent**°.
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Fig. 4 | Hemocompatibility, cytocompatibility, biodegradability, and anti-
bacterial activity of QCS@PVA/CA@PVA nanofabric. a Photographs of the
hemolytic activity assay and b hemolysis ratio of cotton gauze, Combat Gauze™,
and QCS@PVA/CA@PVA nanofabric. ¢ Fluorescence images of Human umbilical
vein endothelial cells and (d) cell viability after 24 h and 48 h incubation with cotton
gauze, Combat Gauze™, and QCS@PVA/CA@PVA nanofabric. e Representative
images and (f) mass remaining of QCS@PVA/CA@PVA nanofabric following sub-
cutaneous implantation into rats at different time points. Yellow dashed lines
represent the degradation process of QCS@PVA/CA@PVA nanofabric in vivo.

g H&E staining images and immunohistochemistry staining of IL-6 for skin tissues
surrounding QCS@PVA/CA@PVA nanofabric at corresponding time points.

h Statistical analysis of IL-6 expression. i Photographs of colony-forming units of E.

coli and S. aureus after 24 h coculture with cotton gauze, Combat Gauze™, and
QCS@PVA/CA@PVA nanofabric. Antibacterial ratio of each hemostatic fabric
toward j E. coli and k S. aureus. | SEM images of E. coli and S. aureus after 24 h
coculture with cotton gauze, Combat Gauze™, and QCS@PVA/CA@PVA nano-
fabric. Data are presented as mean + SD (n =3 independent samples). Statistical
comparisons for (b, d, f, h, j, k) were performed using two-tailed Student’s ¢ tests. ns
= not significant, *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.000. In a, ¢, i, images
from one representative experiment of three independent experiments are pre-
sented. In |, the representative SEM images are shown (at least three images were
taken for each sample). The representative images in e and g are shown from three
independent mice.

Encapsulation of the blood components to form a robust clot

The in vitro blood clotting test was performed by adding 50 pL of
anticoagulant blood to the hemostatic fabrics, followed by injecting
PBS at specified intervals. Figure 5a illustrates the blood coagulation
status of fabrics after 30 s of blood contact. Obviously, blood stain on
the cotton gauze could be easily removed with PBS, turning the eluent
red. This indicates that the blood on the cotton gauze had not solidi-
fied within the initial 30 s of contact, but required ca. 384 s to fully clot
(Fig. 5b). A similar trend was seen in the Combat Gauze™ group, with
the blood clotting time of 375s. Upon contact with blood, the PVA
nanofabric shrank and enveloped the blood. However, the blood was
able to be released when PBS was injected. The clotting time of the PVA
nanofabric group was up to 356 s. While both QCS@PVA nanofabric
and CA@PVA nanofabric demonstrated slightly better coagulation
abilities compared to the PVA nanofabric, as evidenced by lighter
eluent color and reduced clotting times of 321 s and 322 s, respectively.
However, the eluent in these groups still exhibited a pink color, indi-
cating some hemoglobin could still diffuse into PBS. In contrast, the
QCS@PVA/CA@PVA nanofabric group had almost colorless eluent,
suggesting that blood could be fully clotted by QCS@PVA/CA@PVA
nanofabric within 30 s. Furthermore, even after vigorous shaking for
10 min, the blood clot remained stable on the QCS@PVA/CA@PVA
without breaking apart (Supplementary Movie 5). These results
demonstrated that QCS@PVA/CA@PVA nanofabric can rapidly initiate
blood clotting and generate a robust thrombus. To quantitatively
assess the blood clotting ability of these hemostatic fabrics, the BCI
value was measured. This value is determined by the absorbance of
residual hemoglobin that is not part of the blood coagulation process.
A lower BCI value indicates a higher coagulation ability. As illustrated
in Fig. 5¢c, QCS@PVA/CA@PVA nanofabric exhibited the lowest BCI
value of 8% compared to other hemostatic fabrics such as cotton gauze
(86%), Combat Gauze™ (82%), PVA nanofabric (72%), CA@PVA nano-
fabric (61%), and QCS@PVA nanofabric (55%), further confirming its
superior procoagulant properties. Platelets and erythrocytes have
important roles in blood coagulation, and we evaluated their adhesion
to hemostatic fabrics. Kaolin particles tended to detach easily from
Combat Gauze™ into PBS, causing interference with the test and hin-
dering the accuracy of data collection. Therefore, we conducted a
comparison between QCS@PVA/CA@PVA nanofabric, cotton gauze,
PVA nanofabric, CA@PVA nanofabric, and QCS@PVA nanofabric in
this study. The results of this comparison are illustrated in Fig. 5d, e.
Cotton gauze exhibited low adhesion ratios of only 20% and 6% for
platelets and erythrocytes, respectively. PVA nanofabric group also
showed poor adhesion for platelets (14%) and erythrocytes (12%).
CA@PVA nanofabric demonstrated higher platelet adhesion ratio
(18%) and erythrocyte adhesion ratio (19%) compared to the PVA
group, indicating that CA facilitated adhesion, likely due to the pre-
sence of catechol groups. Similarly, QCS@PVA exhibited increased
platelet adhesion ratio (20%) and erythrocyte adhesion ratio (20%),
suggesting that QCS can promote the adhesion of platelets and ery-
throcytes, attributed to the interaction between amino/quaternary
ammonium groups on QCS and platelets/erythrocytes. Remarkably,

the QCS@PVA/CA@PVA showed remarkably high platelet adhesion
ratio (89%) and erythrocyte adhesion ratio (76%), significantly sur-
passing the individual QCS@PVA nanofabric and CA@PVA nanofabric.
The adhesion behavior of platelets/erythrocytes was also observed by
SEM. As shown in Fig. 5f, sporadic erythrocytes and platelets were
found adhered to the surface of cotton gauze fibers, similar to what
was observed on Combat Gauze™. In the PVA group, only a limited
number of erythrocytes and platelets were distributed on the fibrous
network surface. A higher presence of erythrocytes and platelets was
noted in QCS@PVA and CA@PVA compared to the PVA group. Unlike
the fibrous structure seen in PVA nanofabric, CA@PVA nanofabric, and
QCS@PVA nanofabric, QCS@PVA/CA@PVA nanofabric displayed a
dense membrane with erythrocytes and platelets encapsulated within
it, implying that the water-induced in situ self-bonding process of
QCS@PVA/CA@PVA nanofabric significantly contributes to blood
coagulation. As illustrated in Fig. 5g, upon contact with blood, the
QCS@PVA nanofibers and CA@PVA nanofibers absorbed the plasma
and quickly in situ bonded with each other, forming a dense structure.
This process resulted in the encapsulation of blood components
within a robust membrane, facilitating the formation of a strong and
stable clot.

In vivo hemostasis in rat and pig models

The in vivo hemostatic performance of these hemostatic fabrics was
evaluated by femoral artery and rat liver injury models (Fig. 6a). The
hemostasis process in the rat femoral artery injury model using various
hemostats is depicted in Fig. 6b. Upon unloading the compression,
blood rapidly saturated the cotton gauze, gradually seeping through
and eventually leaking out, leading to a considerable blood loss of ca.
947.37 mg and a long hemostatic time of ca. 235.67 s (Fig. 6¢, d). The
hemostatic behavior of Combat Gauze™ is similar to that of cotton
gauze, with blood swiftly saturating the entire Combat Gauze™ and
permeating through. However, the presence of procoagulant kaolin
particles in Combat Gauze™ resulted in a slightly lower amount of
blood seepage compared to cotton gauze, decreasing from ca.
947.37 mg to ca. 703.33 mg. The hemostatic time reduced from ca.
235.67 s to ca. 147.42 s. The blood flow direction in the PVA nanofabric
group differed from that of the cotton gauze group and Combat
Gauze™ group. Upon contact with blood, the PVA nanofabric gradu-
ally became transparent with blood seeping out slowly. The penetra-
tion rate was slower than that of the gauze group, which can be
attributed to the smaller cavities within the PVA nanofabric compared
to cotton gauze and Combat Gauze™, limiting the longitudinal blood
flow. Nevertheless, a considerable amount of blood seeped out from
the seam of the PVA nanofabric and tissue surface, leading to sig-
nificant blood loss. The hemostatic efficiency of PVA nanofabric was
comparable to that of cotton gauze, with blood loss and hemostatic
time of up to ca. 929.27 mg and ca. 294.67 s, respectively. Similarly,
both CA@PVA nanofabric and QCS@PVA nanofabric demonstrated
the ability to reduce the rate of blood penetration through the fabric,
but could not stop blood from flowing between the seam of the fabric
and tissue. The blood loss of CA@PVA nanofabric and QCS@PVA
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a Photographs of the blood coagulation status of cotton gauze, Combat Gauze™,
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CA@PVA nanofabric after 30 s of blood contact. b Coagulation time and ¢ BCl value
of cotton gauze, Combat Gauze™, PVA nanofabric, CA@PVA nanofabric,
QCS@PVA nanofabric, and QCS@PVA/CA@PVA nanofabric. The percentage of
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of platelets and erythrocytes adhesion on various hemostatic fabrics. g Clotting

mechanism of QCS@PVA/CA@PVA nanofabric. Data are presented as mean + SD

(n=3 independent samples). Statistical comparisons for (b, c, e, f) were performed
using two-tailed Student’s ¢ tests. ***p <0.000. In a, images from one representa-
tive experiment of three independent experiments are presented. In d, the repre-
sentative SEM images are shown (at least three images were taken for each sample).
(Blue arrow: platelets; red arrow: erythrocytes; yellow arrow: captured blood cells).
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nanofabric was ca. 896.97 mg and ca. 841.73 mg, respectively. In con-
trast, the outer surface of QCS@PVA/CA@PVA nanofabric remained
dry, and no blood spread around the wound, suggesting its potential as
a reliable physical barrier for controlling bleeding effectively. The
blood loss of QCS@PVA/CA@PVA nanofabric significantly decreased
to 18.56 mg, which was ca. 1.95% and 2.68% of cotton gauze and

Combat Gauze™, respectively. Additionally, the bleeding time for
QCS@PVA/CA@PVA nanofabric was only 38s. The hemostatic per-
formance of QCS@PVA/CA@PVA nanofabric in a non-compressible
wound was evaluated by using the rat liver laceration model. As shown
in Fig. 6e, their behaviors of blood diffusion, flow at the seam of fabric/
tissue were similar to the hemostasis on the rat femoral artery injury
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Fig. 6 | In vivo hemostatic efficiency of QCS@PVA/CA@PVA nanofabric.

a Scheme representation of the rat femoral artery trauma model and liver trauma
model. b Photographs of hemostasis progress, ¢ blood loss, d bleeding time of
cotton gauze, Combat Gauze™, PVA nanofabric, CA@PVA nanofabric, QCS@PVA
nanofabric, and QCS@PVA/CA@PVA nanofabric in the rat femoral artery trauma
model. e Photographs of hemostasis progress, f blood loss, g bleeding time of
cotton gauze, Combat Gauze™, PVA nanofabric, CA@PVA nanofabric, QCS@PVA
nanofabric, and QCS@PVA/CA@PVA nanofabric in the rat liver trauma model.

h Scheme representation of the pig femoral artery trauma model and liver trauma

model. i Photographs of hemostasis progress, j blood loss, and k bleeding time of
Combat Gauze™ and QCS@PVA/CA@PVA nanofabric in the pig femoral artery
trauma model. I Photographs of hemostasis progress of QCS@PVA/CA@PVA
nanofabric in the pig liver trauma model. Data are presented as mean+SD (n=3
independent samples). Statistical comparisons for (c-g, j, k) were performed using
two-tailed Student’s ¢ tests. ns = not significant, *p < 0.05, **p <0.01, **p <0.001,
****p < 0.000. The representative images in b and e are shown from three inde-
pendent mice. The representative images in i and I are shown from three inde-
pendent pigs. (Blue arrow: blocked blood pressure).

model. Obviously, the hemostatic efficacy of QCS@PVA/CA@PVA
nanofabric was significantly better than the other groups, including
cotton gauze, Combat Gauze™, PVA nanofabric, CA@PVA nanofabric,
and QCS@PVA nanofabric. Blood loss measurements for cotton gauze,
Combat Gauze™, QCS@PVA nanofabric, CA@PVA nanofabric, and
QCS@PVA/CA@PVA nanofabric were ca. 1119.90 mg, ca. 764.23 mg,
ca. 912.47 mg, ca. 697.61 mg, ca. 603.74 mg, and 11.33 mg, respectively
(Fig. 6f). In terms of hemostatic time, cotton gauze, Combat Gauze™,
QCS@PVA nanofabric, CA@PVA nanofabric, and QCS@PVA/CA@PVA
nanofabric took approximately 313.33s, 261.67s, 274.33 s, 284.57 s,
223.33s, and 24.12s, respectively (Fig. 6g). Notably, compared to
Combat Gauze™, QCS@PVA/CA@PVA nanofabric showed a 90.78%
reduction in hemostatic time and a 98.51% reduction in blood loss. The
results of in vivo rat hemostatic measurements clearly demonstrate
the effectiveness of QCS@PVA/CA@PVA nanofabric in treating both
arterial injuries and noncompressible liver puncture wounds. Its
hemostatic performance was found to be superior to that of com-
mercial hemostatic fabric, including cotton gauze and Combat
Gauze™.

To further evaluate the hemostatic effectiveness of QCS@PVA/
CA@PVA nanofabric on severe bleeding wounds, we utilized the pig
femoral artery injury model and liver trauma model as depicted in
Fig. 6h. The process of hemostasis on the pig femoral artery injury
model was illustrated in Fig. 6i and Supplementary Movie 6. Following
the incision of the pig’s femoral artery, a significant amount of blood
was observed to flow out. Promptly, we applied QCS@PVA/CA@PVA
nanofabric to the wound and compressed for 60 s. Upon releasing the
compression, we were surprised to observe a hump in the middle of
QCS@PVA/CA@PVA nanofabric, due to blood accumulation. Despite
the blood pressure, the hump remained intact over time, with
QCS@PVA/CA@PVA nanofabric still firmly adhered to the pig’s skin.
Notably, the blood-stained area on the gauze pad under the pig’s leg
did not expand, implying that the bleeding was successfully controlled
by QCS@PVA/CA@PVA nanofabric. Conversely, the bleeding was not
yet controlled by Combat Gauze™, as blood continued to flow out and
permeate the gauze placed under the pig’s leg. The blood loss of
Combat Gauze™ was up to ca. 36.85g, while the blood loss of
QCS@PVA/CA@PVA nanofabric was only ca. 2.91 g (Fig. 61). The results
of the pig femoral artery injury further justify that QCS@PVA/CA@PVA
had excellent hemostatic efficacy for severe bleeding wounds. In
addition, the QCS@PVA/CA@PVA nanofabric demonstrated rapid
hemostatic efficacy on a bleeding pig liver injury (Fig. 61, k and Sup-
plementary Movie 7). Upon placement of the QCS@PVA/CA@PVA
nanofabric on the wound, it tightly adhered to the liver surface,
effectively stopping the bleeding.

Supplementary Fig. 12 shows the microstructure of the
QCS@PVA/CA@PVA nanofabric and the formed thrombus following
hemostasis in the rat femoral artery trauma model. It is evident that the
porous QCS@PVA/CA@PVA nanofabric developed a dense membrane
post-hemostasis. Notably, no thrombus was detected on the surface of
the QCS@PVA/CA@PVA nanofabric; however, a significant accumu-
lation of erythrocytes and platelets was observed beneath it. This
finding indicates that the blood-triggered wound sealing mechanism
of the QCS@PVA/CA@PVA nanofabric effectively obstructs blood flow
and intercepts erythrocytes and platelets. The accumulation of these

Blood absorption

High blood pressure wound

Blood-trigged
self-sealing

Seal wound

© Erythrocyte ) Platelet

Fig. 7 | Schematic illustration of hemostatic mechanisms of QCS@PVA/
CA@PVA nanofabric. The porous QCS@PVA/CA@PVA nanofabric absorbs plasma
and rapidly self-seals into a compact barrier via interfiber-bonding, effectively
preventing blood from penetrating longitudinally through the fabric. The
QCS@PVA/CA@PVA nanofabric can strongly adhere to wound tissue, impeding
blood seepage at the fabric/tissue interface.

trapped erythrocytes and platelets at the wound site contributes to the
formation of blood clots, thereby further enhancing blood control.
Based on the results of in vivo hemostasis experiments, a pro-
posed hemostatic mechanism for the QCS@PVA/CA@PVA nanofabric
is illustrated in Fig. 7. Upon contact with blood, the porous QCS@PVA/
CA@PVA nanofabric absorbs plasma and rapidly self-seals into a
compact barrier via interfiber-bonding, effectively preventing blood
from penetrating longitudinally through the fabric. Additionally, the
QCS@PVA/CA@PVA nanofabric can strongly adhere to wound tissue,
impeding blood seepage at the fabric/tissue interface. The combined
effects of interfiber bonding and superior tissue adhesion enable the
QCS@PVA/CA@PVA nanofabric to effectively seal wounds to control
blood flow. Erythrocytes and platelets are trapped by the QCS@PVA/
CA@PVA nanofabric and aggregate at the wound site, facilitating the
formation of blood clots and further enhancing blood control.

Wound Healing

Bleeding typically occurs as a result of tissue damage, and once
hemostasis is achieved, tissue repair becomes necessary. In this study,
a rat model of full-thickness skin defect repair was used to assess the
effectiveness of QCS@PVA/CA@PVA nanofabric as a wound dressing
in facilitating wound healing. Figure 8a illustrates the wound healing
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process of various dressing samples, including Tegaderm™, Combat
Gauze™, cotton gauze, and QCS@PVA/CA@PVA nanofabric. The
wound areas of all groups decreased over time. By the 7th day, the
visible scar was evident in the QCS@PVA/CA@PVA nanofabric group,
while suppuration was observed in the Tegaderm™ and Combat
Gauze™ groups. By the 11th day, the wound has already closed in the
QCS@PVA/CA@PVA nanofabric group with a healing ratio of 98%,
whereas the other groups still had unclosed wounds or residual scars
(Fig. 8a, b), with healing rates of only 63%, 78%, and 81% for Tega-
derm™, Combat Gauze™, and cotton gauze, respectively (Fig. Sc).
These findings suggest that the QCS@PVA/CA@PVA nanofabric group
exhibited the fastest rate of healing. The H&E, CD31 immunoffuor-
escent staining, as well as Masson trichrome staining, were used to
investigate skin regeneration. As shown in Fig. 8d, QCS@PVA/
CA@PVA nanofabric group exhibited a higher presence of fibroblasts
in tissue sections stained by H&E compared to other groups. Immu-
nofluorescent staining for CD31 revealed that the QCS@PVA/CA@PVA
nanofabric group exhibited significantly higher levels of CD31
expression compared to the Tegaderm™, Combat Gauze™, and cotton
gauze groups at day 7 (Fig. 8d and Supplementary Fig. 13). However, by
day 14, the CD31 expression level in the QCS@PVA/CA@PVA nano-
fabric group markedly decreased, indicating that the newly formed
tissue was transitioning into a mature phase. This shift suggests that
the tissue had progressed from an active repair state to a more stable,
steady state. In contrast, the Tegaderm™, Combat Gauze™, and cotton
gauze groups still exhibited sustained CD31 expression by day 14.
These findings demonstrate that the QCS@PVA/CA@PVA nanofabric
possesses an ability to promote angiogenesis during wound healing.
Additionally, the regenerated epithelial tissue in QCS@PVA/CA@PVA
group appeared to be thicker than the cotton groups. The analysis of
Masson’s trichrome staining indicated that the QCS@PVA/CA@PVA
group had a higher collagen volume compared to the Tegaderm™,
Combat Gauze™, and cotton gauze groups, suggesting that
QCS@PVA/CA@PVA nanofabric can promote collagen production and
deposition during the proliferative stage of wound healing. These
results highlight the promising wound healing performance of the
QCS@PVA/CA@PVA nanofabric.

Discussion

In this work, we prepared a hemostatic nanofiber composed of anionic
and cationic nanofibers with a core-shell structure, created through a
double-coaxial electrospinning technique. The porous QCS@PVA/
CA@PVA nanofabric demonstrated excellent air permeability com-
parable to cotton gauze and Combat Gauze™. Additionally, it exhib-
ited good toughness and flexibility, with a tensile stress of 1.85 MPa and
a strain of 162%, making it suitable for easy wound dressing. Upon
contact with the blood, the porous QCS@PVA/CA@PVA nanofabric
could absorb the blood and self-seal into a compact barrier by
interfiber-bonding. This compact barrier can effectively prevent blood
penetration. Furthermore, the hemostatic nanofiber fabric could
strongly adhere to tissue. The adhesion strength (21 - 61kPa) of the
QCS@PVA/CA@PVA nanofabric on tissues exceeded that of com-
mercial fibrin glue (-10kPa). Such strong interaction between
QCS@PVA/CA@PVA nanofabric and tissue can prevent water seepage
at the fabric/tissue interface. Due to the synergistic effect of interfiber
bonding and superior tissue adhesion, the QCS@PVA/CA@PVA
nanofabric exhibits rapidly and effectively seals the damaged small
intestine and stomach. QCS@PVA/CA@PVA nanofabric displayed a
high burst pressure (412 mm Hg) exceeding normal blood pressure
(120 mmHg). In vitro coagulation experiments demonstrated that the
QCS@PVA/CA@PVA nanofabric can encapsulate blood components,
leading to the formation of a strong clot, attributed to its water-
triggered interfiber bonding. In vivo hemostatic experiments demon-
strate that QCS@PVA/CA@PVA nanofabric possessed excellent wound
sealing abilities across various injury models, such as rat femoral artery

injury, rat liver laceration, pig femoral artery injury, and pig liver
laceration. The hemostatic properties of this fabric surpass those of
commercial hemostatic fabric including cotton gauze and Combat
Gauze™. Particularly, the blood loss from QCS@PVA/CA@PVA nano-
fabric was approximately 8% of that from Combat Gauze™ in the pig
femoral artery injury. The components of QCS@PVA/CA@PVA nano-
fabric, which include chitosan, PVA, and alginate, are well-known bio-
materials known for their excellent biocompatibility and
biodegradability. As a result, QCS@PVA/CA@PVA nanofabric exhibits
outstanding hemocompatibility and cytocompatibility. Notably, this
nanofabric also exhibits excellent biodegradability, eliminating the
need for removal from the body after hemostasis, thereby reducing
the risk of secondary wound injury and re-bleeding. The presence of
catechol groups and quaternary ammonium groups in QCS@PVA/
CA@PVA nanofabric resulted in antibacterial activity against £. coli and
S. aureus. Additionally, this QCS@PVA/CA@PVA nanofabric was found
to enhance wound healing.

While the QCS@PVA/CA@PVA nanofabric showcased efficient,
hemostatic performance, biocompatibility, biodegradability, anti-
microbial activity, and wound sealing ability, our study identified a
limitation. The electrostatic interaction between the nanofibers
proved to be pH-sensitive, rendering the nanofabric pH-dependent.
This characteristic may restrict its applicability for wounds in acidic
environments, such as the stomach. To address this issue, our future
research aims to incorporate pH-independent noncovalent cross-
linking or dynamic covalent cross-linking mechanisms into the nano-
fabric to bolster its stability under extreme pH conditions.

In conclusion, we have developed a blood-triggered self-sealing
and tissue adhesive hemostatic nanofabric. The innovative hemostatic
approach introduced in this research shows promising potential for
significantly improving the effectiveness of wound dressings.

Methods

Materials

PVA (weight-average molecular weight (M,,) of 2 x 10* 98-99%
hydrolyzed), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxy-succinimide (NHS), dopamine hydro-
chloride (DA), 25% glutaraldehyde, and acetic acid were obtained from
Aladin Biochemical Technology Co., Ltd. (Shanghai, China). Phosphate
buffered saline (PBS, pH = 7.4) was from Biosharp Biochemical Tech-
nology Co., Ltd. 2-N-morpholino-ethanesulfonic acid buffer (MES
buffer, pH = 5.5) was purchased from Shanghai Yuanye Biotechnology
Co., Ltd. Sodium alginate (SA, M,, of 11 x 10*g/mol, guluronic-to-
mannuronic ratio of 1.56) was gained from Sinopdrug Group Chemical
Reagent Co., Ltd. Quaternized chitosan (QCS, 98% degree of qua-
ternization), Fluorescein isothiocyanate (FITC) and Rhodamine B were
purchased from Shanghai Macklin Biochemistry Co., Ltd. Fetal bovine
serum (FBS) and trypsin-EDTA were gained from Bovogen Biologicals
Pty Ltd. Isoflurane was provided by RWD Life science Co., Ltd. Fresh
porcine skins and pig organs were acquired from a local market. The
male Sprague Dawley (SD) rats with a weight of 200-250 g, female
Landrace pigs with the weight of 30 kg, and guinea pigs with the weight
of 300g were provided from Slack Experimental Animal Co., Ltd.
(Shanghai, China). The sex of animals has no influence on the results of
the study.

Preparation of CA

2 g of SA was dissolved in 200 mL of MES buffer. Subsequently, 0.4 g
each of EDC and NHS were dissolved in 40 mL of MES buffer. The
resulting mixture was then slowly added dropwise to the SA solution,
followed by the addition of 0.8 g of DA. The reaction took place over a
period of 4 h at 5 °C under a nitrogen atmosphere. After the reaction,
the solution underwent dialysis using an aqueous solution of HCI (pH =
5.5) for 48h, followed by deionized water for an additional 24 h.
Finally, the solution was freeze-dried to obtain catechol-modified SA,
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Fig. 8 | In vivo full-thickness skin wound healing of QCS@PVA/CA@PVA
nanofabric. a Photographs of wound healing process by Tegaderm™, Combat
Gauze™, cotton gauze, and QCS@PVA/CA@PVA nanofabric at the Ist day, 3rd day,
7th day, 9th day, 11th day and 14th day. b Wound traces and ¢ wound healing ratios
within 14 days of each group. n = 3 independent samples; Student’s ¢ test; two-
tailed; error bars = SD; data are presented as mean + SD; *p < 0.05; **p < 0.01;

***p < 0.001; ***p < 0.000). d H&E, Masson staining, and immunofluorescence
images of CD31 staining (red) of wounds sections from each group at 7th day and
14th day. (Gray box: Local enlarged area; black arrow: plasma; yellow arrow:
inflammatory cell; red arrow: blood capillary; green arrow: collagen fiber; blue
arrow: fibroblast cell; brown arrow: fibrocyte; gray arrow: appendage) The repre-
sentative images in a and d are shown from three independent mice.
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referred to as CA. *H NMR and UV-vis spectroscopy were employed to
verify the synthesis of CA. As depicted in Supplementary Fig. 14, new
peaks between 6.5 ppm and 6.8 ppm corresponding to the catechol
ring, and peaks between 2.8 ppm and 3.0 ppm attributed to the
methylene of dopamine, were observed in the 1H NMR spectrum of
SADA". Additionally, a peak around 280.0 nm appeared in the UV-vis
profile of SADA (Supplementary Fig. 15). These results confirmed that
dopamine was successfully conjugated onto the SA backbone. Based
on UV-vis absorbance, the degree of catechol substitution onto SA was
determined to be 17%, calculated according to the formula: (absor-
bance of CA - absorbance of SA) / absorbance of the calibration curve x
100% at 280 nm.

Preparation of FITC-labeled QCS and Rhodamine B-labeled CA
0.18 g QCS was dissolved in 20 mL of 0.1 mol/L acetic acid before
adding 20 mL of methanol to the solution while stirring continuously.
10 mg of FITC was dissolved in 10 mL of methanol was gently added to
the QCS solution. The reaction occurred in the dark at room tem-
perature for 8 h. The mixture underwent dialysis using methanol for
24 h. Finally, the solution was freeze-dried to obtain FITC-labeled QCS.
For the preparation of Rhodamine B-labeled CA, 0.01 g of Rhodamine
B was dissolved in 10 ml of deionized water. Subsequently, 0.05g of
EDC and 0.04 g of NHS were added to the Rhodamine B solution. The
mixture was stirred for 0.5 h before adding 30 mL of a 6 g/L CA solu-
tion. The resulting mixture was stirred in the dark at room temperature
for 48h. Unreacted Rhodamine B and other contaminants were
removed through dialysis using ethanol. Finally, the product was
obtained by freeze-drying the mixture to yield Rhodamine
B-labeled CA.

Preparation of QCS@PVA/CA@PVA nanofabric, QCS@PVA
nanofabric, CA@PVA nanofabric, and PVA nanofabric
QCS@PVA/CA@PVA nanofabric was produced using a dual coaxial
electrospinning method. Initially, a 6 wt% PVA solution was prepared
by dissolving PVA in deionized water. Following this, a 1.5 wt% QCS
solution was created by dissolving QCS in deionized wate, while a1 wt%
CA solution was prepared by dissolving CA in deionized water. Each
solution was loaded into a 5mL syringe. Two syringes, respectively
containing PVA and QCS, were attached to a coaxial needle setup, with
PVA as the core and QCS as the shell. Similarly, two syringes, respec-
tively containing PVA and CA were attached to another coaxial needle
setup, with PVA as the core and CA as the shell. These two coaxial
setups were placed on separate spray head holders. The electrospin-
ning process was carried out using an electrospinning machine (PS-1+,
Pansi Technology Co., Ltd., China) at 20 kV voltage and 25% relative
humidity, with flow rates of 0.4 mL/h and a needle-to-receiver distance
of 20 cm. For the production of QCS@PVA nanofabric, all operational
conditions were identical to those for preparing QCS@PVA/CA@PVA
nanofabric, except for substituting CA with QCS. Similarly, to fabricate
CA@PVA nanofabric, CA was used instead of QCS, following the same
procedures as for QCS@PVA/CA@PVA nanofabric. To produce PVA
nanofabric, both QCS and CA were replaced by PVA, and the process
mirrored that of preparing QCS@PVA/CA@PVA nanofabric.

Characterization

Fourier transform infrared spectra (FT-IR) were examined with a
Fourier infrared spectrometer (Nicolet 5700, Thermo Scientific Nico-
let, USA). Proton nuclear magnetic resonance (*H NMR) spectra were
measured using a nuclear magnetic resonance spectrometer (Bru-
ker400 M; Switzerland, Germany). UV-visible (UV-vis) spectra were
recorded with an ultraviolet spectrophotometer (PE LAMDS850). The
distribution of anionic nanofibers and cationic nanofiber fibers was
observed an inverted Fluorescence Microscope (TS2R-FL, Nikon,
Japan). The SEM images were collected using a scanning electron
microscope (SEM, Regulus 8100, Hitachi, Japan) at a voltage of 10 kV.

The TEM pictures and EDS mapping analysis were obtained using a
transmission electron microscope (TEM, JEM-2100 Plus (JEOL, Japan).
The absorbance (OD) level was acquired using a microplate reader
(Multiskan FC, Thermo, USA).

Coagulation time

A hemostatic fabric measuring 20 x 20 mm? was placed in a 6-well
plate, and 50 pL of citrate anticoagulant-treated SD rat blood was
added. PBS was then introduced into the well at specific time intervals,
and the clotting time of the material was recorded when no uncoa-
gulated blood components were observed to be flushed out by PBS.

Blood Clotting Index

A hemostatic fabric measuring 20 x 20 mm? preheated at 37 °C for
20 min and then mixed with 50 pL of citrate anticoagulant-treated SD
rat blood. The mixture was incubated at 37 °C for 5min and subse-
quently washed with 10 mL of PBS solution. The blood clotting index
(BCI) was determined using the formula:

BCI (%) = B, /B, x 100% o)

where B, represents the absorbance of the supernatant in contact with
the material’s blood at 540 nm, and By, is the absorbance of a mixture
of 50 pL rat blood and 10 mL PBS at 540 nm.

Antibacterial Capability

Gram-positive Staphylococcus aureus (S. aureus, CMCC(B)26003) and
Gram-negative Escherichia coli (E. coli, CMCC(B)44102) were utilized in
the evaluation of the antibacterial properties of the materials. The
bacterial strains were preserved in glycerol stocks at =80 °C. Prior to
experiments, the strains were revitalized in Luria-Bertani (LB) liquid
medium at 37 °C. The initial bacterial suspension concentration was
quantified via the spread plate method, followed by serial dilution with
sterile PBS to achieve a working concentration of 1 x 10° CFU/mL for
subsequent experimental use. A 20 x 20 mm? hemostatic fabric was
subjected to UV light exposure for 4 h. Following this, the materials
were immersed in a 5 mL bacterial suspension (1 x 10° CFU/mL) at 37 °C
for 12 h. Subsequently, 100 pL of the suspension was plated on solid
agar and allowed to incubate at 37°C for an additional 24 h. The
antibacterial efficacy was determined using the formula:

Antibacterial ratio (%)= (A — B)/A x100% 2)

where A and B represent the bacterial counts of the sample group and
blank group without adding the sample, respectively.

Hemolysis Assay

The material was dispersed in PBS to create a suspension with con-
centrations of 0.5, 1, 2, and 4 mg/mL and then incubated for 10 min at
37 °C. Subsequently, 1 mL of each of the aforementioned samples was
mixed with 1 mL of diluted blood (Vgjood/Vees =1/10) and incubated at
37 °C for 1 h. The absorbance of the supernatant at 540 nm was utilized
to calculate hemolysis using the formula:

Hemolysis (%) = (AS — AP)/(AT — AP) x 100% 3)

where As, Ap, and At represent the absorbance values of samples, PBS,
and Triton X-100, respectively.

Cytotoxicity evaluation

Human umbilical vein endothelial cells (HUVECs, ATCC CRL-1730)
were utilized as models to evaluate the cytocompatibility of hemo-
static fabrics. Initially, the hemostatic fabrics underwent sterilization
using pressure steam and were then placed in a 96-well plate. Subse-
quently, a cell suspension with a concentration of 1 x 10* cells/mL was
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added for incubation at 37 °C in a 5% CO, incubator for 24 h. Following
removal of the original media, 200 pL of fresh dulbecco’s modified
eagle medium with 10% fetal bovine serum and 20 pL of CCK-8 solution
were added to each well. After 2 h of incubation, the absorbance at
450 nm was measured using a microplate reader, with the group
containing media and cells as the control group. The group with only
medium served as the blank. Cell viability was calculated using the
formula:

Cell viability(%) = Cs/Cc x100% “4)

where Cs and Cc represent the absorbances of the sample and control,
respectively.

Animal experiments

All animal experiments were conducted in compliance with the reg-
ulations of the Research Animal Ethics Committee of Fujian Normal
University (Animal Use Permit Number: SYXK (Min): 2020-0007). All
animals were acclimatized for 7 days under controlled laboratory
conditions, with ambient temperature maintained at 18-25°C and
relative humidity at 50-65%. The housing environment was kept quiet
with scheduled ventilation and regular replacement of sterilized bed-
ding to ensure hygiene.

In vivo degradation test and response evaluation

SD rats (18-22 g) were acclimatized and fed for 7 days, and then sub-
cutaneous implantation was performed. The QCS@PVA/CA@PVA
Nanofabrics were cut into squares with an area of 1*1 cm and sterilized
with UV light for 1h. After the mice were anesthetized, a transversal
incision of about 1.5 cm was made at the middle side of their back
to form a soft-tissue blind pouch. The UV-sterilized samples were
placed into the blind bag, and the incision was sutured and the
location of the embedded material was marked. Photographs were
taken at regular intervals (day 1, day 7, day 14) to observe the degra-
dation of the material in the mice and to euthanize the mice.
The residual material was carefully removed from the tissues for
weighing. The remaining tissues were fixed with 4% paraformaldehyde
and stained with hematoxylin and eosin (H&E) then the stained slides
were observed and analyzed by microscopy. IL-6, a pro-inflammatory
cytokine, was employed to characterize the level of inflammatory
response.

In vivo hemostatic evaluation in rat model

Various hemostatic fabrics, such as cotton gauze, Combat Gauze™,
PVA nanofabric, QCS@PVA nanofabric, CA@PVA nanofabric, and
QCS@PVA/CA@PVA nanofabric, were cut into 20x20 cm? squares,
weighed, and their weights were recorded. Here, 18 SD rats were ran-
domly divided into six groups (n = 3 rats per group), cotton gauze
group, Combat Gauze™ group, PVA nanofabric group, QCS@PVA
nanofabric group, CA@PVA nanofabric group and QCS@PVA/
CA@PVA nanofabric group. To simulate rat liver noncompressible
hemorrhage, a laparotomy was performed to expose the liver, fol-
lowed by creating a10 mm long and 5 mm high incision using a surgical
blade to induce liver injury. Upon observing blood seepage, hemo-
static materials were promptly applied to the wound. The amount of
blood loss and bleeding time were then documented. In the case of rat
femoral artery hemorrhage, the rat’s femoral artery was severed using
a surgical blade. Once blood started to seep out, the materials were
immediately applied to the wound and pressure was maintained for
30s. Subsequently, the pressure was released, and the bleeding was
closely monitored. The amount of blood loss and bleeding time were
recorded.

In vivo hemostatic evaluation in pig model

6 landrace pigs were randomly divided into two groups (n = 3 land-
race pigs per group), Combat Gauze™ group and QCS@PVA/CA@PVA
nanofabric group. Then, Landrace pigs were anesthetized with pro-
pofol. The femoral artery was transected using a sterile surgical blade.
Two layers of QCS@PVA/CA@PVA measuring 50 x 50 mm® were
placed over the wound, and pressure was manually applied for 30s.
Subsequently, the pressure was release,d and the bleeding was mon-
itored. The amount of blood loss and bleeding time were documented.
Combat Gauze™ was used as the control group.

In vivo wound healing

Rats were fed adaptively for one week prior to being anesthetized with
isoflurane. Their backs were then shaved and disinfected with 70%
alcohol to create an 8 mm diameter circular wound on each rat’s back.
The initiation of administration was marked as the 1st day after model
establishment, with subsequent measurements taken on days 0, 3,7, 9,
11, and 14. Tegaderm™ was used to cover the wounds of the blank
control group, while experimental groups were treated with different
materials. Throughout the observation period, wound diameter was
measured using vernier calipers, and the wound healing rate was cal-
culated using the formula:

Wound healing ratio (%) =(S; — S,,)/S, x100% ©)

where S; represents the wound area on the 1st day and S,, represents
the wound area on a specific day. Additionally, on the 7th and 14th
days, the healed skin was collected for hematoxylin and eosin (H&E)
staining, Masson trichrome staining, and CD31 immunofluorescence
staining.

Erythrocytes and platelets adhesion

Erythrocyte-rich plasma was prepared by centrifuging diluted rat
anticoagulated blood (blood: PBS =1:9 v/v) at 110 x g for 10 min at 4 °C.
Subsequently, 200 uL of the erythrocyte-rich plasma was applied to
each 20 x 20 mm? sample and incubated for 30 min at 37°C. The
samples underwent three washes with PBS to eliminate nonadherent
erythrocytes. Following this, 5 mL of deionized water was added to lyse
the adherent erythrocytes at 37 °C for 2 h. The absorbance value of the
supernatant at 540 nm was then measured. A control group consisting
of 100 uL of erythrocyte suspension in 5mL of deionized water was
used for comparison. The erythrocyte adhesion ratio was calculated
using the formula:

Erythrocyte adhesion (%) = E¢/E, x100% (6)

where Es and E, represent the absorbance values of the sample and
control group, respectively.

Platelet-rich plasma was obtained from rat anticoagulated blood
by centrifugation at 110 x g for 10 min at 4 °C. Each 20 x 20 mm? sample
was treated with 100 uL of platelet-rich plasma and then incubated
at 37°C for 30min. Subsequently, nonadherent platelets were
washed with PBS. The samples were then immersed in1 mL of 1% Triton
X-100 at 37 °C for 1h to fully lyse the adhering platelets. The level of
released lactate dehydrogenase was assessed using an LDH kit from
Beyotime Biotechnology, Shanghai, China, and the absorbance of the
supernatant at 490 nm was measured. A control group, consisting of
100 L of Platelet-rich plasma in 1 mL of 1% Triton X-100, was used for
comparison. The platelets’ adhesion ratio was calculated using the
formula:

Platelets adhesion (%) =P, /P, x100% @)

Here, Ps represents the absorbance of the sample and P, represents the
absorbance of the control group.
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To investigate the adhesion behavior of erythrocytes and platelets
on hemostatic fabrics, 100 pL of erythrocyte-rich plasma or platelet-
rich plasma was added to each sample and incubated at 37 °C for 1 h.
Subsequently, the samples were washed three times with PBS to
eliminate any nonadherent erythrocytes or platelets. Following this,
the samples were fixed with 2.5% glutaraldehyde, dehydrated gradually
using ethanol concentrations ranging from 10% to 100% for 10 min
each, and finally observed using SEM.

In vivo sensitization experiment

18 healthy guinea pigs (weight 300 g, skin disease-free) were randomly
divided into 3 groups (6 per group): negative control group (normal
saline), positive control group (10% sodium dodecyl sulfate), and
QCS@PVA/CA@PVA nanofabric group. Prior to the experiment,
nanofiber materials were sterilized by ultraviolet irradiation for 1 h, and
material extracts were prepared using the physiological saline
extraction method. Each group received topical application of 0.2 mL
corresponding test substance on depilated skin areas. Skin allergic
reactions were observed and recorded 6 h post-administration. Seven
days after the first sensitization, a second sensitization was performed
using identical procedures, with immediate observation of skin reac-
tions and systemic status. Seven days after the second sensitization,
the substances were re-administered. Skin allergic reactions were
observed 6 h post-administration, while skin edema, erythema severity
at challenge sites, and systemic conditions were systematically eval-
uated at 24 and 48 h post-administration.

The skin irritation response is classified into four grades (0-4)
based on the clinical manifestations of erythema and edema: erythema
ranges from no erythema, mild erythema with indistinct borders,
moderate bright red erythema with clear borders, severe dark red
erythema accompanied by congestion, to extreme severe purplish-red
erythema with eschar formation; edema progresses from no edema,
mild edema with slight edge elevation, 1 mm clearly defined elevation,
localized significant elevation >1 mm, to extensive edema involving
surrounding tissues. The total irritation score is calculated using the
formula:

Total Irritation Score=(E, +E4)/T (€)]

where, E; represents the sum of erythema scores, E4 represents the
sum of edema scores and T represents the total number of test ani-
mals. Based on this score, irritation intensity is categorized as follows:
0-0.49 indicates no irritation, 0.50-2.99 mild irritation, 3.00-5.99
moderate irritation, and 6.00-8.00 severe irritation.

Water vapor transmission rate

A sample measuring 20 x 20 mm? was placed over a beaker containing
10mL of distilled water to assess water vapor permeability.
The decrease in water mass in the beaker after 24 h at 37°C was
recorded. The water vapor transfer rate was calculated according to
the formula:

water vapor transfer rate =(M; — M¢)/A 9)

where A represents the area of the beaker mouth in square meters, and
M; and M¢ denote the initial and final weights of the beaker post water
evaporation, respectively.

Lap shear test

The adhesion strength was assessed through lap shear testing con-
ducted on a LRSK universal testing machine equipped with a 100 N
load cell. A piece of wet porcine tissue measuring 50 x 15 mm? was first
wetted with 20 pL of blood and then covered by a 15 x 15 mm? sample.
Subsequently, another piece of wet porcine tissue of the same size was
pressed onto the sample side and left in place for 30s. The shear

strength was determined using the formula:

Shear strength=F/A (10)
where A (m?) represented the material’'s contact area with the tissue,
and F (N) was the force at the point of fracture.

Resistance to permeation by water

A glass tube measuring 200 mm in height and 23 mm in diameter was
secured on an iron frame. Two layers of QCS@PVA/CA@PVA nano-
fabric (50 x 50 mm?) were directly wrapped around one end of the
glass tube. Subsequently, Rhodamine B dyed distilled water was
introduced into the opposite end of the glass tube. The water pene-
tration of the membrane was documented using digital photographs.
Due to poor adhesion of cotton gauze, Combat Gauze™, PVA nano-
fabric, QCS@PVA nanofabric, and CA@PVA nanofabric, they required
tape to be held in place at the opening of the glass tube.

Bursting pressure test

The apparatus was built using a tee pipe, connected on one end to an
argon pressure gauge for monitoring pressure, and on the other end to
a glass tube with a 6 mm inner diameter via a silicone tube. The surface
of the glass tube was wetted with water and sealed with a material
measuring 30 x 30 mm?. A silicone catheter was utilized to connect the
third end to a peristaltic pump, mimicking the natural flow of human
blood. The maximum value on the pressure gauge indicated the
material’s resistance to burst pressure.

Demonstration for real-life applications
The experiments were performed with the assistance of volunteers,
and informed consent was obtained for the publication of images.

Statistical analysis

All tests were repeated independently and conducted at least three
times. The Student’s ¢-test was used for statistical analysis in GraphPad
Prism 9.4 and Origin 2018. (ns = not significant; *p < 0.05; **p < 0.01;
**p < 0.001; ***p<0.000). The results of histology, wound healing
ratio, and fluorescence intensity are quantitatively analyzed using
Image-Pro Plus 6.0 and SlideViewer 2.5.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All experimental data within
the article and its Supplementary Information are available from the
corresponding authors upon request. The source data of Figs. 1i, 3¢, g,
h,4b,d,f, h,j,k, 5b,c, e, f 6c,d,f g, 6j,k 8cand Supplementary Figs. 1,
7a, b, ¢, 11b, ¢, 13a, b, 14, 15 are provided as a Source Data file. Source
data are provided with this paper.
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