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Sono-responsive smart nanoliposomes for precise
and rapid hemostasis applicationt

Qian Zhang,}? Lichao Zhu,1® Kaiyang Wang, © *® Song Chen,? Yijiong Zhang,?
Wei Song,? Long Qin,? Xijian Liu, ©° Yu Luo® and Jian Wan*?°

Massive hemorrhage caused by injuries and surgical procedures is a major challenge in emergency medical
scenarios. Conventional means of hemostasis often fail to rapidly and efficiently control bleeding, especially
in inaccessible locations. Herein, a type of smart nanoliposome with ultrasonic responsiveness, loaded with
thrombin (thrombin@liposome, named TNL) was developed to serve as an efficient and rapid hemostatic
agent. Firstly, the hydrophilic cavities of the liposomes were loaded onto the sono-sensitive agent
protoporphyrin. Secondly, a singlet oxygen-sensitive chemical bond was connected with the
hydrophobic and hydrophilic ends of liposomes in a chemical bond manner. Finally, based on the host
guest effect between ultrasound and the sono-sensitizer, singlet oxygen is continuously generated,
which breaks the hydrophobic and hydrophilic ends of liposome fragments, causing spatial collapse of
the TNL structure, swiftly releases thrombin loaded in the hydrophilic capsule cavity, thereby achieving
accurate and rapid local hemostasis (resulted in a reduction of approximately 67% in bleeding in the rat
hemorrhage model). More importantly, after thorough assessments of biocompatibility and
biodegradability, it has been confirmed that TNL possesses excellent biosafety, providing a new avenue

for efficient and precise hemostasis.

Introduction

Thrombin, a multifunctional serine protease, is produced in
cells upon injury. Its production during coagulation is crucial to
the effective functioning of hemostasis."* Its main advantage
lies in its powerful ability to catalyze the conversion of fibrin-
ogen to fibrin, and it is a key accelerator in the process of blood
coagulation.>* However, the major challenge is to maintain the
delicate equilibrium between the dosage of thrombin and its
safety.>® High concentrations may result in excessive coagula-
tion, leading to thrombosis and serious complications.”®
Therefore, the thrombin should be safely controlled under
specific conditions until it is triggered to be selectively released
at the bleeding site for hemostatic purposes.

The emergence of nanotechnology has paved the way for an
exciting new area in the creation of sophisticated materials for
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hemostasis. Nanomaterials offer unparalleled advantages in
this critical biomedical application, including an increased
surface-to-volume ratio of reactive surfaces,”'® customizable
physical properties,*>*> chemical properties,'>** and the poten-
tial for targeted drug delivery.*>® Various nanomaterials, such
as metal nanoparticles, polymer nanofibers, and hybrid nano-
composites, have been developed to accelerate coagulation
cascades and deliver procoagulants.”?' But unfortunately,
many nanomaterials for hemostasis have issues regarding lack
of the “smart” response mechanisms that are critical for
adaptive and precise bleeding control.>>*

Sono-responsive nanoliposome are developed as smart
nanomaterials, in which the nanoliposome can be activated to
unload the carried drug by ultrasound (US). US is a form of
mechanical sound wave with a notable capacity for deep tissue
penetration of approximately 10 cm, thereby facilitating tar-
geted therapeutic interventions for subcutaneous structures.*
Ultrasonic waves could provide two advantages with the smart
hemostasis nanomaterial, including non-thermal and thermal
effects. On one hand, the activation of sono-sensitizer within
the material by US can stimulate the generation of reactive
oxygen species (ROS) that disrupt the ROS-sensitive bond within
the physical matrix and cause the structure collapse to release
the loaded drugs. On the other hand, the thermal effect arises
from the absorption of US by biological tissues, which
undergoes conversion into mechanical compression and
subsequent generation of thermal energy.”® This could
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potentially help to close up the damaged vessels. Such special-
ized nanoliposome can combine nanoscale size and respon-
siveness to external US stimuli, providing a bilayer advantage.
These nanoliposome can be loaded with thrombin and safely
injected into the body without causing any adverse effects,
additionally, they can be remotely activated by US for rapid and
targeted hemostasis.***® This provides a highly adjustable,
efficient, and non-invasive method of bleeding control, in line
with the clinical need for rapid and adaptive solutions.

Herein, a sono-responsive smart nanoliposome throm-
bin@liposome (TNL) as the next generation of hemostatic
material was investigated in terms of properties, effectiveness,
and potential clinical utility. Specifically, this research inte-
grated the benefits of US's ability to penetrate deep tissues and
the efficiency of thrombin in clotting to devise an advanced,
safe, and highly effective collaborative technique for precise
hemostasis. First, the hydrophilic cavities of the liposome was
loaded onto protoporphyrin as a sono-sensitizer which
produces singlet oxygen (*O,) upon sono-activation. Then the
liposome was modified by employing a "O,-sensitive linker, to
connect the hydrophilic and hydrophobic section of the lipo-
some, to create the 'O,-responsive liposome. The thrombin was
then sealed inside these liposomes to make TNL. The TNL was
introduced into the body through tail vein injection, and a US
probe was aimed directly toward the location of hemorrhage to
activate the TNL. Under the effect of US, the sono-sensitizer in
the liposome generates 'O, to disconnect the hydrophilic and
hydrophobic components of liposome, which ultimately causes
the TNL framework to break down. On one hand, this facilitates
the discharge of thrombin at the designated clot-forming loca-
tions, which elevates the local thrombin level, ensuring a swift
hemostatic response. On the other hand, the thrombin-loaded
liposome remain intact in other organs or tissues without
being affected by exogenous US stimuli, ensuring that thrombin
is still “captured” inside and avoiding the risk of embolism.
This work combines a highly precise US probe to minimize the
risk of off-target effects and ensure that activation of the TNL
occurs only at the intended site. Additionally, the release of
thrombin can only be triggered by the generation of '0,, which
is strictly controlled by the focused US exposure, to mitigate the
risks associated with the unintended release thrombin in
undesired locations. The proposed TNL system could provide
advantages in terms of precision and application in challenging
bleeding scenarios where traditional methods are inadequate or
impractical. Such TNL system could provide valuable insights
for future hemostatic materials.

Results and discussion

The sono-activated thrombin nanoliposome TNL (thrombin@-
liposome) is based on DSPE liposome because of its well-
documented biocompatibility and biosafety profiles. DSPE is
commonly utilized in the development of biomaterials, partic-
ularly in drug delivery systems, making it an ideal candidate for
in vivo applications. Another key factor of choosing DSPE is its
stability of liposome and its prolonged circulation time in the
bloodstream. TNL was prepared by membrane hydration. The

15492 | RSC Adv, 2024, 14, 15491-15498

View Article Online

Paper

liposome fragments of DSPE-PpIX, was prepared according to
Scheme 1a and was confirmed by "H NMR (Fig. S11). The DSPE-
S-C(CHj3),-S-PEG, was synthesised according to Scheme 1b,
and then a film consisting of DSPE-PpIX, DPPC, and DSPE-S-
C(CHj3),-S-PEG,; with a mass ratio of 5:1:25 was obtained by
rotatory evaporation (Scheme 1c), in which DSPE-S-C(CH3),-S-
PEG,, serves as a 'O, sensitive fragment. The FT-IR confirms
the inclusion of all the fragments within the final TNL (Fig. S27).
The thin film was then hydrated with ultra-pure water con-
taining thrombin. Through hydrophilic interactions, thrombin
was encapsulated into the 10, sensitive liposome, and TNL was
fabricated.

In a bleeding scenario, the TNL can be injected via intrave-
nous injection. As shown in Scheme 1d, TNL was administrated
to mice with tail vein injection, and a bleeding simulation was
conducted by removing half of the liver lobe near the lesser
curvature of the stomach. The bleeding site was then treated
with US which provides a dual hemostasis effect: (a) the sono-
sensitizer can produce 'O,, which can lead to the disruption of
the bonds between the hydrophilic and hydrophobic liposome.
This results in the breakdown of the capsule structure and
facilitates the release of the encapsulated thrombin, thereby
hastening the hemostasis process. (b) The US can also generate
heat and cause the blood within the vessels to clot, forming
a thrombus. The thrombus can seal off the vascular openings,
block bleeding points, and achieve hemostatic effects as well.
Under the dual hemostasis effect from the TNL and US,
a precise controlled release of thrombin at the required hemo-
static sites, can elevate the local concentration of thrombin and
achieve a rapid hemostasis.

Transmission electron microscopy (TEM) images showed
that the TNL exhibited a spherical vesicle with a uniform size
distribution (Fig. 1a and b). The hydrate particle size was
determined by dynamic light scattering (DLS), the particle size
of TNL was about 100 £+ 6 nm (Fig. 1c) which was slightly larger
than the observed size from the TEM. This was due to the DLS
measures the hydrodynamic diameter of particles in suspen-
sion, which includes not only the core and lipid layer, but also
the solvation layer. Additionally, TNL might slightly collapse or
flatten on TEM grids during sample preparation due to dehy-
dration, leading to an apparent smaller size compared to their
native state in solution. Fig. 1d showed the TNL had a zeta
potential of —24.1, indicates that the dispersed aqueous solu-
tion of TNL is not easy to coagulate. Additionally, the stability
study of the TNL was conducted over 7 days, and the particle
size maintained around 100 nm over the period (Fig. S37).

To identify if the thrombin was successfully encapsulated in
the liposome, UV-vis spectroscopy was conducted before and
after loading the thrombin. The distinctive UV absorption peak
observed at 280 nm is indicative of thrombin presence.
Following the loading of thrombin into the liposome, this peak
became visible in the absorption spectrum of the liposome
(Fig. 1e). This demonstrates that thrombin was effectively
encapsulated within the TNL.

Being a protein, alterations to thrombin's secondary struc-
ture during encapsulation could impinge on its biological
enzyme function. To resolve this issue, circular dichroism

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the TNL after intravenous injection into the mouse. The TNL releases thrombin at the wound site to achieve hemostasis under US irradiation.

chromatography was conducted before and after loaded into the
liposome. Fig. 1f showed that there were no changes in the
thrombin's secondary structure, indicating the encapsulation
process can preserve the thrombin's enzymatic activity.

Ultrasound-induced drug release performance

The TNL was designed to release thrombin from the disinte-
gration of the liposome induced by the disruption of the '0,-
sensitive linkers between the hydrophilic and hydrophobic
ends. Under the US condition, the sonosensitizer within the
liposome was able to generate 'O, to break the 'O,-sensitive
linker and release the encapsulated thrombin. 'O, has very
short half life within the body (around 2.8 s).*> Such rapid decay
rate ensures that 'O, generated elsewhere, either through
intrinsic biological processes or external sources, does not
contribute to thrombin release. Thus, the system is primed for
activation only when 'O, levels spike markedly due to the US
treatment.

To verify if 'O, radicals can be generated under US condi-
tions, the exact oxidative species generated were verified first
with electron spin resonance (ESR) technique. As shown in
Fig. 1g, under US conditions (1.0 W em™?, 5 min), a character-
istic three equal height 1:1:1 triple signal confirms the
generation of 'O, radicals from the liposome.

The released 'O, “cuts” the 'O,-sensitive linker, causing the
disintegration of the TNL capsule structure. As the liposome
was disintegrated after the US treatment, an obvious destruc-
tion of the liposome was observed from the TEM imaging, as
shown in Fig. 1h compared to Fig. 1a and b. Additionally, DLS
measurements of the TNL also showed a reduction of 60% in
size before and after the US treatment (Fig. S41). This again

© 2024 The Author(s). Published by the Royal Society of Chemistry

confirmed that the liposome was sensitive to the US treatment
and could be disintegrated efficiently. As a result, the thrombin
contained in TNL was released. A UV-visible absorption detec-
tion was performed on the supernatant at different US times to
investigate the releasing profile of thrombin. As shown in
Fig. 1i, it was observed that thrombin can be released contin-
uously within 5 min of US treatment.

In light of the aforementioned results, the operational
mechanism of the liposome can be described as follows: with
US stimulation, the protoporphyrin produces 'O,, which breaks
the '0,-sensitive bond in the liposome to releases thrombin on
demand.

In vitro and in vivo biocompatibility evaluation

Prior to any biomedical use, it's essential to determine a mate-
rial's biocompatibility. To assess cytotoxicity, a Cell-Counting
Kit-8 (CCK-8) assay was performed. PC-001 cells were incu-
bated with TNL for 24 h and 48 h. The outcomes indicated that
the survival percentage of cells incubated with TNL exceeded
95% for 24 h (Fig. 2a) and remained above 90% for 48 h
(Fig. 2b). When 200 g mL™" of TNL was used, the 24 h and 48 h
cell survival rates were still 90%, indicating that the TNL has
good cellular compatibility. It should be emphasized that
additional investigations into the long-term biocompatibility of
TNL for in vivo applications are still necessary.

Therefore, the in vivo biocompatibility of the TNL was
investigated next. Hemolytic test of TNL was firstly conducted
with different amount of TNL, and the result showed that the
TNL did not cause any hemolytic effect (Fig. S51). The material
was injected into the mice (20 mg kg™ ') and a long-term follow-
up of the liposome with the TNL and NL (without thrombin) for

RSC Adv, 2024, 14, 15491-15498 | 15493
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Fig.1 Physical and chemical characterizations of the TNL: TEM images of the TNL (a) scale bar: 100 nm; and (b) scale bar: 50 nm; (c) particle size
distribution; (d) zeta potential of the TNL; (e) UV-vis spectroscopy and (f) circular dichroic chromatography of the TNL before and after loading
the thrombin; (g) ESR spectra of the TNL after ultrasonication (1.0 W cm™2, 5 min); (h) TEM image of the TNL after the ultrasonic treatment; (i) UV-
vis spectra of the release of thrombin after ultrasonication (1.0 W cm™2), at different times.

90 days in mice model. Blood samples were collected every 30
days for routine blood tests. The results showed no significant
variations in hemoglobin, hematocrit, platelet, red blood cells,
and white blood cells when compared to the control group that
received saline injections (Fig. 3a-e). The data affirmed that
TNL did not elicit significant inflammatory or irregularities in
the blood system. In addition, biochemical analyses were con-
ducted to assess the potential impact of the TNL and NL on liver
and kidney function. After 30, 60, and 90 days of the injection,
no significant changes in BUN, creatinine, ALT, AST, and AKP
levels were observed (Fig. 3f-h). These results emphasize that
the TNL has good biocompatibility in vivo and does not impair
important physiological functions. Integrating hematological
and biochemical data, our experimental results supported that

15494 | RSC Adv, 2024, 14, 15491-15498

the TNL is a biocompatible material with long-term in vivo
stability. It should be noted that these findings are consistent
with the cytotoxicity assessments detailed in Fig. 2, corrobo-
rating the conclusion that TNL possesses a favorable safety
profile for its potential use as an efficacious hemostatic agent.

Ultrasound hemostatic experiment

To examine the hemostatic performance of the liposome
material, the simulations of bleeding were performed with
saline solution and TNL. Before the simulation, each material
was injected into the mice via the tail vein. Bleeding simulations
were then performed on the mice. Specifically, a partial hepa-
tectomy was performed on the liver lobe adjacent to the stom-
ach’s lesser curvature, as illustrated in Fig. 4a. After the creation

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08445k

Open Access Article. Published on 13 May 2024. Downloaded on 3/14/2026 11:12:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Paper RSC Advances
(a) 120 (b) 120

. 80+ . 80+
= 3
3 3
> >
5% 3o
o o

i 0-

Control 25 50 100 150 200 Control 25 50 100 150 200
Concentration (ng/mL) Concentration (pg/mL)

Fig. 2 CCK-8 results for the PC-001 cells after co-culture with the TNL for (a) 24 h and (b) 48 h.

150 60 25
(a) [ Control FTTINL [ TNL (b) [ Control NE Ll (C) I Contol [0] NL [ TNL
20
= =
3 o k = T SR I = gl drl
100+ & 40; =
£ = & 151
5 8 =
> = B 104
£ 501 o 204 2
i o
= a
54
04 . — 04 0 - ~
30 Day 60 Day 90 Day 30 Day 60 Day 90 Day 30 Day 60 Day 90 Day

d

p—
o
~~
o
N
(=]
o
s
[{e]

I Control [] NL [] TNL [ controt  [T] NL ) TNL [ Control 0] NL T TNL

-
o
L

Red blood cells (10'2/L)
) e o 9

White blood cell (10%L)

2]

o

T —1— -
T I I = ¥ <

gt I I

©
@D

=2}
o

e
(=]

BUN (mmol/L)
ol

N
o

30 Day 60 Day 90 Day 30 Day 60 Day 90 Day 30 Day 60 Day 90 Day

~

=3

~
g

(@) =

B ALT AST [] AKP
B Control NL TNL
400 I = z =
=5 204 = e _ 0
- =
§ =]
= 200 - = z
& 101
o
@ 100
oL I o Il | || £
30 Day 60 Day 90 Day 0 Day 30 Day 60 Day 90 Day

Fig. 3 Blood indexes of healthy mice after the injection of TNL and NL (without thrombin) (20 mg kg™, n = 3) at different time points: (a)
hemoglobin, (b) hematocrit, (c) platelet, (d) red blood cells, and (e) white blood cell; kidney function indicators of healthy mice after injection of
TNL and NL (20 mg kg™, n = 3) at different time points: (f) BUN, (g) CREA; (h) liver function indicators of healthy mice after injection of TNL.

of the bleeding site, filter paper was placed immediately below to determine the total amount of bleeding and time to cease
the cut to absorb the blood, similar to model described by Seon  bleeding. An US probe was positioned over the injury with
et al.* and Yang et al.** The wet filter paper weight was recorded  a separate piece of filter paper (Fig. 4b).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 15491-15498 | 15495
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(a) Demonstration of the bleeding simulation; (b) example of absorbing blood with a filter paper; (c) images of the filter paper with

absorbed blood from different treatments; (d) quantitative data of blood collected on the filter paper (n = 3). Statistical analysis was performed by

one-way ANOVA. *P < 0.05, **P < 0.001 and ***P < 0.0001.

The amount of the blood absorbed by the filter paper was
recorded when hemostasis was achieved and the quantitative
results were collected and summarized in Fig. 4c and d. Four
groups (saline, TNL, US, and TNL + US) were assigned to evaluate
the hemostasis efficiency. When TNL was solely used for hemo-
stasis, there was no faster coagulation effect compared to the
control group, around 600 mg of blood was lost before bleeding
stopped for these two groups, indicating the TNL alone does not
provide any hemostatic effects. Interestingly, during US-induced
hemostasis, the amount of blood lost was about 65% of that in
the control group, this was because the mechanical compression
and subsequent heat generated by US could cause the blood
within the vessels to clot and form a thrombus. The thrombus
can seal off the vascular openings, block bleeding points, and
achieve hemostatic effects. Outstandingly, for the TNL + US
group, the wound blood loss was only 33% of that in the control
group, and the blood loss was about 51% less than when US was
used alone. The therapy with TNL + US group provided highly
promising potential for in vivo hemostasis. Such significant
reduction in the blood lost was resulted from the dual hemostasis
effect: (a) the precise release of thrombin from the TNL at the
bleeding site, and (b) the thrombus generated from the US.

15496 | RSC Adv, 2024, 14, 15491-15498

When the mice were treated solely with normal saline or the
TNL alone, there were no significant differences in wound
hemostatic effect. After US treatment, the hemostatic effect was
significantly improved, but the TNL + US treatment led to
a more significant improvement in the hemostatic effect. This
suggests that TNL can only be activated to release thrombin
when US was applied. Such release of thrombin improves the
local thrombin concentration around the sonicating area to
achieve effective and precise hemostasis.

Conclusion

In summary, by using the membrane hydration method, a sono-
responsive smart liposome TNL was successfully constructed
and applied in hemostatic research. This study systematically
assessed the performance and biocompatibility of the TNL as an
innovative hemostatic material. The experimental results show
that the TNL has good dispersity and stability, and thrombin
can be efficiently loaded into the liposome. More importantly,
the TNL can release thrombin rapidly under US thanks to the
10,-sensitive linker. The TNL also shows excellent in vitro and in
vivo biocompatibility. By comparing the hemostasis effect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between normal saline, US, TNL, and TNL + US, the blood loss
for the TNL + US group was only 33% of the control group.
These findings not only confirm the great potential of TNL as an
effective hemostatic material but also highlight its feasibility
and safety in clinical applications. More importantly, compared
to utilizing thrombin-based materials alone, the combination of
US with hemostatic materials could provide a promising
approach for efficient and precise hemostasis without the risk
of causing blood clogs at unwanted sites.

Experimental
Materials and methods

Thrombin, N-hydroxysuccinimide, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), and
1,2-dipalmitoyl-phosphatidylcholine (DPPC) were purchased from
Sigma-Aldrich  (Shanghai, China). Proto-porphyrin (PpIX),
DSPE-NH,, PEG,-NH,, and 'O,-cleavable fragment DSPE-S-
C(CH,),-S-COOH, and Cell Counting Kit-8 (CCK-8) were
purchased from Aicheng Biotechnology Co., Ltd (Shanghai). Fetal
bovine serum (FBS) was purchased from Gibco (New York, USA).

Synthesis of '0,-cleavable liposome fragments

Synthesis of DSPE-PpIX. Dissolving PpIX in 10 mL methanol
to create a 0.3 mM solution. Next, swiftly mix EDC, at
a concentration of 0.9 M in 1 mL methanol, into the PpIX
solution and stir for 30 min. Following this, introduce NHS
(0.9 M, dissolved in 1 mL methanol) to the mixture of PpIX and
EDC, and continue stirring for an additional 3 h to activate the
PpIX. Gradually add this activated PpIX to DSPE-NH, (with
a concentration of 0.1 M in 10 mL methanol), stir continuously
at 300 rpm for 72 h. The stoichiometry of the reactants was
maintained at 3:1 molar ratio of PpIX:DSPE to achieve the
formation of the monosubstituted product. To finalize the
process, use a dialysis bag with a molecular weight cutoff of
5000 Da to purify the product in water. After dialysis, freeze-dry
the substance and store it at 4 °C.

Synthesis of DSPE-S-C(CH;),-S-PEG,.. The method for
creating DSPE-S-C(CH3),—-S-PEG,, follows a similar protocol to
that of DSPE-PpIX. Start by adding EDC (0.3 M, 1 mL DMSO)
rapidly into the DSPE-S-C(CHj3),-S-COOH (0.1 M, 20 mL DMSO)
solution and mix for 30 min. Next, introducing NHS (0.3 M in
1 mL DMSO) into the solution and mix thoroughly for an
additional 3 h, which results in the activation of DSPE-S-
C(CH3),-S-COOH. This active intermediate was then slowly
added into PEG,x-NH, (0.1 M in 20 mL DMSO), ensuring
constant stirring for 72 h. Finally, a 5000 Da dialysis bag was
used to dialyze the product against water, and the purified
product was freeze dried and stored at 4 °C.

Synthesis and characterization of the US activated TNL

Dissolving DSPE-PpIX, DPPC, and DSPE-S-C(CHj3),-S-PEG, in
10 mL chloroform with a mass ratio of 5:1:25. Rotary evapo-
ration was then applied to remove the solvent. After that,
thrombin in 20 mL of ultrapure water was added to the resul-
tant film and stirred at room temperature for 1 h. A 0.22 um
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PVDF syringe-driven filter (Millipore, Bedford, United States)
and a 50 000 Da dialysis bag were used to filter and purify the
final produced TNL (thrombin@liposome, named TNL) and
stored at 4 °C before use.

TEM imaging for the TNL was conducted with JEM 2100F.
Zetasizer Nano series was used to analyse the hydrate particle
size and zeta potential of the obtained TNL. UV-visible spec-
troscopy was used to verify the encapsulation of the thrombin at
absorption peak of 282 nm. Circular dichroism chromatog-
raphy was used to characterize the secondary structural changes
of thrombin before and after encapsulation.

Ultrasound-induced drug release performance

Electron spin resonance (ESR) spectra was used to detect singlet
oxygen ('0,) generated from the TNL. The quantification of
thrombin release was conducted utilizing UV-visible spectros-
copy. In detail, 25 mg of TNL was dispersed in 25 mL of PBS
buffer and subsequently placed into a 50 mL flat-bottomed
centrifuge tube. The suspension was subjected to sonication
over a range of 0 to 5 min with an intensity of 1 W cm ™2, Upon
completion of the designated sonication period, the sample was
centrifuged at a speed of 13 000 rpm for 10 min. The superna-
tant was then carefully extracted for analysis via UV-visible
spectroscopy. The cumulative release of thrombin was deter-
mined by correlating the spectroscopic absorbance data to
a standard curve derived from known concentrations of
thrombin. Each measurement was replicated three times to
ensure accuracy and reproducibility of the results.

Evaluation of hemolysis and cytotoxicity of the TNL

The hemolysis experiment follows the work of predecessors.”*~**

In this study, porcine pulmonary microvascular endothelial
cells (PC-001) were utilized. The cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 U per mL
penicillin, and 0.1 mg mL " streptomycin. This cell culture was
maintained in a humidified incubator at a temperature of 37 °C
and an atmosphere containing 5% CO,. The endothelial cells
were seeded in a 96-well plate at a density of 5000 cells per well
and allowed to adhere for 12 h. Subsequently, TNL were intro-
duced to the cells at varying concentrations (0, 10, 50, 100, 150,
and 200 pg mL™Y), and the cells were co-incubated for an
additional 24 and 48 h. Post-incubation, the cells were washed
three times with PBS, after which CCK-8 assay reagent was
added to each well. Following a further 2 h incubation period,
cell viability was assessed by employing a microplate reader to
measure the absorbance at a wavelength of 450 nm.

Evaluation of the in vivo biocompatibility of the TNL

The evaluation of TNL's long-term biocompatibility was con-
ducted with healthy female Kunming mice, which were
randomly separated into various groups. Mice in the TNL and
NL (without thrombin) groups were administrated with the
material at 20 mg kg~ ' through the tail vein injection. Blood
samples were collected from these mice at the initial point of
the study (day 0) and subsequently at multiple time intervals
following the injection (days 30, 60, 90) to perform a complete
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blood and biochemical analysis, with each time point having
three mice sampled (n = 3).

In vivo hemostatic performance evaluation of the TNL

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shanghai
Pudong New Area People's Hospital and approved by the
Medical Ethics Committee of Shanghai Pudong New Area
People's Hospital (reference number: 2024-D-44). Mice were
randomly divided into four groups (n = 3). Saline solution (1
mL) and TNL (material concentration 444 ug mL™", 1 mL) were
administrated with tail vein injection. Wound simulations were
then performed on the rats. Specifically, half of the liver lobe
near the lesser curvature of the stomach was removed, and
blood was absorbed using filter paper. The amount of blood
absorbed by the filter paper was noted upon achieving hemo-
stasis. For the groups involved with US, the US probe was placed
on the wound (1 W em ™2, 5 min, continuously).
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