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ABSTRACT

Hemostatic materials are essential for managing acute bleeding in medical settings. Chitosan (CS) shows promise in hemostasis but its underlying mechanism remains
incompletely understood. We unexpectedly discovered that certain protonated-chitosan (PCS) rapidly assembled plasma proteins to form protein membrane (PM)
upon contact with platelet-poor plasma (PPP). We hypothesized that the novel observation was intricately related to the procoagulant effect of chitosan. Herein, the
study aimed to elucidate the conditions necessary and mechanism for PM formation, identify the proteins within the PM and PCS’s procoagulant action at the
molecule levels. We confirmed that the amount of -NH3 groups (>4.9 mmol/g) on PCS molecules played a crucial role in promoting coagulation. The -NH3 group
interacted with blood’s multiple active components to exert hemostatic effects: assembling plasma proteins including coagulation factors such as FII, FV, FX,
activating blood cells and promoting the secretion of coagulation-related substances (FV, ADP, etc) by platelets. Notably, the hemostatic mechanism can be extended
to protonated-chitosan derivatives like quaternized, alkylated, and catechol-chitosan. In the blood clotting index (BCI) experiment, compared to other groups, PCS95
achieved the lowest BCI value (~6 %) within 30 s. Protonated-chitosan exhibited excellent biocompatibility and antibacterial properties, with PCS95 demonstrating
inhibition effectiveness of over 95 % against Escherichia coli (E.coil) and Staphylococcus aureus (S. aureus). Moreover, PCS performed enhanced hemostatic effec-
tiveness over chitosan-based commercially agents (Celox™ and ChitoGauze®XR) in diverse bleeding models. In particular, PCS95 reduced bleeding time by 70 % in
rabbit models of coagulopathy. Overall, this study investigated the coagulation mechanism of materials at the molecular level, paving the way for innovative ap-
proaches in designing new hemostatic materials.

1. Introduction

Excessive blood loss is a leading cause of mortality in various settings
including military conflicts, traffic accidents, and surgical operations.
Rapid and effective hemostasis are essential for preventing massive
bleeding, particularly for patients with coagulation disorders [1-3].
Despite significant progress in the field of hemostatic materials in recent
decades, innovation has been impeded by the dependence on single
hemostatic mechanisms and intricate fabrication processes. To enhance
hemostatic efficacy, it is often required to embed hemostatic drugs such
as thrombin [4,5] and tranexamic acid [6-8] into materials. However,
the application of these coagulant drugs exacerbates the economic
burden on patients and poses the potential risk of systemic thrombosis.
Additionally, the emergence of numerous novel material fabrication
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techniques such as electrospinning [9,10], 3D printing [11], and ice
template [12], the complexity of the production processes and sub-
stantial energy consumption have become significant limiting factors.
Consequently, the ideal hemostatic material should inherently facilitate
coagulation, be easily prepared, and be cost-effective.

Chitosan, a positively charged natural polymer, known for its wide-
ranging applications in hemostasis [13-16], antibacterial [17,18], tissue
engineering [19-21] and other fields [22,23]. Since William G. Malette
discovered in 1983 that chitosan performed effective hemostatic effect,
chitosan-based hemostatic materials have attracted considerable atten-
tion from researchers [24]. A number of commercial chitosan-based
hemostatic products such as Celox™, HemCon®Bandage, AX-Surgi™
and others have been successively approved by FDA and widely used by
military personnel, first responders, and emergency medical
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professionals worldwide. Recent advancements have further diversified
the applications of chitosan and its derivatives, resulting in innovative
hemostatic materials such as alkylated chitosan(AQS) [10,18,19], qua-
ternary ammonium chitosan (QCS) [13], and chitosan-catechol(CHI-C)
[3,24], which have proven effective in both standard and coagulo-
pathically challenged bleeding scenarios.

Despite these advancements, the precise mechanisms through which
chitosan exerts its hemostatic effects remain not fully understood. It is
generally accepted that the positive charges on the -NH3 groups in
chitosan promote the adhesion and aggregation of erythrocytes and
platelets [25]. Recent studies have demonstrated that chitosan can
activate platelets via Toll-like receptor 2 (TLR2), facilitating hemostasis
in individuals on oral antiplatelet medications [2]. The discovery
changed the notion that chitosan didn’t directly interact with physio-
logical coagulation process. Interestingly, we unexpectedly discovered
that certain chitosan solution rapidly formed protein membrane upon
being dropped into plasma proteins solution, while this phenomenon
was not observed with some other chitosan. This discovery prompted us
to investigate the interaction between chitosan and blood. We hypoth-
esized that the phenomenon was associated with the unique positive
charge effect of chitosan molecules. During the deacetylation process,
chitosan possesses a weak positive charge, and under acidic condition,
the amino groups are protonated (—NH; — —NH3), further enhancing its
charge-carrying capacity.

To this end, we initially synthesized three protonated-chitosan with
varying degrees of deacetylation (PCS95, PCS80, PCS65). These were
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subsequently processed into protonated-chitosan sponges using a simple
freeze-drying technique. We explored the interaction between
protonated-chitosan and plasma proteins, as well as blood cells, using
techniques such as proteomics, isothermal titration calorimetry, and
flow cytometry, etc. Our research results indicated that protonated-
chitosan with a high degree of deacetylation (HDPCS) demonstrated
superior procoagulant properties. The hemostatic mechanism of HDPCS
was primarily reflected in its ability to recruit coagulation factors pre-
sent in the blood and to assemble plasma proteins. It activated, adhered,
and aggregated platelets, subsequently promoting the secretion of
intracellular hemostatic substances within the platelets. The activated
platelets provided active sites for the assembly of coagulation factors,
leading to the generation of thrombin and ultimately facilitating the
formation of blood clots (Scheme 1). Additionally, due to its unique
coagulation-promoting effects, PCS95 demonstrated exceptional hemo-
static performance in a rabbit coagulopathy bleeding model. Our work
not only provides novel insights into the hemostatic mechanism of
chitosan-based hemostatic materials, but also paves the way for the
development of a new generation of active hemostatic agents.

2. Experimental section
2.1. Materials

Chitosan (viscosity, 100-200 mPa-s; 95 % deacetylated) and 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI,
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Scheme 1. The schematic diagram of the preparation and hemostatic mechanism of PCS sponge and its application in hemostasis.
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purity 98 %) were purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., LTD (China). Acetic acid (99 %+, extra pure) was sourced
from Sinopharm Chemical Reagents Co., Ltd (China). Animals were
supplied by Shanghai Jiesijie Experimental Animal Co., Ltd.

2.2. Preparation of PCS95, PCS80 and PCS65

The protonated-chitosan (PCS) was prepared by treating chitosan
with acidic solution. Briefly, 1g chitosan (viscosity, 100-200 mPa-s; 95
% deacetylated) was dissolved in HCI solution (100 mL, 0.1 M). The pH
of chitosan solution was adjusted to 4.0 with NaHCO3 (1 M). PCS95 was
then prepared by freeze-drying after 3 days of dialysis in deionized
water.

PCS80 and PCS65 were prepared by coupling chitosan (viscosity
100-200 mPa-s, 95 % deacetylated) and acetic acid (HAc) with
EDC-HCI. Briefly, 1 g chitosan was dissolved in HCI solution (100 mL,
0.1 M). Then, 5.9 mL of HAc (1 M) was added to solution, and the pH
was adjusted to 4.8 with 1 M NaHCOs. EDC-HCI (1.131 g, 5.9 mmol) was
added into the solution and the mixture was reacted at 40 °C for 12 h.
After the reaction, the pH was adjusted to 4.0 and the solution was
transferred to a dialysis bag (molecular weight cut-off (MWCO), 14000)
to remove free hydrogen ions and by-products, with water changes three
times a day over 3 days. The dialyzed solution was then freeze-dried and
stored under vacuum at room temperature for future use.

2.3. Characterization of PCS

The PCS sponges were compressed into sheets, and its absorption
spectrum was recorded by ATR-FTIR (Nicolet 6700, Thermo Fisher
Scientific, USA) with a scanning range of 4000-500 cm L.

To confirm the degree of deacetylation, the PCS sponges were dis-
solved in deuterated water (D,0, 10 mg/mL) and were analysed by 'H
NMR (Ascend 600, Bruker, Germany). The deacetylation degree of
protonated-chitosan was calculated using MNova 10.0.1 (Mestrelab
Research, Spain) software.

Gel permeation chromatography (GPC, waters 1525, Waters Corpo-
ration, USA) was performed to analyze the molecular weight of PCS95,
PCS80 and PCS65 solution. PCS was dissolved in ultrapure water at a
concentration of 2 mg/mlL, and the sample solution was filtered through
a 0.45 pm filter membrane before analysis. 50 pL sample was injected
into the system at a flow rate of 1 mL/min, using a Shodex SB-806 M
chromatographic column. The column and detectors was maintained at
a temperature of 40 °C. The molecular parameters were calculated with
the Waters Breeze GPC software.

Rheological analysis of PCS was performed on a rheometer (MARS 3,
Thermo Hakke, USA) at 25.0 °C, using a 20.0 mm parallel plate with
plate gap of 0.1 mm. 200 pL PCS solution was dripped onto plate, and
frequency sweeps were conducted at oscillation frequencies ranging
from 0.1 to 10.0 Hz under a strain level of 5.0 %.

The charged properties of PCS were measured by a zeta potentiom-
eter (Zetasizer Nano ZS90, Malvern, UK) and XPS (ESCALAB 250Xi,
Thermo Fisher, USA). The sample was dissolved in deionized water at a
concentration of 1 mg/mL, and the pH of the solution was adjusted to
values between 2 and 7.4 using HCI (0.1 M) or NaOH (0.1 M). The zeta
potential of the solution was measured using a zeta potentiometer and
the measurement was repeated three times.

2.4. Separation of red blood cells (RBCs), platelets and plasma proteins

Anticoagulated whole blood from SD rats was centrifuged at 1800
rpm for 15 min, the pale yellow supernatant was collected to obtain
platelet-rich plasma (PRP). The supernatant of PRP was further centri-
fuged at 1800 rpm to remove the residual erythrocytes to obtain pure
PRP solution. The lower layer of blood was washed and centrifuged with
PBS to obtain RBCs suspension. The PRP solution was then centrifuged
at 3600 rpm for 10 min, and the supernatant was collected to yield

176

Bioactive Materials 41 (2024) 174-192

platelet-poor plasma (PPP). The PPP solution was aspirated from the EP
tube, and an equal volume of PBS was added to obtain a platelet
suspension.

2.5. Formation of protein membrane

Protonated-chitosan (20 mg/mL) at various deacetylation degrees
were added to PPP solution. Freeze and dry the resulting protein
membrane, and the surface morphology of the protein membrane was
observed with FESEM (S-4800, HITACHI, Japan).

2.6. Protein molecular weight analysis by SDS-PAGE

PCS95 was blended with PPP at a volume ratio of 3:1 to form protein
membrane (PM) aggregates. PM were collected by centrifuging at 1000
rpm for 5 min, and an appropriate amount of deionized water was added
for multiple centrifugal washes. 20 pL of protein solution was mixed
with 80 pL of protein SDS-PAGE sample loading buffer (5 x ) and boiled
for 10 min at 100 °C. This mixture was then loaded into the SDS-PAGE
wells, alongside 10 pL of protein loading buffer and 10 pL of a protein
marker (10-270 kDa) in each lane. The proteins and marker were
separated using a 5-20 % polyacrylamide gel. The proteins in the gel
were stained with Coomassie Brilliant Blue (BeyoBlue™, Beyotime
Biotechnology, Shanghai, China) for 30 min, and photographs were
taken.

2.7. LC-MS/MS

The protein components of PPP and PM were further analyzed by
proteomics [26]. The protein samples were enzymolized and desalted to
obtain the peptide samples. The samples were tested using LC-MS/MS in
DIA mode. The MS (.raw) files obtained from the test was input into the
DIA-NN (V.1.8.1) software for analysis. The detailed progress is avail-
able at supporting information.

2.8. Quantification of amino acids in PPP and PM

Amino acid components in PPP and PM were analyzed by amino acid
analyzer (L-8900, Hitachi, Japan). Briefly, 20 mg sample and 50 mg
phenol were dissolved in 10 mL of HCI solution (6 M). The mixture was
cooled in an ice bath, then vacuumed and ventilated with nitrogen.
Subsequently, the sample solution was hydrolyzed at 110 °C for 22 h,
followed by cooling to room temperature. Finally, 5 mL of the filtrate
was taken and diluted with water to a final volume of 50 mL. 1 mL of the
resultant filtrate was extracted, dried using nitrogen gas, and redissolved
in HCI (0.02 M) solution after drying. It was then filtered and prepared
for injection. Hydroxyproline and proline were detected at 440 nm and
other amino acids at 570 nm.

2.9. Circular dichroism (CD) analysis of protein structure

The effect of PCS on the secondary structure of plasma proteins was
investigated using circular dichroism spectroscopy (Chirascan, Applied
Photophysics Ltd, UK). Firstly, the background spectrum was recorded
with ultrapure water as buffer solution. Plasma proteins solution was
mixed with PCS solution and the final concentrations were 0.33 mg/mL
and 1 mg/mL, respectively. The instrument parameters were set as fol-
lows: a 1 mm quartz cell path length was 1 mm, a time interval of 0.25 s,
a detection wavelength range of 190-260 nm, and a scanning speed of
100 nm/min. The average spectrum of each group was obtained after
three repeated measurements, and the CD spectra were calculated by
deducting the background. The secondary structure content of proteins
in each group was calculated by DichroWeb.
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2.10. Binding kinetics for interactions of PCS and plasma proteins

The thermodynamic process of the binding between PCS and plasma
proteins was investigated using an Isothermal Titration Calorimeter
(MicroCal PEAQ-ITC, Malvern, UK). In each titration, 40 pL plasma
proteins solution (40 pM) was injected into the protonated-chitosan
solution (200 pL, 1 pM) at 25 °C, respectively. The binding heat was
measured for each injection. The data was analyzed using a one-site
binding model with a nonlinear least-squares fitting procedure and to
determine the thermodynamic parameters (N, KD, AH, AG, -TAS).

2.11. Molecular simulation

Molecular dynamics (MD) simulations were carried out by GRO-
MACS 2020.3 software. The mechanism of molecular binding was ob-
tained by simulating the interactions between negatively charged amino
acids and positively charged -NH3 group of chitosan molecular frag-
ments. Detailed simulation procedures were provided in the supporting
information.

2.12. Platelet adhesion, aggregation, activation, and secretion of
coagulation substances

Platelet adhesion: 50 pL of platelet solution was applied to PCS
sponge and incubated at 37 °C for 15 min. Non-adherent platelets were
removed by washing with PBS three times. The adherent platelets were
dehydrated by ethanol gradients (60 %, 70 %, 80 %, 90 % and 100 %),
and the residual ethanol was naturally volatilized at room temperature.
The adherent platelets were observed and imaged by FESEM (S-4800,
Hitachi, Japan). The unprotonated-chitosan was served as the control
group.

Platelet adhesion rate: Platelet adhesion rate was measured by LDH
Elisa kit (Shanghai Yuduo Biotechnology Co., Ltd, China). In brief, after
the incubation and rinsing, 100 pL of 1 % Triton-X was added to lysis of
platelets, releasing lactate dehydrogenase. The OD value of the sample
at 450 nm following the kit instructions. The blank group was treated
with an equal amount of pure platelet lysis lysate for comparison. The
adhesion rate was calculated as follows:

Adhesion rate (%) _ ODsanpte x 100%
‘Blank

Platelet activation and aggregation: Quantify platelet activation
using flow cytometry (FACSJa22, BD, USA). Mixed 100 uL of PCS so-
lution (5.0 mg/mL) with 100 uL platelet suspension and incubated at
37 °C for 10 min. Centrifuged the mixture at 3600 r/min for 5 min to
allow platelet sedimentation. Removed the supernatant and added 0.5
mL of cell staining buffer (FITC anti-mouse/rat CD61, PE anti-mouse/rat
CD62P, Biolegend) to the EP tube, and then incubated in dark for 1 h.
Finally, analyzed platelet activation using flow cytometry, and repeated
the process three times for each sample. In addition, the aggregation
state of activated platelets was observed through confocal microscopy
(LEICA TCS SP8, leicamicrosystem, Germany), with platelets labeled
with FITC-CD61 and PE-CD62P.

Calcium Imaging: Platelets resuspended in cell staining buffer
(37 °C) were incubated with 2 pM Fluo-8 AM (AAT Bioquest) for 30 min.
Subsequently, PCS was added to platelet suspension, and platelet fluo-
rescence signals were measured and observed by flow cytometry and
confocal microscopy.

Secretion of intracellular coagulation substances in platelets: 100 yL
PCS (5.0 mg/mL) was mixed with 100 uL platelet suspension, and
incubated at 37 °C for 10 min. The concentration of coagulation sub-
stances(FV, FX, 5-TH, ADP) in the solution was quantitatively measured
according to the Elisa kit operating instructions. Refer to the supporting
materials for detailed steps.

177

Bioactive Materials 41 (2024) 174-192
2.13. PT/APTT test

Prothrombin time (PT) and activated partial thromboplastin time
(APTT) were tested by a semi-automatic coagulation instrument (MC-
2000, Germany).

APTT: 25 pL PCS solution, 25 pL PPP and 50 pL APTT test reagent
were added to the test cup and mixed thoroughly. The mixture was
incubated at 37 °C for 3 min. CaCl, (50 pL. 0.025 M) was then added and
APTT data were registered. The PBS group was used as the control, and
the measurements were measured four times for each group.

PT: 25 pL PCS solution and 25 pL PPP were added into the test cup,
and preheated at 37 °C for 3 min. 100 L PT test reagent was then added
and PT data were collected. The PBS group was used as the control
group, and the samples in each group were measured four times.

2.14. Protein analysis in protein clots

100 pL of PRP was mixed with 100 pL of PCS solution, followed by
the addition of 10 pL of CaCl, (0.2 M) to initiate the coagulation reac-
tion. After incubation at 37 °C for 10 min, the protein clots were sepa-
rated and washed three times with PBS. The composition of the protein
clots was analyzed using LC-MS/MS. The composition of coagulation
factors in the supernatant (FV, FVIL, FIX, FX, FXI, FXII, FXII, thrombin)
was analyzed using the Elisa assay kit.

2.15. RBCs adhesion

100 uL of RBCs suspension was added into the PCS sponge (6 x 6 x 5
mm) and incubated it at 37 °C for 10 min. After washing three times with
PBS, samples were fixed with a small amount of 2.5 % Glutaraldehyde
for 10 min. 60 %, 70 %, 80 %, 90 %, and 100 % ethanol were used for
step dehydration, followed by freeze-drying to evaporate the residual
solvent. The surface morphology of RBCs was observed with FESEM (S-
4800, Hitachi, Japan). The unprotonated-chitosan was served as the
control group. The detailed procedure for the RBCs adhesion rate
experiment was provided in the supporting information.

2.16. Blood coagulation index (BCI)

Dynamic blood coagulation index (BCI) was used to evaluate the
hemostatic efficacy of the material in vitro [27,28]. The procedure fol-
lowed a previously reported method. PCS (2 wt%) solution was injected
into the 48-well plate to create cylindrical sponges with a diameter of 6
mm and a height of 5 mm.

100 pL anticoagulant blood and 10 pL CaCl; (0.2 M) were applied to
PCS sponge and incubated in 37 °C water bath for 0.5, 1, 1.5, 2 and
2.5min, respectively. Celox™ and ChitoGauze®XR served as control
groups. After each incubation period, 2 mL of deionized water was
added to the sponge to lyse non-clotted red blood cells. The absorbance
of the supernatant was read at 540 nm by a microplate reader (Spec-
traMax M2, Molecular Devices, USA), and the measurements were
repeated for three times. A negative control group was prepared by
adding 2 mL deionized water to 100 pL anticoagulant blood.

As —Ao

N-Ag

x 100%

BCI (%) =

The absorbance of the sample, the negative control group, and the
deionized water was represented as Ag, Ay, Ao-

2.17. Rheological analysis of blood clot

During the coagulation reaction, fibrin clots with stable mechanical
properties were formed, effectively sealing the bleeding wound. Rheo-
logical properties of PCS-blood mixture were performed on a RL-MARS3
rheometer (Thermo Hakke, USA). All experiments were conducted at
25.0 °C using a 20.0 mm parallel plate with plate gap of 0.1 mm. 150 pL
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anticoagulant whole blood and 10 pL CaCl; (0.2 M) were dripped into 5
mg sponge sample. Frequency sweeps were conducted at oscillation
frequencies ranging from 0.1 to 10.0 Hz under a 5.0 % strain level. Strain
sweeps were conducted at a fixed oscillation frequency of 1.0 Hz with
variable applied strain from 0.1 to 100.0 %.

2.18. Hemolysis rate test

0.5 mL PCS (2.5 mg/mL, 5 mg/mL) was mixed with 0.5 mL RBCs
suspension (5.0 v/v% in PBS). After the samples were incubated with
RBCs for 1 h at 37 °C, followed by centrifugation at 1600 rpm/min, the
absorbance of the supernatant was read at 540 nm by a microplate
reader (SpectraMax M2, Molecular Devices, USA). PBS was used as a
positive control and deionized water as a negative control. The hemo-
lysis rate formula of the sample was as follows:

A A,

——— x 100%
4, A, X o

Haemolysis ratio (%)

where A;, Ay, Ap represented the absorbance of the sample, negative
control, and positive control, respectively.

2.19. Cytocompatibility

The cytocompatibility of PCS was evaluated by CCK-8 and Live/Dead
staining assays (Calcein/PI, Beyotime Biotechnology, Shanghai, China).
Briefly, the PCS spomges were sterilized and immersed in DMEM at 5
mg/mL for 24 h. L929 cells were seeded in a 96-well plate at a density of
1.0 x 10* cells/well and cultured for 24 h. After the L929 cells were
cultured for 24 h, the extract was added into the wells. To prepare for the
assays, the culture medium in the wells was removed and the wells were
rinsed three times with PBS to eliminate any residual medium. Cell
viability was determined by CCK-8 and Live/Dead staining after co-
cultured with the extract for 1 and 3 d. The culture medium in the
well was removed and rinse with PBS three times to remove the residue.
At each time point, the spent medium was discarded, and 100 pL fresh
basic medium containing 10 pL. CCK-8 reagent was added to each well.
The plates were then incubated in a humidified incubator at 37.0 °C and
5.0 % CO; for 2 h. Finally, the absorbance was measured at 450 nm
using a microplate reader (Multiskan Go, Thermo Scientific, USA). The
assays were repeated four times for each group.

In addition, detailed steps for in vivo compatibility were provided in
the supporting information.

2.20. Antibacterial capability

Escherichia coli (E.coil) and Staphylococcus aureus (S. aureus) were
used to evaluate the resistance of PCS to gram negative and gram-
positive bacteria. In short, bacteria were cultured in bacterial culture
medium for 10 h until a saturated density of 10° CFU/mL was achieved.
The PCS solution (2.5 mg/mL) was incubated with bacteria (106 CFU/
mL) on a shaking table (80 rpm/min) at 37 °C for 30 min. After incu-
bation, the mixture was diluted stepwise. A 100 pL of the mixture was
spread onto the soybean agar plates and evenly distributed. The plates
were incubated at 37 °C for 12 h, after which photos were taken and the
number of bacterial colonies were calculated. The normal saline group
was used as the control, and each group was replicated three times.

2.21. Hemostasis in vivo

The hemostatic efficacy of PCS95 was evaluated using animal
models, which included rat liver resection, rat femoral artery hemor-
rhage and rabbit liver bleeding. Gauze, Celox™ and ChitoGauze®XR
were used as control group, while PCS95 was used as the sample group.

In vivo hemostatic in a rat liver resection model: Pentobarbital so-
dium (40 mg/kg) was injected into each SD rat to induce complete
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anesthesia. The abdominal body hair was shaved off and a midline
incision was made on the ventral side to expose the rat liver. Body fluid
under the liver was absorbed with gauze, and a pre-weighed filter paper
was placed under the liver. A section of the liver (2.5cm x 1.0 cm x 0.5
cm) was cut off. After the blood flowed out, 500 mg of pre-weighed
hemostatic dressing was applied to the wound to stop bleeding. The
amount of bleeding was calculated by comparing the final weight of
filter paper and dressing, and the total time of hemostasis was recorded.

To verify the bleeding effect of protonated chitosan on non-
compressible wounds, a “cross” wound (1.5 cm x 1.5 cm x 0.3 cm)
was made on the rat liver with a scalpel. After the blood was drained,
PCS95 solution was injected into the wound and photographs were
taken to document the bleeding control.

Rat femoral artery hemorrhage model: After anesthetizing and
immobilizing Sprague-Dawley (SD) rats, the femoral artery was induced
to rupture and bleed at the base using surgical scissors. Hemostatic
materials were promptly applied to compress the bleeding site. The
hemostasis process was recorded using an iPhone 13 smartphone.

Rabbit liver resection bleeding: Continuous injection of aspirin (2
mg/kg) was used to create an anticoagulant environment in the blood,
which was evaluated by thrombelastograghy. An appropriate dose of
pentobarbital sodium (40 mg/kg) was injected into each New Zealand
White Rabbit (male, 2-2.5 kg) to induce complete anesthesia. The liver
was carefully dissected from surrounding tissues and placed on a sterile
filter paper substrate. A surgical incision was made approximately 1 cm
above the liver’s tip, causing liver bleeding. Hemostatic materials were
then applied to the bleeding site to achieve hemostasis. The entire he-
mostasis process was visually documented using a high-resolution
camera, allowing for the recording of hemostasis time. Additionally,
the blood loss during hemostasis was quantified by weighing the
collected blood.

2.22. Statistical analysis

A sample size of N > 3 was used for all experiments. Data are shown
as mean =+ s.d. Statistical analysis was performed using one-way ANOVA
and post hoc Tukey tests formultiple comparisons or Student’s t-tests for
comparison between two groups (Prism 8.0.2). P values < 0.05 were
considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001,
****¥p < 0.0001).

3. Results
3.1. Preparation and characterization of PCS95, PCS80 and PCS65

Chitosan is a linear polymer rich in amino and hydroxyl groups,
derived from the shells of shrimp, crab and other marine arthropods.
Under acidic conditions, the -NH, groups in chitosan molecules are
protonated to form -NH3 groups. The biological activity of chitosan is
affected by molecular weight, deacetylation degree, viscosity and other
factors [29,30].

In experiment, we observed an unexpected phenomenon where the
addition of a protonated-chitosan solution to plasma proteins promptly
led to the formation of a protein membrane. Further experiments indi-
cated that the phenomenon was related to the amount of -NH3 group. A
higher the deacetylation degree of protonated-chitosan molecules cor-
responds to a greater number of positively charged amino groups
(-NH3). To explore the interaction between chitosan and blood and
reduce the interference of unnecessary factors, the 95 % deacetylated
chitosan was grafted with acetic acid via EDC-HCI coupling to obtain
protonated chitosan with deacetylation degrees of 80 % (PCS80) and 65
% (PCS65).

Fig. 1a depicted the synthesis process, where PCS80 and PCS65 were
synthesized by adjusting the feeding ratio (Table S1). The chemical
structure of protonated-chitosan was confirmed by ATR-FTIR spectros-
copy (Fig. 1b), with the absorption peak at 1640 cm ™ corresponding to
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-NH-C=O of protonated-chitosan. As the grafting rate of acetic acid
molecules increased, the intensity of the absorption peak increased. The
degree of conjugation of acetic acid was confirmed by proton nuclear
magnetic resonance (*H NMR) spectrometer (Fig. 1¢). The proton peak
at 1.95 ppm represents the methyl group (-CHs) of protonated-chitosan
molecule, and the proton peak at 2.95 ppm corresponded to Co-H bond
in protonated-chitosan. By integrating the proton peak areas, the
deacetylation degree of PCS95, PCS80, and PCS65 were calculated to be
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95.6 %, 80.3 %, and 65.4 %, respectively. In addition, chitosan is
insoluble under neutral conditions, but protonated-chitosan exhibited
excellent solubility in deionized water with a solubility exceeding 20
mg/mL (Fig. 1d), significantly expanding the applications of chitosan-
based materials. The molecular weight of PCS variants was character-
ized by gel permeation chromatography (GPC), with the average mo-
lecular weights of PCS65, PCS80, and PCS95 being relatively similar of
11.2 kDa, 10.4 kDa, and 11.6 kDa, respectively (Fig. 1e). The viscosities
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of the three PCS were relatively close (Fig. 1f), with values of 32.8, 32.2
and 41.4 mPa-s (1 Hz), respectively. Furthmore, zeta potential and XPS
were employed to characterize the charge-carrying capacity of
—NH{groups in the protonated-chitosan molecular chain. The zeta po-
tential for PCS95, PCS80 and PCS65 were 54.6 & 0.2 mV, 48.5 + 0.7 mV
and 39.2 + 0.5 mV, respectively. In contrast, the zeta potential for
unprotonated-chitosan (CS95, 95 % deacetylated) was significantly
lower at 6.0 + 0.9 mV (Fig. 1g). Moreover, the peaks at 399.8 eV and
401.1 eV were attributed to C-NH,/-NH-C=0 and -NH3 [31], respec-
tively. However, unprotonated-chitosan (CS95, 95 % deacetylated)
lacked a significant peak at 401.1 eV (Fig. S1). As the deacetylation
degree of chitosan increased, the number of positively charged -NH3
groups also increased. The ratio of -NH3 group peak area to the total
peak area was 25.3 % for PCS65, 35.5 % for PCS80, and 49.7 % for
PCS95, respectively (Fig. 1h—j). In conclusion, we have successfully
synthesized protonated-chitosan with varying degrees of deacetylation
(PCS95, PCS80, PCS65), maintaining consistent molecular weight and
viscosity.

3.2. Interaction between protonated-chitosan and plasma proteins

Blood is a complex mixture rich in abundant proteins (such as al-
bumin, immunoglobulins, complement proteins, coagulation proteins,
etc.), cells (erythrocytes, platelets, white blood cells, etc.), ions (Ca?t,
K*, Na®, Cl7, etc.) and water. These components are essential for the
transportation of nutrients and metabolites, immune response, clotting,
regulation of temperature, and maintenance of physiological homeo-
stasis. Upon intravenous injection, nano materials adsorb a certain
amount of plasma proteins on their surfaces, forming a protein corona
[32]. This phenomenon was called the “Vroman Effect” [33]. The
composition of the protein corona (including lipoproteins, coagulation
factors, and immunoglobulins, etc.) was affected by the surface charge,
hydrophilicity and active functional groups (such as -COOH, —-NH>) on
the nanoparticles [34,35]. In the experiment, we observed an unex-
pected robust adsorption of plasma proteins by positively charged chi-
tosan, which quickly formed protein membrane within seconds (Mov.
S1). We hypothesized that the formation of this protein membrane
significantly impacted the coagulation process.

3.2.1. Formation conditions of Protein membrane

Firstly, we explored the conditions that lead to the formation of PM.
Plasma proteins solution exhibited pH-responsive characteristics, with
protein molecules carrying different charges depending on the pH level
(Fig. S2). Specifically, when the pH of the solution surpassed the average
isoelectric point (pH 5.4) [36], plasma proteins acquired negative
charge. Conversely, when the pH fell below 5.4, the plasma proteins
become positively charged. This phenomenon was attributed to the
ionization of specific amino acid residues within the protein in response
to pH changes. Under physiological conditions (pH 7.4), plasma proteins
were negatively charged, with zeta potential of approximately —16 +
0.3 mV (Fig. S2). Chitosan molecules are naturally cationic polymers,
and their charge density depends on the degree of deacetylation and
protonation [37]. The higher deacetylation of chitosan, the greater the
number of available amino groups along molecular chain. For fully
deacetylated chitosan, the theoretical amino group content is 6.2
mmol/g. In acid solution, the amino group is protonated to —NHZ.
Therefore, we speculated that this phenomenon was related to the
interaction between the positively charged protonated-chitosan mole-
cules, and the negatively charged protein molecules to form protein
membrane.

Chitosan with varying degrees of deacetylation (PCS95, PCS80,
PCS65) exhibited a modest reduction in zeta potential within the pH
range of 2-4 (Figs. S3a—c). However, when the pH increased to 7.4, the
decrease in H' concentration, led to deprotonation of chitosan, and a
significant decrease in zeta potential (<10 mV). Interestingly,
protonated-chitosan with a high deacetylation degree (95 %
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deacetylation, pH = 2 and pH = 4) formed a dense protein membrane.
When the zeta potential of protonated-chitosan (95 % deacetylation)
decreased to 29 + 0.2 mV (pH = 6), only turbidity was observed in the
PPP solution, indicating that the deprotonation of chitosan led to a
reduced binding capacity with proteins (Fig. S3d).

When chitosan solution (80 % deacetylation) was at pH 2 and 4, the
addition of plasma proteins solution resulted in the formation of a
flocculent protein membranes (Fig. S3e).

However, when the solution pH of chitosan (80 % deacetylated) was
adjusted to 6, no protein membrane was observed. In addition,
protonated-chitosan with lower deacetylation degree (65 % deacety-
lated) did not observe the protein membrane phenomenon under any pH
conditions (Fig. S3f).

These results indicated that the formation of protein membrane was
closely related to the deacetylation degree and protonation level of
chitosan. Furthermore, when positively charged PEI ({ = +13.4 + 0.9
mV) and polylysine ({ = +22.0 + 2.2 mV) were added to plasma
(Fig. S4a), no formation of protein membrane was observed (Fig. S4b).
This is primarily due to the fact that, despite these molecules possessing
positive charges, their charge density was relatively low, insufficient to
interact with plasma proteins and form protein membrane.

Conversely, when the pH of plasma proteins solution was lowered to
2, resulting in a positively charged plasma protein solution, and the
addition of negatively charged sodium alginate ({ = —63.6 + 1.3 mV)
solution (Fig. S4c), led to observable protein membrane (Fig. S4d).
However, the introduction of negatively charged hyaluronic acid (¢ =
—36.6 + 0.2 mV) and gelatin solution ({ = —15.1 £+ 0.5 mV) to posi-
tively charged plasma proteins solution did not observe this phenome-
non. The phenomenon indicated that only materials with high charge
density will interact with the plasma protein to produce protein
membrane.

In summary, we explored the conditions for the protein membrane
formation and confirmed that the phenomenon was mainly driven by
the electrostatic interactions between PCS and plasma protein mole-
cules. The higher the charge density of PCS molecules, the stronger their
binding affinity with plasma proteins.

3.2.2. Analysis of protein membrane components

In the experiments exploring the conditions for PM formation, we
confirmed that PCS95 exhibited the strongest binding affinity to plasma
proteins. We introduced a PCS solution (2 wt%) to poor-platelet plasma
(PPP) and observed that PCS95 quickly assembled proteins in plasma to
form a protein membrane (PM) (Fig. 2a). The proteins in PM were
separated by centrifugation for subsequent analysis (Fig. 2b). To analyze
the protein composition of the PM, SDS-PAGE gel electrophoresis was
employed to separate the proteins in PM from PPP. The molecular
weight distribution of plasma proteins isolated from PM ranged widely,
from 6.5 kDa to 270 kDa (Fig. 2c). The protein content (52 ~ 95 kDa) in
PM was significantly lower than that in PPP, suggesting that PCS95 has
the capacity to selectively adsorb proteins from plasma. For a quanti-
tative analysis of the PM components, liquid chromatography coupled
with mass spectrometry (LC-MS/MS) was utilized. The top 30 high
abundance proteins account for approximately 67.98 % (PPP) and
60.95 % (PM) of the total protein content. Albumin, the most abundant
protein in the PPP at 12 %, was present at only 2.3 % in the PM (Fig. 2d).
A total of 165 differentially expressed proteins were detected in PPP and
PM (Fig. 2e). Significantly, a number of coagulation-related proteins,
including Factor II (FII), V (FV), VII (FVIL), VIII (FVIII), IX (FIX), X (FX),
XIII (FXIII), Fibronectin 1 (Fnl), VWF and Platelet Factor 4 (PF4), were
detected in the PM and PPP. The abundance of various coagulation
factors in PM were significantly higher than in PPP. The total abundance
of coagulation factors increased from 1.09 % in the PPP to 2.59 %
(Fig. 2f), indicating that PCS had a substantial recruitment effect on
coagulation factors present in the blood. Specifically, except for a few
coagulation factors such as FXI, FXII and VWF, the majority of clotting-
related proteins were detected to be enriched in PM, approximately
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1.5-4 times higher than those in PPP (Fig. 2g). Since FXI carries an
overall positive charge [38], its affinity for PCS, which is also positively
charged, might have been weaker, potentially explaining its lower
enrichment in PM. Similarly, VWF tends to bind with negatively charged
materials such as collagen and sulfatides [39]. Moreover, FXII is known
to have a high affinity for negatively charged substances, as it is readily
activated by negatively charged surfaces to form FXIla [40]. The as-
sembly of plasma proteins enhanced the viscoelasticity of the material
matrix and was conducive to platelet adhesion, aggregation and acti-
vation [41]. The recruitment of FIX by PCS would help to activated
platelet cutting FIX to FIXa to accelerate the coagulation cascade.
Additional protein information was provided in Fig. S5. In a word, PCS
played a pivotal role in the intricate process of regulating and main-
taining clot formation and stability by assembling plasma proteins and
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recruiting coagulation factors.

3.2.3. Interaction mechanism between PCS and plasma proteins

The molecule interaction process between PCS and plasma proteins
was further investigated by isothermal titration calorimetry (ITC), cir-
cular dichroism (CD), amino acid analyzers, and molecular simulations.

Firstly, ITC, widely used for probing ligand-biomolecule interactions,
was employed to analyze the thermodynamics of PCS binding to plasma
protein. The detailed data were presented in Table S2. The interaction
between PCS and plasma proteins was an endothermic reaction (AH>0)
at 25 °C, occurred spontaneously (AG<0). For PCS65, maximum binding
to plasma proteins was observed at 4 min post-titration, with saturation
achieved by 32 min (Fig. 3a). For PCS80, optimal binding was observed
at 8 min (Fig. 3b), with saturation reached by the 40-min mark. PCS95
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demonstrated maximum binding affinity to plasma proteins at 10 min
post-titration. Even after 40 min of titration, the binding remained non-
saturable (Fig. 3c). Moreover, a higher stoichiometric ratio (N) and more
negative Gibbs energy (AG) indicated higher affinity [42]. PCS95
showed the highest stoichiometric ratio to PPP at 5.72, with the lowest
gibbs energy at —8.85 kcal/mol. These results demonstrated that PCS95
exhibited the highest affinity for plasma proteins binding. The binding
enthalpy (AH), which represented the intensity of hydrogen bonding
and van der Waals forces, was notably low for PCS95 with plasma
proteins, at 89.50 kcal/mol, suggesting that the binding between PCS
and plasma proteins was predominantly charge-driven. A higher charge
density of PCS molecule correlates with a stronger binding affinity to
plasma proteins.

CD was employed to analyze the changes in secondary protein
structure during PCS and plasma protein interactions (Fig. 3d). PCS had
a minimal impact on the secondary structure of plasma proteins. There
was a slight increase in the o-helix, p-sheet, and p-turn structures
(Table S3), with the levels of random coils remaining constant. These
results suggested that PCS did not disrupt the structural integrity of
plasma protein’s, which maintained their conformational stability and
biological activity upon interaction with PCS. Moreover, the stability of
the secondary structure conformation of membrane proteins reduced the
risk of immune responses in practical applications of PCS [43].

In experiments, we observed that PCS95 formed protein membrane
by binding with plasma proteins under physiological conditions. How-
ever, when the pH of the PPP solution was adjusted below its isoelectric
point, PPP became positively charged, and the formation of the protein
membrane was not observed (Fig. 3j). Amino acids in proteins were
further evaluated by an amino acid analyzer from PPP and PM. Proteins
are mainly composed of 17 different amino acid molecules, with posi-
tively charged amino acids including arginine, lysine, and histidine, and
negatively charged amino acids liking glutamic acid and aspartic acid.
The most abundant amino acids hydrolyzed from PM were glutamic acid
and aspartic acid, with the total content of negatively charged amino
acids in PM accounting for 21.47 %, which was already close to the
saturation level of negatively charged amino acids found in PPP
(Fig. 3e). The above results indicated that the formation of protein
membranes was mainly due to the binding of negatively charged amino
acids to positively charged protonated-chitosan.

To further elucidate the interaction between PCS and plasma pro-
teins, molecular dynamics (MD) simulations were performed. We
simulated the binding of these negatively charged amino acids to pro-
tonated chitosan structural unit fragments. The MD simulations,
revealed stable binding between PCS and plasma proteins, mediated by
a combination of electrostatic, van der Waals, and hydrophobic in-
teractions. In this process, root mean square deviation (RMSD), solvent
accessible surface area (SASA), and the molecular radius of gyration
(Rg) reached a plateau state and are stabilized within 10 ns (Fig. 3f-i),
demonstrating rapid interaction between PCS and amino acids. At the
isoelectric point, plasma protein molecules are electrically neutral, and
the binding energies of PCS with amino acids are low (Fig. S6,
Table S4a), being —0.9 kJ/mol for aspartic acid and —5.1 kJ/mol for
glutamic acid, respectively. Under physiological conditions (pH = 7.4),
the carboxyl groups of these amino acids ionize to release H', and the
—COOH groups ionized to -COO". In such conditions, the primary binding
force between PCS and these amino acids was electrostatic interaction
(Table S4b). The total binding energies with these two amino acids were
—278.0 kJ/mol for aspartic acid and —290.7 kJ/mol for glutamic acid,
respectively. The simulation results were consistent with the previously
observed phenomena.

In summary, under physiological conditions, ionization of H" by
aspartic acid and glutamate in plasma protein molecular chains imparts
a negative charge to plasma protein solution. PCS molecular chains with
—-NH3 groups and plasma protein molecular chains tangle with each
other to spontaneously form PM driven by electrostatic action (Fig. 3j).
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3.3. Platelet adhesion, activation, aggregation and secretion by PCS

Platelets play a crucial role in the hemostasis process. A deficiency or
dysfunction of platelets can lead to various coagulation disorders.
Platelets are highly active secretory cells, platelets respond to external
stimuli by activating surface receptors (P2Y;3, PAR1/PAR4, CLEC2,
TLR, etc.), and triggering signaling pathways [2,44,45]. This leads to the
secretion of growth factors, inflammatory factors, coagulation factors,
and extracellular vesicles into the bloodstream, which modulate the
blood microenvironment [46]. These intracellular components interact
and regulate platelet function during hemostasis. The cell-based coag-
ulation model [47], emphasizes the crucial role of platelets in the
coagulation process. Initially, coagulation factors bind to membrane
receptors on resting platelets. Once platelets are activated, they provide
additional binding sites for the rection of coagulation cascade. In this
study, we explored the effect of PCS on platelet adhesion, aggregation
and activation and the subsequent secretion of coagulation-related
substance.

Firstly, SEM imaging revealed that PCS95, with its high charge
density, attracted the largest number of adhered platelets (Fig. 4a,
Fig. S7). The platelet adhesion rate on PCS sponges was further quan-
titatively analyzed by LDH Elisa kit. Consistent with the SEM observa-
tions, PCS95 demonstrated the highest platelet adhesion rate of 64.9 %
+ 3.3 % (Fig. S7). In addition, PCS treatment led to platelets activation,
leading to an increased expression of platelet receptor CD62P and CD61
[48]. The platelet activation rates for PCS65, PCS80 and PCS95 were 7.8
+ 0.6 %, 74.7 £+ 0.8 % and 96.3 + 0.3 %, respectively, compared to only
2.1 + 0.2 % for the control group (Fig. 4b and c). More importantly, in
the presence of anti-platelet drugs (like aspirin, eptifibatide, etc.), PCS95
maintained an extremely high level of platelet activation and the acti-
vation rate is more than 70 % (Fig. S8). The results were related to
chitosan’s activation of the platelet Toll-like receptor 2, a receptor that
was not subject to the intervention of antiplatelet drugs [2]. Moreover,
intracellular calcium signaling is essential for platelet function [49].
Upon platelet activation, a rapid increase in cytosolic calcium concen-
tration occurs, primarily driven by the release of calcium from intra-
cellular stores and subsequent influx of extracellular calcium. After
platelets activated by PCS, an increase in intracellular calcium ion
concentration was observed using flow cytometry (Fig. 4d and e).
Moreover, confocal microscopy confirmed different degrees of platelet
aggregation, with PCS95 having the most pronounced effect (Fig. 4f and
g). The results attributed to the activation of platelet surface integrin
receptors by PCS95, promoting the aggregation of platelets.

The a-granules within platelets are repositories for Platelet Factor 4
(PF4), and coagulation factors such as FV, FX, and FXI [50]. PF4 is
known to enhance platelet aggregation and bind to heparin, neutralizing
the anticoagulant effect [51]. When PCS95 interacted with platelets, the
PF4 concentration increased about three-fold compared to the control
group (Fig. 4h). The secretion of intracellular clotting factors from
platelets significantly boosted their concentration in the bloodstream,
thereby accelerating coagulation reactions. Unlike FV in plasma, FV in
platelet was secreted in a semi-activated state after platelet stimulation.
It showcases significant cofactor activity, which is further enhanced by a
factor of two to three upon activation via thrombin or Factor Xa [52].
Elisa detected a significant increase in FV concentration with the PCS95
sample showing a FV concentration of 783 + 19 ng/mL approximately
5.8 times higher than the control group (Fig. 4i). Similarly, significant
increase in the concentrations of FX (Fig. 4j) and FXI (Fig. 4k) were
detected with PCS95 levels 6 and 5.7 times higher than the control,
respectively. These results underscore the potential of platelet-derived
clotting factor release to enhance the clotting factors concentration in
the blood, thereby promoting rapid coagulation reactions.

Additionally, platelet activation, triggers the secretion of dense
granules, which contain small molecules such as ADP and 5-HT (sero-
tonin) [53]. These molecules play a pivotal role in recruiting platelets to
the bleeding site and amplifying the platelet response. After interaction
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(n = 3). n) Schematic diagram of the interaction between PCS and platelets (NS, no significant differences, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

with protonated chitosan, ADP, 5-TH concentrations increased (Fig. 41
and m), with the PCS95 group showing a 4.8-fold (32.8 + 0.8 mg/mL)
and 7.1-fold (20.1 + 0.4 mg/mL) increase respectively, compared to the
control group. Interestingly, we also observed that after PCS95 activated
platelets, it released some activated platelets into the solution, which
could help accelerate blood coagulation around the material (Fig. S9).

In summary, platelets play a pivotal role in hemostasis regulation,
serving as a reservoir for clotting factors and fostering a procoagulant
environment. The activation capability of PCS towards platelets was
associated with the -NH§ groups; the greater the number of -NHj
groups, the stronger the ability of PCS to activate platelets. PCS incu-
bation induced platelet activation, resulting in the secretion of intra-
cellular coagulation components. Additionally, activated platelets
served as catalytic sites for the amplification of coagulation cascade
through the intricate interaction of various coagulation factors (Fig. 4n).
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3.4. Hemostatic mechanism of PCS

The physiological coagulation process is a complex biochemical
cascade that involves multitude of coagulation factors and cellular
components. The activation of intrinsic and extrinsic coagulation path-
ways initiates a chain of reactions that culminate in the assembly of
prothrombinase complexes on platelet surfaces [54]. This process ulti-
mately leads to the crosslinking of fibrinogen molecules and the for-
mation of insoluble fibrin clots [55].

Firstly, PT and APTT tests revealed that PCS exerted a relatively
minor influence on the initiation of both the intrinsic and extrinsic
coagulation pathways (Fig. 5a and b).

In study, we found that PCS could recruit coagulation factors and
assemble plasma proteins from PPP, as well as adhere to and activate
platelets, the secretion of intracellular coagulation substances. To
evaluate the ability of PCS to induce protein clots formation, we incu-
bated it with platelet-rich plasma (PRP) and added CaCl; to initiate the



Z. Huang et al.

&0

Bioactive Materials 41 (2024) 174-192

a —= N5 b c PCS80 PCS95
404 Cac|2’\ PCs
< 30+ - H
- Incubation S t
<27 5 - —) |%m:>
10 min
10
" Control PCS65 PCS80 PCS95 Control PCS65 PCS80 PCS95 PRP, 37°C Protein clot
d (i) Control (ii) PCS65
Bl 11.90% Albumin : ;09.1_/5))/%F;l.\gblumin —
3| 7.00% Fibrinogen a chain .97% Fibrinogen a chain
o3| 8:38% Fibrinogen @ chain _|-2343% 31 {7.72% Fibrinogen B chain ~ (~20-23%
1| 8.05% Fibrinogen y chain 3 |6.54% Fibrinogen y chain
=2 3.95% Ig y-2B chain C region =3 4.57% g y-2B chain C region _
BEm 3.10% lg-like domain-containing protein : ggg;ﬁ) Lﬂ":‘e ?9"';?;)0{00;13'”'"9 protein
Hl 3.07% Alpha-1-inhibitor 3 -40% Alpha-1-inhibitor :
3 3.92% Alpha-1-antiproteinase 3 3.14% Alpha-1-antiproteinase
2.34% Alpha-1-macroglobulin 2.57% Alpha-1-macroglobulin
54.79% mm 3.08% Serotransferrin 50.46% Bm 2.55% Serotransferrin
PCS80 i
i B 11.40% Albumi ) kg
.40% Albumin .
B3| 5.23% Fibrinogen a chain 17.18% : 133?9/%&1",“""“ =
3| 6.27% Fibrinogen B chain |~ ot L rivrinogen achain | _ g 7gs,
1| 5.68% Fibrinogen y chain B3 (2.43% Fibrinogen P chain
=3 4.35% Ig y-2B chain C region B |2.54% Flrinogen ychaln
E= 3.04% lg-like domain-containing protein - 5'28°/° Ig Y'ZB Cha'.n & bl :
B 4.28% Alpha-1-inhibitor 3 BEm 3.16% |g-like domain-containing protein
3 3.37% Alpha-1-antiproteinase = 4.582/0 Alpha-1-inhibitor 3
=3 3.07% Alpha-1-macroglobulin : ggg oﬁ’ ﬁ:gﬂz-l -?nr:g:)cg%gﬁﬁs
49.20% o i .22% -1
° = Z51%iSctdnsticmn 44.65% Bl 3.47% Serotransferrin
e 1000 150 400 800 ey
f . g NS h ok
800+ .
300 6004 T -
= T00{ B 3 =
E 600 E £ E NS
) 2 2 200+ 2 400+
z 4 S so- i =
100 200
200+
0- 0- 0- o-
Control PCS65 PCS80 PCS95 Control PCS65 PCS80 PCS95 Control PCS65 PCS80 PCS95 Control PCS65 PCS80 PCS95
i 50 . 800 Kk 3 | 150 -
400 NS . = | — r
__ 600 i - g -+
g E‘ :IE_ 200+ E’ 100 NS
= = = =]
iy X X 100- §
£
0_

Control PCS65 PCS80 PCS95 Control PCS65 PCS80 PCS95

Control PCS65 PCS80 PCS95

Control PCS65 PCS80 PCS95

Fig. 5. Proteomics analysis of protein clots. a, b) PT/APTT testing of PCS. c) Photographs showing the interaction of PCS interacted with PRP to form protein clots. d)
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coagulation cascade reaction.

Upon completion of the reaction, we observed that the control group
produced the smallest protein clot, while the PCS95 group yielded the
largest clot with the least amount of supernatant remaining (Fig. 5c),
suggesting that PCS95 exhibited superior hemostatic performance.
Proteomic analysis of the formed blood clots revealed that albumin was
the most abundant protein, accounting for approximately 10~14 % of
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the total protein content. The protein clots also contained abundant
fibrinogen chain, including fibrinogen @, p and y chains (Fig. 5d).
Interestingly, the blank group exhibited the highest proportion of
fibrinogen, reaching 23.43 %, whereas the PCS95 group had lower
fibrinogen content of 6.78 %. This was mainly due to PCS’s effectiveness
in assembling a large amount of plasma proteins into the fibrin matrix,
which decreases the content of fibrin. Moreover, unreacted coagulation
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factors such as FII, FV, FVII, FIX, FXI, FXII and FXII were detected in
protein clots. The total coagulation factor content for the control, PCS65,
PCS80 and PCS95 groups were 0.83 %, 0.77 %, 0.73 % and 0.70 %,
respectively. Further details about proteins were provided in Fig. S10.
After the hemostatic response reached equilibrium, the concentra-
tions of coagulation factors FV, FVII, FIX, FX, FXI, FXII, FXII and
thrombin in the supernatant were determined by Elisa assays (Fig. Se-1).
The different groups demonstrated varied consumption of coagulation
factors, with the PCS80 group exhibiting relatively higher remaining
levels of coagulation factor FV. The PCS65 group had increased residual
FX (536.7 + 48.6 ng/mL), while the control group had higher residual
FXII (547.9 £ 6.7 ng/mL). In addition, no significant differences were
observed in the residual amount of FVII and FIX among all groups.
Based on our aforementioned research on the interactions between
PCS and PPP, platelets, and PRP, we have observed that the interactions
between PCS and these blood elements are both sequential and dynamic.
Hence, we propose a “three-stage rocket” model for PCS to facilitate
rapid coagulation and hemostasis: First, PCS recruits coagulation factors
and electrostatically assembles high-abundance plasma proteins to form
an initial protein network within few secends. Secondly, protein
network and PCS mediate platelet activation, leading to the secretion
coagulation substances from platelets, and establishing reaction sites for
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coagulation factor to produce thrombin. The third stage involved
coagulation factors reacting on the platelet surface to produce thrombin,
which cleaves fibrinogen to form fibrin, creating an insoluble fibrin
network.

3.5. Hemostatic properties in vitro

Erythrocytes are the most abundant cells in the blood, and during the
coagulation cascade, their encapsulation in a fibrin network, which is
crucial for enhancing the mechanical stability of the blood clot [56].
Therefore, the adhesion and aggregation of erythrocytes are pivotal in
the formation of stable blood clot. SEM images revealed that PCS95
adhered the highest number of erythrocytes (Fig. 6a), with an adhesion
rate exceeding 50 % (Fig. 6b).

Hemostatic materials function by absorbing blood at the site, facili-
tating the formation of a stable blood clot, thereby plugging the wound
and achieving hemostasis. The in vitro hemostatic capability of these
materials could be assessed by monitoring the change in the blood
coagulation index over time (Fig. 6¢). A lower BCI value, signifies a more
potent ability to stop bleeding. The chitosan-based commercial hemo-
static products Celox™ and ChitoGauze®XR were used as control
groups. As shown in Fig. 6d, blood clots formed by interaction of PCS95
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blood cells (Scale bar: 50 pm). b) Red blood cells adhesion rate of PCS (n = 3). c¢) Schematic illustration of hemostatic materials inducing blood clot formation in vitro.
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and blood maintained stability in deionized water without obvious
erythrocytes rupture. The BCI value decreased with extended incubation
time of blood with the materials. At a 1 min incubation, PCS95 achieved
the lowest BCI value among the sample group, indicating a faster
coagulation rate. After incubation for 150 s, the BCI value of PCS95 (~6
%) was significantly lower than that of PCS80, PCS65, and Celox™ and
ChitoGauze®XR, indicating that PCS95 had superior hemostatic prop-
erties (Fig. 6e).

As displayed in Fig. 6f, PCS95 effectively engaged with various
active components in the blood to form a stable clot, while PCS65 had a
relatively weaker effect on clot formation. Furthermore, the viscoelastic
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properties of blood clots formed upon contact with PCS sponges were
evaluated using a rheometer. PCS95 with its strongest positive charge-
carry capability, accelerated the coagulation cascade through in-
teractions with various active blood components, including plasma
proteins and blood cells. PCS95 exhibited a significantly higher storage
modulus, reaching up to 1425 Pa (10 Hz) after clot formation, indicating
a stronger clotting ability. In contrast, PCS80 had a lower storage
modulus of 410 Pa, and PCS65 exhibited the lowest storage modulus of
only 102 Pa (Fig. 6g). Additionally, the results from the rheometer in
shear-strain mode were similar to those from the shear-frequency mode
(Fig. 6h). These results suggested that PCS95 promoted the formation of
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Fig. 7. Evaluation of PCS biocompatibility and antibacterial properties. a) Photographs of PCS (2.5 mg/mL, 5.0 mg/mL) incubated with blood for 1 h followed by
centrifugation. b) Hemolysis rate of PCS (n = 3). ¢) Confocal images showing cell viability with cell Live/Dead staining (scale bar: 200 pm) and cellular morphology
(scale bar: 50 pm). d) CCK-8 assay resulting for 1929 cell viability (n = 3). e) Photographs demonstrating antibacterial efficacy of PCS. f) Quantification of anti-
bacterial rate for PCS65, PCS80 and PCS95 against Escherichia coli (E.Coil) and Staphylococcus aureus (S. aureus) (n = 3). Data are expressed as the mean + S.D. (NS,
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blood clots with enhanced strength and stability relative to PCS80 and
PCS65.

3.6. Biocompatibility and antibacterial of PCS

The biocompatibility of hemostatic materials is crucial for their po-
tential clinical application. In vitro biocompatibility of PCS was
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evaluated through hemocompatibility and cell compatibility assay.
Chitosan solutions at concentrations of 2.5 mg/mL and 5 mg/mL were
incubated with a 5 % red blood cells (RBCs) suspension for 1 h.

As depicted in Fig. 7a, the results revealed that post-centrifugation,
the supernatant from all sample groups were clear and transparent,
with no significant difference from the negative control group treated
with PBS. Conversely, the addition of an equal volume of Triton-X to the
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RBCs suspension induced the membrane disruptor, leading to hemo-
globin release and resulting in blood-red supernatant.

The hemolysis rate in all experimental groups was below 2 %
(Fig. 7b), indicating that PCS demonstrated excellent hemocompati-
bility. The cytotoxicity of PCS was further evaluated using L929 cells
with the CCK-8 assay and live/dead staining (Fig. 7c and d). Over a 1 day
and 3-day co-culture period with PCS, the cells showed robust growth,
with the cell viability consistently exceeding 95 %. Additionally, PCS95
was implanted subcutaneously in SD rats for 7 and 14 days to observe its
inflammatory response in vivo. After 7 days of PCS95 implantation, a
certain level of inflammatory reaction was observed, which decreased
after 14 days of implantation (Fig. S11).
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In accidental bleeding accidents, wound infection is another impor-
tant cause of mortality [57]. Therefore, hemostatic materials with
antibacterial properties are conducive to reducing the risk of infection.
The positively charged chitosan bond with the negatively charged
components of bacterial cell membranes, leading to the disruption of the
cell wall and consequently causing bacterial death. The antimicrobial
efficacy of protonated-chitosan with different deacetylation degree
against S. aureus and E. coil was tested. The growth of PCS solution on
agar after co-culture with bacteria was shown in Fig. 7e. PCS molecules,
carrying a positive charge, effectively destroyed bacterial cell mem-
branes. The inhibition rate for PCS95 against S. aureus and E. coli were
99.9 + 0.02 % and 98.3 + 1.1 %, respectively. For PCS80, the inhibition
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Fig. 9. Femoral artery hemorrhage in rats and liver hemorrhage in rabbits. a) Schematic diagram of femoral artery bleeding in rats. b) Photos of hemostatic material
applied to the femoral artery during hemostasis in rats. ¢) The blood loss of femoral artery hemorrhaging rats (n = 3). d) Schematic diagram of liver bleeding in
rabbit. €) Photos of hemostatic material applied to the liver during hemostasis in rabbit. f, g) Hemostasis time and blood loss of rabbit liver resection. (n = 3). Data are
expressed as mean + SD. (NS, no significant differences, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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rates were 68.4 + 2.3 % for S. aureus and 60.0 &= 1.1 % for E. coil,
respectively. The PCS65 showed inhibition rates of 39.1 + 3.1 % for
S. aureus and 41.6 + 2.2 % for E. coli, respectively (Fig. 7f). In conclu-
sion, PCS exhibited favorable good blood and cell compatibility and
showed excellent superior antibacterial properties.

3.7. Hemostatic properties in vivo

In vitro hemostasis experiments revealed that PCS95 demonstrated
enhanced hemostatic efficacy. Therefore, we further evaluated the he-
mostatic ability of PCS95 in vivo of PCS95 using rat models of liver
resection, liver cruciate incision, and femoral artery rupture. Commer-
cially chitosan-based hemostatic agents including ChitoGauze®XR and
Celox™ were used as control groups.

Fig. 8a depicted liver resection and liver cruciate incision experiment
in rats. The rat liver was excised and positioned on filter paper. Post-
liver resection, hemostatic materials were applied to the wound to
absorb blood. Gauze, known for high blood absorption absorbency, lacks
clotting ability and merely manages blood at the wound site. Chito-
Gauze®XR, enriched with chitosan, features smaller fiber gaps, that
effectively adsorb blood cells, forming a hemostatic barrier and mini-
mizing blood loss.

Celox™, when applied, attracted erythrocytes to form a colloidal
mass, sealing the bleeding wound (Fig. 8b). PCS95, with its NH3 groups,
capitalizes on the “charge” effect to promote blood coagulation by
adsorbing and assembling plasma proteins in blood, activating platelets,
attracting and aggregating erythrocytes. In rat liver bleeding model,
PCS95 demonstrated excellent hemostasis, with a hemostasis time of
104 + 11 s and blood loss of 0.6 & 0.1 g (Fig. 8c and d). In contrast,
gauze performed inferior hemostatic performance, with a hemostatic
time of 223 + 27 s and blood loss of 1.9 + 0.3 g, respectively.

Bleeding in deep constricted tissues presents a challenge where the
delicate bleeding site cannot be effectively managed through compres-
sion. PCS95 solution serves as a liquid hemostatic agent for non-
compressible hemorrhages.

As shown in Fig. 8e, the injected PCS95 solution on the bleeding rat
liver surface created a physical barrier, significantly reducing wound
bleeding (Mov. S2).

A rat femoral artery bleeding model was employed to assess the
material’s hemostatic ability in a larger bleeding wound (Fig. 9a).
Femoral artery hemorrhage is characterized by rapid blood flow and
large amount of blood loss, with a high fatality rate. Due to the extensive
bleeding in rats, material removal for hemostasis confirmation was
impractical, so the blood loss was measured to judge the material’s
hemostasis efficacy. Gauze’s absorbency was insufficient for hemostasis,
requiring manual compression to stop bleeding. In contrast, Celox™
powder did not rapidly absorb the blood. Instead, it formed a physical
barrier that progressively transformed into a gel obstruct blood flow.
ChitosGauze®XR a composite of chitosan and gauze, had a stiffer texture
that did not conform adequately to the bleeding site, with a slightly
inferior hemostatic efficacy than Celox™, yielding an approximate
blood loss of 4.4 g PCS95 sponge, when filled into the bleeding area,
interacted with blood components to promote blood coagulation
(Fig. 9b). With its a soft texture, could be adequately filled into the
wound and make full contact with the bleeding site. It accelerated the
coagulation process by concentrating active blood components and
leveraging the charge effect of the -NH3 groups. Compared to others
group, PCS95 effectively controlled bleeding within 2 g (Fig. 9c),
significantly reducing blood loss.

As population ages, the incidence of conditions such as atrial fibril-
lation and cardiovascular diseases has seen a significant increase. It is
often necessary to use anticoagulant drugs (such as warfarin, aspirin,
etc.) prevent thrombosis in these patient populations.

However, the use of these anticoagulants is associated with an
increased risk of bleeding-related mortality, posing a greater challenge
for the development of novel hemostatic materials [58]. Our
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investigation has revealed that the amino groups (-NH3) on
protonated-chitosan molecules interact with active components in the
blood (such as plasma proteins, platelets, erythrocytes, etc.) to promote
coagulation. Additionally, recent studies have found that chitosan ac-
tivates Toll-like receptor 2 (TLR2) on platelets, a receptor not currently
inhibited by existing anticoagulants (eptifibatide, clopidogrel, aspirin,
etc.). This allows chitosan to initiate the coagulation cascade even in an
anticoagulant-enriched environment [2]. To assess the hemostatic effi-
cacy of PCS95, we constructed a rabbit model with an induced coagu-
lation disorder and oral anticoagulant aspirin. A liver incision (1.0 cm in
width) was created as the rabbit liver bleeding model (Fig. 9d). Aspirin
inhibits platelet aggregation by irreversibly inhibiting the enzyme
cyclooxygenase (COX) and blocking the synthesis of thromboxane A2
(TXA2) [59]. Gauze had minimal procoagulant properties and primarily
controlled bleeding through blood absorption. Its hemostasis time
exceeded 8 min, with a blood loss exceeding 7.5 g. Although Celox™ and
Chitogauze®XR both containing chitosan as their main ingredient, their
molecular charge density was lower than that of PCS95, resulting in
weaker hemostatic performance compared to PCS95 (Fig. 9e). PCS95
operated a multi-channel hemostatic mechanism, creating a
pro-coagulation environment on the wound surface (Mov. S3), and
effectively controlling bleeding within 3 min and with a blood loss of
only 2.2 g (Fig. 9f and g).

Overall, PCS95 enhanced blood clotting by facilitating the assembly
plasma proteins, engaging coagulation factors, stimulating platelets
activation, and adhering to erythrocytes. Compared to non-protonated
hemostatic products such as Celox™ and ChitoGauze®XR, PCS95
exhibited superior hemostatic effects in vivo.

4. Discussion

The issue of life loss due to severe bleeding has long been a profound
concern, especially the elderly population, who often takes anticoagu-
lants, leading to asignificant increased risk of uncontrollable hemor-
rhages [60]. This challenge calls for the development of innovative
hemostatic materials to address complex bleeding scenarios.

Chitosan, with its positively charged molecular structure, has shown
notable hemostatic efficacy by aggregating erythrocytes and platelets,
even in coagulopathy cases, thus widely used as active hemostatic agent
[61,62]. However, previous studies mainly focused on the chemical
modification and functional application of chitosan molecules, and few
studies focused on the underlying hemostasis mechanism of chitosan
molecules. We assume that a deep understanding of the interaction
between materials and blood at the molecular level is crucial for
designing new chitosan-based hemostatic agents.

In most studies, the -NHy groups have often been excessively
consumed as cross-linking sites during material formation, which un-
doubtedly compromises the coagulation properties of chitosan [28,
63-65]. Interesting, we have discovered that once the amount of -NH3
groups on chitosan molecular chains exceeded a certain threshold (>4.9
mmol/g), the coagulation-promoting effect undergone a qualitative
transformation.

Our research highlights the pivotal role of the -NHJ group on the
chitosan molecular chains in promoting coagulation, an aspect that has
not been adequately recognized in the literature. In this study, we
discovered the interface phenomenon where PCS formed protein
membrane upon introduction into plasma. The conditions necessary for
this phenomenon to occur and the interactions between PCS and plasma
proteins, RBCs, and platelets were investigated. The results indicated
that protonation of chitosan enabled the in-situ recruitment of coagu-
lation proteins presented in plasma, such as FII, FV, FIX and FXII. PCS
activated platelets, which in turn secreted various coagulation-related
factors including FXI, FX, FV, PF4, ADP, 5-TH and so on. The acti-
vated platelets facilitate the assembly and reaction of these coagulation
factors, enhancing the activity of the active site and accelerating the
generation of the coagulation cascade, ultimately promoting the bigger
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blood clot formation. To explain the coagulation mechanism of PCS, a
“three-stage rocket” model was proposed. This model was further
extended to chitosan-based derivatives (Figs. S12-14), including
Quaternized-chitosan (QCS), Catechol-chitosan (CHI-C), and Alkylated-
chitosan (ACS). For all three chitosan derivatives, the addition to PPP
solution resulted in the formation of protein membranes, and promoted
the generation of protein clots in PRP solution (Fig. S15).

Additionally, natural polysaccharide materials such as gelatin, cel-
lulose, and dextran are commonly used as hemostatic agents. Gelatin
promotes hemostasis by activating platelets and concentrating the blood
[66]. Cellulose aids in hemostasis by concentrating blood, activating
coagulation factors, and promoting platelet aggregation [8,67]. Dextran
facilitates hemostasis by enhancing platelet adhesion, although it lacks
the ability to activate platelets [68]. Due to the unique positive charge
effects of chitosan molecules, they interact with various active compo-
nents in the blood to promote coagulation, thereby showing superior
coagulation-enhancing effects. However, both chitosan and cellulose
degrade slowly in the body, and their long-term use as internal hemo-
stats should be carefully considered. Utilizing protonated-chitosan
molecules as molecular templates enables the integrated construction
of hemostatic materials with procoagulant properties, providing a reli-
able foundation for the design of next-generation materials aimed at
hemostasis in coagulation disorders.

5. Conclusion

In summary, we initially discovered the phenomenon of protein
membrane formation through the interaction between protonated-
chitosan and plasma proteins. We investigated the conditions neces-
sary for the formation of these protein membranes, analyzed the protein
composition within the membranes via proteomics, and studied the
binding process between protonated chitosan and plasma proteins using
isothermal titration calorimetry and molecular dynamics simulations.
We confirmed that the -NH3 groups on molecular chains of protonated-
chitosan were the critical functional groups for promoting coagulation.
PCS accelerated the coagulation cascade by recruiting clotting factors
and assembling plasma proteins, activating platelets, and enhancing the
secretion of clotting substances by platelets. PCS exhibited excellent
biocompatibility and antibacterial properties in vitro. Furthermore, in
hemostatic experiments conducted both in vitro and vivo, such as tests on
rabbit liver resections with compromised platelet functionality due to
aspirin, PCS95 sponges demonstrated superior efficacy compared to
commercial chitosan-based hemostatic products like Celox™ and
ChitoGauze®XR.
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