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Objective: To synthesize and evaluate the function of antibacterial and anticoagulant properties of
amphiphilic carbonaceous particle (ACP) derived polyurethane composite membranes TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep. Methods: ACPs, ACPs-CS, ACPs-CS-PVS-Ag, ACPs-CS-Hep and ACPs-CS-PVS-
Ag/ACPs-CS-Hep were prepared and mixed with a TPU matrix, to assess the dispersibility respectively.
The blank TPU, TPU/ACPs, TPU/ACPs-CS, TPU/ACPs-CS-PVS-Ag, TPU/ACPs-CS-Hep and TPU/ACPs-
CS-PVS-Ag/ACPs-CS-Hep membranes were prepared. The hydrophilicity of these composite
membranes was determined by t contact angle test. Their mechanical properties were measured by an
electronic precision universal experimental machine. The antibacterial activity was detected by co-
culturing the composite membrane and bacteria. The anticoagulant activity was evaluated by incubating
the composite membrane with the anticoagulant blood. Results: ACPs, ACPs-CS, ACPs-CS-PVS-Ag,
ACPs-CS-Hep and ACPs-CS-PVS-Ag/ACPs-CS-Hep were dispersed in the hydrophobic TPU matrix and
formed uniform composite membranes with TPU matrix. The contact angles of blank TPU, TPU/ACPs,
TPU/ACPs-CS, TPU/ACPs-CS-PVS-Ag, TPU/ACPs-CS-Hep, and TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep
composite membranes were 103.2°, 97.5°, 87.2°, 86.9°, 81.8° and 84.7°, respectively, indicating that the
hydrophilicity of the TPU membrane could be enhanced by functional ACPs. The tensile strength of the
five composite membranes increased compared with the TPU control. Compared with blank TPU, TPU/
ACPs, TPU/ACPs-CS and TPU/ACPs-CS-Hep membranes, the TPU/ACPs-CS-PVS-Ag and TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep membranes exhibited better antibacterial activity, as evidenced by reducing
bacterial survival rate and adhesion after co-culture with S. aureus, E. coli, C. albicans and MRSA
bacteria. The membranes of TPU, TPU/ACPs and TPU/ACPs-CS instead of TPU/ACPs-CS-Hep and TPU/
ACPs-CS-PVS-Ag/ACPs-CS-Hep led to blood coagulation, validating the anticoagulant effect of ACPs-
CS-Hep-based membranes. Compared with blank TPU, 1 wt% of TPU/ACPs-CS-Hep, TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep and 3 wt% of TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep membranes resulted in
decreased platelet adhesion; TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep with 3 wt% showed stronger
inhibition of platelet adhesion than the corresponding 1 wt% membrane, suggesting that ACPs-CS-Hep-
based membranes had antiplatelet adhesion activity in a dose-dependent manner. Conclusion: The TPU/
ACPs-CS-PVS-Ag/ACPs-CS-Hep membrane has been successfully synthesized and possessed excellent
antibacterial and anticoagulant properties.

transfusion.” Colonization of pathogens is the main cause of
catheter-associated infections. Bacteria on the surface of the

Catheter-associated infections and catheter-associated throm-
bosis are common diseases in medical procedures, both of
which are related to the use of medical catheters for intravenous
central catheterization, and blood

infusion, venous
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catheter and in the cavity of the catheter are transmitted
through the blood and then cause infections.® Statistics indi-
cated that, more than half of the catheter surface pathogen-
caused infections are induced by Gram-positive bacteria in
hemodialysis patients, most commonly Staphylococcus aureus
(S. aureus); the remaining infections are caused by Gram-
negative bacteria, such as Escherichia coli (E. coli).* The occur-
rence of catheter-associated infections is closely related to the
biomembrane on the surface of the catheter. The bacteria on
the surface of the material can secrete exopolysaccharides,
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which are beneficial to the adhesion of neighboring bacteria.
Long-term use of antibiotics can make bacteria resistant to
drugs and even lead to the emergence of superbugs.> When the
catheter comes into contact with blood, platelets and plasma
proteins quickly adhere to the surface material, and subse-
quently platelets can activate the coagulation system, thereby
leading to the occurrence of thrombus.® The traditional anti-
bacterial and anticoagulant approaches include the coating of
antibacterial agent and anticoagulant heparin to the catheter,
which has certain effects but has simultaneously some disad-
vantages such as short action time, poor efficacy and inconve-
nient use. Therefore, it is of the essence to exploit novel
antibacterial and anticoagulant biological functional materials
to develop more effective methods to prevent the occurrence of
catheter-related infections and catheter-related thrombosis.

Heparin (Hep), a common anticoagulant preparation in
clinical, can combine with antithrombin III and thus inhibits
the formation of thrombosis. The biological materials con-
taining Hep can effectively prolong blood coagulation time.”
Although silver ion has a strong bactericidal effect, it is easy to
cause harm to the human body, so the present research mainly
focuses on nano-silver and silver-carrying antibacterial mate-
rials.® Thermoplastic polyurethane (TPU) is a copolymer formed
by polymerization of isocyanate, polyol and small molecule
chain extender, which has been widely used as a catheter
material, showing advantaged of water resistance, oxidation
resistance, and good histocompatibility.’

In our previous study,'® we have prepared Hep/CS function-
alized ACPs and silver nanoparticles (PVS-Ag) modified ACPs to
obtain ACPs-CS-PVS-Ag and ACPs-CS-Hep with various biolog-
ical properties, including antimicrobial activity, anticoagulant
activity, and good blood compatibility and biocompatibility. In
this work,we sought to combine the generated biological carbon
materials with TPU matrix to synthesize the functional
composite membranes. Further, we elucidated the antimicro-
bial and anticoagulant properties of the composite membranes.
Our study provides new ideas in preventing catheter-related
infections and catheter-related thrombosis.

2. Experimental
2.1 Materials

Budding yeast Saccharomyces cerevisiae (S. cerevisiae) was
purchased from Angel Yeast (Qingdao, China). Staphylococcus
aureus (S. aureus), Escherichia coli (E. coli), Candida albicans (C.
albicans) and methicillin-resistant Staphylococcus aureus
(MRSA) were purchased from ATCC (Manassas, VA, USA). TPU
elastomer rubber was obtained from Suzhou Yunzhan Plastics
Co., Ltd (Suzhou, China). N,N-dimethylformamide (DMF) was
purchased from Tianjin Fusi Chemical Reagent Co., Ltd (Tian-
jin, China), and nutrition agar was procured from Beijing
Obstar Biotechnology Co., Ltd (Beijing, China). Human blood
samples were residual specimens remaining after routine clin-
ical testing, obtained from Huaihe Hospital of Henan Univer-
sity. Human blood samples were residual specimens remaining
after routine clinical testing, obtained from Huaihe Hospital of
Henan University. Hospital clinicians collected venous blood
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during standard clinical care for diagnostic purposes.
Researchers identified patients with normal coagulation func-
tion through the Hospital Information System (HIS), and then
utilized residual blood samples remaining after clinical testing.
All other reagents were of analytical grade.

2.2 Membrane preparation

2.2.1 Preparation of ACPs. 50 g of brewed yeast was added
in 200 mL of deionized water. After thorough mixing, incuba-
tion was allowed for 10 min at room temperature, followed by
the filtration and purification through filter papers and centri-
fugation for 3 min at 8000 rpm. After removing the supernatant,
the precipitates were re-suspended in acetone solution and then
shook in a shaker for 20 min, and these procedures were
repeated twice. After being washed three times with deionized
water, the precipitates were mixed with phosphate-buffered
saline (PBS, Solarbio, Beijing, China) containing 2% glutaral
and then transferred to the reactor. After 12 h of incubation in
water at 180 °C, the upper floating materials were discarded,
and the precipitates were fully washed until no black sediment
was washed out. Following centrifugation, the precipitates were
harvested, dried, and named ACPs (a yellow fine powder).

2.2.2 Preparation of ACPs-CS. 150 mg of ACPs were
homogenized in 40 mL of PBS (pH = 5.3) by ultrasonography.
Meantime, 100 mg of carboxyl activators EDC and NHC were
dissolved in 10 mL of PBS (pH = 5.3). The above two solutions
were mixed and incubated for 2 h in a shaking machine at
180 rpm at room temperature. After that, 200 mg of CS dissolved
in 1% CH3;COOH solution was added into the carboxyl activated
ACPs and applied overnight at 180 rpm at room temperature.
After centrifugation, the precipitates were washed twice with 1%
CH;3;COOH solution for removing the uncombined CS and then
washed twice with deionized water to remove the CH;COOH,
which was followed by washing with absolute ethyl alcohol. The
precipitates were subjected to vacuum drying to obtain a light
yellow fine powder (named ACPs-CS).

2.2.3 Preparation of ACPs-CS-PVS-Ag. 16.9 mg of AgNO;
was dissolved in 46 mL of deionized water in a brown glass
bottle. 10 uL of 10% PVS was added into 2 mL of deionized water
and then was slowly added into the AgNO; solution, followed by
stir of 20 min. After that, 3.78 mg of NaBH, dissolved in 2 mL of
deionized water was also was slowly added into the AgNO,
solution to obtain tawny PVS-Ag. The mixture of 60 mg ACPs-CS
and 36 mL PVS-Ag solution was prepared and incubated for 8 h
in the dark at room temperature. After centrifugation for 3 min
at 8000 rpm, the supernatant was removed, and the precipitates
were washed with deionized water until colorless. A 6-h incu-
bation was performed in a drying cabinet (Shuliyiqi, Shanghai,
China) at 60 °C, and the functional amphiphilic biomaterial
ACPs-Cs-PVS-Ag carrying PVS-Ag were obtained.

2.2.4 Preparation of ACPs-CS-Hep. 25 mg of Hep sodium
dissolved into 50 mL of 0.1 M PBS (pH 5.3) was supplemented
with 50 mg of EDC and NHS and incubated for 1 h. 50 mg of
ACPs-CS was then added into 30 mL of Hep sodium solution
and applied for 24 h at 4 °C in the dark. After centrifugation for
3 min at 8000 rpm, the precipitates were washed with deionized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water until colorless and then washed with absolute ethyl
alcohol, followed by drying for 6 h at 60 °C to obtain the func-
tional amphiphilic biomaterial ACPs-CS-Hep carrying Hep.

2.2.5 Preparation of composite membranes. According to
the experimental requirements, the suitable weight of biolog-
ical carbon composite materials ACPs, ACPs-CS, ACPs-CS-PVS-
Ag, ACPs-CS-Hep and ACPs-CS-PVS-Ag/ACPs-CS-Hep in a centri-
fuge tube was added with 5 mL of DMF, respectively. After
homodisperse by ultrasonography, each of the composite
materials was added in 4.95 g of TPU in a brown glass bottle.
The centrifuge tube was washed three times with 20 mL of DMF,
which also was added into the brown glass bottle containing
TPU. After sealing and stir for 5 h, 5 mL of the mixture of TPU
matrix and biological carbon composite materials was placed in
a 40 mm Petri dish. The air bubbles on the surface were
removed by vacuuming, and the Petri dish was sealed with
plastic wrap, which had small holes punched by needle tips to
prevent dust from falling into the dish and slow down the
evaporation rate. After drying for 6 h at 55 °C, the following TPU
membranes were stored at 4 °C until use: TPU/ACPs, TPU/ACPs-
CS, TPU/ACPs-CS-PVS-Ag, TPU/ACPs-CS-Hep and TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep composite membranes. The composite
membranes with different mass percentage (wt%) were
prepared in accordance to the experimental requirements. Mass
percentage (wt%) = 100% x the quality of the biological carbon
composite material =+ (total quality of the composite biological
carbon material + TPU matrix).

2.3 Evaluation of dispersibility of the generated bio-carbon
composite materials in TPU

Equal amounts of ACPs, ACPs-CS, ACPs-CS-PVS-Ag, ACPs-CS-
Hep and ACPs-CS-PVS-Ag/ACPs-CS-Hep were added in equal
amounts of TPU matrix, respectively. After addition of the
appropriate volume of DMF, the mixture was homogenized, and
images were photographed to record the dispersion.

2.4 Measurement of the surface contact angle of the
generated composite membranes

The synthesized TPU blank, TPU/ACPs, TPU/ACPs-CS, TPU/
ACPs-CS-PVS-Ag, TPU/ACPs-CS-Hep and TPU/ACPs-CS-PVS-Ag/
ACPs-CS-Hep composite membranes were cut into the size of
0.5 cm x 1 cm and washed with deionized water, followed by
placement on the glass slide. The surface contact angle of the
membranes was measured. The detection was performed with
five independent replicates, and data with error less than 5%
were used to evaluate the contact angle value and expressed as
mean =+ standard error. According to the contact angle of 90° as
the fiducial value, the lipophilicity enhanced with the increase
of the contact angle (>90°), and the hydrophilicity enhanced
with the decrease of the contact angle (<90°).

2.5 Detection of mechanical properties of the generated
composite membranes

Using a ASTM-C dumbbell cutter, the synthesized TPU blank,
TPU/ACPs, TPU/ACPs-CS, TPU/ACPs-CS-PVS-Ag, TPU/ACPs-CS-
Hep and TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep composite
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membranes were cut into the shape of dumbbells and subse-
quently placed on an electronic precision universal experi-
mental machine with a tensile speed of 20 mm min™".
Evaluation of mechanical properties was performed by pulling
cut the membranes and recording the tensile strength and the
elongation at break of the membrane. The measurement was
carried out with five independent replicates, and data with error
less than 5% were used to evaluate the tensile strength and the

elongation at break and expressed as mean =+ standard error.

2.6 Evaluation of antibacterial activity of the generated
composite membranes

The synthesized blank TPU, TPU/ACPs, TPU/ACPs-CS, TPU/
ACPs-CS-PVS-Ag, TPU/ACPs-CS-Hep and TPU/ACPs-CS-PVS-Ag/
ACPs-CS-Hep composite membranes were cut, washed three
times with PBS, and sterilized by ultraviolet radiation. These
sterile membranes were then placed in 6 mL of S. aureus, E. coli,
C. albicans and MRSA bacterial solution (1 x 10> CFU mL ™),
respectively, and incubated for 6 h in an incubator (Center
Weiye Co., Ltd, Beijing, China) at 150 rpm at 37 °C, followed by
collection of the bacterial solution. 100 pL of the bacterial
solution was added to the solidified nutrient agar in culture
dishes, coated evenly, sealed by sealing membranes, and incu-
bated at 37 °C for 24 h. The antibacterial activity was deter-
mined by observing the bacterial growth and analyzing the
survival rate. The treatment without membrane was used as the
control.

The composite membranes cultured in the bacterial solution
were washed five times to remove the non-adhered bacteria and
dried in a sterile environment. The treated membranes were
then placed on solidified nutrient agar in culture dishes, and
a small amount of nutrient agar medium was added to slightly
cover the membranes. After solidification and seal, a 24-h
culture was allowed at 37 °C. The number of colonies on the
surface of the membrane was counted. The lower the number of
colonies suggested the stronger the resistance to bacterial
adhesion on the membrane surface.

2.7 Evaluation of anticoagulant activity of the generated
composite membranes

Human blood samples were residual specimens remaining after
routine clinical testing, obtained from Huaihe Hospital of
Henan University. Hospital clinicians collected venous blood
during standard clinical care for diagnostic purposes.
Researchers identified patients with normal coagulation func-
tion through the Hospital Information System (HIS) and then,
following receipt of informed consent, utilized residual blood
samples remaining after clinical testing. The synthesized blank
TPU, TPU/ACPs, TPU/ACPs-CS, TPU/ACPs-CS-Hep and TPU/
ACPs-CS-PVS-Ag/ACPs-CS-Hep composite membranes were cut
into the square of 10 mm side length. 100 pL of human fresh
anticoagulant blood was added onto the sheared membranes
before addition of 0.2 M of 10 pL CaCl,. After mixing, incuba-
tion was performed for 10, 20, 30, 40, 50, and 60 min. Subse-
quently, the composite membranes were placed in 50 mL
distilled water and incubated for 10 min. Hemolysis reaction
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could occur on blood cells without coagulation, and ruptured
blood cells released hemoglobin into the deionized water. The
absorbance was detected at 540 nm by a microplate reader. The
high absorbance value was proportional to the strong antico-
agulant activity.

2.7.1 Platelet adhesion experiment. Fresh anticoagulant
blood samples were centrifuged at 1500 rpm for 15 min to
obtain platelet-enriched plasma. The synthesized blank TPU,
TPU/ACPs, TPU/ACPs-CS, TPU/ACPs-CS-Hep and TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep composite membranes were cut into the
square of 10 mm side length, dried, placed in the platelet-
enriched plasma, and incubated for 2 h at 37 °C. The
membranes were washed three times with normal saline to
remove the non-adhered platelets and then fixed with 2.5%
glutaraldehyde for 2 h. After that, the membranes were further
washed three times with normal saline, dehydrated with
different concentrations of ethanol, and dried at room
temperature. The composite membranes were glued to the
conductive adhesive and sprayed with gold. The platelet adhe-
sion was observed by a scanning electron microscope (JEOL,

Japan).

2.8 Hemolysis of ACPs-CS-Hep

1 mL of human blood was diluted 10 times with PBS and then
centrifuged (10 000 rpm, 10 min) to obtain the red blood cells
(RBCs) that was washed with PBS and dispersed into 5xPBS
buffer. 0.2 mL of the diluted RBCs solution and 0.8 mL of the
ACPs-CS-Hep solution with different concentrations (i.e. 0 pg
mL ", 200 pg mL—1,400 ug mL ™, 600 pg mL ', 800 pug mL 7,
and 1000 pug mL~ ') were homogenously processed by vortex
oscillation, settled at room temperature for 3 h, and centrifuged
(10 000 rpm, 3 min). Then the supernatant were collected with
the absorbance at 570 nm measured, of which the absorbance at
655 nm was taken as control. The hemolysis ratio (%) was
calculated as followed:

ODsample - ODNegalive control

x 100%
ODPosilive control — ODNegative control

Hemolysis ratio =

Wherey ODSample; ODNegative control OF ODpositive control stands for
the absorbance of the mixture of the ACPs-CS-Hep solution with
different concentrations, the deionized water or PBS, and the
diluted RBCs solution placed at room temperature for 3 h.

2.9 Cytotoxicity of ACPs-CS-Hep

Normal human liver cells HL-7702 were digested and centri-
fuged. 100 pL of the cell suspension was inculcated into the 96-
well plate (5000 cells per well) and cultured for 24 h. Then 100
uL of the ACPs-CS-Hep solution with different concentrations
(fe. 0 ug mL™Y, 0.1 pg mL™", 1 pg mL™", 10 pg mL™", 100 pg
mL ', and 1000 pg mL ") was added to each well, respectively.
After 24 h, 20 pL methyl thiazolyl tetrazolium (MTT) solution
was added to each well, mixed and cultured at 37 °C for 4 h.
Subsequently, the plate was washed with PBS with 100 uL
dimethyl sulfoxide (DMSO) added into each well, the absor-
bance of which at 490 nm was detected by microplate reader.
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Fig. 1 Dispersibility (A) and membrane formation (B) of different APCs
in TPU matrix. (a) represented the TPU blank matrix, (b) represented the
mixture of the TPU matrix and ACPs, (c) represented the mixture of the
TPU matrix and ACPs-CS, (d) represented the mixture of the TPU
matrix and ACPs-CS-PVS-Ag, (e) represented the mixture of the TPU
matrix and ACPs-CS-Hep, (f) represented the mixture of the TPU
matrix, ACPs-CS-PVS-Ag and ACPs-CS-Hep.

3. Results

3.1 Identification of dispersibility and membrane formation
of different APCs in TPU matrix

The detail characterization of ACPs, ACPs-CS, ACPs-CS-PVS-Ag,
ACPs-CS-Hep and ACPs-CS-PVS-Ag/ACPs-CS-Hep was shown in
our published literature.'® As shown in Fig. 1A, ACPs, ACPs-CS,
ACPs-CS-PVS-Ag, ACPs-CS-Hep, and ACPs-CS-PVS-Ag/ACPs-CS-
Hep composite materials were uniformly dispersed in the
hydrophobic TPU matrix, respectively. Moreover, the TPU
matrix had no effect on the amphiphilicity of the ACPs materials
(Fig. 1A). As expected, ACPs, ACPs-CS, ACPs-CS-PVS-Ag, ACPs-
CS-Hep and ACPs-CS-PVS-Ag/ACPs-CS-Hep could form fine
and symmetrical composite membranes with the TPU matrix,
respectively (Fig. 1B).

3.2 Identification of hydrophilicity of the generated
composite membranes

The hydrophilicity of the generated TPU membranes is deter-
mined by detecting the contact angle on the surface of the
membranes, and the hydrophilicity increases with the decrease of
the contact angle (<90°). The contact angle of the blank TPU
membrane was 103.2°; the contact angle of the generated
composite membranes diminished with the increase of the mass
percentage (wt%) of ACPs in TPU matrix; when the content of ACPs
in TPU matrix was 5.0 wt%, the contact angle of the composite
membrane was 87.2° (Fig. 2A), indicating that these composite
membranes have good hydrophilicity, and addition of ACPs can

: :

/

A

a n b n c n
Fig. 2 Surface contact angle of the composite membranes. (A) Water
contact angles and (B) corresponding value of TPU/ACPs composite
membrane. (a) represented the TPU blank control membrane, (b)
represented the TPU/ACPs membrane, (c) represented the TPU/ACPs-
CS membrane, (d) represented the TPU/ACPs-CS-PVS-Ag membrane,

(e) represented the TPU/ACPs-CS-Hep membrane, f represented the
TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep membrane.

Contact angle (*)
®
8

~
=

>
3

0 1 4 5 6
ACPs content in TPU (wt.%)

© 2025 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/d5ra01833a

Open Access Article. Published on 26 August 2025. Downloaded on 3/1/2026 12:54:34 AM.

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

(cc)

Paper

enhance the hydrophilicity of the TPU composite membranes.
When the content of functional ACPs in TPU matrix was 1.0 wt%,
the contact angles of blank TPU, TPU/ACPs, TPU/ACPs-CS, TPU/
ACPs-CS-PVS-Ag, TPU/ACPs-CS-Hep, and TPU/ACPs-CS-PVS-Ag/
ACPs-CS-Hep composite membranes were 103.2°, 97.5°, 87.2°,
86.9°, 81.8° and 84.7°, respectively (Fig. 2B). These results suggest
that the hydrophilicity of the TPU composite membranes can be
increased by functional biological carbon materials.

3.3 Identification of mechanical properties of the generated
composite membranes

As shown in Fig. 3A, the tensile strength and the elongation at
break of the TPU composite membranes varied with the addi-
tion of ACPs. With the increasing content of ACPs, the tensile
strength and the elongation at break of the TPU composite
membranes increased gradually at first and then decreased
gradually; when the concentration of ACPs was 3.0 wt%, the
generated composite films had the strongest tensile strength;
when the concentration was 4.0 wt%, these composite films had
the strongest elongation at break; the concentration of ACPs
exceed 5.0 wt% did not affect the mechanical properties of the
TPU composite membranes (Fig. 3A). When the content of
different ACPs in TPU matrix was 1.0 wt%, the tensile strength
of TPU/ACPs, TPU/ACPs-CS, TPU/ACPs-CS-PVS-Ag, TPU/ACPs-
CS-Hep, and TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep composite
membranes increased compared with the blank TPU control
(Fig. 3B), demonstrating that functional ACPs can enhance the
tensile strength of the TPU composite membranes. However,
the 1.0 wt% addition of different ACPs did not markedly affect
the elongation at break of the TPU composite membranes
(Fig. 3B). All these results demonstrate that the generated ACPs
can improve the mechanical properties of the TPU composite
membranes.

3.4 Identification of antibacterial activity of the generated
composite membranes

Compared with the TPU blank control, incubation of bacteria
solution (S. aureus, E. coli, C. albicans and MRSA bacteria) with

50 0 = -

— ) ensile strength ~

Tensile strength o~ [ 50 7] Elongation at break| 50 x

= —— Elongation at break] 9 s <
< 45 5 < < =
& K] £ 2
= e = s
40 40 2 5 5
2 s
] ] S
2 35 35 % Z
Z ] &
5 2 S
=30 30 = =]

0 1 2 3 4 5 6
ACPs content in TPU (wt.%)

Different films

Fig. 3 Tensile strength and elongation at break of the composite
membranes. (A) The tensile strength and elongation at break of the
TPU/ACPs composite membrane carrying different amounts of ACPs.
(B) Tensile strength and elongation at break of the composite
membranes with bio-carbon materials. (a) represented the TPU blank
control membrane, (b) represented the TPU/ACPs membrane, (c)
represented the TPU/ACPs-CS membrane, (d) represented the TPU/
ACPs-CS-PVS-Ag membrane, (e) represented the TPU/ACPs-CS-Hep
membrane, (f) represented the TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep
membrane.
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Survival ratio(%)

Different films

Fig. 4 Antibacterial activity of the composite membranes. (A-E)
Antibacterial effect of the composite membranes (A), and anti-
bacterial adhesion images of the composite membranes after incu-
bation with solution of S. aureus (B), E. coli (C), C. albicans (D) and
MRSA (E). (a) represented the TPU blank control membrane, (b) rep-
resented the TPU/ACPs membrane, (c) represented the TPU/ACPs-CS
membrane, (d) represented the TPU/ACPs-CS-Hep membrane, (e)
represented the TPU/ACPs-CS-PVS-Ag membrane, (f) represented the
TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep membrane.

TPU/ACPs, TPU/ACPs-CS and TPU/ACPs-CS-Hep composite
membranes did not significantly affect the bacterial survival
rate in supernatants, while the TPU/ACPs-CS-PVS-Ag and TPU/
ACPs-CS-PVS-Ag/ACPs-CS-Hep composite membranes strongly
reduced the bacterial survival rate (Fig. 4A), indicating that the
functional materials ACPs-CS-PVS-Ag have strong antibacterial
activity. Consistently, after incubation with bacteria solution,
there were more adhesive bacteria in the TPU blank, TPU/ACPs
1.0 wt%, TPU/ACPs-CS 1.0 wt% and TPU/ACPs-CS-Hep 1.0 wt%
membranes; the TPU/ACPs-CS-PVS-Ag and TPU/ACPs-CS-PVS-
Ag/ACPs-CS-Hep composite membranes had lower adhesive
bacteria than the TPU blank control (Fig. 4B-D), suggesting that
the functional materials ACPs-CS-PVS-Ag can repress the
bacterial adhesion on the membrane surface.

3.5 Identification of anticoagulant activity of the generated
composite membranes

After incubation of the generated composite membranes with
human fresh anticoagulant blood samples, we found that blood
clotting occurred in the TPU blank, TPU/ACPs, and TPU/ACPs-
CS groups, as evidenced by the absorbance of less than 0.1 in
these groups in the assayed time frame (10-60 min incubation)
(Fig. 5A), showing that the blank TPU, TPU/ACPs, and TPU/
ACPs-CS membranes had no anticoagulant effect. Although
the absorbance of the TPU/ACPs-CS-Hep and TPU/ACPs-CS-PVS-
Ag/ACPs-CS-Hep groups decreased in the assayed time frame, it
remained greater than 0.1 (Fig. 5A), indicating that the blood
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Fig. 5 Anticoagulant effect of the composite membranes. (A)
Dynamic blood coagulation time curve of the composite membranes.
(a) represented the TPU blank control membrane, (b) represented the
TPU/ACPs membrane, (c) represented the TPU/ACPs-CS membrane,
(d) represented the TPU/ACPs-CS-Hep membrane, (e) represented
the TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep membrane. (B) SEM images
of platelet adhesion of the composite membranes. (a) Represented the
blank TPU membrane, (b) represented the TPU/ACPs membrane, (c)
represented the TPU/ACPs-CS membrane, (d) represented the TPU/
ACPs-CS-Hep membrane, (e) represented the TPU/ACPs-CS-PVS-Ag/
ACPs-CS-Hep 1 wt% membrane, f represented the TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep 3 wt% membrane.

was not completely coagulated in the two groups. These results
suggest that the composite membranes carrying ACPs-CS-Hep
have anticoagulant activity.

After 3 h incubation, we observed a large number of platelets
adhered to the TPU blank, TPU/ACPs, and TPU/ACPs-CS
membranes and a distinct aggregation phenomenon in these
adhered platelets (Fig. 5B), indicating that the materials ACPs
and ACPs-CS had no anti-platelet adhesion effect. Compared
with the TPU blank control, platelet adhesion strongly
decreased in TPU/ACPs-CS-Hep, TPU/ACPs-CS-PVS-Ag/ACPs-CS-
Hep 1 wt%, TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep 3 wt%
composite membranes (Fig. 5B). Furthermore, the platelet
adhesion of TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep 3 wt%
membrane was less than that of TPU/ACPs-CS-PVS-Ag/ACPs-CS-
Hep 1 wt% membrane (Fig. 5B). These data confirm that the
composite membranes with ACPs-CS-Hep have an excellent
anti-platelet adhesion effect, which enhances with the increase
of the content of ACPs-CS-Hep.

3.6 ACPs-CS-PVS-Ag and ACPs-CS-Hep had good blood
compatibility and biological safety

The good biological safety and blood compatibility of ACPs-CS-
PVS-Ag had been presented in our previous study.'® Likewise, we
conducted the hemolysis reaction and MTT assays to illustrate
whether ACPs-CS-Hep could cause the erythrocyte fragmenta-
tion or cytotoxicity.

From Fig. 6A and B, the hemolytic reaction was simply
notable in the deionized water group (the positive control),
which was undetected in the normal saline group (the negative
control). Besides, the hemolytic reaction remained unobserved
for erythrocytes maintained in PBS (pH = 7.4) containing ACPs-
CS-Hep of different concentrations for 3 h. These results indi-
cated that ACPs-CS-Hep had good hemocompatibility. More-
over, the cytotoxicity of ACPs-CS-Hep to human normal heptical
cell line (HL-7702) was investigated. As shown in Fig. 6C, little
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Fig. 6 ACPs-CS-Hep had excellent hemocompatibility. (A) Hemolysis
assay of ACPs-CS-Hep. (B) Photograph of RBCs incubated with ACPs-
CS-Hep under different concentrations for 3 h. (C) Cell viability of HL-
7702 maintained in ACPs-CS-Hep under different concentrations for
24 h.

cytotoxicity appeared for the ACPs-CS-Hep concentration less
than 1000 pg mL " when compared with the control group for
the cell viability rate above 95%.

4. Discussion

ACPs are a kind of amphiphilic biomaterial obtained by yeast
hydrolysis and have lots of functional groups, such as carboxyl
groups on their surface, which make them disperse in different
polar solutions by acting as a carrier. CS contains a large
number of amino groups, and ACPs can combine CS to form
ACPs-CS via amide reaction. The amino groups of the ACPs-CS
combine Hep and PVS-Ag, respectively, to generate two func-
tional CS bio-carbon materials ACPs-CS-Hep and ACPs-CS-PVS-
Ag, which have antibacterial and anticoagulant properties, and
are non-toxic to normal cells, as well as have good blood
compatibility and biocompatibility. In this study, we combined
different bio-carbon materials with TPU matrix to synthesize
functional composite membranes. We show that the generated
bio-carbon materials ACPs, ACPs-CS, ACPs-CS-PVS-Ag, ACPs-CS-
Hep and ACPs-CS-PVS-Ag/ACPs-CS-Hep can be uniformly
dispersed in the hydrophobic TPU matrix and can form uniform
composite membranes with the TPU matrix. By detection of the
hydrophilic and mechanical properties, we demonstrate that
the TPU composite membranes containing ACPs content of less
than 5 wt% show good hydrophilicity. The addition of ACPs of
less than 5 wt% has no effect on the mechanical properties of
the TPU composite membranes. Our data suggest that the TPU/
ACPs-CS-PVS-Ag/ACPs-CS-Hep composite membrane has good
mechanical properties and hydrophilicity.

Catheter-associated infections are common bacterial infec-
tions. Patients treated with medical catheters often suffer from
microbial infection, manifested as fever and chills.*'"**> The
main factors of the occurrence of catheter-related infections
include microbial contamination of the catheter joint and
surrounding skin and improper operation of pipe placement

© 2025 The Author(s). Published by the Royal Society of Chemistry
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personnel. The common pathogens of catheter-related infec-
tions include S. aureus and C. albicans.">™* Silver antibacterial
agents are a type of inorganic antibacterial agents. Silver ions
not only disrupt ion transport by destroying the plasma
membrane potential on the surface of bacteria to affect ATP
level but also affect the function of proteins by directly crossing
the cell membrane, thereby inducing bacterial death."® Due to
the strong bactericidal function of silver ions and their potential
harm to the human body, silver nanoparticles and silver-
carrying materials are used to exert the bactericidal effect at
present.’* Luo et al' found that the hydroxyl region of
cyclodextrin-based metal-organic framework can be used to
reduce the silver ion precursor to nano silver and to deliver
silver nanoparticles, which shows a good antibacterial effect.
Chen et al.*® reported that when silver nanoparticles are fixed in
polymethyl methacrylate, the antibacterial activity of these
silver nanoparticles on E. coli gradually enhances with the
increase of nano silver content. When the content of nano silver
was 3.0%, the antibacterial activity of the silver nanoparticles on
E. coli is as high as 92%. Moreover, silver nanoparticles can
significantly inhibit the formation of biofilm. By coating the
surface of polyether ketone with different doses of silver
nanoparticles via magnetron sputtering technology, Liu et al.*®
found that the roughness of the surface of the materials and the
water contact angle increase with the augmentation of dose of
silver nanoparticles, and these silver nanoparticles possess
obvious antibacterial properties and no toxicity to cells. In this
study, the generated TPU/ACPs-CS-PVS-Ag and TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep composite membranes have been
demonstrated to have strong antibacterial and antiadhesion
activities to (S. aureus, E. coli, C. albicans and MRSA bacteria).
However, little antibacterial and antiadhesion effects were
found in the TPU blank, TPU/ACPs, TPU/ACPs-CS and TPU/
ACPs-CS-Hep composite membranes. These findings suggest
that the TPU composite membranes carrying ACPs-CS-PVS-Ag
has antibacterial activity. What's more, compared to
AgNPs(2 wt%, 3 wt% or 5 wt% content of Ag-Nfbs respectively)
reported in reported studies,**** TPU/ACPs-CS-PVS-Ag/ACPs-CS-
Hep 1 wt% exhibited superior antibacterial activity.

In clinical, when patients are treated with catheters, stimu-
lation of catheters can induce intima damage of blood vessels
and thus leads to thrombosis, thereby further causing catheter-
associated thrombosis.***** Hep is a common anticoagulant
preparation in clinical, and heparinized biomaterials have
a good application prospect in new medical materials.>*** There
are two methods for material surface fixation of heparin,
namely physical method and chemical grafting. The findings
reported by Zhang et al*® documented that PVC materials
deposited by heparin on the surface using the radio-frequency
plasma technology can significantly prolong clotting time
compared with uncoated controls. Additionally, single-walled
carbon nanotubes grafted by heparin on their surface exhibit
good anticoagulant activity.”” Pan et al.”*® found that titanium
materials fixed with PEG and Hep on the surface using a car-
bodiimide-based method for covalent coupling can signifi-
cantly diminish the adsorption level of human plasma
fibrinogen, inhibit platelet activation, prolong the activated
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partial thromboplastin time, and improve the blood compati-
bility of the material surface. TPU is a polymer material widely
used in the field of medical devices such as catheter, which has
good biocompatibility and mechanical properties. However, as
a foreign material, TPU may still trigger the clotting process and
cause thrombus.”® A previous report showed that the TPU
matrix grafted by heparin through covalent bonds can improve
blood compatibility and delay blood coagulation.** Our results
found that compared with the blank TPU, TPU/ACPs, and TPU/
ACPs-CS membranes, the TPU composite membranes carrying
ACPs-CS-Hep show distinct anticoagulant and anti-platelet
adhesion effects. Moreover, the platelet adhesion of TPU/
ACPs-CS-PVS-Ag/ACPs-CS-Hep 3 wt% membrane was less than
that of TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep 1 wt% membrane,
indicating that the anticoagulant activity enhances with the
increase of the content of ACPs-CS-Hep. By combining the
evaluation of hydrophilicity, mechanical properties, anticoag-
ulant activity, and antibacterial function of the TPU/ACPs-CS-
PVS-Ag/ACPs-CS-Hep membrane, we conclude that the
optimal addition content of bio-carbon materials ACPs-CS-PVS-
Ag and ACPs-CS-Hep is 1 wt%.

5. Conclusions

This study synthesizes ACPs derived TPU/ACPs-CS-PVS-Ag/
ACPs-CS-Hep membrane via a simple preparation process.
Our results indicated TPU/ACPs-CS-PVS-Ag/ACPs-CS-Hep
possessed a good mechanical propertieswith strong anti-
agglutinating and antibacterial effects, which may overcome the
two major problems of thrombosis and bacterial infection of
catheter. Collectively, our studies provides important research
ideas for the development of antibacterial anticoagulant
catheters.
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