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A B S T R A C T   

Blood-contacting devices must be designed to minimize the risk of bloodstream-associated infections, throm-
bosis, and intimal lesions caused by surface friction. However, achieving effective prevention of both 
bloodstream-associated infections and thrombosis poses a challenge due to the conflicting nature of antibacterial 
and antithrombotic activities, specifically regarding electrostatic interactions. This study introduced a novel 
biocompatible hydrogel of sodium alginate and zwitterionic carboxymethyl chitosan (ZW@CMC) with anti-
bacterial and antithrombotic activities for use in catheters. The ZW@CMC hydrogel demonstrates a super-
hydrophilic surface and good hygroscopic properties, which facilitate the formation of a stable hydration layer 
with low friction. The zwitterionic-functionalized CMC incorporates an additional negative sulfone group and 
increased negative charge density in the carboxyl group. This augmentation enhances electrostatic repulsion and 
facilitates the formation of hydration layer. This leads to exceptional prevention of blood clotting factor adhesion 
and inhibition of biofilm formation. Subsequently, the ZW@CMC hydrogel exhibited biocompatibility with tests 
of in vitro cytotoxicity, hemolysis, and catheter friction. Furthermore, in vivo tests of antithrombotic and systemic 
inflammation models with catheterization indicated that ZW@CMC has significant advantages for practical 
applications in cardiovascular-related and sepsis treatment. This study opens a new avenue for the development 
of chitosan-based multifunctional hydrogel for applications in blood-contacting devices.   

1. Introduction 

Cardiovascular diseases are a major cause of death worldwide, ac-
counting for an estimated 17.9 million deaths attributed to them (rep-
resenting 32% of global deaths; World Health Organization reports) [1]. 
The high prevalence of cardiovascular diseases has contributed to a 
significant increase in the widespread utilization of cardiac catheteri-
zation procedures in hospitalized patients. These procedures have 

proven effective in reducing both mortality and morbidity rates [2,3]. 
Peripherally inserted central catheters (PICCs), one of the most 
commonly used blood-contacting cardiovascular devices, are used pri-
marily in persons who require prolonged intravascular therapy, such as 
total parenteral nutrition, chemotherapy regimens, and antibiotic ther-
apy [3]. PICCs can remain inserted into the basilic, brachial, or cephalic 
veins of the arm for an extended therapy period (days or weeks) [4]. The 
prolonged insertion increases the risk of acute infections and 
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thrombosis, rendering PICCs susceptible to catheter-associated blood-
stream infections (CABSI) or thrombi with blood clotting [3,5]. Despite 
the implementation of asepsis treatment and anticoagulant administra-
tion to mitigate infection and thrombosis, PICC-related infections and 
thrombosis remain prevalent and pose significant risks to patients un-
dergoing PICC therapy [6]. Furthermore, there is a need for reduced 
surface friction during tube insertion in PICC therapy to prevent blood 
vessel injury, as high surface friction between the tube and blood vessels 
causes unexpected movements during the cardiac catheterization pro-
cess, leading to blood vessel injury, hemorrhage, and arterial spasms [7, 
8]. To address these challenges, it is necessary to minimize the incidence 
of CABSI, thrombosis, and surface friction for the safe utilization of 
catheter devices. 

Various strategies, such as the use of antimicrobial peptides, silver, 
and chitosan, have been suggested to control the microbial colonization 
of catheter surfaces and thereby prevent the occurrence of CABSI 
[9–11]. These materials exhibit potent antimicrobial activity attributed 
to their positively charged surfaces, which trigger bactericidal mecha-
nisms involving the disruption of bacterial cell walls and interaction 
with intracellular components [12]. However, the utilization of posi-
tively charged surfaces in medical devices that come into contact with 
blood [13,14], as they could be susceptible to thrombus formation [15, 
16] by means of electrostatic interactions with the dominant blood 
clotting factors (such as platelets, thrombin, and fibrinogen), which 
possess a net negative charge. Therefore, caution must be exercised in 

employing positively charged surfaces in such applications [17–19]. 
Hence, the development of a biocompatible bifunctional material for 
highly efficient antimicrobial and antithrombotic coatings remains 
challenging. 

O-Carboxymethyl chitosan (CMC), a chitosan derivative, is a prom-
ising coating material for blood-contacting catheter devices owing to its 
outstanding physicochemical properties, including non-toxicity, biode-
gradability, and biocompatibility [20]. The negatively charged carbox-
ymethyl group of CMC exhibits antithrombotic properties similar to 
heparin by inducing electrostatic repulsion with negatively charged 
blood clotting components [21]. CMC possesses intrinsic antibacterial 
activity derived from the NH3

+ groups of the chitosan structure, and 
exhibits better biocidal performance than chitosan owing to the abun-
dance of cationic groups [22]. However, the presence of large cationic 
sites in CMC hinders its ability to exhibit antithrombotic performance 
owing to electrostatic interactions with blood clotting factors. This 
interaction has the potential to enhance blood clot formation, limiting 
the effectiveness of CMC as an antithrombotic coating material [23]. 

Zwitterionic polymers are known to have remarkable antithrombotic 
properties owing to the combined effects of electrostatic and steric 
repulsion of the hydration layer, resulting from the attraction of two 
ionic functional groups to water molecules [24,25]. Wu et al. demon-
strated that the hydration characteristics of zwitterionic sulfobetaine 
result in ~8-fold stronger interactions with water molecules compared 
to polyethylene glycol. This enhanced interaction is attributed to the 

Scheme 1. (a) Comparison of the novel multifunctional ZW@CMC coating with conventional CMC coating for blood-contacting devices (Green circles, yellow 
triangle and red ex marks represent good, moderate, and poor, respectively). (b) Schematic illustration of the multifunctional activities of the ZW@CMC layer. (c) 
Optical photograph of the prepared multi-lumen PICCs, and microscopic image of the ZW@CMC coating on PICCs. 
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presence of zwitterionic moieties (N+ and SO3
− groups) in sulfobetaine 

[26]. Furthermore, the anti-polyelectrolyte effect of the zwitterionic 
moieties introduces electrostatic repulsion against blood-clotting fac-
tors, resulting in good antifouling [27]. However, a zwitterionic polymer 
poses a practical risk of hydrophilic polymer embolism caused by 
polymer fragments from coating delamination [28]. 

In this study, we introduce a novel process for the synthesis of 
zwitterionic CMC (ZW@CMC) by utilizing biodegradable CMCs as 
antithrombotic and antibacterial hydrogel coatings, surpassing con-
ventional CMC coatings (Scheme 1a). The ZW@CMC hydrogel serves as 
three primary functions: (i) prevention of bacterial infection, achieved 
through CMC-mediated bactericidal action and the formation of a hy-
dration layer that inhibits fouling; (ii) thrombosis prevention, which can 
be attributed to the anti-adhesion of clotting factors via the hydration 
layer and electrostatic repulsion with the zwitterionic functional group; 
and (iii) vessel injury prevention, which can be attributed to the lubri-
cating hydration layer (Scheme 1b) [29–31]. The inherent characteris-
tics of ZW@CMC make it a highly promising biocompatible coating 
material with potential applications in various medical devices, 
including catheter tubes (Scheme 1c). The findings from this study 
contribute to the development of blood-contacting devices aimed at 
treating vascular diseases while minimizing the risks of infections, 
thrombosis, and friction-related vascular injuries. 

2. Materials and methods 

2.1. Preparation of TPU sheets and PICCs tubes 

Thermoplastic polyurethane (TPU; TECHOTHANE™ TT-1095A, 
Lubrizol, USA) pellets were hot-pressed at 200 ◦C, 100 bar and then 
cooled to 25 ◦C to form 0.4 mm thick sheets using a gap gauge. Three- 
lumen PICC tubes were fabricated by extruding TPU pellets using a 
single-screw extruder (Davis-Standard, Pawcatuck, Connecticut, USA) 
for medical multi-lumen tubing. The extrusion process involved the 
following variables: screw speed of 16.5 rpm, die temperature of 195 ◦C, 
and barrel temperature of 205 ◦C (Fig. S1 and Table S1). The distal and 
proximal parts of the catheter tube had outer diameters of 5 Fr and 7 Fr, 
respectively. The surfaces of the as-prepared sheets and tubes were 
cleaned using 70% ethanol, following which the samples were thor-
oughly dried at 50 ◦C. 

2.2. Preparation of zwitterionic CMC 

One hundred microliter of CMC (10 cP viscosity, Bonding Chemical, 
Katy, Texas, USA) solution (2 wt%) was vigorously mixed with 1.3 g of 
2-(diethylamino)ethyl chloride hydrochloride (DEAC; TCI, Chuo-ku, 
Tokyo, Japan) to prepare a completely dissolved solution. Sodium hy-
droxide (NaOH, 1 M; Duksan, Ansan, Republic of Korea) solution was 
added to the mixture to adjust the pH to 10, and then stirred at 300–400 
rpm overnight. The mixture was purified with acetone three times via 
precipitation to obtain white precipitated DEAC@CMC particles. The 
precipitated DEAC@CMC particles were added to 100 mL of a hydro-
chloric acid (HCl; Duksan) solution (0.15 M) and completely dissolved at 
40 ◦C. The DEAC@CMC solution was supplemented with excess amount 
of 1,3-propanesultone (0.85 g; TCI) and stirred at 300–400 rpm over-
night at 40 ◦C to produce zwitterion-modified CMC (ZW@CMC, Fig. S2). 
The ZW@CMC solution was purified using benzoylated dialysis tubing 
(MWCO 2000, Sigma-Aldrich, St. Louis, Missouri, USA) for three days. 
Subsequently, the ZW@CMC solution was freeze-dried and stored at 5 ◦C 
for future use. 

2.3. Preparation of the CMC and ZW@CMC coatings 

The coating solution was prepared by mixing 2% sodium alginate 
(SA) and 2% CMC or ZW@CMC under vigorous stirring (3000 rpm) 
using an overhead mechanical stirrer. The TPU catheter tube was treated 

with O2 plasma for 10 min. The O2 plasma-treated TPU catheter was 
then dipped into an acrylamide solution (1% w/v) for 1 h after being 
washed with distilled water. The washed TPU catheter was then dipped 
into the coating solution. Ultimately, the coated layer was crosslinked 
using a 1% w/v CaCl2 solution for 1 min, followed by extensive rinsing 
with distilled water to eliminate any unreacted calcium ions from the 
coating. Subsequently, the coated material was thoroughly dried at 
50 ◦C in a convection oven. Unless stated otherwise, the CMC and 
ZW@CMC hydrogel coatings contained SA. 

2.4. Characterization 

The structures of the prepared PICCs were confirmed using optical 
microscopy (AM7025X, Dunwell Tech. Inc., Torrance, California, USA) 
and a micro-CT scanner (Phoenix v|tome|x m; Waygate Technologies, 
Hürth, Germany). To analyze the surfaces of the coated specimens, 
attenuated total reflection Fourier transform infrared (FT-IR; Spectrum 
Two, PerkinElmer, Waltham, Massachusetts, USA) was conducted using 
a diamond crystal kit with a resolution of 4 cm− 1 and 32 scans, gener-
ating spectra ranging from 650 to 4000 cm− 1. X-ray photoelectron 
spectroscopy (XPS) was carried out using an X-ray photoelectron spec-
trometer (Nexsa™, Thermo Fisher Scientific) with an Al K-alpha source 
(1486.6 eV) in the range of 0–1450 eV and at an angle of 90◦. To 
characterize the morphology of the coated TPU films, scanning electron 
microscopy (SEM; SU8230, Hitachi Ltd., Hitachi, Ibaraki, Japan) was 
performed at an accelerating voltage of 5 kV. The surface roughness was 
measured using atomic force microscopy (AFM, xe-100, Suwon, Re-
public of Korea) in the non-contact mode. Kelvin probe force microscopy 
(KPFM) measurements were performed using a NanoScope V Multimode 
8 atomic force microscope system and an SCM-PIT-V2 probe (Pt/Ir- 
coated probe; Bruker Corporation, Billerica, MA, USA) at the Korea Basic 
Science Institute (Jeonju Center, Republic of Korea). 

The hydrophilicity of CMC and ZW@CMC hydrogels was assessed by 
static contact angle and captive bubble method using drop shape 
analyzer (DSA100, KRUSS GmbH, Germany). The swelling properties of 
the CMC and ZW@CMC hydrogels were investigated by immersion in 
deionized water. The swollen samples were retrieved at specified in-
tervals, excess water on their surfaces was removed, and the final weight 
was measured. The water-absorption ratio was calculated using the 
following equation: 

Water  absorption ratio (%) =
Mf − Mo

Mo
× 100  

where Mf and Mo are the weights before and after the CMC and 
ZW@CMC hydrogels, respectively. 

2.5. In vitro antimicrobial test 

Antibacterial characteristics were analyzed using the gram-negative 
bacterium Escherichia coli [E. coli; Catalog No. 11229; American Type 
Culture Collection (ATCC), Manassas, Virginia, USA] and the gram- 
positive bacterium Staphylococcus epidermidis (S. epidermidis; Catalog 
No.12228; ATCC). E. coli was incubated in tryptic soy broth [containing 
1.7% tryptone peptone and 0.3% phyton peptone (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) with 0.25% dextrose, 0.5% so-
dium chloride, and 0.25% dipotassium hydrogen phosphate (Sigma- 
Aldrich) at 37 ◦C in a shaking incubator. S. epidermidis was incubated in 
nutrient broth (Thermo Fisher Scientific) at 37 ◦C in a shaking incubator. 
Once the bacterial suspension reached an optical density of ~0.8 at a 
wavelength of 600 nm, the number of cells was determined using plate 
count agar. The TPU, CMC-, and ZW@CMC-coated films were cut into 
30 mm × 30 mm square shapes and cleaned with ethanol. The cell stock 
was diluted to a density of 1.0 × 106 [colony-forming units (CFU)] mL− 1 

and inoculated into washed films. The cells were covered with a cover 
glass (22 mm × 22 mm) and incubated at 37 ◦C for 2 h. The inoculated 
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bacteria were collected in 5 mL of medium in a 50 mL conical tube. The 
collected cells were counted on plate count agar, and the antimicrobial 
efficiency was calculated using the following equation: 

Antimicrobial efficiency (%)=

(
Ncontrol− Nsample

Ncontrol

)

×100  

where Ncontrol is the number of cells in the control (untreated) and Nsample 
is the number of cells in the samples. The experiments were conducted in 
triplicate, and the data are reported as mean with standard deviation. 

2.6. Biofilm inhibition test 

To prepare the biofilm-inhibition testing stock, E. coli, S. epidermidis, 
methicillin-resistant staphylococcus aureus (MRSA; Catalog No. 43300; 
ATCC) and methicillin-susceptible staphylococcus aureus (MSSA; Catalog 
No. 6538; ATCC) were diluted to a density of 1.0 × 108 CFU mL− 1 in 
fresh media. Each specimen was placed in a 50 mL conical tube con-
taining 20 mL of the bacteria-containing stock solution. The biofilms of 
E. coli, MRSA (and MSSA), S. epidermidis were grown in an incubator at 
37 ◦C under static conditions for 48, 72 and 80 h, respectively. The 
biofilm-forming specimens were washed three times with phosphate- 
buffered saline (PBS) and stained with Acridine Orange solution for 
30 min. Biofilm measurements were performed using a confocal mi-
croscope (LSM 700, Zeiss, Oberkochen, Baden-Württemberg, Germany) 
with a 20 × lens and 160 μm stack scan mode (scanned at a step size of 
1.5 μm). A fluoroscopic image was obtained using a laser wavelength of 
488 nm (illumination intensity of 10 mW) and a cutoff wavelength 
below 500 nm to remove the backlight. 

2.7. In vitro antithrombosis analysis 

Bovine serum albumin (BSA, fluorescein conjugate, Thermo Fisher 
Scientific) and fibrinogen (fibrinogen from human plasma, Alexa 
Fluor™ 488 conjugate, Thermo Fisher Scientific) were diluted in a PBS 
solution to a concentration of 0.1 mg mL− 1. The films (3 cm × 3 cm) 
were immersed in protein solutions at 37 ◦C for 24 h. The protein- 
attached films were washed twice with 10 mL of PBS to remove non- 
adhered proteins and then dried in air. Specimens were dried for 1 h. 
The adhesion of BSA and fibrinogen was confirmed using a fluorescence 
microscope with a 488 nm laser (illumination intensity of 10 mW). The 
420–550 nm fluorescence was cut off to remove background light. The 
plasma adhesion test was conducted using human plasma (Catalog No. 
P9523, Sigma-Aldrich) with clotting factors of thrombin and fibrinogen 
in PBS (1 mg mL− 1). Note that this human plasma product is obtained 
from whole human blood, with platelets and blood cells removed. The 
specimens were then immersed in a plasma solution for 2 h at 37 ◦C. 
After washing with PBS, the specimens with foulants were fixed by 
treatment with a 2.5% glutaraldehyde solution for 2 h and then 
immersed in 50, 70, 80, 90, and 100% (v/v) ethanol solutions, in 
sequence, for dehydration. Finally, the treated substrates were dried in 
air, and the platelets that adhered to the film surface were observed 
using SEM. 

The platelet and activated platelet adhesion tests were performed 
according to a previously reported study [32]. Briefly, platelet-rich 
plasma (PRP) was collected from citrated sheep whole blood via 
centrifugation. The blood reagents were purchased from Kisanbio 
(Seoul, Republic of Korea). This PRP was then diluted in a 1:4 ratio with 
a solution comprising 0.9% NaCl and 5 mmol L− 1 MgCl2. To activate the 
platelets, adenosine 5′-diphosphate (10 μmol L− 1; Sigma-Aldrich, Cata-
log No. A2754) was introduced to the PRP at a 1:1 vol ratio. A 300 μL 
aliquot of the PRP solution was then applied to the TPU and 
hydrogel-coated specimens (2 cm × 2 cm) and incubated for 1 h. Un-
attached platelets were then rinsed three times with a 0.9% NaCl solu-
tion. Next, a buffer solution with a pH of 5.4 was prepared, consisting of 
sodium citrate (0.1 mol L− 1), citric acid (0.1 mol L− 1), and triton X-100 

(0.1%). The p-nitrophenyl-phosphate was added to this buffer to reach a 
final concentration of 1 mg mL− 1. Subsequently, 840 μL of this buffer 
solution was then added into the sample with the adhered PRP and 
incubated for 40 min. After that, the incubation was terminated by 
adding 600 μL of a 2 mol L− 1 NaOH solution. The degree of PRP platelet 
adhesion rate to the surface was determined by measuring the absor-
bance at 405 nm using a UV–vis spectrophotometer (UV-2600i, Shi-
madzu, Japan). 

Antithrombosis test was conducted using catheter specimens dipped 
in citrated sheep whole blood at 37 ◦C for 9 h. The procedures for 
washing and dehydrating were the same as those that were previously 
reported for the plasma adhesion test [33]. SEM was used to observe 
blood adhesion. The effects of the hydrogel coating on activated partial 
thromboplastin time (APTT) and prothrombin time (PT) were evaluated 
using a coagulometer (Thrombostat 1, Behnk Elektronik, Norderstedt, 
Germany), with APTT and PT testing reagents sourced from Fisher Di-
agnostics (Middletown, OH, USA). The plasma was obtained from the 
supernatant of citrated sheep whole blood, centrifuged at 2400 rpm for 
10 min. 

2.8. Computational details 

The geometries of the molecules considered in this study were pre-
liminarily optimized using the built-in Merck Molecular Force Field 
(MMFF94) and Avogadro software [34]. The molecular electrostatic 
potential (MEP) was calculated using the Gaussian 09 program and 
density functional theory. The MEP calculation used each monomer 
unit; the CMC was calculated using the B3LYP/6-31g (d) basis set [35], 
and ZW@CMC was calculated using the B3LYP/6-311g+ (d, p) basis set 
[36] with geometry optimization. 

2.9. Cytotoxicity test 

The in vitro cytotoxicity of the ZW@CMC-coated specimens was 
analyzed using C2C12 cells (Catalog No. CRL-1772; ATCC), which is a 
subclone of the mouse myoblast cell line (Fig. S3). The TPU, CMC-, and 
ZW@CMC hydrogel-coated films were cut into rectangular shapes with 
dimensions of 4 mm × 5 mm and cleaned with ethanol. NiSO4 (99.99%, 
Sigma-Aldrich), prepared at a concentration of 10 mg mL− 1 in the cul-
ture medium, was used as the positive control. Dulbecco’s modified 
Eagle medium (DMEM; Catalog No. SH30243, HyClone, Marlborough, 
Massachusetts, USA) supplemented with 10% fetal bovine serum (Cat-
alog No. 30-2020, ATCC) and 1% penicillin/streptomycin (Catalog No. 
SV30010; HyClone) was used to culture cells. The C2C12 cells were 
seeded in 96-well cell culture plates (5.0 × 103 cells per well) and 
cultured, at 37 ◦C for 24 h in an atmosphere containing 5% CO2, to 
adhere to the well surface. After attachment, the cells were incubated 
with untreated (control), TPU, CMC-, or ZW@CMC hydrogel-coated 
films and a NiSO4 solution for 24 h. At each time point, the films were 
removed, and the Cell Counting kit-8 (CCK-8, Dojindo Laboratories, 
Kumamoto, Japan) reagent was applied to the cells at a ratio of 1:5 
(CCK-8 reagent: DMEM) and incubated for 4 h. The absorbance of the 
samples was measured at 450 nm using a microplate reader (Synergy 
H1; BioTek, Winooski, Vermont, USA). The cell viability was calculated 
as follows: 

Cell viability (%)=
Asample − Ablank

Acontrol − Ablank
×100  

where Asample is the absorbance of the sample, Ablank is the absorbance of 
the blank (containing DMEM and CCK-8 solutions), and Acontrol is the 
absorbance of the untreated sample (without films). The experiments 
were conducted in triplicate, and the data are reported as mean values 
with standard deviation. LIVE/DEAD cell images were obtained by 
staining with Acridine Orange/Propidium Iodide (Logos Biosystems, 
Anyang, Republic of Korea) fluorescent dye. After cell culture with the 
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test films, the Acridine Orange/Propidium Iodide reagent was added to 
the media at a ratio of 1:50, and the cells were incubated at room 
temperature for 10 min. The intensity of the LIVE/DEAD cells was 
measured using an inverted fluorescence microscope (Eclipse Ti-u; 
Nikon, Tokyo, Japan). 

2.10. Hemolysis test 

The hemolytic activities of the materials were investigated referring 
to the ASTM F756 standard. Blood samples were freshly prepared and 
collected within 6 h. Each sample was added to the collected blood 
(diluted in PBS solution, 1:14 vol%) and incubated for 3 h at 37 ◦C. After 
incubation, the blood samples were transferred to microtubes and 
centrifuge 700 g for 15 min. Hemoglobin release was determined after 
centrifugation by photometric analysis of the supernatant at 540 nm 
using Drabkin’s reagent (Sigma-Aldrich, mixed ratio 1:1 vol%). 

2.11. In vivo antithrombosis test 

Male Sprague-Dawley rats (11-week-old, 400-450 g, Samtako Bio 
Korea Co., Ltd., Osan City, Republic of Korea) were used in this study 
and received care in compliance with the Guide for the Care and Use of 

Laboratory Animals. The rats were housed in temperature-controlled 
rooms with a 12 h light-dark cycle and standard food and water avail-
able. All surgical procedures were performed under sterile conditions. 
The animals were anesthetized with isoflurane (Hana Pharm Co., Ltd., 
Kyonggi-Do, Republic of Korea) and autobreathed during surgery. After 
the induction of anesthesia, a diagonal incision was made from the groin 
parallel to the inguinal ligament. The left femoral vein was isolated 
superior to the left epigastric vessels. The study catheter was carefully 
inserted through the femoral vein into the inferior vena cava at a length 
of 5 cm and fixed to the femoral vein using a 5-0 silk ligature. Two 
polypropylene sutures that were interrupted were used to seal the skin 
incision. After a week, the catheters were removed for additional 
examination. 

2.12. In vivo antimicrobial test with bacteremia model 

S. aureus was used to induce bacteremia in rats. Bacterial strains 
(MRSA; Catalog No. 43300; ATCC) were streaked onto blood agar plates 
and incubated for 16 h. Subsequently, a single colony was placed in 
Luria-Bertani broth and incubated. The cultured colonies were diluted 
and counted before injection. A total of 2.2 × 1010 bacterial strains were 
injected intravenously through the femoral vein before catheter 

Fig. 1. (a) A schematic illustration of the synthesis procedure and hydrogel structure of ZW@CMC. (b–d) High-resolution XPS spectra of (b) C 1s, (c) N 1s, and (d) S 
2p of CMC and ZW@CMC. (e) Contact angle measurement of hydrogel coatings using captive bubble method. (f) Time-dependent swelling ratio of the CMC and 
ZW@CMC coating. (g) Optical photograph of the water-absorption behaviors of the different catheter surfaces. 

D.U. Lee et al.                                                                                                                                                                                                                                   

astm:F756


Bioactive Materials 34 (2024) 112–124

117

insertion. Complete Blood Count (CBC; Gem Premier 3000 with blood 
gas/electrolyte analyzer model 5700, Werfen Co., Barcelona, Spain), 
flow cytometry, and cell sorting (FACS; Beckman Coulter Inc., NAVIOS 
flow cytometer, California, USA) analyses were performed before and 
one day after the experiment to confirm the presence of bacteremia 
shock in the rats. 

2.13. Catheter friction test 

The catheter friction test was performed using an interventional 
device testing equipment (IDTE3000, Machine Solutions Inc., Flagstaff, 
Arizona, USA), which can measure the proximal and distal forces during 
the passage of a standard template according to the ASTM F2394-07 
standard method (Fig. S4). The catheter friction test system equipped 
with the load cell (type 3482, Burster GmbH&Co. KG, Germany) was 
used to quantitatively determine the proximal push force required for 
trackability. Additionally, a catheter friction test was performed in a 
circulating PBS solution using an artificial cardiovascular system 
(Detachable Coronary Model, TrandoMed, Ningbo City, Zhejiang, 
China). 

2.14. The durability test of the catheter coating layer 

Hydrogel durability tests were performed using a force gauge (HF-1, 
Japan Instrumentation System Co., Ltd., Sakuraishi, Nara, Japan) 
equipped with a wet friction test system. The configuration of the wet 
friction test system is illustrated in Fig. S5. The TPU, CMC-, and 
ZW@CMC hydrogel-coated catheters were fixed on a holder and rubbed 
onto flat pieces of PBS solution-drenched bovine aorta (obtained from a 
local butcher’s shop) to simulate the blood vessel wall. All tests were 
conducted at a room temperature with a load of 0.3 N, velocity of 8 mm 

s− 1, and stroke of 8 mm. To ensure the durability of the coating layer, 
each test was repeated a minimum of 1000 times. 

2.15. Statistical analysis 

All data were presented as mean ± standard deviation unless 
otherwise specified. Statistical significance was evaluated using a two- 
tailed Student’s t-test between different groups. The level of signifi-
cance was labeled +, *, **, and ***, representing p-value <0.1, <0.05, 
<0.01, and <0.001, respectively. 

3. Results and discussion 

3.1. Design and characterization of zwitterionic CMC 

The procedure for preparing the ZW@CMC hydrogel coating is 
summarized in Fig. 1a. The synthesized zwitterionic CMC polymer 
mixed with SA was rapidly coated on the surface with the ionic cross-
linking of calcium chloride (Fig. S6) [37]. In particular, CMC or 
ZW@CMC are not stable under water and can dissolved easily because of 
its hydrophilicity. However, SA can crosslink with CMC or ZW@CMC 
through hydrogen and ionic bonds, resulting in a stable CMC or 
ZW@CMC hydrogel. 

The zwitterionic CMC was synthesized via a water-based process 
using DEAC and 1,3-propanesultone (Fig. S2). The surface of the TPU 
needs pre-treatment before coating the ZW@CMC hydrogel (Fig. S7) due 
to the hydrophobic nature of the surface, which renders it unsuitable for 
coating with hydrophilic CMC or ZW@CMC. As chemical surface 
treatments may not be suitable for biomedical TPU materials due to their 
high chemical stability and biocompatibility, we conducted surface 
modification of TPU using O2 plasma and subsequently treated it with an 

Fig. 2. (a) Microscopic fluorescence images of C2C12 myoblast cells after LIVE/DEAD cell staining. (b) Viability of C2C12 myoblast cells for different exposure times. 
(c) Hemolysis assay on erythrocytes with various materials (n = 3). 
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acrylamide solution (Fig. S8). Subsequently, a biocompatible coating 
solution of 2% SA and 2% ZW@CMC was coated onto the PICCs using 
the dip-coating method, followed by crosslinking with CaCl2. The 
carboxyl (COOH) functional group of SA facilitated the formation of a 
stable hydrogel layer by undergoing ionic bonding with the amine group 
of CMC and crosslinking with Ca2+ ions. The mechanical properties of 
the hydrogel layer are illustrated in Figs. S9–S12. 

The synthesis of ZW@CMC hydrogel was confirmed via XPS mea-
surements, as shown in Fig. 1b–d, S13a, and Table S2. The high- 
resolution C 1s spectra revealed that a C-S bond (284.9 eV) appeared 
in the synthesized ZW@CMC, which was not observed in CMC hydrogel 
(Fig. 1b) [38]. Furthermore, the high-resolution N 1s spectrum indicates 
an N+ peak (401.75 eV) for sulfobetaine (Fig. 1c) [39]. The intensity of 
the C-OH/S-O bond in Fig. S13b was higher than that of CMC, indicating 
the presence of the sulfobetaine group of ZW@CMC [40,41]. The 
appearance of S 2p3/2 (168.4 eV) and S 2p1/2 (167.2 eV) peaks attributed 
to SO3 demonstrated the synthesis of zwitterionic carboxymethyl chi-
tosan (Fig. 1d) [39]. Additionally, the FT-IR spectra supported the 

synthesis of ZW@CMC (Fig. S14). The successful synthesis of zwitter-
ionic CMC using a water-based process with 1,3-propanesultone is 
demonstrated in this study. 

To evaluate the antifouling performance of the hydrogel, it was 
important to investigate its hydrophilic properties. A fully wettable 
surface enables steric repulsion between the hydration layer containing 
sulfobetaine functional groups and foulants. As depicted in Fig. 1e, the 
water contact angle (WCA) was assessed using the captive bubble 
method to determine the surface wettability under wet conditions. The 
WCA values were approximately 90.45◦ for TPU, 59.23◦ for CMC and 
46.0◦ for ZW@CMC. These WCAs of CMC and ZW@CMC hydrogels were 
relatively lower than those of TPU, demonstrating aerophobic surfaces 
due to their hydrophilic and hygroscopic characteristics (Fig. S15). The 
time-dependent water absorption ratio demonstrated the superior hy-
groscopic properties of the ZW@CMC hydrogel layer. The CMC hydrogel 
coating fully absorbed water within 15 min, whereas the ZW@CMC 
hydrogel was completely swollen within 1 min, indicating its superior 
water-absorption ability (Fig. 1f). The ZW@CMC hydrogel exhibited 

Fig. 3. (a) LIVE/DEAD bacterial staining assay comparing the efficiency of CMC and ZW@CMC solutions against E. coli and S. epidermidis. (b) Antimicrobial effi-
ciencies of TPU, CMC, and ZW@CMC against E. coli and S. epidermidis (n = 3). (c) Antibiofilm activities of the TPU, CMC, and ZW@CMC coatings (green and white 
color represent biofilm- and non-fouling regions of the catheter surface, respectively). (d) Design of sepsis model test with systemic inflammation and antimicrobial 
catheter. (e) Complete blood count results and (f) flow cytometry and cell sorting results of the systemic inflammation model. (g) Bacterial counts of bacteremia blood 
after a day of sepsis model test (n = 3). 
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enhanced hydrophilic and hygroscopic properties due to the efficient 
hydration facilitated by the ionic solvation of the zwitterionic sulfobe-
taine groups. To further demonstrate the outstanding wetting and hy-
groscopic properties of the hydrogel, we performed a dipping test in 
blue-dyed water for 5 s. As shown in Fig. 1g, the ZW@CMC-coated 
PICC tube exhibited a darker purple color because of the adsorbed dye 
water and the absence of dewetted water droplets. This clearly dem-
onstrates the better hydration ability of ZW@CMC than those of pristine 
TPU and CMC. 

3. 2. In vitro cytotoxicity test 

Materials used in implantable blood-contacting medical devices 
must be toxicologically evaluated to ensure patient safety. Due to the 
high trade-off between antibacterial efficacy and toxicity in the human 
body associated with these devices, it is crucial to conduct thorough 

investigations in this regard. Therefore, in vitro cytotoxicity assay was 
conducted to evaluate the biosafety of ZW@CMC. The ZW@CMC-coated 
films were immersed in cultured C2C12 myoblasts for up to 24 h. To 
minimize physical damage to the cells during culture, the films were 
immersed obliquely in the culture medium in a well-plate. To confirm 
the reliability of the assay, a blank condition was employed as an assay 
control, and the TPU film and nickel sulfate (NiSO4) were used as the 
negative and positive controls, respectively [42]. Cell images obtained 
after live/dead staining are shown in Fig. 2a. Live cells were stained 
green, while dead cells were stained red with Propidium Iodide. The 
positive control (NiSO4) demonstrated intrinsic cytotoxicity, leading to 
cell death in the majority of cells. However, the other samples, including 
ZW@CMC, exhibited a notable increase in cell count. Fig. 2b illustrates 
the results of the cell viability tests. The ZW@CMC group showed high 
cell viability (104.6%), similar to that of the control, TPU, and CMC 
groups, upon incubation for 24 h. In contrast, extremely low cell 

Fig. 4. (a) Fibrinogen adhesion on TPU, CMC-, and ZW@CMC-coated surfaces. (b) Relative extent of fibrinogen adhesion on different surfaces. (c) Surface potential 
measurement of the different surfaces using a Kelvin probe force microscope. (d) The molecular electrostatic potential map of CMC and ZW@CMC calculated using 
Gaussian 09 quantum mechanical calculation. Platelet adhesion test of (e) platelet and (f) activated platelet on the different surfaces (n = 3). Comparison of (g) 
activated partial prothrombin time (APTT) and (h) prothrombin time (PT) of plasma (control), CMC- and ZW@CMC-coated surfaces (n = 4). (i) Adhesion of clotting 
factor-active human plasma on different surfaces. (j) Optical images of blood adhesion on the different surfaces of PICCs. (k) SEM images of the in vitro antithrombosis 
test of citrated sheep whole blood against different surfaces. 
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viability was observed in the positive control (0.7%). 
Blood compatibility is a crucial consideration for the development of 

materials for blood-contacting devices. To assess the hemolytic potency 
of the ZW@CMC hydrogel on erythrocytes, a hemolysis test was con-
ducted according to the ASTM F756 standard procedure. According to 
the ASTM F756 standard, a hemolysis index of less than 2% indicates 
non-hemolytic activity. As shown in Fig. 2c, ZW@CMC showed excellent 
hemocompatibility with a hemolytic activity of ~1.10%, similar to that 
of the negative control (polyethylene film, 0.78%), TPU (1.47%), and 
CMC (1.10%), whereas the positive control (Triton X-100) resulted in 
nearly 100% hemolysis. These results indicate the biocompatibility of 
ZW@CMC, as it does not exhibit any adverse effects on cells or eryth-
rocytes. This makes it a promising material for potential applications in 
medical devices. 

3.3. In vitro and in vivo tests of antimicrobial activities 

The antimicrobial activities of CMC and synthesized ZW@CMC were 
investigated using a LIVE/DEAD bacterial assay (Fig. 3a). Live cells were 
stained green, whereas dead cells were stained red in the LIVE/DEAD 
bacterial assay. The CMC and ZW@CMC materials effectively killed 
most of the E. coli and S. epidermidis cells. Furthermore, they exhibited 
zones of inhibition against MRSA and MSSA (Figs. S16a and b). These 
results demonstrate their bactericidal properties and highlight their 
potential to mitigate bacterial infection risks associated with medical 
devices. Fig. 3b and S16c show the antimicrobial activities of TPU, CMC- 
, and ZW@CMC-coated films. For E. coli, the CMC- and ZW@CMC- 
coated films exhibited higher antimicrobial efficiencies of 88.7% and 
94.6%, respectively, compared to the TPU film (~70%). For S. epi-
dermidis, the CMC- and ZW@CMC-coated films displayed an antimi-
crobial efficiency of >70%, which was better than that of the TPU film 
(~56.2%). The antibacterial activity of TPU was significantly enhanced 
when coated with CMC and ZW@CMC hydrogels (p-value <0.05), and 
these results were comparable to those of a previously reported study 
[43]. The CMC- and ZW@CMC-coated films demonstrated antimicrobial 
efficiencies of ~72.8% and ~71.5% against MSSA, and ~80.5% and 
~79.8% against MRSA, respectively (Fig. S16c). Note that the results of 
antibacterial efficiency were obtained after a short incubation period of 
just 2 h on the film surface. Consequently, the antimicrobial activity of 
ZW@CMC-coated films remained consistent following the zwitterionic 
modification of CMC compared to CMC-coated films. 

Fig. 3c and S17 show the results of biofilm tests conducted to 
determine the antibiofilm effectiveness of ZW@CMC in preventing 
CABSIs. Biofilms of E. coli and S. epidermidis were abundantly formed on 
the surfaces of the non-coated TPU tubes, whereas the CMC- and 
ZW@CMC-coated specimens exhibited biofilm inhibition. In contrast to 
the CMC-coated specimens, the ZW@CMC-coated specimens demon-
strated remarkable biofilm inhibition activities against both E. coli and S. 
epidermidis. This antibiofilm effect of ZW@CMC hydrogel coating was 
also evident against MSSA and MRSA, as shown in Fig. S16d. Its superior 
hydration capability and bactericidal activity resulted in a greater in-
hibition of biofilm formation compared to the CMC hydrogel. 

During medical procedures, catheters are susceptible to infection and 
serve as a source of bacterial contamination. Moreover, bacteria can 
grow and adhere to the catheter surface during bacteremia, potentially 
aggravating sepsis. Therefore, the in vivo antimicrobial activities of CMC 
and ZW@CMC were evaluated using a developed sepsis model with the 
insertion of coated catheters. As depicted in Fig. 3d, an MRSA suspen-
sion was injected into the femoral vein after catheter insertion. The 
developed bacteria-induced systemic inflammation confirmed that the 
rats exhibited sepsis, as indicated by an increase in the level of gran-
ulocytes (GRA) occurrence with a decrease in the white blood cell (WBC) 
count, as determined via a CBC test (Fig. 3e). Furthermore, an increase 
in the number of granulocytes (Fig. 3f) and total immune cells (Fig. S18) 
was measured using FACS, indicating the occurrence of bacteremia. 
Fig. 3g demonstrates the antimicrobial efficacy of the coated catheters 

for sepsis treatment, based on a model of catheter insertion during 
bacteria-induced systemic inflammation. After 24 h of the systemic 
inflammation model with catheterization, ZW@CMC showed a rela-
tively decreased bacterial concentration in the bacteremia compared to 
the CMC- (reduction of 64.24%) and TPU-contacted blood (reduction of 
69.49%). Overall, these results suggest that the ZW@CMC coatings with 
good antimicrobial properties can inhibit bacterial infection and support 
sepsis treatment, leading to their application in blood-contacting 
devices. 

3.4. In vitro antithrombotic activities 

Proteins, such as fibrinogen, contribute to procoagulant activity, 
promoting platelet adhesion and increasing the risk of thrombosis. 
Thrombin and activated platelets convert fibrinogen into fibrin, initi-
ating blood clot formation. Consequently, the use of an antithrombotic 
coating is essential to prevent the accumulation of fibrinogen and other 
blood clotting factors, which represent the initial stages of thrombosis 
development. Fig. 4a shows the fluorescence microscopy images of 
fibrinogen adhered to each film surface after exposure for 24 h. 
Remarkably, the superhydrophilic ZW@CMC hydrogel exhibited 
impressive antifouling properties against fibrinogen, contrasting with 
the TPU and CMC hydrogels (Fig. S19). One of reasons is that super-
hydrophilic hydrogels, capable of forming a hydration layer, possess 
steric repulsion forces impeding the adhesion of foulants, including 
substances responsible for blood clotting [44]. This is further supported 
by Fig. 4b, which illustrates the relative adhesion area extracted from 
the microscopic fluorescence images, thereby reinforcing these findings. 
The ZW@CMC hydrogel exhibited negligible area coverage of fibrin-
ogen (0.33%), whereas the TPU (40.75%) and CMC (47.58%) hydrogels 
showed significantly higher adhesion areas. 

Note that, despite the hydrophilic nature of the CMC hydrogel, it 
exhibited higher fibrinogen adhesion than what was observed with TPU 
[45]. This can be attributed to the interaction of the positively charged 
CMC surface with the net negatively charged fibrinogen (Fig. 4c and 
S20). The CMC hydrogel has a positive potential of 589 mV, whereas the 
TPU surface is negatively charged surface (− 311.05 mV). The ZW@CMC 
hydrogel had a relatively low positive potential of 317 mV compared to 
that of the CMC, chitosan, and hyaluronic acid coatings. These surface 
potential results can be explained by the MEP map obtained by quantum 
mechanics calculations using Gaussian 09 (Fig. 4d). The MEP calculation 
was carried out only CMC and ZW@CMC without SA. In CMC, the COOH 
functional group had a charge density of − 0.15 e Bohr− 3, whereas N 
atom had that of +0.15 e Bohr− 3. However, in ZW@CMC, the charge 
densities of the COOH functional groups, SO3

− , and N atoms were − 0.2, 
− 0.16, and +0.08 e Bohr− 3, respectively, indicating a relatively low 
positive charge [46]. In conclusion, the introduction of the negatively 
charged SO3

− group in ZW@CMC resulted in a lower positive potential of 
the N atoms but an increased negative potential of COOH compared to 
CMC. These findings, combined with previous protein adhesion tests, 
provide stronger evidence supporting the excellent antithrombotic 
performance of ZW@CMC. 

Platelets are conventionally defined as playing a vital role in he-
mostasis and thrombosis. Once a platelet adhered and activated, plate-
lets secrete various clotting factors, resulting in occlusive thrombus 
formation, myocardial infarction, and stroke [47,48]. Hence, it is 
imperative for blood-contacting devices to prevent platelet and acti-
vated platelet adhesion. Fig. 4e and f depict the results of the adhesion 
test for platelets and activated platelets, respectively, demonstrating the 
antifouling performance of CMC and ZW@CMC hydrogel coatings. The 
ZW@CMC-coated surface exhibited the lowest percentage of adhered 
platelets at 3.10%, while the CMC-coated and TPU surfaces had larger 
percentages of 13.80% and 22.62%, respectively. For activated platelets, 
the anti-adhesion property of the ZW@CMC-coated surface (6.13%) 
outperformed that of the CMC-coated surface (13.64%), as expected. 
But, both the CMC-coated and ZW@CMC-coated surfaces exhibited 
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significantly lower adhesion rates compared to the TPU surface 
(41.59%). 

Platelets and artificial surfaces can support the initiation phase of 
coagulation by providing binding sites for prothrombin and factor XI, 
triggering the intrinsic pathway of thrombosis (Fig. S21) [49,50]. 
Therefore, the APTT tests were performed to quantitatively evaluate the 
antithrombotic performances of hydrogel-coated surfaces (Fig. 4g). The 
ZW@CMC-coated surface showed suppressed coagulation of the 
intrinsic pathway (95.77 s), in contrast to the control (91.53 s; plasma 
without coating) and the CMC-coated surface (82.65 s). Additionally, we 
conducted the PT tests to assess the extrinsic pathway of thrombosis 
(Fig. 4h). Tissue factor (TF) is recognized as the primary cellular initi-
ator of blood coagulation (Fig. S21). Following vessel injury, the TF: 
FVIIa complex activates the coagulation protease cascade, leading to 
fibrin deposition and platelet activation [51]. This activated plasma then 
triggers factor X activation, leading to the extrinsic pathway of throm-
bosis [52]. The PT test results showed that the ZW@CMC-coated surface 
(22.78 s) prolonged the PT compared to the control (20.3 s) and the 
CMC-coated surface (18.18 s). The findings from the APTT and PT tests 
highlight a distinct contrast in the antithrombotic activities of CMC and 
ZW@CMC hydrogels. The extended clotting times observed in both 
APTT and PT tests for ZW@CMC can be attributed to its ability to sup-
press the adhesion of platelets and activated platelets. In contrast, the 
tendency of CMC to promote platelet adhesion resulted in shortened 
clotting times, as demonstrated by the APTT and PT results. 

To further investigate the antithrombotic effect, an adhesion test was 
performed using platelet-free human plasma containing clotting factors 
(Fig. 4i and S22). Although the TPU surface has a negative charge, it 
promotes the adhesion of clotting factors because of hydrophobic in-
teractions, which are important for inducing high protein-surface af-
finity [53]. Proteins tend to adhere more strongly to hydrophobic 

surfaces than hydrophilic surfaces due to the hydrophobic interaction 
effect. Consistent with the results of the fibrinogen adhesion test and 
KPFM measurements, the CMC surface revealed many adhered clotting 
factors owing to its highly positive charge, whereas the ZW@CMC 
hydrogel showed no clotting factor adhesion. 

Next, we performed an in vitro blood clotting test with citrated sheep 
whole blood to examine the antithrombotic performance under blood- 
contacting conditions. After 9 h of blood contact, the ZW@CMC- 
coated catheter surface showed nearly no adhesion of blood clots, 
whereas the surfaces of the TPU and CMC-coated catheters were covered 
with blood clots (Fig. 4j). SEM images show that blood clots with 
platelets and blood clotting factors adhered to the TPU, CMC, and 
ZW@CMC hydrogel surfaces (Fig. 4k and S23). Significant deposits of 
platelets and blood-clotting factors were observed on the surfaces of 
both the TPU and CMC-coated tubes. However, for the ZW@CMC 
hydrogel surface, a remarkable reduction in the adhesion of platelets 
and blood-clotting factors was observed. These results suggest the 
applicability of the ZW@CMC hydrogel coating to effectively inhibit 
thrombosis in vivo. 

3.5. In vivo antithrombotic activities 

A PICC is a medical device inserted into a vein or artery to provide 
access to medical treatments such as fluid administration, blood trans-
fusions, or medication delivery. However, artificial polymeric sub-
stances in catheters pose a risk of thrombosis by promoting blood 
coagulation via intrinsic pathways when inserted into blood vessels, 
which can lead to complications, such as occlusion, pulmonary embo-
lism, or swelling in the legs. The standard medical procedure to prevent 
blood clotting during the insertion of medical devices involves the use of 
anticoagulants, such as heparin. However, some patients may 

Fig. 5. In vivo assessment of the catheter antithrombotic performance. (a) Photographic image of the catheterization in femoral vena cava implantation model of rat. 
(b) Photographic images of the extracted catheters after 1 week of catheterization. (c) Weight of blood clots on the catheter surfaces in femoral vena cava im-
plantation model after 1 week (n = 3). (d) SEM images of blood clots on the surfaces of the catheters. 
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experience side effects such as bleeding, pain, and difficulty in breathing 
due to the use of anticoagulants. In such cases, antithrombotic coatings 
may be an important alternative for patients experiencing adverse 
effects. 

To assess the antithrombotic performance of the ZW@CMC hydrogel, 
a catheter insertion experiment was conducted in the femoral vein of 
rats over a one-week period (Fig. 5a). As evidenced by the previous in 
vitro biocompatibility results (Fig. 3), the biocompatibility is further 
confirmed as the rats with femoral vein catheterization survived for a 
week after the procedure. Fig. 5b shows the extracted catheter after 
insertion into the femoral vein of the rats to confirm thrombus formation 
on the surface. Notably, the surface of ZW@CMC was quite clean 
compared to those of TPU and CMC. The results of the thrombus weight 
measurement in Fig. 5c distinctly show the superior antithrombotic 
ability of ZW@CMC compared with those of TPU (~96.77% reduction) 
and CMC (~99.06% reduction). As shown in Fig. 5d, the SEM images of 
blood clots on the surfaces clearly demonstrate antithrombosis of the 
coating layers via in vivo test, similar to the previously shown in vitro 
antithrombotic activities. The CMC-coated specimen showed numerous 
blood clots with platelets, blood cells, and fibrin formation owing to its 
intimacy with blood-clotting factors by electrostatic interactions 
compared to the control specimen. Moreover, the SEM image in Fig. S24 
revealed the presence of multiple activated platelets adhering to the 
CMC surface, indicating its unsuitability as a coating material for blood- 
contacting devices. In contrast, ZW@CMC exhibited superior 

performance. These findings underscore the effectiveness of ZW@CMC 
hydrogel in antithrombotic applications, potentially making it a more 
suitable choice for use in blood-contacting medical devices. 

3.6. Catheter friction test 

High vascular wall shear stress during catheterization can cause 
discomfort and tissue injury. Particularly during cardiac catheterization, 
damage to blood vessels near the heart can be life-threatening and may 
cause end-organ ischemia and hemorrhage [7,8,54]. Therefore, it is 
necessary to ensure the surface friction performance of catheter devices 
for safe vascular treatment. 

A catheter trackability test was performed to measure the load of the 
catheter insertion, which reflected the surface friction properties, as 
shown in Fig. 6a. The proximal force was continuously measured when 
the catheter tube was inserted at a constant speed of 50 cm min− 1 

through the artificial vascular path of the Teflon tube. The three regions, 
R1, R2, and R3, represent the linear, curved, and rapidly curved paths, 
respectively (Fig. S25). Fig. 6b shows the insertion load versus 
displacement curves of the TPU, CMC-, and ZW@CMC-coated tubes. The 
maximum loads for the CMC- and ZW@CMC-coated tubes were signif-
icantly reduced to ~35.5% and 42.0%, respectively, compared to that of 
the non-coated TPU tube. The insignificant variation in the bending 
strength (Fig. S10b) implied that the load reduction was predominantly 
attributed to the low friction properties of the CMC or ZW@CMC 

Fig. 6. (a) Photograph of the interventional devices testing equipment (IDTE) used to carry out the catheter friction test, with the passage of a standard template 
(ASTM F2394-07). (b) Results of the catheter friction test conducted with the IDTE. (c) Photograph of the artificial cardiovascular system model employed for 
simulating peripherally inserted central catheterization, during the catheter friction test. (d) Results of the peripherally inserted central catheterization simulation 
test. (e) Photograph of the wet friction test system. (f) Results of the cyclic wet friction test. 
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hydrogel. 
The superior low-friction properties of the ZW@CMC hydrogel were 

further demonstrated through a more practical method using an artifi-
cial cardiovascular system model comprising of a silicon tube (Fig. 6c). 
The test sections in the arm vein of the cardiovascular model were 
divided into R1, R2, and R3 for slight, linear, and rapid curves, 
respectively. The non-coated TPU exhibited an undesirable shudder 
when inserted into the artificial cardiovascular model (Movie S1) 
because of its high surface friction. However, the ZW@CMC tube was 
smoothly inserted into the vein without any unsuitable perturbations 
(Movie S2). This effect was attributed to the ability of the ZW@CMC 
hydrogel to remarkably reduce the surface friction; the maximum loads 
for the CMC- and ZW@CMC-coated tubes were diminished by 90.19% 
and 92.28%, respectively, compared to the load of the TPU tube 
(Fig. 6d). These results highlight the outstanding potential of the 
ZW@CMC hydrogel coatings for PICC applications. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.12.009 

The durability of the coatings was examined using cyclic wet friction 
tests (Fig. 6e). The bovine aorta, which was used as a vascular graft 
because of its biocompatibility with human blood vessels, was selected 
as the counter-friction material for the test (Fig. 6e i) [55]. The catheter 
tube holder for testing was prepared as shown in Fig. 6e ii. The catheter 
tube equipment had a length of 15 mm, a width of 10 mm, and a radius 
of 5 mm. The cyclic wet friction test was performed by applying a force 
of 0.3 N to the catheter tube, with the bovine aorta placed on a motor-
ized stage moving a distance of 8 mm at a velocity of 8 mm s− 1 (Fig. 6e 
iii). The friction properties of the ZW@CMC hydrogel did not deteriorate 
during 1000 wet friction cycles (Fig. 6f). The durability of the ZW@CMC 
hydrogel coating was evident as it exhibited no observable damage, such 
as delamination or cracks, unlike the CMC hydrogel coating (Fig. S26). 

4. Conclusion 

In summary, in the present study, we successfully developed a 
biocompatible hydrogel coating, for blood-contacting medical devices, 
using ZW@CMC, a natural polysaccharide-derived material. The 
ZW@CMC hydrogel was fabricated using a water-based green process 
and exhibited excellent antimicrobial, antibiofilm, antithrombotic, and 
lubricating properties. We demonstrated that the ZW@CMC hydrogel 
could be rapidly ionically crosslinked and uniformly coated on PICCs 
made of medical-grade TPU. The mechanism underlying the antimi-
crobial and antithrombotic effects of ZW@CMC hydrogel can be 
described as follows: (1) the superhydrophilic and hygroscopic charac-
teristics of the hydrogel allow for an increase in hydration formation; (2) 
the intrinsic antimicrobial properties of ZW@CMC allow for the inhi-
bition of biofilm formation and an increase in antimicrobial perfor-
mance; and (3) its high hygroscopic properties and negative electrostatic 
repulsion potential allow for the suppression of blood clotting. 
Furthermore, the hygroscopic properties of the developed hydrogel 
promote the formation of a hydration layer, leading to significantly 
reduced friction, as measured via catheterization simulations using an 
artificial cardiovascular system model. The novel ZW@CMC hydrogel 
coating developed in this study holds great promise for the development 
of multifunctional blood-contacting medical devices, including vascular 
catheters. 
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