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A B S T R A C T   

Proteins, cells and bacteria adhering to the surface of medical devices can lead to thrombosis and infection, 
resulting in significant clinical mortality. Here, we report a zwitterionic polymers-armored amyloid-like protein 
surface engineering strategy we called as “armored-tank” strategy for dual functionalization of medical devices. 
The “armored-tank” strategy is realized by decoration of partially conformational transformed LZM (PCTL) as-
sembly through oxidant-mediated process, followed by armoring with super-hydrophilic poly-2-meth-
acryloyloxyethyl phosphorylcholine (pMPC). The outer armor of the “armored-tank” shows potent and durable 
zone defense against fibrinogen, platelet and bacteria adhesion, leading to long-term antithrombogenic prop-
erties over 14 days in vivo without anticoagulation. Additionally, the “fired” PCTL from “armored-tank” actively 
and effectively kills both Gram-positive and Gram-negative bacterial over 30 days as a supplement to the lacking 
bactericidal functions of passive outer armor. Overall, this “armored-tank” surface engineering strategy serves as 
a promising solution for preventing biofouling and thrombotic occlusion of medical devices.   

1. Introduction 

Indwelling medical devices, such as catheters and needles, as well as 
extracorporeal circuits, are extensively used in various medical treat-
ments, including hemodialysis [1], drug delivery [2], extracorporeal 
circulation [3] and other clinical treatments [4–6]. However, these de-
vices are still challenged by thrombosis and infections, which commonly 
result in serious complications [7–10]. To address these issues, antico-
agulants and antibiotics have been commonly used in clinical practice 
over the past few decades. Nevertheless, long-term administration of 
these agents has been associated with potential adverse effects, 
including hemorrhage [11], antibiotic resistance [12], thrombophlebitis 
[13], and hepatic overload [14]. In recent years, surface engineering 
approaches are attracting increasing attention in the field of 

blood-contacting medical devices. Such approaches involve modifying 
and enhancing the device surfaces to achieve specific functionalities and 
interactions in situ, such as anticoagulant and antibacterial surfaces 
[15–19], which provides distinct advantages in addressing the clinical 
complications associated with implanted devices. 

Current surface engineering strategies for anticoagulant and anti-
microbial purposes can be broadly categorized into two approaches: 
active attack and zone defense [20]. The active attack strategy involves 
the integration of bioactive molecules (e.g., antibiotics [21], peptide 
[22], chitosan [23] and anticoagulants [24]) onto the surfaces of de-
vices. These molecules combat bacteria or inhibit platelet activation by 
releasing them in situ. However, such strategies have limitations in 
regulating the adsorption of blood proteins and bacteria on the device 
surface, which can trigger undesired biological responses, such as 
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platelet adhesion and bacterial colonization. This affects the releasing of 
bioactive molecules, further resulting in infections and biofilm-related 
complications. On the other hand, the zone defense strategy [25] pre-
vents the adsorption of blood proteins by covalent immobilization of 
protein-resistant polymers, including poly-(ethylene glycol) (PEG) [26], 
zwitterionic polymers [27], hyaluronic acid (HA) [28] and heparin [29], 
on the surfaces of devices. These protein-resistant surfaces efficiently 
inhibit platelet adhesion and bacterial colonization. Unfortunately, 
passive anti-fouling surfaces tend to gradually lose their effectiveness 
over time, especially in complex pathological environments [30]. It is 
important to note that even a minimal amount of bacteria adsorption on 
the surface is sufficient to initiate the proliferation of undesirable fouling 
[31,32], finally causing the formation of biofilm on devices. Addition-
ally, the presence of biofilms further induces thrombus formation, 
leading to device failure. Therefore, relying solely on single zone defense 
or active attack strategies may not be sufficient to construct a durable 
and effective anti-fouling surface. 

Herein, we proposed a zwitterionic polymers-armored amyloid-like 
protein surface engineering strategy, called “armored-tank” strategy, 

which combined the zone defense and active attack strategies to provide 
long-term antibacterial and anticoagulant capabilities to extracorporeal 
circuits and indwelling medical devices (Fig. 1). The concept of the 
“armored tank” served as an analogy to illustrate the effectiveness of this 
approach. Similar to an “armored tank” equipped with robust “armor” 
and powerful “firepower systems”, our approach simultaneously 
attacked bacteria while being shielded by a strong anti-adhesive armor. 
To implement this strategy, we employed lysozyme (LZM), a protein 
known for its antimicrobial properties [33], to create a partially 
conformational transformed LZM (PCTL) assembly through 
oxidant-mediated. The PCTL assembly exhibited excellent biocompati-
bility, strong adhesion to various materials, and potent antimicrobial 
activity, serving as the “firepower system” of the “armored tank” for 
active attack bacterial. Given the occurrence of biofilm formation 
resulting from the unavoidable adsorption of bacteria onto the surface of 
PCTL assembly, an additional protection armor for PCTL assembly was 
further implemented to ensure the bactericidal efficacy of PCTL. To 
armor the amyloid-like PCTL assembly, N-Hydroxysuccinimide acrylate 
(NAS) was grafted onto PCTL assembly through carbodiimide chemistry, 

Fig. 1. Schematic illustration of pMPC&LZM “armored-tank” with anticoagulation and antibacterial properties. (a) Chemical structure of the lysozyme (LZM), 
sodium persulfate (SPS), N-Hydroxysuccinimide acrylate (NAS) and 2-Methacryloyloxyethyl phosphorylcholine (MPC). (b) Armorization on representative medical 
devices through carbodiimide chemistry and free radical polymerization reaction. (c) Realization of anticoagulation and synergistic antibacterial properties of 
pMPC&LZM “armored-tank”. 

X. Mou et al.                                                                                                                                                                                                                                     



Bioactive Materials 32 (2024) 37–51

39

introducing an active carbon-carbon double bond for subsequent in-situ 
free radical polymerization. Finally, 2-methacryloyloxyethyl phos-
phorylcholine (MPC), a zwitterionic molecule as a major constituent in 
the cellular membranes [34], was polymerized to form a 
super-hydrophilic poly-MPC (pMPC) molecular brush through in-situ 
free radical polymerization. This pMPC zwitterionic molecular brush 
acted as a protective “armor” of the “armored-tank”, effectively inhib-
iting protein and bacterial adhesion. The synergy between the “fire-
power system” (specifically, LZM releasing for active attack) and 
“armor” (specifically, super-hydrophilic pMPC molecular brush for zone 
defense) in this design endowed the engineered surface with highly 
persistent anticoagulant and antibacterial capabilities. We envisioned 
that this integrated “armored-tank” strategy, combining active attack 
and zone defense, holds great promise as a solution for effectively 
addressing thrombosis and biofouling on surfaces in various biomedical 
applications. 

2. Experimental methods 

2.1. Materials 

Egg white lysozyme (LZM), Sodium persulfate (SPS), phosphate 
buffered saline (PBS), Bacterial Activity Detection Kit (LIVE/DEAD 
BacLight, Thermo Fisher Scientific), 1-Anilinonaphthalene 8-sulfonate 
(ANS), Thioflavin-T (ThT), Glutaraldehyde, Rhodamine 6G, N-Hydrox-
ysuccinimide acrylate (NAS), Dimethyl sulfoxide (DMSO), Sodium hy-
droxide (NaOH), 2-Methacryloyloxyethyl phosphorylcholine (MPC), N, 
N,N′,N′-Tetramethylethylenediamine (TEMED), Bacterial culture me-
dium, were purchased from Sigma-Aldrich. All these materials were 
used as received. All solutions were freshly prepared for immediate use 
in each experiment. 

2.2. Preparation of PCTL assembly 

To enhance the adhesion between the coating and the substrate 
material, the Polyurethane (PU) wafer (1 cm2 for antiplatelet test and 2 
cm2 for antibacterial assessment) and catheters (inner diameter Ф = 3.0 
mm) were sputtered with plasma for 10 min. Then, the prepared PU 
wafer and catheters were immersed in an aqueous solution of sodium 
persulfate (2 mg/mL) mixed in equal volume with LZM aqueous solution 
(1 mg/mL, buffered by 1 mM of NaOH, pH 5). After 12 h of standing 
reaction at 37 ◦C, the PU substrates were ultrasonically cleaned with 
distilled water and dried by nitrogen gas (N2) for future use, marked as 
PCTL. To achieve a more uniform coating, repeat the film deposition 
process three times. For ellipsometric analysis, sequential buildup of 
PCTL coatings was performed on silicon wafers prepared immediately 
prior to use. 

2.3. CD spectroscopy for natural LZM and PCTL assembly 

After incubating for different durations at room temperature, the 
natural LZM and PCTL samples prepared with different APS concen-
tration were introduced into a quartz plate (path length: 0.1 mm, vol-
ume: 3 mL) and analyzed using a spectropolarimeter (Jasco, J-1500 CD 
Spectrometer). The CD spectra (range: 190 - 260 nm, interval: 1 nm) 
were calculated from the averaged value of three scans (10 nm min− 1), 
which were smoothened by the software provided by the manufacturer 
of the equipment. 

2.4. ANS fluorescence staining of natural LZM and PCTL assembly 

To assess the extent of hydrophobic residue exposure in the assembly 
of PCTL, ANS was employed as a fluorescent probe. A protein solution (2 
mL, 1 mg/mL) was mixed with ANS (300 μL, 100 μM) at room tem-
perature for a duration of 2 h (while being shielded from light). And 
then, APS (0 and 500 μL, 100 μM) were introduced into the mixed 

solution. Subsequently, ANS fluorescence was measured using a FLS-920 
fluorescence spectrophotometer (Edinburgh Instruments) by recording 
emission spectra at 480 nm with excitation at 355 nm. 

2.5. Preparation of NAS-PCTL and PCTL&pMPC surface 

Firstly, the PCTL-modified PU substrates or catheters were firstly 
immersed into 3 mg/mL solution of NAS dissolved in a solvent consisting 
of 95% phosphate-buffered saline (PBS) and 5% dimethyl sulfoxide 
(DMSO) for 12 h at room temperature, and then rinsed by distilled water 
and dried with a stream of N2. The resulting NAS-modified surface was 
named as “NAS-PCTL”. Subsequently, the NAS-PCTL-modified PU was 
incubated with 50 mg/mL MPC solution dissolved in a solvent con-
taining of SPS (20 mg/mL) with added TEMED (8 μL/mL). This reaction 
process lasted for 24 h in an N2 environment, leading to the preparation 
of the pMPC armor, which was named as “pMPC&PCTL”. After grafting, 
the substrates or tubes were rinsed thoroughly with distilled water and 
dried with N2 gas for further use. 

2.6. Characterization 

Scanning electron microscope (SEM) (JSF700) were used to inves-
tigate surface morphology of coating. To determine the thickness of 
coatings, a spectroscopic ellipsometer (W-VASE, J.A. Woollam, USA) 
was carried out. Considering the rough surface of the PU substrate, it 
was still challenging to accurately measure the thickness of the 
pMPC&PCTL surface. As a result, silicon substrates were employed 
instead of PU substrates to deposit. The water contact angle (WCA) of 
samples was measured using a DSA100 drop shape analysis system 
(KRuSS GmbH Company, Hamburg, Germany). Fourier transform 
infrared (FTIR) spectra were collected using a Nicolet model 5700 in-
strument. X-ray photoelectron spectroscopy (XPS) (K-alpha, Thermo-
Fisher, USA) was used to understand the chemical information of the 
surface. Ellipsometer (Sopra GES-5E, Courbevoie, France) was employed 
to measure the thickness of surfaces. Additionally, The LZM concen-
tration in the eluent obtained from the pMPC&PCTL surfaces after PBS 
treatment with different days (1,3 and 7 days), was determined by ul-
traviolet absorption (UV–vis spectroscopy, UV-2550, Shimadzu). The 
concentration of LZM was then calculated by referencing a standard 
curve created from measurements of LZM at various concentrations. 

2.7. Quantification of amino groups 

The acid Orange colorimetric method was employed to quantify the 
concentration of amino groups, including primary, secondary, and ter-
tiary amines, on the surface. Briefly, the samples were immersed in an 
acid Orange II (AO II) solution (pH 3) for 12 h at 37 ◦C. Subsequently, 
the samples were rinsed with a HCl solution (pH 3) to remove any 
unreacted AO II, followed by drying with nitrogen gas. Afterward, a 
NaOH solution (pH 12, 200 μL) was applied to the sample surface for 15 
min to release AO II, which was bound through electrostatically. The 
concentration of AO II in the NaOH solution was determined at 485 nm 
using an enzyme marker (μQuant, Bio-tek Instruments Inc.). The density 
of the amine groups was then calculated by using a standard curve based 
on measurements of AO II at different concentrations. 

2.8. Antibacterial activity 

The antibacterial activity of the surfaces was tested using Gram- 
positive bacteria (S. epidermidis) and Gram-negative bacteria (E. coli), 
as previously described in our work [35]. The inhibition of S. epidermidis 
and E. coli was used as indicators the antibacterial efficacy of the 
pMPC&PCTL surfaces. Initially, E. coli and S. epidermidis bacteria were 
cultured on agar solid medium at 37 ◦C for 24 h. The bacteria were then 
sub-cultured twice to ensure monoclonality. Subsequently, fresh bacte-
rial colonies consisting of 1 - 2 rings were selected and dispersed in a 
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solution comprising 0.2% liquid medium and 99.8% saline. The con-
centration of the bacteria was adjusted to a range of 5.0 × l05 to 106 CFU 
mL− 1 through a series of tenfold dilutions. A volume of 200 μL of the 
aforementioned bacterial solution was applied onto the sample surface 
and covered with a soft polyethylene (PE) membrane to ensure an even 
liquid film spread over the substrate. The samples were incubated at 
37 ◦C. The bacteria on the surfaces were rinsed and dissolved in a saline 
solution measuring 2 mL after 24 h culture period. Subsequently, 20 μL 
of this bacterial solution was evenly distributed onto the solid medium 
and cultured for an additional 24 h at 37 ◦C. Ultimately, the colonies on 
the solid medium were counted. To observe the adherence of bacteria on 
the sample surface, a volume of 500 μL of the aforementioned bacterial 
solution was applied onto the sample surface. After 24 h culture period 
at 37 ◦C, the bacteria present on the surfaces were slightly rinsed with 
saline solution and subsequently fixed overnight using a 2.5% glutar-
aldehyde solution. After further dehydration and dealcoholisation, the 
bacteria adhered to the surfaces of the samples were observed using a 
scanning electron microscope (SEM). Additionally, antibacterial assays 
were performed using the eluent obtained from the pMPC&PCTL sur-
face. Briefly, the eluent obtained from the pMPC&PCTL surface exposed 
to PBS for different durations (1,3 and 7 days), was collected to assess its 
effect on bacterial growth and viability. In this process, the solution was 
replaced every 72 h. 

2.9. In vitro hemocompatibility evaluation 

Fresh blood samples were obtained from healthy adult New Zealand 
white rabbits. Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) 
were prepared as previously described procedures [36]. To assess the 
anticoagulation performance of the pMPC&PCTL surfaces, fibrino-
gen/platelet adhesion and activation experiments were conducted. 
Briefly, fibrinogen (Fg) adsorption test was conducted by applying PPP 
(50 μL) onto the samples at 37 ◦C for 2 h. The samples were then rinsed 
with PBS. Subsequently, HRP-labeled sheep PAb anti-human fibrinogen 
(Sigma-Aldrich) was subsequently added (20 μL) and incubated for 60 
min. Following this, a chromogenic substrate solution, specifically 3,3′, 
5,5′-tetramethylbenzidine (TMB) (100 μL), was added. Ten minutes 
later, the reaction was terminated by introducing an acid solution, and 
the absorbance was measured at 405 nm. Regarding the activation of Fg, 
the samples were first incubated with PPP for 120 min. Subsequently, 
the samples were washed using PBS and then treated with a mouse 
anti-human γ-fibrinogen monoclonal antibody (20 μL) at 37 ◦C for 1 h. 
The sample was washed and then exposed to a sheep anti-mouse poly-
clonal antibody labeled with horseradish peroxidase (HRP) (20 μL). 
Afterward, a solution of tetramethylbenzidine (TMB) (100 μL) was 
introduced and incubated for a period of 10 min. The measurement of 
absorbance at a wavelength of 405 nm was conducted subsequent to the 
addition of an acid solution supplement. 

Subsequently, the substrates were incubated with 0.5 mL of platelet- 
rich plasma (PRP) at 37 ◦C for 30 min. Subsequently, the substrates were 
rinsed thrice with a saline solution and subsequently fixed overnight 
using a 2.5% glutaraldehyde solution. After further dehydration and 
dealcoholisation, the platelets adhered to the surfaces of the samples 
were observed using a SEM (JSF 700). 

2.10. Ex vivo thrombogenicity 

All animal experiments were approved by the Dongguan People’s 
Hospital Laboratory Animal Welfare and Ethics Committee (Approval 
NO. IACUC-AWEC-202210001). To evaluate the antithrombogenic 
properties of the pMPC&PCTL surfaces in circulation, an ex vivo blood 
circuits experiment was further carried out [37]. In this study, a total of 
four adult New Zealand white rabbits weighing between 2.2 and 2.5 kg 
were anesthetized using pentobarbital sodium at a concentration of 30 
mg/mL, with a dosage of 1 mL per kg. The left carotid artery and right 
external jugular vein were surgically exposed and cannulated. 

Subsequently, a PU catheter was connected to the cannulas to establish a 
closed loop system. After undergoing ex vivo circulation for a duration of 
2 h, the unmodified, PCTL-modified, NAS-PCTL-modified, and 
pMPC&PCTL-modified PU tubings were removed and rinsed with saline 
solution three times. The occlusive rates of the tubings were determined 
by examining the cross-sections. Additionally, the blood flow rate at t at 
the end of the circulation period was also measured. 

2.11. Blood analysis by ex vivo blood circulation 

For the blood analysis after ex vivo blood circulation, a total of eight 
adult New Zealand white rabbits were utilized in this study. Each rabbit 
received only one circuit, either unmodified PU tubing or pMPC&LZM- 
modified tubing. Blood samples were collected at different time in-
tervals (0, 5, 30, and 60 min) from the running circulation for the 
analysis. It is worth noting that, to mitigate the potential influence of the 
vascular puncture process on blood analyses, we collected initial blood 
samples prior to vascular puncture, thus establishing a baseline control 
group (0 min time point). The blood analysis included activated partial 
thromboplastin time (APTT), prothrombin fragment 1 + 2 (F1+2), 
complement component 3a (C3a), C-reactive protein (CRP), white blood 
cell count (WBC), platelet count (PLT), interleukin-10 (IL-10), tumor 
necrosis factor-alpha (TNF-α), alanine aminotransferase (ALT), and 
creatinine (CRE). To obtain plasma and serum, a portion of the freshly 
collected whole blood was centrifuged at 2500 rcf for 15 min with and 
without anticoagulants, respectively. In order to evaluate the potential 
impact of the coated catheter on blood composition and liver and kidney 
functions, a single prolonged catheter was selected to simulate clinical 
application. Considering the significantly larger total blood volume in 
adult humans compared to mature white rabbits (~200 mL for mature 
white rabbits and ~4000 mL for adult humans), a 1.6-m-long PU tube 
with an inner diameter of 3 mm was chosen for modifying the lumen 
surface. This selection allowed for an enlarged contact area, facilitating 
the examination of the differential effects between the modified and 
unmodified (control) catheter. The APTT was measured using the 
manual tilt-tube method (13). ELISA kits (Rabbit CRP/TNF-α/C3a/IL- 
10/F1+2 ELISA KIT, ZC-52314/ZC-52984/ZC-52409/ZC-52381/ZC- 
52601, Shanghai ZCIBIO Technology Co.,Ltd.) were employed to mea-
sure CRP, TNF-α, C3a, IL-10, and F1+2 levels according to the manu-
facturer of specifications. WBC and PLT counts were determined using 
an animal automatic blood cell analyzer (Shenzhen Mindray, BC- 
2800Vet), while ALT and creatinine (Scr) levels were measured using 
an animal biochemical analyzer (Shenzhen Mindray, BS-240VET). 

2.12. Evaluate the long-term stability of the pMPC&PCTL surfaces 

To evaluate the long-term antibacterial and antithrombogenic 
properties of the pMPC&PCTL surfaces, the samples were pre-immersed 
in a PBS solution. This solution was replaced every three days. Samples 
were established for different time points, including 0, 1, 3, 5, 7, 15, 21 
and 30 days, to conduct characterization (e.g., Chemical composition, 
Thickness, Water contact Angle), antibacterial experiments and ex vivo 
circulation experiments. 

2.13. Statistical analysis 

The results are presented as the mean ± standard deviation of the 
mean for each sample. All experiments were independently repeated at 
least three times, unless otherwise specified. Statistical analysis was 
performed using one-way analysis of variance (ANOVA) and Student’s t- 
test in GraphPad Prism 8.0 software (GraphPad Prism Software, San 
Diego, CA, USA) to compare data between different groups. 
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3. Results and discussion 

3.1. Fabrication and characterization of PCTL 

Amyloid-like proteins have garnered attention as promising candi-
dates for bio-inspired coatings due to their distinct β-sheet structures 
[38]. These structures offer excellent resistance to high temperatures, 
organic solvents, and harsh pH conditions, making them highly desir-
able for various applications [39–42]. Previous studies have suggested a 
potential link between reactive oxygen species (ROS) and the develop-
ment and accumulation of amyloid-like protein. ROS initiates protein 
oxidation and trigger changes in protein structure, ultimately promoting 
the aggregation of amyloid-like proteins [43]. Inspired by this, herein, 
we developed a partially conformation transited LZM (PCTL) assembly 
by employing ammonium persulfate (APS, oxidizing agent) to break 
down the disulfide bond of LZM. This process further induced hetero-
geneous nucleation and assembly of active LZM onto the surface of 
substrates. The formation of the PCTL assembly was easily achieved by 
dip-coating onto polyurethane (PU), one of the most widely used 
blood-contacting materials, in a mixed aqueous solution of LZM (1 

mg/mL) and APS (2–10 mg/mL) at pH 5. Scanning electron microscopy 
(SEM) analysis revealed the presence of nanoscale particles on the 
modified substrates, confirming the successful formation of the PCTL 
assembly (Fig. 2a). X-ray photoelectron spectroscopy (XPS) analysis of 
PU after 12 h of dip-coating revealed the presence of C 1s, N 1s, O 1s and 
especially S 2p signals on the PCTL-modified surface, further indicating 
the successful constructing of the PCTL assemblies on the PU substrate 
(Fig. 2b). To gain a deeper understanding of the chemical components of 
the PCTL assemblies, peak fitting procedures were applied to the S 2p 
peaks in the XPS spectra. Two strong peaks located at 168.2 and 169.2 
eV were observed and assigned to the R–SO2-O-S2p3 and R–SO2-O-S2p1, 
respectively. Additionally, a visible decrease in the intensity of shoul-
ders at 163.5 eV and 164.7 eV was observed in the high-resolution S 2p 
spectrum of PCTL assemblies compared to native LZM. This implied that 
the disulfide bond of LZM was broke down and oxidized to sulfonate 
groups after treatment with APS (Fig. 2c). This estimate was further 
supported by Raman spectroscopy analysis of PCTL assemblies (Fig. 2d). 
The Raman spectra demonstrated a reduction in the intensity of the 
disulfide bond of LZM at 505 cm− 1 and the Cys bond of LZM at 755 cm− 1 

with the addition of APS, indicating the oxidation activity of APS 

Fig. 2. Characterization of PCTL on polyurethane (PU) substrate. (a) SEM images of the PU substrate before and after modification by PCTL. (b) XPS characterization 
of PU before and after modification by PCTL. (c) High-resolution spectra of S2p. (d) Raman spectra of the PCTL and natural LZM. (e) The ANS fluorescence spectra of 
the natural LZM and PCTL. (f) Circular Dichroism (CD) spectra of PCTL and natural LZM. (g) Antibacterial rate of PCTL-armored PU that calculated from the number 
of colonies against S. epidermids and E. coli. (h) Fluorescence images of the bare medical catheter and modified medical catheter substrates after labeled by NHS-FITC 
with red fluorescence. (i) SEM images of the bare medical catheter and modified medical catheter substrates. 
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towards the disulfide bond of Cys-Cys. Furthermore, the Raman spectra 
provided additional evidence of the presence of diverse functional 
groups on the surface of the PTCL coating, which included amino, 
carboxyl, hydroxy, sulfydryl, amide, and hydrophobic carbon structures 
[44]. 

Disulfide bonds, which are formed between two cysteine residues in 
proteins by covalent bonds, play a critical role in their spatial structure 
and stability [45]. Disruption or reduction of disulfide bonds can expose 
amino acid residues and lead to protein conformational unfolding, 
which can have significant implications for protein function, in-
teractions, and aggregation [46]. To monitor the exposure and aggre-
gation of hydrophobic residues in LZM after treatment with APS, 
anilino-1-naphthalene sulfonate (ANS) was used as a fluorescent probe 
[47]. Upon addition of APS, the fluorescence intensity in the ANS and 
lysozyme mixture exhibited a rapid decrease. This observation indicated 
that the hydrophobicity of suspended protein colloids was weakened 
with the conformation transition proceeding after 4 h. This weakening 
can be attributed to the facilitation of PCTL aggregation through hy-
drophobic interactions among proteins, thereby reducing the exposure 
of hydrophobic residues in the system. (Fig. 2e). Far-UV circular di-
chroism (CD) was further carried out to investigate the secondary 
structural changes of LZM during the conformation transition process 
and probe the protein unfolding (Fig. 2f). The CD spectrum of the 
conformation transition buffer of LZM, revealed a change from the 
α-helix peaks at 208 and 222 nm of native lysozyme to a single peak at 
216 nm, indicating the significant increase in β-sheet structure in the 
PCTL. Additionally, the extent of β-sheet structure transformation in 
PCTL can be controlled by adjusting the concentration of APS. (Fig. S1). 
The three-dimensional structure of a protein is essential for its interac-
tion with other molecules, such as substrates, enzymes, receptors, or 
DNA. Changes in the protein conformation can disrupt these in-
teractions, leading to loss of biofunction. Therefore, Therefore, our goal 
was to achieve the formation of a PCTL surface on the substrate while 
preserving the antimicrobial activity of PCTL. This was accomplished by 
modulating the optimal molar ratio of APS to LZM to induce partial LZM 
unfolding and facilitate heterogeneous nucleation and assembly. To 
evaluate the antibacterial efficacy of the optimized PCTL surface, we 
selected Staphylococcus epidermidis (S. epidermidis) and Escherichia coli 
(E. coli) as representative strains of Gram-positive and Gram-negative 
bacteria, respectively (Fig. 2g). Antibacterial experiment showed that 
PCTL surface exhibited significant inhibitory effects on bacterial growth, 
as verified by the antibacterial rates of 99.9% for E. coli and 99.9% for 
S. epidermidis (Fig. S2). These results confirmed the successful con-
structing of the PCTL surface with excellent antibacterial properties on 
the PU substrate. 

One of the advantages of the proposed PCTL surface is that it is not 
dependent on specific substrate characteristics, allowing for its appli-
cation on a wide range of common substrates with diverse geometries 
and applications. Morever, the presence of diverse functional groups, 
especially amino groups, on the surface of the PCTL coating, provided 
the possibility for further secondary reaction to create a variety of ad- 
layers. We further demonstrate the applications of PCTL surfaces on 
commonly used biomedical devices, such as medical tubing. To further 
visualize the successful formation of PCTL surfaces on medical tubing, 
NHS-FITC was used. Briefly, NHS-FITC was incubated with the medical 
tubing deposited PCTL surfaces through carbon-diimide chemistry. 
Fluorescence microscopy images in Fig. 2h, the uniform and compact 
PCTL coatings deposited on medical tubing were clearly observed, 
further indicating the secondary reactivity of the –NH2 group on the 
PCTL. SEM analysis also confirmed the successful deposition of PCTL 
surfaces on medical tubing, as evidenced by the uniform distribution of 
nanoscale particles, which may be beneficial in creating a possible 
super-hydrophilic surface [48]. Overall, these results demonstrate the 
potential of PCTL for fabricating antibacterial surfaces on substrates 
with diverse geometries. Furthermore, a wide range of ad-layers can be 
achieved through subsequent secondary reactions to meet the 

requirements of various application scenarios. 

3.2. Fabrication and characterization of pMPC&PCTL 

To enhance the long-term anti-thrombosis and antibiofilm capabil-
ities of the PCTL assembly for blood-contacting devices, we drew 
inspiration from the extracellular membrane and grafted poly-2- 
methacryloyloxyethyl phosphorylcholine (pMPC) zwitterionic molecu-
lar brushes to armor the PCTL assembly. This created a super- 
hydrophilic armor with anti-adhesive properties for the PCTL assem-
bly. The process involved tethering N-Hydroxysuccinimide acrylate 
(NAS) onto the PCTL-modified PU substrates or tubes through carbo-
diimide chemistry to introduce carbon-carbon double bond reactive 
sites (referred to as NAS-PCTL). Subsequently, the NAS-PCTL-modified 
PU was armored with a super-hydrophilic pMPC molecular brush 
using an MPC monomer solution catalysed by an inorganic peroxide 
initiation system (referred to as pMPC&PCTL). As shown Fig. 3a, various 
surfaces (PCTL, NAS-PCTL and pMPC&PCTL) was successfully formed 
on PU substrates, as evidenced by a slight blurring of school badge 
pattern. SEM analysis further confirmed the presence of nanoscale par-
ticles on the modified substrates even after grafting pMPC (Fig. 3b). To 
further visualize the successful formation of pMPC&PCTL surfaces on PU 
substrates, Rhodamine 6G (a fluorescent dye for pMPC) was used. The 
distinct point-like fluorescence signals observed on the surface of 
pMPC&PCTL, confirmed the successful grafting and polymerization of 
pMPC (Fig. 3c). We further conducted quantitative analysis of the 
distinct point-like fluorescence signals observed on the surface of 
pMPC&PCTL, showing that the signal density of pMPC polymer brushes 
on the surface was 140.02 ± 23.97 count/cm2. 

Reflection absorbance Fourier transform infrared (RA-FTIR) and X- 
ray photoelectron spectroscopy (XPS) analysis were conducted to assess 
the changes in the chemical structure and composition of the PCTL- 
modified PU before and after each grafting step. After NAS immobili-
zation, the introduction of C––C peak by NAS in the FTIR spectra was 
nearly invisible. However, the appearance of the peaks at 1724 cm− 1 in 
the FTIR spectra indicated the successful grafting of NAS, as evidenced 
by the significant reduction in amino group density on the PCLT surface 
after NAS grafting (Fig. S3). The MPC grafting step introduced active- 
anchoring sites for MPC through the introduction of carbon-carbon 
double bond groups to the PCTL surface. The appearance of bands at 
1076 cm− 1 (C–N+) and 959 cm− 1 (P–O–C) in the FTIR spectra, attrib-
uted to the MPC, suggested the successful grafting and polymerization of 
MPC (Fig. 3d). XPS analysis provided further confirmation of the suc-
cessful surface engineering of NAS-PCTL and pMPC&PCTL. The reduc-
tion in sulfur (S) content and the nitrogen:carbon (N:C) atomic ratio of 
the NAS-PCTL confirmed the successful immobilization of NAS on the 
PCTL surface. Additionally, the appearance of phosphorus (P) element 
specific to MPC, further verified the introduction of pMPC on the NAS- 
PCTL surface (Fig. 3e and S4). Peak fitting procedures on the C 1s and 
O 1s peaks of the XPS spectra provided deeper insights into the chemical 
components of the functionalized surfaces. The appearance of a new 
peak at 284.28 eV in the C 1s high-resolution spectra of the NAS-PCTL 
surface, suggested the introduction of carbon-carbon double bond 
groups by NAS. Moreover, the presence of C–N+ peak in the C 1s high- 
resolution spectra of the pMPC&PCTL surface further suggested the 
successfully grafting and polymerization of MPC on NAS-PCTL surface 
(Fig. 3f). The O 1s core-level spectrum of pMPC&PCTL further 
confirmed the successful formation of the pMPC&PCTL surface, as evi-
denced by the presence of P–O and P––O peaks (Fig. 3g). These results 
jointly verified the successful fabrication of the pMPC&PCTL surface. 

The precise control of zwitterionic polymer brush thickness on a 
surface is crucial for achieving ultralow fouling and optimal antifouling 
performance [49]. Therefore, through optimizing the grafting and 
polymerization conditions (Fig. S5), we successfully obtained an pMPC 
zwitterionic polymer brush with a thickness exceeding 50 nm on surface 
(Fig. 3h). This imparted super-hydrophilic properties to the 
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pMPC&PCTL surface, with a water contact angle (WCA) of 5.72 ± 2◦

(Fig. 3i). Altering the surface wettability of materials can modify the 
adhesion behaviour of substances on the material surface [50]. This 
super-hydrophilic armor can endow the PCTL assembly with excellent 
anti-adhesion capacity. 

3.3. Anti-bacterial property 

Infection poses a significant risk associated with indwelling medical 
devices and extracorporeal circuits, potentially leading to mortality in 
clinical [51]. To evaluate the antibacterial properties of the 
pMPC&PCTL surface, S. epidermidis and E. coli was selected as repre-
sentative strains of Gram-positive and Gram-negative bacteria, respec-
tively, commonly involved in biofilm-associated infections related to 
biomaterials. 

The initial adhesion of bacteria is a crucial step in biofilm formation 
on solid surfaces [52]. Therefore, an ideal antibacterial surface should 
effectively reduce the quantity and viability of attached bacteria during 
the early stages of adhesion. To test the short-term (12 h) antibacterial 
properties the pMPC&PCTL surface, colony counting assay and SEM 

assay were carried out (Fig. 4a–b and S6–S7). As shown in Fig. 4a, a 
substantial number of bacteria attached on the pristine PU surface. 
These attached bacteria displayed typical shapes with well-defined 
edges and intact membranes, indicating the lack of bactericidal activ-
ity associated with the PU substrate. In contrast, the PCTL-coated PU 
surface exhibited significant inhibitory effects on bacterial growth, with 
antibacterial rates of 99% for E. coli and 99% for S. epidermidis. SEM 
analysis revealed bacterial membrane rupture in the PCTL group, which 
may be attribute to the antibacterial ability of LZM to penetrate and 
destroy the bacterial membrane [53], thus suggesting that the antibac-
terial activity of PCTL was well maintained. Similar inhibitory effects on 
bacteria were observed for the NAS-PCTL and pMPC&PCTL groups, 
demonstrating antibacterial rates of nearly 99.9% against E. coli and 
S. epidermidis. These findings indicated that the introduction of NAS and 
pMPC did not affect the overall antibacterial properties of PCTL surface, 
which is further supported by liquid media technique (Fig. S6). 
Furthermore, the pMPC&PCTL surface exhibited a significant reduction 
in bacterial attachment compared to other groups (Fig. S7). In fact, 
bacteria achieve adhesion to material surfaces through the secretion of 
adhesins, owing to the presence of adhesive moieties within the 

Fig. 3. Characterization of pMPC&PCTL on polyurethane (PU) substrate. (a) Photographs of and SEM images (b) the PU substrates before and after modification by 
PCTL, NAS-PCTL and pMPC&PCTL. (c) Fluorescence images of the bare PU and modified PU substrates after labeling by Rhodamine 6G with red fluorescence (a 
fluorescent staining for MPC). (d) FTIR spectra of PCTL surface after grafting with NAS and MPC. (e) XPS characterization of PU before and after modification by 
PCTL, NAS-PCTL and pMPC&PCTL. (f–g) High-resolution spectra of C1s (f) and O1s (g). (h) Thickness evolution of pMPC&PCTL on Si as measured by ellipsometer 
(EP). (i) Variations in surface wettability on PU substrates before and after modification by PCTL, NAS-PCTL and pMPC&PCTL. 
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bacterial adhesins, such as various charged and hydrophobic groups 
[54]. Therefore, such anti-adhesion properties to bacteria could be 
attributed to the super-hydrophilic pMPC zwitterionic molecular brush, 
which facilitated the binding of water molecules through hydrogen 
bonds and electrostatic action, forming a hydration armor to prevent 
bacterial adhesins adhesion [55]. Taken together, these results demon-
strated that all the modified surfaces, compared to pristine PU, exhibited 
favorable short-term antibacterial activity by effectively preventing the 
initial bacterial attachment and killing bacteria adhered on the surface. 

In our “Armored-Tank” design, the pMPC&PCTL surface passively 
prevent bacterial adhesion through the hydration armor formed by 
pMPC zwitterionic molecular brush. Additionally, such “Armored-Tank” 
actively released LZM, effectively killing both Gram-positive and Gram- 

negative bacterial as a supplement to the lacking bactericidal functions 
of passive outer armor. To further verify the feasibility of our design, 
antibacterial experiments were performed using the eluent obtained 
from the pMPC&PCTL surface. Briefly, the eluent obtained from the 
pMPC&PCTL surface after treatment with PBS for different durations 
(1,3 and 7 days), was collected to assess its effect on bacterial growth 
and viability (Fig. 4c and d). The results of the antibacterial experiments 
revealed a time-dependent antibacterial performance of the elution so-
lution. As the immersion time increased, the antimicrobial efficacy of 
the elution solution also increased, eventually reaching a high level of 
99%. This may be attributed to the concentration of LZM in the elution 
solution, which increased with longer treatment times. This judgement 
was further confirmed by quantitative analysis of LZM concentration in 

Fig. 4. Anti-bacterial property. (a) Typical S. epidermids and E. coli colonies after 24 h incubation on the bare and modified PU plates, respectively. (b) Antibacterial 
rate of modified PU that calculated from the number of colonies against S. epidermids and E. coli. (c) Typical S. epidermids and E. coli colonies after 24 h incubation 
with the eluent of pMPC&PCTL treated by PBS for different days, respectively. (d) Antibacterial rate of the eluent of pMPC&PCTL that calculated from the number of 
colonies against S. epidermids and E. coli. (e–f) Fluorescence microscopy images of S. epidermids (e) and E. coli (f) biofilms formed on different samples at different 
periods of time, respectively. Data presented as mean ± SD (n = 4) and analyzed using a one-way ANOVA. 
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the eluent, using ultraviolet spectrophotometer (UV) (Fig. S8). The 
monitoring of LZM concentration in the elution solution revealed a time- 
dependent relationship, wherein the concentration of LZM increased as 
the immersion time was prolonged. These results indicated that the 
release of LZM from the surface was time-dependent with a gradual 
accumulation of LZM in the eluent over time, which is likely contributed 
to the enhanced antibacterial activity observed in the elution solution 
with longer immersion times. 

Encouraged by the promising short-term antibacterial property of 
pMPC&PCTL surface, we conducted further investigations to evaluate its 
long-term antibiofilm performance, which was still a more challenging 
aspect for many conventional antibacterial surfaces. To evaluate the 
long-term antibiofilm performance of pMPC&PCTL surface, all samples 
were incubated in a bacterial suspension for 6 h. Subsequently, the 
samples were gently rinsed and transferred to new wells with nutrient 
medium to support biofilm growth. The biofilms formed on the samples 
were then characterized at specific time intervals (1,2 and 3 days) for 
analysis and evaluation. First, the bacteria within biofilms were visu-
alized by staining them with SYTO 9 (Fig. 4e and f). In contrast to the 
sparsely distributed bacteria observed in the short-term results, the PU 
group exhibited bacterial aggregations after 1 day of culture in the 
nutrient medium, indicating the rapid formation of a biofilm. As the 
culture time extended, the biofilm became denser and eventually 
covered the entire surface. Conversely, on Day 1, few bacterial aggre-
gations were observed on the PCTL, NAS-PCTL, and pMPC&PCTL sur-
faces, potentially due to their inherent antibacterial activities. However, 
after incubation for 2 days, the antibacterial efficacy of the PCTL and 
NAS-PCTL surface declined, as evidenced by an increase in both the area 
and intensity of the fluorescence signal, suggesting the formation of 
biofilm on these surfaces. Notably, the pMPC&PCTL group exhibited a 

remarkable ability to inhibit the formation of biofilm for up to 3 days, 
indicating the long-term biofilm-inhibition properties of pMPC&PCTL 
surface. However, as a biological material, we need to consider its ability 
to exhibit antibacterial properties while ensuring the absence of toxicity 
towards tissues. Therefore, we further verified the cytocompatibility of 
pMPC&PCTL using L929 mouse fibroblast cells according to the Amer-
ican Society for Testing Materials (ASTM) F813 standard. The CCK-8 
assay demonstrated that pMPC&PCTL did not cause cytotoxicity or 
affect the growth and proliferation of L929 cells (Fig. S9), suggesting the 
cytocompatibility of the pMPC&PCTL. 

Overall, these results indicated that the bactericidal surfaces (e.g., 
PCTL and NAS-PCTL) exhibited a delay in biofilm formation during the 
initial stages, whereas were not effective in preventing biofilm forma-
tion over an extended period. On the other hand, the germicidal surface 
may experience a reduction in bactericidal activity due to the accumu-
lation of dead bacteria and their debris, potentially covering the actively 
germicidal groups. In contrast, the pMPC&PCTL surface combined 
passive prevention of bacterial adhesion through the hydration armor 
formed by the pMPC molecular brush with active “fired” LZM for bac-
terial eradication, thereby endowing blood-contacting devices with 
excellent long-term antibacterial ability. 

3.4. In vitro blood compatibility tests 

Foreign materials that come into contact with blood can trigger a 
series of reactions, such as blood protein adsorption, complement system 
and coagulation cascade activation, which ultimately lead to thrombus 
formation. Two major contributors to thrombus formation on blood- 
contacting implants are the adsorption and activation of fibrinogen 
(Fg) and the adhesion and activation of platelets [37]. 

Fig. 5. In vitro blood compatibility evaluation. (a) Adsorption and activation of the adhered fibrinogen on bare and modified PU. (b) SEM images of the adhered 
platelets on bare and modified PU (all scale bars from the same raw are 10 or 1 μm). (c) Adhesion and activation of the adhered platelets on bare and modified PU. 
Data presented as mean ± SD (n = 4) and analyzed using a one-way ANOVA. 
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Upon contact with blood, Fg, a critical serum protein, quickly ad-
sorbs onto the surface of foreign materials. The adsorption and activa-
tion of Fg play a critical role in coagulation processes and bacterial 
adhesion, significantly influencing the subsequent performance of 
blood-contacting devices. As shown in Fig. 5a, both PCTL and NAS-PCTL 
surfaces did not exhibit significant alterations in the behaviour of 
fibrinogen compared to the bare polyurethane (PU) surface. However, 
the grafting of pMPC led to a significant reduction in the adsorption and 
activation of fibrinogen, implying a zone defensive effect of pMPC mo-
lecular brush on fibrinogen. This assessment was further supported by 
evaluating the adhesion of fluorescently-labeled fibrinogen on different 
samples (Figs. S10 and S11). The presence of the pMPC zwitterionic 
molecular brush created a hydration armor that limited the interaction 
between fibrinogen and the material surface, resulting in decreased 
adsorption and subsequent activation of fibrinogen. Furthermore, we 

futher investigated the antiplatelet property of the pMPC&PCTL surfaces 
in vitro. To further evaluate the effects on platelet adhesion and activa-
tion, scanning electron microscopy (SEM) was employed to analyze the 
surfaces after exposure to platelet-rich plasma (PRP) for 30 min 
(Fig. 5b). A substantial number of platelets adhered to the PU groups, 
exhibiting a high degree of activation and aggregation. Compared to PU 
groups, the PCTL and NAS-PCTL surfaces showed a slight decrease of 
platelet adhesion and activation, possibly due to the excellent biocom-
patibility of the PCTL coating. In contrast, the pMPC&PCTL group 
substantially inhibited adhesion and activation of platelets with an 
inactive spherical state, indicating the excellent anti-platelets properties 
of the hydration armor formed by pMPC molecular brush. Quantitative 
of the level of LDH and P-Selectin of the platelets adhere onto different 
sample groups further confirmed that the significant reduction in 
thrombosis formation of the pMPC&PCTL groups compared to the other 

Fig. 6. Ex vivo hemocompatibility of the pMPC&PCTL surfaces. (a) Schematic illustration of arteriovenous (AV) shunt model connected to the rabbit. (b) Photographs 
of side (top) and cross-section (bottom) view of the bare and modified PU tubes after blood circulation. (c) Lumen surface morphology of each sample after blood 
circulation characterized by SEM. (d) thrombus weight, (e) occlusion and (f) Blood flow rate of bare and modified PU tubes after blood circulation for 3 h. Data 
presented as mean ± SD (n = 4) and analyzed using a one-way ANOVA. 
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groups (Fig. 5c). Additionally, haemolysis experiments were conducted 
to evaluate the safety of pMPC&PCTL surface before use in vivo as a 
blood-contacting material. The haemolysis rate of all groups was less 
than 2%, indicating that the pMPC&PCTL surface meet the clinical re-
quirements (Fig. S12). Taken together, these results demonstrated that 
the surface engineering of PU with pMPC&PCTL provided an anti- 
adhesion hydration armor that remarkably suppressed the adhesion 
and activation of fibrinogen and platelets, thereby reducing thrombo-
genicity in vitro. 

3.5. Ex vivo antithrombogenic properties 

To further simulate a clinical application, an ex vivo catheter blood 
extracorporeal circuit experiment was conducted [37]. Commercially 
used PU tubing with different surface treatments was assembled with a 

commercially available medical catheter and connected to a rabbit 
arteriovenous shunt circuit. (Fig. 6a). 

After ex vivo flow circulation for 2 h without any systemic heparin 
anticoagulation, the circuits of pMPC&PCTL surface exhibited signifi-
cant reductions in occlusive thrombosis compared to the control groups 
(Fig. 6b). Remarkably, a minimal thrombus formation on the 
pMPC&PCTL groups was observed, while the control groups (PU, PCTL 
and NAS-PCTL) exhibited significant thrombus formation. SEM analysis 
provided further confirmation that the presence of pMPC molecular 
brush in the groups effectively prevented thrombus formation. However, 
the blood-contact surfaces of the bare PU, PCTL and NAS-PCTL-modified 
tubing displayed severe thrombus formation characterized by densely 
interconnected polymeric fibrin networks, red blood cells and activated 
platelets (Fig. 6c). Quantitative analysis of these results further 
demonstrated a substantial decrease in thrombosis formation in the 

Fig. 7. Blood analysis by ex vivo blood circulation. (a) Circulation model on rabbit for blood analysis. Blood parameters including (b) C3a (C3 cleavage fragment, 
indicating the classic or alternative way to activate the complement system), (c) c-reactive protein (CRP), (d) white blood cells (WBC), (e) IL-10 (a recognized 
inflammatory and immunosuppressor), (f) tumor necrosis factor alpha (TNF-α), (g) F1+2 (an integral marker for the prothrombin activation), (h) the number of 
platelets (PLT), (i) Serum albumin (ALB), (j) the liver enzyme alanine aminotransferase (ALT) and (k) the kidney parameter serum creatinine (Scr) were measured to 
assess the hemocompatibility and liver/kidney safety following exposure of both bare and pMPC&PCTL-grafted catheters to circulating blood. Data are presented as 
mean ± SD (n = 4). 
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pMPC&PCTL group compared to the other groups, as evidenced by the 
evaluation of thrombus weight, occlusion rates and blood flow rates of 
the circuits (Fig. 6d–f). Specifically, the total thrombus weight in the 
pMPC&PCTL circuits was reduced by 15.4-fold, 9.37-fold, and 15.39- 
fold as compared with bare PU, PCTL and NAS- PCTL group, respec-
tively (Fig. 6d). In addition, the occlusion rates within the circuits were 
assessed by calculating the percentage of lumen area occlusion using 
computerized image analysis. Compared to the bare, PCTL and NAS- 
PCTL groups, the pMPC&PCTL-modified circuit exhibited a significant 
reduction in thrombotic occlusion, with an approximate occlusion rate 
of 8 % (Fig. 6e). Consistent with the observed reduction in thrombotic 
occlusion, the blood flow rates in the pMPC&PCTL-modified circuit also 
demonstrated a significant improvement (Fig. 6f). These results are 
consistent with the previously described in vitro anti-thrombogenic 
property of the pMPC&PCTL surface. 

3.6. Blood biochemical analysis 

To ensure the safety of long-term or large-area blood-contacting 
biomedical devices, such as central venous catheters or cardiopulmo-
nary bypass systems, a comprehensive assessment of their impact on 
blood composition as well as liver and kidney functions must be con-
ducted in a systematic manner. Give the difference of total blood volume 
between rabbit and human (~200 mL for mature white rabbit and 
~4000 mL for adult human), a bare PU or pMPC&PCTL-modified tube, 
measuring 1.6 m in length and having an inner diameter of 3 mm, was 
selected to simulate the clinical application, and then inserted into the 
jugular AV shunt of a rabbit [56] (Fig. 7a). At specific time intervals of 0, 
5, 30, and 60 min of circulation, blood samples were collected to assess 
physiological and biochemical parameters, such as coagulation, in-
flammatory response, and organ functions. 

Upon implantation of a device in vivo, it promptly triggers an im-
mune system response, leading to an inflammatory reaction. After cir-
culation, the pro-inflammatory parameters of all groups showed no 
significant changes: the levels of C3a (a cleavage fragment of C3 that 
indicated the activation of the complement system through the classical 
or alternative pathways, Fig. 7b), c-reactive protein (an acute phase 
protein used to measure acute inflammation, Fig. 7c), white blood cell 
count (WBC) (Fig. 7d), IL-10 (an immunosuppressive cytokine with in-
flammatory properties, Fig. 7e) and the expression of tumor necrosis 
factor alpha (TNF-α) (a major cytokine associated with acute inflam-
mation, Fig. 7f). These results jointly indicated that none of the groups 
exhibited a pro-inflammatory tendency. The pro-inflammatory in-
dicators in the pMPC&PCTL surface group exhibited consistent results 
with those of the bare PU group used in clinical, which suggested that 
the pMPC&PCTL surface did not enhance the inflammatory response of 
the material. In the coagulation evaluation, all sample groups did not 
exhibit a propensity for blood clotting after prolonged exposure to 
blood, as evidenced by an increase in the levels of F1+2, an integral 
marker for prothrombin activation (Fig. 7g). Additionally, there was no 
significant impact on the platelet count (PLT) in the control group 
compared to the pMPC&PCTL group, possibly due to the occurrence of 
coagulation (Fig. 7h). To investigate potential adverse reactions of the 
material and coating on organs and tissues, the concentrations of alanine 
aminotransferase (ALT), a liver enzyme, and serum creatinine (Scr), a 
kidney parameter, were measured. The results demonstrated that both 
the PU and pMPC&PCTL groups showed no significant of organ and 
tissue toxicity during the circulation period (Fig. 7j–k). Moreover, there 
was no significant difference observed between the bare and coated PU 
catheters, confirming their biosafety. 

3.7. Durability of antifouling properties of pMPC&PCTL surface 

Ensuring the stability of functional coatings is critical for the suc-
cessful clinical use of biomedical devices, particularly for indwelling 
needles or CVCs, that required potent resistance to infection and 

thrombosis is essential for at least 15 days. To evaluate the durability of 
the antibacterial and anti-thrombogenic effects of the pMPC&PCTL 
surface for long-term implanted blood-contacting devices, such as cen-
tral venous catheters, the samples were immersed in phosphate-buffered 
saline (PBS) for various durations. XPS analysis revealed the presence of 
pMPC on the surface ever after 15 days of immersion, as indicated by the 
relatively unchanged content of P element. However, the absence of P 
element after immersion of 30 days, indicated indicated complete 
degradation of the pMPC hydration armor (Fig. 8a). Similarly, the film 
thickness remained at 37 nm after 30 days of immersion, compared to its 
initial thickness of 101 nm (Fig. 8b). Considering that the thickness of 
LZM coating was 49 nm, it can be inferred that the pMPC hydration 
armor had completely degraded after 30 days of immersion, resulting in 
the loss of the anti-adhesion function. In contrast, the residual pMPC 
hydration armor after immersion for 15 days was still 21 nm. Remark-
ably, after 7 days of immersion, the water contact angle of the 
pMPC&PCTL was less than 20◦, and remained around 30◦ even after 15 
days of immersion (Fig. 8c). These results suggested that the 
pMPC&PCTL surface still possessed antifouling properties even after 15 
days of immersion. Furthermore, the pMPC&PCTL surface may maintain 
its antibacterial properties even after 30 days of immersion, due to the 
presence of the PCTL layer. 

To evaluate the long-term durability of the pMPC&PCTL-modified 
PU under continuous exposure to PBS for 30 days, a biofouling test was 
conducted. Despite the extended immersion for 30 days, the coating 
exhibited remarkable antibacterial properties, as evidenced by the in-
hibition of 80% bacterial growth for both E. coli and S. epidermids 
(Fig. 8d and e). To assess the long-term stability of the antithrombotic 
properties, an ex vivo circulation experiment was conducted on the 
pMPC&PCTL-modified tubes that had been exposed to PBS for 7, 15 and 
30 days (Fig. 8f–i). After 2 h of circulation, the bare PU tube exhibited 
almost complete occlusion, whereas the pMPC&LZM-coated circuits 
after exposed to PBS for 0, 7 and 15 days, showed only minimal 
detectable occlusion 4.13%, 4.25% and 12.25%, respectively. However, 
after 30 days of immersion, the pMPC&PCTL-coated circuits lost their 
anti-adhesive performance, resulting in severe blood clot formation and 
nearly complete occlusion within 2 h of circulation. The pMPC molec-
ular brush was responsible for the passive prevention of bacterial 
adhesion by creating a hydration armor that resisted protein and cell 
adhesion. However, the degradation of the pMPC polymer brushes could 
compromise their anti-adhesive properties over time, allowing for the 
adhesion of blood components and subsequent clot formation. (Fig. 8g). 
Quantitative analysis of the thrombi formed in the circuits showed a 
significant reduction in thrombus weight in the pMPC&PCTL-modified 
circuits after PBS treatment for 0, 7, and 15 days compared to the bare 
PU circuit. Specifically, the thrombus weight decreased from 635.6 ±
79.36 mg in the bare PU circuit to 69.52 ± 13.19 mg, 50.25 ± 13.25 mg, 
and 174.5 ± 27.37 mg in the pMPC&PCTL-modified circuits after PBS 
treatment for 0, 7, and 15 days, respectively (Fig. 8h). The minimal 
increase in thrombus weight observed after 15 days of PBS treatment 
indicated the sustained antithrombotic functionality of the pMPC&PCTL 
surface. Importantly, the blood flow rate of the pMPC&PCTL-modified 
tubing remained nearly constant even after 15 days of PBS treatment 
(Fig. 8i), suggesting the potential application of the pMPC&PCTL surface 
in long-term implanted or interventional blood-contacting devices, 
where maintaining stable blood flow is crucial. 

4. Conclusion 

In summary, we develop here a zwitterionic polymers-armored am-
yloid-like protein surface engineering strategy to create multifunctional 
anti-biofouling coating onto blood-contacting devices by highly inte-
grated active attack and zone defense designs. To enhance the antimi-
crobial activity, the PCTL assembly was decorated on devices through 
oxidant-mediated partially conformation transition process. The super- 
hydrophilic pMPC zwitterionic molecular brush was then applied to 
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armor PCTL assembly through carbodiimide chemistry and free radical 
polymerization. This “Armored-tank” strategy endows medical devices 
with durable synergistic effects, against fibrinogen and platelet adhe-
sion, as well as antimicrobial properties in vitro. Moreover, it effectively 
prevents thrombogenesis in rabbit blood circulation ex vivo without 
anticoagulation. Therefore, we envision that the “armored-tank” strat-
egy is a promising candidate to prevent thrombotic occlusion and 
biofouling of blood-contacting medical devices. 
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